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Abstract Determining the kinetic constants of arginine

uptake by endothelial cells mediated by more than one

transporter from linearization of data as Eadie-Hofstee plots or

modeling which does not include the concentration of trace

radiolabeled amino acid used to measure uptake may not be

correct. The initial rate of uptake of trace [3H]L-arginine by

HUVECs and ECV304 cells in the presence of a range of

unlabeled arginine and modifiers was used in nonlinear

models to calculate the constants of arginine uptake using

GraphPad Prism. Theoretical plots of uptake derived from

constants determined from Eadie-Hofstee graphs overesti-

mated uptake, whereas those from the nonlinear modeling

approach agreed with experimental data. The contribution of

uptake by individual transporters could be modeled and

showed that leucine inhibited the individual transporters dif-

ferently and not necessarily competitively. N-Ethylmaleimide

inhibited only y? transport, and BCH may be a selective

inhibitor of y?L transport. The absence of sodium reduced

arginine uptake by y?L transport and reduced the Km
0,

whereas reducing sodium decreased arginine uptake by y?

transport without affecting the Km
0. The nonlinear modeling

approach using raw data avoided the errors inherent in

methods deriving constants from the linearization of the

uptake processes following Michaelian kinetics. This study

provides explanations for discrepancies in the literature and

suggests that a nonlinear modeling approach better charac-

terizes the kinetics of amino acid uptake into cells by more

than one transporter.

Keywords Amino acid transport � Kinetics �
Endothelial cell

Introduction

The semi-essential, cationic amino acid L-arginine plays an

important role in cellular function and metabolism and is

the known precursor of the vasodilator nitric oxide (NO).

Arginine potentiates the release of NO from endothelial

cells grown in arginine-depleted medium, thereby regu-

lating NO production (Sessa et al. 1990). Arginine may

limit NO production in subjects with normal blood pressure

but not in patients with hypertension (Panza et al. 1993).

Indeed, fasting plasma arginine concentrations are elevated

in patients with hypertension (Penttinen et al. 2000; Moss

et al. 2004; Perticone et al. 2005; Naidoo et al. 2009), yet

supplemental arginine can decrease blood pressure in such

patients (Siani et al. 2000; Ast et al. 2010). One explana-

tion for these data may be that arginine uptake into cells

was impaired and therefore would not be available for NO

production. In support of such a hypothesis, studies have

shown that cellular uptake of arginine is reduced in lym-

phocytes from patients with hypertension and individuals

genetically predisposed to developing hypertension

(Schlaich et al. 2004). However, elucidating the kinetics of

arginine uptake into endothelial cells is fundamental to

determining whether arginine uptake is indeed impaired in

these cases.

Studies to date have determined that cationic amino acid

uptake into endothelial cells is mediated by the high-
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affinity/low-rate y?L transporter and the low-affinity/high-

rate y? transporter. Uptake mediated by the y? transporter

is sodium-independent, pH-insensitive, stereoselective and

inhibited by N-ethylmaleimide (NEM) and certain neutral

amino acids (Devés and Boyd 1998). Transport of arginine

and other cationic amino acids by the y?L transporter is

sodium-independent; and in the presence of sodium, neu-

tral amino acids, such as methionine, glutamine and leu-

cine, may also be transported with high affinity (Devés and

Boyd 1998; Mann et al. 2003; Bröer 2008). Although

recent studies have described the activity and properties of

transporter gene products CAT-1, CAT-2A and CAT-2B

(y?) as well as 4F2hc/y?LAT1 (SLC3A2/SLC7A7) and

4F2hc/y?LAT2 (SLC3A2/SLC7A6) (y?L) (Closs et al.

1997; Mann et al. 2003; Bröer 2008), ascribing and rec-

onciling the activities of these gene products to earlier

studies which only measured activity can be difficult as the

use of different cell types and experimental approaches

when determining uptake rates has complicated direct

comparison of the data.

Most studies determining the uptake of radiolabeled amino

acids have assumed Michaelis–Menten kinetics and have

calculated constants from Lineweaver–Burk reciprocal plots,

Eadie-Hofstee plots and nonlinear modeling (Christensen and

Antonioli 1969; White and Christensen 1982; Closs et al.

1993b; Moss et al. 2004; Brunini et al. 2006). Determining the

kinetics, the relative contribution and the physiological

importance of individual transporters in cells expressing more

than one transporter may be complicated (Rotmann et al.

2007). Indeed, early in vitro kinetic uptake studies that

ascribed uptake to only y? transport (Christensen et al. 1994)

appear to have overlooked the contribution of y?L transport

(Devés et al. 1992). Furthermore, when determining kinetic

parameters of individual cationic amino acid transporters

operating simultaneously in a cell, studies have made various

assumptions.

1. Studies have measured uptake of trace-labeled sub-

strate in the presence of unlabeled substrate, without

factoring in the relative concentrations of these when

calculating the kinetic parameters (Sobrevia et al.

1995; Durante et al. 1996; Dall’Asta et al. 2000;

Casanello and Sobrevia 2002; Hardy and May 2002;

Arancibia-Garavilla et al. 2003). In this regard, the rate

of uptake of labeled amino acid in the presence of

unlabeled amino acid is not linear (Devés et al. 1992).

2. Studies in which radiolabeled tracers have been used

with subtraction of nonspecific uptake and then Eadie-

Hofstee linearization of data are not suitable to

determine the existence of more than one transporter

of uptake (Malo and Berteloot 1991).

3. Studies determining relative uptake rates at specific

concentrations of the amino acids and their inhibitors

(Arancibia-Garavilla et al. 2003; Signorello et al. 2003;

Rotoli et al. 2005) may not infer that such rates apply at

other substrate and/or inhibitor concentrations.

4. Studies have measured total uptake, then inhibited one

of the transporters to determine the residual activity of

the other transporter by subtraction. This assumes a

linear and additive uptake independent of trace-labeled

and unlabeled substrate concentrations (Mendes-Ribe-

iro et al. 1999; Ayuk et al. 2002; Brunini et al. 2006;

Rotmann et al. 2007).

5. Studies have calculated kinetic constants from models

of competitive inhibition of cationic amino acid uptake

by structurally dissimilar neutral amino acids, such as

leucine and glutamine (Devés et al. 1992, 1993),

without determining whether noncompetitive or other

forms of inhibition significantly improved the fit with

the experimental data.

6. Studies determining inhibitor concentrations at which

uptake was inhibited by 50% (I50) (Hardy and May

2002; Rotoli et al. 2005) have also only modeled

competitive inhibition (Cheng and Prusoff 1973) by

these structurally dissimilar neutral amino acids

(Angelo et al. 2005; Dall’Asta et al. 2000).

To address these issues, we modeled cationic amino acid

uptake into cells using the general nonlinear approach of

Malo and Berteloot (1991). This approach allows initial

rates of uptake by more than one transporter to be deter-

mined and importantly includes the actual concentrations

of both the trace-radiolabeled and unlabeled amino acid in

the model. Furthermore, no assumptions are made regard-

ing the type of inhibition and the concentrations of inhib-

itors (or activators) included in the model. As the model

was additive, the theoretical contribution of uptake by each

transporter could be modeled.

We tested this approach by modeling the initial rate

kinetics of arginine uptake by two transporters into ECV304

cells, over a range of substrate and inhibitor concentrations,

and reproduced the approach in primary human umbilical

cord vein endothelial cells (HUVECs). Importantly, the

results explain discrepancies in the literature when deter-

mining the kinetic parameters of cationic amino acid

transport by more than one transporter.

Materials and Methods

Ethical Approval

Although the study did not involve patients, the Human

Research Ethics Committee of the University of the Wit-

watersrand approved it (approval: M03-09-35, October 16,

2003).
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Materials

ECV304 CRL-1998 and primary HUVECs were obtained

from the American Type Culture Collection (Rockville,

MD) and Lonza (Walkersville, MD), respectively. Fetal

calf serum (FCS) (GIBCO, Carlsbad, CA) and medium 199

(M199) culture medium were obtained in powder form

(Highveld Biologicals, Sandringham, Johannesburg, South

Africa). The latter was dissolved in double-glass distilled

water and filtered through 0.22-lm Millipore filters in a

stainless steel filter apparatus (Millipore, Billerica, MA).

Costar disposable plastic cell cultureware (Corning, Pitts-

burgh, PA) was used for all cell culture experiments.

Phosphate-buffered saline (PBS), NEM and 2-aminobicy-

clo[2,2,1] heptane-2-carboxylic acid (BCH) were obtained

from Sigma-Aldrich (St. Louis, MO). [3H]L-Arginine was

obtained from New England Nuclear and Ultima Gold

scintillation fluid from Perkin Elmer (Boston, MA).

Cell Culture and Arginine Uptake Assay

For all experiments, HUVECs or ECV304 cells with contact

inhibition characteristics were grown to confluence as an

adherent monolayer at 37�C in 5% CO2 according to the

suppliers’ instructions. Cells were plated out (4 9 105/

well) in six-well culture plates with 2 ml complete M199

medium supplemented with 10% FCS (Gazzola et al. 1981)

and incubated for 24 h. The medium was removed, cells

were washed once in 1 ml PBS (pH 7.4) and 2 ml M199

without FCS, glutamine or arginine was added to deplete

the cells of arginine and cells were incubated for a further

24 h as previously described (Sessa et al. 1990). Cell via-

bility was determined by exclusion of trypan blue dye.

Cells were then washed twice in 1 ml PBS, and PBS

containing freshly diluted labeled 10 nM [3H]L-arginine,

with a range of concentrations of unlabeled arginine with

or without inhibitors, such as leucine, was added. Uptake

was measured for 30 s (Gazzola et al. 1981; White and

Christensen 1982; Sala et al. 2002) while agitating the

culture plate. The test solution was removed, and the cells

were rapidly washed twice with cold PBS before 10%

trichloroacetic acid in deionized water was added for

30 min at room temperature, to stop the uptake (Gazzola

et al. 1981). Cells were then scraped off the culture plate

and resuspended in 800 ll of distilled water. Following

this, 200 ll of the cell suspension was added to 4 ml of

scintillation fluid and the radioactivity counted (1600CA

Tricarb; Canberra Packard, Meriden, IL).

To determine the effect of sodium on arginine uptake,

uptake was measured using the following three buffers: (1)

Krebs buffer (157 mM sodium), (2) Krebs buffer in which

the sodium chloride was replaced with choline chloride

(26 mM sodium) and (3) sodium-free buffer in which the

other sodium-containing salts in the Krebs buffer were

replaced with potassium (Christensen and Antonioli 1969;

Mendes-Ribeiro et al. 1999; Arancibia-Garavilla et al.

2003). The effects of the sulfhydryl inhibitor NEM and the

neutral amino acid analogue BCH on arginine uptake were

determined by preincubating cells with these inhibitors

prior to the determination of arginine uptake.

Determination of Uptake Kinetic Constants

In this study, it was assumed that the uptake of 3H-labeled and

that of unlabeled arginine were identical. In preliminary

experiments we determined the linearity of labeled arginine

uptake with time and concentration. Further, uptake of labeled

arginine in the presence of unlabeled arginine with time was

determined. Uptake of radiolabeled arginine by the cells was

expressed as nanomoles per 4 9 105 cells per minute, and

these data were used directly in nonlinear models to determine

the kinetic constants using methods described previously

(Malo and Berteloot 1991).

The rate of uptake (vT) of undiluted tracer (T) by a single

transporter, in the presence of unlabeled substrate (S), may

be described by Michaelis–Menten kinetics (Malo and

Berteloot 1991):

vT ¼
Vmax � T½ �

Km þ T½ � þ S½ �ð Þ ð1Þ

If two independent transporters (denoted by the subscripts

‘‘a’’ and ‘‘b’’) were present, in the presence of unlabeled

substrate and diffusion (KD * [T]), the rate of uptake of the

labeled substrate was additive:

vT ¼
Vmaxa � T½ �

Kma þ T½ � þ S½ �ð Þ þ
Vmaxb � T½ �

Kmb þ T½ � þ S½ �ð Þ þ KD � T½ �

ð2Þ

After correcting for dilution of the isotope, rate versus

substrate plots were constructed, assuming an additive

model for two transporters following Michaelis–Menten

kinetics, and the data were linearized as Eadie-Hofstee

plots to determine the kinetic constants, which, if

curvilinear, may suggest two independent transporters

(Malo and Berteloot 1991).

Statistical Analysis

Equations 1 and 2 were used to model the uptake of the

10 nM labeled arginine in the presence of a range of

concentrations of unlabeled arginine and various inhibitors.

The maximal rates of uptake (Vmaxa, Vmaxb) and the

Michaelis constants (Kma, Kmb) were adjusted using non-

linear regression analysis (GraphPad Prism�, version 5;

GraphPad Software, La Jolla, CA) to best fit the model to
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the experimental data. As the rate of uptake was fastest at

low substrate concentrations and slowest at high substrate

concentrations, the curve was fitted by minimizing the sum

of squares of relative distances (1/Y2 weighting to restore

equal weighting to all points in the curve) of the data from

the curve. Further, after checking for outliers, a D’Agostino

and Pearson normality test (P [ 0.20) was used to ensure

that residuals were randomly distributed across the sub-

strate concentrations. A robust fit of data which is less

sensitive to outliers was also used. Vmaxa, Vmaxb, Kma and

Kmb were reported as mean ± SEM or mean ± SD, as

indicated.

Models of one- versus two-transporter uptake were

tested, and it was determined whether the inclusion of a

diffusion component improved the fit (Eq. 2). In the pres-

ence of inhibitors, the type of inhibition was elucidated by

determining whether either Vmax
0 and/or Km

0 and the ratio

Km
0/Vmax

0 remained constant. The inhibition constants (Ki)

were then calculated for both transporters (Krupyanko

2007). As the results were in agreement with the literature,

transport by the higher-affinity/lower-rate transporter

(denoted by subscript ‘‘a’’ when Kma, Vmaxa and Kia were

reported) was also referred to as the y?L transporter.

Similarly, the lower-affinity/faster-rate transporter (deno-

ted by subscript ‘‘b’’ when Kmb, Vmaxb and Kib were

reported) was referred to as the y? transporter.

Results

Preliminary Results

Arginine uptake into ECV304 cells was linear up to 50 nM
3H-arginine (Fig. 1a) and for up to 5 min (Fig. 1b). Initial

experiments found that 30 s was the shortest time when the

rate could be reproducibly measured under the experi-

mental conditions used (data not shown). In the presence of

unlabeled arginine, the rate of uptake of 10 nM 3H-labeled

arginine decreased in an exponential manner over 5 min

and depended on the concentration of unlabeled arginine

(Fig. 1c). At 30 s, the nonlinear dependence of the rate of

10 nM 3H-arginine uptake upon the concentration of

unlabeled arginine was shown for both ECV304 cells

(Fig. 2a) and HUVECs (Fig. 3a).

Arginine Uptake by ECV304 Cells and HUVECs

Kinetic constants, derived from dilution-corrected, linear-

transformed plot intercepts, were used as preliminary

estimates in the nonlinear additive models of uptake (Malo

and Berteloot 1991). For both ECV304 cells (Fig. 2a) and

HUVECs (Fig. 3a), after excluding outliers and ensuring

residuals between experimental data and the model fit were

normally distributed within the range of unlabeled arginine

a

b c

Fig. 1 Uptake of labeled

arginine by ECV304 cells.

a Uptake with concentration of
3H-arginine (mean ± SD from

triplicate experiments).

b Uptake over time with

concentration of 3H-arginine.

c Nonlinear decrease in the rate

of 10 nM 3H-arginine uptake in

the presence of 0.025 and

0.100 mM unlabeled arginine

with time. Experimental details

are described in Materials and

Methods except that uptake was

measured for up to 300 s before

the reaction was stopped. Data

for HUVECs were similar

(data not shown)
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tested (Figs. 2b, 3b), a model of uptake by two transporters

was preferred over that of a single transporter, irrespective

of whether the models included a diffusion component

(P \ 0.0001, data not shown). The two-transporter model

was also preferred to a single-transporter model with

n substrate binding sites and with diffusion (see equation 3

in Chenu and Berteloot 1993; data not shown). Further-

more, the Eadie-Hofstee plots for both ECV304 cells

(Fig. 2c) and HUVECs (Fig. 3c) were curvilinear, hence

supporting a model of uptake by two transporters.

In both ECV304 cells and HUVECs, the kinetics program

indicated that an uptake model of two transporters without

diffusion was preferred, although the difference between

the model with and that without diffusion was not signifi-

cant (Table 1). For both cell types, models including dif-

fusion were found to have large errors (SEM) for the

estimates of the kinetic constants (Kmb) and the diffusion

constant (KD), with wide confidence intervals for the dif-

fusion constant (Table 1), supporting the indication that the

model without diffusion was correct. Furthermore, a robust

fit (less sensitive to outliers) of the data found the diffusion

parameter was different from that calculated by the least

squares fit method, further indicating that the model

including diffusion was not stable when fitting this model

to the data. Finally, the contribution by diffusion of 10 nM
3H-arginine used in these experiments to the total

uptake was small (KD * 0.00001 mM, Eq. 2). Therefore,

for subsequent experiments the diffusion component was

excluded.

The Vmaxa (y?L transport) calculated for ECV304 cells

was similar to that of the HUVECs (P = 0.34), whereas the

Vmaxb (y? transport) was higher for HUVECs compared to

ECV304 cells (P = 0.019). ECV304 cell affinity constants

for both transporters were similar to those for HUVECs

a b

c d

Fig. 2 Data used to determine the kinetic constants of arginine

uptake by nonlinear modeling for ECV304 cells. a Experimental

uptake (mean ± SD from 10 experiments) of 10 nM 3H-arginine in

the presence of increasing concentrations of unlabeled arginine was

used with Eq. 2 to determine the kinetic constants (see Materials and

Methods). The curve is the theoretical uptake derived from these

constants (see Table 1). b Residuals for graph a. A D’Agostino and

Pearson omnibus K2, P = 0.383, indicated a lack of bias for the

differences between experimental arginine uptake and the theoretical

model contributions. c Eadie-Hofstee plots calculated from dilution-

corrected data from a showing close agreement between total

experimental uptake (mean ± SD) and total theoretical uptake

calculated from the derived constants of the nonlinear modeling in

Table 1. Straight lines are the theoretical plots (derived from the

constants of nonlinear modeling in Table 1) for each transporter to

illustrate the differences between these lines and the theoretical curve

of total transport. d Michaelis–Menten graphs of dilution-corrected

experimental rate of arginine uptake (as mean ± SD) and theoretical

contributions of transporters ‘‘a’’ (y?L, dotted line) and ‘‘b’’ (y?,

short dashed line) and the combined total theoretical uptake (solid
line) (derived from the constants obtained by nonlinear modeling,

Table 1), which agreed well with the experimental data. Also shown

is the curve (long dashed line) calculated from the constants derived

from the Eadie-Hofstee plots of dilution-corrected data (Table 1),

which overestimated the experimental uptake. Experimental details

are described in Materials and Methods with uptake measured for 30 s
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(Kma and Kmb; Table 1; Figs. 2d, 3d). The relative maxi-

mum uptake (Vmaxb/Vmaxa) of the faster/lower-affinity

transporter (y?) relative to the slower/higher-affinity (y?L)

transporter was 3.6 in ECV304 cells and 8.8 in HUVECs.

The kinetic parameters determined by the nonlinear mod-

eling approach were similar to those determined using

a model of Michaelis–Menten uptake with two transport-

ers, after correcting uptake for dilution of the isotope

(Figs. 2d, 3d).

The additive model approach allowed for the theoretical

contribution of uptake by the individual transporters into

ECV304 cells (Fig. 2d) and HUVECs (Fig. 3d). Theoretical

total uptake calculated from the kinetic constants, derived

from dilution-corrected, linear-transformed plot intercepts

(Eadie-Hofstee plots, Table 1), significantly overestimated

the experimental data, whereas theoretical uptake calcu-

lated from nonlinear modeling closely matched the

experimental data (Table 1; Fig. 2d for ECV304 cells and

Fig. 3d for HUVECs). For both cell lines, the y?L trans-

porter (transporter a) was the major contributor of uptake at

low arginine concentrations and approached Vmaxa above

0.300 mM with near zero order kinetics above this con-

centration. The y? transporter (transporter b) accounted for

most of the transport above this concentration.

Finally, we recalculated the kinetic constants using dilution-

corrected data, modeling an additive Michaelis–Menten

equation to best fit the experimental data, to compare the results

obtained with equation 2 of the nonlinear modeling using the

raw data as described above. From the Michaelis–Menten

graph (Fig. 2d), the constants determined for ECV304 cells

were Vmaxa = 0.176 ± 0.027 nM arginine/4 9 105 cells/min,

Kma = 0.016 ± 0.002 mM,Vmaxb = 0.589 ± 0.028 nMarginine/

4 9 105 cells/min and Kmb = 0.326 ± 0.072 mM, which

were similar to those obtained from the nonlinear modeling

(i.e., the kinetic constants obtained from the model fit of

Fig. 2d matched those of the fit of Fig. 2a; Table 1). Similar

a b

c d

Fig. 3 As for Fig. 2 showing the data used to determine the kinetic

constants of arginine uptake by nonlinear modeling for HUVECs.

a Experimental uptake (mean ± SD from duplicate experiments) of

10 nM 3H-arginine in the presence of increasing concentrations of

unlabeled arginine was used with Eq. 2 to determine the kinetic

constants (see Materials and Methods). b Residuals for graph

a. A D’Agostino and Pearson omnibus K2, P = 0.858, indicated a

lack of bias for the differences between experimental arginine uptake

and the theoretical model contributions. c Eadie-Hofstee plots

calculated from dilution-corrected data from a showing close

agreement between total experimental uptake (mean ± SD) and total

theoretical uptake calculated from the derived constants of the

nonlinear modeling in Table 1. Straight lines are the theoretical plots

(derived from the constants of nonlinear modeling in Table 1) for

each transporter to illustrate the differences between these lines and

the theoretical curve of total transport. d Michaelis–Menten graphs of

dilution-corrected experimental rate of arginine uptake (mean ± SD)

and theoretical contributions of transporters ‘‘a’’ (y?L, dotted line)

and ‘‘b’’ (y?, short dashed line) and the combined total theoretical

uptake (solid line) (derived from the constants obtained by nonlinear

modeling, Table 1), which agreed well with the experimental data.

Also shown is the curve (long dashed line) calculated from the

constants derived from the Eadie-Hofstee plots of dilution-corrected

data (Table 1), which overestimated the experimental uptake. Exper-

imental details are described in Materials and Methods with uptake

measured for 30 s
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equivalent results were obtained for HUVECs: Vmaxa =

0.103 ± 0.012 nMarginine/4 9 105 cells/min,Kma = 0.017 ±

0.002 mM, Vmaxb = 0.907 ± 0.034 nM arginine/4 9 105

cells/min, Kmb = 0.612 ± 0.073 mM (i.e., the kinetic con-

stants obtained from the model fit of Fig. 3d matched those

of the fit of Fig. 3a; Table 1).

Inhibition of Arginine Uptake by Leucine

Leucine decreased both Vmaxa
0 and Kma

0 of tracer uptake by the

high-affinity/low-rate transporter in ECV304 cells at all con-

centrations of leucine tested (Fig. 4). Vmaxa
0 decreased sig-

nificantly until leucine concentrations reached 0.200 mM

(P \ 0.0005) and then was increased at 0.500 mM leucine

(0.200 vs. 0.500 mM, P = 0.0031; Fig. 4a). Similarly, Kma
0

was also minimal at a concentration of approximately

0.200 mM leucine (P \ 0.005 vs. leucine = 0 mM) and was

increased at 0.500 mM leucine (0.200 vs. 0.500 mM,

P \ 0.0001; Fig. 4b). To determine the type of inhibition, the

ratio Kma
0/Vmaxa

0 increased linearly with the concentration of

leucine (r2 = 0.973) and as both Kma
0 and Vmaxa

0 were

decreased (i.e., neither were constant), the results suggested

that the inhibition of this transporter by leucine was mixed.

These data were consistent with ‘‘discoordinated inhibition’’

(Krupyanko 2007) with a Kia = 0.024 ± 0.003 and

0.159 mM when leucine was \ 0.500 mM and equal to

0.500 mM, respectively.

The maximum rate of uptake (Vmaxb
0) of the low-affinity/

high-rate transporter in ECV304 cells was unchanged in the

presence of leucine, except at 0.500 mM leucine when Vmaxb
0

was significantly lower (P \ 0.0001 for all leucine concen-

trations versus 0.500 mM, Fig. 4a). Compared to the unin-

hibited reaction, Kmb
0 was significantly reduced at leucine

concentrations of 0.033–0.200 mM (P \ 0.05) but was not

different from the uninhibited reaction at 0.500 mM leucine

(P = 0.35, Fig. 4b). The data suggest that such inhibition/

activation was competitive for leucine concentrations of

0.033–0.200 mM and were consistent with a model of

‘‘competitive activation’’ (Krupyanko 2007), with Kib =

0.0.040 ± 0.005 and Kib = 1.554 mM when leucine

was \ 0.500 and 0.500 mM, respectively. There were

insufficient data to determine whether Vmaxb simply decreased

linearly with increasing leucine, which would suggest

uncompetitive inhibition (unassociative; Krupyanko 2007).

Nonlinear modeling suggested that leucine affected both

transporters differently without either transporter being

completely inhibited at any of the concentrations of leucine

tested. These kinetic constants were not determined at

higher leucine concentrations.

Effect of NEM on Arginine Uptake in ECV304 Cells

NEM (0.200 mM) incubated with ECV304 cells for 10 min

prior to the uptake of labeled arginine completely inhibited

the low-affinity/higher-rate y? transporter. The result was

tested using a single model of transport, which was pre-

ferred to a two-transporter model of uptake, with the results

for the latter model being ambiguous and both Kmb
0 and

Table 1 Comparison of kinetic constants obtained from Eadie-Hofstee plots (from dilution corrected data) and nonlinear models (using raw

data) of arginine uptake by ECV304 cells and HUVECs

ECV304 cells HUVECs

Eadie-Hofstee

plot

Model without

diffusiona
Model with

diffusion

Eadie-Hofstee

plot

Model without

diffusionb
Model with

diffusion

Vmaxa (nM arginine/

4 9 105 cells/min)

0.294 ± 0.042* 0.176 ± 0.026

(0.243)

0.136 ± 0.034

(0.235)

0.225 ± 0.019** 0.106 ± 0.026

(0.122)

0.091 ± 0.037

(0.120)

Kma (mM) 0.024 ± 0.006 0.016 ± 0.002

(0.021)

0.013 ± 0.003

(0.021)

0.030 ± 0.005 0.018 ± 0.004

(0.020)

0.016 ± 0.005

(0.020)

Vmaxb (nM arginine/

4 9 105 cells/min)

0.768 ± 0.035*** 0.589 ± 0.028

(0.558)

0.459 ± 0.054

(0.407)

1.038 ± 0.09 0.933 ± 0.077�
(0.902)

0.646 ± 0.259

(0.841)

Kmb (mM) 0.177 ± 0.024 0.326 ± 0.072

(0.504)

0.175 ± 0.062

(0.348)

0.562 ± 0.134 0.647 ± 0.170

(0.659)

0.401 ± 0.264

(0.613)

KD (diffusion constant) – 8,515 ± 4,089

(7,801)

– 10,353 ± 10,718

(2,270)

Subscript a, lower-rate/higher-affinity transporter (y?L); subscript b, higher-rate/lower-affinity transporter (y?)
a Preferred model in ECV304 cells (F = 0.641 [n = 180], P = 0.42); note the high SEM for KD

b Preferred model in HUVECs (F = 0.857 [n = 23], P = 0.37); note the high SEM for KD

*, **, *** Differences in the Vmax values of the Eadie-Hofstee plot and the Model without diffusion; � Differences in the Vmaxb values of the ECV

and HUVEC Models without diffusion
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Vmaxb
0 defaulting to a large value (infinity) when using

GraphPad Prism (see Materials and Methods, Table 2),

suggesting noncompetitive inhibition.

Effect of BCH on Arginine Uptake in ECV304 Cells

BCH (30 mM) was preincubated with ECV304 cells for

60 min prior to determining tracer uptake. A two-transport

model was preferred over a single-transport system

(P \ 0.0001). Vmaxa
0 and Kma

0 were both significantly

reduced (P \ 0.0001), whereas Vmaxb
0 and Kmb

0 were

unchanged (Table 2), suggesting that only the y?L trans-

port was affected by BCH.

Sodium Dependence of L-Arginine Uptake

Reducing sodium from 157 to 26 mM affected neither

Vmaxa
0 nor Kma

0, whereas the absence of sodium decreased

both constants (Table 3) (157 vs. 0 mM, Vmaxa P \ 0.001

and Kma P \ 0.01; 26 vs. 0 mM, Vmaxa P \ 0.01 and Kma

P \ 0.05). Kma
0/Vmaxa

0 was unchanged, suggesting that the

absence of sodium affected transport by y?L uncompeti-

tively. Vmaxb
0 of the low-affinity/high-rate transporter was

significantly reduced when sodium was reduced or absent

(P \ 0.0005, 26 vs. 0 mM, P = ns), whereas Kmb
0 was

unchanged, suggesting noncompetitive inhibition of y?

transport when sodium was reduced.

Discussion

The present study used raw, rather than transformed, data

in nonlinear regression analysis to characterize the kinetics

of arginine uptake into cells by more than one transporter,

thereby avoiding the potential difficulties and errors of

methods deriving constants from the linearization of the

uptake process following Michaelian kinetics (Malo and

Berteloot 1991). Importantly, the approach allowed for the

concentrations of both labeled and unlabeled arginine to be

included and by determining changes in Vmax
0 or Km

0 was

able to determine the inhibition type for either transporter

in the presence of effector molecules.

a

b

Fig. 4 The effect of leucine on (a) the rate (Vmax
0) of 10 nM 3H-

arginine uptake and (b) Michaelis constant (Km
0) for the individual

transporters, as determined by nonlinear modeling described above.

Results are mean ± SD from triplicate experiments. The experimen-

tal method is described in Materials and Methods, with the PBS test

solution containing 10 nM 3H-arginine; various concentrations of

unlabeled arginine with the concentrations of leucine as indicated

in the graphs. *P \ 0.005 and **P \ 0.0005 versus no leucine;

�P \ 0.005 versus 0.2 mM leucine; #P \ 0.0001 versus all other

leucine concentrations; ��P \ 0.05 versus no leucine

Table 2 Effect of preincubation of the inhibitors NEM (0.2 mM) and BCH (30 mM) on arginine uptake by ECV304 cells

NEM BCH

0 mM 0.2 mM 0 mM 30 mM

Vmaxa (nM/4 9 105 cells/min) 0.166 ± 0.0265 (0.224) 0.371 ± 0.011 (—) 0.294 ± 0.029 (0.362) 0.012 ± 0.004*** (0.010)

Kma (mM) 0.024 ± 0.003 (0.032) 0.059 ± 0.003 (—) 0.026 ± 0.002 (0.030) 0.002 ± 0.001*** (0.002)

Vmaxb (nM/4 9 105 cells/min) 0.268 ± 0.026 (0.3) *5.10 9 1014***,a (—) 1.509 ± 0.071 (1.867) 2.109 ± 0.102 (2.084)

Kmb (mM) 0.272 ± 0.083 (0.762) *2.08 9 1015***,a (—) 0.598 ± 0.085 (1.024) 0.602 ± 0.049 (0.595)

Results are mean ± SEM from triplicate experiments, with robust values in parentheses
a After preincubation with NEM, the best fit of Vmaxb and Kmb defaulted to a large value (?), with an ambiguous result. Hence, a single-transport

model with diffusion was preferred

Difference between uptake with and without inhibitor: *** P \ 0.0001
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The results show that (1) the effect of the unlabeled

amino acid on the rate of uptake of the ‘‘trace’’ labeled

amino acid was not linear and depended on the relative

concentrations of unlabeled to labeled amino acid; (2) the

theoretical plot of the total rate of uptake, derived from the

kinetic constants of arginine uptake estimated from Eadie-

Hofstee plots, significantly overestimated the experimental

data; and (3) when the constants were estimated from the

nonlinear modeling (Malo and Berteloot 1991), there was

good agreement. The results suggest that values of kinetic

constants calculated from linearized data reported for cat-

ionic amino acids in the literature (Devés and Boyd 1998;

Mann et al. 2003) may have overestimated the true values.

Although Malo and Berteloot (1991) developed this

approach for glucose uptake by more than one transporter,

as far as we are aware this is the first report to show the

discrepancy between theoretical and experimental data for

amino acid uptake by more than one transporter.

Nonlinear regression analysis allowed comparison

between models of one or two transporters, the presence of

diffusion (Malo and Berteloot 1991) and the possibility of

uptake by a single transporter with multiple binding sites

(Chenu and Bertloot 1993). The results consistently

determined that, in the absence of inhibitors, a model of

uptake by two independent transporters was preferred over

other models. This conclusion was supported by curvilinear

Eadie-Hofstee plots using transformed data.

Studies have suggested that the uptake in HUVECs was

facilitated by a single high-affinity transporter with a dif-

fusion component, rather than two simultaneously operat-

ing transporters (Arancibia-Garavilla et al. 2003; Speake

et al. 2003); however, expression data suggest that addi-

tional cationic transporters were operational in these cells

(Rotmann et al. 2007), and thus the activity ascribed to the

y?L transporter could in fact be ascribed to more than one

such transporter (Arancibia-Garavilla et al. 2003).

Differences between the results of various studies may

be partly explained by variations in study methodology as

studies have determined uptake in the presence of labeled

amino acid alone (Sobrevia et al. 1995; Rotoli et al. 2005;

Brunini et al. 2006), specified the activity but not the

concentration of trace labeled amino acid (Closs et al.

1993a; Casanello and Sobrevia 2002; Hardy and May

2002; Arancibia-Garavilla et al. 2003; Signorello et al.

2003; Martı́n et al. 2006; Rotmann et al. 2007) and reported

results from studies using 0.1–0.2 lM (Ayuk et al. 2002;

Schlaich et al. 2004) to 50 lM (Durante et al. 1996)

labeled arginine in the presence of fixed or varying con-

centrations of unlabeled substrate or inhibitors. Our data

showing nonlinear uptake of tracer in the presence of

unlabeled amino acid underscore the importance of

including the concentrations of both the labeled and unla-

beled amino acids when determining the rate of uptake.

Uptake by diffusion has been demonstrated as the

nonsaturable uptake of labeled arginine (0.05 mM), mea-

sured in the presence of excess unlabeled arginine

(10 mM) (Speake et al. 2003; Martı́n et al. 2006). Sub-

tracting this nonsaturable uptake from the total transport

(Dall’Asta et al. 2000; Arancibia-Garavilla et al. 2003)

may exceed the contribution of the higher-affinity/lower-

rate transporter (y?L) (Dall’Asta et al. 2000), which may

be among the reasons that this transporter has been over-

looked (Devés et al. 1992). Subtracting the diffusion

component from transformed data results in the loss of

statistical information, whereas when using the nonlinear

approach, such information is retained, allowing error in

the calculated kinetic constants to be determined (Malo and

Berteloot 1991). In our experiments using 10 nM labeled

arginine, the inclusion of the diffusion term did not

improve the fit of the models and the contribution of dif-

fusion to the total counts was insignificant. This does not

suggest that diffusion or the contribution of a nonsaturable

Table 3 Kinetic constants for ECV304 cells determined at various sodium concentrations

Sodium

157 mM

Sodium

26 mM

Sodium

0 mM

Vmaxa (nM arginine/4 9 105 cells/min) 0.142 ± 0.027 (0.184) 0.201 ± 0.036 (0.236) 0.100 ± 0.007**� (0.118)

Kma (mM) 0.016 ± 0.002 (0.019) 0.018 ± 0.003 (0.021) 0.011 ± 0.001*�� (0.012)

Kma/Vmaxa 1.09 ± 0.05 9 10-3

[0.99 to 1.20 9 10-3]

0.92 ± 0.04 9 10-3

[0.82 to 1.00 9 10-3]

1.07 ± 0.02 9 10-3

[1.03 to 1.11 9 10-3]

Vmaxb (nM arginine/4 9 105 cells/min) 0.660 ± 0.022 (0.695) 0.313 ± 0.028*** (0.356) 0.350 ± 0.009*** (0.403)

Kmb (mM) 0.193 ± 0.027 (0.283) 0.210 ± 0.073 (0.400) 0.204 ± 0.020 (0.315)

Kmb/Vmaxb 2.93 ± 0.46 9 10-3

[2.01 to 3.84 9 10-3]

6.70 ± 2.72 9 10-3

[1.31 to 12.08 9 10-3]

5.85 ± 0.54 9 10-3

[4.78 to 6.91 9 10-3]

Results are mean ± SEM from triplicate experiments, with robust value in parentheses and 95% CI for the slope in brackets

Significant differences: * P \ 0.05, ** P \ 0.005, *** P \ 0.0005 for 0 or 26 mM versus 157 mM sodium; � P \ 0.005, �� P \ 0.0005 for 0

versus 26 mM sodium
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component is not important but, rather, that under the

experimental conditions used, this contribution was small.

Inhibitors and Effector Molecules

The nonlinear approach makes no assumptions regarding

the type of inhibition or activation of transport by effector

molecules. We investigated the inhibition of arginine

uptake by leucine, which has been used to differentiate

between y?L and y? transport; NEM, which inhibits y?

transport; and the neutral amino acid analogue BCH, an

inhibitor of sodium-independent transport (White et al.

1982). Furthermore, the effects of sodium on uptake were

determined.

Leucine

Studies have used fitted models of competitive inhibition of

one or both transporters to experimental data when deter-

mining the effects of neutral amino acid on cationic amino

acid uptake (Devés et al. 1992; Devés and Boyd 1998;

Hardy and May 2002; Rotoli et al. 2005). As the side chain

of leucine and other neutral amino acids differs from that of

arginine and lysine, it appears that models which included

noncompetitive and uncompetitive inhibition were not

tested. Indeed, data showing Ki coinciding with I50 (Angelo

et al. 2005) would be consistent with noncompetitive or

uncompetitive inhibition of the transport of leucine (Cheng

and Prusoff 1973).

Our data showing that leucine affected y?L transport by

mixed inhibition (‘‘discoordinated inhibition’’) and y?

transport by ‘‘competitive activation’’ (Krupyanko 2007)

are in contrast to previous studies which determined that

leucine competitively inhibited y?L transport in erythro-

cytes (Devés et al. 1992), HUVECs (Arancibia-Garavilla

et al. 2003) and platelets (Signorello et al. 2003). However,

these reports did not determine inhibition by leucine at low

and physiological concentrations.

Although leucine did not completely inhibit transport at

any of the concentrations tested, other studies, using higher

leucine concentrations (1–10 mM leucine in the presence of

sodium), determined uptake of leucine-sensitive transport

(i.e., the contribution of y?L transport) by subtracting leu-

cine-insensitive uptake (i.e., the contribution by y?) from

the total uptake (Mendes-Ribeiro et al. 1999; Arancibia-

Garavilla et al. 2003; Martı́n et al. 2006; Rotmann et al.

2007). However, as stressed above, the results of such

studies would depend on the relative concentrations of the

added labeled tracer versus the unlabeled arginine present

and were included in the models used in our study.

Different neutral amino acids affect arginine uptake

differently (Closs et al. 1993a; Bröer et al. 2000; Rotmann

et al. 2007), and results may not be consistent if, for

example, leucine was replaced by glutamine (Ayuk et al.

2002; Speake et al. 2003). In addition, there appear to be no

data suggesting that leucine and glutamine inhibit cationic

transport in the same manner, and such studies could be

tested using this nonlinear modeling approach.

NEM and BCH

The nonlinear modeling approach determined that the y?L

transporter was unaffected by NEM, whereas the y?

transporter was completely inhibited, which was consistent

with the literature (Devés and Boyd 1998; Babu et al.

2003). Almost three decades ago, BCH was developed as a

model substrate for the sodium-independent system for

neutral amino acids (White and Christensen 1982). Inter-

estingly, the results of the present study show that BCH

significantly reduced the activity of the y?L transporter

without affecting the y? transporter. In the absence of a

y?L transporter inhibitor, BCH or structurally related

analogues may be of interest in the quest to obtain a

selective inhibitor for this transporter.

Sodium Dependence of Arginine Transport

Cationic y?L and y? amino acid transport is accepted as

being independent of sodium concentration (Devés and

Boyd 1998; Mann et al. 2003; Bröer 2008). White et al.

(1982) originally noted inhibition of cationic amino acid

transport by neutral amino acids, such as leucine, gluta-

mine, methionine and, to a lesser extent, homoserine and

serine (see also Devés et al. 1992). Such sodium-dependent

inhibition of cationic transporters was used to identify the

y?L transporter (Devés et al. 1992) and has been used to

differentiate this transporter from the y? transporter

(Mendes-Ribeiro et al. 1999; Rojas and Devés 1999; Ar-

ancibia-Garavilla et al. 2003; Martı́n et al. 2006; Rotmann

et al. 2007). However, data suggest that neutral amino

acids also inhibit uptake of cationic amino acids by y?

transport (Christensen 1990), with some 30% of lysine

uptake into HUVECs (Hardy and May 2002) and bovine

aortic endothelial cells (Durante et al. 1996) being sodium-

dependent. The latter could be explained if other trans-

porters were operational in these cells, but such discrep-

ancies in the literature highlight the difficulties in

comparing cationic transport studies and appear to be

similar to those noted for epithelial cells (reviewed by

Bröer 2008).

Although it was suggested that sodium occupies the site

normally occupied by the x-amino group of cationic amino

acids to facilitate neutral amino acid transport (Christensen

and Antonioli 1969), if sodium was already occupying the

x-amino group site, it is not clear how these transporters

facilitate cationic amino acid uptake. Our results may
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suggest that sodium ions are necessary for the conforma-

tional integrity of the transporters or were required for

transport of arginine; i.e., sodium interacts with the argi-

nine–transporter complex.

Three concentrations of sodium were used to determine

its effects on arginine uptake in ECV304 cells. In contrast to

earlier findings, the results suggest that y?L transport was

relatively unaffected by sodium concentration unless

sodium was absent when transport was uncompetitively

inhibited. In contrast, the rate of arginine uptake by the y?

transporter was significantly reduced as sodium was

decreased, without affecting the affinity of this transporter

(i.e., noncompetitively inhibited). The results suggest that

the absence of sodium would decrease the total rate of

uptake by both transporters but would only affect the

affinity of the y?L transporter. These data underscore the

advantage of measuring uptake over a wide range, not

single concentrations of unlabeled substrate, and to deter-

mine the kinetic constants of both transporters, which is

possible using this nonlinear approach.

Study Limitations

Although the origin of ECV304 cells is controversial (Brown

et al. 2000; Drexler et al. 2002; Mann et al. 2003), these

cells express hCAT1 (y?) and y?LAT2 (y?L) transporters

(Rotmann et al. 2007) and were therefore used as a model to

determine uptake by more than one transporter.

We depleted cells of arginine for 24 h (Sessa et al.,

1990), with other studies using times between 1 and 24 h

(Mann et al. 2003). Intracellular arginine levels appear to

be maintained in HUVECs over this time (Mann et al.

2003), and we did not determine whether shorter depletion

periods affected the rate of arginine uptake. The initial rate

of arginine uptake was then measured for 30 s, assuming

that both the conversion of labeled arginine to metabolites,

which may be exported, and the export of arginine via

trans-stimulation (Flores et al. 2003) were insignificant.

Furthermore, our results were in agreement with the liter-

ature (Mann et al. 2003).

Although HUVECs also express other transporters,

hCAT1, -2B, y ? LAT1 and -2 (Rotmann et al. 2007),

under the experimental conditions, the study showed sta-

tistically that a two-transporter model was preferred over

those of a single- or three- (six unknowns) transporter

model, with or without multiple binding sites. The possi-

bility of a single transporter modified by the binding of a

regulatory subunit or by forming a dimeric transporter

(Oulianova and Berteloot 1996) may explain many of the

findings and will be the subject of future investigations.

The effects of sodium on uptake of arginine in the

presence of leucine, particularly at 1–10 mM leucine

concentrations, and other neutral amino acids remain to be

determined by this method. In the absence of data mea-

suring labeled arginine uptake in the presence of millimolar

leucine concentrations, at this time we have no explanation

for the observation of a change in the rate of arginine

uptake at 0.5 mM leucine. As Vmaxb appeared to decrease

with increasing leucine concentrations, the inhibition may

simply be uncompetitive (unassociative; Krupyanko 2007);

but there were insufficient data to substantiate this possi-

bility. Moreover, the possibility that leucine and sodium

affect the membrane potential (or pH in the case of

sodium), thereby influencing arginine transport, was not

investigated in our study and cannot be excluded (Devés

and Boyd 1998).

Summary

This nonlinear modeling approach to characterize the

uptake of arginine in cells using raw, rather than trans-

formed data, avoids the difficulties and errors of methods

deriving constants from the linearization of uptake pro-

cesses following Michaelian kinetics. Moreover, the model

allows for more than one transporter to be modeled,

accounts for the concentrations of both labeled and unla-

beled arginine and allows the constants to be determined

over a range of unlabeled, not single, substrate or inhibitor

concentrations, without making assumptions regarding the

type of inhibition/activation present. The theoretical mod-

els of total uptake closely matched the experimental data,

uptake curves could be obtained for the individual trans-

porters and the effects of inhibitors and sodium on the

individual transporters determined. In conclusion, we have

shown that the use of a nonlinear regression modeling

approach may more accurately represent the kinetics of

cationic amino acid uptake, activation and inhibition into

cells and, hence, provides explanations for discrepancies in

the literature.
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Abstract The effect of contrast medium SonoVue� on

the electric charge density of blood cells (erythrocytes and

thrombocytes) was measured using a microelectrophoretic

method. We examined the effect of adsorbed H? and OH-

ions on the surface charge of erythrocytes or thrombocytes.

Surface charge density values were determined from

electrophoretic mobility measurements of blood cells per-

formed at various pH levels. The interaction between

solution ions and the erythrocyte’s or thrombocyte’s sur-

face was described by a four-component equilibrium

model. The agreement between the experimental and the-

oretical charge variation curves of the erythrocytes and

thrombocytes was good at pH 2–9. The deviation observed

at a higher pH may be caused by disregarding interactions

between the functional groups of blood cells.

Keywords SonoVue � Erythrocyte � Thrombocyte �
pH measurement � Surface charge density � Association

constant

Introduction

Hepatic hemangiomas (congenital vascular malformations)

are the most common benign tumors, accounting for

9.4–22.7% of all diagnosed hepatic tumors (Numata et al.

2006; Tranquart et al. 2009; Tani et al. 2010; von Herbay

et al. 2010). Most of them are asymptomatic and require

no treatment; therefore, differentiation between hepatic

hemangiomas and hepatic malignant lesions is a frequent

challenge. Radiologists can use numerous methods to

diagnose hepatic tumors. Ultrasound is considered to be

inferior in comparison to computed tomography (CT), and

magnetic resonance imaging (MRI) using contrast agents

allows for an evaluation of its nature (Soyer et al. 1998;

Herman et al. 2005; Dietrich et al. 2007; Zviniene et al.

2010). The introduction of contrast medium for diagnosis

of various medical conditions has been associated with a

number of adverse effects such as nephropathy, thrombosis

and nephrogenic systemic fibrosis (Carr et al. 1995;

Broome 2008; Feldkamp and Kribben 2008; Van Linden

et al. 2011). Currently, a growing number of centers per-

form contrast-enhanced ultrasonography (CEUS) with the

contrast agent SonoVue�. Although the use of SonoVue is

characterized by a small amount of contraindications,

compared to other contrast media it has a good safety

profile in abdominal applications, myocardial perfusion

assessment and transcranial ultrasound diagnostic (Kaps

et al. 1999; Bokor et al. 2001; Piscaglia and Bolondi 2006;

Dijkmans et al. 2009; Gaibazzi et al. 2009; Beaton et al.

2010). CEUS achieves comparable sensitivity and speci-

ficity to CT and MRI (Bartolotta et al. 2007; Dietrich et al.

2007; Li et al. 2007; Tranquart et al. 2009; Beaton et al.

2010; von Herbay et al. 2010). We have used this method

since 2006, especially in people in whom CT or MRI is

contraindicated. No complications have been observed.
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This study was designed to assess the effects of SonoVue

on erythrocytes and thrombocytes.

SonoVue is for diagnostic use only. It is a contrast agent

(it helps make internal body structures visible during

imaging tests). SonoVue is used in tests that measure how

ultrasound travels within the body because it improves the

ability of the blood to create an echo. It is only used when

the results of the test without a contrast agent are

inconclusive.

SonoVue is used in the following:

• Echocardiography (a diagnostic test where an image of

the heart is obtained), to obtain a clearer scan of the

chambers of the heart, especially of the left ventricle, in

patients with suspected or confirmed coronary artery

disease.

• Doppler (a diagnostic test that measures the speed of

blood flow), in tests for large blood vessels, such as

those in the head and those leading to the head or the

main vein to the liver, or for smaller blood vessels, such

as those in lesions (areas of disease) in the breast or

liver.

A microscopic picture SonoVue microbubbles and a

schematic representation of the SonoVue microbubble

structure are presented in Fig. 1.

The total amount of sulfur hexafluoride (SF6) adminis-

tered in a clinical dose is extremely small (in a 2-ml dose

the microbubbles contain 16 ll of gas). SF6 is an inert,

innocuous gas, poorly soluble in aqueous solutions. It

dissolves in the blood and is subsequently exhaled. More

than 80% of the administered SF6 was recovered in exhaled

air within 2 min after injection and almost 100% after

15 min (Schneider et al. 1995; Schneider 1999a, 1999b;

Greis 2004). SonoVue is a contrast agent of the second

generation that contains phospholipid-stabilized micro-

bubbles filled with SF6 with a diameter \8 lm (mean

2.5 lm). The physicochemical parameters of SonoVue are

presented in Table 1.

Biological membranes are characterized by a markedly

ordered structure and can be considered to be a distinct

phase from the physical point of view, separated from

surrounding cytoplasm or intermolecular biological fluid.

Thus, the membrane surface can be approximated to an

interface. The membrane–medium interface is the site

where some physicochemical processes occur which are

characteristic of a typical interface, e.g., asymmetric dis-

tribution of electric charge (Nalecz and Wojtczak 1982).

Examining the electrical charge could reveal substantial

information about the balance between membrane com-

ponents but also between membrane components and the

surrounding solution. The electrical charge is determined

by structural positive charge carriers (free amino groups of

proteins and aminophospholipids) and by negative charge

carriers (some phospholipids, especially phosphatidylser-

ine, sialic acid, glycophorins and free carboxy groups of

polypeptide chains) (Szachowicz-Petelska et al. 2010).

The effect of contrast medium SonoVue on the electric

charge density of blood cells (erythrocytes and thrombo-

cytes) was measured using a microelectrophoretic method.

We describe the changes of electric charge density of the

Fig. 1 Microscopic picture and

schematic representation of

SonoVue microbubble structure

(Schneider et al. 1995;

Schneider 1999a, 1999b; Greis

2004)

Table 1 SonoVue physicochemical parameters

Concentration 1–5 9 108 ml-1

Mean microbubble diameter 2.5 (lm)

SF6 encapsulated volume 8 (ll/ml)

SF6 volume in a 2.4-ml dose 0.02 (ml)

Osmolarity 290 (mOs/kg)

Viscosity 2 (mPa s)

pH 6.0–6.5

Stability after reconstitution 6 (h)

Data from Schneider et al. 1995; Schneider 1999a, 1999b
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erythrocytes and thrombocytes after the SonoVue effect

over the pH range 2–11.

Theory

The dependence of the surface charge density of erythro-

cytes or thrombocytes as a result of SonoVue on the pH of

the electrolyte solution can be described using four equi-

librium equations. Two are connected with positive groups

(e.g., phospholipids or proteins and sodium and hydrogen

ions), and two concern the negative species of phospho-

lipids or proteins and hydroxide and chloride ions. The H?,

OH-, Na? and Cl- ions are adsorbed at the cell mem-

branes (erythrocytes or thrombocytes), and the adsorption

equilibria can be presented in the following form

(Dobrzynska et al. 2006, 2007):

A� þ Hþ , AH ð1Þ

A� þ Naþ , ANa ð2Þ

Bþ þ OH� , BOH ð3Þ

Bþ þ Cl� , BCl ð4Þ

Therefore, the association constants of the H?, Na?, OH-

and Cl- ions with functional groups are expressed in the

following manner (Dobrzynska et al. 2006, 2007):

KAH ¼
aAH

aA� � aHþ
ð5Þ

KANa ¼
aANa

aA� � aNaþ
ð6Þ

KBOH ¼
aBOH

aBþ � aOH�
ð7Þ

KBCl ¼
aBCl

aBþ � aCl�
ð8Þ

where KAH, KANa, KBOH andKBCl are association constants;

aAH, aANa, aA� , aBOH, aBCl and aBþ are surface

concentrations of corresponding groups on the membrane

surface; and aHþ , aNaþ , aOH� and aCl�are volume

concentrations of solution ions. The concentration

balances are expressed as follows (Dobrzynska et al. 2006):

CA ¼ aA� þ aAH þ aANa ð9Þ
CB ¼ aBþ þ aBOH þ aBCl ð10Þ

where CA is the total surface concentration of the mem-

brane acidic groups and CB is the total surface concentra-

tion of the membrane basic groups.

Surface charge density of the membrane is given by the

equation presented by Dobrzynska et al. (2006):

d ¼ ðaBþ � aA�Þ � F ð11Þ

where F ¼ 96; 487 C=mol is the Faraday constant.

Elimination of aAH, aANa, aA� , aBOH,aBCl and aBþ

from the above equations yields the following formula

(Dobrzynska et al. 2006):

d
F
¼ CB

1þ KBOHaOH� þ KBClaCl�
� CA

1þ KAHaHþ þ KANaaNaþ

ð12Þ

Determination of the searching parameters requires a

simplification of the above equation to a linear form at high

H? (aH? ? ?) and low H? (aH? ? 0) concentrations,

which were presented by Dobrzynska et al. (2006). In the

former case Eq. 12 was rewritten as a decreasing

exponential function of H? concentration (Eq. 13) and in

the latter case, as an increasing exponential function of H?

concentration (Eq. 14) (Dobrzynska et al. 2006).

d
F
¼ CBaHþ

aHþð1þ KBClaCl�Þ þ KBOHKW

� CA

KAHaHþ þ KANaaNaþ þ 1
ð13Þ

d
F
¼ CBaHþ

KBOHKW þ aHþð1þ KBClaCl�Þ
� CA

KANaaNaþ þ 1þ KAHaHþ
ð14Þ

The numerator of each term in Eq. 13 was divided by the

denominator to yield two terms. These operations resulted

in a linear equation in the aH? and daHþð Þ=F coordinate

system, which was correct for high hydrogen ion

concentrations (aH? ? ?) (Dobrzynska et al. 2006).

daHþ

F
¼ CB

1þ KBClaCl�
aHþ �

CBKBOHKW

ð1þ KBClaCl�Þ2
þ CA

KAH

 !

ð15Þ

Applying the same procedure to Eq. 14 resulted in a linear

equation in the 1= aHþð Þ and d= FaHþð Þ coordinate system,

which was correct for low hydrogen ion concentrations

(aH? ? 0) (Dobrzynska et al. 2006):

d
FaHþ

¼ � CA

1þ KANaaNaþ

� �
1

aHþ

þ CB

KBOHKW

þ CAKAH

ð1þ KANaaNaþÞ2

 !
ð16Þ

The coefficients describing these linear functions may be

easily obtained using linear regression and subsequently

applied to calculate the parameters. Calculation of CA, CB,

KAH and KBOH is possible owing to knowledge of the

association constants KANa and KBCl obtained for

phosphatidylcholine liposome membrane (Dobrzynska

et al. 2007). Defining the value of these parameters permits

calculation of the theoretical cell membrane surface charge

from Eq. 12 for comparison to experimental data.

A. D. Petelska et al.: SonoVue� Effect on Blood Cells 17
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Materials and Methods

Contrast Medium SonoVue

SonoVue (Bracco, Milan, Italy) contains the active sub-

stance SF6 gas. It is available as a kit containing one vial of

gas and powder and one prefilled syringe containing the

solvent. SonoVue solution was prepared according to the

manufacturer’s instructions by mixing the solvent with

the powder and gas. The solution contains SF6 gas as

microbubbles.

Blood Cell Preparation

Approval for this study was granted by the Ethics Review

Board of Medical University of Bialystok, and informed

consent was obtained from all patients at the time of scanning

after the nature of the procedure had been fully explained.

The examination was based on 20 selected individuals (12

women and 8 men; mean age 33.2 years, range 18–49) with

hepatic hemangioma size up to 30 mm (19 ± 7.5 mm),

without any other diseases. The size was limited to 30 mm

because hemangiomas of at least 4 cm in diameter are

defined as giant hemangiomas and in some cases give rise to

symptoms because of Kasabach–Merritt syndrome (tumor

leads to decreased platelet counts) (Tani et al. 2010).

There were two control groups. Both consisted of 20

healthy volunteers. The first (14 women and 6 men; mean

age 33.3 years, range 18–50) was used to assess the impact

of only ultrasound on the red blood cells and platelets, and

the second (12 women and 8 men; mean age 33.2 years,

range 18–49) was used to compare blood cells.

Blood in the amount of 2 ml was taken immediately

before and 10 min after administration of SonoVue into

biologically clean glass containers containing anticoagu-

lant (sodium citrate) from a separate puncture antecubital

vein without stasis.

All sonographic examinations were performed by a

senior radiologist using Toshiba Aplio (Toshiba Medical

Systems, Otawara, Japan) equipped with pulse subtraction

harmonic imaging software, with the use of a wide-band,

multifrequency convex array abdominal transducer

(3.5 MHz PVT 375BT). A bolus of 2.4 ml of SonoVue was

administered with a 21-gauge peripheral intravenous can-

nula, followed by a 10-ml saline flush. Dynamic real-time

CEUS was then performed using a low mechanical index

(MI 0.08) to avoid microbubble disruption. After SonoVue

injection, the lesion was scanned continuously for up

to 8 min until the enhancement effect began to subside.

CEUS recognition of hemangiomas was based on

enhancement and washing and washout patterns of the

lesion relative to normal hepatic parenchyma during the

three vascular contrast phases: arterial, portal-venous and

late (Lencioni 2006; Correas et al. 2009). Static image

captures as well as dynamic video clips were stored on

digital video disc.

Preparation of Erythrocytes from Blood

Erythrocytes were isolated from 2 ml of anticoagulated

whole blood by centrifugation at 9009g for 8 min at room

temperature. The supernatant, thrombocyte-rich plasma

was removed and saved for subsequent processing, while

the erythrocytes were washed three times with isotonic

saline (0.9% NaCl) at 3,0009g for 15 min. After the final

wash, the erythrocyte pellet was resuspended in isotonic

saline for electrophoretic measurement.

Preparation of Thrombocytes from Plasma

The thrombocyte-rich plasma was centrifuged at 4,0009g

for 8 min. The supernatant plasma was removed and dis-

carded. The thrombocyte pellet was washed three times

with isotonic saline by centrifugation at 3,0009g for

15 min. After the final wash, thrombocytes were resus-

pended in isotonic saline for electrophoretic measurement.

All solutions and cleaning procedures were performed

with water purified using a Milli-Qll system (18.2; Milli-

pore, Billerica, MA).

Microelectrophoretic Mobility Measurements

The electrophoretic mobility of erythrocyte or thrombocyte

cells in suspension was measured using laser Doppler

velocimetry and a Zetasizer Nano ZS (Malvern Instruments,

Malvern, UK) apparatus. Measurements were carried out as a

function of pH. Cell membranes were suspended in NaCl

solution and titrated to the desired pH using (HCl ? NaCl or

NaOH ? NaCl). The reported values represent the average

of at least six measurements performed at a given pH.

From electrophoretic mobility measurements the surface

charge density was determined using the following equa-

tion (Alexander and Johnson 1949):

d ¼ g � u
d

ð17Þ

where g is the viscosity of solution, u is electrophoretic

mobility and d is the diffuse layer thickness. The diffuse

layer thickness was determined from the following formula

(Barrow 1996):

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e � e0 � R � T

2 � F2 � I

r
ð18Þ

where R is the gas constant, T is the temperature, F is the

Faraday number, I is the ionic strength of 0.9% NaCl and eo

is the permeability of the electric medium.

18 A. D. Petelska et al.: SonoVue� Effect on Blood Cells
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Results and Discussion

The electrophoretic mobility measurements of the blood

cells containing SonoVue formed the basis for investiga-

tions of ion/membrane association phenomena. Experi-

ments were performed at several pH values using 0.155 M

NaCl as a supporting electrolyte. The electrophoretic

mobility values were converted to surface charge density

using Eq. 17. The theoretical values of the surface charge

density were determined by applying Eq. 12 to the exper-

imental data. The association constants of blood cell sur-

face groups with Na? and Cl- [KA1Na = 0.230 (m3/mol),

KB1Cl = 0.076 (m3/mol)] have been previously reported

(Dobrzynska et al. 2007). The calculated association con-

stants were substituted into Eq. 12 to produce a theoretical

curve. The surface charge densities of the control and

SonoVue erythrocytes are plotted as a function of pH in

Fig. 2. The points denote the experimental values, and the

continuous lines represent the theoretical values obtained

from Eq. 12. The theoretical and experimental surface

charge density values agree between pH 2 and 9 but

diverge slightly in the high pH range. Deviations from the

theoretical curve may be caused by interactions between

the functional groups of the blood cell components.

If we considered an acid solution, a small decrease in

positive charge was observed in erythrocytes after Sono-

Vue use in comparison to control erythrocytes. In basic

solutions we also observed a small change in the negative

charge in erythrocytes after SonoVue in comparison to

control erythrocytes and a small shift of the isoelectric

point of the membrane to high pH values.

The surface charge densities of the control and SonoVue

thrombocytes are plotted as a function of pH in Fig. 3. The

points denote experimental values, and the continuous lines

represent theoretical values obtained from Eq. 12. The

theoretical and experimental surface charge density values

agree between pH 2 and 9 but diverge slightly in the high

pH range.

If we consider an acid solution, any change in positive

charge is observed in thrombocytes with SonoVue in

comparison to control thrombocytes. In basic solutions we

observed an increase of the negative charge in thrombo-

cytes with SonoVue in comparison to control thrombocytes

and a small shift of the isoelectric point of the membrane to

low pH values.

The isoelectric point and surface charge density values

for human erythrocytes and thrombocytes determined using

electrophoresis are presented in Tables 2 and 3, respec-

tively. Data are expressed as mean ± standard deviation.

These data were analyzed using standard statistical

analysis.

The surface charge density values at low pH values in

erythrocytes with SonoVue decreased compared with

control groups (14%); however, at high pH values they

increased compared with the control group (3%, Table 2).

The isoelectric point of SonoVue erythrocyte membranes

(3.60) compared to controls (3.80) slightly shifted to low

pH values.

The surface charge density values at low pH values as

well as at high pH values in thrombocytes with SonoVue

decreased compared with controls (15%); however, at high

pH values they increased compared to controls (33%),

which is presented in Table 3. The isoelectric point of

SonoVue thrombocyte membranes (4.40) compared with

the control group (4.65) showed a considerable shift to low

pH values.
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Fig. 2 pH dependence of surface charge density of erythrocytes:

filled circle control; open square SonoVue effect (experimental

values are indicated by points and theoretical values, by the curve)
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Fig. 3 pH dependence of surface charge density of thrombocytes:

filled circle control; open square SonoVue effect (experimental

values are indicated by points and theoretical values, by the curve)

Table 2 Surface charge density and isoelectric point values for

human erythrocytes (control and SonoVue effect)

Groups Isoelectric

point

Surface charge density (10-2 C/m2)

Low pH values High pH values

Control 3.80 1.04 ± 0.11 –1.31 ± 0.08

SonoVue effect 3.60 0.89 ± 0.09 –1.35 ± 0.09
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Acidic (CA) and basic (CB) functional group concen-

trations and their average association constants with

hydrogen (KAH) and hydroxyl (KBOH) ions of erythrocyte

and thrombocyte surface groups were determined as

described previously by Dobrzynska et al. (2006). These

values are presented in Tables 4 and 5, respectively. Data

are expressed as mean ± standard deviation. These data

were analyzed using standard statistical analysis.

The concentration of acidic (4%) functional groups in

erythrocytes with SonoVue decreased compared to con-

trols, and the basic (5%) groups in erythrocytes also

decreased compared to controls (Table 4). The KAH, the

association constant of the acidic groups of the erythrocyte

membrane, increased (15%) with SonoVue compared to

controls; and the KBOH value was only 10% higher com-

pared with the control group.

The experimental results indicate that SonoVue caused a

small decrease in negative and positive charge numbers at

the erythrocyte surface. This corresponded to a slightly

decreased surface concentration of acidic groups (CA) and

basic groups (CB). Changes in functional group composi-

tion on the membrane surface are due to the appearance of

new functional groups and/or to the disappearance of

existing ones as the result of a reaction of SonoVue with

erythrocyte components. Variations in the number and kind

of functional groups bring about variations in CA and CB

and, in turn, in their association constant values. SonoVue

increases the association constants of negatively charged

(KAH) and positively charged (KBOH) groups.

In thrombocytes with SonoVue we observed an increase

of the acidic group’s concentration, CA (3%), and an

increase of the basic functional concentration, CB (11%),

compared with the control group (Table 5). SonoVue

induces an increase in KAH (6%) and KBOH values (11%) in

the thrombocytes compared with the control groups.

The experimental results indicate that SonoVue causes a

small increase in negative and positive charge numbers at

the thrombocyte surface. This corresponded to a slightly

increased surface concentration of acidic groups (CA) and

basic groups (CB). Changes in functional group composi-

tion on the membrane surface are due to the appearance of

new functional groups and/or to the disappearance of

existing ones as the result of a reaction of SonoVue with

thrombocyte components. Variations in the number and

kind of functional groups bring about variations in CA and

CB and, in turn, in their association constant values.

SonoVue increases the association constants of negatively

charged (KAH) and positively charged (KBOH) groups.

The current results demonstrate that SonoVue causes a

small change in the levels of all membrane components

(phospholipids and integral membrane proteins) in eryth-

rocytes and thrombocytes (Tables 4, 5). In addition, our

results have shown that the electrical properties of eryth-

rocyte and thrombocyte membranes are not affected by

SonoVue. An essential property of the electric double layer

is its electrokinetic potential, the potential difference

between the membrane and its environment and the surface

charge. Changes in cell membrane charge are connected

with changes in membrane composition (Szachowicz-

Petelska et al. 2008; Dobrzynska et al. 2008). An increase

in the amount of specific phospholipids results in the

appearance of additional functional groups, both posi-

tively and negatively charged, at the membrane surface

(Dobrzynska et al. 2010).

In our results we did not observe any changes in surface

charge density of erythrocytes after addition of SonoVue,

but in thrombocytes we observed changes of surface charge

density at high pH values. The changes of negative surface

charge density of thrombocytes probably are connected

with adsorption of the remaining phospholipids from the

SonoVue contrast agent. In our opinion the problem could

be studied by means of model experiments (e.g., bilayer

lipid membranes) as well as in vitro examination of the

SonoVue effect in blood cells.

Table 3 Surface charge density and isoelectric point values for

human thrombocytes (control and SonoVue effect)

Groups Isoelectric

point

Surface charge density (10-2 C/m2)

Low pH values High pH values

Control 4.65 1.63 ± 0.10 –1.09 ± 0.19

SonoVue effect 4.40 1.39 ± 0.13 –1.62 ± 0.32

Table 4 Acidic and basic functional group concentrations and

association constants for erythrocyte functional groups and H? and

OH- ions

Groups Parameters

CA (10-6

mol/m2)

CB (10-6

mol/m2)

KAH (102

m3/mol)

KBOH (107

m3/mol)

Control 7.06 ± 0.42 1.54 ± 0.47 3.39 ± 1.12 3.65 ± 0.84

SonoVue

effect

6.82 ± 0.10 1.46 ± 0.08 3.95 ± 0.73 4.07 ± 0.60

Table 5 Acidic and basic functional group concentrations and

association constants for thrombocyte functional groups and H? and

OH- ions

Groups Parameters

CA (10-6

mol/m2)

CB (10-6

mol/m2)

KAH (102

m3/mol)

KBOH (107

m3/mol)

Control 3.67 ± 0.79 1.17 ± 0.21 2.81 ± 1.70 2.04 ± 0.59

SonoVue

effect

3.98 ± 0.08 1.31 ± 0.07 2.98 ± 0.43 2.29 ± 0.56
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Our CEUS results are in agreement with the literature

that typical small hemangiomas show peripheral nodular

enhancement in the arterial phase and from portal to late

phase nodules have progressive centripetal enhancement

(Dietrich et al. 2007; von Herbay et al. 2010; Zviniene

et al. 2010). There have been no adverse events or technical

difficulties encountered in this patient population, and

many authors have also reported no adverse effects of

SonoVue (Bokor et al. 2001; Piscaglia and Bolondi 2006;

Gaibazzi et al. 2009; Tranquart et al. 2009; Beaton et al.

2010).

The normal blood pH is tightly regulated between 7.35

and 7.45. Virtually all degenerative diseases, including

cancer, heart disease, osteoporosis, arthritis, kidney and

gall stones and tooth decay, are associated with excess

acidity in the body. We observed no large changes of the

surface charge density of blood cells in a wide pH range.

We see no reason for limiting the use of SonoVue contrast

medium in clinical diagnostics.

Conclusions

The interaction between blood cell membranes and solu-

tion ions has been well characterized. The dependence of

the surface charge density of the erythrocytes and throm-

bocytes as a SonoVue effect on pH was described using a

mathematical model derived from experimental electro-

phoretic data. The theoretical estimates of electric charge

enabled the determination of association constants for

the functional groups of erythrocytes or thrombocytes and

electrolyte ions. The agreement of the experimental and

theoretical charge variation curves of the erythrocytes as

well as thrombocytes is good between pH 2 and 9. The

deviation observed at a higher pH may be caused by dis-

regarding interactions between the functional groups of

blood cells.

No adverse events or technical difficulties were

encountered in the patient population presented in this

study. In our opinion, SonoVue is a safe contrast medium.

Open Access This article is distributed under the terms of the

Creative Commons Attribution Noncommercial License which per-

mits any noncommercial use, distribution, and reproduction in any

medium, provided the original author(s) and source are credited.
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Abstract The preferred conformations of the glycerol

region of a phospholipid have been explored using replica

exchange molecular dynamics (MD) simulations and

compared with the results of standard MD approaches and

with experiment. We found that due to isomerization rates

in key torsions that are slow on the timescale of atomistic

MD simulations, standard MD is not able to produce

accurate equilibrium conformer distributions from reason-

able trajectory lengths (e.g., on the 100 ns) timescale.

Replica exchange MD, however, results in quite efficient

sampling due to the rapid increase in isomerization rate with

temperature. The equilibrium distributions obtained from

replica exchange MD have been compared with the results

of experimental nuclear magnetic resonance observations.

This comparison suggests that the sampling approach

demonstrated here is a valuable tool that can be used in

evaluating force fields for molecular simulation of lipids.

Keywords Molecular dynamics � Model membrane �
Replica exchange � NMR study � Artificial bilayer

membrane

Introduction

Phospholipids constitute an important class of biomole-

cules, providing the basis for cellular membranes and

creating nanoscopic interfaces with extreme variations in

polarity over a length scale of angstroms. The backbone of

the phospholipid is a substituted glycerol with the

hydrophilic phosphate headgroup connected to carbon

atom C1 via a phosphate ester bond and two hydrophobic

fatty acid chains connected at C2 and C3 via ester bonds

(see Fig. 1). Situated in a unique region of astounding

chemical heterogeneity (Wiener and White 1992), the

conformational preferences of the glycerol region of the

phospholipid determine important details of headgroup

and tail orientations, influencing properties such as the

dipole orientation and dipole potential (Gawrisch et al.

1992) and the packing of the aliphatic chains that are

critical determinants of membrane structure and function

(Israelachvili 1977). Hauser et al. (1980, 1988) have

described how the values of the h3/h4 torsion angles (see

Fig. 1 for definitions of these angles) determine the rela-

tive orientation of the acyl chains and compared the tor-

sional states of a variety of phospholipids as crystalline

solids, as fluid phase (La) bilayers and as individual

monomers dissolved in a range of solvents. While the

crystal structure indicates a single conformation (h3 =

trans, h4 = gauche?), under physiological temperature, in

both the monomeric and bilayer forms, several confor-

mations are observed by nuclear magnetic resonance

(NMR). Hauser et al. labeled the global free energy

minimum conformer observed in the crystal structures

‘‘A’’ and identified by NMR analysis the ‘‘B’’ conformer

(h3 = gauche?, h4 = gauche–) and the ‘‘C’’ conformer

(h3 = gauche-, h4 = trans). The relative population of

these rotational isomers depends somewhat on acyl chain

composition, aggregation state and solvent polarity; but

for glycerophosphatidylcholines the A conformer always

predominates (50–60%) and the C conformer constitutes

only a small fraction (1–10%).
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In the recent past molecular dynamics (MD) computer

simulations have emerged as a powerful tool for providing

structural, dynamic and thermodynamic descriptions of

lipid bilayer membranes at the atomic level (Brandt and

Edholm 2009; Lyubartsev and Rabinovich 2011; Marrink

et al. 2009). These calculations have been found to com-

plement experimental techniques such as X-ray scattering

and NMR and are finding widespread use in membrane

biophysics research programs. There are, however, many

details that must be considered in carrying out such com-

puter simulations, such as the time and length scales of the

processes under study, the statistical mechanical ensemble

to be employed, the algorithm used to integrate the equa-

tions of motion and the form of the energy function and its

parameterization. A key quantity that must be assessed in

evaluating such simulations is the degree to which the

results can be said to be converged; i.e., the observed

conformations correspond to the equilibrium distribution

and the number of transitions between states is sufficiently

large that reliable statistics on the dynamics of fluctuations

are obtained (Grossfield and Zuckerman 2009). For degrees

of freedom with long correlation times, it may be difficult to

determine accurate equilibrium distributions and it may be

unclear whether discrepancies with experiment arise from a

systematic error, e.g., deficiencies in the potential energy

function, or from statistical error. A powerful algorithm for

accelerating the sampling in MD simulations is the replica

exchange (REX) technique. In its most frequent imple-

mentation, a series of MD simulations (system replicas) are

run in parallel at different temperatures. The temperature

range typically begins at or near the temperature of primary

interest and increases to a significantly higher temperature,

where rates for crossing energetic barriers are significantly

higher. A Monte Carlo procedure is applied periodically to

swap configurations among the various temperatures; thus,

each replica spends time at higher temperatures, accelerat-

ing processes that have long correlation times at the tem-

perature of interest. For a detailed description of REX MD,

the reader is referred to Sugita and Okamoto (1999).

Here, we describe the application of REX MD to a

dipalmitoylphosphatidylcholine (DPPC) monomer in

aqueous solution. While many simulations of DPPC as a

bilayer or monolayer have been reported in the literature,

few have examined the monomeric form. We chose this

system composition because it more closely matches the

conditions of the NMR experiments we seek to connect to

and because it allows extremely efficient sampling using

the REX MD technique. Our results, however, have

important implications for simulations of the phospholipid

bilayers that are our ultimate goal.

Procedure

The program CHARMM (Brooks et al. 1983) was employed

for all simulations, using the CHARMM c32b2 all-atom

force field (Feller and MacKerell 2000; Schlenkrich et al.

1996). A single DPPC molecule was built with all bond

lengths, angles and dihedrals generated from internal coor-

dinates. In that process the dihedral angles h3 and h4 were

generated as 180� and 60�, respectively. After hydration with

898 TIP3P water molecules, the system consisted of 2,725

atoms in cubic periodic boundary conditions with a side

length that fluctuated about a value of 30.1 Å during the

conventional simulation. Constant pressure (1 atm) was

maintained using the Langevin piston (Feller et al. 1995)

algorithm, while constant temperature (300 K) was main-

tained via a Hoover (1985) thermostat. All bonds to hydro-

gen atoms were fixed at their equilibrium lengths using the

SHAKE (Ryckaert et al. 1977) procedure.

The conventional MD simulation was equilibrated for

1.2 ns and subsequently run for 110 ns with a 1-fs time step

in the NPT ensemble. The coordinates produced after 3.9 ns

of this simulation were used as a starting configuration of a

REX MD simulation that ran for 35.7 ns with a 1-fs time

step. In this simulation, 20 replicas of the system were

simulated at constant volume at the following temperatures:

300, 306, 312, 320, 328, 336, 346, 356, 366, 378, 390, 402,

416, 430, 444, 460, 476, 492, 510, and 528 K. Systems at

neighboring temperature baths were allowed to swap in

250-fs intervals of MD simulation. With this temperature

spacing the swap probability was approximately 10%.

Fig. 1 Structure of DPPC using the torsion angle notation of Sundaralingam (1972)
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Results

Figure 2 shows the time evolution of the h4 torsion angle

over more than 100 ns of standard MD simulation. The

majority of the simulation time is spent in conformation A.

The number of isomerizations is small (*0.8/ns), with

many producing only short periods in conformations B and

C. The B conformation in particular is rarely observed in

the simulation, making up only *1% of the states, much

less than observed experimentally. The single transition to

the B state observed in over 100 ns of simulation power-

fully demonstrates the challenge in sampling lipid head-

group conformations. While the lifetimes of rotational

isomers along the acyl chain are in the range of tens to

hundreds of picoseconds (Venable et al. 1993), the dra-

matically longer lifetimes observed in the headgroup lead

to a situation where lipid simulations begun from arbitrary

initial conditions may not achieve an equilibrium distri-

bution on the timescale of current MD simulations. While

it might be argued that in a typical lipid bilayer simulation

with *100 lipid molecules taken from preequilibrated

libraries the equilibrium distribution may still be obtained

when averaging over all molecules, this will not be the case

for an inhomogenous membrane such as one containing a

transmembrane protein or membrane-bound peptide where

the distribution of glycerol backbone dihedrals might be

shifted.

The time evolution of h4 in the lowest temperature

replica of the REX MD simulation is plotted in Fig. 3. The

dramatically shorter lifetimes arise primarily from swap

moves between the T = 300 K bath and higher-tempera-

ture baths. While the long standard MD run retained

significant memory of the initial condition, spending

*93% in the A conformation that began the production

run, new conformers emerge immediately in the REX MD

run. By following the individual replicas, the isomerization

rate occurring at each temperature, i.e., true transitions

occurring at a given temperature rather than changes in a

torsion arising from a swap move, was computed; and the

results are plotted in Fig. 4. Over the temperature range

investigated the transition rate increased by approximately

15-fold. The solid line in Fig. 5 gives the best fit of

the observed rates to the Arrhenius equation, yielding

activation energy of 4.5 kcal/mol. The small transition rate

(*1/ns) in the low-temperature bath of the REX MD

simulations is consistent with the observations from the

standard MD run and reemphasizes the challenge in

equilibrating the lipid headgroup structure.

While the slow dynamics of glycerol group isomeriza-

tion provides a challenge to the successful implementation

of atomistic MD simulation, it is not the case that the

simulated dynamics are necessarily incorrect. In other

words, the potential energy surface may be accurate even if

it is not sufficiently well sampled in a finite-length simu-

lation. The situation is analogous to the difficulties of

folding a protein from the denatured state using atomic-

level MD. Folding may be unsuccessful; i.e., the correct

equilibrium structure is not obtained, even when the

potential function is highly accurate, simply because

insufficient time is available in the simulation. Errors are

readily introduced into the interpretation of the simulation,

however, when the distribution functions produced by the

simulation are blindly assumed to represent the equilibrium

distribution. For the glycerol h4 torsion, Fig. 6 shows the

Fig. 2 Time evolution of the h4 torsion in the conventional MD

simulation showing the small number of transitions observed in over

100 ns of simulation (*0.8/ns), with many having a lifetime of only a

few picoseconds

Fig. 3 Time evolution of the h4 torsion in the REX MD simulation at

the lowest (300 K) temperature. The high rate of conformational

transitions observed in the simulation at this temperature arises

primarily from swaps with other temperature baths
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distribution of conformers observed in the REX MD and

standard MD simulations. The plot shows that the calcu-

lated histograms differ significantly from one another with

the relative populations in different orders, even though

both simulations employed the identical potential energy

function. Especially poorly sampled is the B conformation

in the standard MD run, where it makes up only *1%,

while the REX MD spends *18.5% in this state.

The results in Fig. 6 clearly show that a conventional

simulation of 100 ns is insufficient to generate an equi-

librium distribution of conformers, but it must also be

noted that the REX MD simulations are more computa-

tionally expensive per unit of simulation time because they

involve integrating the equations of motion of many sys-

tems. Thus, one must compare the computational cost of

running an ensemble of, e.g., 20 exchanging replicas for a

short period with the cost of running a single system for a

long period. Figure 7 demonstrates the timescale required

for convergence in the REX MD simulation. While the

simulation time needed is relatively short, e.g., at approx-

imately 25 ns reasonable convergence is obtained, this

required 500 ns of total simulation time for the present case

Fig. 4 Transition rates for the h4 torsion in the REX MD simulation

as a function of temperature showing greater than order of magnitude

acceleration in conformational transitions. The transition rates

reported here are actual conformational changes, i.e., not changes

arising from swaps between baths

Fig. 5 Arrhenius plot of natural log of transition rates versus inverse

Kelvin temperature (using data from Fig. 4), showing activation

energy of *4.5 kcal/mol

Fig. 6 Probability distribution for the h4 torsion observed in the

REX MD and conventional MD simulations at 300 K, showing

significant differences in the conformer distributions, particularly the

frequency of observing the B conformation

Fig. 7 Cumulative probability distribution of the h4 torsion in the

REX MD simulation at the lowest (300 K) temperature. Compared to

experiment, the A conformation is overrepresented in the simulation,

while the B conformation is underrepresented (though much closer to

experiment than was observed in the conventional MD calculation)
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of 20 replicas. The time series for the conventional simu-

lation shown in Fig. 2 suggests that even after 500 ns of

conventional MD the equilibrium distribution would not

have converged. Another telling comparison is between the

cumulative probability distribution from the REX MD

simulation at 5 ns and the conventional result based on

100 ns. Even though every replica was started in the lowest

probability conformation (C), in just a few nanoseconds a

very reasonable distribution function is obtained. It also

should be noted that scaling on a parallel computer is

excellent with a REX simulation; thus, this approach can

make good use of multiple processor systems. A potential

downside for REX when simulating membrane systems is

that the number of replicas must increase with system size

in order to obtain reasonable swap probabilities; and given

that membrane systems typically contain many atoms, this

is a considerable challenge.

Conclusions

We have focused here on a single degree of freedom, namely,

the h4 torsion angle found in the glycerol backbone region of

a phospholipid, to illustrate the enormous challenge in

determining the equilibrium conformer distribution in a

molecule that possesses multiple rotational isomers having

lifetimes that are long on the timescale of atomistic MD

simulations. When compared to the other major classes of

biomolecules, phospholipids are generally considered small

and flexible because they consist of just a few monomeric

units, e.g., a headgroup and two acyl chains, while proteins

and DNA are orders of magnitude larger in terms of the

number of monomers they contain. It has been shown that not

only large proteins (Grossfield and Zuckerman 2009) but

even small peptides (Vogel et al. 2010) pose considerable

challenges for conformational sampling. Less appreciated is

a property that the much smaller phospholipids nonetheless

share with proteins and DNA, namely, that sampling their

backbone conformations is a huge challenge for conven-

tional MD simulations. One outcome of the present study is

to demonstrate clearly and to quantify the difficulty in

sampling lipid backbone conformations. This is important in

particular for the setup of membrane simulations that most

often rely on libraries of preequilibrated lipid structures (Jo

et al. 2007). Our results demonstrate that equilibration sim-

ulations of tens of nanoseconds that were typical in the past

are not sufficient for complete sampling of lipid backbone

conformations. A membrane consisting of lipid structures

from such relatively short preequilibrated lipid structures

will at the beginning still lack a good distribution of these

backbone conformations. Therefore, such libraries should be

equilibrated either by very long classical simulations (pos-

sibly at high temperatures) or by approaches that improve

sampling speed such as REX (Sugita and Okamoto 1999) or

accelerated MD (Hamelberg et al. 2004) simulations. A

second result is to show that simulations of monomeric

phospholipids are potentially valuable in the refinement of

potential energy parameters, i.e., force fields, for molecular

simulations of lipid bilayer membranes. For example, it

appears that the B conformation is less prevalent in our

simulations than the NMR experiments (Hauser et al. 1988)

indicate. This is indicative of inaccuracies in the torsional

potential employed in this force field, and the most recent

refinement of the CHARMM lipid force field (Klauda et al.

2010) alters the h4 torsional potential to make the B con-

formation more favorable. While their approach was to

analyze NMR deuterium order parameters (and to carry out

high-level quantum chemical computations on the relative

gas-phase energies of model compounds containing this

torsion), it is interesting to note that the analysis of mono-

meric lipids may have been a more efficient approach for this

important element of the force field.
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Abstract Secretion from the salivary glands is driven by

osmosis following the establishment of osmotic gradients

between the lumen, the cell and the interstitium by active

ion transport. We consider a dynamic model of osmotically

driven primary saliva secretion and use singular perturba-

tion approaches and scaling assumptions to reduce the

model. Our analysis shows that isosmotic secretion is the

most efficient secretion regime and that this holds for

single isolated cells and for multiple cells assembled into

an acinus. For typical parameter variations, we rule out any

significant synergistic effect on total water secretion of an

acinar arrangement of cells about a single shared lumen.

Conditions for the attainment of isosmotic secretion are

considered, and we derive an expression for how the con-

centration gradient between the interstitium and the lumen

scales with water- and chloride-transport parameters.

Aquaporin knockout studies are interpreted in the context

of our analysis and further investigated using simulations

of transport efficiency with different membrane water

permeabilities. We conclude that recent claims that aqu-

aporin knockout studies can be interpreted as evidence

against a simple osmotic mechanism are not supported by

our work. Many of the results that we obtain are inde-

pendent of specific transporter details, and our analysis can

be easily extended to apply to models that use other pro-

posed ionic mechanisms of saliva secretion.

Keywords Fluid and electrolyte secretion in salivary

glands � Epithelial transport � Mathematical modeling �
Efficiency � Aquaporin

Introduction

Appropriate control of salivary fluid secretion is required

for effective speech, mastication and general oral health.

Salivary gland dysfunction affects a significant number of

people (around 20% in the United States) and is often a

consequence of certain medications or irradiation therapy,

as well as being associated with diseases such as cystic

fibrosis and Sjögren syndrome. Dysfunction can lead to

oral pain, dental cavities and infections, as well as diffi-

culties with eating and speaking.

Anatomically, there are three major pairs of salivary

glands expressed in mammals: the parotid, submandibular

and sublingual glands. These glands are primarily com-

posed of two epithelial cell types—the acinar cells, which

are arranged in clusters around a lumenal space forming the

acini responsible for the secretion of salivary fluid and

most salivary proteins, and the ductal cells, which modify
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the composition of the saliva and secrete additional pro-

teins as the saliva travels to the mouth. Most saliva

secretion is due to the parotid and submandibular glands,

with the parotid gland supplying the larger share.

Thaysen et al. (1954) proposed that saliva secretion is a

two-stage process. The first step consists of the secretion of

an isotonic, plasma-like primary fluid by the acini. This is

followed by a modification of the ionic composition of this

primary secretion by the ductal cells, during which there is

little or no additional secretion or absorption of water. The

final solution is then hypotonic by the time it enters the

mouth.

A variety of ionic mechanisms have been proposed to

account for the primary secretion by the acinar cells (see,

e.g., Turner et al. 1993; Cook and Young 2010). Each of

these mechanisms involves active ion transport, with ions

taken up at one end of a cell and secreted at the other,

establishing a transepithelial osmotic gradient which water

follows. For two of the mechanisms discussed by Turner

et al. (1993) and Cook and Young (2010), the secreted

anion is chloride, while another involves the secretion of

bicarbonate (the authors also discuss the experimental

evidence for each of these processes). Rather than being

strictly competing, it appears that a variety of processes act

concurrently in the same gland, and possibly even in the

same cell, to secrete fluid, with the relative importance

varying over species, gland type and physiological condi-

tion. The chloride-based mechanism adopted in this report

is thought to account for the majority of saliva secretion

from the major salivary glands (Turner and Sugiya 2002).

Regardless of the particular ionic mechanism, the

common feature of these explanations for fluid secretion is

that salivary fluid flow is due to an osmotic gradient

established between the lumenal region (surrounded by the

acinar cells) and the intracellular space as well as between

the intracellular space and the interstitium. This gives rise

to a directed transcellular flow of water, from the inter-

stitium into the intracellular region, then from the intra-

cellular space into the lumen and out into the duct (see

Fig. 1). The possibility of water moving via a paracellular

pathway utilizing either the osmotic gradient between the

lumen and the interstitium (established by the same

mechanisms) or some alternative mechanism has also been

much discussed in the literature on epithelial transport

(Spring 1999; Hill et al. 2004; Hill 2008).

Notable models of osmotically driven fluid transport

include the three-compartment model of Curran (1960) and

the ‘‘standing-gradient’’ model of Diamond and Bossert

(1967), both of which have been the basis of much of the

work in this area. The primary motivation of the Curran

(1960) model was to explain transport against an adverse

osmotic gradient (between bathing solutions) by utilizing a

middle coupling compartment bounded by membranes with

differing solute and solvent-transport properties (Friedman

2008). Diamond (1964) criticized the ability of this model

to represent isotonic transport, and this led to the develop-

ment of the Diamond and Bossert (1967) model, which

includes spatial gradients of concentration in the coupling

compartment. Weinstein and Stephenson (1979, 1981a, b)

emphasized that the issues of approximate isotonic trans-

port and transport in the complete absence of, or against

(uphill), osmotic gradients need to be distinguished and that

each depends on a different combination of parameters. Of

particular relevance here, Weinstein and Stephenson (1979,

1981a, b) recognized that the attainment of approximate

isotonicity of transport depends essentially only on the cell

membrane water permeability, which must be sufficiently

high (while the ability to transport in the absence of, or

against, an adverse osmotic gradient depends on restrictions

of solute movement, e.g., via a basement membrane for

absorptive epithelia and/or restricted diffusion in the rele-

vant coupling compartment). Mathias and Wang (2005)

considered a simple model of isotonic secretion and simi-

larly demonstrated how small osmotic gradients between

the cell and the compartments on either side of the cell

which are close to, but not exactly, zero can produce near-

isotonic fluid transport. Both sets of authors note that when

the gradients are forced to be exactly zero, the secretion

drops significantly and becomes much less isotonic.

As pointed out by a number of authors, models based on

the standing-gradient model reduce in many cases to

approximate mappings of the original compartment Curran

(1960) model onto the appropriate physiological system

(Weinstein and Stephenson 1981a; Spring 1999; Mathias

and Wang 2005; Friedman 2008). Furthermore, although

most models have been primarily concerned with fluid-

absorbing epithelia, fluid secretion can also be understood

using the basic conceptual scheme of the Curran (1960)

model, as explained by Spring (1999). The resulting expla-

nation of isotonic transport is thus given in terms of an

osmotic coupling mechanism operating in the presence of

small, but non-zero, gradients. This osmotic model is con-

sidered the ‘‘normal science’’ in epithelial transport (Schultz

2001); but as mentioned, this view has been and continues to

Interstitium

Lumen

H2O

K+

K+

2K+

3Na+

Na+

2Cl−Cl−

K+Na+

Fig. 1 Transcellular fluid secretion. Left direction of fluid flow. Right
one mechanism, utilizing secretion of chloride, involved in fluid

secretion
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be criticized (Hill 2008; Fischbarg 2010), and many other

mechanisms have been proposed for the process of fluid

transport (e.g., Hill (2008) discusses various proposed

mechanisms). In particular, Fischbarg (2010), Shachar-Hill

and Hill (2002), Hill et al. (2004), and Hill (2008) have

criticized the interpretation of aquaporin knockout studies,

such as those of Ma et al. (1999), which are commonly used

as support for the osmotic mechanism, and even suggest that

aquaporins have gone from ‘‘saviors’’ of the osmotic theory

to ‘‘its major problem’’ (Hill 2008). In the discussion we

consider the results of aquaporin knockout studies and their

various interpretations in the context of our analysis and

simulations of a model of osmotically driven transcellular

fluid flow. Furthermore, a common argument of those who

accept the osmotic mechanism but reject the paracellular

pathway is that the area of the tight junctions is too small to

be permeable enough to admit a significant osmotic water

flux (e.g., Spring (2010) offers a good discussion of this). In

response to this, the main advocates of a paracellular water

pathway tend to argue that a paracellular flux must be driven

by nonosmotic mechanisms (Shachar-Hill and Hill 2002).

Since we adopt the osmotic mechanism for this model, for

consistency we initially ignore the paracellular route but

come back to this in the discussion.

As discussed above, the modeling literature includes

many primarily osmotically driven models of fluid trans-

port, which have been analyzed by a number of authors,

e.g., Weinstein and Stephenson (1979, 1981a, b) and

Mathias and Wang (2005) (and both include aspects based

on the earlier analysis of Segel (1970) of the Diamond and

Bossert (1967) model). Both sets of authors utilize linear-

izations/perturbation expansions about the condition of

isotonic/isosmotic transport and consider steady-state

conditions. Our work takes a similar approach to analysis

of the model behavior and conditions for (approximate)

isotonic secretion. The main points of difference of our

work are that (1) we focus on the problem of secretion into

a small compartment, rather than the more common

absorption from a small compartment (and into a larger

bath); (2) we consider not only linearized/perturbation

approximations to the model equations about the condition

of isotonic/isosmotic secretion but also significant devia-

tions from this state; and (3) our analysis applies directly to

a (physiologically detailed) dynamic model, and hence, we

work mostly in terms of scales and quasi-steady states as

opposed to steady-state fluxes. In regard to point (1), while

authors such as Weinstein and Stephenson (1979, 1981a, b)

make reference to, and perform some calculations for,

absorption from a mucosal (apical/lumenal) compartment

into a small serosal (basal) compartment, which is an

arrangement essentially equivalent to the secretion prob-

lem, they give more emphasis to the problem of absorption

from a small mucosal bath into a large serosal bath. After

linearization, these cases become more symmetric; but for

larger deviations the interaction of the secretion into the

small bath, convective removal from the bath and the

concentration of the bath become important. Mathias and

Wang (2005) gave more attention to this arrangement;

however, they focused primarily on a perturbation solution

to steady-state equations and applications to the renal

proximal tubule. In regard to point (2), we only consider

the standard linear phenomenological relationship for

osmosis (described, e.g., in Schultz 1980); but we consider

the effects of retaining nonlinear terms in the resulting

model equations, in particular the term, discussed above,

resulting from convective removal out of the lumen.

The model we consider is a physiologically based,

dynamic, calcium-regulated model of primary saliva

secretion, previously published by Gin et al. (2007), which

consists of a system of nonlinear ordinary differential

equations. Utilizing the approximation methods described

above (scaling and singular perturbation methods) in

combination with simulations of the full model, we explore

fluid secretion as water permeability is decreased and

secretion is no longer near the isotonic/isosmotic regime.

This enables us to consider the consistency of the osmotic

mechanism adopted here with aquaporin knockout studies

such as those of Ma et al. (1999), in light of the criticisms

by authors such as Hill et al. (2004) of the traditional

interpretations of these studies.

Transcellular Fluid Secretion Model

Here, we consider a single-cell model based on Gin et al.

(2007) for primary fluid secretion through a transcellular

pathway. The ionic mechanism represented is that thought

to be responsible for the bulk of the secretion in the major

salivary glands (Turner and Sugiya 2002). In this model,

the movement of Cl- through the transcellular pathway, as

well as the movement of Na? and K? via a paracellular

pathway, sets up the required osmotic gradients between

the three spaces. Based on the schematic model illustrated

in the right panel of Fig. 1, we can write down the gov-

erning equations for conservation of ions and water vol-

ume. In what follows, the subscripts ‘‘e,’’ ‘‘i’’ and ‘‘l’’

denote interstitial (extracellular), intracellular and lumenal

compartments, respectively, which we assume to be well

mixed. We do, however, allow a variable cell volume, w.

Cell Equations

The conservation of Cl- ions in the intracellular region

gives
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dð½Cl�iwÞ
dt

¼ � ICl

zClF
þ 2JNKCC ð1Þ

where F is the Faraday constant and zCl = -1 is the

valence of Cl-. Here, Cl- is brought into the cell via the

Na?–K?–2Cl- cotransporter (JNKCC) in the basolateral

membrane, and efflux is via the apical Cl- channel (ICl).

The cotransporter moves two Cl- ions for every K? and

Na? ion. Similarly, conservation of Na? ions in the

intracellular region gives

dð½Na�iwÞ
dt

¼ �3JNaK þ JNKCC ð2Þ

Influx of Na? is due to the cotransporter, while efflux is

due to the Na?–K?–ATPase (JNaK), which pumps three

Na? ions out for every two K? ions pumped in.

Conservation of K? ions in the intracellular region gives

dð½K�iwÞ
dt

¼ 2JNaK þ JNKCC �
IK

zKF
ð3Þ

These fluxes are due to the ATPase, the cotransporter and

the K? channel (IK) in the basolateral membrane.

Since we allow a variable cell volume, conservation of

water in the intracellular region must be taken into account,

giving

dw

dt
¼ qb � qa ð4Þ

where

qa ¼ RHLpaðcl � ciÞ ð5Þ

qb ¼ RHLpbðci � ceÞ ð6Þ

are the apical and basolateral water volume fluxes,

respectively, and ce, ci and cl are the total osmolyte con-

centrations in each region. Lpa and Lpb are the total water

permeabilities of each membrane (area-weighted as in Gin

et al. (2007), see Appendix A), R is the universal gas

constant and H is the temperature. Note that the total

intracellular concentration includes cell-impermeant X at

concentration X/w and intracellular messengers such as

Ca2?.

Lumen Compartment

We assume that all external concentrations (composing ce)

surrounding the basolateral membrane remain unchanged;

however, we allow variable lumenal concentrations. The

lumenal region into which the primary secretion occurs is a

small region surrounded by a spherical arrangement of

acinar cells located in a secretory end piece (acinus). The

primary secretion produced from the acinar cells then flows

from the acinus lumen into a system of ducts of increasing

size, beginning with the intercalated ducts. Due to the small

dimensions of the lumenal region, we model this as well

mixed. If we assume no volume change of the lumen and

no pressure buildup, the water flux leaving the lumen is

equal to qa, the rate of secretion into the lumen. Further-

more, since the primary secretion is isotonic (in accordance

with the two-stage hypothesis of Thaysen et al. 1954) and

is pushed out as a combined bulk flow into the duct system,

we assume that the removal of all ions, in particular Cl-,

from the lumen is dominated by convection by water. The

second stage of transport, when the saliva is in the duct

system, involves modification of the saliva composition

along the duct length. However, here we model only the

primary secretion from the secretory end pieces, and ductal

transport and associated concentration changes are not

considered further. This gives the lumenal Cl- conserva-

tion equation

wl

d½Cl�l
dt
¼ ICl

zClF
� qa½Cl�l ð7Þ

where wl is the lumenal volume surrounded by the acinar

cells, which has an opening into the duct system.

Bicarbonate secretion is also thought to be involved in

primary saliva secretion, although to a lesser extent than

the chloride-based mechanism represented here (Turner

and Sugiya 2002). It is not included in this model, and we

briefly consider this assumption in the Discussion.

Voltage and Paracellular Ion Fluxes

In our model Na? and K? travel via the paracellular

pathway, which are assumed to be cation-selective in

accordance with the basic proposed mechanisms of saliva

secretion (Cook and Young 2010). We consider the tight

junction to be a simple membrane, with no ion–ion inter-

actions. Furthermore, as discussed in the Introduction, we

assume a fully transcellular pathway for water (and via an

independent route—the aquaporins—to the chloride ions),

so there is no convective transport. We return to these

assumptions in the Discussion.

Assuming electrochemically driven fluxes, the K? tight

junction flux could, e.g., be represented as

It
K ¼ gt;KðVt � VKÞ ð8Þ

It
Na ¼ gt;NaðVt � VNaÞ ð9Þ

where gt,K, gt,Na, VK and VNa are the tight junction potas-

sium and sodium conductances and Nernst potentials

(between the interstitium and lumenal compartments),

respectively, and Vt is the voltage difference between the

lumen and interstitium.

Palk et al. (2010) discuss how to complete an electro-

physiological model of this type, and they include differen-

tial equations for distinct apical and basolateral membrane
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voltages. However, to good approximation (due to the small

membrane capacitances), we replace these differential

equations by electroneutrality constraints in each region.

This is equivalent to taking a quasi-steady-state approxi-

mation of the differential equations, in which the voltage

variables are slaved to the remaining variables. Based on

these constraints, the total cation ion current (It
Na þ It

K) must

be such that it is equal to the total anion current (here, ICl).

It
Na þ It

K ¼ ICl ð10Þ

at all times. Given an initially electroneutral lumen, this

implies

½Na�l þ ½K�l ¼ ½Cl�l ð11Þ

Furthermore, when the lumenal fluid is approximately

isotonic to the interstitium, the Nernst potential terms in

(8) and (9) are negligible, and the currents are driven

primarily by the same voltage difference. In this case, the

relative amount of flux of Na? to K? is simply

determined by the ratio of the respective conductances.

Since the convective removal of a given ion from the

lumen is proportional to its lumenal concentration and

since K½ �l� Na½ �l: (from isotonicity we expect these

concentrations to be close to their interstitial values),

we would expect that gt;K � gt;Na:

The relative tight junction conductances are, in fact, not

important here—the model behavior is independent of the

actual proportion of cation current due sodium or potas-

sium, respectively (other than in determining the propor-

tions themselves, of course). Only (11) is actually required

in the analysis that follows. For simplicity of simulation,

we assume that the amount of potassium flux is such that

the lumenal potassium concentration, [K]l, is maintained at

a value exactly equal to the interstitial potassium concen-

tration, [K]e (noting that K? must be removed into the duct

system along with the secreted fluid). This leaves the

sodium flux as a variable to be determined by the elec-

troneutrality constraint. These assumptions give

½K�l ¼ ½K�e ð12Þ

½Na�l ¼ ½Cl�l � ½K�l ð13Þ

though again we emphasize that, here, neither (12) nor (13)

is required in the analysis that follows and the model

results do not depend on either. Gin et al. (2007) used a

constraint of electroneutrality between the lumen and the

interstitium, i.e., [Na]l = [Na]e - [Cl]e ? [Cl]l instead of

(13), which is in fact an equivalent assumption, given (12).

Palk et al. (2010) considered the effects of adding a small

apical potassium channel density, in which case the pro-

portion of the cation concentration made up by sodium and

potassium, respectively, does matter. This is beyond the

scope of the present study, though extensions of our

analysis are possible, e.g., by using assumptions on the

potassium-to-sodium conductance ratio.

An electroneutrality constraint must also be specified for

the cell compartment and, as for the lumenal region, this

simply states that the fluxes of positive and negative charge

must balance to give no net charge imbalance inside the

cell. This allows the cell membrane voltage to be deter-

mined as an implicit function of the concentrations and

volume, in terms of an equation of analogous form to (10).

This equation also requires including calcium fluxes

through the basolateral membrane (calcium signaling is

discussed in the following section), and it is not required

for the analysis that follows (though it is required in the full

simulation model).

This completes our fluid flow model, without concern

for the underlying details of channel/transporter activity

and messenger dynamics. We can obtain some conclusions

about this model irrespective of these details, while for full

simulations and additional analysis we require explicit

functional forms for these model aspects. The details used

in that case follow Gin et al. (2007) and are briefly outlined

in the next section. The full model equations and param-

eters are provided in the supplementary material.

Channels, Transporters and Signaling

The model we consider here is based on that of Gin et al.

(2007). This model can conceptually be broken into two

main parts—a three-compartment electrophysiological

model of ion and water fluxes, which was described in the

previous section, and a model of an oscillating calcium

signal. We outline some of the properties of the model

components here.

Ion and Water Transport

Here, we use the ion- and water-transport model of Gin

et al. (2007, as detailed on pages 65–68, Tables 1–3 and

the Appendices A and B).

Calcium-Dependent Channels

The ionic mechanism used in this model involves a Ca2?-

activated Cl- channel in the apical membrane and a Ca2?-

activated K? channel in the basolateral membrane, in

accordance with the literature (Turner et al. 1993; Cook

and Young 2010). The steady-state open probability of the

Cl- channel is Ca2?-dependent and includes voltage-

dependent equilibrium constants. Gin et al. (2007) based

this on a model developed for rat parotid acinar cells by

Arreola et al. (1996). The K? channel open probability is

Ca2?-dependent but voltage-independent, in accordance
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with the study of Takahata et al. (2003) on bovine parotid

acinar cells.

ATPase

The model includes an Na?–K?–ATPase, which maintains

low [Na?] and high [K?] in the cell, relative to the inter-

stitium. It exchanges three Na? for two K? at the expen-

diture of ATP. Gin et al. (2007) used a reduced model by

Smith and Crampin (2004), originally based on a model by

Läuger and Apell (1986).

Cotransporter

The model includes a Na?–K?–2Cl- electroneutral

cotransporter, a secondary active transport system which is

the main uptake pathway for Cl-. Gin et al. (2007) con-

sidered a 10-state scheme proposed by Lytle and McManus

(1986) and formulated as a system of differential equations

by Benjamin and Johnson (1997). They reduced this to a

two-state model and then took the steady-state flux. We use

this here.

Calcium Signaling Model

Here, we are primarily concerned with the ion and fluid

transport, though under the influence of an oscillating Ca2?

signal. We are not as concerned with how the Ca2? signal

is generated. For this we refer to Palk et al. (2010), who

describe modifications to the Gin et al. (2007) model. Our

model has one slight difference again from the Palk et al.

(2010) model, which is described in our Appendix B. Other

than this, the signaling model is identical to that of Palk

et al. (2010) and follows the details given in their article

(see pp. 626–628 and Tables 1–3).

Analysis of a Single-Cell Model

The primary secretion formed in the lumen is known to be

approximately isotonic to the source bath. This is usually

viewed as being due to the relatively high water perme-

ability for epithelial fluid transport (Turner and Sugiya

2002; Spring 1998). It is also known that the geometry of

the acinus is such that the lumenal space is significantly

smaller in volume than the acinar cells themselves. Here,

we use the mathematical model to investigate the impli-

cations of these physiological observations.

Fluid Secretion and Scales

We first consider the equation governing the lumenal

chloride concentration, [Cl]l (7), and the implications of a

large water permeability (relative to other cell transport

parameters) and a small lumen volume (relative to cell

volume).

Estimate of Scale for Lumenal Concentration Increase

To begin, we will perform a scaling analysis and nondi-

mensionalization of Eq. 7. Perspectives and case studies on

scaling methods are offered in, e.g., Segel (1972), Segel

and Slemrod (1989), Segel and Goldbeter (1994) and

Krantz (2007). The results we obtain from this analysis will

be compared in detail with simulations of the full model.

To be consistent with the requirement of (approximate)

isotonicity of the secretion, the change in the lumenal

concentrations must be small. In this model, the chloride

current is the primary driver of the change in lumenal

concentrations as the total cation ion concentration is

determined by the lumen electroneutrality constraint (11).

Thus, the change in total ion concentration in the lumen

will be twice that of the chloride concentration, and both

should be small for the model to reproduce expected

results. In order to account for this in our scale for lumenal

chloride concentration, we first define the new variable

½Cl�ld ¼ ½Cl�l � ½Cl�e ð14Þ

which represents the increase of [Cl]l above [Cl]e. We now

wish to define a scale for the change in [Cl]ld between

stimulated and unstimulated conditions. We estimate this

by considering the prestimulation steady state and

poststimulation steady state of (7), without yet

considering the dynamics in between or the effect of

oscillations. Using (14), the steady-state relation obtained

from (7) can be written as

ICl

zClF
¼ qa ½Cl�ld þ ½Cl�e

� �
ð15Þ

To estimate the change in [Cl]ld, we will assume for now that

(15) holds both pre- and poststimulation, which we will

denote by using a superscript ‘‘s’’ to indicate the post-

stimulation values (‘‘stimulated’’) and a superscript ‘‘u’’ to

represent the prestimulation values (‘‘unstimulated’’). Later,

we will consider conditions for the steady state to hold during

cell stimulation and an oscillating calcium signal, i.e.,

conditions for a quasi-steady state to hold for the actual

variables (no superscript). Since cl – ci \ cl – ce = Dc and

from electroneutrality Dc = 2[Cl]ld, we can define a scale

for the poststimulation fluid secretion rate as

qs
a� 2RHLpad ð16Þ

where d is a scale parameter representing the maximum

change in lumenal chloride concentrations (and is also a

representative scale for total concentration changes since
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these only differ by a factor of 2) and for which we will

next determine an estimate in terms of the fluid- and

chloride-transport parameters. Nondimensional quantities

(represented by asterisks) can now be introduced for qs
a,

½Cl�sld: and Is
Cl, defined via

½Cl�sld ¼ d½Cl�s�ld ; Is
Cl ¼

zClgClRH
F

Is�
Cl;

qs
a ¼ 2RHLpadqs�

a ;
ð17Þ

where gCl is a chloride conductivity parameter and d is the

chloride concentration change scale as defined above. The

open probability of the chloride channel is typically much

lower than 1—e.g., based on Palk et al. (2010) a value of

around 0.1 is typical—hence, for simplicity of analysis, we

take gCl to represent the product of the whole-cell chloride

conductivity and the maximum open probability. Thus, for

cells with identical physical characteristics, a higher gCl

will represent a higher open probability, i.e., a higher

stimulation level. We have also included the valency

zCl = -1 in the nondimensionalization of ICl so that I�Cl is

the magnitude of the chloride flux into the lumen. These

scalings will ensure that the nondimensional poststimulation

chloride current into the lumen and the poststimulation

convective chloride removal out of the lumen have a

nondimensional magnitude of about one. Using the same

scalings for prestimulation values will mean that the

resulting nondimensional values are small compared to one

as we will assume that prestimulation values are at least an

order of magnitude smaller than poststimulation values.

Applying the steady-state equation to both cases and

combining, we obtain

gCl

ð2Lpa½Cl�2eF2

 !
Is�
Cl þ Iu�

Cl

� �
¼ d
½Cl�e

� �

� d
½Cl�e

qs�
a ½Cl�s�ld þ qu�

a ½Cl�u�ld
� �

þ qs�
a þ qu�

a

� �� 	
ð18Þ

By neglecting the nondimensional prestimulation values

(setting to zero) and setting the nondimensional poststim-

ulation terms to exactly one, we can obtain an estimate of d,

the scale of lumenal (chloride) concentration change.

Solving (18) with these conditions (and taking the positive

solution) gives

d
½Cl�e

¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4�d

p
� 1

� �
¼ �d � �2

d þ 2�3
d þ Oð�4

dÞ ð19Þ

where the series is derived from a binomial series

(converging for j�dj\1=4), and we have defined

�d 	
gCl

2Lpa½Cl�2eF2
ð20Þ

For �d� 1, we see from the series expansion that

d
½Cl�e


 �d ð21Þ

This will represent our scale under near-isotonic conditions.

Note that this also represents the scale of total lumenal

concentration change since d
½Cl�e
¼ 2d

2½Cl�e
¼ 2d

Ce
� DC

Ce
. Consid-

ering this preliminary result, it is apparent that when the

permeability is relatively large the fluid secretion term

requires only very small differences in concentrations to

balance the ion transport, and we obtain the isosmotic/iso-

tonic case. This implies not only that isosmotic secretion

requires large permeabilities (to generate enough fluid

transport) but also that large permeabilities tend to produce

isosmotic secretion. This is consistent with the conditions

for iso-osmoticity given by Mathias and Wang (2005)

(their Eq. 2) and Weinstein and Stephenson (1981b) (their

Eq. 1-21). Later, we will consider the water permeability to

be the main physical parameter controlling the size of these

dimensionless groups since it is the large permeability of

salivary cells (compared to other non-water-transporting cell

types) that is most noteworthy. In addition to the near-isos-

motic regime (�d;
d
½Cl�e
� 1), we will consider how fluid

secretion is affected when the ratio of chloride to water-

transport parameters is no longer small, i.e., �d not negligible

compared to 1, and hence significant osmotic gradients

develop, i.e., d
½Cl�e

no longer negligible compared to 1. Based

on (19), we expect osmotic gradients ( d
½Cl�e

) to grow more

slowly than the ratio of transport parameters (�d).

Nondimensional Equation and Identification of Small

Parameters

Returning to the main scaling analysis of (7) and consid-

ering (21), we can now introduce the following scalings,

based on the isosmotic scales:

½Cl�ld ¼
gCl

2Lpa½Cl�eF2
½Cl��ld; ICl ¼

zClgClRH
F

I�Cl;

qa ¼
gClRH
½Cl�eF2

q�a ; t ¼ Tt�;
ð22Þ

where T represents an as yet unspecified time scale of

interest (the observation scale [Krantz 2007]), and the rest

is consistent with the preceding analysis. As mentioned, the

scale chosen for qa is now fixed at the isosmotic scale, so q�a
here will represent the ratio of qa to its isosmotic value

(which we will see is between 0 and 1). This scale is based

on that of the poststimulation scale (16) combined with our

scale for lumenal concentration changes in the limit of
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2d! 0 (21). By first writing (7) in terms of ½Cl�ld and then

substituting the scalings (22) into the result, we obtain

1

T

� �
wl

2RHLpa½Cl�e

� �
d½Cl��ld

dt�

¼ I�Cl � q�a
gCl

2Lpa½Cl�2eF2
½Cl��ld þ 1

 !
ð23Þ

The term wl

2RHLpa Cl½ �
e

occurring on the left-hand side has

dimensions of time, and we will call it Tt, taking it to

represent a transient time scale. If this is small compared to

our time scale of interest, i.e., Tt

T 	 �t � 1; then we obtain

the singular problem

�t

d½Cl��ld
dt�

¼ I�Cl � q�a �d½Cl��ld þ 1
� �

ð24Þ

where �d	 gCl

2Lpa½Cl�2e F2
¼ d
½Cl�e
� Dc

ce
, as before.

Time Scales of Interest

In order to determine under what circumstances we obtain

the singular form (24), i.e., under what circumstances the

condition Tt

T 	 �t � 1 holds, we need to consider what our

time scale(s) of interest is.

We first use the equation for volume dynamics (4) to

estimate the time scale over which significant changes in

volume occur. Employing the same scaling for qa and qb as

that used for qa in (22), using w ¼ w0w� to define the

scaling of cell volume and t ¼ Tt� for the time scale to be

estimated, (4) becomes

w0

T

dw�

dt�
¼ gClRH
½Cl�eF2

ðq�b � q�aÞ ð25Þ

During cell volume decrease, the volume flux out of the cell

will dominate over the volume uptake. A balance of the left-

hand side with the qa term gives an estimate of the time scale

for significant volume change. This can be achieved by

setting dw�

dt�
¼ q�a ¼ 1; q�b ¼ 0 and equating the scale factors,

giving an estimate for the volume change time scale:

T0 ¼
w0½Cl�eF2

gClRH
ð26Þ

We can then use this time scale as our time scale of interest

in (24), to obtain

ð�wÞð�dÞ
d½Cl��ld

dt�
¼ I�Cl � q�a �d½Cl��ld þ 1

� �
ð27Þ

where �w	 wl

w0
and �d	 gCl

2Lpa½Cl�2e F2
are each expected to be

small under physiological conditions, due to the small

lumenal volume (relative to cell volume) and the large water

permeability (relative to chloride-transport parameters).

Hence, we expect their product, �t, to be even smaller. This

indicates a wide separation of scales, so we will assume (27)

moves quickly (relative to the volume dynamics) to its quasi-

steady state, given by

I�Cl � q�a �d½Cl��ld þ 1
� �

¼ 0 ð28Þ

Since qa increases/decreases with increases/decreases of

[Cl]ld, we expect sufficiently small perturbations of [Cl]ld

(which leave ICl relatively unchanged, with any small

changes in ICl expected to occur in the opposite direction)

to return to the quasi-steady-state value. However, we do not

consider the stability of the quasi-steady state in any more

detail here. The equation of the steady state relating qa and ICl

will be exactly linear when �d ! 0, while for small values

(i.e., small deviations from iso-osmoticity) the relationship

falls below this curve. The dependence of fluid secretion on

chloride secretion is perhaps clearer if (28) is rewritten as

q�a ¼ 1� �d½Cl��ld
� �

I�Cl ð29Þ

which is valid to first order for small �d (taking a Taylor

series in �d). Hence, q�a\I�Cl for nonzero �d and has the

upper limit q�a\I�Cl for �d ! 0. This relationship will be

discussed in detail later, and we also consider how it

changes with non-negligible �d.

In order to consider the effects of an oscillating calcium

signal, we need to consider another time scale of interest, a

characteristic scale for the calcium spikes/oscillations.

Based on the results of the models of Gin et al. (2007) and

Palk et al. (2010) (which is the calcium signaling model used

here), we estimate this to be about one to two orders of

magnitude smaller than T0 as given in (26), i.e., between

0.1T0 and 0.01T0. Using this scale in (27) instead of T0 will

still result in a singular equation as long as the product of �w

and �d is sufficiently small, less than about 10-2–10-3. Based

on typical parameter values used in later simulations,

�w
� 10�2; and �d
10�3, up to a value of 1 for ‘‘low

permeability’’ (relative to usual high values) ranges, giving a

product of �t
10�5 to 10�2. This includes values of the

desired order of smallness. However, as the permeability

decreases, the system would be expected to still follow the

general trend of the quasi-steady state on the time scale T0 but

may fail to fully follow the quasi-steady state exactly on the

time scale of the calcium oscillations. The accuracy of the

quasi-steady-state approximation will be tested by checking

the correspondence to full simulations, and we will also

consider consequences of any failure to exactly follow the

oscillating quasi-steady state for low permeability values.

Cell Volume Quasi-Steady State

Although, as mentioned, the cell volume takes significantly

longer to reach a new steady state after stimulation than the
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lumenal concentrations, its steady state is still a useful tool

for analysis. In particular, we will use it to obtain an

approximation relating the fluid secretion to the change in

total lumenal concentrations, which is independent of the

internal cell concentrations. This will allow us to construct

a good analytic approximation to the quasi-steady state of

(27) relating qa to ICl only, which captures the dependence

on key parameters. The error in using the volume steady

state for this purpose will be assessed in comparisons to

simulations.

Expanding the expressions for qa and qb in (4) gives the

quasi-steady-state condition for the volume (qa = qb) as

Lpb

Lpa

¼ ðcl � ciÞ
ðci � ceÞ

ð30Þ

which can be rearranged to give an expression for ci as a

weighted average of cl and ce

ci ¼
Lpacl þ Lpbce

Lpa þ Lpb

ð31Þ

when Lpb is greater than Lpa, the steady-state total

osmolarity of the cell is closer to its initial value; and in

the converse case, the steady-state total osmolarity of the

cell is closer to that of the lumen. In either case the change

is small. Since the net fluid secretion is equal to qa, this

gives an approximate expression for the fluid secreted:

qa ¼ RHLTðcl � ceÞ; ð32Þ

where

LT ¼
LpaLpb

Lpa þ Lpb

ð33Þ

This expression for qa is consistent with our previous scaling

assumption for qa. Using cl � ce ¼ 2 Cl½ �l� Cl½ �e
� �

¼ 2 Cl½ �ld
in (32) and using the result to eliminate Cl½ ��ld in the lumen

quasi-steady-state relation (28) gives the quadratic relationship

aq�2a þ q�a � I�Cl ¼ 0 ð34Þ

where a 	 gCl

2LTF2 Cl½ �2e

� �
. The importance of the quadratic

deviation from the linear approximation (the isosmotic

case) is indicated by a, which measures the relative

magnitudes of the chloride secretion and the fluid secretion

and is proportional to �d ¼ d
Cl½ �e

(a has LT instead of Lpa).

We can use this expression to gain insight into the model,

and we compare the accuracy of this approximation against

simulations of the full model.

Efficiency of Secretion

Here, we consider the degree of deviations from the linear

relationship between q�a and I�Cl arising from keeping the

quadratic term in the quasi-steady-state relation (34). We

can solve (34) for q�a in terms of I�Cl, giving

q�a ¼
1

a

� �
1

2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4aI�Cl

p
� 1

� �
¼ I�Cl 1� aI�Cl þ 2a2I�Cl

� �
þ Oða3Þ ð35Þ

which for I�Cl = 1 is

q�a ¼
1

a

� �
1

2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4a
p

� 1
� �

¼ 1� aþ 2a2 þ Oða3Þ

ð36Þ

These series expansions illustrate the behavior for small a
and converge for aI�Cl

 � 1=4. Note also that the limits for

a! 0 exist and are equal to 1. When a is non-negligible,

we obtain the square-root relationship illustrated by the red

line in panel 1 of Fig. 2, which is bounded by the linear,

isosmotic limit. In the analysis here (and in following

sections) we consider the difference between a system

exactly following the linear form of the quasi-steady-state

relation and the system exactly following the quadratic

form of the quasi-steady-state relation. We include some

consideration of deviations from quasi-steady state in

comparisons to simulations, as well as later, in the dis-

cussion of aquaporin knockout studies.

This analysis demonstrates that for a given chloride

current ICl, a larger LT, i.e., a secretion closer to isosmotic,

gives a larger fluid flow. The decrease in q�a , for a fixed

chloride current (here, I�Cl = 1), as LT is decreased is

illustrated in panel 2 of Fig. 2. Starting from a small a

value, e.g., 10-3, LT can be decreased by several orders of

magnitude before changes in q�a become significant. As a
approaches 1, we see that fluid flow drops to 1// & 0.62%

of its isosmotic value (where / is the golden ratio), for

Fig. 2 Efficiency of fluid secretion. Two representations of the

behavior of the solution (35) of the quasi-steady-state equation (34)

relating fluid flow to chloride current for the large permeability limit

(upper bound, blue) and finite permeability (red). The singular (large

permeability, a = 0) isosmotic case is an upper bound for fluid

secretion and gives a greater flow at a fixed chloride current (1). For

fixed chloride current, the dependence of fluid flow on the ratio (a) of

the chloride and fluid transport parameters can be seen in 2, while the

change in shape of the whole solution is illustrated in 1. For small a
values, the decrease in fluid flow is roughly proportional, while the

rate of decrease is lower for larger a values (Color figure online)
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fixed chloride current. The chloride current is the main

driver of the change in lumenal concentrations (electro-

neutrality or a similar constraint gives the concentration of

the lumenal sodium), and maintaining this requires active

processes operating at the basolateral end of the cell.

Hence, we can consider (the isosmotic value of) ICl as a

measure of the energy used in secretion. Since isosmotic

secretion maximizes the flow for a given current, it is more

efficient by this measure than nonisosmotic secretion at this

same current. Although in this limit we are increasing the

permeability LT, we are also decreasing the concentration

gradient available since the scale of the concentration

difference is d � 1/LT (see the definition of a in Eq. 34).

By this interpretation, panel 2 of Fig. 2 illustrates the

change in fluid flow due to decreases in efficiency. Wein-

stein and Stephenson (1981b) and Hill and Hill (1978)

defined similar measures of efficiency and coupling

between solute and water fluxes in their studies of epithe-

lial fluid transport. However, in their definitions of effi-

ciency the authors required that the observed volume flow

be that obtained for exactly equal bathing media. We do

not make this restriction since we are interested in the

volume flow observed for small but non-zero osmotic

gradients.

The explanation for this maximal efficiency at isosmotic

secretion lies in the natural balance between the transport

of ions into the lumen and the removal of ions out of

lumen, given in nondimensional form by (28). In this

balance, the number of ions removed from the lumen per

unit saliva is determined by the osmotic gradient, with a

larger gradient giving a larger number of ions removed per

unit saliva. When the total ion removal rate is constrained

to balance a fixed ion current into the lumen, the largest

fluid flow rate satisfying this is achieved when the number

of ions removed per unit saliva is smallest; i.e., the osmotic

gradient is smallest. As shown in the previous subsection,

the size of the gradient, and hence the number of ions

removed per unit saliva, is determined by the ratio of the

chloride conductance gCl and the water permeability LT.

Also of note is that once the permeability LT is suffi-

ciently large, and hence a is sufficiently small, the secretion

is no longer dependent on LT and is essentially proportional

to the chloride current. Thus, the amount of fluid secreted

under isosmotic conditions is less affected by variations in

permeability than is nonisosmotic secretion. We will con-

sider this feature more in the Discussion, in particular in

the context of aquaporin knockout studies.

Numerical Simulations

We specify particular formulations for JNKCC, JNaK, ICl

and IK to complete the model discussed at a more general

level thus far. These fluxes/currents depend on calcium

signaling, IP3 dynamics and voltage. For these dependen-

cies, we follow Gin et al. (2007), with modifications

described in our Appendix B. In these simulations none of

the model approximations derived previously are used.

Baseline Behavior—Ion Concentrations and Volume

The basic behavior of the model is illustrated in Fig. 3. Fol-

lowing stimulation, chloride is secreted and the ion concen-

trations adjust to new levels, while the volume changes

according to the secretion rate. The oscillations are due to the

oscillatory nature of the calcium signaling (not shown).

The main intuitive features of the model response to

stimulation are the increased calcium signal, which

increases the open probability of the chloride channel and

hence chloride flows from the cell, decreasing its concen-

tration inside the cell; this decrease in chloride levels

causes a compensating increase in the rate of chloride

uptake via the cotransporter; this in turn increases the rate

of sodium and potassium uptake via the cotransporter; the

increase in cell sodium is offset by an increase in the

ATPase pump rate; the increases in potassium uptake and

pump rate are offset by the basolateral potassium channel,

the open probability of which is also increased by the

calcium increase.

Secretion, Efficiency and Variation in Permeabilities

Next we consider the question of efficiency and total

secretion for varying permeabilities (Fig. 4). It can be seen

that the quasi-steady-state expression relating fluid secre-

tion (qa) and chloride current (ICl) derived previously (34)

accurately accounts for the changes in fluid flow for the

different permeabilities. As expected, if the permeability is

large (Fig. 4a), the linear quasi-steady-state approximation

(the isosmotic limit) is sufficient to capture the behavior.

As the permeability is decreased (Fig. 4b, c), the drop in

secretion is accounted for simply and to reasonable accu-

racy by using the quadratic quasi-steady-state relation

derived. Thus, the drop in fluid secretion is mainly due to a

drop in efficiency (for bigger concentration gradients), the

effect of which can be estimated by comparing, in each

case, the linear approximation to the quadratic approxi-

mation (where the quadratic approximation closely follows

the actual simulations). The difference in total secretion

between the panels also includes a part due to a decrease in

chloride current, which can be seen by the slight difference

in the respective fluid flows as calculated from linear quasi-

steady-state relation in each case. This decrease is also due

to the inefficiency of an increase in lumenal concentrations

since the stimulation levels remain the same, though the

fixed-current drop in efficiency represents the dominant

effect.
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The accuracy of the lumenal chloride transport quasi-

steady-state Eq. (28) decreases with decreasing perme-

ability since the time for the lumen concentrations to reach

their quasi-steady state depends on the size of the lumen

changes (see 27). As the permeability decreases and the

size of the lumenal concentration changes increase, the

lumen does not reach the quasi-steady state as fast. This

means that the convective chloride removal does not
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Fig. 3 Baseline behavior.

There are oscillatory shifts to

new levels for the ions ([Cl]i,
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voltage, total concentrations and
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Fig. 4 Simulation plots of fluid secretion for a range of permeabilities.

a Lpa = 1.23 9 10-14 L2 J-1 s-1. b Lpa = 1.23 9 10-16 L2 J-1 s-1.

c Lpa = 1.23 9 10-17 L2 J-1 s-1. Lpb = 4Lpa in all cases. In a all the

traces are indistinguishable. As the permeability is decreased (b, c), the

quadratic quasi-steady-state approximation follows the full simulation

results, while the linear quasi-steady-state approximation overestimates

the secretion, consistent with our prediction of it as an upper bound. In

the lower-permeability range, the quadratic steady state slightly

overestimates the true water-transport rate during rapid spikes
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increase fast enough to balance the fastest spikes in chlo-

ride current, and the quasi-steady state overestimates the

actual chloride removal during these spikes. This deviation

from the quasi-steady-state case represents another

(dynamic) form of inefficiency and needs to be taken into

account when considering any experimentally determined

drop in salt secretion since it is the convective quantity that

corresponds to what would be collected experimentally

from inside (or at the end of) ducts. This will be discussed

further in the context of aquaporin knockouts.

The derivation of the approximate quasi-steady-state

Eq. (34), relating qa and ICl directly, involved the use of the

quasi-steady-state fluid secretion rate obtained from con-

sideration of the volume Eq. (4), along with the assumption

of a fast transition to the quasi-steady state of the lumenal

chloride Eq. (7), given by (28). As discussed, the time for

the volume to reach a quasi-steady state is much longer

than for the lumenal concentrations. Since the size of the

error depends on how close qa is to its steady-state value

during dynamic changes, the error depends on the relative

size of the large, fast increase in qa due to fast lumenal

increases in concentration and the size of the smaller

decrease in qa due to slower increases in total cell con-

centrations. This error decreases on the slow time scale.

Furthermore, the importance of this error is reduced due to

the approximation being used in the term multiplied by the

small parameter �d.

These errors account for the deviations of the approxi-

mation from the actual simulated values, although it still

appears to give a good characterization of the model

behavior. Additionally, we note that since the volume takes

some time to reach a quasi-steady state and has slight

variations about it, we cannot simply assume that the

volume variable becomes slaved to others in the same way

as we might for a truly singular equation. Computing the

volume variable in this way underestimates the total vol-

ume decrease due to the initial larger flux of water from the

apical membrane (calculations not shown). Instead, we

must include the full volume differential Eq. (4).

Acinus Model—Lumenal Coupling

Above, we have discussed the efficiency of saliva secretion

in a single cell; however, the main secretory unit of a

salivary gland is an acinus end piece—a spherically

arranged clump of cells surrounding a shared lumen. A

simple schematic of a section through an acinus illustrating

the arrangement of cells is given in Fig. 5. Secretions into

the lumen are then pushed out into the duct system.

The geometric arrangement of cells in an acinus leads to

the possibility of coupling effects being induced via the

(shared) NaCl concentration in the lumen.

We model an acinus as an arrangement of n cells

secreting into a single lumen by taking a copy of Eqs. 1–6

for each cell, giving for the jth cell:

dð½Cl� ji w jÞ
dt

¼ � I j
Clð½Cl�l; . . .Þ

zClF
þ 2J j

NKCC ð37Þ

dð½Na� ji w jÞ
dt

¼ �3J j
NaK þ J j

NKCC ð38Þ

dð½K� ji w jÞ
dt

¼ 2J j
NaK þ J j

NKCC �
I j
K

zKF
ð39Þ

dw j

dt
¼ q j

b � q j
a ð40Þ

Equation 7 for the lumenal chloride concentration, [Cl]l,

is modified to take into account the chloride flux from each

cell, giving

wl

d½Cl�l
dt
¼
Pn

i¼1 Ii
Cl

zClF
�

Xn

i¼1

qi
a

 !
½Cl�l ð41Þ

again assuming no pressure buildup in the lumen. Each cell

is modeled in the same way, but we allow for different

parameters and/or different constitutive equations as

desired. Here, we will consider the results from identical

cells with heterogeneous levels of cell stimulation (as

would be expected from the spatial arrangement and sep-

aration of the cells), which manifests as a difference in the

chloride currents, Icl
j , for each cell j = 1…n.

Volume Quasi-Steady State

The analysis of the volume equation for a single cell can be

immediately carried over to each cell in the acinus

arrangement (though, as for a single cell, this quasi-steady-

state assumption must be verified by simulation). In

Fig. 5 Salivary acinus (not to scale). Cells are arranged about a

shared lumenal region (hatched)

40 O. J. Maclaren et al.: Efficiency of Primary Saliva Secretion

123



particular, for each cell, the quasi-steady-state result (32),

qa = RHLT(cl - ce), applies, i.e., for the jth cell:

q j
a ¼ RHL j

Tðcl � ceÞ ¼ 2RHL j
T½Cl�ld ð42Þ

where

L j
T ¼

L j
paL j

pb

L j
pa þ L j

pb

ð43Þ

Since this expression depends only on the shared lumenal

concentration and the homogeneous external environment,

it follows that at the quasi-steady state, cells with the same

water permeabilities secrete water at the same rate, even

when the cells have different chloride (and sodium)

secretion rates. This indicates that the coupling arising

from the geometric arrangement leads to results that differ

from what would be obtained from a collection of inde-

pendent cells, in this case resulting in similar water

secretions from differently stimulated cells.

Efficiency

Here, we extend the analysis of efficiency to the multicell

case, yielding an analogous result for coupled cells, and

consider the size of coupling effects.

Quasi-Steady State

Firstly, the (quasi-) steady state of (41) can be written asPn
i¼1 Ii

Cl

zClF
¼ ð
Xn

i¼1

qi
aÞð½Cl�ld þ ½Cl�eÞ ð44Þ

which can be rewritten as

�ICl

zClF
¼ �qc

að½Cl�cld þ ½Cl�eÞ ð45Þ

where we have used a superscript c to indicate coupled cell

quantities (we do not include a superscript on ĪCl since we

will be interested in fixed currents, regardless of coupling).

Now (42) can be used to write

�qc
a ¼ 2RH�LT½Cl�cld ð46Þ

Scaling each ICl
j as usual (as in 22) but using the

conductivity gCl
j appropriate to cell j, we can obtain a

scale for the average current ĪCl:

�ICl ¼
zClRH

F

Pn
i¼1 gi

ClI
i�
Cl

n

� �
� zClRH

F
�gCl ð47Þ

where the last scale can be obtained by setting the

individual nondimensionalized chloride currents to one.

Following the same procedures as in the single-cell case to

determine the Cl½ �cld scale (using [46] to define the

relationship between �qc
a and Cl½ �cld scales), the appropriate

isosmotic scalings are

½Cl�cld ¼
�gCl

2 �LT½Cl�eF2
½Cl�c�ld ; �ICl ¼

zCl�gClRH
F

�I�Cl;

�qc
a ¼

�gClRH
½Cl�eF2

�q�a ;
ð48Þ

Using (46) to eliminate Cl½ �cld in (45) and substituting the

scales (48) into the result, we then obtain the

nondimensionalized quasi-steady-state equation:

�gCl

2 �LTF2½Cl�2e

 !
�qc�2

a þ �qc�
a � �I�Cl ¼ 0 ð49Þ

we see from this equation that a group of n lumenally

coupled cells behave like (n copies of) a single cell

secreting chloride at a rate equal to the average chloride

secretion rate of the group. Here, we will denote the small

parameter by ac	 �gCl

2 �LTF2½Cl�2e
; which is the ratio of the

average of the chloride-transport parameters to the average

of the fluid-transport parameters (not the average of the

ratio for each cell). As noted in the previous subsection, if

the cells have the same water permeability, LT, then each

cell itself behaves (approximately) like a single cell

secreting chloride at a rate equal to the average secretion

rate of the group. The solution to this equation is analogous

to the single-cell case

�qc�
a ¼

1

ac

� �
1

2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4ac

�I�Cl

q
� 1

� 	
¼ �I�Cl 1� ac

�I�Cl þ 2a2
c
�I�Cl

� �
þ Oða3

cÞ ð50Þ

so the dimensional flow is

�qc
a ¼

�gClRH
½Cl�eF2

� �
qc�

a 	 �Qc
sqc�

a ð51Þ

where �Qc
s 	

�gclRH
Cl½ �eF2 ¼ 1

n

Pn
i¼1 Qi

s is the scale for coupled

secretion.

Coupling Effects on Efficiency

To compare the efficiency of secretion between isolated

and lumenally coupled cells, we consider each cell to have

a fixed chloride-secretion rate (whether coupled or not)

which differs from its neighbors. We then define the effi-

ciency of fluid secretion (in a way consistent with our

single-cell analysis) as how much fluid is secreted for these

fixed chloride-secretion rates for each cell. It is clear that,

as in the single-cell case, the isosmotic limiting case is an

upper bound on the efficiency of coupled cells.

We address the question of whether, as far as efficiency

is concerned, there is any effect due to the shared lumen

which goes beyond the results obtained for a single cell.
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Therefore, the question becomes, Is the total fluid secretion

higher for n lumenally coupled cells or for n independent

cells (and does this change between isosmotic and non-

isosmotic regimes)? Since the number of cells is the same

in each case, we can rephrase this as follows: Is the average

fluid secretion higher for n lumenally coupled cells or for n

independent cells (and does this change between isosmotic

and nonisosmotic regimes)? This comparison is illustrated

in Fig. 6. We can calculate the average fluid secretion for

coupled cells using (49). The average for the uncoupled

case is computed by first calculating the n independent

fluid secretions for the n chloride currents and then aver-

aging. To define this latter quantity, we first apply (35) to

each independent cell j with current Ij�
Cl and transport

parameters g j
Cl, Lj

T. This gives

q j
a ¼

gj
ClRH
½Cl�eF2

 !
qj�

a 	 Q j
sqj�

a ð52Þ

for each of the dimensional fluid flows, where Q j
s	

g j
cl

RH

Cl½ �
e
F2

is the scale for the jth secretion, and

qj�
a ¼

1

aj

� �
1

2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4ajI

j�
Cl

q
� 1

� 	
¼ Ij�

Cl 1� ajI
j�
Cl þ 2a2

j Ij�
Cl

h i
þ Oða3

j Þ ð53Þ

for the nondimensional parts. We can then define the

average fluid secretion for n independent cells, �qI
a, as

�qI
a 	

Pn
i¼1 Qi

sq
i�
a

n

¼ 1

n

Xn

i¼1

Qi
s

1

ai

� �
1

2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4aiI

i�
Cl

q
� 1

� 	� 	
ð54Þ

Now, we wish to use these two expressions �qI
a and �qc

a to

compare the different average fluid secretions, i.e., to

consider the difference in the average (and hence total)

secretion in the coupled and independent cases. Since

qj�
a ! 1 as ai ! 0 and qc�

a ! 1 as ac ! 0

�qI
a ¼

Pn
i¼1 Qi

s

n
	 �Qc

s	
1

n

Xn

i¼1

Qi
s for isosmotic secretion

ð55Þ

and

�qc
a ¼ �Qc

s	
1

n

Xn

i¼1

Qi
s for isosmotic secretion ð56Þ

These expressions are identical, and hence, the coupled and

independent cell secretions are the same for isosmotic

cases. This value is simply the average of the independent

isosmotic secretions. We now wish to make the comparison

in the nonisosmotic case. Since we are considering fixed

chloride currents, while allowing the permeabilities to

vary, we can set each of the nondimensional chloride

currents to 1 so that the fixed value of each current is

determined solely by its associated scaling factor. Next, we

normalize each of the expressions for average fluid flow

(the coupled and independent cases, respectively) relative

to the shared isosmotic upper bound

Pn

i¼1
Qi

S

n . These two

normalized averages can then be expressed as

�qI
a

� ��	 �qI
aPn

i¼1
Qi

s

n

� � ¼Pn
k¼1 Qk

s f ðakÞPn
i¼1 Qi

s

¼
Pn

k¼1 gk
Clf

gk
Cl

Lk
T

� �
Pn

i¼1 gi
Cl

ð57Þ

(note this quantity is nondimensionalized as a whole since

adding individually nondimensionalized quantities of the

same type makes no physical sense when the scales are

chosen differently—e.g., adding the numerical value of two

lengths, one in centimeters and the other in meters, is

physically meaningless) and

�qc�
a 	

�qc
aPn

i¼1
Qi

s

n

� � ¼ f ðacÞ 	 f

Pn
k¼1 gk

ClPn
i¼1 Li

T

� �
ð58Þ

respectively. As mentioned, the nondimensional chloride

currents are fixed at a value of 1 in the function f so that

its argument is simply an a value. This function is the

same as that represented in panel 2 of Fig. 2. A beneficial

coupling effect on secretion will be indicated by

�qc�
a [ �qI

a

� ��
, and conversely, if �qI

a

� ��[ �qc�
a , then

coupling has a detrimental effect on total secretion. In

Appendix C we show that

�qc�
a � �qI

a

� ��
for non-isosmotic secretion ð59Þ

follows from the convex, strictly decreasing nature of

f(a)—or, equivalently, the concave, strictly increasing

nature of F bð Þ ¼ f 1
a

� �
. Equality in (59) only holds when

the aj are all identical. Hence, in general, for nonisosmotic

Fig. 6 Illustration of the comparison of the secretion from n inde-

pendent cells to the secretion from n lumenally coupled cells, for

fixed chloride currents. For simplicity, the diagram shows the case of

three cells when independent compared to the same three cells (with

fixed chloride currents) when lumenally coupled
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secretion there is a beneficial effect on the average (and

hence the total) secretion due to the lumenal coupling.

Despite the possibility of a beneficial coupling effect, the

effect on secretion is never enough to make up for the dif-

ference in secretion between isosmotic and nonisosmotic

regimes. As shown, the isosmotic case is an upper bound for

both coupled and uncoupled secretion. Since the coupling

effect is mathematically due to the convexity (concavity) of

the function f ðaÞ ðFðbÞÞ, we expect the effect to be greater

for greater ranges of a (b) values (for small ranges any dif-

ferentiate function is close to linear). Thus, this coupling

benefit plays an essentially compensatory role for deviations

from normal function—a positive coupling effect requires

nonisosmotic secretion and a significant spread in parameter

values. We can summarize these results with the ordering

isosmotic independent = isosmotic coupled [ nonisos-

motic coupled [ nonisosmotic independent, where the

ordering is with respect to efficiency.

This does not quite complete the analysis, however,

since we have compared cases at fixed chloride currents.

As mentioned, it may be the case that coupling signifi-

cantly modifies the chloride currents; i.e., a coupled

arrangement may have a higher or lower total fluid secre-

tion than that calculated for fixed chloride currents if the

average chloride current increases or decreases due to

interactions via the shared lumen. We can easily rule this

out in the isosmotic case—although the fluid-secretion

rates change when coupled (to close to a common rate as

shown in the previous section), we would expect no change

in the chloride secretion. The difference between the two is

that the fluid secretion depends very sensitively on small

changes in lumenal concentrations due to the large per-

meability, while changes in chloride secretion require

much larger lumenal changes for non-negligible effects.

Since, by assumption, in the isosmotic case all changes in

the lumen are negligible, the cells do not ‘‘see’’ each other

via the lumen and, thus, each cell continues to secrete

chloride as it did before.

The nonisosmotic case is not so straightforward—

although it may be reasonable to simply assume the aver-

age chloride current will not change significantly when

cells are coupled (although some individual currents may

go up or down), it depends on the details of the model. To

check the reasonableness of this assumption and to verify

some of our results obtained so far, we turn next to

simulation.

Simulations

As in the single-cell case, we now validate and extend the

analysis we have undertaken by considering a particular

model with specific flux equations, signaling dynamics and

parameters, allowing model simulation. Each cell in the

multicell simulation is identical (other than initial condi-

tions and/or ‘‘stimulation parameter’’ m) to that discussed in

the single-cell case. For simplicity of presentation, we

illustrate the results here with the case of three cells;

however, the results hold for any number.

Individual Secretions

Figure 7 illustrates the individual secretions from differ-

ently stimulated cells in an acinus arrangement. The

choices of stimulation parameter (m, the maximum rate of

IP3 production) correspond to a representative range

between the minimum and maximum values used by Palk

et al. (2010) in their calcium model. The details here are

unimportant; essentially, higher parameter choices corre-

spond to a more stimulated cell. Although each cell is

stimulated differently and has different chloride and

sodium currents from each cell as well as different ion

levels, we see that, consistent with our analysis, the fluid

secretions change and are close to identical in this case.

The two more highly stimulated cells each have decreases

in their time-averaged fluid secretion rate of between 12

and 13% when lumenally coupled compared to their

secretion rates when uncoupled, while the cell with the

lower stimulation has an increase in secretion of about

25%. In accordance with the discussion of efficiency, the

effect on total secretion appears to be small, if any. In the

subsection following the next, we consider whether there

are any coupling effects on chloride currents, and hence

fluid secretion, as the permeability is decreased and

lumenal concentrations increase.

Efficiency of Secretion

As in the single-cell case, simulations verify that a change

in efficiency for different sizes of concentration gradient
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Fig. 7 Individual secretions from differently stimulated cells. Each

cell is stimulated differently, but, due to the shared lumen, they

secrete saliva at close to the same rate. Lpa = 1.23 9

10-14 L2 J-1 s-1 and Lpb = 4Lpa in all cases
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accounts for the majority of changes in total fluid secretion

under coupled conditions (Fig. 8). Each cell still secretes at

close to a common rate (not shown), but this common rate

decreases away from the isosmotic regime, accounting for

the reduction in total secretion. During rapid spikes, the

difference between the quadratic quasi-steady state and the

actual simulations for lower permeability values appears

less than in the single-cell case; however, this is due to

each cell being stimulated differently—some cells are

oscillating less than they would be for the typical m value

(the calcium oscillations decrease either side of the typical

stimulation value). When each cell is stimulated at the

same, typical, value (producing the largest oscillations) the

actual secretion again fails to full reach the quasi-steady-

state value during rapid spikes, for lower-permeability

cases.

Secretion from an Acinus Versus Independent Secretion

Finally, we consider comparisons between coupled and

uncoupled cells. As discussed previously, it is relatively

easy to compare fluid secretions analytically at fixed

chloride currents to analyze efficiency. Whether or not

there is any net change due to a change in average or total

chloride secretion, e.g., is a harder question and depends on

the model details chosen. Figure 9 shows comparisons

between independent cells and coupled cells for a range of

permeabilities (i.e., for secretion under different condi-

tions, isosmotic/high permeability and nonisosmotic/lower

permeability). From these simulations, we see that, as

predicted, the total fluid secretion is identical under isos-

motic conditions, while there are small but essentially

negligible changes in the total fluid secretion under non-

isosmotic conditions, even though the individual secretions

change to a common rate. For the model chosen the

average chloride current did not show any significant dif-

ferences between the coupled and uncoupled cases, though

there was a small (around 1%) decrease in average current

between coupled and uncoupled cases, for the lower-per-

meability values. The range of chloride currents—a range

of about 23% of the current at normal stimulation—means

that the convexity/concavity effects are not expected to be

large. This, combined with the negligible decrease in total

current, means that only a negligible coupling effect of any

sort is observed on total secretion. Thus, under typical

parameter variations, we do not expect non-negligible

lumenal-coupling effects.

Discussion

Recent models of salivary secretion, e.g., those of Gin et al.

(2007) and Palk et al. (2010), are relatively easy to simulate

using appropriate computational tools; but it can be diffi-

cult to understand the results in a simple manner. Wein-

stein and Stephenson (1979, 1981a, b) combined analysis

of a high-level model of a single neutral solute with more

comprehensive simulation models in a particularly careful

and insightful manner. The work we have presented fol-

lows in this spirit by focusing on key general features of

water transport, combining both approximate analysis and

simulations. We have focused attention on a physiologi-

cally detailed, dynamic saliva-secretion model. Most of the

prior work has placed more emphasis on fluid absorption,

often from a small compartment into a larger compartment;
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Fig. 8 Efficiency of total secretion under coupled conditions. a Lpa = 1.23 9 10-14 L2 J-1 s-1. b Lpa = 1.23 9 10-16 L2 J-1 s-1.

c Lpa = 1.23 9 10-17 L2 J-1 s-1. Lpb = 4Lpa in all cases

Fig. 9 Comparison of the time-averaged total secretion from inde-

pendent and coupled cells for a range of permeabilities. Top group
Lpa = 1.23 9 10-14 L2 J-1 s-1. Middle group Lpa = 1.23 9 10-16

L2 J-1 s-1. Bottom group Lpa = 1.23 9 10-17 L2 J-1 s-1. Lpb =

4Lpa in all cases
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and the analytic work has focused on steady-state condi-

tions, as opposed to quasi-steady-state conditions. Fur-

thermore, most of the prior analytic work considers

linearizations/perturbation expansions about isotonic/isos-

motic conditions. In the context of saliva secretion into a

small lumenal space, we have considered conditions for,

and deviations from, quasi-steady-state conditions, devia-

tions from isotonic/isosmotic secretion as well as effects of

lumenal coupling. The main physiological application we

discuss here, beyond consideration of conditions for iso-

tonic/isosmotic secretion discussed in the next subsection,

is to the interpretation of, and debate surrounding, aqu-

aporin knockout studies, discussed below.

Isotonic/Isosmotic Water Transport: Relationship

to Previous Studies

A consistent theme in discussion about fluid transport in

epithelia is how isotonic/isosmotic water transport is

achieved. The most commonly accepted view is that water

follows salt secretion osmotically, and this, combined with

relatively large water permeabilities (due to the presence of

aquaporins), is sufficient to account for the basic phe-

nomenon of saliva secretion (Spring 1999). As discussed

by Turner and Sugiya (2002), one of the main problems

with this hypothesis is that it is very difficult to demon-

strate the existence of osmotic gradients between the

interstitium and lumen. However, due to the high water

permeability, it is supposed that only very small gradients

are required (Spring 1999), so this becomes a problem of

verifiability rather than an inconsistency with the hypoth-

esis itself. Other evidence, in particular that based on

aquaporin knockout studies (e.g., Ma et al. 1999), is usually

taken to weight the evidence in favor of the osmotic

hypothesis. However, the interpretation of these knockout

studies has been criticized by researchers such as Hill et al.

(2004) and Fischbarg (2010). We discuss this further

below.

Our model is a compartment model based on an osmotic

coupling mechanism. In terms of the original Curran

(1960) model for epithelial transport, mapped onto the

physiology of saliva secretion, the lumen plays the role of

the ‘‘middle’’ compartment for the secretion out of the cell,

though the cell itself also draws water through the baso-

lateral membrane. Friedman (2008) offers a good discus-

sion of how the Curran (1960) model can be used as the

basic model for various physiological systems. Weinstein

and Stephenson (1979, 1981a, b) emphasized a number of

important distinctions relevant to key questions of epithe-

lial transport, in particular the different parameter and

boundary condition dependencies of the cases of approxi-

mate isotonicity and exact isotonicity/uphill transport.

Similarly, Mathias and Wang (2005) presented a series of

simple theoretical models, also based on the Curran (1960)

compartment model, to investigate conditions for the

generation of isotonic water transport using the osmotic

mechanism. They analyzed two variations of a simple two-

membrane steady-state model, one without an imposed

boundary condition on the secretion (i.e., the osmolarity of

the secretion is determined from the balance of salt and

water transport) and one with an imposed boundary con-

dition, setting the osmolarity to be exactly equal at each

end. Due to the large permeabilities, the model behavior

has a strong dependence on the selection of boundary

conditions. This observation is consistent with the earlier

work of Weinstein and Stephenson (1979, 1981a, b).

The first case considered by Mathias and Wang (2005) is

most appropriate for models of saliva secretion due to our

assumption of no pressure buildup in the lumen of a

secretory end piece; i.e., any saliva previously secreted is

pushed out of the lumen by newly secreted saliva (and then

travels through a system of ducts before exiting into the

mouth). This corresponds to the case discussed by Wein-

stein and Stephenson (1979, 1981a, b) of transport into a

small serosal bath from a larger mucosal bath (which they

discuss in reference to a hanging gallbladder experimental

arrangement). For saliva secretion, this means that con-

centrations in the lumen are determined by a balance of salt

and water transport. This is consistent with recent models

published for saliva secretion (Gin et al. 2007; Palk et al.

2010).

These single-cell models of saliva secretion explicitly

account for changes over time (i.e., are dynamic models),

while the cells are modeled as well mixed. The model of

Mathias and Wang (2005) does not include time, and in the

case of interest, the spatial gradients are negligible.

Weinstein and Stephenson (1979, 1981a, b) include some

dynamics in their simulation model, but their correspond-

ing theoretical treatment focuses on steady states (as

opposed to quasi-steady states). Our analysis of the Gin

et al. (2007) model of saliva secretion from a parotid acinar

cell allows us to consider how (linearized/perturbation)

analysis such as that of Mathias and Wang (2005) and

those of Weinstein and Stephenson (1979, 1981a, b) carries

over to a dynamic, physiologically based model of fluid

secretion, regulated by an oscillating calcium signal. Our

analysis shows that a large membrane permeability (rela-

tive to chloride conductivity) both is required for and leads

to isosmotic secretion for osmotically driven saliva secre-

tion. The scale of small deviations from iso-osmolarity is

shown to be inversely proportional to the membrane per-

meability and proportional to the ratio of chloride-transport

and fluid-transport terms. Furthermore, the case of isos-

motic secretion provides an upper bound on saliva secre-

tion efficiency for both single cells and cells arranged in an

acinus. These results are in agreement with the work of the
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aforementioned authors in their particular models. As dis-

cussed in Gin et al. (2007) and Palk et al. (2010), the basic

model used here is in good agreement with estimates of

total saliva secretion and of other quantities of interest such

as membrane potential.

Aquaporin Knockout Studies

Overview

Hill et al. (2004) and Fischbarg (2010) (among others) have

criticized the usual interpretation of aquaporin knockout

studies in the context of epithelial fluid transport. In par-

ticular they focus on the fact that, in aquaporin knockout

animals, water permeability is often reduced by a larger

proportion than is the water transport. Although some

studies, such as that of aquaporin-5-deficient mice by

Krane et al. (2001), do not appear to suffer this issue, we

will consider the more extreme cases of apparent conflict

from a general point of view informed by our modeling

work and give a representative quantitative comparison to

the results of Ma et al. (1999) for aquaporin-5 knockout

mice, as they are summarized in Hill et al. (2004). This

requires consideration of cases for which the osmotic

gradients become more significant than can be appropri-

ately treated with a perturbation expansion near the iso-

tonic/isosmotic secretion regime.

Hill et al. (2004) emphasize two interconnected points in

their critique of the ‘‘simple permeability hypothesis’’

(SPH, the hypothesis being that the main role of aquaporins

is to provide a path of increased water permeability to

increase water transport). This hypothesis plays a crucial

role in providing the large permeabilities required for the

osmotic mechanism. The first, and main, point the authors

raise is that the differing magnitudes of the reduction of

permeability, on the one hand, and the reduction of water

transport, on the other, raises problems for this hypothe-

sis—as they say, ‘‘SPH would predict that the removal of a

major pathway of water flux across membranes would have

drastic effects on biological function at the cellular, tissue

and whole animal level’’ (Hill et al. 2004, p. 8), and ‘‘where

fluid flow has been significantly reduced… it has only been

partial where it should have been substantial’’ (p. 11). The

second point they raise is that there often appears to be a

reduction in the total salt transport, which would by itself be

enough to account for a significant portion of the reduction

in fluid transport, without leaving much to be accounted for

by the reduced water permeability. Though they acknowl-

edge that their calculation of the reduction in salt transport

is complicated by the possibility of changes in ductal

absorption, the point remains that any reduction in salt

transport leaves less reduction in fluid transport to

be directly attributable to the decreased membrane

permeabilities. Thus, the overall point raised is that large

reductions in water permeability due to aquaporin knock-

outs do not appear to be having a significant enough effect

on water-transport rates. Representative changes cited by

Hill et al. (2004) are around 40–60% for both fluid and salt

transport and up to 90% for membrane permeability,

although these vary across the range of studies they

consider.

Here, we consider whether such changes really are

inconsistent with a model such as ours, which is based on

the SPH and the corresponding osmotic mechanism for

saliva secretion. Quantitative comparisons of model and

experiment are discussed in the following subsection;

however, we first note that according to the relationship

(35) (illustrated in Fig. 2), a drop in fluid transport essen-

tially has two components—one due to a decrease in the

chloride current and one due to a drop in efficiency (i.e.,

when permeability is lowered and the osmotic gradient

increased). As the isosmotic regime is approached (the

large permeability limit), these effects become essentially

independent. Furthermore, as this regime is approached,

the fluid transport loses all dependence on permeability—

the dependence disappears according to an inverse rela-

tionship in permeability (since a * 1/LT). So when the

physiological system is in this parameter range, a drop in

chloride current is associated with a direct linear decrease

in fluid transport, while a significant drop in permeability

may not have much effect at all. As long as the ratio of

chloride conductance to water permeability is sufficiently

small, the system will remain in this regime. Thus, the role

of aquaporins may be not only to increase the fluid trans-

ported for a given amount of salt transport but also to push

the system into a regime where it is more robust to varia-

tions in permeability.

Comparison to Experiments

The water permeability used in the simulation shown in

Fig. 4c is an order of magnitude lower than the water

permeability used in the simulation shown in Fig. 4b. This

corresponds to a drop in water permeability of 90%. At the

same time, the drop in fluid flow (here denoted by Jv

instead of qa) is only about 51%. A comparison of these

results with those of Ma et al. (1999) as summarized by

Hill et al. (2004) is given in Table 1. As can be seen, these

results are of a similar scale to those of Ma et al. (1999),

which Hill et al. (2004) cite as being in conflict with the

SPH. In particular, the large drop in water permeability (of

90%) produces a much less marked drop in fluid secretion

(51% in the model, 59% observed experimentally), along

with a drop in convective salt collection rate (Js) (27%

compared to 41% observed experimentally). It is apparent

that a large reduction in water permeability is not
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inconsistent with a smaller reduction in fluid secretion,

according to results produced entirely according to the SPH

mechanism. The drop in (measured) salt transport is also

largely accounted for, and actually corresponds to a much

lower decrease in the chloride current (ICl) itself (19%),

due to deviations from quasi-steady-state behavior (as

discussed above, Numerical Simulations). Further decrea-

ses in chloride-transport rates not accounted for in the

model could be due to changes in duct absorption rates in

knockouts (affecting Js) or other changes in cell chloride

secretion (affecting ICl and Js) in knockouts.

The effect of a 99% permeability decrease on water

transport is even less going from Fig. 4a, b as these are

further in the isosmotic parameter range, and hence, the

results are even less susceptible to variations in perme-

ability. The water permeability values used here were

originally model fits by Gin et al. (2007), and the largest

value used is probably one to two orders of magnitude too

large, based on the range for typical epithelia (Spring

2010). The exact membrane water permeabilities are dif-

ficult to measure in glandular acini (Hill et al. 2004), and

we are not aware of any values for parotid glands in the

literature. However, in our representative comparison with

aquaporin studies given above we used a baseline perme-

ability of two orders of magnitude less than that of Gin

et al. (2007) (Fig. 4b) and then considered a further order

of magnitude decrease (Fig. 4c), consistent with the

expected range of permeability values (we present a con-

version from our units for water permeability to an

equivalent Pf value in Appendix A). Based on our results

(including those given below), we would expect the per-

meability of parotid acinar cells to be similar to that of

other high-permeability cells in other water-transporting

epithelia such as the lung (Dobbs et al. 1998) and renal

proximal tubule (Meyer and Verkman 1987), i.e., a Pf of

the order 10-2 cm s-1.

Acinus Geometry

Mathematical models of saliva secretion (e.g., Gin et al.

2007; Palk et al. 2010) have so far focused on single cells.

However, in this analysis we have begun to consider the

effects of acinus geometry on secretion. In particular, we

considered the coupling effect induced by the shared lumen

of an acinus on the dynamics of the cells making up that

acinus. We demonstrated how to carry over the results for

efficiency and isosmotic/nonisosmotic secretion to this

case. Furthermore, we illustrated two key points. Firstly,

the individual fluid secretions of member cells in an acinus

are in fact modified by the arrangement of the cells around

a single shared lumen. Differently stimulated cells can

secrete fluid at close to identical rates when arranged into

an acinus, while this is not the case for isolated cells.

However, the total fluid secreted from an acinus is not

affected by this lumenal coupling. It is worth noting that in

real salivary glands the lumenal structure can be more

convoluted and is continuous with intercellular canaliculi

(Riva et al. 1993).

Calcium Signaling

In this work we included an oscillating calcium signal

which, e.g., leads to deviations from (quasi-) steady-state

behavior. We have not considered effects of the acinus

geometry on this calcium signaling. Work in progress

includes, from the single-cell perspective, incorporating

calcium waves (originating at the apical end) to explore the

observation of the relatively rapid calcium wave speed (e.g.

compared to that in the pancreas [Giovannucci et al. 2002])

in the context of the type of signaling that works best for

fluid secretion. In the multicellular case, work has begun to

explore the effects of the inclusion of gap junctions on

calcium signaling and hence fluid secretion. In each of

these cases, the analysis of the salt and water coupling

effects carried out here forms a foundation from which to

consider these extensions. The effects of variations in

calcium signaling, in both a single cell and an acinus, can

profit from the reduction in complexity of the fluid secre-

tion model, e.g., utilizing the simple relations derived

between fluid secreted and chloride current. Changes in

transporters and ionic mechanisms can also be understood

using modifications of the analysis carried out here.

Table 1 Comparison of aquaporin knockout studies and representative model dependence on water permeability

Knockout Model

DPosm DJv DOsm DJs DPosm DJv DOsm DJs AICl

-65 to -90%a -59% ?43% -41% -90% -51% ?41% -27% -19%

Data are from Ma et al. (1999) and include an estimate of Jv changes as calculated by Hill et al. (2004)
a Ma et al. (1999) did not measure the decrease in cell membrane permeability in their knockout experiment. Krane et al. (2001) found a relative

decrease in permeability (as measured by changes in swelling/shrinking rates) in aquaporin-knockout mice of 65% for parotid and 77% for

sublingual cells. Aquaporins are estimated to account for up to 90% of cell water permeability in various physiological systems, as summarized

by Hill et al. (2004)
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Transport Routes and Ionic Mechanisms

The chloride-based mechanism adopted in this report is

thought to account for the majority of saliva secretion from

the major salivary glands. But it is also thought possible

that bicarbonate exits the cell via the same apical anion

channel as chloride (Turner and Sugiya 2002), and we have

not represented this mechanism in our model. There may

be interesting consequences of including this additional

mechanism; however, the essential feature of anion secre-

tion via the apical membrane and cation flow via the tight

junctions (establishing an osmotic gradient in the lumen) is

the same. Since the water secretion into the lumen washes

all ions away, in principle there must be a bicarbonate

current into the lumen; here, it is essentially assumed that it

would in reality make up some fraction of the total apical

anion current into the lumen, which for the same osmotic

gradient would mean a slightly lower chloride current than

is present in this model. The proper inclusion of bicar-

bonate in the model remains future work, as does the

inclusion of details from other suggested ionic mechanisms

(Turner and Sugiya 2002; Cook and Young 2010).

The effect on secretion of a possible apical K? channel

was considered by Cook and Young (1989) and more

recently by Palk et al. (2010). While our analysis could be

extended to cover this, it is beyond the scope of the present

study. In our model Na? and K? travel only via the para-

cellular pathway, which is assumed to be cation-selective

in accordance with the basic proposed mechanisms of

saliva secretion (Cook and Young 2010). In general, these

ionic fluxes will be driven by their electrochemical gradi-

ents, as well as by convection by any water traveling via

this same pathway. We ignore direct ion–ion interactions;

however, if solute reflectivities differ between two (or

more) parallel pathways (e.g., the paracellular pathway and

the cell) through which water also travels, then cross-terms

in overall (or ‘‘composite’’) epithelium system equations

can still occur. These represent formal ion–ion interactions

and can have important consequences for the interpretation

of tracer flux experiments and the determination of per-

meabilities (Weinstein 1987). Since in our model we

assume a fully transcellular pathway for water (consistent

with the assumption of an osmotic mechanism as discussed

in the Introduction), these formal composite-system inter-

actions are not present (Weinstein 1987; Friedman 2008).

Despite this, it still may be of interest to consider a

paracellular water flux, via either an osmotic mechanism or

some other mechanism, to better clarify and understand the

model dependence on this assumption and the conse-

quences for determining parameter values experimentally.

Gin et al. (2007) and Palk et al. (2010) both considered a

paracellular water flux; however, they did not consider an

explicit convective solute flux (or any other similar

paracellular flux coupling, as can be formalized using the

framework of nonequilibrium thermodynamics [Schultz

1980]). Without this, they found no qualitative differences

in model behavior. This can be explained by the expression

we derived for the secretion from a cell (32) (which applies

for both isolated cells and cells in an acinus), which is

dependent only on the lumenal and interstitial concentra-

tions and thus has the same form as a simple paracellular

flux. Finally, we note that the specific equations repre-

senting the paracellular ion fluxes will change depending

on the included mechanisms, but the electroneutrality

equation that we use (11) holds (approximately) regardless

of the mechanism of ion flux.
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Appendix A: Water Permeability

We have used the units L2 J-1 s-1 for water permeability,

in line with Palk et al. (2010) and which we found con-

venient for simulation and analysis but which are not as

common among physiologists. A variety of quantities

characterizing water permeability are in use in epithelial

water-transport studies; here, we give a conversion from

our water permeability to an equivalent Pf (‘‘osmotic water

permeability’’) quantity, which is measured in centimeters

per second.

We first note that our permeability is an area-weighted

quantity, as employed by Gin et al. (2007) and Palk et al.

(2010). We use the data from Cope and Williams (1974)

and Poulsen and Bundgaard (1994) to give a typical value

for apical membrane area of about A = 1.25 9 10-6 cm2.

The remaining quantities required for conversion are

R = 8.315 J mol-1 K-1, H = 310 K, Vw = 18 9 10-3 L

mol-1 and 103 cm3 = 1 L. The relationship between our

Lpa and the quantity Pf, expressed using these quantities, is

(Persson and Spring 1982)

Pf ¼
103RHLpa

AVw

ð60Þ

where 103 is a conversion factor for
Lpa

Vw
(the ratio of which

has units L mol J-1 s-1) from liters to centimeters cubed.

This gives an equivalent value for Pf of about 1.41 cm s-1

for our highest permeability (Lpa = 1.23 9 10-14 L2

J-1 s-1) and a value of about 1.41 9 10-2 cm s-1 for the
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value we take as representative in our comparisons to

aquaporin knockout studies (Lpa = 1.23 9 10-16 L2

J-1 s-1). This latter value is similar to those of other water-

transporting epithelia, as discussed in the main text, while

the higher value represents a limiting case.

Appendix B: Calcium Signaling Model Modification

As noted by Palk et al. (2010), the Gin et al. (2007) model

appeared to have a dependence of calcium oscillations on

volume oscillations, which they deemed undesirable.

Because of this, our calcium model follows that of Palk

et al. (2010). The only difference is that our model uses a

Hill function expression for IP3 production

JIP3prod ¼ mw0

½Ca�2i
½Ca�2i þ K2

ð61Þ

where K = 5 nM and m is a control parameter with a

typical value of 5,100 M s-1, while their model has a

constant production rate:

JIP3prod ¼ mw0
ð62Þ

This makes no difference to the results. The rest of the

signaling model is identical and follows the details given in

their paper (see pp. 626–628 and Tables 1–3).

Appendix C: Beneficial Coupling Effect

Function Properties

We state without proof that, for a 2 0;1½ Þ, the function

f að Þ ¼ 1
a

� �
1
2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4a
p

� 1
� �

is (1a) convex and (2a)

strictly decreasing. We define the value at a = 0 to be the

limit as a ? 0, which exists and is equal to 1. Defining the

new variable b = 1/a, we can define the new function:

F bð Þ ¼ bð Þ 1

2

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4

1

b

� �s
� 1

" #
¼ f 1=bð Þ

Over b 2 ½0;1Þ, this function is (1b) concave and (2b)

strictly increasing. We again state this without proof.

However, these function properties can be verified simply,

by plotting the functions (for positive values) along with

the first and second derivatives. A negative (positive) first

derivative indicates a decreasing (increasing) function, and

a positive (negative) second derivative indicates a convex

(concave) function. The freely available computational tool

Wolfram Alpha (www.wolframalpha.com), e.g., can be

used. This can compute the derivatives and handle the

singularity at zero automatically.

Positive Coupling Effect

Now we can write (57) and (58) (derived for fixed chloride

currents) as

�qI
a

� ��¼
Pn

k¼1 gk
ClF

Lk
T

gk
Cl

� �
Pn

i¼1 gi
Cl

ð63Þ

and

�qc�
a ¼ F

Pn
k¼1 Lk

TPn
i¼1 gi

Cl

� �
¼ F

Xn

k¼1

gk
Cl

Lk
T

gk
Cl

� �
Pn

i¼1 gi
Cl

0
@

1
A ð64Þ

Thus, (63) is a weighted average of F evaluated at each

L j
T

g j
Cl

� �
value, while (64) is equal to F evaluated at the

weighted average of the
L j

T

gj

Cl

� �
values. By Jensen’s

inequality (Hardy et al. 1997) applied to concave, strictly

increasing F
L j

T

g
j

Cl

� �
, it follows that

�qc�
a � �qI

a

� �� ð65Þ

where the inequality is strict when the
L j

T

g j
Cl

� �
values are not

all identical. This gives the required result.
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Abstract The most unique feature of the eye lens fiber-

cell plasma membrane is its extremely high cholesterol

content. Cholesterol saturates the bulk phospholipid bilayer

and induces formation of immiscible cholesterol bilayer

domains (CBDs) within the membrane. Our results (based

on EPR spin-labeling experiments with lens-lipid mem-

branes), along with a literature search, have allowed us to

identify the significant functions of cholesterol specific to

the fiber-cell plasma membrane, which are manifest

through cholesterol–membrane interactions. The crucial

role is played by the CBD. The presence of the CBD

ensures that the surrounding phospholipid bilayer is satu-

rated with cholesterol. The saturating cholesterol content in

fiber-cell membranes keeps the bulk physical properties of

lens-lipid membranes consistent and independent of chan-

ges in phospholipid composition. Thus, the CBD helps to

maintain lens-membrane homeostasis when the membrane

phospholipid composition changes significantly. The CBD

raises the barrier for oxygen transport across the fiber-cell

membrane, which should help to maintain a low oxygen

concentration in the lens interior. It is hypothesized that the

appearance of the CBD in the fiber-cell membrane is

controlled by the phospholipid composition of the

membrane. Saturation with cholesterol smoothes the

phospholipid-bilayer surface, which should decrease light

scattering and help to maintain lens transparency. Other

functions of cholesterol include formation of hydrophobic

and rigidity barriers across the bulk phospholipid-choles-

terol domain and formation of hydrophobic channels in the

central region of the membrane for transport of small,

nonpolar molecules parallel to the membrane surface. In

this review, we provide data supporting these hypotheses.

Keywords Lens lipid � Lens cortex � Lens nucleus �
Cholesterol bilayer domain � Spin label �
Electron paramagnetic resonance

Introduction

The eye lens is an avascular structure which, in conjunction

with the cornea, focuses light on the retina and, thus, must

remain transparent throughout an individual’s life. The

human lens is 9 mm in diameter and 4 mm thick and

contains 1,000–3,000 layers of fiber cells (Fig. 1). To

prevent excessive light scattering and compromised lens

transparency, fiber cells lose all of their subcellular

organelles during maturation (Beebe 2003). Newly formed

fiber cells in the periphery displace existing fiber cells near

the center of the lens (Beebe 2003). Thus, the line from the

lens surface to its center is the age axis. Fiber cells are not

homogeneous in terms of composition, metabolism or age.

The adult lens contains two kinds of fiber cells: those

located in the cortex (the outer layers of the lens), which

are not yet mature and still contain organelles (including

mitochondria), and those located in the nucleus (the core of

the lens), which are mature and do not contain organelles

(Fig. 1). The nuclear region contains the embryonic lens,
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the fetal fibers and the juvenile and adult nuclear fibers (Li

et al. 1985). Due to minimal cell turnover, cells in the

nucleus of the human lens are considered the longest-living

cells in the human body (Peterson and Delamere 1992).

Consequently, they require functional mechanisms to pro-

tect them from damage.

Membranes of fiber cells, which build the human eye

lens (Fig. 1), are overloaded with cholesterol, which not

only saturates the phospholipid bilayer but also leads to the

formation of cholesterol bilayer domains (CBDs) within

these membranes (Jacob et al. 1999, 2001). The appearance

of these domains is usually a sign of pathology (Tulenko

et al. 1998). However, only in the eye lens can CBDs play a

positive physiological function, maintaining lens transpar-

ency (Borchman et al. 1996; Jacob et al. 1999; Mason et al.

2003) and, therefore, possibly protecting against cataract

formation (Jacob et al. 1999; Mason et al. 2003). The

significance of cholesterol in the eye lens is further

emphasized by observations that inherited defects in

enzymes of cholesterol metabolism and the use of choles-

terol biosynthesis–inhibiting drugs cause cataract forma-

tion in humans and other animals (Borchman et al. 1989;

Cenedella 1996; de Vries and Cohen 1993; Kirby 1967;

Mosley et al. 1989). These effects indicate that cholesterol

plays an important physiological role in the eye lens. A

better understanding of the physiological functions of

cholesterol requires an increased understanding of choles-

terol function at the molecular level, which can be shown

through cholesterol-induced changes in the properties of

the lipid-bilayer portion of the fiber-cell plasma membrane.

Changes in cholesterol content in the fiber-cell plasma

membrane, which occur during aging, are indicated by an

increase in the total cholesterol/phospholipid (Chol/PL)

molar ratio and as a higher Chol/PL molar ratio in the

nucleus compared to the cortex (Borchman et al. 1989;

Fleschner and Cenedella 1991; Li and So 1987; Raguz et al.

2009; Rujoi et al. 2003). Interestingly, animals with a long

life span exhibit a higher Chol/PL molar ratio than animals

with a shorter life span (Borchman et al. 1989; Fleschner and

Cenedella 1991; Li et al. 1987). Also, the phospholipid

composition of the eye-lens membrane changes significantly

with age (Huang et al. 2005; Paterson et al. 1997; Truscott

2000; Yappert et al. 2003), between regions of the lens

(Raguz et al. 2009, 2004) and between animal species

(Borchman et al. 2004; Deeley et al. 2008). In contrast, there

is not much difference in the lipid composition of most

organs from one species to another (Rouser et al. 1969,

1971) or with age (Rouser and Solomon 1969). Such great

variation with age in phospholipid composition and cho-

lesterol content suggests difficulties in maintaining fiber-

cell-membrane homeostasis as well as homeostasis within

the fiber cell, which is required for lens transparency. This is

especially true for fiber cells in which the plasma membrane

is basically the only membranous structure. Lens fiber cells

lose their intracellular organelles soon after they are formed

(Rafferty 1985), and the plasma membrane accounts for

essentially all lens lipids.

The need for a high cholesterol content in the lens is

unclear. Borchman et al. (2004), based on their measure-

ments and data from the literature, hypothesized that lens

membranes are highly ordered because of high sphingo-

lipid and cholesterol contents and suggested that choles-

terol provides buffering properties for membrane fluidity

by ordering fluid phospholipids and disordering ordered

lipids (Li et al. 1987; Truscott 2000). They concluded that

the physiological role of cholesterol is to increase the

structural order of cortical membrane lipids and decrease

the order of nuclear lipids so that the two membranes have

a similar order (Borchman et al. 1996). Because cholesterol

is relatively stable and resistant to oxidation compared with

unsaturated phospholipids, it is suggested that it may also

add chemical stability to the membrane (Borchman and

Yappert 2010). Additionally, the high cholesterol level

may be related to gap junctions. Cholesterol is understood

to be associated with gap junctions (Biswas et al. 2009,

2010; Biswas and Lo 2007), and the lens contains more gap

junctions than any other tissue. Cholesterol content in

protrusions, which are specialized, interlocking membrane

domains between lens fiber cells, is very high. It has been

suggested (Biswas et al. 2010) that the high cholesterol

content in protrusion membranes makes them less

Fig. 1 Diagram of the eye lens section showing the location of the

lens cortex and nucleus. Values of the oxygen partial pressure at the

surface of the anterior and posterior cortex of the lens in the healthy

eye are taken from Siegfried et al. (2010). Arrows indicate the oxygen

flux into the lens, toward the lens center. The Chol/PL mole ratio in

cortical fiber-cell membranes is from 1 to 2 and that in nuclear

membranes is from 3 to 4 (Li et al. 1987). The basic phospholipid

composition (taken from Yappert et al. 2003 for a 25 year old human)

of the cortical and nuclear lens lipid membrane is 3.2% PC, 14% PE,

1.5% PS and 42.8% (DHSM ? SM) and 0.7% PC, 6% PE, 3.1% PS

and 49.8% (DHSM ? SM), respectively. PC, phosphatidylcholine;

PE, phosphatidylethanolamine; PS, phosphatidylserine; SM, sphin-

gomyelin (including dihydrosphingomyelin)
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deformable and more suitable to maintain fiber-to-fiber sta-

bility during visual accommodation. The relationship

between lens cholesterol and lens cataracts has been

reviewed (Cenedella 1996) with an ultimate focus on the

effect of statin drugs on the lens in humans and other animals.

We present data that support the main hypothesis of this

review: a high cholesterol content and the presence of the

CBD are necessary to maintain lens-membrane homeosta-

sis throughout the life of an individual. It should be stressed

here that, due to minimal cell turnover, cells in the lens

nucleus may be the longest-lived cells in the human body

(Peterson and Delamere 1992). Please note that hypotheses

presented in this review regarding the purported functions

of cholesterol and CBDs are based on measurements for

lens-lipid membranes and model lipid membranes—i.e.,

membranes without a protein component. In these mea-

surements, we have mostly used electron paramagnetic

resonance (EPR) spin-labeling methods. The unique abili-

ties of these methods will first be described, to provide

guidelines for a clear understanding of our experimental

results and our interpretation of data.

EPR Spin-Labeling Approaches for Profiles

of Lens-Lipid Membrane Properties

EPR spin-labeling methods provide a unique opportunity to

determine the lateral organization of lipid bilayer mem-

branes, including coexisting membrane domains or coexis-

ting membrane phases (Ashikawa et al. 1994; Kawasaki et al.

2001; Raguz et al. 2008; Subczynski et al. 2007a, 2007b).

These methods also provide a number of approaches to

determine several important membrane properties as a

function of bilayer depth, including alkyl-chain order (Marsh

1981), fluidity (Subczynski et al. 2010), hydrophobicity

(Subczynski et al. 1994) and the oxygen diffusion-concen-

tration product (called the ‘‘oxygen transport parameter’’)

(Kusumi et al. 1982). In some cases, these properties can be

obtained in coexisting membrane domains without the need

for their physical separation (Subczynski et al. 2007a, 2010).

We will briefly explain how EPR spin-labeling methods can

be used to obtain profiles of the above-mentioned properties

across lens-lipid membranes and simple model membranes,

which resemble the basic lipid composition of lens mem-

branes (Mainali et al. 2011b; Raguz et al. 2008, 2009;

Widomska et al. 2007a).

In these studies, phospholipid- and cholesterol-analogue

spin labels are incorporated in the membrane with the

nitroxide moiety, which gives rise to the observed EPR

signal, at specific depths and in specific membrane

domains. The physical/chemical properties of the micro-

environment in the immediate vicinity of the nitroxide are

then characterized using EPR spectroscopic methods. The

spin labels used here have molecular structures similar to

phospholipids or cholesterol and, therefore, should

approximate cholesterol–phospholipid and cholesterol–

cholesterol interactions in the membrane as well as be

distributed between different membrane domains similarly

to parent molecules (Raguz et al. 2008, 2009; Widomska

et al. 2007a). Figure 2 is a schematic drawing that shows

possible cases of spin-label distribution that may be rele-

vant to eye-lens-lipid membranes.

When the cholesterol concentration in the membrane is

close to its solubility threshold, the entire membrane should

be in the liquid-ordered-like phase. In this case, separate

domains are not expected (Fig. 2a). Profiles of the order

parameter, fluidity, hydrophobicity and the oxygen trans-

port parameter can be obtained in this homogeneous

membrane. In the case of membranes oversaturated with

Fig. 2 Schematic drawings showing organization of lipids and spin-

label distributions that may be relevant to eye-lens lipid membranes.

The distribution and approximate localization of the nitroxide moiety

of lipid spin labels (phospholipid analogues 5-, 10-, 16- T-PC and

9-SASL and cholesterol analogues ASL and CSL) in membranes with

a cholesterol content close to the CST (a, model of the lens lipid

membrane from young animals and the cortical membrane) and in

membranes oversaturated with cholesterol, when the bulk PCD

coexists with the CBD (b, model of the nuclear membrane). The

nitroxide moieties of spin labels are indicated by black dots
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cholesterol, in which CBDs are formed, the distribution of

lipid spin labels is unique (Fig. 2b). The phospholipid-

analogue spin labels should partition only into the bulk

phospholipid cholesterol domain (PCD, the phospholipid

cholesterol membrane saturated with cholesterol before

formation of the CBD or the phospholipid cholesterol

membrane coexisting with the CBD), and the cholesterol

analogues should distribute between the two domains.

Thus, only cholesterol-analogue spin labels can discrimi-

nate the two coexisting domains. The unique distribution of

phospholipid-analogue spin labels allows profiles of the

order parameter, fluidity, hydrophobicity and oxygen

transport parameter to be obtained in the bulk PCD without

‘‘contamination’’ from the CBD. These two cases are rel-

evant to lens-lipid membranes that are near the cholesterol

solubility threshold (CST) in the lenses of young animals

and in the cortex of lenses from older animals and humans

(Fig. 2a) and are oversaturated with cholesterol (the

coexisting CBD and PCD are present) in the lens nucleus

(Fig. 2b).

The CBD Saturates the Surrounding Phospholipid

Bilayer with Cholesterol

The lipid composition of the lens fiber-cell membrane

changes as both humans and other animals age (Borchman

et al. 1994; Broekhuyse 1973; Broekhuyse and Kuhlmann

1974, 1978; Huang et al. 2005; Li and So 1987; Li et al.

1985, 1987; Roy et al. 1982; Rujoi et al. 2003; Truscott

2000; Yappert et al. 2003). Usually, such notable changes

would result in alteration of the physical properties of the

membrane, which would then affect the function of pro-

teins immersed in the lipid bilayer (Epand 2005). Based on

results obtained for lens-lipid membranes from different

species (a 6 month old calf and pig [Raguz et al. 2008;

Widomska et al. 2007a]), from animals at different ages

(6 month old and 2 year old cow and pig [Mainali et al.

2011b; Raguz et al. 2009; Widomska et al. 2007a]) and

from different eye regions (the cortex and nucleus of a

2 year old cow and pig [Mainali et al. 2011b; Raguz et al.

2009]), we conclude that the extremely high (saturating)

content of cholesterol in the fiber-cell membrane keeps the

bulk physical properties of the lipid-bilayer portion of the

membrane consistent and independent of changes in the

phospholipid composition. The phospholipid composition

of fiber-cell membranes significantly changes not only

between species (Deeley et al. 2008; Yappert and Borch-

man 2004; Yappert et al. 2003) and with age (Yappert and

Borchman 2004) but also between different regions of the

lens (Li and So 1987; Li et al. 1987; Raguz et al. 2009).

Surprisingly, independent of these differences, profiles of

the bulk membrane properties across PCDs were very

similar (practically identical) in all of the investigated

membranes. Bulk membrane properties included the order

parameter, fluidity, hydrophobicity and the oxygen trans-

port parameter (oxygen diffusion-concentration product).

As we stated in the Introduction, a similar conclusion was

made by Borchman et al. (1996) using the structural order

parameter as a measure of fluidity in bovine cortical and

nuclear lens-lipid membranes. They showed that at a sat-

urating amount of cholesterol the structural orders of

nuclear and cortical membranes are very similar and con-

cluded that the physiological role of cholesterol is to

increase the structural order of cortical membrane lipids

and to decrease the order of nuclear lipids so that the two

membranes have a similar order. This finding agrees with

our main conclusion.

To illustrate this conclusion, profiles of the order

parameter (Fig. 3a–d), fluidity (Fig. 3e–h), hydrophobicity

(Fig. 4a–d) and the oxygen transport parameter (Fig. 4e–h)

across the PCD of the lens-lipid membrane from a 6 month

old pig and calf (Figs. 3a, e and 4a, e) and from the cortex

and nucleus of a 2 year-old pig (Figs. 3c, g and 4c, g) and

cow (Figs. 3d, h and 4d, h) are presented. With this method,

we can compare the differences between species as well as

age-related and/or topographical differences, if any, in the

bulk properties of the lens-lipid membrane. All profiles

were obtained with phospholipid-type spin labels, which

describe properties of the PCD. We should reiterate that in

all investigated membranes the cholesterol content was

close to or in excess of the CST. Small differences in the

hydrophobicity profiles shown in Fig. 4a, d suggest that

6 month old pig and 2 year old cow cortex membranes are

not yet saturated with cholesterol (Raguz et al. 2008, 2009).

All profiles for membranes with a saturating amount of

cholesterol differ drastically from profiles across mem-

branes without cholesterol. This is illustrated in Figs. 5a, d

Fig. 3 Independently of the differences in the phospholipid compo-

sition of lens-lipid membranes derived from the eyes of different

species, different animal ages and different region of the lens, the

profiles of the membrane order (the alkyl-chain order parameter) and

the membrane dynamics (spin–lattice relaxation time) across these

membranes are very similar. Profiles of the alkyl-chain order

parameter (a–d) and the membrane fluidity (spin–lattice relaxation

time, T1, for deoxygenated samples) (e–h) obtained at 35�C across the

PCD of lens-lipid membranes made of lipids extracted from a

6 month old pig and calf (a, e), a 6 month old pig after addition of

excess cholesterol (b, f) and the cortex and nucleus of a 2 year old pig

(c, g) and cow (d, h). Approximate localizations of the nitroxide

moieties of spin labels are indicated by arrows. The order parameter

is a measure of the amplitude of the wobbling motion of the alkyl-

chain fragment to which the nitroxide moiety is attached (Hubbel and

McConnell 1968), while T1 depends primarily on the rate of motion of

the nitroxide moiety within the lipid bilayer and, thus, describes the

dynamics of the membrane environment at a depth at which the

nitroxide fragment is located (Mainali et al. 2011a). Data compiled

from Raguz et al. (2008, 2009) and Widomska et al. (2007a)

c
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and 6a, d, where profiles for the POPC membrane and the

POPC membrane saturated with cholesterol are shown; in

Figs. 5b, e and 6b, e, which show profiles for the egg

sphingomyelin (ESM) membrane and the ESM membrane

saturated with cholesterol; and in Figs. 5c, f and 6c, f,

which display profiles across the model membrane, made

from a phospholipid mixture that resembles the composi-

tion of the pig lens-lipid membrane (Deeley et al. 2008),

without cholesterol and saturated with cholesterol.

Profiles of the order parameter (Fig. 5a–c) indicated that

in membranes saturated with cholesterol, including lens-

lipid membranes (Fig. 3a–d), lipids are strongly ordered at

all depths, which is in contrast to the low order of mem-

branes without cholesterol (Fig. 5a–c). All profiles show a

gradual decrease in alkyl-chain order with an increasing

depth in the membrane. Values of the order parameter

measured at the same depth are always significantly greater

for membranes saturated with cholesterol than for mem-

branes without cholesterol. Thus, an ordering effect of

cholesterol in fluid-phase membranes is observed at all

depths from the membrane surface to the membrane center.

The order parameter, which is most often used as a mea-

sure of membrane fluidity, describes the amplitude of the

wobbling motion of alkyl chains relative to the membrane

normal and does not explicitly contain time or velocity

(Hubbell and McConnell 1968). Thus, this parameter can

be considered nondynamic.

The structural order determined by the static value of the

trans/gauche rotamer ratio in the hydrocarbon chains (with

special attention paid to the role of cholesterol) has been

evaluated by other groups for lens-lipid membranes (Bor-

chman et al. 1993, 1996, 1999). Thus, the structural order

describes membrane properties averaged across membrane

depths and domains, which is less informative than the

profiles of the order parameter presented here. These pro-

files reflect the local order of hydrocarbon chains at dif-

ferent depths in the membrane.

The spin–lattice relaxation time (T1) obtained from

saturation-recovery EPR measurements of lipid spin labels

in deoxygenated samples depends primarily on the rota-

tional correlation time of the nitroxide moiety within the

lipid bilayer. Thus, T1 can be used as a convenient quan-

titative measure of membrane fluidity that reflects local

membrane dynamics (Mainali et al. 2011a, b, c). T1 pro-

files, which we call ‘‘profiles of membrane fluidity,’’

obtained for membranes saturated with cholesterol

(Fig. 5d–f), including lens-lipid membranes (Fig. 3e–h),

are very similar. When compared with fluidity profiles

without cholesterol (Fig. 5d–f), they reveal that cholesterol

has a rigidifying effect only to the depth occupied by the

rigid steroid-ring structure and a fluidizing effect at deeper

locations. These effects cannot be differentiated by profiles

of the order parameter.

Profiles of hydrophobicity (Fig. 6a–c) and the oxygen

transport parameter (Fig. 6d–f) in membranes saturated

with cholesterol and in lens-lipid membranes (Fig. 4a–h)

have a characteristic rectangular shape with an abrupt

change between the C9 and C10 positions, which is

approximately where the rigid steroid-ring structure of

cholesterol reaches into the membrane. At this position,

hydrophobicity increases from the level of methanol to that

of hexane and the oxygen transport parameter increases by

a factor of *2.5 (from the level observed in gel-phase

membranes to that observed in fluid-phase membranes).

These profiles are bell-shaped in phospholipid membranes

without cholesterol (Fig. 6a–f). These results indicate that

a high, saturating cholesterol content is responsible for

these unique profiles and unique properties of lens-

lipid membranes. These profiles are also characteristic of

liquid-ordered-phase membranes saturated with cholesterol

(Mainali et al. 2011c, d; Subczynski et al. 1994, 2007b;

Widomska et al. 2007a), which allows us to conclude that

the entire PCD in the lens-lipid membrane is in the liquid-

ordered-like phase.

The above conclusions were based on profiles obtained

for lens-lipid membranes with Chol/PL molar ratios of *1,

in which the CBD was not observed and lipids were

organized as in Fig. 2a. Figures 3 and 4 contain profiles

obtained for lens-lipid membranes with Chol/PL molar

ratios of *2 (from the nucleus of 2 year old cow and pig

Fig. 4 Independently of the differences in the phospholipid compo-

sition of lens-lipid membranes, all these membranes have a very

similar shape of the hydrophobic barrier, with hydrophobicity in the

membrane center close to that of hexane (e = 2). Also, profiles of the

oxygen transport parameters are nearly identical with low oxygen

transport close to the membrane surface and high oxygen transport in

the membrane center. Hydrophobicity profiles (obtained at -165�C)

(a–d) and profiles of the oxygen transport parameter (obtained at

35�C) (e–h) across the PCD of lens-lipid membranes made of lipids

extracted from a 6 month old pig and calf (a, e), a 6 month old pig

after addition of cholesterol (b, f), and the cortex and nucleus of a

2 year old pig (c, g) and cow (d, h). Profiles of the oxygen transport

parameter across the CBD, which is formed in lens-lipid membranes

made of lipids extracted from a 6 month old pig after addition of

cholesterol (f) and from the nucleus of a 2 year old pig (g) and a

2 year old cow (h), are also included. Broken lines indicate the

appropriate value in the aqueous phase. Approximate localizations of

nitroxide moieties of spin labels are indicated by arrows. Hydropho-

bicity profiles (2AZ) are obtained for frozen samples to eliminate the

motional contribution. Smaller 2AZ values (upward changes in the

profiles) indicate higher hydrophobicity. Usually, the local hydro-

phobicity as observed by 2AZ is related to the hydrophobicity (or e) of

the bulk organic solvent by referring to Fig. 2 in Subczynski et al.

(1994). An oxygen transport parameter was introduced as a conve-

nient quantitative measure of the collision rate between the spin label

and molecular oxygen (Kusumi et al. 1982). It is useful to monitor

membrane fluidity, which reports on translational diffusion of small

molecules. The oxygen transport parameter is normalized to an

oxygen concentration that corresponds to the sample equilibrated with

atmospheric air. Data compiled from Raguz et al. 2008, 2009) and

Widomska et al. (2007a)

b
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lens and from 6 month old pig lenses with the addition of

excess cholesterol), in which the CBD was present and

lipids were organized as in Fig. 2b. Profiles of the order

parameter, fluidity, hydrophobicity and the oxygen

transport parameter across the bulk PCD surrounding the

CBD are very similar to those observed for membranes

with a lower cholesterol content when the CBD is not yet

observed. Similarly, profiles presented in Figs. 5 and 6 for

Fig. 5 An ordering effect of the saturating amount of cholesterol is

observed at all depths from the membrane surface to the membrane

center. However, profiles of membrane dynamics reveal that choles-

terol has a rigidifying effect only to the depth occupied by the rigid

steroid-ring structure and a fluidizing effect at deeper locations.

Profiles of the alkyl-chain order parameter (a–c) and membrane

fluidity (spin–lattice relaxation time, T1, for deoxygenated samples)

(d–f) obtained at 35�C across POPC membranes (a, d) without

cholesterol (POPC) and with cholesterol at cholesterol/POPC mixing

ratios of 1/1 (CHOL/POPC-1/1) and 3/1 (CHOL/POPC-3/1), across

ESM membranes (b, e) without cholesterol (SM) and with cholesterol

at cholesterol/SM mixing ratios of 2/1 (CHOL/SM-2/1) and 3/1

(CHOL/SM-3/1) and across model membranes made from a phospho-

lipid mixture resembling the composition of the pig lens-lipid

membrane (PL, 30% SM, 36% PC, 12% PE, 22% PS) (c, f) without

cholesterol (PL), saturated with cholesterol at a cholesterol/PL mixing

ratio of 1.1/1 (CHOL/PL-1.1/1) and oversaturated with cholesterol at a

cholesterol/PL mixing ratio of 2.1/1 (CHOL/PL-2.1/1). Approximate

localizations of nitroxide moieties of spin labels are indicated by

arrows. Data compiled from Widomska et al. (2007a)
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model membranes with saturating amounts of cholesterol

(the CBD was not yet present) and profiles for the same

membranes containing coexisting PCDs and CBDs were

nearly indistinguishable.

These data suggest that the CBD has some function

specific to the fiber-cell plasma membrane. The CBD

provides buffering capacity for cholesterol concentration in

the surrounding phospholipid bilayer, keeping it at a

Fig. 6 The saturating amount of cholesterol is responsible for

changing the bell-shaped hydrophobicity and oxygen transport

parameter profiles to the rectangular shape with an abrupt change

between C9 and C10 positions, which is approximately where the

rigid steroid-ring structure of cholesterol reaches into the membrane.

Hydrophobicity profiles (obtained at -165�C) (a–c) and profiles of

the oxygen transport parameter (obtained at 35�C) (d–f) across POPC

membranes (a, d), SM membranes (b, e) and model membranes

resembling the pig lens-lipid membrane (c, f) with different

cholesterol contents (see the caption for Fig. 5 for details). Profiles

are also included of the oxygen transport parameter across the CBD,

which is formed in the POPC membrane, with a cholesterol/POPC

mixing ratio of 3/1 (d, POPC-CBD), the ESM membrane with a

cholesterol/SM mixing ratio of 3 (e, SM-CBD) and across model

membranes resembling the pig lens-lipid membrane oversaturated

with cholesterol at a cholesterol/PL mixing ratio of 2.1/1 (f, PL-

CBD). Broken lines indicate the appropriate value in the aqueous

phase. Approximate localizations of nitroxide moieties of spin labels

are indicated by arrows. Data compiled from Widomska et al. (2007a)

and Mainali et al. (2011b)
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constant saturating level and, thus, keeping the physical

properties of the membrane consistent and independent of

changes in phospholipid composition. Our conclusions are

especially significant for human lenses because among

mammalian lenses those from humans are of the longest

life span and changes in lens phospholipid composition

with age are most pronounced (Estrada et al. 2010). Human

lens fiber cells undergo minimal cell turnover. They do not

regenerate, and cells in the center of the nucleus of an adult

human lens are as old as the individual. Membrane proteins

that perform several functions in young human lenses

perform the same functions in older lenses with altered

phospholipid compositions. Thus, the CBD plays a crucial

role in maintaining homeostasis of the lens membrane, the

only membranous structure of mature fiber cells.

Phospholipid Composition Controls Formation

of the CBD

Phospholipids surrounding the CBD cannot affect the

properties of its interior because it is a pure cholesterol

bilayer (Raguz et al. 2011a, b). However, the phospholipid

composition of the fiber-cell plasma membrane can deter-

mine the cholesterol concentration at which the CBD is

formed. This is a new and uninvestigated mechanism

through which cholesterol-dependent processes in the eye

lens could be regulated. Our hypothesis is based on the fact

that the threshold of cholesterol solubility (expressed here

as a Chol/PL molar ratio) differs significantly for simple

phospholipid membranes. The values for Chol/PS, Chol/

PC, Chol/PE and Chol/SM are 1/2, 1/1, 1/1 and 2/1,

respectively (Bach and Wachtel 2003; Epand 2003; Epand

et al. 2002; Huang et al. 1999). Here, PS, PC, PE and SM

are phosphatidylserine, phosphatidylcholine, phosphati-

dylethanolamine and ESM, respectively. Above these

concentrations, cholesterol forms CBDs in these mem-

branes. PS, PC, PE and SM are major lens phospholipids in

humans and other animals (Deeley et al. 2008). Figure 7

presents the hypothetical phase diagram for the mixtures of

these lens phospholipids, which shows the cholesterol

concentration above which the CBD is formed. It is

assumed that the CST value in the phospholipid mixture is

a weighted sum of individual thresholds with a weight

equal to the mole fraction of the individual phospholipid in

the mixture. Thus, the CBD can be formed, depending on

the composition of the mixture, already at a cholesterol

concentration of 33 mol% (for PS membranes [Raguz et al.

2011a]) up to a cholesterol concentration of 66 mol% (for

SM membranes [Mainali et al. 2011d]).

Based on these differences in the CST in different

phospholipid bilayers, we can speculate that in animals

with a long life span the phospholipid composition of the

lens membrane (Deeley et al. 2008) ensures formation of

CBDs at significantly higher cholesterol concentrations

than in animals with a shorter life span. This is illustrated

in Fig. 8, where the evaluated value of the CST in the lens-

lipid membranes of different animals is plotted as a func-

tion of animal life span. It is worth noting that in animals

(including humans), the lens phospholipid composition

changes with age in a way that delays formation of the

CBD. For example, in human lenses the most notable age-

related trend is the preferential depletion of glycerol-

phospholipids in older fiber cells and the consequent

enrichment of sphingolipids (Yappert and Borchman 2004;

Yappert et al. 2003). Thus, the CST in lens-lipid mem-

branes from old donors should be greater than that for

young donors. The cholesterol content in lens membranes

also increases with age, reaching conditions for CBD for-

mation at a certain age. Thus, the delicate balance between

changes in the lens-membrane phospholipid composition

and changes in the cholesterol content controls the for-

mation of the CBD. It is also possible that the size of the

CBD and the cholesterol exchange rate between the CBD

and the PCD are controlled by the lens-membrane

phospholipid composition. Most unexpectedly, recent

Fig. 7 Hypothetical phase diagram for mixtures of the most abundant

lens phospholipids (PS, PC, PE and SM, including dihydrosphing-

omyelin) and cholesterol. Shaded surface indicates the CST for the

mixture. For cholesterol contents above this surface, the CBD is

formed. It is assumed that the CST value in the phospholipid mixture

is a weighted sum of CSTs for individual phospholipids with a weight

equal to the mole fraction of the individual phospholipid in the

mixture. CSTs in PS, PC, PE and SM membranes are taken from Bach

and Wachtel (2003), Epand (2003), Epand et al. (2002) and Huang

et al. (1999)
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results have shown the high dynamics of cholesterol mol-

ecules in the CBD (Raguz et al. 2011a, b), which differ

from the rigid organization of cholesterol molecules in

cholesterol crystals (Borochov et al. 1995; Cheetham et al.

1989; Epand 2003; Knoll et al. 1985; Mason et al. 2003;

Wachtel et al. 1991). This new molecular-level data will

help us to better understand the physiological functions of

CBDs.

Adult human lenses exhibit extremely high cholesterol

contents, with a Chol/PL molar ratio as high as 4, which is

much higher than in the lenses of other animals and young

humans (Li et al. 1985, 1987; Rujoi et al. 2003; Zelenka

1984). This suggests that in humans, because of an

increased amount of sphingolipids, CBDs are formed in

aged lenses (first in the lens nucleus, where the cholesterol

content is extremely high), while in animals with a shorter

life span, the phospholipid composition (high amounts of

PS, PC and PE) allows formation of CBDs at much lower

cholesterol concentrations (see Deeley et al. 2008 for ani-

mal-lens phospholipid compositions).

The CBD Forms a Barrier to Oxygen Transport

Oxygen concentration in the lens is very low, reaching a

value close to zero in the lens nucleus (Eaton 1991;

Harding 1991; McNulty et al. 2004). Detailed information

about oxygen distribution within the lens is scarce: a few

measurements have been made that report oxygen partial

pressures in the human anterior cortex as low as

0.8–4.0 mmHg (Helbig et al. 1993). At the lens surface,

oxygen concentration is low as well (Fig. 1); values of *3

and *9 mmHg have been reported, respectively, at the

surface of the anterior and posterior cortex of the lens in the

healthy eye (Barbazetto et al. 2004; Bassnett and McNulty

2003; Beebe 2008; Briggs and Rodenhauser 1973; Fitch

et al. 2000; Jacobi and Driest 1966; Ormerod et al. 1987;

Shui et al. 2006; Siegfried et al. 2010). An increase in

oxygen concentration in the lens is thought to be respon-

sible for cataract formation (Borchman et al. 2000; Chung

et al. 2001; Freel et al. 2003; Harocopos et al. 2004; Hsuan

et al. 2001; Huang et al. 2006, 2008; Palmquist et al. 1984).

Thus, understanding the processes that control oxygen

transport, concentration and distribution in the lens is very

important.

Because oxygen is constantly consumed and oxygen

consumption reactions are located inside the eye lens

(McNulty et al. 2004), it is concluded that there must be a

gradient in the oxygen concentration across fiber-cell lay-

ers that builds the eye lens and creates oxygen flux into the

lens interior (Fig. 1). Oxygen consumption is necessary to

maintain a low oxygen concentration inside the eye lens

(otherwise the concentration of oxygen would be equal to

that outside the lens). Mitochondrial respiration accounts

for approximately 90% of oxygen consumption by the lens

(McNulty et al. 2004). This suggests that the outer layers of

cortical fiber cells (not yet mature and containing organ-

elles, including mitochondria) could be responsible for a

low oxygen concentration in the lens nucleus. Some

investigators have proposed that the major function of

mitochondria in the lens cortex is not to generate ATP but

to maintain lens clarity by keeping the oxygen content very

low and preventing proteins and lipids from being oxidized

(McNulty et al. 2004). The value of the oxygen concen-

tration difference across certain fiber-cell layers is deter-

mined by the rate of oxygen consumption by cells confined

inside this concentric fiber-cell layer and the oxygen per-

meability coefficient of the cell layer. A hypothetical high

barrier to oxygen permeation located at the fiber-cell

plasma membrane should help to keep oxygen concentra-

tion within the eye lens at a very low level. This is espe-

cially important for the lens nucleus. A high barrier to

oxygen permeation can help to lower oxygen partial pres-

sure in this region to even below that in the cortex if a

system to remove oxygen from the nucleus exists. This

system should depend on nonmitochondrial oxygen con-

sumption and can be formed by ascorbate- (Eaton 1991;

McNulty et al. 2004) or glutathione-dependent oxygen

consumption reactions (Beebe et al. 2011). High barriers

formed by the membranes of nuclear fiber cells can help to

maintain a low oxygen partial pressure in the lens nucleus

even at a very low oxygen consumption rate (Fig. 1 helps

to illustrate oxygen diffusion into the lens). It should be

Fig. 8 The relationship between the CST in the lens-lipid membrane

and the maximum life spans for different species. CSTs (above these

cholesterol contents the CBD should be formed) for lens-lipid

membranes were evaluated based on the phospholipid compositions

taken from Deeley et al. (2008) and the phase diagram presented in

Fig. 7. Points are for mouse (3), rat (4), chick (6), sheep (20), pig (23),

cow (30) and human (70) (maximum life-span values are indicated in

parentheses)
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stressed that oxygen must pass through thousands of fiber-

cell membranes on its way from the lens surface to its

center and a very small oxygen concentration difference

across each membrane can significantly contribute to the

oxygen concentration gradient across the eye lens. Evalu-

ation of how the main lipid domains of fiber-cell mem-

branes contribute to the resistance to oxygen transport into

the lens interior is a timely task.

Values of the permeability coefficients for oxygen

across the calf (Widomska et al. 2007b), porcine (Raguz

et al. 2008), bovine (Raguz et al. 2009) and pig (Mainali

personal communication) bulk PCD of the lens-lipid

membrane have been reported. At 37�C, they lay in the

region from 57.2 to 69.2 cm/s, compared with a value of

69.3 cm/s across a water layer of the same thickness as the

membrane. These measurements provide the upper limits

for oxygen permeability across the PCD in intact fiber-cell

membranes because proteins located in native membranes

can decrease oxygen permeability. These problems were

discussed by Widomska et al. (2007a).

Oxygen transport across the lens membrane is also

affected by CBDs that are formed in the oxygen-permeable

lipid bilayer portion of the fiber-cell membrane (Raguz

et al. 2008, 2009). However, details of oxygen transport

across the CBD are not known and need explanation. As

indicated in Fig. 2b, only cholesterol-analogue spin labels,

androstane spin label (ASL) and cholestane spin label

(CSL), can probe the CBD located within the bulk PCD.

Values of the oxygen transport parameter obtained with

ASL and CSL for the CBD allowed us to draw an

approximate profile of the oxygen transport parameter

across this domain (Figs. 4f–h and 6d–f) and calculate its

permeability coefficient for oxygen as described in Raguz

et al. (2008) and Widomska et al. (2007b). At 37�C, these

values lay in the region from 34.4 to 42.5 cm/s, compared

with the value of 85.9 cm/s across a water layer of the

same thickness as the CBD. The CBD is significantly

thinner than the bulk PCD. These data strongly suggest that

the major permeability barrier for oxygen transport into the

lens interior in the lipid bilayer portion of the fiber-cell

plasma membrane is located at the CBD. This should help

to maintain a low oxygen concentration in the lens interior

and, especially, in the human lens nucleus, where the Chol/

PL mole ratio is as high as 4 (Li et al. 1985, 1987) and the

CBD should occupy a significant part of the membrane

surface. Interestingly, age-related changes in the lipid

composition of the human lens (Borchman et al. 1994;

Huang et al. 2005; Li et al. 1985, 1987; Rujoi et al. 2003;

Truscott 2000) indicate that the resistance of the fiber-cell

plasma membrane to oxygen permeation should increase

with age and should be greater in the lens nucleus than in

the lens cortex (see also discussions in Raguz et al. 2008,

2009; Widomska et al. 2007a, b).

Saturation with Cholesterol Smoothes the Surface

of Lens-Lipid Membranes

Another significant structural feature of lens-lipid mem-

branes is the notable steepness of the profiles of the oxygen

transport parameter (Fig. 4e–h). These profiles were

obtained at 37�C when the lens-lipid membranes (which

are saturated with cholesterol) were in the fluid phase. In

these membranes, the oxygen transport parameter from the

membrane surface to the depth of the ninth carbon is as low

as in gel-phase membranes and at locations deeper than the

ninth carbon as high as in fluid-phase model membranes

without cholesterol. This very sharp (*2.5 times) increase

in the oxygen transport parameter occurs within the dis-

tance of one carbon–carbon bond (i.e., 1.3–1.5 Å) along

the alkyl chain. This transition is smooth and bell-shaped

for membranes without cholesterol (Fig. 6d–f) or that

contain a small cholesterol concentration (*30 mol%)

(Subczynski et al. 1989, 1991, 1998, 2003, 2007b). Abrupt

changes that occur in the properties of the fluid-phase

membrane are difficult to explain unless it is assumed that

at a saturating cholesterol content (1) vertical fluctuations

of membrane components are much smaller than in mem-

branes without cholesterol, (2) alignment of all membrane

components is high and (3) all cholesterol rings are

immersed to the same membrane depth, which is close to

the position of C9 in phospholipid alkyl chains. These

findings also indicate that by using saturation-recovery

EPR and lipid spin labels the main features of the oxygen

transport parameter profile can practically be obtained at

atomic resolution. Models created through molecular-

dynamics simulations (Plesnar et al. 2011) also confirm

that saturation with cholesterol narrows the distribution of

vertical positions of atoms in phospholipid and cholesterol

molecules at any bilayer depth and, as a result, smoothes

the membrane surface. Bettelheim and Paunovic (1979)

suggested that in a clear human lens most light scattering

comes from fiber-cell membranes, whose refractive index

is higher than that of the surrounding cytoplasm. Based on

this suggestion and data described above, we hypothesize

that cholesterol-induced smoothing of the membrane sur-

face should decrease light scattering and help to maintain

lens transparency.

Permeability Barriers and Hydrophobic Channels

in Membranes Saturated with Cholesterol

The lipid bilayer represents the fundamental permeability

barrier to the nonspecific passage of polar molecules into

and out of a cell due to its high hydrophobicity. The

incorporation of saturating amounts of cholesterol into

lens-lipid membranes ensures the rectangular shape of the
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hydrophobicity profile across the PCD, with the hydro-

phobicity in the membrane center comparable to that in

hexane and dipropylamine (e from 2 to 3) (Fig. 4a–d). This

greatly increases the activation energy required for polar

and small ionic molecules to pass through the membrane.

Thus, the rate-limiting step for the permeability of small

polar molecules is likely to be the process of crossing the

hydrophobic barrier at the membrane center.

The incorporation of saturating amounts of cholesterol

also creates resistance to the permeation of small hydro-

phobic molecules (like oxygen) across the membrane. To

better illustrate the transport of oxygen and other small

hydrophobic molecules within the lens-lipid membrane

saturated and oversaturated with cholesterol, we con-

structed Fig. 9, in which the inverse of the oxygen trans-

port parameter (which is a measure of resistance to oxygen

permeation [Widomska et al. 2007b]) is plotted as a

function of the position across the lens-lipid cortical and

nuclear membrane of a 2 year old cow. It can be seen that

in the PCD of cortical and nuclear membrane, a rather high

permeability barrier to oxygen transport is located in the

polar headgroup region and, in the hydrophobic region, to

the depth of the ninth carbon, which is approximately

where the rigid steroid-ring structure of cholesterol reaches

into the membrane. Resistance to oxygen permeation in

this region is much higher than resistance in the water

phase. However, resistance to oxygen permeation in the

membrane center is much less than in the water phase and

comparable to the resistance in pure phospholipid mem-

branes (see profile for pure POPC bilayer included in

Fig. 9). Thus, the rate-limiting step for permeation of

small, nonpolar molecules across the membrane (including

molecular oxygen) is likely to be the process of crossing

the rigidity barrier located near the membrane surface

(Raguz et al. 2008, 2009; Widomska et al. 2007b). Similar

conclusions can be made for the PCDs of other lens-lipid

membranes.

These results indicate that the locations of permeation

barriers are different for polar and nonpolar molecules. For

polar molecules, the major resistance to permeation is the

hydrophobic barrier in the central part of the membrane.

For nonpolar molecules, the major resistance to permeation

is the rigidity barrier near the membrane surface. We can

conclude that cholesterol has some functions specific to

lens fiber-cell membranes, which are saturated or oversat-

urated with cholesterol. Since the layers of fiber cells

separate the lens interior from the external environment,

the membrane barrier must be very high to block nonspe-

cific permeation of small molecules across the membrane

into the lens interior. Incorporation of cholesterol into the

membrane serves this purpose well because cholesterol

simultaneously raises the hydrophobic barrier for polar

molecules and increases the rigidity barrier for nonpolar

molecules.

Figure 9 also includes the profile of resistance to oxygen

permeation across the CBD, coexisting with the PCD, in

the nuclear membrane. The resistance to oxygen perme-

ation in this domain is higher than in water and in the

surrounding PCD at all depths. In the membrane center, the

difference between resistance in the CBD and the PCD is

as great as seven times.

Results presented in this review can help us to better

understand the molecular nature of the internal barrier to

diffusion of small molecules that is formed in the human

lens during middle age and is hypothesized to be a key

event in the development of age-related nuclear cataract

(Moffat et al. 1999; Sweeney and Truscott 1998). The

binding of denatured proteins to the fiber-cell membrane as

the mechanism responsible for the barrier (Friedrich and

Truscott 2009) (possibly by occluding membrane pores and

channels) is more probable than a recent hypothesis which

states that changes in membrane lipids with age may be

responsible (Deeley et al. 2010). The latter mechanism was

proposed based on results that revealed that sphingomyelin

levels increased with age in the barrier region, until

reaching a plateau at approximately 40 years of age.

Deeley et al. state that such changes in lipid composition

will have a significant impact on the physical properties of

Fig. 9 Profiles of the resistance to oxygen permeation (the inverse of

the oxygen transport parameter) across the PCD of lens-lipid

membranes made of lipids extracted from the cortex and nucleus of

a 2 year old cow at 35�C are plotted to show the oxygen permeability

barriers. The profile across the CBD that is formed in lens-lipid

membranes made of lipids extracted from a 2 year old cow is also

included. To emphasize the effect of cholesterol, the profile of the

resistance to oxygen permeation across the pure POPC membrane is

shown. The resistance to oxygen permeation in the aqueous phase is

indicated as a broken line. Oxygen transport parameter values were

taken from Fig. 4d, h

W. K. Subczynski et al.: Cholesterol and CBD in Eye Lens 63

123



fiber-cell membranes. This contrasts with our conclusion

that membrane properties, including barrier properties, are

independent of phospholipid composition until the mem-

brane is saturated with cholesterol. However, when the

cholesterol concentration is low (*30 mol%), these

membranes (especially those composed of saturated

sphingomyelin) can be very rigid (Borchman et al. 1996;

Kusumi et al. 1986; Wisniewska and Subczynski 2008).

The striking similarity between profiles of the oxygen

transport parameter (Figs. 4e–h and 6d–f) and profiles of

hydrophobicity (Figs. 4a–d and 6a–c) in lens-lipid mem-

branes and model membranes saturated with cholesterol

suggests a possibility for lateral transport of molecular

oxygen and other small, nonpolar molecules along the

inner core of the membrane (parallel to the membrane

surface), which is referred to as ‘‘hydrophobic channeling.’’

As shown in Fig. 9, the resistance to the transport of

oxygen and other small, hydrophobic molecules in the

membrane center is much lower than in the water phase

and the solubility of small, hydrophobic molecules is much

higher (as indicated by the high hydrophobicity in this

region [Figs. 4a–d and 6a–c]). To better illustrate the

phenomenon of hydrophobic channeling in lens-lipid

membranes, we constructed Fig. 10, in which we display

the temperature dependence of the permeability coefficient

for oxygen across the membrane region, where the major

resistance to oxygen permeation is located (from the

membrane surface to the depth of the ninth carbon), and for

the membrane center, where oxygen transport is enhanced

(between the tenth carbons in each leaflet). To compare the

permeability properties of certain membrane regions with

those of water, we display these data as a ratio of oxygen

permeability across the appropriate membrane region to

oxygen permeability across a water layer of the same

thickness. We observed that centers of membranes satu-

rated with cholesterol (both lens lipid and model) can serve

as channels for oxygen transport as they have a much

higher oxygen permeability than water. To escape from

these channels, oxygen has to cross high barriers, with low

oxygen permeability existing on both sides of the mem-

brane. Additionally, the activation energy for oxygen

translational diffusion in the lens-lipid membrane is sig-

nificantly greater in the region where the rigidity barrier is

located than in the membrane center (Raguz et al. 2009).

This supports our hypothesis that in the lens-lipid mem-

brane a high cholesterol content is responsible for creating

hydrophobic channels for oxygen transport parallel to the

membrane surface and, at the same time, a high cholesterol

content is responsible for creating the rigidity barrier to

oxygen transport across the membrane.

Finally, the following question is raised: Is high cho-

lesterol content in the fiber-cell plasma membrane benefi-

cial or harmful to the lens? We addressed this ‘‘conflict’’ of

membrane properties in the paper entitled ‘‘Membranes:

Barriers or Pathways for Oxygen Transport’’ (Subczynski

and Hyde 1998). This conflict is evident in the eye lens,

where the barrier to oxygen transport created by fiber-cell

plasma membranes can be beneficial, helping to maintain

low oxygen partial pressure in the lens nucleus. On the

other hand, the hydrophobic channel makes it possible for

the system of fiber-cell membranes to form conduits for

oxygen molecules from the anterior and posterior surfaces

into the deeper regions of the lens. This phenomenon could

be harmful to the lens, especially when the low oxygen

level around the lens is disturbed. Such an event can occur

after vitrectomy, when the partial pressure of oxygen at the

posterior of the human lens increases to *13 mmHg

(Siegfried et al. 2010). This increase in oxygen partial

pressure is associated with rapid (less than 2 years) opac-

ification of the lens nucleus. Also, in older individuals,

when the structure of the vitreous body breaks down

(Harocopos et al. 2004), decreasing the rate of ascorbate-

dependent oxygen consumption within the vitreous fluid

(Shui et al. 2009), the posterior of the lens is exposed to the

increased oxygen partial pressure (Beebe et al. 2011). In

these conditions, pathways for oxygen transport provided

by the fiber-cell membranous system supply more oxygen

to the lens center, disturbing the delicate balance between

oxygen consumption and oxygen delivery and increasing

Fig. 10 The permeability coefficient for oxygen across a specific

membrane region, P0M(EPR), relative to that across a water layer of

the same thickness as the membrane region, P0W(EPR)—i.e.,

P0M(EPR)/P0W(EPR)—for cortical and nuclear lens-lipid membranes

of a 2 year old cow plotted as a function of temperature. Both

P0M(EPR) and P0W(EPR) were obtained by the EPR method. Open
symbols indicate the membrane region from the membrane surface to

the depth of the ninth carbon (measurements with T-PC, 5-PC, 7-PC

and 9-SASL), and closed symbols indicate the membrane region

between the tenth carbons in each membrane leaflet (measurements

with 10-, 12-, 14- and 16-PC)
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oxygen partial pressure in the lens nucleus, which, as a

consequence, leads to cataract development.

Concluding Remarks

In our opinion, the amount of data collected for lens-lipid

membranes and model membranes saturated and oversatu-

rated with cholesterol is sufficient to determine the signifi-

cant functions of cholesterol and CBDs specific to the

fiber-cell plasma membranes of the eye lens. Mechanisms of

these functions, which manifest themselves through cho-

lesterol-induced changes in the properties and organization

of the lipid bilayer portion of the fiber-cell plasma

membrane, are explained on the molecular level. This was

possible thanks to the abilities of molecular probe methods

(EPR spin labeling) using phospholipid- and cholesterol-

analogue spin labels. The local information coming from the

small nitroxide moiety (attached to a specific position of the

lipid molecules) allowed us to build a fairly complete three-

dimensional dynamic structure of the lens lipid membrane

and to obtain three-dimensional distribution of membrane

properties. In this case, ‘‘three-dimensional’’ means the

ability to get information about the lateral organization of the

membrane (including coexisting domains) and to obtain

membrane properties in each domain as a function of the

third dimension (namely, the membrane depth).

We are aware of the limitations of the conclusions and

hypotheses presented in this review, which were made

based on measurements using lens-lipid membranes

formed from lipids extracted from eye lenses. Intact eye-

lens membranes are loaded with membrane proteins, which

raises questions and concerns as to what extent the con-

clusions presented above can apply. These concerns outline

the future direction of our work, which requires that

experiments are performed with intact membranes and,

possibly, with simple reconstituted membranes made of

lens-lipid extracts and lens-membrane proteins.

Our study of the functions of cholesterol in simple models

should also help us to better understand its functions in intact

membranes. Such steps in the investigation of the properties

and organization of the lipid-bilayer portion of fiber-cell

plasma membranes are necessary. Without this research, it is

not possible to understand clearly the mechanisms by which

intrinsic proteins affect the properties of the lipid bilayer. We

will investigate the properties of the lipid-bilayer portion of

intact lens membranes further; but it is not an easy task, and it

will take some time to clarify existing methodological

problems before results can be obtained with the same con-

fidence we have in our lens-lipid membrane measurements.

However, based on data from the literature and our own

studies, we can predict major changes in the properties of the

lipid-bilayer portion of intact fiber-cell plasma membranes

(which are dense with integral membrane proteins)

compared to the properties of lens-lipid membranes. Lipids

around monomers of integral membrane proteins are more

immobilized than bulk lipids (Jost et al. 1973; Ryba et al.

1987), and even more immobilized are lipids trapped within

aggregates of integral membrane proteins (Ashikawa et al.

1994). Additionally, oxygen permeability across boundary

and bulk lipid domains is strongly reduced (Ashikawa et al.

1994; Kawasaki et al. 2001). Because proteins are nearly

impermeable to oxygen (Altenbach et al. 1994; Subczynski

et al. 1992), the effective oxygen permeability coefficient

across the fiber-cell plasma membrane should be equal to the

oxygen permeability coefficient evaluated for the lipid-

bilayer portion of the membrane multiplied by a factor pro-

portional to the surface area of the lipid-bilayer portion and

divided by the surface area of the entire membrane. Thus, we

can conclude that the intact fiber-cell membrane forms a

significantly greater barrier to oxygen permeation than the

lens-lipid membrane.

At this stage, the conclusions presented here are valid

for model membranes, and our investigations have filled a

gap in membrane research by providing profiles of physical

properties across membranes saturated and oversaturated

with cholesterol. Profiles are also valid for membranes that

contain a small amount of membrane proteins, where the

amount of bulk lipids exceeds the amount of lipids in

immediate contact with proteins.
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Abstract In this study the interaction of the antitumoral

drug daunorubicin with egg phosphatidylcholine (EPC)

liposomes, used as a cell membrane model, was quantified

by determination of the partition coefficient (Kp). The

liposome/aqueous-phase Kp of daunorubicin was deter-

mined by derivative spectrophotometry and measurement

of the zeta-potential. Mathematical models were used to fit

the experimental data, enabling determination of Kp. In the

partition of daunorubicin within the membrane both

superficial electrostatic and inner hydrophobic interactions

seem to be involved. The results are affected by the two

types of interaction since spectrophotometry measures

mainly hydrophobic interactions, while zeta-potential is

affected by both interpenetration of amphiphilic charged

molecules in the bilayer and superficial electrostatic

interaction. Moreover, the degree of the partition of dau-

norubicin with the membrane changes with the drug con-

centration, due mainly to saturation factors. Derivative

spectrophotometry and zeta-potential variation results,

together with the broad range of concentrations studied,

revealed the different types of interactions involved. The

mathematical formalism applied also allowed quantifica-

tion of the number of lipid molecules associated with one

drug molecule.

Keywords Biomimetics � Membrane � Drug interaction �
Liposome � Absorption spectroscopy � Zeta-potential

Introduction

Biological membranes act as a physiological barrier for a

drug in its path to reach the site of action. The diffusion

(through the phospholipidic cell membrane) is a key step in

the absorption and distribution of a drug as well as, ulti-

mately, its action in the organism. The molecule must enter

the membrane within the polar headgroup region, diffuse

through the lipophilic hydrocarbon double layer and

emerge throughout the headgroup region on the inner side.

Even in cases where a specific transporter is involved, the

drug’s ability to interact with the membrane is often highly

correlated with the velocity or extent of the transportation.

This ability depends on the drug’s hydrophilic/lipophilic

equilibrium, which can be quantitatively expressed as a

partition coefficient.

The n-octanol/water partition coefficient (KO/W) has

been correlated with the hydrophobicity of drugs since the

studies of Hansch and coworkers in the 1970s (Leo et al.

1971; Hansch and Dunn 1972). The n-octanol/water sys-

tem, however, is only an approximation of the actual

environment found in the interface between the cellular

membranes and extracellular/intracellular fluids since it is

an isotropic environment.

Liposomes are self-closed structures composed of

amphiphilic lipids that form a bilayer encompassing an
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aqueous compartment and have been extensively used as

cell membrane models (Peetla et al. 2009). Liposomes

present a membrane structure similar to the cellular one, in

which the lipophilic hydrocarbon region is sandwiched

between two ordered polar headgroup regions, and a sys-

tem more appropriate for determining partition coefficients

than the traditional n-octane/water method.

We studied the interaction of the antitumoral drug

daunorubicin with the membrane of unilamellar liposomes

composed of phosphatidylcholine. Daunorubicin (Fig. 1) is

a natural antitumoral drug classified as an anthracycline,

widely used to treat acute lymphocytic and granulocytic

leukemia; but its use is restricted by its toxicity and mul-

tidrug resistance (MDR) (Agrawal et al. 2005). MDR is

greatly dependent on the overexpression of P-glycoprotein

(P-gp) multidrug transporter, which acts by decreasing

intracellular drug concentrations through an ATP-depen-

dent efflux of drug throughout the lipid bilayer (Romsicki

and Sharom 1999). Being an integral membrane protein,

the partition of the substrate into the bilayer before it

interacts with the transporter is probably a requirement.

Therefore, the binding affinity of drugs to P-gp is highly

correlated with their ability to partition into the lipid

membrane (Romsicki and Sharom 1999). Moreover, this

ability determines the amount of drug which is able to

effectively cross the cellular and nuclear membranes and

reach the DNA and topoisomerase II, which are the main

sites of action of daunorubicin (Gallois et al. 1996).

As daunorubicin is a positively charged molecule at

physiological pH, it can interact electrostatically with the

biological membrane and will probably display a much

higher affinity for the lipid bilayer than supposed from the

KO/W. Electrostatic interaction of the positively charged

anthracycline antibiotics with the negatively charged car-

diolipin, a lipid abundant in heart tissue, is thought to be

involved in drug localization in heart tissue and in the high

cardiotoxicity observed with these drugs (Ratna and Burke

1995). On the other hand, the incorporation of an ionized

drug into a neutral membrane modifies the membrane’s

surface charge density, restraining the access of more drug

molecules to be incorporated and thus decreasing the

apparent partition coefficient.

In this context, the study of the mechanisms governing

daunorubicin membrane interaction, either partitioning or

electrostatic, is crucial.

Liposome/buffer partition coefficients (Kp) can be

determined by different methods, including phase separa-

tion (for a comparative review on phase separation meth-

ods, consult Dipali et al. 1996). Since techniques used to

separate the free drug from the liposome-encapsulated drug

can potentially cause leakage of contents and, in some

cases, uncertainty in the extent of separation, research

using methods that do not rely on separation are of interest

(Edwards and Baeumner 2006).

We used two different techniques to evaluate the Kp of

daunorubicin without separation of phases: derivative

spectrophotometry and zeta-potential evaluation.

Materials and Methods

Materials

Egg phosphatidylcholine (EPC) and daunorubicin were

from Sigma (St. Louis, MO) and used as received. All other

chemicals were from Merck (Darmstadt, Germany). Solu-

tions were prepared with HEPES buffer (10 mM,

I = 0.1 M, pH 7.4). The ionic strength was adjusted with

NaCl.

Vesicle Preparation

Liposomes were prepared by the thin film hydration

method. In this method, a solution of lipid in chloroform

was evaporated to dryness with a stream of nitrogen. The

lipid film, in an amount that would provide a final lipid

concentration of around 2 mM, was then left under vacuum

overnight to remove all traces of the organic solvent. The

resultant dried lipid film was dispersed using HEPES buffer

and the mixture vortexed to yield multilamellar vesicles

(MLVs).

Lipid suspensions were equilibrated at 25�C for 30 min

and further extruded 10 times (10 ml LipexTM Thermo-

barrel Extruder; Northern Lipids, Burnaby, Canada)

through polycarbonate filters (Nucleopore, Pleasanton, CA)

with a diameter pore of 100 nm, to form large unilamellar

vesicles (LUVs, stock solution). The EPC concentration in

all vesicle suspensions was determined by phosphate

analysis using the Fiske and Subbarow phosphomolybdate

method (McClare 1971).

Derivative Spectrophotometry

The EPC stock suspension was diluted to prepare a set of

suspensions with different EPC concentrations (rangeFig. 1 Chemical structure of daunorubicin
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0–1,400 lM), in which the drug concentration was kept

constant in each assay but varied between assays

(10–85 lM). A set of ‘‘blank’’ suspensions was prepared

for each assay. After a period of 2 h in the dark, at 25�C, to

allow drug partition equilibrium to be established, the

spectra of all suspensions were collected by means of a

double-beam spectrophotometer (V-650; Jasco, Easton,

MD), at 25�C. The second derivative spectra were calcu-

lated after spectra smoothing, with Origin 8.5.1 software

(OriginLab, Northampton, MA), using 13 points for the

derivative calculus. Partition coefficients were determined

by performing a nonlinear fitting of the proposed mathe-

matical model (Eq. 2) to the experimental data using the

same computer software.

Zeta-Potential and Size Determinations

For these studies, EPC concentration was kept constant

(460 lM) in all the suspensions of the set and drug con-

centration ranged from 0 to approximately 200 lM across

the set.

Size distribution of the extruded vesicles was deter-

mined by quasi-elastic light scattering analysis (Malvern

ZetaSizer 5000; Malvern Instruments, Malvern, UK), using

a helium-neon laser (633 nm) as a source of incident light,

operating at a scattering angle of 90� and a temperature of

25.0�C, assuming a medium viscosity of 0.89 cP and a

medium refractive index of 1.33.

Theory/Calculations

Determination of Partition Coefficients by Derivative

Spectrophotometry

The theoretical background for the determination of par-

tition coefficients by derivative spectrophotometry has

been described previously (Castro et al. 2001; Marcelino

et al. 2007). Briefly, the technique is based on the evalu-

ation of the discrete spectral variations presented by the

drug in the presence of increasing lipid concentrations. The

main drawback is the high degree of scattering presented

by the lipid solutions in the ultraviolet region, which can be

attenuated by spectra derivation, since scattering has a

negligible effect on derivatives. Moreover, this technique

increases the sensitivity of spectroscopy since spectral

details are enhanced and overlapping bands are separated.

The liposome/buffer partition coefficient is defined as

the ratio between the number of moles of membrane-bound

drug (nm) per liter of phospholipid and the number of moles

of free drug (nw) per liter of buffer. This relation can be

expressed as a function of bound drug ([Am]), free drug

([Aw]) and lipid ([L]) concentrations and the lipid molar

volume (VU).

Kp ¼
nm=VL

nw=Vw

¼ Am½ �
Aw½ � L½ �VU

ð1Þ

The derivative intensities can be related with the

partition coefficient by the following expression (Castro

et al. 2001):

AbsT ¼ Absw þ
Absm � Abswð ÞKp L½ �VU

1þ Kp L½ �VU
ð2Þ

where AbsT, Absm and Absw are the total (solution of the

drug-containing lipid), lipid and aqueous derivative

absorbance of the drug, respectively; Kp is the partition

coefficient; [L] is the lipid concentration; and VU is the

lipid molar volume. For EPC, the mean molecular weight

was considered to be 770 and VU = 0.688 M-1 (White

et al. 1987).

Determination of Partition Coefficients by Zeta-

Potential

The experimentally determined zeta-potential values can

also be used to calculate partition coefficients, using a

mathematical formalism fully explained in Matos et al.

(2004) and used with other charged molecules previously

(Ferreira et al. 2005a, b). Basically, the theory is based on

the assumption that the membrane charging is a conse-

quence of the stepwise incorporation of the charged drug.

The use of Gouy-Chapman theory allows for the calcula-

tion of the amount of charged drug that has entered the

membrane. Considering that zeta-potential is the potential

measured at 2 Å
´

from the particle surface (Winiski et al.

1988; Eisenberg et al. 1979), one can calculate the

parameter a, the membrane potential at 0 nm (W0), and the

surface charge density (r), using the set of mathematical

relations described in detail in Matos et al. (2004). The

number of charged molecules per area unit (r*) can be

calculated since r* = r.N/F. The r* value can be used to

calculate the molar concentration of a positively charged

drug in the membrane ( Aþm
� �

) as

Aþm
� �

¼ r� L½ �aL

1� r� aA

ð3Þ

where aL is the molecular surface area of the lipid, aA is the

molecular surface area of the drug (daunorubicin), N is the

Avogadro number and F is the Faraday constant. The value

used for aL was 60 Å2 (Rooney et al. 1983) and that for aA

was 75 Å2 (Heywang et al. 1998).

The calculation of the free drug concentration can now be

achieved using a mass balance ([AT] = Aþm
� �

? Aþw
� �

) since

the total amount of drug added to the system, [AT], is known
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and the drug is mainly (94%) in its ionized form. The value

for the partition coefficient, Kp, can be obtained using Eq. 1.

The values of r�max (maximum number of charged

molecules per area unit) can be obtained from the plot of r�

versus [AT], fitting the binding isotherm (Connors 1987):

h ¼ Kb AT½ �
1þ Kb AT½ � ð4Þ

in which h, the degree of saturation, is given by h ¼
r�=r�max.

Knowledge of r�max allows calculation of �n, the mole

ratio of lipid/drug (Matos et al. 2004):

r�max ¼
1

aA þ �n aLð Þ ð5Þ

Results

Determination of Partition Coefficients by Derivative

Spectrophotometry

Second derivative absorption spectra of daunorubicin in the

presence of increasing lipid concentrations are shown in

Fig. 2, together with the second derivative spectra of the

‘‘blank’’ lipid suspensions. As can be observed, the inter-

ference caused by the presence of liposomes was com-

pletely eliminated with the second derivative. Usually,

LUV suspensions cause strong Rayleigh light scattering,

especially in the UV region, hampering spectroscopic data

collection and making necessary the use of high derivative

orders (third or fourth), with consequent loss of signal to

noise ratio. However, as daunorubicin absorbs in the visible

region, where scattering is minimal, the second derivative

provides an adequate elimination of lipid effect.

An increase in the derivative peaks is observed when the

lipid concentration changes from 0 to ca. 1,400 lM (drug

concentration kept constant). The derivative spectra show

the existence of isosbestic points, which can indicate the

existence of equilibrium between drug in polar aqueous

and in nonpolar EPC bilayer phases (Castro et al. 2001).

Data points from the drug spectra (AbsT in Eq. 2) were

collected at 539 nm, a wavelength where scattering elim-

ination was effective and the drug presented an intense

peak, in order to achieve the best signal to noise ratio.

Equation 2 was fitted to the experimental second

derivative spectrophotometric data, using a nonlinear least-

squares regression method (Fig. 3), at wavelengths where

the scattering is completely eliminated. The value of Kp

obtained in HEPES buffer (pH 7.4) for daunorubicin was

1,084 ± 206 (mean and standard deviation of seven inde-

pendent assays), but there appeared to be a decrease in

partition as drug concentration increased, as can be

observed in Fig. 4.
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Fig. 3 Second-derivative spectrophotometric data at k = 539 nm

for daunorubicin in different concentrations of EPC liposomes. Curve
represents best fit to Eq. 2
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Fig. 4 Variation of partition coefficients on the concentration of

daunorubicin obtained by derivative spectrophotometric (diamonds)

and by zeta-potential measurements with (triangles) and without

(squares) electrostatic effect corrections
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Fig. 2 Second derivative spectra of daunorubicin in different

concentrations of EPC liposomes (from 0 [1] to 1,400 [10] lM),

and of ‘‘blank’’ EPC liposomes (arrow)
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Zeta-Potential and Size Determinations

The mean particle size of ‘‘blank’’ liposomes was 125 nm.

Suspensions of liposomes with increasing concentrations of

daunorubicin show a stepwise increase in vesicle diameter,

reaching 305 nm for higher drug amounts. Similarly,

results of zeta-potential for daunorubicin-incubated lipo-

somes showed an increase from -7.2 to 1.3 mV (from 0 to

170 lM drug).

The variation of zeta-potential indicates that daunoru-

bicin interacts with the membrane, causing a shift in its

surface potential. The observed increase in size is too large

to be considered only an expansion of the liposome due to

drug incorporation and is probably affected by vesicle

aggregation.

Comparison of Partition Coefficients Determined

by Derivative Spectrophotometry and Zeta-Potential

Variation

The results for partition coefficients determined by deriv-

ative spectrophotometry and zeta-potential variation are

represented in Fig. 4 and Table 1, and two conclusions can

be extracted:

1. For the lower drug concentrations (\20 lM), the Kp

values obtained by zeta-potential evaluation (Fig. 4,

squares) are around one-third higher than the ones

obtained by derivative spectrophotometry (Fig. 5, dia-

monds). Since the liposome membrane is slightly

negative in the absence of daunorubicin, the electro-

static superficial interaction (sensed mainly by zeta-

potential) can be responsible for this difference. For

higher drug concentrations, the partition of the posi-

tively charged daunorubicin, A?, will lead to a neutral-

ization of the membrane charge, this electrostatic

attraction is diminished and the Kp values obtained by

the two techniques are similar. Calculations of Kp were

made (corrected) using the concentration of the charged

form at the interface, Aþi
� �

, instead of its bulk concen-

tration, Aþw
� �

. The value for Aþi
� �

can be obtained by the

Boltzmann equation (McLaughlin and Harary 1976),

and it is higher than Aþw
� �

due to the ionic attraction.

Results for the corrected Kp (Fig. 4, triangles) show that

the values obtained with this correction are not very

different from the ones obtained with derivative spec-

trophotometry (diamonds).

2. A decrease in the partition coefficients can be observed

as the drug concentration is increased. This decrease,

although often described in the literature (Takegami

et al. 2008), can be considered a deviation to the

Nernst partition law since partition is an equilibrium

state and the partition coefficient should be a constant.

Such a decrease is probably due to a saturation effect:

as the concentration of drug in the membrane

increases, the maximum solubility of the drug in lipid

is achieved and a minimum lipid/drug ratio is attained.

The values of r�max (maximum number of charged

molecules per area unit) can be obtained from the plot of r�

versus [AT], fitting the binding isotherm (Eq. 4). Fitting is

shown in Fig. 5. The value of r�max obtained was

4.7 9 10-3 molecules/Å2, while �n was 29 molecules of

lipid per molecules of drug.

Discussion

Daunorubicin is an amphoteric molecule, containing acidic

functions (the ring phenolic groups) and a basic function (the

sugar amino group). It is amphiphilic, the anthracycline ring

being lipophilic and the sugar amino together with the

hydroxyl groups being hydrophilic. The sugar amino group

has a pKa of 8.6 (Gallois et al. 1996), which, applying the
Table 1 Values for the liposome/buffer partition coefficients (Kp)

obtained by two different methods: derivative spectrophotometry and

zeta-potential determination

Derivative

spectrophotometry

Zeta-potential determination

Daunorubicin

concentration (lM)

Kp Daunorubicin

concentration (lM)

Kp
a Kp

b

10 1,631 7 2,702 1,690

14 1,150 13 1,820 1,284

19 1,131 20 1,349 1,024

25 1,198 33 796 628

44 872 67 551 568

87 703 167 174 356

In the case of results obtained with zeta-potential, Kp
a were calculated

using the bulk drug concentration and Kp
b were calculated using the

interfacial drug concentration, calculated by the Boltzmann equation
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Fig. 5 Dependence of number of charged molecules per unit area

(r�) on the concentration of daunorubicin at pH 7.4 in the presence of

EPC. Curve represents best fit to Eq. 4
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Henderson-Hasselbalch equation, gives a 94% positive

ionization at the working pH value (7.4). Amphiphilic drugs

that carry a positive charge can interact electrostatically with

the negatively charged phosphate of the headgroup region of

the bilayer, while the nonpolar portion inserts into the

hydrophobic core. The overall result is an interfacial parti-

tioning of the drug.

The daunorubicin partition in the membrane reflects the

different types of interaction that an amphiphilic molecule

can perform with a lipidic membrane, as a result of the

structured bidimensional membrane, that holds a polarized

superficial layer and a nonpolar inner core. This structure

allows amphiphilic molecules to penetrate and orientate

their polar part to the surface and nonpolar part to an inner

position. Such an inner interaction can lead to a spectral

modification as electronic distribution in the drug molecule

is perturbed by the nonpolar environment, which can in

extent lead to bathochromic effects, visible in the deriva-

tive spectra here presented.

On the other hand, a drug bearing a charged group can

establish electrostatically driven interactions with positive or

negative groups of the membrane, such as the negative

phosphate or the positive amine groups. Such interactions

appear, in the case of anthracyclines, to play a very important

role in cardiotoxic effects (Ratna and Burke 1995).

Daunorubicin presents a spectral variation when it interacts

with the membrane, which is an indication that the molecule

establishes an inner partition. Nevertheless, an electrostatic

interaction is also likely to occur, especially for lower drug

concentrations, before membrane charging begins to cause

electrostatic repulsion. Figure 4 shows that the results

(squares) obtained by zeta-potential are higher than the results

from derivative spectrophotometry (diamonds) for lower drug

concentrations, possibly because of a superficial electrostatic

attraction of the positive drug by the negative liposome. As

drug concentration increases, this effect diminishes due to

neutralization and then inversion of the liposome charge.

When corrected for electrostatic effects, both techniques yield

similar results. It appears that for lower drug concentrations

(\20 lM), electrostatic interaction plays an important role in

the interaction; for higher drug concentrations ([20 lM) the

process is hydrophobically driven. Another finding was the

decrease in Kp as drug concentration increases. That can be

observed with the two techniques used and attributed to a

saturation effect of the membrane, which is achieved when the

lipid/drug ratio is around 30.

Gallois et al. (1996) determined the Kp for daunorubicin

using negatively charged liposomes and found a value of

1,900 ± 540, which is higher than the values obtained in

our study, probably due to some degree of electrostatic

interaction as the positive drug can be attracted to the

negative lipid. These authors also concluded that dauno-

rubicin interaction does not depend on the drug’s or

liposome’s charge, and in another study Gallois et al.

(1998) detected only hydrophobic interactions by this

molecule. These findings are probably due to the tech-

niques used (fluorimetry and circular dichroism) or the

drug concentration used (in fact, for higher drug concen-

trations there is only hydrophobic partition).

Conclusions

This article describes the interaction of daunorubicin with

the membrane of EPC liposomes. In the interaction of

daunorubicin with the membrane, both electrostatic and

hydrophobic forces seem necessary for the stabilization of

anthracyclines in the lipid bilayer. The determination of Kp

by derivative spectrophotometry is based on the spectral

changes occurring when drug and membrane interact and

thus must reflect mostly the hydrophobic interaction. On

the other hand, zeta-potential variations reflect a charge

increase, caused by the partition of a charged molecule in

the lipid bilayer.

Our results show that for lower drug concentrations

(\20 lM) the electrostatic attraction to the membrane

strongly accounts for the global partition coefficient, while

for higher drug concentrations the hydrophobic interpene-

tration is the main single driven force for the interaction.

Another finding was the saturable nature of daunorubi-

cin interaction within the membrane. In fact, a minimum of

30 lipid molecules seems to be necessary to dissolve each

drug molecule in the bilayer environment.
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Abstract The present work was initiated to investigate

regulation of the taurine transporter TauT by reactive

oxygen species (ROS) and the tonicity-responsive enhancer

binding protein (TonEBP) in NIH3T3 mouse fibroblasts

during acute and long-term (4 h) exposure to low-sodium/

hypo-osmotic stress. Taurine influx is reduced following

reduction in osmolarity, keeping the extracellular Na?

concentration constant. TonEBP activity is unaltered,

whereas TauT transcription as well as TauT activity are

significantly reduced under hypo-osmotic conditions. In

contrast, TonEBP activity and TauT transcription are sig-

nificantly increased following hyperosmotic exposure.

Swelling-induced ROS production in NIH3T3 fibroblasts is

generated by NOX4 and by increasing total ROS, by either

exogenous application of H2O2 or overexpressing NOX4,

we demonstrate that TonEBP activity and taurine influx are

regulated negatively by ROS under hypo-osmotic, low-

sodium conditions, whereas the TauT mRNA level is

unaffected. Acute exposure to ROS reduces taurine uptake

as a result of modulated TauT transport kinetics. Thus,

swelling-induced ROS production could account for the

reduced taurine uptake under low-sodium/hypo-osmotic

conditions by direct modulation of TauT.

Keywords NADPH oxidase � Hyponatremia �
Osmolyte transport � Hypo-osmolal

Introduction

The ability to restore cell volume following osmotic per-

turbation is pivotal for cell function, and we have recently

reviewed the intracellular signaling events evoked by cell

swelling and cell shrinkage, as well as the biophysical and

pharmacological characteristics of volume-sensitive trans-

porters for organic and inorganic osmolytes (Hoffmann

et al. 2009; Lambert et al. 2008). Mammalian cells restore

their cell volume following osmotic perturbation; i.e., KCl,

organic osmolytes (amino acids/sugars), and water are

released to or taken up from the extracellular compartment

following cell swelling and cell shrinkage, respectively

(Hoffmann et al. 2009). The organic acid taurine is quan-

titatively an important osmolyte in mammalian cells, and

even though taurine is mainly recognized through its con-

tribution to the cellular pool of organic osmolytes, it has in

recent years turned out that taurine modulates multiple

cellular functions through stabilization of membrane

integrity, modulation of ion channel activity, shifts in

membrane phospholipid content and, hence, activity of

enzymes embedded in the membrane (Jong et al. 2010) or

elimination of reactive oxygen species (ROS) and thereby

limitation in lipid peroxidation (Goodman et al. 2009).

Taurine is taken up from the extracellular compartment via

the Na?-dependent taurine transporter TauT and released

via a volume-sensitive leak pathway which is permeable to

a range of organic osmolytes (Lambert and Hansen 2011;

Hall et al. 1996; Lambert 2004). Expression of TauT is

regulated by p53, c-Jun, WT1 (Wilms tumor gene 1) and

TonEBP (Chesney et al. 2010; Lambert 2004), whereas
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TauT activity is acutely controlled through direct phos-

phorylation/dephosphorylation of TauT and/or a regulator

of TauT (Hansen et al. 2011; Jacobsen et al. 2008; Voss

et al. 2004; Lambert 2004). The volume-sensitive leak

pathway has not been cloned but is often referred to as the

volume-sensitive organic anion channel (VSOAC) (Hansen

et al. 2011; Lambert 2004).

ROS in limited quantities are considered essential sec-

ond messengers, whereas ROS in larger quantities become

harmful to cell function and cause cell damage and cell

death. ROS production increases following osmotic cell

swelling (Supplementary Fig. 2) (Diaz-Elizondo et al.

2006; Friis et al. 2008; Lambert 2003; Varela et al. 2004;

Ørtenblad et al. 2003; Hansen et al. 2011) as well as

osmotic cell shrinkage (Zhou et al. 2006; Yang et al. 2005;

Eisner et al. 2006), and it has previously been shown that

ROS potentiate the swelling-induced taurine release, pre-

sumably through inactivation of protein tyrosine phospha-

tases and, hence, an increase in the phosphorylation of

tyrosine residues of enzymes involved in the activation of

the volume-sensitive taurine transporter or the transporter

itself (Hansen et al. 2011; Lambert 2003). It appears that

NADPH oxidases constitute the catalytic core for ROS

production under hypo-osmotic conditions (Friis et al.

2008), whereas ROS under hyperosmotic conditions are of

mitochondrial origin (Zhou et al. 2006). Hyperosmotically

induced transcription of TauT is under the control of the

tonicity-responsive enhancer binding protein (TonEBP).

TonEBP is transactivated by ROS under hyperosmotic

conditions (Zhou et al. 2006), whereas TonEBP mRNA is

reduced and TonEBP retained in the cytoplasm under

hypo-osmotic conditions (Woo et al. 2000).

Hyponatremia involves several clinical conditions that

affect as much as 22% of hospitalized patients (see Loh and

Verbalis 2008). Hyponatremia results in decreased sodium

plasma levels from approximately 150 to\135 mM and is

often associated with hypo-osmolarity caused by excessive

renal water retention (Wakil et al. 2011; Upadhyay and

Gormley 2011). Hyponatremia and generally cell swelling

have been associated with increased oxidative stress

(Barsony et al. 2011; Haussinger and Schliess 2008; Friis

et al. 2008). Previous studies have demonstrated depletion

of organic osmolytes, e.g., the brain taurine pool being

reduced to 17% following chronic hyponatremia (Clark

et al. 1996; Massieu et al. 2004). We initiated the present

work to test whether hyponatremic/swelling-induced ROS

production, besides initial potentiation of the swelling-

induced taurine release, would modulate TauT activity

directly or indirectly through TonEBP activity and TauT

transcription, altering taurine uptake following hypo-

osmotic hyponatremic exposure.

Materials and Methods

Cell Culture

NIH3T3 fibroblasts were grown at 37�C, 5% CO2 in

75 cm2 tissue culture flasks (Cellstar; Greiner Bio-One,

Frickenhausen, Germany) in DMEM (335 mOsm) supple-

mented with 10% fetal bovine serum (FBS) and 1% peni-

cillin/streptomycin. Cells were subcultured every 3–4 days

using 0.25% trypsin in phosphate-buffered saline (PBS)

containing 137 mM NaCl, 2.6 mM KCl, 6.5 mM

Na2HPO4, and 1.5 mM KH2PO4. Penicillin, streptomycin,

Dulbecco’s modified Eagle medium (DMEM), fetal calf

serum and trypsin were from Invitrogen (Naerum,

Denmark).

Media

Media for Taurine Influx and Estimation of ROS

iso-osmotic DMEM (335 mOsm) contained (in mM) 1.4

CaCl2, 0.4 MgSO4, 5.4 KCl, 44 NaHCO3, 110 NaCl, 0.79

NaH2PO4, and 25 D-glucose supplemented with 2 ml

amino acid solution (Sigma R7131; Sigma, St. Louis, MO)

per liter. Low Na? hypo-osmotic DMEM (200 mOsm) was

obtained by reduction of NaCl to 34 mM. Low Na? iso-

osmotic DMEM (335 mOsm) was obtained from the low

Na? hypo-osmotic DMEM by supplementation with

0.85 mmol sucrose per millimole reduction in NaCl

(21.8 g/l) (Hoffmann and Lambert 1983). Iso-osmotic

NaCl Ringer (335 mOsm) contained (in mM) 158 NaCl, 5

KCl, 1 Na2HPO4, 1 CaCl2, 0.1 MgSO4, and 10 HEPES (N-

2-hydroxyethyl piperazine-N0-2-ethanesulfonic acid). Low

Na? hypo-osmotic NaCl Ringer (200 mOsm) was prepared

by reduction of the NaCl concentration in the iso-osmotic

NaCl medium to 91 mM. Low Na? iso-osmotic NaCl

Ringer (335 mOsm) was prepared from low Na? hypo-

osmotic NaCl Ringer by supplementation with sucrose as

described above for DMEM. Ringer for Na? kinetic

experiments was prepared by substituting N-methyl-D-

glucamine for Na?.

Media for TonEBP/mRNA Assays

Hypo-osmotic DMEM (200 mOsm) and hyperosmotic

DMEM (500 mOsm) were obtained by dilution of DMEM

(iso-osmotic, Invitrogen) with buffered water (5 mM

HEPES) and addition of 80 mM NaCl, respectively. All

media were supplemented with 10% FBS and 1% peni-

cillin/streptomycin.
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Taurine Influx

NIH3T3 cells were grown to 80% confluence in six-well

polyethylene dishes (9.6 cm2/well). Influx was estimated in

cells preincubated for 4 h with the indicated DMEM

medium or exposed acutely to the indicated NaCl Ringer.

Prior to influx, cells were washed two times by gentle

aspiration/addition of 600 ll of the respective medium/

Ringer. 3H-taurine (Amersham, Aylesbury, UK; 629 GBq/

mmol) was added to cells in well 1.5 at 0, 3, 6, 9, and

12 min, respectively (final taurine concentration 4.5 nM).

At 15 min taurine uptake was terminated by removal of the

extracellular medium, rapid addition/aspiration of 1 ml ice-

cold MgCl2 (115 mM), followed by cell lysis with 200 ll

96% ethanol. The ethanol was blown off and the cellular
3H-taurine extracted by addition of 600 ll ddH2O

(30 min), which was transferred to a scintillation vial for

estimation of 3H activity (b-scintillation counting, Ultima

Gold
TM

; Perkin-Elmer, Waltham, MA). Each well was

washed twice with ddH2O. The total 3H-taurine (cpm)

taken up by the cells at a given time point was in each case

estimated as the sum of 3H activity in the cell extract and

water washouts. Uptake (cycles per minute in each well)

was converted to nanomoles per gram of protein using the

extracellular specific activity and the protein content

(milligrams of protein per well). The latter was estimated

in the sixth well by the Lowry et al. (1951) method using

BSA as standard. TauT affinity for Na?, maximal transport

rate and Na?:taurine stoichiometry were estimated by fit-

ting taurine uptake at various Na? concentrations in N-

methyl-D-glucamine chloride to a Hill-type equation as

previously described (Hansen et al. 2011).

TonEBP Activity—Luciferase Assay

The -1233-1105 TonEBP-luciferase plasmid (-1233-1105)

and the -1233-1105 TonEBP-luciferase mutant plasmid

(-1233-1105 M) were kind gifts from Dr. J. D. Ferraris

(National Institutes of Health, Bethesda, MD). The con-

structs were made as outlined (Trama et al. 2000; Zhou

et al. 2005). Briefly, the -1233-1105 construct contains the

binding motif for TonEBP, fused upstream to the luciferase

gene, whereas the mutant has a nonfunctional binding

motif. The constructs were transformed into DH10a-com-

petent cells and subsequently isolated using E.Z.N.A

Fastfilter Midi Kit (Omega Bio-Tek, Norcross, GA; cat. no.

D690503). NIH3T3 cells were grown to 50% confluence in

a six-well dish prior to transfection. Transient transfection

was performed using Lipofectamine 2000 (Invitrogen, cat.

no. 11668-027) according to the manufacturer’s instruc-

tions. Briefly, 1 lg of plasmid was mixed with 5 ll Lipo-

fectamine 2000 and 200 ll serum-free DMEM without

penicillin/streptomycin and left at room temperature for

30 min. The cells in one well of the six-well dish were

incubated in 1.8 ml serum-free DMEM without penicillin/

streptomycin, and 200 ll transfection solution was added.

The transfection medium was substituted with 2 ml of

DMEM containing serum 2.5 h later. Cells were transfec-

ted 48 h before experimental use.

All luciferase measurements were performed following

4 h incubation in iso-osmotic, hyperosmotic, or hypo-

osmotic DMEM. Transfected cells (-1233-1105) were

lysed in 120 ll cell culture lysis buffer (Sigma, cat. no.

C-4707) and left for 15 min at room temperature. Cell

debris was removed and protein content estimated

according to the principles of the Lowry et al. (1951)

method. Luciferin assay reagent (100 ll; luciferase assay

buffer plus luciferase assay substrate; Promega, Madison,

WI; cat. no. E1501) was added to 20 ll cell lysates and the

luciferase activity estimated with a RamCon (Birkerod,

Denmark) Fluostar Optima plate reader. Luminescence was

normalized by background subtraction (-1233-1105 M-

transfected cells) and calculated relative to the amount of

protein in the sample.

TauT mRNA—qPCR

NIH3T3 fibroblasts were grown to 70–80% confluence in

tissue culture flasks (75 cm2). Cells were washed once in

PBS, trypsinized and spun down (6009g) and total mRNA

was isolated according to the manufacturer’s instructions,

using the GenElute Mammalian Total RNA miniprep kit

(Sigma). Total mRNA (1,500 ng) was used for cDNA

synthesis using random nonamers (Sigma) and Superscript

II avian reverse transcriptase (Invitrogen). cDNA was

synthesized under the following conditions: 500 nM dNTP

(each) and 1,500 ng total mRNA were mixed with 2.5 lM

random nonamers, incubated for 10 min at 25�C, heated to

65�C for 10 min and finally transferred to ice. Reaction

buffer, 200 units Superscript II (Invitrogen) and 10 lM

dithiothreitol (DTT) were added to the sample, which was

incubated at 25�C for 10 min, 42�C for 50 min and finally

72�C for 10 min. Following incubations, samples were

transferred to ice.

qPCR was performed using the Brilliant SYBR� green

qPCR Master Mix (Agilent, Palo Alto, CA). Triplet mea-

surements of TauT and b-actin expression were performed

on each sample. Briefly, 25 ll reaction mixtures were

made containing 112.5 ng cDNA, 19 master mix, 30 nM

reference dye and 100 nM primer mix (TauT: forward

50-ATCCTGGGCTTCATGGCACAAG-30, reverse 50-AT

AGACCAAAAGGTGGGCAGCG-30; b-actin: forward 50-
AGAGCTATGAGCTGCCTGAC-30, reverse 50-GGATGC

CACAGGATTCCATAC-30). qPCR was performed under

the following conditions: 10 min at 95�C, followed by 40

cycles of 30 s at 95�C, 1 min at 60�C, 1 min at 72�C and a
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single final elongation step for 3 min at 72�C. The mean CT

value was calculated. TauT expression in each sample was

calculated relative to b-actin expression to normalize dif-

ferences in cDNA in each sample. Subsequently, values

from each sample were calculated relative to the iso-

osmotic control.

NOX4 Construct

Total RNA was isolated from mouse kidney renal cortex,

using GenElute mammalian total RNA mini prep (Sigma,

cat. no. RTN70). NOX4 was cloned using the Superscript

III One-step RT-PCR system with Platinum Taq High

Fidelity (Invitrogen, cat. no. 12574-030) with specific

NOX4 primers (forward 50-GAGAATTCTGGCGGTGTC

CTGGAGG-30, reverse 50-GGGGTACCTCAGCTGAAG

GATTCTTTATTGTATTC-30). An EcoRI site was incor-

porated at the 50 end and a KpnI site at the 30 end, and

whole NOX4 PCR fragment was cloned into a pCMV-HA

vector (Clontech, Palo Alto, CA; cat. no. 631604). The

constructs were transformed into DH10a-competent cells

and subsequently isolated using E.Z.N.A Fastfilter Midi kit.

The constructs were sequenced by MWG-Biotech (Milton-

Keynes, UK). NIH3T3 fibroblasts were mock-transfected

(transfection medium only) or transfected with the NOX4

construct using Lipofectamine 2000 (see above) or L-PEI.

In the latter case, 3 lg of plasmid was mixed with 150 mM

NaCl to a final volume of 100 ll and 9.6 ll L-PEI was

mixed with 150 mM NaCl to a final volume of 100 ll. The

L-PEI solution was added to the plasmid solution during

vortexing. The final solution was mixed for 15 s and left at

room temperature for 20 min Growth medium was changed

to 1,300 ll DMEM without serum or antibiotics. Plasmid

solution (200 ll) was added per well dropwise. Cells were

left with the plasmid solution for 3–4 h before changing

medium back to DMEM with serum. Cells were left for

transfection 48 h before experimental use.

Estimation of ROS Production

ROS production was estimated as previously described

(Hansen et al. 2011). Cells grown on pretreated coverslips

were preincubated in serum-free growth medium contain-

ing the ROS-sensitive fluorescent probe carboxy-

H2DCFDA (25 lM, 2 h). Coverslips were washed with iso-

osmotic NaCl medium and placed in iso-osmotic, hyper-

osmotic or hypo-osmotic NaCl medium. ROS was esti-

mated at 37�C on a thermostatic PTI (Princeton, NJ) Ratio

Master spectrophotometer using excitation and emission

wavelengths of 490 and 515 nm, respectively. ROS pro-

duction was estimated from the initial increase in fluores-

cence from 0 to 20 s.

Western Blotting

Cell lysates were prepared in lysis buffer (1% SDS,

150 mM NaCl, 20 mM HEPES, 1 mM EDTA, 0.5% Triton

X-100, 1 mM NaVO3, and 1% protease inhibitor mix).

SDS-PAGE gel electrophoresis was carried out in 10%

Bis–Tris gels using NuPAGE MOPS SDS running buffer

(Invitrogen). Proteins were transferred to nitrocellulose

membranes using NuPAGE transfer buffer (Invitrogen) and

the membranes blocked in TBST (0.01 M Tris–HCl,

0.15 M NaCl, 0.1% Tween 20, pH 7.4) containing 5%

nonfat dry milk. Proteins were probed with antibodies

against NOX4 (Novus Biologicals, Littleton, CO) or his-

tone H3 (Santa Cruz Biotechnology, Santa Cruz, CA).

Protein–antibody complexes were visualized using BCIP/

NBT (KPL, Gaithersburg, MD).

MTT Assay—Cell Viability

The MTT calorimetric assay was used to estimate the ability

of cells to convert the yellow soluble tetrazolium salt 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) into a blue insoluble formazan precipitate. Cells were

seeded in 96-well microplates (16 9 103 in 200 ll medium)

and incubated overnight (37�C, 5% CO2). H202 was added,

and cells were incubated for 4 h. The MTT solution (5 mg/ml

sterilized PBS) was added (25 ll/well) and the plate incu-

bated (37�C, 5% CO2) for 3 h. One hundred microliters of

SDS–HCl solution (5 ml 0.01 M HCl, 0.5 g SDS) was added

to each well and mixed to lyse the cells and solubilize the

colored formazan crystals. Samples were measured at

570 nm using a FLUOstar OPTIMA 96-well microplate plate

reader (BMG Lab Technologies, Offenburg, Germany). Data

are reported in terms of relative cell viability compared to

control cells with no H2O2. Absorbance values were assumed

to be directly proportional to the number of viable cells. Each

experiment was performed in triplicate.

Statistics

All data are presented either as individual experiments or

as mean values ± standard error of the mean (SEM). Sta-

tistical evaluation is based on two-way ANOVA or a

Student’s t-test (specified in legends).

Results

Taurine Uptake is Reduced by Osmotic Cell Swelling

per se

Taurine uptake in NIH3T3 mouse fibroblasts was previ-

ously shown to be totally Na?-dependent and eliminated in
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the presence of the taurine analog b-alanine (Voss et al.

2004), indicating that taurine uptake in the fibroblasts is

mediated by TauT. From Fig. 1a, b it is seen that reduction

in the total extracellular Na? concentration from 150 to

80 mM for 4 h, keeping osmolarity constant with sucrose,

results in a significant reduction in the taurine influx in

NIH3T3 cells to 56% of the iso-osmotic value (compare

‘‘iso-osmotic’’ to ‘‘low Na? iso-osmotic’’). From Fig. 1a, b

it is also seen that reduction in the extracellular osmolarity

from 335 to 200 mOsm, keeping the extracellular Na?

concentration constant at 80 mM, leads to an additional

50% reduction in taurine uptake (compare ‘‘low Na?
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Fig. 1 The reduction in taurine uptake following hypo-osmotic

exposure is independent of NOX4 activity. Taurine uptake (nmol g

protein-1) was estimated by the tracer technique in NIH3T3 cells

exposed to either 4 h iso-osmotic DMEM, low Na? hypo-osmotic

DMEM (200 mOsm) and low Na? iso-osmotic DMEM (335 mOsm,

adjusted to osmolarity by addition of sucrose) or acutely (Acute) to

iso-osmotic NaCl, low Na? hypo-osmotic NaCl and low Na? iso-

osmotic NaCl (335 mOsm, adjusted to osmolarity by addition of

sucrose), as described in Materials and Methods. Taurine influx

(nmol g protein-1 min-1) was estimated by linear regression of

taurine uptake within 15 min. a Taurine uptake following 4 h

incubation in the respective DMEM solutions. Data represent three

sets of paired experiments. b Taurine influx (4 h and acute) in cells

exposed for 4 h to the DMEM solutions (4 h) or acutely to the NaCl

medium. Absolute values for controls are 0.056 ± 0.002 nmol g

protein-1 min-1 (4 h, n = 3) and 0.222 ± 0.019 nmol g protein-1

min-1 (acute, n = 4). Significance was determined using two-way

ANOVA with Bonferroni post test, comparing treatments within the

acute and 4 h groups, respectively. c Taurine influx in cells exposed

acutely to iso-osmotic and low Na? iso-osmotic NaCl with or without

acute exposure to 0.5 mM H2O2. Absolute values for controls are

0.230 ± 0.016 nmol g protein-1 min-1 (iso-osmotic, n = 3) and

0.089 ± 0.015 nmol g protein-1 min-1 (low Na? iso-osmotic,

n = 3). Significance was determined with Student’s t-test (paired,

one-sided) comparing influx with and without ROS/acute with the

respective control. d Taurine influx estimated in cells acutely exposed

to low Na? iso-osmotic or low Na? hypo-osmotic NaCl. NOX4

overexpression was carried out as described in Materials and

Methods. BHT (0.5 mM) was present during the influx experiments.

Statistical evaluation by two-way ANOVA with Bonferroni post test

comparing influx from each treatment with the respective control;

e.g., BHT-treated cells were compared with untreated, whereas

NOX4-overexpressing cells were compared with mock-treated cells

under iso-osmotic and hypo-osmotic conditions. All values are given

relative to the respective control ± SEM. *P \ 0.05, **P \ 0.01,

***P \ 0.001 compared to the respective control; #P \ 0.05,
##P \ 0.01 compared to low Na? iso-osmotic
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iso-osmotic’’ to ‘‘low Na? hypo-osmotic’’). Hence, TauT

activity is reduced by 4 h exposure to hypo-osmotic con-

ditions due to reduction in the extracellular Na? concen-

tration as well as reduction in the extracellular osmolarity,

i.e., osmotic cell swelling. This is similar to observations in

Ehrlich ascites tumor cells (Hoffmann and Lambert 1983).

To test whether reduced expression or membrane locali-

zation of TauT is responsible for the decreased taurine

uptake under long-term hypo-osmotic conditions (4 h), we

compared taurine uptake in cells exposed to 4 h reduction

in the extracellular osmolarity with cells exposed acutely to

hypo-osmotic conditions. From Fig. 1b it is seen that tau-

rine uptake is reduced to the same extent following 4 h and

acute reduction in the extracellular Na? concentration

(compare dark gray bars at 4 h and acute) and in extra-

cellular osmolarity (compare light gray bars at 4 h and

acute). As acute and 4 h reduction in Na? and osmolarity

give the same reduction in influx, it is suggested that the

reduction in taurine uptake is most likely caused by direct

inhibition of TauT. Similarly, it was previously shown in

Ehrlich ascites cells that the regulation of the activity of

another osmoregulatory transporter, NKCC1, by changes in

osmolarity is not related to the number of transport mole-

cules present in the membrane (Hoffmann et al. 1986).

ROS Reduce Taurine Uptake under Conditions

with Low Extracellular Na?

Protein phosphorylation is modulated by ROS as protein

phosphatases contain a redox-sensitive cysteine group in

the catalytic site, rendering them inactive when oxidized by

otherwise weak oxidants, such as H2O2 (Sommer et al.

2002; Meng et al. 2002; Wright et al. 2009; Barchowsky

et al. 1995; Lee et al. 1998). ROS production in NIH3T3

cells is increased under hyperosmotic (Supplementary

Fig. 1) as well as hypo-osmotic (Supplementary Fig. 2)

conditions, and we speculated whether the reduced taurine

uptake following hypo-osmotic cell swelling (Fig. 1b)

reflects a ROS-induced shift in TauT’s Na? sensitivity.

From Supplementary Fig. 3a and Fig. 1c it is seen that

acute exposure to 0.5 mM H2O2 has no detectable effect on

taurine uptake under either hyperosmotic or iso-osmotic

conditions, respectively, whereas 0.5 mM H2O2 results in a

significant reduction in taurine influx under iso-osmotic

conditions with low extracellular Na? concentration. It is

emphasized that the effect of ROS in the latter case was

tested in a medium with low Na? concentration, which was

supplemented to isotonicity with sucrose in order to avoid

taurine influx via the swelling-induced and ROS-sensitive

taurine release pathway (Hansen et al. 2011; Lambert

2007). Exposure to 2 mM H2O2 was previously reported to

reduce taurine uptake in NIH3T3 cells under iso-osmotic

conditions (Voss et al. 2004). However, long-term

exposure (4 h) to 0.5 mM H2O2 is accompanied by a

reduction in taurine uptake as well as cell survival; i.e.,

acute exposure to a high dose or long-term exposure to a

low dose of H2O2 is likely to kill NIH3T3 cells (Supple-

mentary Fig. 3b).

Kinetic analysis of taurine uptake versus the extracel-

lular Na? concentration (medium supplemented to isoto-

nicity with NMDG) revealed that acute exposure to

0.5 mM H2O2 increased the Na?:taurine stoichiometry

significantly by 17 ± 7% (control 1.93 ± 0.14, H2O2-

treated 2.24 ± 0.06, n = 4), whereas it had no significant

effect on the TauT affinity for Na? (control 81 ± 13 mM,

H2O2-treated 72 ± 2 mM, n = 4) or the maximal transport

rate (H2O2 relative to control 0.94 ± 0.11, n = 4). ROS is

generated by NOX4 under hypo-osmotic conditions in

NIH3T3 cells (Supplementary Fig. 2), and in order to

determine whether ROS produced by NOX4 could mimic

the effect of acute exposure to H2O2 and cause a reduction

in TauT taurine transport under conditions with low

extracellular Na? concentration, we used ROS scavenging

by butylated hydroxytoluene (BHT) (Lambert 2003) and

overexpression of NOX4. There is a roughly similar

reduction in taurine uptake with ROS acute and NOX4

(compare Fig. 1c, d). ROS scavenging with BHT has no

significant effect on taurine uptake at low extracellular Na?

concentration under iso-osmotic and hypo-osmotic condi-

tions (Fig. 1d), indicating that ROS scavenging has no

effect on taurine uptake at low extracellular Na?

concentrations.

TauT mRNA is Reduced under Hypo-Osmotic

Conditions

TauT transcription in mammalian cells is upregulated by

TonEBP under hyperosmotic conditions (Miyakawa et al.

1998, 1999b), and we have previously shown that 4 h

hyperosmotic exposure increases TauT activity in, e.g.,

NIH3T3 cells (Voss et al. 2004). As the effects of hypo-

osmotic exposure on taurine uptake appeared to be acute

and independent of TauT transcription, we tested whether

TonEBP activity and TauT transcription were actually

unaffected by prolonged exposure to hypo-osmotic condi-

tions. From Fig. 2 it is seen, in accordance with previous

data, that exposure of NIH3T3 cells to hyperosmotic con-

ditions results in a significant 16-fold increase in TonEBP

activity within 16 h (Fig. 2a) and an almost twofold

increase in TauT mRNA within 4 h (Fig. 2b). However,

TonEBP activity is unaffected by 16 h hypo-osmotic

exposure (Fig. 2a), which is in agreement with previously

demonstration of a reduction in TonEBP mRNA and

retention of TonEBP in the cytoplasm under hypo-osmotic

conditions (Woo et al. 2000). However, despite the unaf-

fected TonEBP activity, TauT mRNA is reduced after 4 h

82 D. B. Hansen et al.: TauT Regulation by ROS and TonEBP

123



hypo-osmotic exposure (Fig. 2b). A selection of cells

expressing low TauT as the cause of the observed data is

most unlikely as kinetic analysis (Voss et al. 2004)

revealed that there is only one population of NIH3T3 cells

(one Km value for taurine) and that the time frame of our

experiments is very short. Hence, TauT mRNA levels

correlate with TonEBP activity under long-term hyperos-

motic conditions but not under long-term hypo-osmotic

conditions.

Using NOX4-overexpressing cells, we tested whether

ROS generated by NOX4 could affect TonEBP activity and

TauT transcription. It is seen that the increase in TonEBP

activity following hypertonic exposure in NOX4-over-

expressing cells is comparable to that in native cells,

whereas there is a significant decrease in TonEBP activity

under hypo-osmotic conditions (4 h) (Fig. 3a). The sig-

nificant reduction in TonEBP activity under hypo-osmotic

conditions compared to iso-osmotic conditions is taken to

indicate that TonEBP is negatively regulated by excess
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Fig. 2 Effect of long-term hyper- and hypo-osmotic conditions on

TonEBP activity and TauT transcription. TonEBP activity and TauT

transcription were estimated in NIH3T3 cells exposed to iso-osmotic,

hyperosmotic or hypo-osmotic medium (DMEM) for 16 and 4 h,

respectively. a For estimation of TonEBP activity, cells were

transfected with luciferase-plasmid and incubated with the indicated

medium and luciferase activity was estimated as indicated in

Materials and Methods. b TauT mRNA transcription was estimated

by qPCR. cDNA was generated from mock-transfected NIH3T3 cells,

and qPCR was performed using primers specific for TauT mRNA as

indicated in Materials and Methods. Values are given relative to their

respective iso-osmotic control ± SEM. Data in (a) represent seven

sets of paired experiments. Data in (b) represent four and five sets of

paired experiments for hyperosmotic and hypo-osmotic, respectively.

Statistical evaluation for (a) and (b) by Student’s t-test (paired, one-

sided) comparing hyperosmotic or hypo-osmotic to iso-osmotic

control, respectively. *P \ 0.05, **P \ 0.01 compared to iso-

osmotic control
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Fig. 3 NOX4 regulates TonEBP activity, but not TauT transcription,

under hypo-osmotic conditions. TonEBP activity and TauT transcrip-

tion were estimated in NIH3T3 cells exposed for 4 h to iso-osmotic or

hypo-osmotic medium (DMEM). Cells were transfected with NOX4

(hatched bars) or mock-transfected (open bars) as described in

Materials and Methods. TonEBP activity and TauT mRNA were

estimated as described in the legend to Fig. 2 and Materials and

Methods. a TonEBP activity in NOX4-transfected cells relative to

non-transfected iso-osmotic control. b TauT mRNA transcription in

mock- and NOX4-transfected cells. Values are given relative to their

respective iso-osmotic control ± SEM. Data in (a) represent seven

sets of experiments. Data in (b) represent four (hypo-osmotic) and

three (NOX4) sets of experiments. Statistical evaluation for (a) and

(b) by Student’s t-test (paired, one-sided) comparing hyperosmotic,

hypo-osmotic or hypo-osmotic?NOX4 to the respective iso-osmotic

control. Values are given relative to iso-osmotic control ± SEM.

*P \ 0.05, **P \ 0.01 compared to iso-osmotic control
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ROS produced by NOX4 under hypo-osmotic conditions.

From Fig. 3b it is seen that TauT mRNA transcription is

unaltered under hypo-osmotic conditions when over-

expressing NOX4. Thus, the increased ROS availability

generated from NOX4 under hypo-osmotic conditions does

not seem to suppress TauT transcription via the altered

TonEBP activity.

To test these results, we applied ROS (H2O2) and the

phosphatase inhibitor vanadate and estimated TonEBP

activity. Unexpectedly, we found that both ROS and van-

adate reduced TonEBP activity significantly when added

acutely to NIH3T3 cells preincubated under hyperosmotic

conditions (16 h, 500 mOsm), i.e., immediately before

lysis and estimation of luciferase activity (Supplementary

Fig. 4a). Mg2?-dependent ATPases are inhibited by vana-

date (Bond and Hudgins 1980; Hanocq-Quertier et al.

1988), and as the luciferase used in this assay requires

Mg2? as cosubstrate (Promega technical bulletin 281), the

observed acute effect of vanadate on the TonEBP assay is

most likely a result of luciferase inhibition. Thus, H2O2 and

vanadate most likely interfere directly with luciferase

activity. Furthermore, prolonged exposure to H2O2

(0.5 mM) under hyperosmotic conditions results in signif-

icantly reduced TauT transcription (Supplementary

Fig. 4b); this is, however, most likely an effect of the

significant cell death following prolonged exposure to

H2O2 (Supplementary Fig. 3b). The effect of H2O2 and

vanadate on TonEBP activity and TauT transcription will

therefore not be discussed further.

Discussion

Active taurine uptake in mammalian cells is fueled by the

prevailing Na? gradient, and TauT activity is regulated by

various protein kinases, e.g., protein kinase A (PKA) and

PKC plus casein kinase 2 (CK2) (Hansen et al. 2011;

Jacobsen et al. 2008; Voss et al. 2004). We find here, in

agreement with previous results (Hoffmann and Lambert

1983), that osmotic cell swelling per se results in an inhi-

bition of taurine uptake. Acute regulation of TauT often

involves a shift in the maximal transport capacity (Vmax), the

substrate concentration required for half-maximal transport

activity (Km values for taurine [Km taurine] and Na? [Km Na])

and/or the Na?:taurine transport stoichiometry (Lambert

2004). In the case of NIH3T3 fibroblasts, we recently

demonstrated that phosphorylation, mediated by the con-

stitutively active serin/threonine kinase CK2, reduces the

affinity of TauT toward Na? plus the maximal transport

activity and increases the Na?:taurine stoichiometry and

that the effect of CK2 inhibition on TauT activity was more

pronounced at an extracellular Na? concentration close to

Km Na (Hansen et al. 2011). Osmotic cell swelling is

accompanied by an increase in the production of ROS in

NIH3T3 mouse fibroblasts, porcine myotubes, HTC cells

(liver-derived cell line), HEK293 cells, collecting duct cells

and neonatal rat cardiomyocytes (Zhou et al. 2006; Diaz-

Elizondo et al. 2006; Friis et al. 2008; Lambert 2003; Varela

et al. 2004; Ørtenblad et al. 2003; Hansen et al. 2011); and

we have recently shown that a NOX4/p22phox complex

constitutes the catalytic core of the volume-sensitive

NADPH oxidase in NIH3T3 fibroblasts (Friis et al. 2008).

Furthermore, NADPH-oxidase activity has been assigned a

role in the increased ROS production during hyponatremia

(Haussinger and Schliess 2008). It thus seemed likely that

taurine uptake could be modulated by ROS following hypo-

osmotic/hyponatremic conditions.

The present data indicate that acute exposure to 0.5 mM

H2O2 under iso-osmotic conditions has no detectable effect

on taurine uptake at standard extracellular Na? concen-

tration, whereas H2O2 reduces uptake under conditions

with low extracellular Na? (Fig. 1c). NOX4 overexpres-

sion increases the swelling-induced ROS production in

NIH3T3 cells and, similar to H2O2 exposure, appears to

reduce taurine uptake under conditions with low extracel-

lular Na? concentration (Fig. 1c, d). We also find that the

Na?:taurine transport stoichiometry is increased by addi-

tion of 0.5 mM H2O2; i.e., lower concentrations of Na? are

required for equivalent taurine uptake following addition of

H2O2 as long as the concentration of sodium is above Km

Na. Increased availability of ROS under hypo-osmotic

conditions can partly explain the observed reduction in

taurine uptake when the extracellular Na? concentration is

reduced. However, the increased Na?:taurine stoichiome-

try by ROS will only reduce the uptake of taurine at Na?

concentrations below Km Na. As the Na? concentration is

not reduced below Km Na even under severe hyponatremia,

this effect is probably not pathophysiologically relevant.

ROS—TonEBP—Tonicity Sensitivity

Long-term regulation in NIH3T3 cells, following contin-

uous exposure to hyperosmotic stress or substrate (taurine),

relies on the transcriptional modulation of the gene

encoding TauT (Voss et al. 2004). The transcriptional

increase in the expression of the Na?-dependent co-trans-

porters, sodium/myo-inositol co-transporter (SMIT),

sodium/chloride/betaine co-transporter (BGT1), and TauT

is facilitated by the cis-element tonicity-response enhancer

(TonE) (Miyakawa et al. 1998; Rim et al. 1998), which is

regulated by TonEBP (Han et al. 2006; Ito et al. 2004; Jeon

et al. 2006; Miyakawa et al. 1999b). TonEBP plays a key

role in the protection of cells from prolonged increase in

the extracellular osmolarity by increasing the cellular

content of osmolytes through transcription of co-trans-

porters for organic and inorganic osmolytes (Han et al.
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2006; Ito et al. 2004; Jeon et al. 2006; Miyakawa et al.

1999a, 1999b). Mice lacking functional TonEBP

(TonEBP-/-) have a severe renal medulla degeneration

caused by low levels of SMIT, aldose reductase and TauT

expression (Lopez-Rodriguez et al. 2004). TonEBP is

evenly distributed between the cytosol and nucleus under

iso-osmotic conditions, whereas hyperosmolarity increases

and hypo-osmolarity decreases the nuclear fraction (Woo

et al. 2000; Miyakawa et al. 1999b; Cha et al. 2001; Tong

et al. 2006). In accordance, hyperosmotic stress results in

increased expression and activation of TonEBP (Lopez-

Rodriguez et al. 2004; Woo et al. 2002; Zhou et al. 2006;

Cai et al. 2005), whereas TonEBP transcription is reduced

and nuclear export accelerated during hypo-osmotic stress

(Woo et al. 2000; Tong et al. 2006). TonEBP activity and

nuclear translocation are regulated by serine and tyrosine

phosphorylation (reviewed in Burg et al. 2007; Aramburu

et al. 2006). The increased TonEBP activity following

hyperosmotic exposure involves mitochondrial release of

ROS (Zhou et al. 2005, 2006; Ferraris et al. 2002). In the

present study we demonstrate that TonEBP activity is

similarly stimulated under hyperosmotic conditions but

unaffected under hypo-osmotic conditions (Fig. 2). In

NOX4-overexpressing NIH3T3 cells TonEBP activity is

still increased under hyperosmotic conditions, whereas

TonEBP activity is significantly reduced under hypo-

osmotic conditions (Fig. 3).

Figure 4 summarizes data and illustrates modulation of

taurine uptake by TauT in NIH3T3 cells following osmotic

stress. TauT transcription is generally assumed to follow

TonEBP activity. This is also the case for TauT tran-

scription under hyperosmotic conditions (Fig. 2). However,

we find that under long-term hypo-osmotic exposure the

downregulation of TauT transcription is not secondary to

reduced TonEBP activity as (1) TonEBP activity is unal-

tered whereas TauT mRNA is reduced (Fig. 2) and (2)

stimulation and hindrance of TonEBP activity by increased

NOX4 expression do not correlate with TauT transcription

level (Fig. 3). The lack of correlation between TonEBP

activity and TauT transcription under hypo-osmotic con-

ditions could indicate that TauT transcription is dependent

on other transcription factors inactivated by hypo-osmo-

larity. Under hyperosmotic conditions, ROS generated

from the mitochondria are reported to stimulate TonEBP

transactivation via a hyper-osmotically induced transacti-

vation domain (TAD) (Zhou et al. 2006), and we hypoth-

esize that the primary effect of ROS on TonEBP-TAD is an

increased sensitivity toward tonicity. In this scenario ROS

stimulate TonEBP transactivation under conditions with

high extracellular ion concentrations, whereas TonEBP

transactivation is further suppressed by NOX4-generated

ROS under conditions with low extracellular ion concen-

trations. Our current hypothesis is that ROS-mediated

interference with TauT kinetics is only visible under con-

ditions with very low Na? concentrations, i.e., concentra-

tions significantly lower than those observed under hypo-

osmotic hyponatremia, but will have no effect on taurine

transport under conditions with high or normal extracel-

lular Na? concentrations. The hypo-osmotically induced

reduction in TauT mRNA will reduce TauT activity fol-

lowing prolonged osmotic stress. The reduction in cellular

taurine content following hyponatremia is probably domi-

nated by increased taurine leak, whereas more chronic

conditions can involve the reduction in TauT mRNA.
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Abstract Nocardia asteroides is a pathogenic bacterium

that causes severe pulmonary infections and plays a vital

role in HIV development. Its electron transport chain

containing cytochromes as electron carriers is still undis-

covered. Information regarding cytochromes is important

during drug synthesis based on cytochrome inhibitions.

In this study we explored the electron transport of N. as-

teroides. Spectroscopic analysis of cytoplasm and mem-

branes isolated from N. asteroides indicates the presence of

soluble cytochrome-c, complex-II and the modified a1c1

complex as the terminal oxidase. The molecular weight of

the respiratory complex-II isolated and purified from the

given bacterium was 103 kDa and was composed of three

subunits, of 14, 26 and 63 kDa. Complex-II showed sym-

metrical a-absorption peaks at 561 nm in the reduced state.

Spectral analysis revealed the presence of only one heme

b molecule (14-kDa subunit) in complex-II, which was

confirmed by heme staining. Heme b content was found to

be 9.5 nmol/mg in complex-II. The electron transport chain

of N. asteroides showed the presence of soluble cyto-

chrome-c, cytochrome-a1c1 and cytochrome-b.

Keywords Cytochrome � Complex-II � SQR activity �
Electron transport chain

Introduction

Nocardia asteriodes is a member of the family Nocardia-

ceae, order Actinomycetales (Bordet et al. 1972). It is the

most common pathogen that can cause pulmonary disease,

followed by Nocardia brasiliensis. It is a gram-positive,

partially acid-fast, aerobic organism that causes suppura-

tive and granulomatous lesions in humans. An increasing

number of Nocardia infections have been noted in the past

20 years as a result of increasing numbers of immuno-

compromised hosts and improvement in laboratory identi-

fication techniques (Welsh et al. 1995). This enhancement

has also been associated with advances in organ trans-

plantation and increases in HIV infections in the past two

decades (Brown-Elliott et al. 2006).

The respiratory electron transfer chain of bacteria is

usually composed of enzyme complexes I–IV, cytochromes,

ubiquinone and complex V (ATP synthase). Electrons are

transferred from NADH and succinate (cytoplasmic electron

carriers) to membrane-bound reductases, which in turn

reduce quinone. These electrons are then transferred directly

to the cytochrome-c oxidase pathway or through the quinol-

O2 oxidoreductase pathway (Dudkina et al. 2005; Megehee

et al. 2006; Schultz and Chan 2001; Adams and Turnbull

1996; Shabbiri et al. 2010). Complex-I of the electron

transport chain is composed of NADH-quinone oxidore-

ductase, complex-II is composed of succinate coenzyme O

reductase (SQR), complex-III is generally composed of ubi-

quinone–cytochrome-c oxidoreductase, while cytochrome

c-oxidase acts as complex-IV, also known as the terminal

enzyme of the respiratory chain (Loskovich et al. 2005;

Ferguson 2001).

The electron transfer mechanism in gram-positive bac-

teria is still poorly understood, whereas detailed informa-

tion on gram-negative bacteria is available (Croal et al.
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2004; Rabaey et al. 2007). Several types of cytochrome-

c of low molecular mass have been reported. In gram-

positive bacteria there is much less of a chance of finding

soluble cytochrome because of the absence of an outer

membrane or periplasmic space. The cytochrome-c binding

surface of the oxidase is topologically outside the cell

(Megehee et al. 2006). However, N. asteroides is a partially

acid-fast bacterium and can have structural similarities to

both gram-positive and -negative bacteria (Beaman 1973),

so there might be a chance of finding soluble cytochrome-c.

In bacteria, complex-II acts as a dehydrogenase and plays

a role in the tricarboxylic acid cycle. It serves as the only

direct link between activity in the citric acid cycle and

electron transport in membranes. This complex is composed

of membrane-bound and water-soluble moieties. Heme

cytochrome-b is present in a membrane-bound moiety,

while flavin adenine dinucleotide (FAD) and iron sulfur

clusters are present in a water-soluble moiety (Brown 2000;

Cecchini et al. 2002; Doi et al. 1983). Although cytochrome-

b is generally present in association with SQR, the exact role

of this component is yet to be determined. Previous studies

have shown that complex-II can contain one or two heme bs

per SQR (Qureshi et al. 1996; Melo et al. 2004).

Complex-IV or terminal oxidase is usually heme-

Cu-oxidase, composed of two catalytic subunits, I and II.

Subunit-I contains two heme clusters. The first heme, usually

heme ‘‘a,’’ acts as an electron input device to the second

heme ‘‘a3’’ with copper (Michel et al. 1998; Palmer 1987).

Subunit-II processes the electron donation and contains a Cu

center. These vertically arranged enzymes transfer charge

across the membrane, and electrons are passed to O2. Some

variations in complex-IV have been reported, such as

replacement of heme b or o with heme a and heme c in place

of a3 (Michel 1998; Berg et al. 2002).

In the present study, we analyzed the cytoplasmic and

membrane proteins of N. asteroides and report the presence

of soluble cytochrome-c, membrane-bound heme b and ter-

minal oxidase a1c1. Furthermore, we also purified and char-

acterized membrane-bound complex-II from N. asteroides.

Materials and Methods

Materials

Sodium succinate and DEAE-Sephadex were purchased

from Sigma (St. Louis, MO, USA). DEAE-Bio-Gel and

Bio-Gel-P100 were from Bio-Rad (Richmond, CA, USA).

Commassie brilliant blue dye was from Fischer (Fairlawn,

NJ, USA). Triton X-100, Tris-salt and DCPIP were from

Fluka (Buchs, Switzerland). Pyridine and sodium dithionate

were from BDH (Toronto, Canada). Nutrient agar, nutri-

ent broth, SDS, EDTA and potassium dochromate were

purchased from Merck (Darmstadt, Germany). All other

chemicals used in this study were of extra-pure grade.

Organism and Culture Conditions

N. asteroides strain NRRL-B-3828 was kindly given by

Dr. Quratulain Syed (Pakistan Council of Scientific and

Industrial Research Laboratories Complex, Lahore, Paki-

stan). N. asteroides was cultivated aerobically in nutrient

medium at 37�C in conical flasks on a shaker incubator at

250 rpm. Cells were harvested at early exponential stage

after 20 h of growth (data not shown) by centrifugation at

6,000 rpm for 20 min and suspended in 50 mM Tris–HCl

buffer (pH 8.4) containing 50 mM EDTA.

Preparation of Membrane

All steps from membrane preparation to enzyme assay

were performed with some modifications according to

protocols previously described (Shabbiri et al. 2010).

Briefly, about 25g centrifugally packed frozen cells sus-

pended in a mixture of 400 ml of 50 mM Tris–HCl buffer

(pH 8.4) and 20 ml of 50 mM EDTA were disrupted with a

sonic oscillator at 15 kHz at 4�C for 20 min with intervals

of 2 min. After removal of unbroken cells by centrifugation

at 15,000 rpm at 4�C for 15 min, supernatant-containing

broken cells were ultracentrifuged at 45,000 rpm for

45 min at 4�C. After centrifugation, cytoplasm was

obtained as supernatant, while a reddish brown pellet

indicated cell membranes. This pellet was resuspended in a

solution mixture containing 25 ml of 50 mM Tris–HCl

buffer (pH 8.4), 2.5 ml of 50 mM EDTA and 4.2 ml of

20% (wt/vol) Triton X-100. This suspension was then

subjected to ultracentrifugation at 45,000 rpm for 60 min

at 4�C. The reddish brown supernatant of membrane pro-

teins was collected and frozen, while the white pellet of

membrane lipids was discarded.

Elution of Membrane Proteins and Purification

of Complex-II

The reddish brown supernatant of membrane proteins

was subjected to ion-exchange chromatography (Biologic LP

system, Bio-Rad) on a DEAE-Sephadex column (4 9 16 cm),

washed and equilibrated with 500 ml buffer A (50 mM Tris–

HCl buffer, 50 mM EDTA and 1% Triton X-100). Membrane

proteins were eluted using a linear gradient solution of 1 liter

each of buffer A and buffer B (1 M NaCl and 1% Triton

X-100). Elutes were dialyzed after verifying their enzymatic

activity against 1 liter of buffer A. Dialyzed elutes were

subjected to a second ion-exchange chromatography on a

DEAE-Bio-Gel column (1.5 9 8.0 cm) and equilibrated with
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buffer A. The adsorbed membrane proteins were eluted with a

linear gradient of NaCl (0–1.0 M NaCl) produced in 600 ml of

buffer A. Two peaks of fractions 20–25 and 32–37 (5 ml each)

were collected and concentrated by lyophilization to an

appropriate size. The lyophilized fraction was subjected to gel

filtration with a Bio-Gel-P-100 column equilibrated with

solution containing 50 mM Tris–HCl buffer (8.4), 1% Triton

X-100 and 0.5 M NaCl. The yellowish red fraction of com-

plex-II was collected and used as purified preparation.

Spectrophotometric Measurements of Cytoplasmic

and Membrane Proteins

Absorption spectra of cytoplasm and eluted membrane

proteins were studied using a quartz cuvette at room tem-

perature in the visible range (380–700 nm) using a Cecil

Instruments (Cambridge, UK) UV–Visible spectrophotom-

eter. Cytoplasm and eluted proteins were oxidized with 1 M

potassium dichromate and reduced by adding 1 M of sodium

dithionate. Ferrohemochrome spectra were obtained by

adding 0.5 ml of 0.2 N NaOH, 1.8 ml distilled water and

0.5 ml of pyridine in 0.7 ml of purified proteins and cyto-

plasm, then reduced with 500 mg of sodium dithionate.

Gel Electrophoresis of Complex-II and Molecular

Weight Determination of Cytochrome-b

Nondenaturing polyacrylamide gel electrophoresis was per-

formed in the presence of 0.4% Triton X-100 at 4�C, while

polyacrylamide gel electrophoresis in the presence of sodium

dodecyl sulfate (SDS-PAGE) was performed at room tem-

perature as described by Schagger and von Jagow (1987). The

presence of native heme (cytochrome-b) for complex-II was

detected by heme staining reagent (Connelly et al. 1958). The

apparent molecular weight of complex-II and cytochrome-

b was determined with a set of protein markers (PAGE ruler

prestained ladder; Fermentas; Burlington, Canada).

Measurement of Enzymatic Activity

Complex-II (SQR) activity was measured at room tem-

perature spectrophotometrically in time-scanned mode

by following the change of absorbance due to reduction

of succinate-ubiquinone 1 (UQ1). Succinate-2,6-dichlor-

ophenolindophenol (DCPIP) was used as a terminal elec-

tron acceptor, and the oxidation of succinate to fumarate

was determined by monitoring the decrease in absorbance

at 600 nm for 5 min. The reaction mixture contained 3 ml

50 mM Tris–HCl buffer (pH 8.4), 9 ll 0.1 M EDTA,

159 ll DCPIP/UQ1 and 60 ll 0.1 M sodium succinate. The

reaction was initiated by adding 40 ll isolated purified

complex-II.

Results

Spectral Properties of Cytoplasmic and Purified

Membrane Proteins

The absorption spectrum of the N. asteroides crude cyto-

plasm (Fig. 1a) showed the presence of auto-oxidizable

cytochrome, while in reduced spectrum of cytoplasm, the

a-peak at 549 nm appeared (Fig. 1b). In pyridine spectrum

of cytoplasm (Fig. 1c), the a-peak shifted to 553.5. The

absorption spectrum of crude membrane proteins at resting

and oxidized stages (Fig. 2a, b) showed one peak each

at 409 and 387.5 nm, respectively. Partial purification of

Fig. 1 Absorption spectrum of the N. asteroides cytoplasm as

(a) crude, (b) reduced and (c) with pyridine

Fig. 2 Absorption spectrum of crude membrane proteins at resting

(a) and oxidized (b) stages
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membrane proteins with ion-exchange chromatography

showed the presence of two membrane-bound cytochromes

(Fig. 3). When purified membrane protein fraction 1 was

reduced with sodium dithionate, it showed prominent peaks

at 586.0, 555.5, 524.5 and 418.5 nm (Fig. 4a). In pyridine

spectra shifting of peaks was observed at 587.0, 556.0, 520

and 416.0 nm, while a new peak at 434.0 nm also appeared

(Fig. 4b). Reduced spectra of fraction 2 (Fig. 5a) showed

peaks at 561.0 and 425.0 nm. It also showed a trough at

525–535 nm. Pyridine spectra showed three peaks, at

562.0, 530.0 and 428.0 nm (Fig. 5b).

Purification of Complex-II from N. asteroides Strain

NRRL-B-3828

The Triton X-100 solublized N. asteroides membrane-bound

complex-II in active form was purified by ion-exchange

chromatography and gel filtration. The representative

purification factors and purification yield are summarized in

Table 1. Complex-II was found to be purified to an electro-

phoretically homogenous state when subjected to PAGE and

stained with Coomassie brilliant blue, and one single band

was observed after heme staining.

Enzymatic Properties of Complex-II

The enzymatic properties of the complex-II isolated and

purified from N. asteroides were analyzed spectrophoto-

metrically at 660 nm using artificial electron donor DCPIP.

The heme b moiety of oxidized complex-II was fully

reduced in 5 min when succinate was added to complex-II

(Fig. 6). The optimal pH of the reaction was 8.4.

Gel Electrophoresis of Complex-II

Three protein bands appeared on the 12.5% SDS-PAGE;

when isolated, complex-II was analyzed for subunit

Fig. 3 Partial purification of

membrane proteins with ion-

exchange chromatography.

Complex-II was eluted using

a linear gradient solution of

600 ml each of buffer A

containing 1% of Triton X-100

and buffer B containing 1%

Triton X-100 and 1.0 M NaCl

Fig. 4 Reduced (a) and pyridine (b) spectra of cytochrome-a1c1

Fig. 5 Reduced (a) and pyridine (b) spectra of complex-II
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composition and denatured at room temperature for 15 min

in 5% mercaptoethanol and 2% SDS (Fig. 7a). The molec-

ular masses of the subunits were estimated to be 63, 26 and

14 kDa, respectively. This purified complex-II was also

subjected to Native PAGE, followed by Coomassie brilliant

blue and heme staining. A single band corresponding to a

molecular mass of 14 kDa was stained (Fig. 7b).

Discussion

N. asteroides belongs to a subgroup of aerobic nocardio-

form actinomycetes and causes severe human urinary tract

diseases. The electron transport chain of N. asteroides is

still undiscovered. In this study, for the first time, we report

the presence of certain cytochromes and purification of

complex-II containing cytochrome-b.

Absorption spectra of cytoplasm showed the presence of

cytochromes (Fig. 1a), while reduced spectra of cytoplasm

confirmed the presence of soluble cytochrome-c having an

a-peak at 549 nm (Fig. 1b). Cytochrome-c acts as the direct

electron donor for cytochrome-c oxidase or for the enzyme

which performs functions similar to those performed by oxi-

dase. However, in pyridine spectra, shifting of the a-peak to

553.5 nm indicated the presence of heme c (Fig. 1c) (Con-

nelly et al. 1958; Trudinger et al. 1985; Basu et al. 2008).

Absorption spectra of membrane at resting stage showed

the presence of some autoredox state cytochromes (Fig. 2a),

while the absorption spectra of oxidized membrane revealed

that all the respiratory redox proteins were in oxidized stage

as the characteristic a-peak of cytochromes was absent

(Fig. 2b). The characteristic peak at 586 nm in reduced

spectra showed the presence of cytochromes a and c in

combined form. Cytochrome-a1c1 has been purified from N.

winogradskyi by Tanaka et al. (1983). Its reduced form

shows absorption peaks at 416, 521 and 556 nm (attributed

to heme c) and at 434 and 587 nm (attributed to heme a).

This cytochrome was not autoxidizable, so it is not a ter-

minal oxidase as earlier believed. Furthermore, its spectral

properties due to heme a are really those of a1 (Mogi 2009;

Tanaka et al. 1983).

The presence of SQR and any type of cytochrome-b has

been reported in many bacteria. Cytochrome-b is a com-

ponent of complex-II and is required for electron transfer

Table 1 Purification of complex-II

Step Total vol. (ml) Total protein (mg) Total heme b (nmol) Heme b protein (nmol/mg) Yield (%)

Solublized membranes 80.0 235 310 1.3 100

DEAE-Sephadex 25.0 39 119 3.05 38.34

DEAE-Bio-Gel 10.0 8.7 41.3 4.08 13.3

Gel filtration 8.0 4.2 35.6 8.5 11.48

Purified enzyme 1.0 2.9 27.4 9.5 8.7

Fig. 6 Enzyme assay of complex-II from N. asteroides. The enzy-

matic reaction was time-scanned for 5 min at 660 nm to observe the

decrease in absorption of DCPIP dye, which acts as artificial electron

acceptor in vitro

Fig. 7 SDS-PAGE (a) and Native PAGE (b) of complex-II isolated

from N. asteroides. Purified cytochrome-b was loaded on a 12.5% gel.

The gel was stained with Coomassie brilliant blue after electropho-

resis. Lane 1, molecular mass marker proteins; lane 2, sample 1,

partially purified complex-II after ion-exchange chromatography;

lane 3, sample 2, purified complex-II. Total approximate size of the

complex-II was 113 kDa. The molecular masses of three subunits of

the N. asteroides complex-II were estimated to be 63, 26 and 14 kDa.

Purified cytochrome-b was run on Native PAGE and stained.

a Coomassie brilliant blue staining of heme b, b heme staining of

heme b
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from succinate to ubiquinone. Many workers have reported

the presence of complex-II and many types of cytochrome-

b in several bacteria (Shabbiri et al. 2010; Qureshi et al.

1996; Tamegai et al. 1993). In this study we isolated and

purified complex-II from N. asteroides. Complex-II was

highly active and best solubilized in non-ionic detergent

Triton X-100. The a-peak at 561.0 nm that appeared during

the reduced spectrum of purified fraction 2 revealed the

presence of the respiratory bound complex of oxidore-

ductase (complex-II), which was confirmed by pyridine

spectra. These absorption peaks were very close to the

isolated complex-II from other bacteria.

Bacterial SQR can contain one or two heme b molecules in

the complex (Qureshi et al. 1996). Proteus mirabilis and

Escherichia coli complex-II showed only one heme b, while

Bacillus subtilis contains two heme proteins (Shabbiri et al.

2010; Qureshi et al. 1996). A symmetrical a-peak at 562.0 nm

revealed the presence of a single cytochrome-b, which was

confirmed by gel electrophoresis. The molecular weight of the

purified complex-II was 103 kDa, very near the purified

complex-II by other bacteria (Qureshi et al. 1996; Xin et al.

2009; Yariv et al. 1981). Heme staining of only the 14-kDa

subunit confirmed the presence of one heme b molecule in

N. asteroides complex-II. Recovery in the purification on the

basis of total heme b content was calculated to be about

9.5 nmol/mg, which yields 8.6% of the total solubilized pro-

tein. SQR was also very active when analyzed using the

artificial electron acceptor DCPIP. A decrease in absorbance

of DCPIP in 5 min confirmed the reduction ability of enzyme.

In conclusion, our study revealed that the electron

transport chain of N. asteroides contains highly active

complex-II, while the presence of terminal oxidase a1c1

and soluble cytochrome-c was also observed.
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Abstract Our previous studies have shown that a spe-

cially designed, so-called synchronization modulation

electric field can entrain active transporter Na/K pumps in

the cell membrane. This approach was previously devel-

oped in a study of single cells using a voltage clamp to

monitor the pump currents. We are now expanding our

study from isolated single cells to aggregated cells in a

3-dimensional cell matrix, through the use of a tissue slice

from the rat heart. The slice is about 150 lm in thickness,

meaning the slices contain many cell layers, resulting in a

simplified 3-dimensional system. A fluorescent probe was

used to identify the membrane potential and the ionic

concentration gradients across the cell membrane. In spite

of intrinsic cell-to-cell interactions and the difficulty in

stimulating cell aggregation in the tissue slice, the oscil-

lating electric field increased the intracellular fluorescent

intensity, indicating elevation of the cell ionic concentra-

tion and hyperpolarization of the cell membrane. Blockage

of these changes by ouabain confirmed that the results are

directly related to Na/K pumps. These results along with

the backward modulation indicate that the synchronization

modulation electric field can influence the Na/K pumps in

tissue cells of a 3-dimensional matrix and therefore

hyperpolarize the cell membrane.

Keywords Cardiac tissue slice � Hyperpolarization �
Synchronization � Modulation � Na/K pump

Introduction

The electrogenic action of the Na/K-ATPase or Na/K pump

has been thoroughly documented since its initial charac-

terization around 50 years ago (Skou 1957; Post and Jolly

1957; Albers 1967). The pump molecule, in each pumping

cycle, extrudes 3 Na ions and pumps in 2 K ions against

their electrochemical potential barriers by consuming

metabolic energy from hydrolysis of one ATP molecule.

The major function of the Na/K pump is to maintain the

intracellular ionic concentration and the potential differ-

ence across the cell membrane. The ionic concentration

gradient and the membrane potential play a significant role

in many cell functions.

Many diseases and disorders are associated with dys-

function of Na/K pumps due to either lack of metabolic

energy to fuel the pump molecules, a defect in the mecha-

nism to control the pumps or deficiency of the pump con-

tents. Heart failure often involves a shortage of blood and

oxygen, which may result in a deficiency of ATP molecules

(Conway et al. 1974). Membrane electroporation in light-

ning and electric shock will result in loss of ionic concen-

tration gradients (Lee and Kolodncy 1987; Lee et al. 1988).

Without quick reinstatement of the ionic concentration

gradient, cell excitability may be lost and cells may swell

and undergo necrosis. Diminished Na/K pump activity has

been observed in several tissues prone to diabetic compli-

cations, including peripheral nerves (Stevens et al. 1993;

Sima et al. 2004), blood vessels (Wahren et al. 2000),

skeletal and cardiac muscles (Yuk-Chow et al. 1993), reti-

nal cells (Phipps et al. 2006) and kidney renal tubules

(Scherzer et al. 2000). In addition, in many diseases, Na/K

pump functions are impaired by a significant deficiency in

the pump itself, such as Alzheimer disease (Evertsen et al.

1997), Huntington disease (Everts et al. 1990), myotonic
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dystrophy (Desnuelle et al. 1982), phosphorylase deficiency

(De Paoli et al. 2002) and McArdle disease (Haller et al.

1998). How to activate the pump functions is an important

scientific question relevant to disease treatment and emer-

gency management.

Significant efforts have been made in the past to elec-

trically modulate the pump function. Many investigators

have focused on the interaction of the oscillating electric

field resonance with the pump’s intrinsic oscillating fre-

quency, where the intrinsic frequencies are assumed to

exist (Teissie and Tsong 1980; Serpersu and Tsong 1983;

Tsong and Astumian 1987; Blank and Soo 1989; Xie et al.

1994). Several theoretical models have been developed,

including a thermal noise model of weak electric field–

induced pump activation (Weaver and Astumian 1990), a

brownian motion model (Astumian 1997; Tsong 2002) and

an adiabatic pump model (Astumian 2003).

Recently, a practical technique was developed by our

group to effectively control the pump function. Theoretical

analysis of the synchronization modulation (Chen 2008),

computer simulation (Chen and Huang 2008; Huang et al.

2009) and experimental results (Chen et al. 2007, 2008)

have been reported previously. Here, we only briefly

describe the underlying mechanisms involved in the tech-

nique and the technique protocol. The technique was

developed by introducing the concept from an electronic

synchrotron accelerator to the biological system. The

technique consists of two steps: first, a specially designed

pulsed oscillating electric field is applied to force or syn-

chronize the individual pump molecules to run at the same

pace as the field oscillation so that the Na transport from

individual pumps is entrapped into the positive half-cycle,

while all the K transporters are similarly entrapped in the

negative half-cycle; second, the field frequency is gradually

changed, either increased or decreased following a step-

change pattern. By carefully maintaining the pump syn-

chronization, the pump molecules can be entrained and

either accelerated or decelerated, to a defined pumping rate

(Chen et al. 2007, 2008).

Our whole-cell patch-clamp experiments on single

skeletal muscle cells have demonstrated effective syn-

chronization of the Na/K pumps and realized significant

acceleration of the pumping rate up to 10-fold (Chen et al.

2007, 2008). We also showed that the oscillating electric

field can elevate or hyperpolarize the membrane resting

potential of single intact skeletal muscle fibers (Chen and

Dando 2007, 2008).

When single cells are organized into tissues, these nat-

ural cell aggregations have resultant electrical properties

through tissue matrix structure, cell-to-cell interactions and

regulatory mechanisms associated with specific physio-

logical functions. In addition, the cell aggregations with

narrow intercellular spaces may obstruct the pathway of the

field application to generate an oscillating membrane

potential across each individual cell membrane. Our pos-

tulation is that the oscillating electric field should be able to

penetrate the tissue through the interstitial fluid between

the cells, alternating the membrane potential and hence

activating the Na/K pumps in inner-layer cells. Because of

active entrainment of the pump molecules, the technique

should be able to increase the cell ionic concentration

gradients and hyperpolarize the membrane potential in

tissues.

Here, we report our experimental results in application

of the synchronization modulation electric field to cardio-

myocytes in tissue slices. Mammalian cardiomyocytes

contain some of the highest expression of Na/K-ATPase

outside of the CNS. The sliced tissue is estimated to be

around five to eight cells thick. Confocal microscopic

imaging with slow fluorescent probes was used to monitor

the field-induced potential changes. The study demon-

strated that the synchronization modulation electric field

can effectively hyperpolarize the cell membrane beyond

the normal resting potential by activating the Na/K pumps

in tissue cells.

Methods

All animal work was carried out under full Institutional

Animal Care and Use Committee approval. Adult male

Sprague–Dawley rats weighing 200–300 g were anesthe-

tized using 100 mg/kg thiobutabarbitol (Inactin; Sigma-

Aldrich, St. Louis, MO), injected intraperitoneally; and the

hearts were quickly dissected from the pericardium and

placed in cooled phosphate-buffered saline (PBS) solution,

oxygenated with 95% oxygen, 5% CO2. The fat, arteries

and aorta were removed in solution; and the atria were

dissected away. Dissected tissue from the left ventricle was

briefly dried and brought into contact with the stage of an

Electron Microscopy Sciences OTS 4500 oscillating tissue

slicer (Warner Instruments, Hamden, CT), which was

previously coated with industrial adhesive. Fifteen seconds

was deemed sufficient to assure adequate adhesion, with

the tissue subsequently resubmerged in oxygenated PBS,

this time in the slicer bath. For our application, slices of

150 lm were deemed to be adequate, allowing a thin

enough slice for the application but ensuring that the slice

was still thick enough to approximate a 3-dimensional

region of tissue.

Slices were then placed in a custom-made experimental

chamber (a modified Ussing chamber) filled with cell

culture solution. A schematic of the chamber is displayed

in Fig. 1, with a transparent base to allow fluorescence to

pass, with a small working distance from the microscope

objective. The slice was sealed airtight (around 1 MX
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sealing resistance) into two compartments, the top and

bottom, ensuring the voltage drop of the electric field

applied to the two compartments was mainly across the

tissue slice. Electrical contacts were made with agar

bridges to two compartments in order to minimize junction

potential. Adequate dye reservoirs were maintained on

either side of the tissue slice, to provide enough dye mol-

ecules for the cells, while still being small enough to not

interfere with the microscope depth of field.

Membrane potential was measured using fluorescence

probe tetramethylrhodamine ethyl ester (TMRE). Fluores-

cence images were taken using standard rhodamine optics,

employing 488 nm argon laser excitation and 505 nm

long pass emission filter and a fully computer-controlled

Olympus (Center Valley, PA) IX81 confocal microscope

system, running the Fluoview Tiempo (Olympus, Tokyo,

Japan) analysis package. The confocal microscope is able

to focus on a specific cell layer inside the tissue in order to

accurately and efficiently monitor the field-induced fluo-

rescence-intensity changes inside the tissue. A 109 dry

objective and a confocal aperture of 80 nm was used in

each of these readings.

Potentiometric dye, TMRE, was selected due to its

superior potential sensitivity. TMRE dye belongs to a class

known as Nernstian dyes, initially developed by Waggoner

(1976). In contrast to many other fluorescent dyes that

exhibit fluorescence only when binding with specific

molecules, TMRE always fluoresces. The lipophilicity of

TMRE, combined with the delocalization of the positive

charge on the dye molecules, renders them membrane-

permeant (Tsien and Waggoner 1990; Loew 1993). The

high membrane permeability and the positive charge allow

the TMRE molecules to easily penetrate the membrane into

the cells due to the negative intracellular membrane

potential. When reaching equilibrium, the ratio of the

intracellular dye molecules, and hence fluorescence inten-

sity, over those on the extracellular side is governed by the

membrane potential difference. Whenever the membrane

potential changes, the TMRE molecules redistribute

themselves, crossing the membrane and exhibiting a dif-

ferent fluorescent intensity ratio.

It takes time for TMRE molecule redistribution.

Therefore, TMRE is called a ‘‘slow dye,’’ which fit our

purpose well because we were not interested in the oscil-

lating membrane potential induced by the applied electric

field. Instead, we were interested in the DC shift, especially

the hyperpolarization, of the membrane potential, which is

a result of ionic concentration changes due to continuous

activation of the Na/K pumps.

TMRE fluorescence probe and confocal microscope

imaging have long been used to study membrane potential

changes in our lab (Chen and Dando 2007, 2008). In this

article, no attempt is made to measure the absolute value of

the membrane potential. Instead, we demonstrate the

capability of the oscillating electric field to hyperpolarize

the membrane potential of a 3-dimensional cellular

aggregation in a superfused tissue slice.

Solutions used were as follows (in mM), with chemicals

obtained from Sigma unless otherwise noted: Krebs HEPES

(KH) solution, 118 NaCl, 10 HEPES, 4.7 KCl, 1.5 CaCl2,

1.1 MgSO4, 1.2 KH2PO4, 5.6 glucose; experimental solu-

tion, same as KH solution with 1 lM TMRE, 1 lM TTX;

culture medium, DMEM with 15% FBS and 1% penicillin/

streptomycin. All solutions were titrated to pH 7.4 at 25�C.

Stimulation was provided through a purpose-designed

LabVIEW program (Texas Instruments, Dallas, TX), pro-

viding an oscillating field empirically calibrated to 50 mV

across the cell membrane. This potential difference is

within physiological range, far below the thresholds of

membrane electroporation (O’Neil and Tung 1991; Chen

and Lee 1994) or membrane protein denaturation (Chen

and Lee 1994). The initial oscillating frequency was 30 Hz,

which is comparable to the natural Na/K pumping rates

(Rakowski et al. 1989). After a synchronization period of

3 s (90 oscillating pulses), determined in earlier work to be

sufficient to synchronize the pump molecules (Chen et al.

2007), the field frequency was gradually increased by 3%

for every 10 pulses, to a final value of 400 Hz, which took

about 20 s. Then, the frequency was held at 400 Hz for a

period of 400–1,000 s. Fluorescence intensity was mea-

sured during the whole stimulation period, from an area on

the confocal plane within the tissue slice, and plotted with

time. In all experiments, the voltage-gated sodium channels

were blocked using TTX so that we could focus on the field

effects on the Na/K pumps.

Results

Tissue slicing is tedious, and special care and practice are

needed, especially for thin slices. The unhealthy slice may

Tissue Slice

Electrical
contacts

Rubber
Seal

Dye reservoir

Fig. 1 Modified Ussing chamber, with slice surrounded by two dye

reservoirs and electrical contacts made to top and bottom

R. Dando et al.: Electrically Hyperpolarizing Tissue Slice Membrane Potential 99

123



show some changes or deterioration in the preparation over

the time course of the experiments. Identifying a healthy

slice is important. Figure 2 is an image of a typical healthy

slice, with individual myocytes observable. Striations are

visible within the individual cells, and some outer cells are

observed to beat during imaging. This would indicate that

the cells are still alive and healthy and that the slice is

viable for experimentation.

The results of measurement of TMRE fluorescence

intensity presented here are averaged values. We measured

the average fluorescence intensity in several regions, each

containing over 100 cells. When comparing the results

from a whole region with individual regions, the pattern of

changes was very similar for a healthy slice, validating this

averaging method. When the pattern of changes was

noticeably different, the slice was considered unhealthy

and abandoned.

Fluorescence intensity was measured before and during

the field application. In order to demonstrate the field-

induced changes in the membrane potential and especially

for the purpose of comparison of the results from different

slices, the averaged fluorescence intensity measured before

the field application functioned as a control of the slice. All

results measured during the field application were nor-

malized to this control value.

We first measured the field-induced fluorescence-inten-

sity changes from the surface of the tissue slice. Seven

tissue slices from individual rats were studied. The fluo-

rescence changes due to the field application were averaged

and plotted with standard deviation as a trace vs. the field

application time, as shown in Fig. 3.

The results show that the fluorescence intensity was

gradually and monotonically increased with a few seconds’

time delay through the whole procedure of the field appli-

cation, showing that more dye molecules penetrate the cell

membrane into the cells due to the synchronization modu-

lation electric field. Because the number of dye molecules

penetrating the cell membrane into the cells depends on the

membrane potential changes, this result indicates that the

cell membrane potential is progressively hyperpolarized

upon the field application.

At the end of the 16-min field application, the average

hyperpolarization was about 9%. This value is in agreement

with our earlier results taken in single skeletal muscle fibers

(Chen and Dando 2007) and slightly less than that measured

in single cardiomyocytes (Chen and Dando 2008). We would

expect it to be more difficult to hyperpolarize the membrane

potential of the aggregated cells in tissue than individual
Fig. 2 Transmission image of tissue slice. Many individual cells are

evident, woven into a 2-dimensional lattice

Fluorescence Variation of Tissue Slice with Synchronization Modulation Field
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Fig. 3 Fluorescence-intensity

changes measured form the

surface of the tissue slice

upon application of the

synchronization modulation

electric field, starting from the

dashed line and lasting for about

15 min. The field frequency was

initially 30 Hz and finally

modulated to 400 Hz. All

intensities were normalized

to the value of the control

measured before the field

application (dashed line).

Significant increase in

fluorescence intensity within the

slice is observed. Average of

seven cells, with SD indicated
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isolated cells. This would be due to gap junction interactions

of cardiomyocytes and the difficulty in applying the electric

field on individual cells due to their tight adjunction.

In the next step, we investigated the field-induced

changes in the membrane potential of the interior cells in

the tissue slice. Due to tight adjunction among cardio-

myocytes, it may be difficult for the dye molecules to

penetrate into the tissue slice. We extended our TMRE dye

staining time to 30 min. Then, we measured the fluorescent

intensity from the cell layers at the tissue surface and at 20

and 40 lm inside the tissues by adjusting the focus plane of

the confocal microscope to the corresponding planes. The

fluorescence intensities from all three cell layers were rel-

atively consistent, though slightly lower in the deeper plane.

This result implies that the dye molecules can indeed enter

the slice from the surrounding reservoir solution and pen-

etrate the cell membrane into the cells. Considering the

penetration time of the dye molecules, the field application

was also extended to 20 min. The field-induced changes in

fluorescence intensity in three cell layers of individual slices

were continuously monitored during the field application.

Again, the measured fluorescence intensities were normal-

ized to the corresponding control values measured before

the field application. The results are plotted in Fig. 4.

The results show that the fluorescence intensities for all

three cell layers gradually increased throughout the field

application. The fluorescence intensity from the surface

cell layer had the highest increment up to about 10% for

15 min field application, while the increments from the 20

and 40 lm interior cell layers were about 5% and 3%,

respectively. These results indicate that the oscillating

electric field can hyperpolarize the membrane potential

beyond the natural resting potential even in the cell layers

inside the tissue. Although there is a higher level of

hyperpolarization observed at the layers proximal to the

edge of the tissue slice, these are undoubtedly evidence

that the oscillating electric field can penetrate into

the 3-dimensional tissue matrix to hyperpolarize the mem-

brane potential at least several cell layers into the slice.

These results were expected. Because of the voltage

drop through the interstitial fluid and the tight adjunction

among the cardiomyocytes in the pathway of the field

application, the field-induced membrane potential on

individual cells may not be the same. The deeper the cell

layer is, the less the field-induced membrane potential. In

addition, the series resistance in the pathway of the electric

field slows down the process in charging the membrane

capacitance or increases the charging time constant. Again,

the deeper the cell layer is, the larger the time constant and,

therefore, the more distortion of the field-induced mem-

brane potential from the applied pulsed oscillating electric

field. Our previous studies have shown that the pulsed

oscillating membrane potential has the best effect in the

pump synchronization, even though for those complica-

tions the results show that the synchronization modulation

electric field can still noticeably hyperpolarize the mem-

brane potential beyond the physiological value of the cell

layers interior the tissue.

The above experiments were repeated seven times with

different slices. A sizeable variation from slice to slice

would be expected, due to differing geometry of slice

arrangements, a slight variation in the direction of slicing

within the heart and differing health of individual slices.

However, all seven slices showed hyperpolarization of the

membrane potential in interior layers upon the field

application: the deeper the cell layer, the less the effect.

Fluorescence variation on application of synchronization modulation field, 
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Fig. 4 Normalized

fluorescence intensity vs. time

of a single tissue slice, showing

the relative hyperpolarization

variation with different depths

into the slice. Maximal effect is

observed close to the surface;

however, hyperpolarization is

nevertheless still observed

within the slice
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In order to identify that the field-induced increase in the

fluorescence intensity and hyperpolarization of the cell

membrane were due to activation of the Na/K pump mole-

cules, ouabain, a specific inhibitor of the Na/K pumps, was

used in the following experiments. After the tissue slices

were stained by the fluorescence dye, the bathing solution

was changed to that with 1 mM ouabain (Sigma). Consid-

ering the penetration time of ouabain into the tissues, the

oscillating electric field was not applied until 30 min later.

During the field application, fluorescence intensity was

monitored. Seven experiments were conducted from differ-

ent tissue slices at different depths. No single slice showed an

increase in fluorescence intensity upon the field application,

while all seven slices exhibited some kind of decrease in

intensity. The average of the seven slices is shown in Fig. 5

with standard deviation, where the dashed line represents the

starting time of the field application. In 6 min of the field

application, the averaged fluorescence intensity decreased

over 5%. These results indicate that the field-induced

membrane potential hyperpolarization is related to the Na/K

pumps. Blockage of the pump functions by ouabain fully

eliminated the membrane potential hyperpolarization.

In terms of the consistent decrease in the fluorescence

intensity or depolarization of the membrane potential in

response to the oscillating electric field, it may be due to

opening of the voltage-gated potassium channels. The

repeated opening in the K channels without the pump

acceleration to compensate the channel currents gradually

reduces the intracellular K concentration and therefore

depolarizes the membrane potential.

It is also noticeable that the standard deviation of the

measurements, especially to the end of the field applica-

tion, is larger than that without the ouabain, as shown in

Fig. 3. This may be due to the ouabain’s difficulty in

penetrating into the tissues to different depths of different

slices. Considering that the sensitivity of the Na/K pump in

cardiomyocytes to ouabain is not as high as that in skeletal

muscles, we purposely used a 1 mM concentration of

oubain and increased the bathing time of ouabain solution

to 30 min before the field application.

Figure 6 shows the statistical distribution of tissue slice

variance in response to synchronization modulation electric

field in the presence and absence of ouabain. The results

show that the effect of ouabain is statistically significant in

response to the synchronization modulation electric field.

In the control without ouabain the field-induced variance

was positive and close to 10%, while in the presence of
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Fig. 5 Tissue slice with

ouabain blocking action

of Na/K-ATPase molecules,

displaying normalized

fluorescence intensity vs. time.

Decrease in membrane potential

is evident upon stimulation of

slice
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Fig. 6 Statistical distribution of tissue slice variance in response to

synchronization/modulation electric field, in the presence and absence

of ouabain. The results in both situations show a statistically

significant response to the synchronization/modulation electric field,

***P \ 0.0001
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ouabain the variance became negative, –6%, with

P \ 0.0001. In statistical analysis carried out with Graph-

Pad Prism (GraphPad, La Jolla, CA), P values were cal-

culated using both repeated measures t-test for paired

analysis and one-way ANOVA for unpaired analysis.

The last concern is that the field-induced hyperpolar-

ization of the cell membrane may not be due to acceleration

of the pumping rate but simply to the field application. We

further conducted experiments using the backward modu-

lation electric field, where all the field parameters and

application protocol were exactly the same as forward

modulation except for the modulation direction. That is,

after the pump synchronization, the field oscillating fre-

quency, instead of increasing, gradually reduced to slow

down the pumping rate. Our previous studies of skeletal

muscle fibers by directly monitoring the pump currents with

a whole-cell patch clamp have shown that backward mod-

ulation can slow down the turnover rate of Na/K pumps.

In contrast to the use of ouabain to inhibit the pump

functions, the backward modulation electric field reduces

the pumping rate. This group of experiments acts as a

second control whereby the tissue experiences the same

magnitude of the oscillating electric field as the forward

modulation. The side effect, if any, induced by the electric

field on the tissue should remain the same. Any different

changes in the intracellular fluorescence intensity or any

alterations in the membrane potential of the tissue cells will

be attributed to the method of modulation.

Similar to the forward modulation, the oscillating

electric field with an initial frequency of 40 Hz and 100

oscillating pulses was first to synchronize the pump mol-

ecules. Then, the frequency gradually reduced in a stepwise

pattern to 10 Hz with a step change of 3% for every 10

pulses. Once determining the minimum frequency (10 Hz),

the field remained at this frequency until removal of the

field.

We studied seven tissue slices from five rats. Again, no

increase in fluorescence intensity was observed in all slices

regardless of the depth of the cell layers upon application

of the backward modulation electric field. Out of seven

slices, six showed a noticeable decrease in the fluorescence

intensity. The average of the seven results with standard

deviation is shown in Fig. 7. The fluorescence intensity

reduced about 4% in response to 6 min of backward

modulation. The results indicate that the backward modu-

lation of the oscillating electric field cannot hyperpolarize

the membrane potential at all. Instead, the electric field

slightly depolarized the membrane potential. This result

would be again attributed to the opening of the voltage-

gated potassium channels. The pump molecules with the

slowed down pumping rate cannot fully compensate the

channel currents and, therefore, would be unable to main-

tain the membrane resting potential.

From Figs. 5 and 7, it is noticed that the backward

modulation shows a lesser decrease in the fluorescence

intensity and therefore lesser depolarization of the mem-

brane potential than that due to the presence of ouabain.

This would make sense as in the case of ouabain the pump

molecules are largely, if not entirely, inhibited from

functioning and the channel currents can easily reduce the

intracellular K concentration and therefore depolarize the

membrane potential. Figure 5 shows the fluorescence

intensity continuously reduced upon the field application.

This would not be the case for the backward modulation.

The pumps are still running even though significantly

slowed down, which may partially compensate the channel

currents. At some stage, a little over 300 s as shown in

Fig. 7, the fluorescence intensity remains unchanged.
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with backward modulation,

showing normalized

fluorescence intensity against

time. Again, slice fluorescence

intensity is decreased with the
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The opposite effects on the intracellular fluorescence

intensity due to the two modulation electric fields, com-

bined with the results using ouabain, provide strong evi-

dence that the electric field alters the function of the Na/K

pumps. The change of the pumping rates depends on the

direction of the frequency modulation. Because all the

parameters of the electric fields, as well as the protocol and

configuration of the field applications, are exactly the same

except for the direction of the frequency modulation, the

reversal effects in the fluorescence intensity and, therefore,

in the membrane potential show that the synchronization

modulation electric field can effectively entrain, either

accelerated or decelerated, the Na/K pumping rate.

Discussion

In this study we investigated whether the synchronization

modulation electric field, which has been previously shown

to effectively control the pumping rate of the Na/K pumps

on single isolated cells, can manipulate the membrane

potential in a 3-dimensional tissue slice.

When applying an oscillating electric field to aggregated

cells in 3-dimensional tissues to activate the Na/K pump

functions, we have to consider two things. One is the

possible side effects of the applied electric field on

other membrane proteins, especially the voltage-dependent

membrane proteins. Another is how the applied electric

field generates the necessary oscillating membrane potential

for both magnitude and waveform in individual cells of the

tissues and effectively activates the pumps in the presence

of cell-to-cell interaction and regulatory mechanisms.

In terms of side effects, the major voltage-dependent

membrane proteins in cardiac muscle cells are the voltage-

gated Na channels, delayed rectifier K channels, inward

rectifier K channel and L-type Ca channels. Our previous

voltage-clamp studies have shown that an oscillating

membrane potential can effectively inactivate the delayed

rectifier K channel. The rectifier K channel currents can be

significantly reduced even within the synchronization per-

iod (not published). In this study, the voltage-gated Na

channels were blocked by TTX. In fact, the inactivation of

the Na channel is well known and more obvious than that

in the K channel. In terms of inward rectifier K channels,

indeed, we did not specifically study their inactivation.

However, the inward rectifier K channel opens when the

membrane potential is hyperpolarized, resulting in K ion

influx. If the oscillating electric field cannot inactivate the

inward rectifier K channels, the channel opening and the

resultant K ion influx will hyperpolarize the membrane

potential, which is consistent with the effects of Na/K

pump activation. For other membrane proteins, such as the

L-type Ca channels, even if they cannot be inactivated, the

ion flux is much smaller than in the Na and K channels; and

these will not affect the membrane potential significantly.

In fact, our previous studies have shown that the syn-

chronization modulation electric field can hyperpolarize

membrane potential of single skeletal muscle fibers in

physiological solution without any channel blockers (Chen

and Dando 2007). We observed that upon the field appli-

cation, the membrane potential was initially and quickly

depolarized for a short period due to opening of Na channels

and then gradually hyperpolarized until removal of the field.

Here, we show the field-induced slow hyperpolarization of

the membrane potential without transient initial depolar-

ization, which is consistent with our previous studies.

In terms of the difficulty in alternating the membrane

potential in individual cells of 3-dimensional tissue and the

cell-to-cell interaction, the results clearly show that the

electric field can effectively increase the fluorescence

intensity and, therefore, the hyperpolarizing membrane

potential of the cells persisted to a level of several cell

layers into the slice. Indeed, the deeper into the tissues, the

less hyperpolarization of the membrane potential was

observed.

The fact that the hyperpolarizing effect was eliminated

when either the Na/K pumps are chemically blocked with

ouabain or the modulation is performed backward would

suggest not only that are the effects attributable to the

activation on the Na/K pumps but also that the pump

molecules can be entrained oppositely. This, in turn, would

suggest that we are exhibiting a degree of control over the

action of these critical physiological housekeeping mole-

cules at the tissue level, which would provide promise for

the future application of the technique.

The transposing of the field application on single cells to

cell aggregation in the tissue matrix has a great deal of

promise. The contribution of interactions between neigh-

boring cells in the matrix (i.e., connexons) was found to be

trivial in front of active entrainment of the pump mole-

cules, with the cell membrane hyperpolarization at a rate

and to a level approximated to the behavior observed from

single isolated cells.

The success from single cells to tissue slices without

much detriment to the level of measured effectiveness

suggests that the next logical step would be to apply the

technique to a large tissue sample or even a small organ.
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Abstract Volume-activated chloride channels have been

studied by us extensively in human nasopharyngeal carci-

noma cells. However, the chloride channels in the counter-

part of the carcinoma cells have not been investigated. In this

study, volume-activated chloride currents (Icl,vol) were

characterized in normal fetal human nasopharyngeal epi-

thelial cells using the whole-cell patch-clamp technique.

Under isotonic conditions, nasopharyngeal epithelial cells

displayed only a weak background current. Exposure to 47%

hypotonic solution activated a volume-sensitive current. The

reversal potential of the current was close to the calculated

equilibrium potential for Cl-. The peak values of the hypo-

tonicity-activated current at ?80 mV ranged from 0.82 to

2.71 nA in 23 cells. Further analysis indicated that the

density of the hypotonicity-activated current in most cells

(18/23) was smaller than 60 pA/pF. Only five cells presented

a current larger than 60 pA/pF. The hypotonicity-activated

current was independent of the exogenous ATP. Chloride

channel inhibitors ATP, tamoxifen and 5-nitro-2-(3-phenyl-

propylamino) benzoic acid (NPPB), inhibited the current

dramatically. The anion permeability of the hypotonicity-

activated chloride channels was I- [ Br- [ Cl- [ gluco-

nate. Unexpectedly, in isotonic conditions, ATP (10 mM)

activated an inward-rectified current, which had not been

observed in the nasopharyngeal carcinoma cells. These

results suggest that, under hypotonic challenges, fetal human

nasopharyngeal epithelial cells can produce Icl,vol, which

might be involved in cell volume regulation.

Keywords Patch-clamp technique � Regulation of ion

transport by cell volume � Ion channel/epithelial cell �
Epithelial chloride transport

Introduction

Regulation of cell volume under osmotic challenges is one

of the most fundamental functions of cellular homeostatic

mechanisms. In response to osmotic swelling, most cells

extrude cytoplasmic solutes, and water resulting in a reg-

ulatory volume decrease (RVD). Activation of volume-

activated chloride channels and the consequent Cl- efflux

play a key role in the RVD in many cells (Chen et al. 2010;

Harvey et al. 2010; Okada et al. 2009).

The characteristics of the volume-activated chloride

current Icl,vol have been intensively investigated in many

kinds of cells derived from different tissues (Chen et al.

2010; Inoue et al. 2010; Mao et al. 2010; Okada 2006).

Besides cell volume regulation, the volume regulatory
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chloride channels underpinning Icl,vol play extensive roles

in various biological functions, including fluid secretion,

maintenance of resting membrane potential, cell prolifer-

ation, and cell migration, among others (Mao et al. 2007;

Okada et al. 2009).

Epithelial cells derived from the ectodermal blastoderm

during embryonic development share many similar func-

tions, such as barrier function and secretion, and activate

Icl,vol in response to hypotonic challenges, except in normal

cervical epithelial cells (Chou et al. 1995). We previously

reported that fetal nasopharyngeal epithelial cells possess

background chloride currents under isotonic conditions

(Sun et al. 2005b), which implied potential physiological

roles of the related channels in the cells. However, whether

nasopharyngeal epithelial cells can produce Icl,vol under

hypotonic conditions and whether the background chloride

current and the Icl,vol share similar characteristics are still

unknown.

During the development of the nasopharyngeal epithe-

lium, cell proliferation and differentiation are vigorous;

and the frequent flow of ions and water is necessary for

these biological processes. Volume-activated chloride

channels probably play an important role during the pro-

cesses, though the characteristics of the Icl,vol in these cells

have not been explored. In previous studies, we have

explored the characteristics and roles of the Icl,vol in the

human nasopharyngeal carcinoma cell line CNE-2Z (Chen

et al. 2002, 2007). However, the Icl,vol in the counterpart of

the carcinoma cell, the normal human nasopharyngeal

epithelial cell, has not been investigated, mostly due to the

difficulty in harvesting enough normal nasopharyngeal

epithelial cells. In this study, we explored the characteris-

tics of the Icl,vol in primary cultured fetal human naso-

pharyngeal epithelial cells.

Materials and Methods

Cell Preparation

Fetal human nasopharyngeal epithelial cells were prepared

as previously described (Sun et al. 2005b). Briefly, naso-

pharyngeal epithelia were obtained from 4-month-old

fetuses of induced labor. Dissected tissues were explanted

onto round coverslips and supplied with Dulbecco’s mod-

ified Eagle medium/F12 medium containing 5 ng/ml epi-

dermal growth factor (PeproTech, Rocky Hill, NJ),

5 9 10-7 mol/l hydrocortisone (Sigma, St. Louis, MO)

and 5 lg/ml insulin (Sigma). Nasopharyngeal epithelial

cells in primary culture of 1–2 weeks were used for

experiments. The protocol of the study adhered to the

tenets of the Declaration of Helsinki and was approved by

the local ethics committee.

Electrophysiological Experiments

Whole-cell currents were recorded using the patch-clamp

technique with a List EPC-7 patch-clamp amplifier

(List Electronic, Darmstadt, Germany). Electrodes with

5–10 MX when filled with pipette solution were pulled

from standard wall borosilicate glass capillaries. The liquid

junction potential was corrected when the electrode entered

the bath. After digitization at 3 kHz using a CED 1401

laboratory interface (CED, Cambridge, UK), voltage and

current signals from the amplifier together with synchro-

nizing pulses were stored in a computer. For the majority of

experiments, cells were held at 0 mV and stepped to ±40, 0

and ±80 mV for 200 ms with a 4 s interval repeatedly.

Occasionally, the responses to stepwise (20 mV) pulses

from -120 to ?120 mV were examined. All current mea-

surements were made 20 ms after the onset of each voltage

pulse. All patch-clamp recordings were made at room

temperature (20–24�C). Cell capacitance was detected

using the methods described previously by us (Chen et al.

2002). Current density was obtained by dividing the current

value with cell capacitance. The reversal potential of the

current was calculated according to the linear equation

y = ax ? b, and the equilibrium potential for each ion was

obtained from the Nernst formula.

Solutions and Chemicals

The pipette solution contained 70 mM N-methyl-D-gluc-

amine chloride (NMDG- Cl), 1.2 mM MgCl2, 10 mM

HEPES, 1 mM EGTA, 140 mM D-mannitol, and 2 mM

Na2ATP. The isotonic bath solution contained 70 mM NaCl,

0.5 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 140 mM

D-mannitol. The osmolarity in the pipette and isotonic bath

solutions was measured with a freezing-point osmometer

(Osmomat 030; Gonotec, Berlin, Germany) and adjusted to

300 mOsm/l with D-mannitol. The hypotonic bath solution

was obtained by omitting the D-mannitol from the solution,

giving an osmolarity of 160 mOsm/l. In some experiments,

the chloride channel blocker tamoxifen, 5-nitro-2-(3- phe-

nylpropylamino) benzoic acid (NPPB) or ATP was added to

hypotonic bath solutions to investigate their effects on

hypotonicity-activated currents. Tamoxifen, NPPB, and

ATP were purchased from Sigma-Aldrich (Poole, UK), and

preparation of the stock solution was referred to the method

previously described (Chen et al. 2002).

Anion Substitution Experiments

In anion substitution experiments, an agar bridge was used to

connect the reference electrode to the bath solution. When

the hypotonicity-activated current reached the peak and

leveled off, 70 mM NaCl in the 47% hypotonic solution was
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replaced by equimolar of NaI, NaBr, or sodium gluconate.

The permeability ratio (PX/PCl) of various anions relative to

that of Cl- was calculated using the modified Goldman-

Hodgkin-Katz equation, PX/PCl = {[Cl-]nexp(-DVrevF/

RT) - [Cl-]s}/[X-]s (Chen et al. 2002), where [Cl-]n and

[Cl-]s are the Cl- concentration in the normal and the

substituted bath solutions, [X-]s is the concentration of the

substituted anion, DVrev is the difference of the reversal

potentials for Cl- and X-, F is the Faraday constant, R is the

gas constant and T is the absolute temperature.

Statistics

Values are expressed as mean ± standard error (number of

observations). Analysis of variance (ANOVA) or Student’s

t-test was used to test for significant differences, and

P \ 0.05 was taken to be significant.

Results

Icl,vol in Nasopharyngeal Epithelial Cells

Coverslips with fetal nasopharyngeal epithelial cells were

placed in a perfusion recording chamber. Whole-cell cur-

rents were recorded using the patch-clamp technique. Cells

were clamped at 0, ± 40, and ± 80 mV (Fig. 1a). When

cells were bathed in the isotonic solution, currents were

small and stable (Fig. 1b). The current value at ±80 mV

was 0.16 ± 0.02 nA (n = 23). A large current was acti-

vated when cells were exposed to 47% hypotonic bath

solution for 1–2 min (Fig. 1c). The current reached a peak

and leveled off 3–5 min after exposure to hypotonic solu-

tion. Clamped cells remained in a swollen state in hypotonic

solution. When hypotonic bath solution was replaced with

control isotonic solution, cells shrank toward normal size

while the current declined gradually to the basal level.

These results indicated that the hypotonicity-activated

current was sensitive to cell volume changes.

As shown in Fig. 1c, the hypotonicity-activated current

presented mild outward rectification. There was no, or neg-

ligible, time-dependent inactivation of the current at ?80 mV.

When the voltage was stepped to ?120 mV from -120 mV,

the current still showed no obvious time-dependent inacti-

vation (data not shown). The current–voltage relationships

under isotonic and hypotonic conditions are shown in

Fig. 1d. The reversal potential of the hypotonicity-activated

current was -7.31 ± 0.64 mV (n = 23), which was close to

the calculated equilibrium potential for Cl-. In our experi-

ments, the concentration of Cl- in pipette solution was

almost equal to that in bath solution. The calculated equi-

librium potential for Cl- was -0.9 mV. The results suggest

that the main component of the current was Icl,vol (details in

Discussion).

At ?80 mV step, the peak values of the Icl,vol displayed

great variation, changing from 0.82 to 2.71 nA in the 23

cells detected. To analyze further the hypotonicity-acti-

vated currents recorded in different cells, the current was

normalized with cell capacitance, which is directly corre-

lated with the area of cell surface. The results showed that

the density of the hypotonicity-activated current in most

cells (18/23) was smaller than 60 pA/pF. Only five cells

presented a current larger than 60 pA/pF.

Independence of Icl,vol on Exogenous ATP

To investigate the dependence of Icl,vol activation on ATP in

fetal nasopharyngeal epithelial cells, ATP was excluded from

Fig. 1 Whole-cell currents

under isotonic and 47%

hypotonic conditions. a The

voltage protocol used to

generate the current traces in

(b) and (c). Cells were held at

0 mV and stepped to ±40, 0

and ±80 mV for 200 ms with a

4 s interval repeatedly. The

basal current recorded under

isotonic conditions (Iso) was

small (b), and exposure to 47%

hypotonic bath solution (Hypo)

activated a large current (c).

Current values were measured

20 ms after the start of each

voltage pulse, and the current–

voltage relationships under

isotonic and hypotonic

conditions are shown in

(d) (mean ± SE, n = 23)
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the pipette solution. After the whole-cell configuration was

formed, the cell was dialyzed with the ATP-free pipette

solution for more than 3 min before exposure to 47%

hypotonic bath solution. The results indicated that the

volume-activated chloride channels could be activated by the

hypotonic challenge in the absence of exogenous ATP

(Fig. 2). A hypotonicity-induced chloride current was recor-

ded with the pipette containing the ATP-free solution. The

current possessed properties similar to those recorded in the

presence of intracellular ATP. The current showed a mild

outward rectification and was not inactivated in the observed

period. The reversal potential of the current was -7.17 ±

1.05 mV (n = 9), which was close to the Cl- equilibrium

potential. There was no significant difference in the current

density between the currents recorded in the presence and

absence of ATP in the pipette solution (P [ 0.05, Fig. 2c).

In addition, when ATP was omitted from the pipette

solution, the Icl,vol could still be activated repeatedly

(Fig. 2b). However, the Icl,vol activated a second time was

somewhat smaller than that the first time, whether ATP was

included in or excluded from the pipette solution (Fig. 2a,

b). We defined the ratio of the currents elicited between the

second time and the first time as the ‘‘recovery ratio.’’ That

is, recovery ratio (%) = (current density induced the sec-

ond time/current density induced the first time) 9 100%.

Results showed that when ATP was omitted from the pip-

ette solution the recovery ratios (65.3 ± 5.0% at ?80 mV,

68.4 ± 10.3% at -80 mV, n = 5) were slightly smaller

than those when ATP was included in the pipette solution

(82.5 ± 6.3% at ?80 mV, 80.9 ± 8.0% at -80 mV,

n = 5), but the differences were not significant (P [ 0.05).

Inhibition of Icl,vol by Extracellular ATP

ATP in high concentrations has been proven to be a strong

blocker of chloride channels in nasopharyngeal carcinoma

cells (Chen et al. 2002). To characterize the Icl,vol further,

the effect of extracellular ATP on the current was tested in

Fig. 2 Volume-activated chloride currents recorded with ATP-rich

(2 mM) or ATP-free pipette solutions. Values of the whole-cell

currents were obtained 20 ms after the start of each voltage step

(0, ±40, and ±80 mV). Large currents were activated repeatedly by

the 47% hypotonic solution in both the presence (a) and the absence

(b) of ATP in the pipette solutions. The current–voltage relationships

under isotonic (Iso) and hypotonic (Hypo) conditions with or without

ATP in the pipette solution are shown in (c) (mean ± SE of 11 cells

without ATP or 23 cells with ATP). The difference in current density

between the two groups was not significant
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fetal human nasopharyngeal epithelial cells. After Icl,vol

were induced and leveled off, ATP was added to the

hypotonic bath solution to a final concentration of 10 mM.

As shown in Fig. 3, 10 mM ATP inhibited the Icl,vol. The

outward currents were more sensitive to ATP than the

inward currents (P \ 0.01). ATP (10 mM) inhibited

68.4 ± 7.8% (P \ 0.01) of the outward current at ?80 mV

and only 22.8 ± 8.2% (P [ 0.05) of the inward current at

-80 mV (n = 7). The inhibitory effect of ATP was

reversible upon washout.

Compared with the nasopharyngeal carcinoma cell line

CNE-2Z (Chen et al. 2002), the inhibition effect of ATP on

Icl,vol was much weaker in the current study. To confirm the

difference, we investigated the effect of ATP on the back-

ground currents under isotonic conditions. Our recent

research in nasopharyngeal carcinoma CNE-2Z cells

showed that ATP at 10 mM could obviously inhibit the

background currents (Yang et al. 2011). Unexpectedly, in

fetal nasopharyngeal epithelial cells, ATP at the same

concentration activated an inward-rectification current. In

six cells, ATP increased the inward current by 232.3 ±

64.3 pA at -80 mV and the outward current by 91.9 ±

35.0 pA at ?80 mV (Fig. 4). The calculated reverse

potential was ?15.7 mV, which was far from the calculated

Cl- equilibrium potential. Furthermore, the chloride chan-

nel blockers NPPB (100 lM) and tamoxifen (20 lM) could

not inhibit the inward-rectification current activated by ATP

(Fig. 4e, f).

Sensitivity of Icl,vol to Tamoxifen

Figure 5a shows an example of the effect of tamoxifen, a

Cl- channel blocker, at 20 lM on the Icl,vol. Tamoxifen

(20 lM) inhibited 102.6 ± 5.4% of the outward current at

?80 mV and 105.4 ± 8.6% of the inward current at

-80 mV (Fig. 5b, P \ 0.01, n = 5). The inhibition ratios

on the outward and inward currents were similar (P [ 0.05).

The reason the inhibition ratios exceeded 100% was that

tamoxifen not only inhibited Icl,vol completely but also

inhibited the basic background currents (Sun et al. 2005b).

Inhibition of Icl,vol by Extracellular NPPB

NPPB is a classic chloride channel inhibitor. To explore its

effect on Icl,vol, NPPB was added into the perfusion solu-

tion after the activation of Icl,vol. The results showed that

Icl,vol was attenuated by extracellular applications of NPPB

(Fig. 6). NPPB (100 lM) inhibited the Icl,vol by 45.48 ±

9.02% at ?80 mV and 45.97 ± 9.40% at -80 mV (n = 5,

P \ 0.01). Increasing the concentration of NPPB to

200 lM further inhibited the Icl,vol, with inhibition rates

of 95.59 ± 6.55% at ?80 mV and 86.95 ± 9.61% at

-80 mV (n = 5, P \ 0.01). At either 100 or 200 lM,

NPPB inhibited outward and inward currents to similar

degrees (P [ 0.05).

It should be noted that NPPB, at a concentration of

200 lM, could obviously accelerate the time-dependent

inactivation of the Icl,vol at ?80 mV (Fig. 6c). This phe-

nomenon could hardly be detected in the application of

ATP, tamoxifen and low-concentration NPPB (100 lM).

Permeability of Volume-Activated Chloride Channels

When the Icl,vol was activated and had reached a peak, the

hypotonic solution containing 70 mM of Cl- was replaced

with hypotonic solution containing equimolar I-, Br- or

gluconate. The anion substitution shifted the reversal

potential. The permeability ratios of PI/PCl, PBr/PCl, and

Pgluconate/PCl calculated from the shifts in reversal potential

by the modified Goldman-Hodgkin-Katz equation are

Fig. 3 Inhibition of volume-activated Cl- currents by extracellular

ATP. a Typical time course of volume-activated Cl- currents induced

by 47% hypotonic solution, indicated by the Hypo bar; and the effect

of 10 mM extracellular ATP on the currents, indicated by the ATP
bar. b Current–voltage relationships under isotonic (Iso) and hypo-

tonic (Hypo) conditions and after treatment with the hypotonic

solution containing 10 mM ATP (ATP). Data in (b) are mean ± SE

(n = 7). **P \ 0.01 (vs. current value in ATP group)
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shown in Fig. 7. The sequence of anion permeability was

I- [ Br- [ Cl- [ gluconate.

Discussion

The current study demonstrated that hypotonic challenges

activated a volume-sensitive current in fetal human naso-

pharyngeal epithelial cells. The current direction and

reversal potential for the current were consistent with those

of the current carried by Cl-. The sensitivity to chloride

channel blockers and the anion permeability of the

channels were similar to the Icl,vol recorded in other cells

(Inoue et al. 2005; Stutzin and Hoffmann 2006). Therefore,

fetal human nasopharyngeal epithelial cells can produce

Icl,vol under hypotonic conditions.

The Icl,vol in this study shared most of the characteristics

with the background chloride current recorded by us pre-

viously under isotonic conditions in fetal nasopharyngeal

epithelial cells (Sun et al. 2005b). Our recent research

suggests that both the background chloride current and the

Icl,vol in nasopharyngeal carcinoma CNE-2Z cells are

mediated by the same volume-activated chloride channels

(Yang et al. 2011); the volume-activated chloride channels

Fig. 4 Currents activated by 10 mM ATP in isotonic conditions. A

typical time course of the ATP-activated, inward-rectified current in

isotonic solution (Iso) is shown in (a). The current declined upon ATP

washout. Current–voltage relationships of the background current in

the isotonic solution and the ATP-activated current are presented in

(b) (mean ± SE, n = 6). c–f Typical current traces of the background

current in isotonic solution (c), inward-rectified current activated by

ATP (d) and effects of NPPB (100 lM) (e), and tamoxifen (20 lM)

(f) on the ATP–activated current. *P \ 0.05 (vs. current value in Iso

group)
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in fetal nasopharyngeal epithelial cells probably underpins

both the Icl,vol in hypotonic conditions and the background

chloride currents in isotonic conditions (Sun et al. 2005b).

A functional role of the channels should exist in both

hypotonic and isotonic conditions.

Our previous work indicated that the fetal human naso-

pharyngeal epithelial cells swelled and underwent a process

of RVD when exposed to a hypotonic challenge (Sun et al.

2005a). Inhibition of the RVD by the chloride channel

blockers ATP, NPPB and tamoxifen suggests a fundamental

role of the volume-sensitive chloride channels in RVD (Sun

et al. 2005a). The current study validates that Icl,vol can be

activated by the same hypotonic challenge and can also be

inhibited by ATP, NPPB, and tamoxifen. Besides, the

degree of inhibition of the chloride channel blockers on the

RVD is similar to that on Icl,vol presented in the current

study. These results confirm that the Icl,vol plays a key role

in the RVD in fetal human nasopharyngeal epithelial cells.

Based on the morphology described by us previously

(Sun et al. 2005a), cultured fetal nasopharyngeal epithelial

cells were heterogeneous, mainly due to their dynamic and

asynchronous development. It is well known that all

somatic cells are derived from stem cells. During the pro-

cess of histogenesis, a few self-renewing stem cells give rise

to a limited number of committed progenitors. Progenitor

cells have limited proliferation ability, subsequently dif-

ferentiate into precursor cells, and eventually become ter-

minally mature cells (Alison et al. 2006). Therefore, the

primary cultured nasopharyngeal epithelial cells in the

current study might be a mixture of stem cells, progenitor

cells, precursor cells, and fully differentiated mature cells.

On the basis of current density of Icl,vol and cell size dis-

tribution, our results in this study reveal that the current den-

sity and cell size vary greatly among the cells observed; but the

exact significance of the variation remains to be clarified in

future studies. It has been reported that stem or progenitor cells

usually display smaller size relative to the corresponding

mature cells (De Paiva et al. 2006; Greene et al. 2010; Izumi

et al. 2009) and that the primitive immature cells, such as

progenitor cells or tumor cells, generally possessed stronger

Icl,vol compared with the differentiated ones (Chou et al. 1995;

Qian et al. 2009; Voets et al. 1997). Thus, it is possible that the

variation of current density may be caused by the difference of

the stages of cells situated. It should be noted that cell cycle

distribution and cell apoptosis also have great influence on

both cell size and current density (Chen et al. 2002; Stutzin and

Hoffmann 2006; Zuo et al. 2009). Therefore, these factors

should be taken into account in future research.

Most reports indicate that the activation of Icl,vol

depends on intracellular ATP (Okada et al. 2009; Poletto

Chaves and Varanda 2008; Stutzin and Hoffmann 2006).

However, the degree of dependence is variable under dif-

ferent conditions. A study on rat IMCD cells showed that

intracellular ATP was necessary to evoke Icl,vol when the

hypotonic stimulus was modest but was not when the

stimulus was stronger (Volk et al. 1996). In N1E115 neu-

roblastoma cells and human prostate cancer epithelial cells,

the results suggest that volume-sensitive Cl- channels can

be activated via two different mechanisms, i.e., ATP-

dependent and ATP-independent mechanisms, and that

increasing the rate of cell swelling appears to increase the

proportion of channels activated via the ATP-independent

pathway (Bond et al. 1999; Lazarenko et al. 2005). In our

study, deletion of ATP from the pipette solution did not

significantly change the original activation, the current

density, and the repeated activation (embodied by the

recovery ratio) of Icl,vol, suggesting that exogenous ATP

seems to be not necessary for activation of Icl,vol. However,

our results do not exclude the dependence of Icl,vol on

endogenous ATP. The first reason is that the production of

ATP by the clamped cells was not inhibited by the

Fig. 5 Inhibition of volume-activated Cl- currents by the chloride

channel blocker tamoxifen. a Typical time course of the volume-

activated Cl- current induced by 47% hypotonic solution, indicated

by the Hypo bar; and the effect of 20 lM extracellular tamoxifen on

the current, indicated by the Tamoxifen bar. b Current–voltage

relationships under isotonic (Iso) and hypotonic (Hypo) conditions

and after treatment with the hypotonic solution containing 20 lM

tamoxifen (Tamoxifen). Data in (b) are mean ± SE (n = 5).

**P \ 0.01 (vs. current value in tamoxifen group)
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metabolic inhibitors, as in other reports (Bond et al. 1999;

Lazarenko et al. 2005). The second is that the 47% hypo-

tonic bath solution used in our study represents a strong

hypotonic stimulus, which would induce cell swelling at a

high rate and, thus, might activate the Icl,vol mainly through

the ATP-independent pathway (Bond et al. 1999).

The Icl,vol in fetal nasopharyngeal epithelial cells shared

many similar characteristics with those in nasopharyngeal

carcinoma cells (Chen et al. 2002). However, under iso-

tonic conditions, 10 mM ATP activated an inward-rectified

current in fetal nasopharyngeal epithelial cells, which has

not been observed in nasopharyngeal carcinoma cells

(Yang et al. 2011). The reversal potential of the ATP-

activated current (?15.7 mV) was far from the Cl- equi-

librium potential. The current showed inward rectification

and was insensitive to NPPB and tamoxifen. All of these

characteristics are different from those of the Icl,vol, the

cAMP-activated chloride current or the Ca2?-activated

chloride current (Morris 1999). Therefore, the ATP-acti-

vated current should not be mediated by Cl-. Based on the

ion concentration in the pipette and the bath solution, the

equilibrium potential of Na? is ?73.5 mV and the equi-

librium potential of Mg2? is -11.2 mV. Both are far from

the reversal potential. Therefore, the ATP-activated current

is probably mediated mainly by Ca2?, though the coexis-

tence of a magnesium current cannot be excluded. Acti-

vation of the ATP-activated current might be mediated by

the ionotropic purinoceptor P2X (Browne et al. 2010),

which needs to be explored further. In this study, the mild

inhibition of ATP on the Icl,vol might be the conjunct result

of the inhibition of Icl,vol and the activation of cation cur-

rents. Since the ATP (10 mM)–activated current could not

be observed in nasopharyngeal carcinoma CNE-2Z cells

(Yang et al. 2011), the current study implies that normal

fetal nasopharyngeal epithelial cells and nasopharyngeal

carcinoma cells might have a great difference in the

expression of purinergic receptors.

The molecular identity of Icl,vol is still unknown. Several

proteins, including pIcln, ClC-3, and P-glycoprotein (the

MDR1 gene product), have been described as possible

molecular candidates. However, many results suggest that

these proteins might only be channel regulators, not the real

channels (Okada 2006; Verkman and Galietta 2009). ClC-3

Fig. 6 Inhibition of volume-

activated chloride currents by

the chloride channel blocker

NPPB. Cells were clamped at

0, ±40 and ±80 mv for 200 ms

with an interval of 4 s. a–c
Typical current traces recorded

in 47% hypotonic control

solution (a) and in 47%

hypotonic solution containing

100 lM (b), or 200 lM NPPB

(c), respectively. d Time course

of activation of Icl,vol induced by

47% hypotonic challenge

(Hypo) and inhibition of the

current by 100 and 200 lM

NPPB. NPPB inhibited Icl,vol in

a dose–dependent manner and

obviously accelerated the time-

dependent inactivation at

?80 mV in higher

concentrations (c)

Fig. 7 Anion permeability of volume-activated chloride channels.

The permeability ratios (PX/PCl) of various anions (X-), including I-,

Br-, and gluconate, relative to Cl- were calculated as described in

Materials and Methods. Data represent mean ± SE (n = 5).

**P \ 0.01 and *P \ 0.05, respectively (vs. Cl-)
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belongs to the highly evolutionarily conserved ClC family.

Our previous studies in nasopharyngeal carcinoma cells have

shown that ClC-3 is a key protein in the activation of Icl,vol

and that ClC-3 is also a main component of the background

chloride channels activated under isotonic conditions (Mao

et al. 2008; Wang et al. 2004; Yang et al. 2011). The role of

ClC-3 in fetal nasopharyngeal epithelial cells is not clear and

will be one of the targets of our next study.

As a summary, our study demonstrated that, in response

to hypotonic challenges, fetal human nasopharyngeal epi-

thelial cells could produce Icl,vol, which was sensitive to the

chloride channel inhibitors and independent of exogenous

ATP. Compared with nasopharyngeal carcinoma CNE-2Z

cells, ATP displayed a weaker inhibition of Icl,vol in fetal

nasopharyngeal epithelial cells, due to the activation of

another inward-rectified current.
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Abstract The four-domain voltage-gated Na? channels

are believed to have arisen in multicellular animals, pos-

sibly during the evolution of the nervous system. Recent

genomic studies reveal that many ion channels, including

Na? channels and Ca2? channels previously thought to be

restricted to animals, can be traced back to one of the

unicellular ancestors of animals, Monosiga brevicollis. The

eukaryotic supergroup Opisthokonta contains animals,

fungi, and a diverse group of their unicellular relatives

including M. brevicollis. Here, we demonstrate the pres-

ence of a putative voltage-gated Na? channel homolog

(TtrNaV) in the apusozoan protist Thecamonas trahens,

which belongs to the unicellular sister group to Opi-

sthokonta. TtrNaV displays a unique selectivity motif dis-

tinct from most animal voltage-gated Na? channels. The

identification of TtrNaV suggests that voltage-gated Na?

channels might have evolved before the divergence of

animals and fungi. Furthermore, our analyses reveal that

NaV channels have been lost independently in the amoe-

boid holozoan Capsaspora owczarzaki of the animal line-

age and in several basal fungi. These findings provide

novel insights into the evolution of four-domain voltage-

gated ion channels, ion selectivity, and membrane excit-

ability in the Opisthokonta lineage.

Keywords Channel evolution � Channel pore �
Genomics � Na? channel � Protists � Selectivity motif

Voltage-gated Na? (NaV) channels in animals initiate and

propagate action potentials in many excitable cells such as

neurons, myocytes, and neuroendocrine cells (Catterall

et al. 2005a). Similar to animal voltage-gated Ca2? (CaV)

channels, NaV channels possess four homologous domains,

each of which contains six transmembrane segments

(TMS) and a pore loop resembling the single-domain

6-TMS voltage-gated K? channels (Armstrong and Hille

1998; Cai 2008a; Hille 2001; Strong et al. 1993). It was

hypothesized that primordial CaV channels were likely

derived from an ancestral single-domain channel by two

rounds of intragenic duplication (Armstrong and Hille

1998; Hille 2001; Strong et al. 1993). NaV channels then

diverged from some primitive CaV channels during the

development of the nervous system and fast-conducting

axons in ancestral multicellular animals (Fig. 1a)

(Armstrong and Hille 1998; Hille 2001; Strong et al. 1993).

Indeed, putative evolutionary intermediate two-pore chan-

nels (TPCs) with two homologous 6-TMS domains have

recently been identified (Ishibashi et al. 2000) and char-

acterized to be involved in Ca2? signaling in animals

(Brailoiu et al. 2009; Cai and Patel 2010; Calcraft et al.

2009).

The evolution of animal NaV channels has been inten-

sively studied because of its relevance not only for

understanding the structure and function relationship of

NaV channels, but also for exploring the origin of mem-

brane excitability and the nervous system (Arnegard et al.

2010; Goldin 2002; Lopreato et al. 2001; Plummer and

Meisler 1999; Strong et al. 1993; Widmark et al. 2011;

Zakon et al. 2006, 2011). However, little is known about
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the evolution of NaV channels outside of the metazoan

lineage. A family of prokaryotic 6-TMS NaV channels have

been functionally characterized (Koishi et al. 2004), the

first of which is the NaChBac channel isolated from the

salt-loving bacterium Bacillus halodurans (Durell and Guy

2001; Ren et al. 2001). These prokaryotic NaV channels

appear to be missing in the currently available eukaryotic

genomes. The apparent absence of NaV channel homo-

logues in the genomes of fungi, plants and many protists

suggested that 24-TMS NaV channels might be animal

specific (Armstrong and Hille 1998).

Animals, fungi, and a diverse group of their unicellular

relatives belong to the same eukaryotic supergroup Opi-

sthokonta (Cavalier-Smith and Chao 2003; Rokas 2008;

Ruiz-Trillo et al. 2007; Steenkamp et al. 2006). Monosiga

brevicollis, one of the closest unicellular relatives of ani-

mals (Carr et al. 2008; Ruiz-Trillo et al. 2008; Steenkamp

et al. 2006), has been shown to possess cell surface adhe-

sion molecules, receptor tyrosine kinases, and several other

signaling molecules previously thought to be restricted to

animals (King and Carroll 2001; King et al. 2003, 2008; Li

et al. 2008). We also demonstrated in M. brevicollis the

presence of various ion channels and transporters involved

in animal Ca2? signaling (Cai 2008b). Interestingly, a

putative 24-TMS NaV channel homolog with an ion

selectivity filter conserved in many invertebrates has

recently been cloned in M. brevicollis (Liebeskind et al.

2011), which suggests that the evolution of 24-TMS NaV

channels occurred before the emergence of the nervous

system in animals (Liebeskind et al. 2011).

Animals and fungi display lineage-specific diversifica-

tions in the components of many signaling pathways after

having diverged from a common unicellular ancestor

approximately 1 billion years ago (Rokas 2008; Ruiz-Trillo

et al. 2007). The evolutionary origin of the integrin adhe-

sion complex critical for intercellular communications in

animals was recently shown to predate the divergence of

Opisthokonta, with the key component being lost in fungi

(Sebe-Pedros et al. 2010). We also showed that many

components of the animal Ca2? signaling machinery

originated in the apusozoan protist Thecamonas trahens

(Cai and Clapham 2012), which belongs to the putative

unicellular sister group to Opisthokonta (Fig. 1b)

(Cavalier-Smith and Chao 2010).

In this study, we aimed to identify ancestral Na?

channel homologs in the Opisthokonta lineage by exam-

ining genomic data from T. trahens and several close rel-

atives of animals and fungi. We show that a putative

24-TMS NaV channel homolog is present in T. trahens,

suggesting 24-TMS NaV channels might have evolved

before the divergence of animals and fungi, much earlier

than previously thought.

Materials and Methods

Database Searches

Protein sequences of NaV and CaV channels from Homo

sapiens were used as queries to perform initial BlastP and

TBlastN searches (Altschul et al. 1997) against the Origins of

Multicellularity Database (http://www.broadinstitute.org/

annotation/genome/multicellularity_project/MultiHome.

html), the Broad Institute Genomic Database (http://www.

broadinstitute.org/scientific-community/data), and the

National Center for Biotechnology Information Genome

Database (http://www.ncbi.nlm.nih.gov/blast/). In order to

identify potential distantly related homologs in nonmetazoan

organisms that might not be detected by using H. sapiens

query proteins, repeated BLAST searches using hit sequen-

ces from the first round of searches were also performed

against the above databases. In addition, PHMMER

searches (HMMER 3.0, http://hmmer.janelia.org/) were also

performed against protein data sets downloaded from the

Origins of Multicellularity Database.

Fig. 1 Schematic representation of ion channel evolution.

a Schematic diagram illustrating the hypothesis of intragenic

duplications resulting in two-domain two-pore channels (Ishibashi

et al. 2000; Patel et al. 2010) and four-domain Na? and Ca2? channels

(Armstrong and Hille 1998; Strong et al. 1993). b Phylogeny of select

species in Opisthokonta and its relationship within eukaryotes and

with prokaryotes, inferred from the Tree of Life project (http://

www.tolweb.org/) and recent references (Ruiz-Trillo et al. 2007;

Sebe-Pedros et al. 2010). The number of protein homologs derived

from currently available genomic databases is shown, while a black
dot indicates the presence of protein homolog(s) and a white circle
indicates the absence of related protein homolog. An interrogation

mark ‘‘?’’ indicates the unknown status of protein homolog(s) in the

genomes. CaV, voltage-gated Ca2? channel; Cch1, fungal Ca2?

channel protein 1; NaV, voltage-gated Na? channel; TPC, two-pore

channel
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Multiple Sequence Alignments and Phylogeny

Reconstruction

Nonredundant protein sequences were aligned by MAFFT

(Katoh and Toh 2008) or PRANK (Loytynoja and

Goldman 2010) programs and were subsequently manually

edited to improve alignments displayed with the Blosum62

Similarity Scoring Table in Genedoc (Nicholas et al. 1997).

Poorly aligned sites from the multiple sequence alignments

were eliminated by using Gblocks (Talavera and

Castresana 2007), and unambiguous sequence alignments

were then exported to files in PHYLIP format. Next,

ProtTest (Darriba et al. 2011) was used to select the best-fit

evolution model and parameter estimates for the phylogeny

reconstruction.

Maximum likelihood phylogenies were estimated by

PHYML 3.0 (Guindon et al. 2010), with 100 resampled

data sets obtained by SEQBOOT (PHYLIP package,

v. 3.69) (Felsenstein 1996), the LG amino acid substitution

matrix (Le and Gascuel 2008), the four-category discrete-

gamma model and empirical amino acid frequencies

(LG ? G ? F) selected by ProtTest. Bootstrap is a com-

monly used method to assess confidence in phylogenetic

analyses by resampling sites from the multiple sequence

alignment with replacements and assigning a bootstrap

value for each clade of the reconstructed tree (Felsenstein

1985). A bootstrap value of C70 is considered to define a

true clade in the phylogenetic tree with a probability of

C95% (Hillis and Bull 1993). An outgroup is a protein

sequence that is outside the sequences of interest (ingroup

protein sequences) but is also closely related to ingroup

proteins. The outgroup sequence provides a reference point

for the determination of the evolutionary relationships

among ingroup proteins. The TREEVIEW program

(v. 1.6.6) (Page 1996) were used to display the phyloge-

netic trees.

Results and Discussion

Identification of a Putative 24-TMS NaV Channel

Homolog in the Apusozoan Thecamonas trahens

The apparent absence of 24-TMS NaV channels in fungi

suggests that 24-TMS NaV channels might have evolved to

modulate membrane excitability specifically in the lineage

leading to animals, possibly as early as in the choano-

flagellate M. brevicollis (Liebeskind et al. 2011). Alterna-

tively, NaV channels could have been developed in the

common ancestors of animals and fungi but were subse-

quently lost in fungi following the animal–fungal diver-

gence. To better understand the evolutionary origin of NaV

channels, we searched for NaV channel homologs in

several genomes at the Origins of Multicellularity Database

(Ruiz-Trillo et al. 2007; Sebe-Pedros et al. 2010), including

the apusozoan T. trahens, the amoeboid holozoan Cap-

saspora owczarzaki, the choanoflagellate Salpingoeca

rosetta, the basal chytridiomycete fungi Allomyces macr-

ogynus, and Spizellomyces punctatus, as well as other

select genomes in the NCBI genomic databases.

12-TMS TPC channels are widely distributed among

eukaryotes except in fungi (Fig. 1b) (Brailoiu et al. 2009;

Galione et al. 2009). In contrast, 24-TMS CaV channel

homologs are present in animals, fungi (Cch1 channels),

and some protists (Fig. 1b). We found the presence of a

24-TMS NaV channel homolog in the colonial choano-

flagellate S. rosetta (Fig. 2), further confirming that NaV

channels had evolved in Choanoflagellata. However, the

amoeboid holozoan C. owczarzaki, one of the unicellular

lineages branching close to choanoflagellates and animals

(Ruiz-Trillo et al. 2007, 2008), does not possess NaV

channel homologs. CaV channels also appear to be lost in

C. owczarzaki (Cai and Clapham 2012), and therefore, the

absence of NaV channel homologs in C. owczarzaki could

be related to lineage-specific gene loss.

We next examined the genome of the apusozoan T. tra-

hens for potential NaV channel homologs that might exist

before the divergence of the animal and fungal lineages.

Indeed, a putative 24-TMS NaV homolog with a unique

selectivity filter was detected in T. trahens (TtrNaV)

(Figs. 2, 3; Supplemental Figs. S1, S2). NaV and CaV

channels display a certain degree of structural and

sequence similarity and are speculated to share common

evolutionary origins (Hille 2001; Strong et al. 1993).

Nevertheless, robust phylogenetic analyses coupled with

strong bootstrap support can be utilized to identify critical

clades for the NaV/CaV channel phylogeny and thus pro-

vide evolutionary evidence to distinguish between NaV and

CaV homologs, as shown previously in analyzing channel

homologs from the cnidarian jellyfish Cyanea capillata

(Anderson et al. 1993) and the choanoflagellate M. brevi-

collis (Liebeskind et al. 2011). To delineate the evolu-

tionary relationships of TtrNaV with other NaV and CaV

channels from select animal species and two choanofla-

gellates, maximum likelihood analyses were performed by

using three different outgroups that are closely related to

animal 24-TMS voltage-gated Na? and Ca2? channels but

possess distinct evolutionary histories and functional

properties: (1) 24-TMS channels—two fungal Ca2?-selec-

tive Cch1 channels (Fig. 2a), presumably voltage inde-

pendent (Hong et al. 2010), and a 24-TMS voltage-

independent and nonselective cation channel NALCN (Lu

et al. 2007) (Supplemental Fig. S1); (2) a 12-TMS TPC

channel (Fig. 2b); and (3) 6-TMS channels, two prokary-

otic voltage-dependent Na? channels (Supplemental Fig.

S2). In all four phylogenetic trees with different outgroups

X. Cai: Evolutionary Origin of Na? Channels 119
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(Fig. 2; Supplemental Figs. S1, S2), TtrNaV is consistently

grouped with the NaV channel protein family including the

two choanoflagellate NaV channel homologs (MbrNaV and

SroNaV), not with the CaV channel protein family in the

animal lineage. TtrNaV is placed at the base of the NaV

protein family in the animal lineage (strong bootstrap

values ranging from 88 to 97 depending on the outgroup

used). In addition, the phylogeny of NaV and CaV channels

is well correlated with the known evolutionary history of

the species analyzed here. Thus, the identification of a

putative 24-TMS NaV channel homolog in T. trahens

suggests that NaV channels might have originated not only

before the evolution of animal multicellularity and the

nervous system (Liebeskind et al. 2011), but also before the

divergence of the animal and fungal lineages.

Interestingly, five 24-TMS channel homologs from

T. trahens are not grouped with either animal NaV or CaV

protein families in the trees using 24-TMS and 12-TMS

channel outgroups (Fig. 2a, b; Supplemental Fig. S1) and

are therefore named as NaV and CaV-like homologs (TtrNa/

CaV-1–5). Indeed, if only based on sequence homology and

BLASTP (Altschul et al. 1997) searches, TtrNa/CaV

homologs show high similarity not only to animal CaV

channels and fungal Cch1 Ca2? channels, but also to a

lesser extent to animal NaV channels. TtrNa/CaV channel

homologs could represent ancestral Ca2?-permeable ion

channel homologs from which NaV channels had evolved,

as proposed previously (Armstrong and Hille 1998; Hille

2001; Strong et al. 1993).

NaV channel homologs are absent in the basal fungi

A. macrogynus, S. punctatus, Rhizopus oryzae, and

Batrachochytrium dendrobatidis. Similar to the evolution

of the integrin adhesion complex (Sebe-Pedros et al. 2010),

NaV channels appear to have been subsequently lost

in the fungal lineage after its divergence from animals

(Liebeskind et al. 2011).

Selectivity Filter Motif of NaV Channels

The ion selectivity of NaV and CaV channels is primarily

determined by the pore loops, particularly a ring of

four key residues that form the selectivity filter motif—

Fig. 2 Phylogenetic analysis of NaV and CaV channel homologs by

using two four-domain fungal Ca2? channels (a) or a two-domain

TPC Ca2? channel (b) as the outgroup. The phylogenetic tree was

built by using the maximum likelihood approach, as described in

Section ‘‘Materials and Methods’’. Bootstrap values greater than 60

are shown at the nodes. The NaV branches containing protist NaV

channel homologs (TtrNaV, MbrNaV, and SroNaV) are highlighted by

black circles. Abbreviations used for species: Aplysia californica
(Aca); A. queenslandica (Aqu); Branchiostoma floridae (Bfl);

Blattella germanica (Bge); Caenorhabditis elegans (Cel); Cyanea
capillata (Cca); Ciona intestinalis (Cin); Drosophila melanogaster
(Dme); Daphnia pulex (Dpu); Halocynthia roretzi (Hro); H. sapiens
(Hsa); Loligo bleekeri (Lbl); Loligo opalescens (Lop); M. brevicollis
(Mbr); Mnemiopsis leidyi (Mle); Mus musculus (Mmu); Neurospora
crassa (Ncr); N. vectensis (Nve); Polyorchis penicillatus (Ppe);

Saccharomyces cerevisiae (Sce); Strongylocentrotus purpuratus
(Spu); S. rosetta (Sro); T. trahens (Ttr)
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D/E/K/A for NaV channels and E/E/E/E for CaV channels

(Heinemann et al. 1992). Although these selectivity motifs

are generally conserved in animals, variations have been

observed in some species, for example, D/E/E/A in the a
isoform of the cnidarian Nematostella vectensis and the

choanoflagellates M. brevicollis (Liebeskind et al. 2011)

and S. rosetta (Fig. 3), and D/K/E/A in the cnidarian jel-

lyfish C. capillata (Anderson et al. 1993). Surprisingly, the

selectivity motif in TtrNaV is D/E/E/S, which contains an

unusual Ser residue in the fourth loop, instead of an Ala

residue conserved in most NaV channels. So far, there are

only two NaV channel homologs shown to possess a

hydrophilic residue in the fourth loop—D/E/E/T in

N. vectensis (b isoform) (Liebeskind et al. 2011) and

D/E/E/S in T. trahens (Fig. 3).

The structure of a prokaryotic 6-TMS NaV channel from

Arcobacter butzleri has recently been determined

(Payandeh et al. 2011), which showed that the four acidic

side chains of E/E/E/E (one from each 6-TMS subunit)

coordinate to form the strongly negatively charged and the

narrowest part of the ion conduction pathway. Previous

studies have demonstrated that a single mutation of Glu to

Asp converts NaChBac from a highly Na?-selective

channel to a Ca2?- and Na?-permeable channel (D/D/D/D)

and incorporating two additional Asp residues in the pore

loop region of NaChBac results in a highly Ca2?-selective

channel (Yue et al. 2002). Conversely, mutations in the

selectivity filter of the 24-TMS NaV and CaV channels in

animals also modulate the Na? and Ca2? ion selectivity

(Heinemann et al. 1992; Yang et al. 1993). Therefore, it is

conceivable that in the four homologous channel domains

of ancestral 24-TMS CaV and NaV channels, the selectivity

filters and the pore loop regions underwent evolutionary

selection pressures to modulate ion selectivity. Further-

more, CaV and NaV channels are likely also subject to

changes in other conserved regions in the channel domains,

which are often related to their different functional prop-

erties and pharmacological characteristics (Catterall et al.

2005a, 2005b). By taking into account not only the pore

loop/selectivity filter regions but also other conserved

regions in the channel domains, our phylogenetic analyses

with three evolutionarily distinct outgroups (Fig. 2; Sup-

plemental Figs. S1, S2) distinguish the ancestral NaV

channel homolog from CaV channels by consistently

grouping the TtrNaV homolog with the animal NaV family.

It should be noted that phylogenetic analyses used to

reconstruct the evolutionary relationships of ion channel

families can provide strong support for, but may not nec-

essarily define, the nature of their functional properties,

especially for these ancestral channel homologs. None

of these putative protist NaV channel homologs from

T. trahens and the choanoflagellates M. brevicollis

(Liebeskind et al. 2011) and S. rosetta have been function-

ally characterized so far. It remains possible that these

ancestral NaV channel homologs could represent the putative

channel intermediates between CaV and NaV channels as

proposed previously (Hille 2001; Liebeskind et al. 2011), or

display previously undescribed properties, as shown in

recent characterization of two protist P2X receptors (Foun-

tain et al. 2007, 2008). Sequence alignment, domain

assignment and phylogenetic analyses support the grouping

of these protist P2X receptors with their animal counterparts

(Cai 2011; Fountain and Burnstock 2009). In animals, P2X

receptors sense extracellular ATP and induce the flux of

cations across the plasma membrane (Khakh and North

2006). In contrast, P2X receptors in the dictyostelid social

amoeba Dictyostelium discoideum (Fountain et al. 2007) and

the green alga Ostreococcus tauri (Fountain et al. 2008)

appear to serve functional roles on intracellular organelle

membranes with distinct properties, presumably sensing the

changes in intracellular ATP.

Conclusion

Together with the seminal report on the first cloning and

phylogenetic characterization of a protist 24-TMS NaV

channel homolog from the choanoflagellates M. brevicollis

Fig. 3 Evolution of the pore loop region and the selectivity filter

motif in NaV channels. The amino acid sequences of the pore loop

regions from each homologous domain of select NaV channels and the

human CaV 2.1 and NALCN channels are aligned, with the four key

residues of the selectivity motif indicated by an asterisk and listed on

the right side of the alignment
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(Liebeskind et al. 2011), the identification of TtrNaV from

the apusozoan protist T. trahens with a unique pore

sequence provides an exciting opportunity to study the

evolution of ion selectivity in voltage-gated ion channels

and the role of ion channels in the eukaryotic evolution

leading to multicellular organisms. Little is known about

the biology of the phylum Apusozoa, including T. trahens

(Cavalier-Smith and Chao 2003, 2010). T. trahens are

unicellular and biflagellate eukaryotes living in soils and

aquatic environments, where they glide on the surface and

feed on bacteria. Flagellar movement promotes motility in

search for food, which is ingested by pseudopodia-like

locomotion. Presumably, the emergence of a 24-TMS NaV

channel could provide a new means of controlling mem-

brane excitability and enabling Ca2? to function more

specifically as a signaling molecule to regulate diverse

cellular processes (Clapham 2007). Indeed, T. trahens had

acquired a set of Ca2? signaling molecules conserved in the

animal lineage such as voltage-gated CatSper Ca2? chan-

nels and Na?/Ca2? exchangers (Cai and Clapham 2012).

Determining the biophysical properties and ion selec-

tivity of these protist NaV homologs will no doubt broaden

our current knowledge on the evolution of the electro-

physiological properties in protists and in excitable cells

such as neurons and cardiomyocytes (Armstrong and Hille

1998; Rosati and McKinnon 2009). Further evolutionary

systems biology studies (Medina 2005) of ion channel

protein families will also shed novel evolutionary and

mechanistic insights into signaling pathways mediated by

different ion channels.
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Abstract Protozoan parasites cause thousands of deaths

each year in developing countries. The genome projects of

these parasites opened a new era in the identification of

therapeutic targets. However, the putative function could

be predicted for fewer than half of the protein-coding

genes. In this work, all Trypanosoma cruzi proteins con-

taining predicted transmembrane spans were processed

through an automated computational routine and further

analyzed in order to assign the most probable function. The

analysis consisted of dissecting the whole predicted protein

in different regions. More than 5,000 sequences were

processed, and the predicted biological functions were

grouped into 19 categories according to the hits obtained

after analysis. One focus of interest, due to the scarce

information available on trypanosomatids, is the proteins

involved in signal-transduction processes. In the present

work, we identified 54 proteins belonging to this group,

which were individually analyzed. The results show that by

means of a simple pipeline it was possible to attribute

probable functions to sequences annotated as coding for

‘‘hypothetical proteins.’’ Also, we successfully identified

the majority of candidates participating in the signal-

transduction pathways in T. cruzi.

Keywords Trypanosoma cruzi � Hypothetical protein �
Membrane protein � Signal transduction � Receptor �
Chagas disease

Introduction

Trypanosomes are etiological agents of several veterinary

infections, but only two of them cause important human

diseases. In sub-Saharan Africa, Trypanosoma brucei cau-

ses sleeping sickness, and in America Trypanosoma cruzi

causes Chagas disease. Both trypanosomiases affect mainly

poor and marginalized populations. Chagas disease is lim-

ited to Central and South America, where about 7.7 million

people are infected (Rassi et al. 2010). It is also the first

cause of cardiac lesions in young, economically productive

adults in endemic countries (Aufderheide et al. 2004).

In 2005, the genomes of the trypanosomatids T. brucei,

T. cruzi and Leishmania major were partially completed

by the TriTryp sequencing consortium (El-Sayed et al.

2005b). A major problem that occurs in the genome pro-

jects in general, and particularly in the TriTryp genomes, is

failure to predict gene function; consequently, more than

half of the gene products have been annotated as ‘‘hypo-

thetical proteins.’’ Genes coding for hypothetical proteins

are predominant in trypanosomatid genomes. For example,

in the TriTryp database, there are over 105,060 protein-

coding genes, with 62,068 codes for hypothetical proteins

(59%). In the specific case of T. cruzi, there are 11,062

hypothetical proteins (56%) in the genome database, cor-

responding to 6,526 different genes (Aslett et al. 2010).

Considering the present situation, development of novel
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strategies for automated gene-function prediction is espe-

cially relevant in protozoan parasites. Putative functions

could be assigned to fewer than half of the genes, and these

predictions were based on the similarity to previously

characterized proteins or known functional domains. For

example, many of the predicted metabolic pathways are

truncated or incomplete, where the end products would not

be used by the parasite (Kanehisa and Goto 2000). Prob-

ably, some of these ‘‘missing enzymes’’ exist, but they

have been annotated as hypothetical proteins.

Membrane proteins constitute the connecting interface

between the intra- and extracellular environments, which

mediates the interchange of molecules, medium sensing

and cell communication. To date, studies on the membrane

components of signal-transduction pathways in protozoan

parasites are very scarce. In addition, little is known about

the nature of macromolecules with regard to the extracel-

lular environment and their ability to recognize specific

environmental signals. The identification of surface pro-

teins able to recognize molecules secreted by the host,

which would alter parasite behavior, and the type of

response that is expected are critical issues to understand

host–parasite interactions (Parsons and Ruben 2000).

In this work, using an automated bioinformatic routine,

we determined the distribution of T. cruzi membrane pro-

teins according to the transmembrane span number. Based

on this initial information, the whole proteins as well as the

N- and C-terminal regions were analyzed by BLAST,

which allowed prediction of functions for a relevant sub-

population. Novel groups of membrane proteins, including

putative receptors, were identified.

Materials and Methods

Databanks Employed

T. cruzi sequence data were obtained from TriTrypDB

version 3.3. The Swiss Prot Database, used as a reference

for protein alignment, was obtained at the NCBI FTP Dat-

abases Repository (ftp://ftp.ncbi.nih.gov/blast/db/). This

database, containing 303,518 amino acid sequences, was

chosen because it includes only high-quality annotated and

nonredundant protein sequences. Other sequences used in

this work are from the DNA Database from Japan (DDBJ,

http://www.ddbj.nig.ac.jp/) and Interpro Database (http://

www.ebi.ac.uk/InterProScan/).

Automated Routines for Sequence Processing

Automated routines were programmed in Perl language

(http://www.perl.org/) using Bioperl (http://www.bioperl.

org/) code and proceed as indicated in the scheme in

Fig. 1a. The routine input was a text report from TriT-

rypDB for all 5,174 predicted membrane proteins, con-

taining the following data: gene ID, protein length,

transmembrane spans (TMS) count, sequence type (gene or

pseudogene), amino acid sequence and a table containing

the TMS positions. Protein sequences were divided into 37

groups according to TMS number, and then each group was

subdivided into three individual fasta files containing

the full-length sequence, the N- and C-terminal domains

defined as the sequences before the first TMS and after the

last TMS. Sequences were compared using the standalone

BLAST and the Swissprot protein database. BLASTP

version 2.2.24 (Altschul et al. 1997) was run under default

parameters using a cut-off score for sequence hits with E

values\10-10. The final report of the functional groups of

hits associated to each query was manually created.

Sequences were grouped into 19 categories according to

the predicted biological process. Hits related to proteins of

particular interest were individually analyzed.

Other Bioinformatic Tools

Further sequence analysis were performed using different

resources: TMpred (http://www.ch.embnet.org/), TMHMM

version 2.0 (http://www.cbs.dtu.dk/) for topology predic-

tion (Krogh et al. 2001), PredGPI (http://gpcr.biocomp.

unibo.it/predgpi/pred.htm) for glycosylphosphatidylinositol

PredGPI (http://gpcr.biocomp.unibo.it/predgpi/pred.htm)-anchor

sites and Vector NTI 10 package (Invitrogen Corporation,

Carlsbad, California) for general sequence analysis.

Results and Discussion

Ordering Membrane Hypothetical Proteins

About 26% of the T. cruzi genes code for putative mem-

brane proteins (5,174 out of 19,673 protein-coding genes),

of which 48% (2,499) are annotated as hypothetical pro-

teins. Taking as a starting point all the 5,174 genes coding

for putative membrane proteins available on TriTrypDB,

an automated TMS prediction was performed and the

proteins were classified according to the number of TMS,

ranging from 1 to 37.

About 74% of the predicted proteins have one or two

TMS, belonging to few multigene families of surface

proteins including trans-sialidases, gp63, Tc85, mucin-

associated surface proteins (MASP) and related proteins

(El-Sayed et al. 2005a). In a preliminary analysis we found

that many sequences within this group, annotated as

‘‘hypothetical proteins,’’ had high-identity values with

known soluble proteins. Therefore, proteins with one or

two TMS were excluded from further analyses because the
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data obtained from these sequences were not reliable,

an error in the prediction of one TMS leading to the

inclusion of soluble proteins in this group (see Supple-

mentary Table S1).

The distribution of membrane proteins is shown in

Fig. 1b. Interestingly, the number of proteins in each group

as a function of the number of TMS presents a regular

pattern, which continuously decreases up to seven TMS,

presenting a second ‘‘peak’’ at 10 TMS (Fig. 1b, blue and

red bars, respectively). This pattern is probably related to

protein function because loops are variable regions sub-

mitted to the selective pressure of the immune system of

the hosts, but the TMS present a more restrictive degree of

freedom in terms of variation during evolution due to the

fact that they constitute the structural basis for protein

function.

Predicting Functions of Membrane Proteins

The second part of the algorithm designed in this work is

oriented to function prediction based on the subdivision of

proteins in their N- and C-terminal domains for local

sequence alignment using BLAST. All 1,570 proteins with

BLAST hits under the cut-off score (E \ 10-10) were

classified in 18 different groups according to their func-

tions (Fig. 2a, b). Of the total analyzed, 918 proteins were

above the cut-off E value and excluded, to maintain the

stringency of the analysis. The largest protein group

identified comprises different transporter proteins, includ-

ing ion channels, amino acid permeases, ABC and MDR

pumps (constituting about 50% of the membrane proteins

analyzed) and enzymes related to lipid metabolism

(18.8%). Amino acids and related transporters are those

Fig. 1 a Schematic representation of the automated routine for

functional classification of proteins. Input files are text reports

obtained from TriTrypDB (http://tritrypdb.org/) containing the fol-

lowing data: gene ID, protein length, transmembrane span (TMS)

count, sequence type (gene or pseudogene), predicted amino acid

sequence and a table containing the TMS positions. Protein sequences

have been divided into 37 groups according the TMS number, and

then each group was subdivided in individual fasta files containing the

full-length sequence and the N- and C-terminal domains, defined as

the sequences before the first TMS and after the last TMS. Sequences

were compared using the standalone BLAST and the Swissprot pro-

tein database. BLASTP version 2.2.24 was run under default

parameters using a cut-off score for sequence hits of E \ 10-10.

b Protein classification according to TMS count. Proteins containing

3–37 TMS were graphically represented as a function of sequence

number
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sequences that constitute the ‘‘peak’’ at 9 or 10 TMS in

Fig. 1. A special case are zinc transporters, which are

interesting not for their function but for the large number of

them found in the sequence analysis—about 25% of the

protein involved in ion uptake in T. cruzi are putative zinc

transporters. However, the physiological role of zinc in the

parasites remains unknown. A group named ‘‘unexpected

hits’’ contained proteins not previously found in this

organism or unusual membrane proteins. For example,

proteins related to nucleic acid remodeling, including those

involved in DNA excision/repair process, DEAD-box

ATP-dependent RNA helicases and endo- and exonuc-

leases. These putative proteins are probably associated with

the nuclear membrane.

Proteins Related to Signal-Transduction Processes

We specifically analyzed all the protein hits related to

sensing or transducing extracellular signals. A total of 55

proteins were selected. The most interesting subgroups

found are proteins involved in processes such as autoph-

agy, programmed cell death, inositol 1,4,5-trisphosphate

(IP3) receptors and components of the mitogen-activated

protein kinase (MAPK) cascade (Supplementary Table S2).

Finally, one group, belonging to the seven transmembrane

receptors family (7TMR), is composed of adiponectin

receptors. Adiponectin is an essential hormone secreted by

adipocytes, which acts as an antidiabetic factor and is

involved in metabolic pathways that regulate lipid metab-

olism such as fatty acid oxidation and glucose uptake

throughout the AMP-activated protein kinase (AMPK)

(Goldstein and Scalia 2004). Three different sequences

belonging to the PAQR (progestin and adipoQ receptors)

family were identified as putative adiponectin receptors.

Considering that adipose tissue is one of the major sites of

inflammation in Chagas disease and that a T. cruzi infec-

tion–associated decrease in adiponectin has been demon-

strated (Nagajyothi et al. 2008), future studies on these

Fig. 2 Functional classification

of membrane proteins.

a Predicted protein sequences

ordered according to TMS

number and classified in 19

functional groups based on the

corresponding BLAST hits

report. Gray rows indicate

groups analyzed in proof in 3.3.

b Graphical representation of

each functional group. A pie

chart was constructed using the

data shown in a. Numbers next

to each triangle are the

percentage of sequences

corresponding to each

functional group
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putative receptors can reveal new host–parasite interaction

mechanisms.
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Abstract HCO3
- translocation across the plasma mem-

brane via the electrogenic Na/HCO3
- cotransporter NBCe1

plays an important role in intracellular pH regulation and

transepithelial HCO3
- transport. However, the structural

determinants of transporter function remain largely unknown.

A previous study showed that the putative fourth extracellular

loop (EL4) plays an essential role in determining the electr-

ogenicity of NBCe1. In the present study, we generated eight

new chimeras of human NBCe1-A and NBCn1-A. All possess

the putative NBCe1 EL4 and are electrogenic. Chimera O, in

which the putative sixth transmembrane segment (TM6) and

EL5 through the C terminus (Ct) of NBCe1 was replaced

by corresponding NBCn1 sequence, produces the smallest

hyperpolarization (1–2 mV) when CO2/HCO3
- is added to

the extracellular solution. Biotinylation experiments show

that O has a very low abundance at the plasma membrane.

However, chimeras in which we simultaneously replaced the

putative TM6 and smaller subdomains of the EL5-Ct region

for the NBCn1 sequence were strongly electrogenic except for

chimera T, in which we replaced TM6 and TM12 of NBCe1

with the corresponding regions of NBCn1. T exhibited greatly

reduced transporter surface expression compared to wild-type

NBCe1-A, while retaining at least some electrogenic char-

acter. We hypothesize that putative TM6 and TM12 are part of

a functional unit and that if the two TMs are replaced by those

of the same transporter type, high surface expression would

require that the surrounding TMs are also from the same

transporter type.

Keywords Xenopus oocyte � SLC4A4 � SLC4A7 �
Intracellular pH � Biotinylation � Bicarbonate transporter

Introduction

For secondary active transport, substrate stoichiometry is a

fundamentally important property. Among the five Na-

coupled HCO3
- transporters (NCBTs) of the SLC4 family,

differences in stoichiometry cause them to fall into two

groups based on net charge movement: (1) the electrogenic

Na/HCO3 cotransporters NBCe1 (Romero et al. 1997) and

NBCe2 (Virkki et al. 2002; Sassani et al. 2002) and (2) the

electroneutral NCBTs, which include NBCn1 (Choi et al.

2000; Pushkin et al. 1999) and NBCn2 (aka NCBE, see

Parker et al. 2008; Wang et al. 2000) as well as the Na?-

driven Cl-HCO3
- exchanger NDCBE (Grichtchenko et al.

2001). On the one hand, electrogenic transport can have

profound effects on the membrane potential (Vm) and, thus,

could affect a wide range of voltage-sensitive biological

processes, such as gating of and flux through ion channels.

On the other hand, the electrogenicity (or lack thereof)

impacts the thermodynamics of the transporter even to the

extent that it can determine the direction of net transport.

The electrogenic NBCe1 and electroneutral NBCn1 have

broad physiological relevance. Mutations in NBCe1 have

been associated with proximal renal tubular acidosis, mental

retardation as well as ocular and dental defects (for review, see
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Boron et al. 2009). A carboxyl-terminally truncated NBCe1

mutant with impaired trafficking to the plasma membrane is

associated with hemiplegic migraine (Suzuki et al. 2010).

Targeted disruption of Slc4a4 in mice severely impairs the

formation of dental enamel, indicating that NBCe1 is essential

for normal development of dentition (Lacruz et al. 2010). The

complex expression and distribution of at least five NBCe1

variants in the reproductive tract tissues suggest that the

transporter plays important roles in mammalian reproduction

(Liu et al. 2011).

NBCn1 appears to be important in both normal physi-

ology and pathophysiology. In osteoclasts, NBCn1 is

responsible for the increase in intracellular pH (pHi) trig-

gered by colony-stimulating factor 1, resulting in enhanced

cell survival (Bouyer et al. 2007). NBCn1 is also necessary

for the degradation of hydroxyapatite by osteoclasts

(Riihonen et al. 2010). Polymorphisms in NBCn1 are

associated with an increase in susceptibility to breast can-

cer (Antoniou et al. 2010; Ahmed et al. 2009). Moreover,

in a human breast-cancer cell line, NBCn1 abundance is

substantially enhanced by the expression of a constitutively

active, truncated receptor tyrosine kinase, ErbB2, that is

commonly expressed in breast cancer (Lauritzen et al.

2010). In addition, knockout of NBCn1 in mice is associ-

ated with blindness and deafness (Bok et al. 2003).

Boedtkjer et al. (2011) have shown that NO-mediated

vasorelaxation as well as hypertension development are

inhibited in NBCn1-null mice. Moreover, a genomewide

association study has shown that variations in SLC4A7 are

associated with hypertension and increased cardiovascular

disease risk in humans (Ehret et al. 2011). Finally, allelic

variants of SLC4A7 could contribute to the vulnerability to

drug addiction (Ishiguro et al. 2007).

Interestingly, the electrogenic NBCe1 and electroneutral

NBCn1 appear to have opposite roles in the heart. Inhibi-

tion of NBCe1 reduces ischemic injury in rat cardiac

myocytes (Khandoudi et al. 2001). In contrast, knock-down

of NBCn1 increases ischemia-induced apoptosis of coro-

nary endothelial cells (Kumar et al. 2010). This last

observation, which is consistent with an antiapoptotic

effect of NBCn1, is in harmony with the aforementioned

osteoclast data. De Giusti et al. (2009) demonstrated that

angiotensin II stimulates Na-coupled HCO3
- transport and

presumably electroneutral NBC activity in cardiac myo-

cytes. On the other hand, the same group showed that

angiotensin II inhibits electrogenic Na-coupled HCO3
-

transport in cardiac myocytes (De Giusti et al. 2010).

Given the physiological significance of NBCe1 and

NBCn1, it is important to understand the molecular mecha-

nism of ion transport by these two transporters. Based upon a

study with AE1 (Zhu et al. 2003), Romero et al. (2004)

proposed that all SLC4 family members consist of a large

soluble cytosolic N-terminal domain (Nt), followed by a

transmembrane domain (TMD) containing 14 transmembrane

segments (TMs), including 13 helices and one reentrant loop

connecting the extracellular end of TM11 and the intracellular

end of TM13, and a short cytosolic C-terminal domain (Ct).

The putative large third extracellular loop (EL3) between

TM5 and TM6 divides the TMD into two parts, the front half

(TMDF) consisting of TM1–TM5 and the back half (TMDB)

consisting of TM6–TM14. Choi et al. (2007) demonstrated

that the electrogenicity of rat NBCe1 requires the simulta-

neous presence of TMDF and TMDB. Chen et al. (2011) later

demonstrated that the putative fourth extracellular loop (EL4)

plays a critical role in determining the electrogenicity vs.

electroneutrality of human NBCe1-n1 chimeras. Simply

replacing EL4 of NBCe1 with that of NBCn1 (construct M in

that study) virtually eliminated electrogenicity, while retain-

ing substantial HCO3
- transport activity. Moreover, the

reverse replacement engendered electrogenicity in an elec-

troneutral chimera.

In the present study, we generated eight new NBCe1-n1

chimeras in the TMDB, all of which contained the EL4 of

NBCe1. We demonstrate that all chimeras are electrogenic.

However, the simultaneous replacement of TM6 and TM12

of NBCe1-A with those from NBCn1—but not the simul-

taneous replacements of TM6 with EL5, TM10, TM11,

TM13 or TM14—greatly reduced the surface expression of

the chimera when expressed in Xenopus oocytes. We

hypothesize that TM6 and TM12 are part of a functional

unit and that, when they are replaced together, normal

surface expression requires that the surrounding TMs be

from the same transporter type.

Methods

Construct, Oocyte Injection and Electrophysiologic

Measurements

As previously described (Chen et al. 2011), chimeras were

generated by polymerase chain reaction using human

NBCe1-A (accession NM_003759) and human NBCn1-A

(accession AF047033) as templates. All constructs were

tagged at amino termini with enhanced green fluorescent

protein (EGFP). Although it is possible that this tag could

have influenced our results, a comparison with historical

transport rates suggests that the Nt-EGFP tag did not

reduce activity. In the data set for our previous study (Chen

et al. 2011), construct A had a mean slope conductance

of * 35 lS in 5% CO2/33 mM HCO3
- (not previously

published), which is modestly higher than the value of

*24 lS observed under similar conditions with untagged

rat NBCe1-A (Choi et al. 2007).

Figure 1 shows the putative topology—proposed by

Romero et al. (2004) based on the AE1 model of Zhu et al.
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(2003)—and sequence boundaries for all constructs that we

used in the present study. For the convenience of readers,

each construct is designated an alphabetical code consistent

with that of our previous article (Chen et al. 2011). The

construct cDNAs were linearized by restriction digestion

with NotI for cRNA synthesis. cRNA was transcribed with

T7 RNA polymerase using the mMessage mMachine kit

(Ambion, Austin, TX) and stored at –80�C until injected.

In most cases, we obtained Xenopus laevis oocytes from

an ovarian lobe following a protocol approved by the

Institutional Animal Care and Use Committee at Case

Western Reserve University. In some cases, we purchased

ovaries from NASCO (Fort Atkinson, WI). Each oocyte

was injected with 50 nl of cRNA (0.5 lg/ll), encoding a

transporter or 50 nl H2O as a control, and incubated at

18�C for 4–5 days until used for assay.

For 4,4-diisothiocyanatostilbene-2,2-disulfonic acid

(DIDS) experiments, we used a nominally CO2/HCO3
--

free ND96 solution that contained in (mM) 93.5 NaCl, 2

KCl, 1 MgCl2, 1.8 CaCl2 and 5 HEPES. DIDS-containing

solutions (400 lM) were made freshly by adding DIDS

powder to ND96 or 1.5% CO2. A 0.2% BSA solution was

made freshly by adding albumin powder (0.2 g/100 ml) to

ND96 or 1.5% CO2. Preparation of all other solutions as

well as the measurements of Vm and pHi were performed as

previously described (Chen et al. 2011).

Examination of Total and Membrane Proteins

Expressed in Xenopus Oocytes

For the detection of transporter proteins expressed at the

plasma membrane, we biotinylated and then isolated pro-

teins on the extracellular surface of Xenopus oocytes using

the PinpointTM Cell Surface Protein Isolation Kit (catalog

89881; Pierce, Rockford, IL), modifying the manufac-

turer’s protocol for use with oocytes. For each group, 15

oocytes were washed with ice-cold phosphate-buffered

saline (PBS, diluted to *200 mOsm) and incubated in

5 ml PBS containing 1.2 mg Sulfo-NHS-SS-Biotin on a

rocker for 1 h at 4�C. The reaction was stopped by adding

250 ll quenching solution. Oocytes were next washed in

TRIS-buffered saline (TBS, diluted to *200 mOsm) for

5 min, then homogenized with a pellet pestle (Kimble

Chase Kontes, Vineland, NJ) in 450 ll lysis buffer, which

consisted of 1% Triton X-100 (Sigma-Aldrich, St. Louis,

MO) and one tablet EDTA-free proteinase inhibitors

(Roche Diagnostics, Indianapolis, IN) per 10 ml of TBS.

Lysates were centrifuged for 10 min at 1,0009g and 4�C.

The lipid layer on the top of the supernatant was carefully

removed. Some of the supernatant was withheld at this

stage and used to assay the amount of total protein fraction.

The remaining material was incubated with 500 ll

Immobilized NeutravidinTM Gel (Pierce) and incubated for

1 h at room temperature. After five washes with 500 ll

lysis buffer, biotinylated proteins were eluted by incubation

for 1 h at room temperature in 1 9 SDS polyacrylamide

gel electrophoresis (SDS-PAGE) sample buffer containing

50 mM DTT. The resulting preparation represents the

surface-protein fraction of Xenopus oocytes.

The total and surface-protein fractions were separated

on SDS-PAGE and then transferred onto an ImmobilonTM

PVDF membrane (Millipore, Bedford, MA). The blot was

probed with monoclonal mouse anti-EGFP primary anti-

body (Clontech, Palo Alto, CA) at 1:2,000 dilution and

then with HRP-conjugated goat anti-mouse secondary

antibody (MP Biomedicals, Solon, OH) at 1:5,000.

Chemiluminescence was performed with the Amersham

ECL Plus Western Blotting Detection Reagents (GE

Healthcare, Aylesbury, UK) prior to X-ray film exposure.

Results

Vm and pHi Measurements of Oocytes Expressing

Transporters

Figure 2a shows typical Vm and pHi records from an oocyte

expressing wild-type (wt) human NBCe1-A (construct A).

The oocyte was superfused with nominally HCO3
--free

ND96 solution and then with 1.5% CO2/10 mM HCO3
-.

The addition of CO2/HCO3
- caused an abrupt hyperpo-

larization (Vm, red trace), a change characteristic of an

electrogenic NBC. Moreover, after rapid CO2-induced

intracellular acidification, pHi recovered robustly (green

trace). The rate of pHi recovery (dpHi/dt) reflects the rate

of transporter-mediated uptake of HCO3
- or a related ion

(e.g., CO3
=) and is thus an index of NBC activity. Note also

that removing Na? from the extracellular solution pro-

duced the opposite set of changes: an instantaneous depo-

larization and a rapid fall in pHi; the depolarization is

indicative of electrogenic NBC activity. In the control

oocyte injected with H2O (Fig. 2b), the switch to CO2/

Fig. 1 Diagrams and sequence boundaries of constructs. Regions that

contributed human NBCe1-A are in violet, whereas regions that

contributed by human NBCn1 are in orange
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HCO3
- failed to elicit either an instantaneous hyperpo-

larization or a pHi recovery from the acid load.

As shown in our previous article (Chen et al. 2011), on

the background of wt human NBCe1-A, replacing the

fragment from the putative EL5 through the Ct, inclusive,

with the corresponding region of human NBCn1-A resulted

in an electrogenic chimera (construct G). Representative

recordings of Vm and pHi from an oocyte expressing con-

struct G are shown in Fig. 3a.

On the background of construct G, we created the novel

construct O by replacing TM6 of NBCe1 with TM6 of

NBCn1. This manipulation had a severe effect on the

functional expression. As shown in Fig. 3b, the oocyte

expressing construct O exhibited virtually no pHi recovery.

The dominant effect on Vm was a sustained depolarization

that was reminiscent of the H2O-injected oocyte in Fig. 2b.

However, closer examination of Fig. 3b reveals that the

switch to CO2/HCO3
- caused a small transient hyperpo-

larization. Moreover, we observed similar transient hy-

perpolarizations of 1–2 mV in each of the nine oocytes that

we injected with cRNA encoding construct O and then later

examined electrophysiologically. Thus, construct O has at

least some electrogenic character.

On the background of wt human NBCe1-A, we created

construct P by simply replacing TM6 of NBCe1 with TM6

of NBCn1. This construct retained obvious electrogenicity

as well as robust HCO3
--transport activity (Fig. 3c). Taken

together, the data from Fig. 3 show that, although the

replacement of only one of the two NBCe1 structural ele-

ments at a time (Fig. 3a, c) produces an electrogenic chi-

mera that expresses robustly, the simultaneous replacement

of the two structural elements together results in a chimera

with at least some electrogenic character but extremely low

functional expression in Xenopus oocytes.

The above observations are consistent with the hypothesis

that putative TM6 interacts with a structural component

between putative EL5 and Ct, inclusive. In order to define this

latter structural element, we created a series of chimeras on the

background of construct P by replacing single putative loops

or TMs from EL5 through TM14 of NBCe1-A with the cor-

responding element of human NBCn1. As shown in Fig. 4a,

construct Q, in which we simultaneously replaced putative

TM6 and EL5 of NBCe1-A, retained electrogenicity and

robust HCO3
--transport activity. We made similar observa-

tions for construct R (Fig. 4b, putative TM6 and TM10) and

construct S (Fig. 4c, putative TM6 and TM11). We did not

swap the intervening putative intracellular loop 5, which is

only three amino acids long.

Simultaneously replacing putative TM6 and TM12 of

NBCe1-A to produce construct T virtually eliminated

functional expression, as judged by the pHi-recovery rate

(Fig. 5a). However, construct T was not totally inactive

because the switch to CO2/HCO3
- elicited a modest

instantaneous hyperpolarization. On the other hand, con-

struct U (Fig. 5b, TM6 and TM13-EL6) and construct V

(Fig. 5c, TM6 and TM14) retained electrogenicity as well

as substantial HCO3
--transport activity.

Fig. 2 Typical recordings of pHi (green) and Vm (red, in mV).

a Oocyte expressing human NBCe1-A (construct A). b Control

oocyte injected with H2O. The oocyte was first exposed to ND96

(CO2/HCO3
--free) solution, and then to 1.5% CO2/10 mM HCO3

-

for 15 min, all at an extracellular pH of 7.50. Extracellular Na? was

temporarily replaced with N-methyl-D-glucamine for 10 min, and

returned for 5 min in the continued presence of CO2/HCO3
-

Fig. 3 Typical recordings of pHi (green) and Vm (red, in mV) of

oocytes expressing chimeric transporters. a Construct G. b Construct

O. c Construct P. The experimental protocols are the same as for

Fig. 2. The sequence boundaries of the constructs are provided in

Fig. 1. Inset in b shows, in a magnified scale, the small hyperpolar-

ization upon the switch from the ND96 to the CO2/HCO3
- solution
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Figure 6 summarizes the data on pHi recovery rate and DVm

for CO2/HCO3
- exposure experiments like those shown in

Figs. 2, 3, 4, and 5. Although very small, both the mean DVm

(-1.4 ± 0.2 mV) and the mean dpHi/dt ([3.0 ± 0.3] 9 10-5

pH units/s) of oocytes expressing construct O were signifi-

cantly different from those of H2O-injected oocytes

(-0.6 ± 0.2 mV, P = 0.007; [1.0 ± 0.4] 9 10-5 pH units/s,

P = 0.006). For oocytes expressing construct T, the mean

DVm was -8.0 ± 0.7 mV, which was significantly greater

than that of H2O-injected oocytes (P = 7.7 9 10-5), although

dpHi/dt was not significantly different (P = 0.16). This dis-

cordance is not surprising inasmuch as, in oocytes, DVm is the

most sensitive indicator of electrogenic NBC activity. Thus,

we conclude that construct T retains at least some electrogenic

character but has low functional activity. Note that construct M

from the previous study (Chen et al. 2011), which has a pre-

dominantly electroneutral character, had a far smaller DVm

(-3.6 mV) than T but a substantially greater dpHi/dt

(6.8 9 10-5 pH units/s).

Returning to Fig. 6, we see that both DVm and dpHi/dt of

other groups are, of course, significantly different from

Fig. 4 Typical recordings of pHi (green) and Vm (red, in mV) of

oocytes expressing chimeric transporters. a Construct Q. b Construct

R. c Construct S. The experimental protocols are the same as for

Figs. 2 and 3. The sequence boundaries of the constructs are provided

in Fig. 1

Fig. 5 Typical recordings of pHi (green) and Vm (red, in mV) of

oocytes expressing chimeric transporters. a Construct T. b Construct

U. c Construct V. The experimental protocols are the same as for

Figs. 2, 3, and 4. The sequence boundaries of the constructs are

provided in Fig. 1. Inset in a shows, in magnified scale, the small

hyperpolarization upon the switch from the ND96 to the CO2/HCO3
-

solution
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Fig. 6 Summary of pHi recovery rates and maximum Vm changes of

oocytes. Bars for constructs G and M are reproduced from Chen et al.

(2011). All data for other bars are new and were collected from

experiments like those shown in Figs. 2, 3, 4, and 5. dpHi/dt
represents the maximal pHi recovery rates of oocytes after the initial

CO2-induced acidification. DVm represents the maximum instanta-

neous Vm changes upon the switch to 1.5% CO2/10 mM HCO3
-

during the first CO2/HCO3
- pulse. Data are presented as mean ±

SEM. Welch’s unpaired t-test was performed to examine if the dpHi/

dt or DVm of oocytes expressing transporters was significantly

different from that of control oocytes injected with H2O. The

difference was considered significant if P B 0.01
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those of H2O-injected oocytes (P \ 0.001 for all other

cases).

Effects of DIDS on Construct O and T

A major feature of NBCe1 is the sensitivity to DIDS. The

DIDS-binding motif KKMIK of NBCe1, thought to be near

the extracellular end of putative TM5 (Lu and Boron

2007), is present in all chimeras. Because the DVm values

for constructs O and T were small, we assayed the inhib-

itory effect of DIDS (Fig. 7) to test the hypothesis that the

small Vm changes were indeed mediated by NBCe1/n1

chimeras O and T and not by some conductance native to

the oocyte.

Consistent with the result shown in Fig. 3b, exposing

an oocyte expressing construct O to 1.5% CO2/10 mM

HCO3
- caused a hyperpolarization of *1 mV (Fig. 7a).

Administration of DIDS elicited a negative shift in the Vm

of *5 mV, presumably due to the blockade of endogenous

conductance. In the continued presence of DIDS, a second

exposure to CO2/HCO3
- caused no further hyperpolariza-

tion. After the removal of DIDS, which was present for

\50 s, a third exposure to CO2/HCO3
- again elicited a

hyperpolarization larger than the first. We made similar

observations for two other oocytes expressing construct O.

For the oocyte expressing construct T (Fig. 7c), the first

and third CO2/HCO3
--induced Vm changes were larger

than for construct O and more sustained. These changes

were typical of three oocytes.

In the control oocyte injected with H2O (Fig. 7c), we

observed no hyperpolarizations during the first two appli-

cations of CO2/HCO3
-. After the removal of DIDS, the

third application of CO2/HCO3
- elicited a slight, transient

CO2/HCO3
--induced hyperpolarization that was typical of

three oocytes. This slight hyperpolarization during the

post-DIDS CO2/HCO3
- pulse appears to be common to all

three oocyte groups (O, T, H2O) and presumably represents

an endogenous conductance that arises after pretreatment

with DIDS.

In summary, the data in Fig. 7 demonstrate that, for both

constructs O and T, the small CO2/HCO3
--induced hy-

perpolarizations are blocked by DIDS, indicating that they

are mediated by the chimeric transporters.

Membrane Expression of Transporters

We have demonstrated that simultaneously replacing TM6

and TM12 severely reduces the functional expression of the

transporter. The reduced functional expression reflects some

combination of reduced transporter activity and a reduced

number of transporters at the cell surface. We performed

biotinylation assays to compare the surface-membrane

expression of wt NBCe1-A with that of constructs O and T, the

two chimeras that yielded the small transient hyperpolariza-

tions upon switching the perfusing solution from ND96 to

CO2/HCO3
-. As shown in Fig. 8a, b, compared to oocytes

expressing wt NBCe1-A, those expressing constructs O and T

had extremely low NBC protein abundance in the plasma

membrane. The background signal of membrane preparations

from nonbiotinylated oocytes expressing construct O or T was

substantially less than that from biotinylated oocytes at these

long exposures (data not shown).

We further examined the total transporter protein level

by Western blotting with the whole lysate of Xenopus

oocytes. Figure 8c shows that the total protein levels

of construct O and construct T are less than that of wt

NBCe1-A. Moreover, the densitometric analysis in Fig. 8d

shows that the total protein levels of constructs O and T are

*50% and *65%, respectively, that of wt NBCe1-A,

indicating that the reduction in total construct O and T

protein relative to wt NBCe1-A is far less than the reduc-

tion in surface abundance.

Note that the molecular weight of the band in the wt

NBCe1-A total protein lane (indicated by the arrow in

Fig. 8c) is similar to that of the biotinylated band in Fig. 8a

(also indicated by an arrow), which represents the fraction

localized on the plasma membrane. This band represents

the mature glycosylated form of NBCe1 (Chen et al. 2011)

and is the major species present in the plasma membrane,

consistent with previously published deglycosylation

assays (Chen et al. 2011). The lower–molecular weight

bands in Fig. 8c (indicated by an arrowhead) represent the

immature or nonglycosylated forms of the transporter that

predominantly resides in cytosolic compartments and is the

major species present in the total lysate. Importantly, the

A

B

C

Fig. 7 Effect of DIDS on CO2/HCO3
--induced changes in Vm of

Xenopus oocytes. a Construct O. b Construct T. c Control oocyte

injected with H2O. The extracellular solution was alternated between

ND96 (CO2/HCO3
--free) solution and 1.5% CO2/10 mM HCO3

-, all

at an extracellular pH of 7.50. All solutions were supplemented with

0.2% BSA if 400 lM DIDS was not present. Shown here are Vm

traces representative of three independent experiments for each case
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very small fraction of constructs O and T that is expressed

at the cell surface also has a molecular weight consistent

with that of mature glycosylated NBCe1-A.

Collectively, the data in Fig. 8 suggest that the pre-

dominant effect of the dual replacement of TM6 and TM12

of NBCe1 with the comparable portions of NBCn1

severely reduces the presence of the chimeric transporters

at the plasma membrane.

Discussion

Topology Model of NCBT

The consensus is that the TMD of NCBTs contains 14 TM

segments. No fine structures are available for members of the

SLC4 family; and the topology, particularly the back half of

TMD, of these transporters is a subject of debate. In the

topology model proposed by Romero et al. (2004)—in turn

based on the AE1 model by Zhu et al. (2003)—13 of these 14

TMs are helices, whereas TM12 is an extended structure,

extending from the extracellular to the intracellular side. This

Romero model is the basis of all folding diagrams presented in

this investigation as well as the previous one (Chen et al.

2011). In a more recent study, Zhu et al. (2010) proposed that

the TMD of NBCe1 contains 14 TM helices. The sequence

assignments of Zhu et al. (2010) from Nt through TM9 are

basically consistent with the Romero model. A major

difference in the model of Zhu et al. (2010) is that the segment

from Val798 to Lys812, which in the Romero model (2004) is a

portion of a loop between TM9 and TM10, forms a Tm helix

from the extracellular to the intracellular side. Therefore, the

orientations of TM11 and TM12 in the Zhu model are inverted

compared to the corresponding TM10 and TM11 in the Ro-

mero model. As a result, the extended structure (TM12) in the

Romero model—identified as a key element in the present

study—would, in the Zhu model, become the intracellular half

of TM12, the sixth intracellular loop (IL6) and the intracel-

lular half of TM13.

Electrogenicity of Chimeras

In the previous study, we demonstrated that the fourth

extracellular loop—the sequence assignment for which is

virtually identical in the Romero and Zhu models—plays a

critical role in determining the electrogenicity of NBCe1.

In the present study, we made eight additional chimeras of

human NBCe1-A and human NBCn1-A, all of which

include EL4 of NBCe1. Consistent with our previous study,

we find that all eight new chimeras have a CO2/HCO3
--

induced DVm, which is significantly different from that of

H2O-injected oocytes. In other words, they all appear to

have a significant electrogenic component to their

cotransport activity. Note that we cannot rule out the

possibility that an electrically silent component exists in

parallel with the electrogenic component.

Biotinylated Surface Protein Total Protein

kDa
kDa 460 CA
250 5 Sec 238

150 Exposure

100 171

75

117

BkDa

4 i

Reative Protein Level

250  m n 20 40 100
D

Exposure

0 60 80

150 wt NBCe1-A
Construct O

100
Construct T75

H2O

Fig. 8 Protein expression of transporters in expressed Xenopus
oocytes. a Surface expression of transporter protein, detected with

short exposure. b Longer exposure from the same blot as in a. c Total

protein level of transporters expressed in Xenopus oocytes. d Sum-

mary of densitometric analysis for total protein levels. The surface

protein was obtained using a biotinylation approach. In each lane, the

same amount of surface protein or total protein was loaded and

resolved by SDS-PAGE, then analyzed by Western blot. Arrows in

a and c indicate the glycosylated form of NBCe1-A, whereas

arrowhead in c indicates the immature or nonglycosylated form of the

transporter. Densitometric analysis was performed for three indepen-

dent blots like that shown in c. The density of each lane was

normalized to that of wt NBCe1-A, which was arbitrarily set to 100
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Our previous article (Chen et al. 2011) showed that

pairing EL5-Ct of NBCn1 with TM9 (construct F), TM8

(construct L) or TM7 (construct J) yields good functional

expression. In the present series of chimeras, it is only the

combination of EL5-Ct of NBCn1 with TM6 (construct O)

that is problematic. Viewed from the opposite perspective,

the present report shows that pairing the TM6 of NBCn1

with any of five other downstream elements from

NBCn1—EL5 (construct Q), TM10 (construct R), TM11

(construct S), TM13-EL6 (construct U) and TM14 (con-

struct V)—yields constructs with reasonably robust func-

tional expression. It is specifically the combination of TM6

with TM12 from NBCn1 (construct T) that is problematic.

Our biotinylation data (Fig. 8a, b) show that, compared

to wt NBCe1-A, the protein abundance of constructs O and

T at the cell surface is substantially reduced. Nevertheless,

when we switched from ND96 to CO2/HCO3
- in our

electrophysiologic experiments, the oocytes expressing

construct O or T consistently showed a small, abrupt

hyperpolarization, which was not observed in oocytes

injected with H2O or expressing the electroneutral NBCn1

(for NBCn1, see Chen et al. 2011). Moreover, treatment

with DIDS abolished these small hyperpolarizations

(Fig. 7). Together, these observations are consistent with

the notion that, although very low abundance of constructs

O and T is present in the plasma membrane, they have at

least a partial electrogenic character. Our data are not

sufficiently quantitative to judge whether the per molecule

(or intrinsic) acid-extrusion rates of these constructs are

approximately normal.

Surface Expression of Chimeras

Analysis of the total transporter expression in Xenopus

oocyte whole-cell lysate (Fig. 8c) indicates that the total

protein levels of constructs O and T are modestly reduced

compared to wt NBCe1-A and their mature glycosylated

forms are barely detectable in this fraction. However, the

reduction in total transporter expression compared to wt is

far less than the reduction in biotinylated O and T detected

at the surface relative to wt (Fig. 8b). The molecular

weights of the construct O and T bands in the biotinylated

fractions (Fig. 8a, b) are consistent with the size of mature

glycosylated NBCe1-A. Therefore, the main cause of the

functional impairment of NCBT chimeras with the TM6

and TM12 of NBCe1-A replaced by those from NBCn1 is

to reduce the plasma membrane abundance of mature

glycosylated, functional transporters. The molecular mas-

ses of O and T indicate that these proteins are mainly

intact, providing no evidence of reduced protein stability.

The presence of large amounts of immature or nonglyco-

sylated protein is consistent with retention of the chimeras

in intracellular compartments (e.g., ER, Golgi) rather than

enhanced retrieval of the proteins from the plasma

membrane.

It is interesting that simultaneous replacement of the

putative TM6 and TM12 has such a great impact on the

plasma membrane abundance of the transporter. If the

topology of the NBCe1-A more closely follows that pro-

posed by Zhu et al. (2010) than that by Romero et al.

(2004), it is possible that the creation of constructs O and T

has disrupted trafficking information predicted to reside in

the cytoplasmic domains (in particular IL5, IL6 and the

Ct). The region that we refer to as ‘‘TM12’’ contains motifs

that, if exposed to the cytosol, could influence the traf-

ficking of the transporter through intracellular organelles

on its way to the surface. We expect SLC4 transporters—

like other transporters and ion channels expressed at the

plasma membrane, after folding and assembly—to enter

the transitional ER. There, the SLC4 proteins would

associate with Sec24 isoforms (A, B, C and D) that rec-

ognize distinct ER exit codes in cargo proteins and par-

ticipate in the formation of coat protein complex II (COPII)

export vesicles (Russell and Stagg 2010; Farhan et al.

2007; Srinivasan et al. 2011; Fernández-Sanchez et al.

2008). Impairing the association of the Sec proteins with

plasma membrane proteins severely disrupts subsequent

surface expression. The replacement of NBCe1-A TM12

with NBCn1 TM12 removes two putative ER exit codes

(Mancias and Goldberg 2008; Wendeler et al. 2007) and

introduces a YXXØ internalization motif that is not present

in NBCe1-A (Bonifacino and Traub 2003). However, the

differences in the TM12 region alone cannot explain the

surface-expression deficits of constructs O and T because

construct G (the only other construct possessing the

NBCn1 TM12) functions almost as well as wt NBCe1-A.

The difference between construct G (with almost normal

function) and construct O (barely expressed at the surface)

is the presence of TM6 from NBCn1 in construct O.

Although no refined crystal structure exists for an SLC4

protein, recently the structure of an SLC23 family member,

the 14-transmembrane-segment Escherichia coli uracil/H?

symporter UraA, was reported at a resolution of 2.8 Å (Lu

et al. 2011). UraA possesses its own novel fold, but like

other transporter families with solved structures, the UraA

protomer is similarly formed by two inverted structural

repeats, in this case TM1–7 and TM8–14 (Abramson and

Wright 2009). Most interestingly, the hydropathic plot of

UraA aligns well with that of NBCe1. TM5 and TM12 of

UraA are at the center of a gating unit, which also contains

TM6, TM7, TM13 and TM14. Let us hypothesize that

NCBT structures adopt a 14-TM, UraA-like fold in which

what we call ‘‘TM6’’ of NBCe1 (analogous to TM6 of

UraA) is juxtaposed to what we call ‘‘TM12’’ of NBCe1

(analogous to TM12 of UraA). If true, it is reasonable to

suggest that proper surface expression requires that the
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TM6/TM12 dihelical unit—if contributed by TMs of the

same transporter type—be surrounded by gating-unit TMs

(i.e., TM5 and TM7) that are also contributed by the same

transporter type. According to the UraA model, what chi-

meras O and T have in common is a TM6/TM12 dihelical

unit contributed by NBCn1 and adjacent gating-unit TMs

contributed by NBCe1.

It is also constructive to consider NBCe1-A residue

R881, which is highly conserved among members of the

SLC4 family, with the exception of NBCe2. In humans, the

mutation R881C causes severe proximal-type renal tubule

acidosis (Horita et al. 2005). The mutation does not reduce

the activity of NBCe1-A but does decrease the surface

expression of NBCe1 transporters when expressed in

Xenopus oocytes and causes retention in the ER when

transiently expressed in Madin-Darby canine kidney cells

(Toye et al. 2006). The proposed location of the R881 is at

the interface between the plasma membrane and cytosol,

within TM12. If NCBT structures approximate a UraA-like

fold, then R881 on TM12 would be near the cytosolic end

of TM6.

In conclusion, the present study is consistent with the

hypothesis that EL4 is necessary for the electrogenicity of

NBCe1. In addition, simultaneous switching of the putative

TM6 and TM12 of NBCe1 for those from NBCn1 severely

impairs the expression of the transporter at the plasma

membrane. We hypothesize that TM6 and TM12 are clo-

sely associated and part of a functional unit.
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Abstract Potassium channels play important physiologi-

cal roles in human syncytiotrophoblasts (hSTBs) from

placenta, an epithelium responsible for maternal–fetal

exchange. Basal and apical plasma membranes differ in

their lipid and protein composition, and the latter contains

cholesterol-enriched microdomains. In placental tissue, the

specific localization of potassium channels is unknown.

Previously, we described two isolated subdomains from the

apical membrane (MVM and LMVM) and their respective

microdomains (lipid rafts). Here, we report on the distri-

bution of Kir2.1, Kv2.1, TASK-1, and TREK-1 in hSTB

membranes and the lipid rafts that segregate them. Immu-

noblotting experiments showed that these channels are

present mainly in the apical membrane from healthy hSTBs.

Apical expression versus basal membrane was 84 and 16%

for Kir2.1 and Kv2.1, 60 and 30% for TREK-1, and 74 and

26% for TASK-1. Interestingly, Kv2.1 showed differences

between apical membrane subdomains: 26 ± 8% was

located in the LMVM and 59 ± 9% in MVM. In patho-

logical placentas, the expression distribution changed in the

basal membrane: preeclampsia shifted to 50% and intra-

uterine growth restriction to 42% for TASK-1 and both

pathologies increased to 25% for Kir2.1 and Kv2.1, Kir2.1

appeared to be associated with rafts that were sensitive to

cholesterol depletion in healthy, but not in pathological,

placentas. Kv2.1 and TREK-1 emerged in the nonraft

fractions. The precise membrane localization of ion

channels in hSTB membranes is necessary to understand the

physiological events.

Keywords Potassium channel � Placenta � Apical

membrane � Basal membrane � Lipid raft

Introduction

Potassium channels exist in almost all epithelial and non-

epithelial cells, and they are involved in several physiolog-

ical functions, including membrane potential through the

control of membrane permeability to K? ions, volume reg-

ulation, electrogenic solute transport, and hormone secre-

tion, among many other functions (Warth 2003). Together

with knowledge about the structure and function of K?

channels, the possible role of lipid membrane composition

in the regulation of channel localization and function has

garnered increasing interest (Levitan et al. 2010). Human

placental syncytiotrophoblasts (hSTBs) comprise the con-

tinuous epithelial layer that forms the main barrier for

maternal–fetal exchange (Stulc 1997). The activity of K?

channels in the hSTB includes similar functions to those

mentioned above for epithelial cells. K? transport via the

conductance pathway has been studied through flux exper-

iments in vesicles prepared from membranes of placental

hSTB (Illsley and Sellers 1992) and in isolated placental villi

(explants) of hSTB (Birdsey et al. 1999). In addition, elec-

trophysiological experiments performed in cytotrophoblast

cells (Clarson et al. 2001) and on term placental membranes

reconstituted in giant liposomes or transplanted in Xenopus

laevis oocytes (Diaz et al. 2008) showed the presence of

potassium conductance. Diaz et al. (2008) used single-

channel recordings (patch-clamp method) and total current

recordings (voltage-clamp method) to demonstrate the
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existence of a Ba?2-sensitive K? channel, a subpopulation

of TEA-sensitive channels and some Na?-sensitive K?

channels in apical membranes purified from term placental

hSTBs. Clarson et al. (2001) demonstrated that cytotro-

phoblast cells express an inwardly rectifying K? current that

is typical of Kir2.1, whose incidence increases with cyto-

trophoblast cell differentiation. Bai et al. (2005, 2006)

described the expression and activity of TASK (1 and 2) and

TREK, which are two pore domain K? channels (K2p), in

the villous tissue from human placenta and in cultured

human cytotrophoblast cells. Williams et al. (2008) suggest

the presence of potassium channels sensitive to Kv channel

blockers 4-AP and TEA in cytotrophoblast cells and human

placental villous explants.

hSTBs, similar to all epithelial cells, polarize during

differentiation, forming the apical and basal domains,

which are two distinct plasma membrane domains with

different protein and lipid compositions (Stulc 1997). In

addition, there are two subdomains within the apical hSTB

domain: the classical microvillous membrane (MVM),

which has been used in our studies and by other authors to

study transport mechanisms, and the light microvillous

membrane (LMVM) (Jimenez et al. 2004; Riquelme 2011).

In both purified fractions, we observed lipid rafts. These

membrane microdomains are characterized by their resis-

tance to detergent extraction and their ability to float in

density gradient centrifugation (Godoy and Riquelme

2008; Riquelme 2011). The domains, subdomains, and

microdomains were also characterized in placentas from

pregnancy pathology, including preeclampsia (PE) and

intrauterine growth restriction (IUGR) (Jimenez et al.

2004; Riquelme et al. 2011). PE is a hypertensive disease

associated with proteinuria, sometimes with edemas

(Lindheimer and Katz 1989), and affects up to 6% of all

gestations beyond 20 weeks, especially in primiparous

women. IUGR constitutes another group of complex dis-

eases that affect 8–14% of pregnancies in which the fetus

fails to achieve its genetically determined growth (Cetin

and Alvino 2009).

The interaction between the transporter proteins,

including ion channels, and membrane lipids can be highly

specific and is often essential for the functional and

structural integrity of the membranes (Tillman and Cascio

2003). Many of these studies have demonstrated that

membrane cholesterol is a major regulator of ion channels

(Levitan et al. 2010).

In general, the organization and maintenance of ion

channels within a specific plasma membrane domain, sub-

domain, and microdomain play an important role in deter-

mining the ion channels’ physiological functions. For that

reason, it is important to study the relationship between K?

channels and these specific regions in the normal placenta

and in pathological placentas and to determine whether

alterations in their segregation can be related to pathology,

which occurs in other cells and tissues (Michel and Bakovic

2007). The present work aimed to examine the expression

of the K? channels Kir2.1, Kv2.1, TASK-1, and TREK-1;

their relationship to the domains, subdomains, and micro-

domains of hSTB membranes from normal, PE and IUGR

placentas was also investigated.

Materials and Methods

Placenta Collection

At the San José Hospital Maternity Unit, placentas obtained

from normal pregnancies and from pregnancies with mod-

erate PE and IUGR were collected immediately after

delivery and transported to the laboratory on ice. Diagnosis

of moderate PE was based on the classic criteria of systolic

and diastolic blood pressure C140/90 mmHg on at least two

occasions and proteinuria C300 mg/24 h. Patients with

severe PE, defined as diastolic blood pressure[110 mmHg

and/or proteinuria[5 g/day, were excluded from our study

sample (Centro de Diagnóstico e Investigaciones Perina-

tales, Chile; www.cedip.cl/Guias/Guia 2003). Placentas

from patients with HELLP syndrome were also excluded, as

well as placentas from patients with moderate PE accom-

panied by any other pathology. An idiopathic diagnosis of

IUGR was established by the attending physician via the

clinical estimation of the fetal weight corresponding to the

growth rate under the 10th percentile for each sex and

the gestational age according to the curve selected by the

Ministry of Health of Chile (curve of intrauterine growth

(Juez 1989)). Fetuses that were at the 10th percentile but

had halted growth during a reasonable observation period of

at least 14 days were also considered IUGR (Juez 1989).

The IUGR exclusion criteria included fetal or maternal

infections, maternal drug use or alcohol abuse, multiple

pregnancies, fetal malformations, chromosomal abnormal-

ities, maternal chronic hypertension, maternal cardiovas-

cular or autoimmune diseases, diabetes, and moderate PE.

Placentas with IUGR from PE pregnancies were excluded.

All of the placentas we used were obtained from term

pregnancies.

Preparation of Placental Membranes

Human placental apical or MVM, LMVM, and basal

membrane (BM) vesicles were prepared from fresh human

placenta by a method that we previously described and that

enables the simultaneous isolation of apical and basal

membranes from the same placenta (Jimenez et al. 2004).

The purification method included the precipitation of non-

microvillous membrane with magnesium ions, differential
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centrifugation, and a sucrose step gradient; this assured that

the isolated fractions were enriched and free of contami-

nation (Jimenez et al. 2004). The solutions used were as

follows: buffer A (in mmol/l), 250 sucrose, 0.7 9 10-3

pepstatin, 1.1 9 10-3 leupeptin, 80 9 10-6 aprotinin, and

buffer B (in mmol/l), 300 sucrose; all solutions were buf-

fered with 20 mM Tris-maleate, pH 7.4. The microvillous

and basal enriched preparations containing about 10–15 mg

and 6–8 mg of apical and basal protein, respectively, were

overlaid on the sucrose gradient. Bands were obtained at the

10/37 and 37/45% sucrose interfaces, which correspond to

the LMVM apical fraction and to the classical MVM apical

fraction, respectively (Jimenez et al. 2004). The band at the

47/52% (w/v) sucrose interface was collected, correspond-

ing to the BM fraction. These fractions were collected and

diluted tenfold with 20 mM Tris-maleate (apical fractions)

and 20 mM Tris-HEPES (basal fractions), both at pH 7.4,

before centrifugation at 110,0009g for 30 min. The final

pellet was resuspended in 300 mM sucrose and 20 mM

Tris-maleate, pH 7.4 buffer, and stored in liquid nitrogen.

The protein concentration was determined using a

bicinchoninic acid (BCA) protein assay kit (Pierce Bio-

technology, Rockford, IL) for the colorimetric detection

and quantification of total protein (Smith et al. 1985;

Wiechelman et al. 1988). The purity and enrichment of the

apical fractions were determined routinely by assaying for

alkaline phosphatase activity, an apical membrane marker.

Enrichment of alkaline phosphatase activity was over

20-fold for MVM and LMVM; both preparations were

essentially free of basal membranes and mitochondrial

membranes. The purity and cross-contamination of the

membranes were similar to those previously observed

(Jimenez et al. 2004). The purity and enrichment of the

basal membrane fraction were routinely determined by

assaying for classic marker protein activities as described

by Jimenez et al. (2004). Placental alkaline phosphatase

(PLAP) was used as an apical membrane contamination

marker. The degree of cross-contamination of the purified

basal membranes with apical membranes, quantified using a

ratio of PLAP activity enrichment of the BM compared with

the MVM (BM/MVM), was approximately 0.1 for the

placentas used in this study; this ratio was lower than or

equivalent to that from several other reports for single or

paired apical and basal membrane preparations, as dem-

onstrated by Jimenez et al. (2004).

Preparation of Apical Lipid Microdomains

Apical plasma membrane microdomains were isolated

separately from MVM and LMVM enriched membrane

fractions as detergent-resistant membranes (DRMs) through

extraction with Triton X-100 using a modified protocol

based on that described by Brown and Rose (1992). As we

described in Godoy and Riquelme (2008) and Riquelme

et al. (2011), normal placenta (NP)/PE/IUGR DRMs from

isolated apical fractions (MVM and LMVM) were extracted

with 1% Triton X-100 on ice and subjected to ultracentri-

fugation and sucrose flotation. After centrifugation, the

gradients were divided into 10 fractions (0.5 ml each) from

the top of the gradient and the pellet was resuspended in

0.5 ml MBS-buffered saline (25 mM morpholinoethane-

sulfonic acid, 150 mM NaCl, pH 6.5; fraction 11) for sub-

sequent analysis. Throughout this article, we use the terms

‘‘lipid microdomains’’ and ‘‘lipid rafts’’ to refer to the

membrane material that floats on the sucrose gradient

around the 5/35% interface (fractions 1–5). All flotation

fractions from MVM and LMVM were characterized by

specific markers for protein, alkaline phosphatase as a

positive marker for apical lipid microdomain fractions and

human transferrin receptor (hTf-R) as a nonraft marker.

Depletion of Membrane Cholesterol by Methyl-b-

Cyclodextrin Treatment

Cyclodextrin treatment was carried out as described previ-

ously by Danielsen and Hansen (2003). Placental apical

vesicles (0.6 mg of total protein) were incubated with 2%

w/v methyl b-cyclodextrin (mb-CD) in MBS buffer at 37�C

for 30 min and centrifuged at 21,0009g for 2 h at 4�C. The

pellet was resuspended in 1 ml of 1% Triton X-100 in

MBS-buffered saline, and microdomain preparation was

carried out as described above.

Electrophoresis, Western Blotting, and Densitometric

Analysis

Placental Membrane Fractions

For each potassium channels (Kir2.1, Kv2.1, TREK-1, and

TASK-1), 20 lg of total protein of LMVM, MVM, and BM

were loaded on a 10% SDS–polyacrylamide gel. Routinely,

all four proteins were probed in membrane fractions isolated

from the same placenta.

Apical Lipid Microdomains

Aliquots of 50 ll each were incubated with 10% trichlo-

roacetic acid (TCA, v/v) for 30 min on ice and centrifuged

at 21,0009g for 30 min at 4�C. The pellet was resuspended

in sample buffer, boiled for 5 min and sonicated for 30 min.

For each potassium channel (Kir2.1, Kv2.1, TREK-1, and

TASK-1) and raft (PLAP) and nonraft markers (hTf-R),

20 ll of each flotation gradient fraction from LMVM and

MVM were used.
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These samples and the molecular weight marker

(PageRuler
TM

Prestained Protein Ladder; Fermentas, Glen

Burnie, MD) were loaded on a 10% SDS–polyacrylamide

gel. Electrophoresis was performed at 100 V, and the gel

was transferred to a nitrocellulose membrane (BioRad,

Richmond, CA; 162-0115) for 2 h at 100 V. The nitro-

cellulose membrane was blocked for 2 h at room temper-

ature with 3% non-fat milk in Tween/saline buffer

(138 mM NaCl, 270 mM KCl, and 0.05% Tween-20) and

washed in Tween/saline buffer. Membranes were incubated

with primary antibody for 2 h at room temperature.

Potassium channel antibodies were diluted as follows in

bovine serum albumin (BSA) 1%: anti-Kir2.1 1:500, anti-

Kv2.1 1:100, anti-TREK-1 1:1,000, anti-TASK-1 1:500.

Each antibody was probed with its control antigen. The

specificity of the primary antibodies was evaluated in

competition experiments (1:1 antibody/antigen) in which

incubation with the corresponding antigens partially neu-

tralized the antibody. The mark of the band identified by

the weights provided in the data sheet for each antibody

decreased in all the experiments. Such a control was done

in the initial stage of this study with all potassium channel

antibodies used (data not shown).

Raft and nonraft marker antibodies were diluted as

follows in distilled water: anti-PLAP 1:1,000 and anti-hTf-

R 1:500. After washing with Tween/saline buffer, mem-

branes were incubated with specific horseradish peroxidase

(HRP)-linked secondary antibody: anti-rabbit 1:5,000 or

anti-mouse 1:10,000, both diluted in Tween/saline buffer

and incubated for 1 h at room temperature. Bands were

detected with the enhanced chemiluminescence Western

Blotting Analysis System (EZ-ECL; Biological Industries,

Kibbutz Beit Haemek, Israel), and measurements were

performed according to molecular weight given by a data

sheet for each antibody and the band affected by the anti-

genic peptide. Protein content was quantified with Image J

1.43i (Wayne Rasband, National Institutes of Health,

Bethesda, MD).

Reagents and Antibodies

All chemicals were analytical grade. Buffers were made

with distilled water, and pH values were determined at

room temperature. The following polyclonal antibodies

were used: anti-Kir2.1, anti-Kv2.1, anti-TREK-1, anti-

TASK-1 (Alomone Labs, Jerusalem, Israel); mouse

monoclonal antibody against human alkaline phosphatase,

PLAP (clone 8B6; Sigma, St. Louis, MO); hTf-R (clone

H68.4; Zymed, San Francisco, CA); and HRP-conjugated

secondary goat anti-mouse (Amersham, Aylesbury, UK)

for monoclonal antibodies and rabbit (Santa Cruz Bio-

technology, Santa Cruz, CA) for all potassium channels.

Statistical Analysis

Results are expressed as means ± standard deviation (SD).

Statistical significance was measured using the one-way

ANOVA plus Bonferroni’s multiple comparison test and

Student’s t-test. P \ 0.05 was considered significant.

Results

Expression of K? Channels in Domains

and Subdomains from Placental hSTB

Apical (MVM, LMVM) and basal membranes (BM) from

NP and from PE and IUGR placentas were isolated and

purified using the protocol described in ‘‘Materials and

Methods’’ section. We found similar enrichment markers

and cross-membrane contamination markers as described

fully in previous work (Jimenez et al. 2004; Riquelme et al.

2011). We purified the membranes from 11 NPs, 4 PE

placentas, and 5 IUGR placentas. In these purified mem-

branes, we performed expression experiments using wes-

tern blotting with specific antibodies for Kir2.1, Kv2.1,

TASK-1, and TREK-1. Figure 1 shows the expression

distributions of these four K? channels in LMVM and

MVM apical subdomains and BM domains. The results are

expressed as the percent relative to the expression associ-

ated with MVM ? LMVM ? BM (set at 100%). As shown

in Fig. 1a, no significant difference was found in the dis-

tribution of Kir2.1 in LMVM and MVM between normal

and pathological placentas; however, the total expression of

this type of channel was higher in apical membrane

domains compared with BM. The LMVM ? MVM results

were 84, 76 and 75% for NP, PE, and IUGR, respectively, in

contrast to the BM results, which were 16, 24 and 25%,

respectively. For Kv2.1 (Fig. 1b), the difference between

the total apical (MVM ? LMVM) and BM was maintained:

85 vs. 15% in NP, 78 vs. 22% in PE, and 77 vs. 23% in

IUGR. However, there was a large difference between the

LMVM and MVM. Interestingly, approximately 60% of the

total expression in placental hSTB was found in the LMVM

apical subdomains from normal and pathological placentas.

In contrast, the distribution of TREK-1 was approximately

33%, on average, for all of the membrane fractions from

either normal or pathological placentas. As observed for

Kir2.1, Kv2.1, and TREK-1, there was greater expression in

the apical domain compared with the basal domain,

although there were differences in the distribution between

the apical subdomains, as in the case of Kv2.1. In contrast,

the expression of TASK-1 in PE was similar in both

domains, with values of 50 and 49% for MVM ? LMVM

and BM, respectively. Interestingly, there was an increasing
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trend in the expression of these channels in the BM domain

from pathological placentas.

Partition of Kir2.1 into Lipid Rafts in the Apical

Domains of Normal and Pathological Placentas

Apical membranes from normal and pathological placentas

were incubated with 1% Triton X-100 and separated by

flotation in a discontinuous sucrose gradient. They were

tested for the presence of specific raft and nonraft markers

as described in Godoy and Riquelme (2008) and Riquelme

et al. (2011). We confirmed the quality of our preparations

using immunoblotting. All of the fractions in each raft

preparation were probed for PLAP, which is a specific

apical and raft marker. In Fig. 2a, b the representative

western blot and graphic show the distribution of this

marker in the flotation gradient fractions. PLAP was

present in the first five fractions corresponding to the lipid
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Fig. 1 Expression and distribution of potassium channels (Kir2.1,

Kv2.1, TREK-1, and TASK-1) in hSTB membranes from NP, PE, and

IUGR placentas. a Kir2.1, b Kv2.1, c TREK-1, and d TASK-1, tested

in LMVM, MVM, and BM purified membranes from NP (n = 8), PE

(n = 4), and IUGR (n = 4) placentas (means ± SD, *P \ 0.05). The

density of the signal in each membrane fraction is expressed as a

percentage of the sum of densities (MVM ? LMVM = 100%).

Representative western blots are shown in insets
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rafts from normal LMVM and MVM (Godoy and Riqu-

elme 2008). To ensure that these lipid rafts were free of

nonraft fractions, we routinely probed these fractions for

hTf-R, which is a protein known to reside in nonraft areas.

As Fig. 2a, b show, this protein was not found in fractions

1–6 in both LMVM and MVM, indicating that those

fractions were free of nonraft components.

Kir2.1, Kv2.1, TASK-1, and TREK-1 antibodies were

used to study the possible segregation of these channels in

raft and nonraft fractions. Immunoblots of the sucrose

density gradient–derived fractions prepared from LMVM

and MVM showed that some Kir2.1 protein from NPs was

localized in the low-density fractions, which corresponded

to the first five fractions (Fig. 2a for LMVM and Fig. 2b for

MVM). In contrast, Kv2.1 was present only in the nonraft

microdomains. The behaviors of TASK-1 and TREK-1 are

illustrated in Fig. 2c. TREK-1 in LMVM and MVM was

found mainly in nonraft areas, 75 and 100%, respectively

(n = 8 experiments from six independent placentas). For

TASK, either in LMVM or in MVM, the results were not

conclusive (n = 6 from three independent placentas). In

general, the western blot suggested mainly nonraft markers

for this type of channel; however, a weak band appeared in

some of the raft areas.

In summary, the results described here suggested that some

Kir2.1 was localized in the first five fractions (the raft fractions).
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Fig. 2 Differential distribution of potassium channels in the flotation

gradient fractions of LMVM and MVM subdomains from normal

placentas. Quantification of western blot analysis, and representative

images are shown for PLAP (raft marker, n = 3), hTf-R (nonraft

marker, n = 4), Kir2.1 (n = 4), and Kv2.1 (n = 9) of LMVM (a) and

MVM (b). c Representative western blots for TREK-1 and TASK-1

corresponding to LMVM and MVM
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Cholesterol-Depletion Effects

As a control, LMVM and MVM were treated with mb-CD,

a specific cholesterol-removal agent, to deplete cholesterol

levels prior to detergent extraction and density ultracen-

trifugation, as described in ‘‘Materials and Methods’’. As

shown in Fig. 3a, this treatment eliminated Kir2.1 immu-

noreactivity from the low-density fractions, as expected for

a protein localized to cholesterol-rich areas, such as lipid

rafts.

Additionally, immunoblots of fractions separated by

sucrose density gradients from LMVM and MVM of PE and

IUGR placenta were assayed for Kir2.1, and partitioning

into raft fractions occurred in both pathologies. However,

the association between Kir2.1 and the low-density fractions

from MVM and LMVM was not as clear and reproducible

as in NPs and was not affected by the removal of cholesterol

(Fig. 3b, c).

Discussion

This study is the first to demonstrate the expression distri-

bution of potassium channels in the domain and subdomain

regions of placental hSTB from normal and pathological

pregnancies. The four potassium channels examined

(Kir2.1, Kv2.1, TREK-1, and TASK-1) were previously

characterized in multiple placenta studies (Clarson et al.

2001; Bai et al. 2005, 2006; Williams et al. 2008). In

addition, this study is the first to demonstrate that Kir2.1 is
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Fig. 3 Effect of cholesterol depletion on Kir2.1 segregation into the

lipid rafts in LMVM and MVM from NP, PE, and IUGR placentas.

a Graphical quantification and representative image of western blot

for Kir2.1 in the flotation gradient fractions of LMVM and MVM

subdomains from normal placenta before (control) and after the apical

fractions were preincubated with 2% mb-CD (n = 2). b, c Represen-

tative western blots reflecting the effect of cholesterol depletion on

the association between Kir2.1 (b) and the rafts from PE and IUGR

apical membrane fractions (n = 3 for each condition)
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partitioned into lipid rafts in the apical membranes (LMVM

and MVM) in both normal and pathological term placentas.

Comparisons of the channel expression distribution

between the apical and basal membranes from healthy

hSTB revealed that Kir2.1, Kv2.1, TASK-1, and TREK-1

channels were significantly more abundant in apical than in

basal membranes. Expression of Kir2.1 and Kv2.1 showed

that approximately 84 vs. 16% were present in the apical

membranes versus basal membranes, respectively; for

TREK-1, the expression was 60 vs. 30% and for TASK-1,

74 vs. 26%. However, there was a difference between

MVM and LMVM, which are the two subdomains from

apical membranes, in that Kv2.1 expression was 26 ± 8%

in the LMVM and 59 ± 9% in the MVM. In previous

reports (see brief review in Riquelme 2011), we suggested

that the two subdomains from the apical hSTB membranes

were correlated: MVM corresponded to the microvillous

finger-like region of the apical subdomain, and LMVM

corresponded to the apical subdomain that constituted the

base of the finger-like projections (Godoy and Riquelme

2008; Riquelme et al. 2011; Riquelme 2011). Then, we

determined that most of the Kv was located in the micro-

villous finger-like region. The differential cell-surface

distribution of these K? channels is due to the isoform-

specific mechanisms that exist for the localization of these

proteins (Tikku et al. 2007; Martens et al. 2001; Melnyk

et al. 2002; O’Connell and Tamkun 2005).

The results of our equivalent studies in membranes from

pathological placentas showed a tendency to maintain the

distribution among the apical membrane subdomains for all

types of channels studied. However, expression of these

channels in the BM increased compared to that in the entire

apical membrane. Expression of Kir2.1 and Kv2.1 increased

from 16 to 25% in the BM of PE and IUGR placentas. The

most dramatic change was observed for TASK-1, the

expression of which was shifted in the BM from 25% in NP

to 50% in PE and to 42% in IUGR.

The preferential distribution of these potassium channels

in one or more domains of this epithelium as well as their

distribution in the apical membrane subdomains are indic-

ative of their role in the transplacental transport model.

These compartments are also composed of lipids and pro-

teins, which optimize the environment surrounding these

channels for their function, as observed in other epithelia

(Levitan et al. 2010). Of note, the distribution of some of

these channels is altered in pathologies such as PE and

IUGR. These results are consistent with other studies that

detected expression changes in proteins, such as syncytin,

between the apical and basal membranes in PE (Lee et al.

2001). Those changes are associated with dysfunction of the

PE placenta; potassium channels described herein could

have an impact on transport through the placenta.

However, the current knowledge about the membrane

lipid heterogeneity with the existence of lipid rafts as the

specialized membrane microdomains rich in sphingolipids

and cholesterol permits a closer examination of the rela-

tionship between the channels and the lipids. There was no

information about the localization of these placental

potassium channels or their membrane partitioning. The

immunodetection of Kir2.1, Kv2.1, TREK-1, and TASK-1

proteins using specific antibodies showed that only Kir2.1

appeared to be associated with lipid rafts, whereas Kv2.1

and TREK-1 emerged in the nonraft fractions. The data on

the TASK-1 channels were not conclusive.

The results, which demonstrate the segregation of pla-

cental Kir2.1 to raft microdomains, represent a novel finding

in the placenta. These results are consistent with several

studies that showed that a variety of ion channels, including

potassium channels, from other cells and tissues are regu-

lated by the level of cholesterol in the membrane (Levitan

et al. 2010). In addition, these studies showed that the

depletion of membrane cholesterol by mb-CD removed

several channels from the raft fractions to the nonraft

fractions (Tikku et al. 2007; Romanenko et al. 2004). The

inwardly rectifying potassium channel (Kir) is a ubiquitous

channel that is expressed in many tissues (Kubo et al. 2005;

Nichols and Lopatin 1997; Reimann and Ashcroft 1999); in

particular Mylona et al. (1998) reported expression of the

Kir2.1 gene in the human placenta and in cultured cytotro-

phoblast cells at all different stages of differentiation. This

family of potassium channels constituted a major type of

ion channel involved in the maintenance of the resting

potential in several cells; in particular, there are many

reports about the link between the alteration of this type of

channel and pathologies. For example, human mutations on

Kir2.1 may induce Andersen disease, and the targeted dis-

ruption of Kir2.1 in mice induces death within a few hours

after birth (Zaritsky et al. 2000), among other pathological

syndromes associated with Kir (Tristani-Firouzi and Ethe-

ridge 2010; Decher et al. 2007; Plaster et al. 2001).

Tikku et al. (2007) reported in 2007 that Kir2.1 from the

Chinese hamster ovary (CHO) K1 cell line had a double

distribution between cholesterol-rich (raft) fractions, which

are sensitive to cholesterol removal by mb-CD, and nonraft

fractions, indicating that the channels exist in two different

types of lipid environment. Our results from normal pla-

cental membranes are comparable with those described by

Tikku et al. (2007). When we studied this type of channel

from PE and IUGR membranes, the segregation into rafts

was similar to that obtained from healthy membranes;

however, Kir2.1 lost its cholesterol sensitivity, and mb-CD

did not remove the channels from the raft fractions. This

result was very important because, for these channels and

others, it is known that cholesterol enrichment modulates
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channel activities (Tikku et al. 2007; Levitan et al. 2010). In

general, the organization and maintenance of ion channels

within a specific plasma membrane domain, subdomain,

and microdomain play an important role in determining

their physiological functions (Riquelme 2011). In placentas,

the physiological relevance of the localization of potassium

channels has not been established, so the relationship

between the K? channels with these specific regions in

normal and pathological placentas may explain whether

alterations in their segregation may be related to pathology,

as is explained in other cells and tissues (Michel and

Bakovic 2007).
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Abstract We studied, in the rat brain, the synaptosomal

and microsomal membrane fractions of Cl- ion-activated,

Mg2?-dependent ATPase, satisfying the necessary kinetic

peculiarities of transport ATPases, by a novel method of

kinetic analysis of the multisite enzyme systems: (1) the

[Mg-ATP] complex constitutes the substrate of the enzy-

mic reaction; (2) the V = f(Cl-) dependence-reflecting

curve is bell-shaped; (3) substrate dependence, V = f(S),

curves at a constant concentration of free ligands (Mgf,

ATPf, Cl-); (4) as known from the literature, in the process

of reaction a phosphorylated intermediate is formed

(Gerencser, Crit Rev Biochem Mol Biol 31:303–337,

1996). We report on the Cl-ATPase molecular mechanism

and its place in the ‘‘P-type ATPase’’ classification.

Keywords Plasma membrane � P-type ATPase �
Transport-ATPase � Anion dependence ATPase

(Cl-ATPase) free ligand � Molecular mechanism

Introduction

Anion-dependent, Mg2?-activated ATP hydrolysis, namely,

HCO3
- and activation by Cl- ions, is known from the liter-

ature. The activity has been mainly identified in bacteria and

eukaryotes, some organs of Aplysia californica and toad (Bufo

bufo) such as the epithelial tissue basolateral membrane of the

small intestine (Gerencser and Dept 2003), membrane

fraction of freshwater eel fins (Bornancin et al. 1977), the

plasma membrane of Aplysia vesicles and rat pancreatic

canals (Zhao et al. 1994), membrane vesicles of rat brain

(Gerencser 1996), liver plasma membrane cells (Izutsu and

Siegel 1980) and brain plasma membrane cells (Gerencser

and Dept 2003).

The asymmetric distribution of anions (mainly HCO3
-

and Cl-) in the membrane (out � in) accounts for their

passive transport down the concentration gradient, whose

reverse system appears to be an active transport mecha-

nism. Transport ATPases are known to have a particularly

important role in cell functioning. Providing the asym-

metric arrangement of cations in the membrane at the

expense of ATP hydrolysis, they represent a complex

biological mechanism.

Among the transport ATPases worth mentioning are the

‘‘P-type’’ ATPases, which possess a phosphorylated inter-

mediate and accomplish a two-step catalysis of phosphor-

ylation and dephosphorylation with the participation of the

Mg-ATP complex.

P-type ATPases belong to the plasma membrane ATP-

ases, such as Na, K-ATPase, H-ATPase, K, H-ATPase and

bivalent cation-activated ATPases. The ATP hydrolysis

activation by anions can also be attributed to P-type

ATPases.

The goal of the present work was to identify Cl-ATPase

activity in rat brain plasma membrane fractions, to study

the enzyme molecular mechanism using the method of

composite geometric curve shape analysis and to determine

its place in the general classification of ATPases.

Materials and Methods

Sections of albino rat brain from different membranes of

both sexes, weighing 200–300 g, served as the experi-

mental material. Sections were obtained via osmotic shock
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to the synaptosomes at 0.9–1.2 M sucrose (Kometiani

1982), as well as fractions of microsomes (0.32 M

sucrose). The preparations were washed in 2.5 mM EGTA

and 2.5 mM EDTA solutions.

ATPase activity was determined by a volume of liberated

inorganic phosphorus (Pi) (Kazanov and Maslova 1980), and

protein was determined according to the method of Lowry

et al. (1951). ATPase activity was represented as micromoles

of Pi per hour, with milligram protein units. Reagent medium

always contained 30 mM Tris–Malate (pH 7.65), 0.4 mM

EGTA, 0.2 mM ouabain and 0.3 mM ethacrynic acid (the

specific inhibitor of Cl-ATPase (Gassnez and Komnick

1981; Tanaka et al. 1986). Concentrations of other ligands in

incubation solution are given in the text.

Cl-ATPase was measured as the difference between

Cl--containing incubation and ethacrynic acid-containing

media. Experimental data were processed statistically.

In the Cl-ATPase study we applied kinetic analysis of

multisited enzyme systems (Kometiani et al. 1984), which

is a single method used from kinetic investigation of

multisited enzyme systems.

Concentration estimates of free ATPf, Mgf
2? and Mg-

ATP complex were made by application of the following

equations:

ATPf½ � � Mg2þ
f

� �
¼ Mg-ATP½ � � KMgX

Mg2þ ¼ Mg2þ
f

� �
þ Mg-ATP½ �X

ATP ¼ ATPf½ � þ Mg-ATP½ �

where KMg is the dissociation constant of the Mg-ATP

complex (0.0603 mM).

To analyze the experimental curves, the method of

kinetic analysis of multisited enzyme systems was applied.

This kinetic method of complex geometric shape curves

was used to establish a ‘‘minimal model’’ for the enzyme

system. The reaction velocity of the Cl-ATPase enzyme

system is a function of at least three physiological ligands,

Mg-ATP, Mgf
2? and ATPf, each of which may exert on the

enzyme an activating or inhibiting action. To analyze the

initial velocity of an enzymatic reaction, it is required to

obtain V = f([Mg-ATP], [ATP] [Mgf
2?]) as a function of

one variable, when the values of other ligands are constant.

Therefore, in the experiment the concentrations of the

mentioned ligands were chosen so that the enzyme reaction

velocity was actually represented by a one-variable ligand

function. In particular, in each experiment the concentra-

tions of three ligands represented constant quantities. Then,

in each particular case, the conditions of the reaction being

invariable and the enzyme functional unit structure being in

a steady state, the initial velocity would be a one-variable

function and would be described by the following analyt-

ical formula:

V ¼ e0

xn
Pp

i¼0 aix
iPS

i¼0 bix
i

; S ¼ nþ mþ p

where ai and bi are the sum of products of individual

velocity coefficients and steady-state ligand concentra-

tions; X is a variable ligand concentration; e0 is the enzyme

overall concentration; and n, m and p represent power

parameters and are positive integers: n is the number of

sites for essential activators, m is the number of sites

assigned for full-effect inhibitors and p is the number of

sites for partial-effect modifiers. To determine numerical

values for the parameters n, m and p, a special computer

program was used (Kometiani 2007).

Results

From primary evidence it follows that ATP hydrolysis with

Cl- participation proceeds only in Mg2? medium. When

Mg2? = 0, activation by Cl- does not manifest itself.

Consequently, Cl-ATPase activity implies Cl- anion

Mg2?-activated ATP hydrolysis.

Figure 1 shows the relation of Mg2?-dependent ATP

hydrolysis with Cl- ion concentration in synaptic membrane

and microsomal fractions. The shape of the V = f(Cl-)

curve is similar in both cases. Only the specific activity of the

enzyme is altered. Synaptic membranes are characterized by

a high Cl-ATPase activity compared to microsomes. Anal-

ysis of the curve’s geometric shape clearly reveals its bell

shape, with ascending and descending phases of Cl- con-

centration dependence.

Study of Cl- ion activity mechanisms on Cl-ATPase has

revealed that when [Cl-] \ 10 mM the enzyme activity

0
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Fig. 1 Dependence of Cl-ATPase activity (V) on Cl ion concentration

(decimal logarithms) in synaptic and microsomal fraction. Protein:

0.022 mg/ml, ATP = 2 mM, Tris–Malate = 30 mM (pH 7.7), oua-

bain = 0.2 mM
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dependence on a variable ligand is increasing. With a

further increase of Cl- concentration the enzyme activity is

reduced and approximates zero. For the transport to be

effected, at the very beginning the enzyme with high

affinity should bind an ion, whereas after the transport has

been effected, due to the decay of ion affinity, the enzyme

should get released from that ion. Such a geometric shape

of the kinetic V = f(Cl-) curve is certainly specific to all

Tr-ATPases and is a necessary but insufficient condition

for the identification of Tr-ATPase system.

Qualitative conversion results in linearization of the

function when r = 1 (r is a power index whose numerical

value is determined by the curve’s shape; when the func-

tion has a horizontal asymptote, r = n). This means that

each molecule of Cl-ATPase has one ligand-binding site

for Cl- as for an essential activator (i.e., n = 1). To

determine the number of sites for Cl- as a full inhibitor, a

high variable concentration of Cl- was taken ([Cl] C

40 mM). Linearization of function was achieved when

r = 1, i.e., number of sites for Cl- as a full inhibitor,

m = 1.

Figure 2 represents in double reciprocal values the Cl-

ATPase activity dependence on Mg-ATP concentration. In

both cases 1/V = f(1/Mg-ATP) function has an asymptote

at high values. At medium Mg-ATP concentrations the

function has turning and inflexion points, while at small

values the enzyme system undergoes inhibition. At high

values (with extremely small Mg-ATP concentration) the

linearity of 1/V = f(1/Mg-ATP) function is a necessary

and sufficient condition for maintaining that the [Mg-ATP]

complex represents a true substrate for the enzyme system

(Kometiani 1982).

Free ligands (Mgf and ATPf) are known to be modifiers

of transport ATPases (for Na, K-ATPase, in particular).

The effect of the given ligands on Cl-ATPase was studied

at various fixed substrate concentrations. Figure 3 shows

the pattern of ATPase activity change from Mgf concen-

tration under conditions of various fixed substrate con-

centration (0.5, 1.5 mM).

As is evident from the figure, at low Mg-ATP fixed

concentration the curve has a simple concave shape. At a

high fixed concentration the curve has a composite geo-

metric shape: at modest values one can see activation of the

enzyme system, while at high concentrations the enzyme

system is inhibited. Therefore, in the 0.2–1.2 mM range of

Mg, enzyme activity is homogeneous and a ‘‘plateau’’ is

seen on the curve (Fig. 2).

A similar dependence was observed upon studying

V = f(ATPf) when S = const. The inhibition pattern by

free ligands (Mgf and ATPf) appeared to be qualitatively

identical.

Figure 4 shows the Cl-ATPase activity dependence on

substrate concentration, in double reciprocal coordinates, at

various Mgf fixed concentrations. The substrate experi-

mental concentrations were chosen so that V = f(S) had a

rectilinear dependence at small concentrations. Under these

conditions, with a rise in [Mgf], the slope and intercept

increase; the lines intersect on the abscissa, which indicates

that the enzyme affinity for the substrate does not alter at

various fixed Mgf concentrations; the reaction maximum

velocity increases in parallel with Mgf concentration rise,

within the concentration range; and a further rise in Mgf

concentration ([0.8 mM) causes a decline in activity.

Figure 5 represents Cl-ATPase activity dependence on

Cl- ions (x) at different fixed substrate concentrations in

double-reciprocal values. The 1/V = f(1/x) function is a

straight line and has an asymptote; i.e., Cl- ions are acti-

vators of Cl-ATPase. Calculation of regression coefficients

and determination of line intersection points allows us to

ascertain the character of modifier (Cl- ions in particular)

1/V=f(1/[MgATP])
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Fig. 2 Dependence of Cl-ATPase upon substrate (S = Mg-ATP)

contentration, in double inverse values, when Mgf = ATPf

1/V=f([Mg])
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Fig. 3 Dependence of Cl-ATPase activity upon Mgf concentration

at fixed substrate concentrations (S1 = 0.5 mM, S2 = 1.5 mM).

Microsomal fraction protein = 0.025 mg/ml

S. Dzneladze et al.: Cl Anion-Dependent Mg-ATPase 153

123



activity for the enzyme system. Computation of regression

coefficients for asymptotes revealed that this parameter is

identical at various substrate fixed concentrations; i.e.,

linear functions intersect at one point on the abscissa. And

this indicates that the enzyme affinity for the substrate

remains unchanged with a Cl- concentration change.

Binding of the substrate and Cl- ion is mediated by a

randomized mechanism.

Discussion

The ‘‘P-type’’ cations appear to be multisited, complex

enzyme systems. Less known is the role and place in the

general classification of anionic ATPases (Cl-ATPase, in

particular). To determine this, study of the molecular

mechanism of its activity is necessary. First of all, a

question is raised as to whether Cl-ATPase belongs to the

transport ATPase system or not. The principal demands

posed to the transport ATPases are known from the liter-

ature (Kometiani and Nozadze 2007). Among them, the

most important is to define the shape of the curve reflecting

the transportable ion-dependent velocity of V = f(Cl-) and

the Mg-ATP complex as a true substrate.

For all transport ATPases, the curve reflecting the

enzyme reaction velocity dependence on the transportable

ion concentration has a bell shape, where the ascending

phase corresponds to the ion binding process and the

descending one corresponds to its release. According to our

data, this condition is satisfied for Cl-ATPase only in the

case when the reaction proceeds against the background of

Mg2? ions.

From our findings it emerges that Cl- ion-activated,

Mg2?-dependent ATPase satisfies the essential kinetic

peculiarities of transport ATPases:

1. The curve for V = f(Cl-) dependence has a bell shape

(Fig. 1).

2. The optimal regimen for the system to work provides

for the inevitable existence of the [Mg-ATP] complex

(Figs. 2, 3).

3. In the course of the catalytic reaction a phosphorylated

intermediate is formed (Gerencser 1996).

The rectilinearity of the 1/V = f(1/Mg-ATP) function at

small Mg-ATP concentrations (Fig. 2) indicates that the

number of sites for Mg-ATP as an essential activator is

n = 1. If we take into account that Cl-ATPase activity

manifests only in the presence of Mg2? and Mg-ATP is an

essential activator for the enzyme system, it may be said

that Mg-ATP constitutes a substrate for the Cl-ATPase

system. It is remarkable that at high concentrations of

Mg-ATP its number of sites assigned for full inhibitors is

m = 1. Under these conditions, on the 1/V = f(1/Mg-ATP)

curve at medium values the existence of turning and

inflexion points indicates that the minimal number of sites

for Mg-ATP as for the partial effect modifiers is P C 1.

Since in the case of other P-type ATPases, for Na,

K-ATPase in particular, it is known that for each subunit of

the enzyme there is one substrate binding site, it can be

assumed that for Cl-ATPase as well the functional unit is

minimum a dimmer with two identical subunits.

At various Mg2? fixed concentrations, analysis of

V = f(1/S) revealed its modifier nature as having an

enzyme system-inhibiting effect. The result given in Fig. 4

together with the above-mentioned may be considered as

verification that Mg2? is a component of Cl-ATPase sub-

strate, though it is more complex in nature. On one

1/V=f(1/[MgATP])
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Fig. 4 Dependence of Cl-ATPase activity upon substrate concentra-

tion on double inverse values at different fixed Mgf concentrations:
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Fig. 5 Dependence of Cl-ATPase activity on substrate concentration

on double inverse values at different fixed Cl- concentrations: 5, 10,
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functional unit of the Cl-ATPase molecule there may be a

special binding site where Mg2? may display its potent

modifying nature. The straight line intersection at the

abscissa (Fig. 4) indicates that for Mg-ATP Mg is an

inhibitor with invariable affinity and Mg2?-bound forms of

the enzyme have no catalytic ability.

By analysis of the straight line arrangement (Fig. 5)

reflecting substrate concentration dependence of Cl-ATP-

ase in double-reciprocal coordinates at varying fixed Cl-

concentrations, a conclusion is drawn that Cl- ions are

activators of the enzyme system that stimulate preferential

activity of the partial effect sites. Cl- is at the same time a

modifier of the system. By increasing its concentration,

activation passes into inhibition. Similar alignment is

possible only in the case of a multisited enzyme system and

depends on the parameters resulting from multisitedness.

Thus, Cl- ions must belong to the group of modifiers

whose activity results in reduction of the slope of recti-

linear function, though the ordinate axis intersection point

is unchanged, which is the necessary condition for specific

modifiers. This means that Cl- ions are specific effect

activators.

Free ligands (Mgf and ATPf) are the system’s modifiers,

with activating and inhibiting effects, with invariable

affinity for the substrate. As to Cl- ions, they are a specific

type of modifier with invariable affinity for the substrate.

Thus, it may be concluded that all P-type transport ATP-

ases, cations as well as anions, are characterized by a

similar molecular mechanism.

The mechanism of dead-end branch formation has been

studied in the Na, K-ATPase reaction. During the ATPase

reaction, not only the Mg-ATP complex formed in the

solution but also the one set up on the enzyme molecule is

hydrolyzed. For this to be realized the necessary condition

is binding in the enzyme active center, first of ATP and

then of Mg2?. In case this process takes place in reverse

(first Mg2?, then ATP), a ‘‘dead-end’’ complex is formed.

In accordance with the data reported (Robinson and

Flasher 1979; Kometiani et al. 1984), the presence of only

one catalytic site per a-subunit has been identified for the

Na, K-ATPase system. Therefore, the molecule has a

dimeric nature with two identical subunits, 2(ab), that must

be a universal system for all P-type transport ATPases.

Study of the interrelation of membrane Cl-ATPase with

other ATPases will assist to some extent in deciphering the

mechanism and function of its activity. To this end, we have

reveled anion interaction in the membrane in ATP hydro-

lysis. In the living cell an excessive amount of anions was

found on the external surface of the membrane compared to

the internal one. This fact determines their movement

within a concentration gradient from outward to inward.

There is an indication in the literature that there may also be

cotransport of Cl- and other anions at the expense of ATP

hydrolyzing energy (cotransport of Cl-/HCO3
- in particu-

lar). Cl- is directed from inside the cell, in contrast to

HCO3
-. The process may be due to the existence of an Mg-

nondependent HCO3-ATPase in the plasma membrane

(Tsakadze et al. 2007), whose substrate (as distinct from

Mg-dependent HCO3-ATPase) is only free ATP. This

ATPase is likely to be attributed to the so-called Ecto-

ATPase group, which function on the external side of the

membrane and do not require Mg ions.

Conclusion

In conclusion, it can be said that the study of Cl-ATPase

revealed an interesting analogy of transport ATPases with

general kinetic peculiarities. Cl-ATPase, like the P-type

ATPases, is a transport system which carries out active

movement of Cl- anions from inward to outward of the

synaptosomal and microsomal membranes. The kinetic

parameters of both membranes are identical. On the basis

of the evidence and theoretical calculation, we suggest a

scheme for the operation of the Cl-ATPase system.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.
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Abstract Janus-activated kinase-2 (JAK2) participates in

the regulation of the Na?-coupled glucose transporter SGLT1

and the Na?-coupled amino acid transporter SLC6A19.

Concentrative cellular creatine uptake is similarly accom-

plished by Na?-coupled transport. The carrier involved is

SLC6A8 (CreaT). The present study thus explored whether

JAK2 regulates the activity of SLC6A8. To this end, cRNA

encoding SLC6A8 was injected into Xenopus oocytes with or

without cRNA encoding wild-type JAK2, constitutively

active V617FJAK2 or inactive K882EJAK2. Electrogenic crea-

tine transport was determined in those oocytes by dual-elec-

trode voltage-clamp experiments. In oocytes injected with

cRNA encoding SLC6A8 but not in oocytes injected with

water or with cRNA encoding JAK2 alone, addition of 1 mM

creatine to the extracellular bath generated an inward current

(Icrea). In SLC6A8 expressing oocytes Icrea was significantly

decreased by coexpression of JAK2 or V617FJAK2 but not by

coexpression of K882EJAK2. According to kinetic analysis,

coexpression of JAK2 decreased the maximal transport rate

without significantly modifying the affinity of the carrier.

In oocytes expressing SLC6A8 and V617FJAK2 Icrea was

gradually increased by the JAK2 inhibitor AG490 (40 lM). In

SLC6A8 and JAK2 coexpressing oocytes the decline of Icrea

following disruption of carrier insertion with brefeldin A

(5 lM) was similar in the absence and presence of JAK2. In

conclusion, JAK2 is a novel regulator of the creatine trans-

porter SLC6A8, which downregulates the carrier, presumably

by interference with carrier protein insertion into the cell

membrane.

Keywords Creatine uptake � Energy depletion �
Brefeldin � AG490 � Erythropoietin � Leptin

Introduction

Janus-activated kinase-2 (JAK2) participates in the sig-

naling of several hormones, such as leptin (Morris and Rui

2009), growth hormone (Brooks and Waters 2010), eryth-

ropoietin (Spivak 2010), thrombopoietin (Spivak 2010),

granulocyte colony-stimulating factor (Spivak 2010) and

further cytokines (Lopez et al. 2010; Spivak 2010). JAK2

is activated by oxidative stress, ischemia, and hypertonicity

(Kurdi and Booz 2009; Garnovskaya et al. 2003; Gatsios

et al. 1998). Enhanced JAK2 activity may foster the

development of malignancy, and JAK2 inhibitors are

considered potential drugs in the treatment of myelopro-

liferative disorders (Baskin et al. 2010; Ho et al. 2010; Oh

and Gotlib 2010; Pardanani et al. 2011; Santos and

Verstovsek 2011; Tefferi et al. 2009; Tefferi 2010). The

gain-of-function mutation V617FJAK2 is found in, and

presumably contributes to, the development of myelopro-

liferative disease (Mahfouz et al. 2011). The pleiotropic

effects of JAK2 include transport regulation (Gong et al.

1998; Yokota et al. 1998). Recently, JAK2 has been shown
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to upregulate Na?-coupled glucose transport (Hossein-

zadeh et al. 2011) and the Na?-coupled amino acid trans-

porter SLC6A19 (Bhavsar et al. 2011).

The creatine transporter SLC6A8 (CreaT) belongs to a

superfamily of Na?, Cl--coupled transporters for neuro-

transmitters (e.g., dopamine, GABA, serotonin and nor-

epinephrine), amino acids (e.g., glycine) (Christie 2007;

Dodd and Christie 2001; Sora et al. 1994) and the organic

osmolytes betaine (Takenaka et al. 1995) and taurine

(Uchida et al. 1992).

SLC6A8 is expressed in a wide variety of tissues, such as

skeletal muscle, kidney, small intestine, heart, brain, and ret-

ina (Braissant and Henry 2008; Guimbal and Kilimann 1993;

Mak et al. 2009; Mellott et al. 2007). Genetic defects affecting

SLC6A8 result in mental retardation with seizures (Alcaide

et al. 2010, 2011; Ardon et al. 2010; Battini et al. 2007, 2011;

Braissant et al. 2010, 2011; Hahn et al. 2002; Jensen et al.

2011; Longo et al. 2011; Mancardi et al. 2007; Mercimek-

Mahmutoglu et al. 2010; Puusepp et al. 2009; Rosenberg et al.

2007; Salomons et al. 2003; Skelton et al. 2011; Stockler et al.

2007; van de Kamp et al. 2011). Decreasing SLC6A8 protein

abundance has been observed in the failing heart (Neubauer

et al. 1999), and SLC6A8 deficiency may compromise cardiac

function (Anselm et al. 2008). SLC6A8 activity is regulated

by AMP-activated kinase AMPK (Li et al. 2010), cyclosporin

A (Tran et al. 2000), mammalian target of rapamycin (mTOR)

(Shojaiefard et al. 2006), serum and glucocorticoid inducible

kinase isoforms (Shojaiefard et al. 2005) and PIKfyve (Strutz-

Seebohm et al. 2007). SLC6A8 has been suggested to be

phosphorylated by Src (Wang et al. 2002). SLC6A8 is further

regulated by extracellular and cytosolic creatine levels (Brault

et al. 2003; Loike et al. 1988). Expression of the creatine

transporter is increased by growth hormone (Omerovic et al.

2003).

The present study explored whether SLC6A8 is regu-

lated by JAK2. SLC6A8 was expressed in Xenopus oocytes

with or without wild-type JAK2, constitutively active
V617FJAK2 or inactive K882EJAK2; and the electrogenic

creatine transport was determined utilizing dual-electrode

voltage-clamp.

Materials and Methods

Constructs

Constructs were used encoding wild-type bovine SLC6A8

(CreaT) (Dodd and Christie 2001) and wild-type human

JAK2 (Imagenes, Berlin, Germany). Further, an inactive
K882EJAK2 mutant (Feng et al. 1997) and the V617FJAK2

mutant (Mahfouz et al. 2011) were generated by site-

directed mutagenesis (QuikChange II XL Site-Directed

Mutagenesis Kit; Stratagene, Heidelberg, Germany)

according to the manufacturer’s instructions (Mohamed

et al. 2010). The following primers were used: V617FJAK2,

50-AGCATTTGGTTTTAAATTATGGAGTATGTTTCTG

TGGAGACGAGA-30; V617FJAK2, 50-TCTCGTCTCCAC

AGAAACATACTCCATAATTTAAAACCAAATGCT-30;
K882EJAK2, 50-GGGAGGTGGTCGCTGTAGAAAAGCT

TCAGCATAGT-30; and K882EJAK2, 50-ACTATGCTGAA

GCTTTTCTACAGCGACCACCTCCC-30. Underlined bases

indicate mutation sites. The mutants were sequenced to verify

the presence of the desired mutation. The mutants were used

for generation of cRNA as described previously (Gehring

et al. 2009).

Voltage Clamp in Xenopus Oocytes

Xenopus oocytes were prepared as previously described

(Bohmer et al. 2010). We injected SLC6A8 cRNA (15 ng) on

the 1st day and wild-type JAK2 cRNA (10 ng) on the 2nd day

or the same day after preparation of oocytes. Oocytes were

maintained at 17�C in ND96 solution containing (in mM) 96

NaCl, 4 KCl, 1.8 MgCl2, 0.1 CaCl2, 5 HEPES (pH 7.4) (Rex-

hepaj et al. 2010). Gentamycin (100 mg/l), theophylline

(90 mg/l), tetracyclin (50 mg/l), ciprofloxacin (1.6 mg/l)

and, where indicated, the JAK2 inhibitor AG490 (40 lM),

actinomycin D (10 lM) or brefeldin A (5 lM) were added to

the respective solutions. Voltage-clamp experiments were

performed at room temperature 4 days after injection. Two-

electrode voltage-clamp recordings were performed at a hold-

ing potential of -60 mV. The data were filtered at 10 Hz and

recorded with a Digidata A/D–D/A converter and Clampex V.9

software for data acquisition and analysis (Axon Instruments,

Foster City, CA). The control superfusate (ND96) contained (in

mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2 and 5 HEPES (pH

7.4). Creatine was added to the solutions at a concentration of

1 mM, unless otherwise stated. The flow rate of the superfusion

was approximately 20 ml/min, and a complete exchange of the

bath solution was reached within about 10 s.

Statistical Analysis

Data are provided as means ± SEM, and n represents the

number of oocytes investigated. All experiments were

repeated with at least two to three batches of oocytes; in all

repetitions qualitatively similar data were obtained. Data

were tested for significance using ANOVA or t-test, as

appropriate. Results with P \ 0.05 were considered sta-

tistically significant.

Results

To explore whether JAK2 influences SLC6A8, the carrier

was expressed with or without additional expression of the
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kinase and SLC6A8-mediated transport was estimated

from the creatine (1 mM)—induced inward current (Icrea).

Addition of 1 mM creatine to the extracellular fluid did not

induce an appreciable Icrea in non-injected or water-injec-

ted Xenopus oocytes. Thus, Xenopus oocytes do not

express appreciable endogenous electrogenic creatine

transport (Fig. 1a). Moreover, Icrea was negligible in

Xenopus oocytes expressing wild-type JAK2 alone

(Fig. 2b). A sizable Icrea was, however, observed in

Xenopus oocytes injected with cRNA encoding SLC6A8

(CreaT). The coexpression of wild-type JAK2 was fol-

lowed by a significant decrease of Icrea in Xenopus oocytes

expressing SLC6A8 (Fig. 1b).

Additional experiments were performed to elucidate whe-

ther JAK2 was effective by modifying the maximal transport

rate or the affinity of the carrier. As revealed by kinetic analysis

of the creatine-induced currents in SLC6A8-expressing

Xenopus oocytes (Fig. 1c), the maximal current approached

21.7 ± 1.1 nA (n = 3) in Xenopus oocytes expressing

SLC6A8 alone and 10.3 ± 0.6 nA (n = 3) in Xenopus oocytes

expressing SLC6A8 together with V617FJAK2. Thus, the

maximal transport rate was significantly lower in Xenopus

oocytes expressing SLC6A8 together with V617FJAK2 than in

Xenopus oocytes expressing SLC6A8 alone. The creatine

concentration required for half-maximal current (Km) approa-

ched 167.4 ± 33.6 lM (n = 3) in Xenopus oocytes expressing

SLC6A8 alone and 101.6 ± 25.2 lM (n = 3) in Xenopus

oocytes expressing SLC6A8 together with V617FJAK2. The Km

was not significantly different between Xenopus oocytes

expressing SLC6A8 together with V617FJAK2 and those

expressing SLC6A8 alone. Accordingly, coexpression of JAK2

decreased SLC6A8 activity at least in part by reducing the

maximal current.

As illustrated in Fig. 2, the effect of JAK2 was mimicked

by the gain-of-function mutant V617FJAK2 but not by the

inactive mutant K882EJAK2. The effect of V617FJAK2 tended

to be higher than the effect of wild-type JAK2, though it did

not reach statistical significance. Possibly, wild-type JAK2 is

not fully activated in Xenopus oocytes.

Treatment of Xenopus oocytes expressing both SLC6A8

and V617FJAK2 with the JAK2 inhibitor AG490 (40 lM) was

followed by a gradual increase of Icrea (Fig. 3). The effect of

the inhibitor on Icrea reached statistical significance within

24 h of preincubation with AG490. At 6 h incubation, how-

ever, the inhibitor did not appreciably affect Icrea.

The decrease of Icrea in SLC6A8-expressing Xenopus

oocytes by coexpression of V617FJAK2 could have resulted

from accelerated clearance of carrier protein from the cell

membrane. To test this possibility, SLC6A8-expressing

Xenopus oocytes were treated with 5 lM brefeldin A, a sub-

stance that blocks the insertion of new carrier protein into the

cell membrane. As shown in Fig. 4a, the creatine-induced

current of SLC6A8 and V617FJAK2-expressing Xenopus

oocytes declined at similarly rapid rates in the presence of

brefeldin A. The observation suggests that V617FJAK2

decreases SLC6A8 activity by a mechanism other than

accelerating carrier clearance from the cell membrane.

Inhibition of transcription by incubation (1–3 days) with

actinomycin D (10 lM) did not significantly modify the
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Fig. 1 Coexpression of JAK2 inhibits electrogenic creatine transport

in SLC6A8-expressing Xenopus oocytes. a Representative original

tracings showing creatine (1 mM)—induced current (Icrea) in Xenopus
oocytes injected with water (a), expressing SLC6A8 without (b) or

with (c) additional coexpression of wild-type JAK2. b Arithmetic

means ± SEM (n = 16–33) of Icrea in Xenopus oocytes injected with

water and expressing JAK2 alone (DEPC water control) or SLC6A8

without (SLC6A8) or with (SLC6A8 ? JAK2) additional coexpres-

sion of wild-type JAK2. **P \ 0.01, ***P \ 0.001 vs. absence of

SLC6A8; ###P \ 0.001 vs. absence of JAK2. c Arithmetic means ±

SEM (n = 3) of Icrea as a function of creatine concentration in

Xenopus oocytes expressing SLC6A8 without (closed circles, solid
line) or with (open circles, dashed line) additional coexpression of

wild-type JAK2
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current induced by SLC6A8 either in the presence or in the

absence of JAK2 (Fig. 4b).

Discussion

The present study uncovers a novel mechanism in the regu-

lation of the creatine transporter SLC6A8 (CreaT). JAK2

decreased the electrogenic transport of creatine in SLC6A8-

expressing Xenopus oocytes. The effect was mimicked by the

gain-of-function mutant V617FJAK2 but not by the inactive
K882EJAK2, indicating that kinase activity was required for

this effect. Coexpression of V617FJAK2 did not significantly

affect the affinity for creatine but rather decreased the maxi-

mal transport rate. According to the experiments in the pres-

ence of brefeldin A, JAK2 did not accelerate carrier retrieval

from the cell membrane. Thus, JAK2 was presumably effec-

tive through inhibition of the carrier or interference with

transporter protein insertion into the cell membrane. How-

ever, as brefeldin A is expected to affect the trafficking of a

wide variety of molecules, which could at least in theory

participate in the regulation of SLC6A8, the interpretation of

experiments in the presence of brefeldin A may involve some

uncertainty. The inefficacy of the inhibitor following short

incubation may result from delayed access of the inhibitor to

the kinase or may be an indirect effect of the kinase on carrier

activity. For instance, the slow effect of the inhibitor could

result from regulation of protein abundance rather than direct

inactivation of the transporter. The insensitivity of the JAK2

effect to the presence of actinomycin suggests that the

observed effect of JAK2 does not depend on transcription.

Given the close relation of SLC6A8 to the osmolyte

transporters BGT and TAUT (Nash et al. 1994), the

downregulation of SLC6A8 by JAK2 appears somewhat

surprising. JAK2 activity is stimulated by hypertonicity

(Garnovskaya et al. 2003; Gatsios et al. 1998) and the

kinase enhances the activity of the cell volume regulatory

Na?/H? exchanger (NHE) (Coaxum et al. 2009). Osmotic

cell shrinkage upregulates the activity of osmolyte trans-

porters (Handler and Kwon 1996; Hoffmann and Pedersen

2006; Pasantes-Morales and Cruz-Rangel 2010), a regula-

tion opposite to the presently observed JAK2-dependent

downregulation of SLC6A8. It must be kept in mind that

the osmolyte carriers are regulated by gene expression

(Handler and Kwon 1996) and by cell volume–sensitive

signaling involving the mTOR (Shojaiefard et al. 2006),

serum and glucocorticoid inducible kinase (SGK1)

(Shojaiefard et al. 2005) and phosphatidylinositol-3-phos-

phate-5-kinase (PIKfyve) (Strutz-Seebohm et al. 2007).

Those mechanisms could upregulate SLC6A8 during cell

Fig. 2 Effect of JAK2 is mimicked by V617FJAK2 but not by the

inactive mutant K882EJAK2. a Representative original tracings

showing creatine (1 mM)—induced current (Icrea) in Xenopus oocytes

injected with SLC6A8 alone (a) or coexpressing SLC6A8 with JAK2

(b), V617FJAK2 (d) or SLC6A8 with the inactive mutant K882EJAK2

(c). b Arithmetic means ± SEM (n = 13–23) of Icrea in Xenopus
oocytes expressing SLC6A8 without (SLC6A8) or with wild-type

JAK2 or SLC6A8 with constitutively active V617FJAK2

(SLC6A8 ? V617FJAK2) or SLC6A8 with the inactive mutant
K882EJAK2 (SLC6A8 ? K882EJAK2). **P \ 0.01, ***P \ 0.001 vs.

expression of SLC6A8 alone

Fig. 3 Effect of V617FJAK2 is reversed by the JAK2 inhibitor

AG490. a Representative original tracings showing creatine

(1 mM)—induced current (Icrea) in Xenopus oocytes injected with

SLC6A8 (a) or SLC6A8 ? V617FJAK2 without (b) or with 6 h (c) or

24 h (d) pretreatment with AG490 (40 lM). b Arithmetic mean-

s ± SEM (n = 4–5) of Icrea in Xenopus oocytes expressing SLC6A8

with constitutively active V617FJAK2 in the absence of inhibitor (0 h)

or following pretreatment with AG490 (40 lM) for the indicated time

periods. **P \ 0.001 vs. expression of SLC6A8 alone, #P \ 0.001

vs. absence of AG490 (SLC6A8 ? V617FJAK2)
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shrinkage. The creatine transporter is further regulated by

Src (Wang et al. 2002) and AMP-activated kinase AMPK

(Li et al. 2010). Nevertheless, the present observations

raise a question about the functional significance of JAK2-

sensitive SLC6A8 downregulation. The decrease of carrier

activity would decrease Na? entry, which may be protec-

tive during energy depletion or otherwise compromised

Na? extrusion by the Na?/K?-ATPase. On the other hand,

creatine may reversibly bind phosphate (Speer et al. 2004),

and decreased abundance of cytosolic creatine may

decrease the ability of the cell to replenish ATP upon

energy depletion.

Summary

This study presents evidence, for the first time, that JAK2

regulates the creatine transporter SLC6A8 (CreaT). It

appears that JAK2 associates with the carrier and regulates

its trafficking to the surface and, thus, cell membrane

abundance.
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Abstract Membrane lipid composition is thought to

influence the function of integral membrane proteins; how-

ever, the potential for lipid composition to influence overall

mitochondrial long-chain fatty acids (LCFA) oxidation is

currently unknown. Therefore, the naturally occurring var-

iability of LCFA oxidation rates within subsarcolemmal

(SS) and intermyofibrillar (IMF) mitochondria in muscles

with varying oxidative potentials (heart ? red ? white)

was utilized to examine this relationship. To this end, SS and

IMF mitochondria were isolated and palmitate oxidation

rates were compared to membrane phospholipid composi-

tion. Among tissues, rates of palmitate oxidation in mito-

chondria displayed a 2.5-fold range, creating the required

range to determine potential relationships with membrane

lipid composition. In general, the percent mole fraction of

phospholipid head groups and major fatty acid subclasses

were similar in all mitochondria studied. However, rates of

palmitate oxidation were positively correlated with both the

unsaturation index and relative abundance of cardiolipin

within mitochondria (r = 0.57 and 0.49, respectively;

p \ 0.05). Thus, these results suggest that mitochondrial

LCFA oxidation may be significantly influenced by the total

unsaturation and percent mole fraction of cardiolipin of the

mitochondrial membrane, whereas other indices of mem-

brane structure (e.g., percent mole fraction of other pre-

dominant membrane phospholipids, chain length, and ratio

of phosphatidylcholine to phosphatidylethanolamine) were

not significantly correlated.

Keywords Cardiac muscle � Cardiolipin � LCFA

oxidation � Lipid composition �Mitochondrial membranes �
Red muscle � Unsaturation index � White muscle

In both skeletal and cardiac muscle, the oxidation of

long-chain fatty acids (LCFA) represents a substantial con-

tribution of the reducing equivalents required for the main-

tenance of adenosine triphosphate homeostasis, a process

that exclusively occurs within the mitochondrial matrix.

Regardless of the restricted location of LCFA oxidation, over

the past two decades evidence has accumulated to show that

rates of fatty acid oxidation within muscle is regulated at

several sites, including the transport of LCFA across both the

sarcolemmal (reviewed in Glatz et al. 2010) and mitochon-

drial membranes (Fritz and Yue 1963; Smith et al. 2011;

Winder et al. 1989). However, the understanding of potential

mechanisms regulating fatty acid oxidation at the level of the

mitochondria is in its infancy.

The regulation of mitochondrial LCFA oxidation has

historically been ascribed to malonyl-CoA inhibition of

carnitine palmitoyltransferase I (CPTI) (Saggerson and

Carpenter 1981; Winder et al. 1989). However, it is now

recognized that the malonyl-CoA/CPTI axis cannot

entirely account for the regulation of LCFA oxidation

(Alkhateeb et al. 2011; Dzamko et al. 2008; Odland et al.

1996, 1998; Roepstorff et al. 2004). As a result, in recent

years a renewed interest has emerged to unravel novel sites

of regulation in mitochondrial fatty acid oxidation. Since

then, several additional sites of regulation have been found,

including, but not limited to, fatty acid translocase (FAT/

CD36) suggested interaction with acyl-CoA synthetase
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(Smith et al. 2011); NAD-dependent deacetylase sirtuin-3

deacetylation of long-chain acyl CoA dehydrogenase

(Hirschey et al. 2010); and complex I of the electron

transport chain (Ahn et al. 2008).

Creating another level of complexity within muscle is

the fact there are two spatially distinct mitochondrial

subpopulations, known as subsarcolemmal (SS) and inter-

myofibrillar (IMF) because they are located directly

beneath the sarcolemmal membrane and between the

myofibrillar apparatus, respectively. These mitochondrial

subpopulations are known to have different characteristics,

including size and various enzymatic activities, both of

which may account for the higher rates of LCFA oxidation

within IMF mitochondria (Cogswell et al. 1993; Holloway

et al. 2009a, 2010; Hoppel et al. 2002; Kelley et al. 2002;

Palmer et al. 1985). In addition to these reported differ-

ences between mitochondrial subpopulations, additional

mechanisms that regulate LCFA oxidation within muscle

mitochondria, including the unsaturation index (UI) of the

mitochondrial membranes, may exist. However, to date the

influence of membrane saturation in SS and IMF mito-

chondrial LCFA oxidation has not been examined in

skeletal or cardiac muscles.

Although most of the regulation of mitochondrial LCFA

oxidation studied to date involves integral mitochondrial

membrane proteins, structural properties of membranes can

also influence fundamental physiological processes, and

changes in membrane phospholipid or fatty acid compo-

sition can influence integral membrane protein function

(Lee 2004; McIntosh and Simon 2006). Specifically, lower

phosphatidylcholine (PC) and cardiolipin (CL), higher

phosphatidylethanolamine (PE), and fatty acid chain length

and degree of saturation (Spector and Yorek 1985), and

lower PC/PE ratio (Hazel and Williams 1990) are all

positively correlated with membrane rigidity. In the con-

text of LCFA oxidation, it has previously been shown that

membrane UI is positively related to CPTI activity in

hepatic mitochondria (Power et al. 1994). However, it

remains to be determined whether these potential rela-

tionships exist in muscle mitochondria.

Past studies have successfully utilized diet manipulation

(altering fat composition but not content) to alter SS and

IMF cardiac mitochondrial membrane lipid composition

(Khairallah et al. 2010a, b; O’Shea et al. 2009). However,

this is no evidence in the literature to suggest that this

approach is effective in skeletal muscle. Therefore, in the

current study we took a different approach and utilized the

naturally occurring variation of intrinsic rates of LCFA

oxidation within SS and IMF mitochondria in muscles with

varying oxidative potentials (white, red, and cardiac mus-

cles) to examine the potential that mitochondrial membrane

lipid composition is associated with rates of LCFA oxi-

dation. Specifically, we hypothesized that greater rates of

LCFA oxidation would correlate with mitochondria with

higher membrane contents of PC, CL, and PC/PE, and

lower PE, and shorter and more unsaturated fatty acids.

Methods

Animals

Male Sprague Dawley rats (250–300 g, n = 5) were used.

The rats were housed in a controlled environment on a

reverse 12:12 h light–dark cycle. Animals were provided

with standard rat chow (Teklad Global 18 % Protein

Rodent Diet; Harland Laboratories, Madison, WI; ingre-

dients include ground wheat, ground corn, wheat mid-

dlings, dehulled soybean meal, corn gluten meal, and

soybean oil fortified with essential vitamins and minerals,

resulting in a percent weight contribution of 18.6 % pro-

tein, 75.2 % carbohydrates, and 6.2 % fat, which was made

up predominately of 3.1 % linoleic, 1.2 % oleic, 0.7 %

palmitic, 0.3 % linolenic, and 0.2 % steric) and water

ad libitum. Ethical approval for this work was obtained

from the Animal Care Committee at the University of

Guelph and conformed to all Canadian Council on Animal

Care guidelines.

Tissue Collection and Mitochondrial Isolation

Animals were euthanized [pentobarbital sodium (Somno-

tol), 6 mg/100 g body wt]. Heart (left ventricle) and red

(red gastrocnemius and red vastus lateralis) and white

(white gastrocnemius and white vastus lateralis) muscles

from both hind limbs were excised and used for whole

muscle determinants of citrate synthase (CS) and isolation

of SS and IMF mitochondria as described below.

Citrate Synthase

Muscle samples (*10 mg wet tissue) were homogenized

in 100 vol/wt of a 100 mM potassium phosphate buffer,

while isolated mitochondria were diluted 209 in a sucrose

mannitol buffer, for the measurements of CS. Total CS

activity was assayed spectrophotometrically at 412 nm

(37 �C) after ensuring intact mitochondria were lysed with

0.04 % Triton X-100 and repeated freeze-thawing (Srere

1969).

Mitochondrial Isolation

Differential centrifugation was used to obtain both SS and

IMF mitochondrial fractions (Benton et al. 2008; Bezaire

et al. 2004; Campbell et al. 2004). All procedures were

identical to those previously published by our group
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(Bezaire et al. 2006; Campbell et al. 2004; Holloway et al.

2006). Briefly, muscle was homogenized with a Polytron

(PT3100, Kinematica) for exactly 5 s at a setting of 7. The
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Fig. 1 Maximal citrate synthase (CS) activity in a whole muscle

homogenates and b isolated subsarcolemmal (SS) and intermyofibr-

illar (IMF) mitochondria from rat heart, red (gastrocnemius), and

white (gastrocnemius) muscle. Values are means ± SE (n = 5);

*and �denote significance from heart and red muscle, respectively;

� denotes significance from SS mitochondria within the same tissue
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Fig. 2 In vitro palmitate oxidation rates in subsarcolemmal (SS) and

intermyofibrillar (IMF) mitochondria in rat heart, red (gastrocnemius

and vastus lateralis), and white (gastrocnemius and vastus lateralis)

muscle. Values are means ± SE (n = 5); *and �denote significance

from heart and red muscle, respectively, within the same mitochon-

drial subpopulation; �denotes significance from SS mitochondria

within the same tissue
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Fig. 3 Percent mole fraction of major phospholipid species of

a subsarcolemmal and b intermyofibrillar mitochondrial membranes

in rat heart, red (gastrocnemius and vastus lateralis), and white

(gastrocnemius and vastus lateralis) muscle. Values are expressed as

means ± SE (n = 5); *denotes significance from heart within the

same mitochondrial subpopulation, �denotes significance from

subsarcolemmal (SS) mitochondria within the same tissue. PC
phosphatidylcholine, PE phosphatidylethanolamine, CL cardiolipin,
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Fig. 4 Percent mole fraction of total fatty acid subclasses of total

phospholipids of a subsarcolemmal and b intermyofibrillar mito-

chondrial membranes in rat heart, red (gastrocnemius and vastus

lateralis), and white (gastrocnemius and vastus lateralis) muscle.

Values are expressed as means ± SE (n = 5) with SFA, MUFA, n3,

and n6 represented on the left y-axis and UI represented on the right.

SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA
polyunsaturated fatty acids, UI unsaturation index =

P
mi 9 ni,

where mi is the mole percent and ni is the number of carbon–carbon

double bonds of the fatty acid
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Table 1 Percent mole fraction of total phospholipid fatty acids of subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial membranes in

rat heart, red (gastrocnemius and vastus lateralis), and white (gastrocnemius and vastus lateralis) muscle

Fatty acid Heart Red muscle White muscle

SS IMF SS IMF SS IMF

14:0 2.2 ± 0.3 2.6 ± 0.2 3.2 ± 0.4 2.7 ± 0.2 3.9 ± 0.8 2.6 ± 0.4

15:0 1.3 ± 0.2 1.5 ± 0.2 1.9 ± 0.3 1.5 ± 0.1 2.2 ± 0.4 1.7 ± 0.2

16:0 18.3 ± 1.2 21.0 ± 1.1 26.5 ± 1.0* 25.4 ± 1.0 24.7 ± 3.3* 24.5 ± 3.2

17:0 1.9 ± 0.2 2.4 ± 0.4 2.6 ± 0.3 2.3 ± 0.3 2.7 ± 0.3 2.7 ± 0.2

18:0 24.8 ± 0.6 27.0 ± 0.7 19.5 ± 0.3* 19.7 ± 0.7* 16.2 ± 2.0* 19.2 ± 1.8*

14:1 1.4 ± 0.4 1.3 ± 0.2 2.1 ± 0.5 1.3 ± 0.2 3.6 ± 2.0 1.3 ± 0.2

16:1 1.7 ± 0.4 2.3 ± 0.6 2.6 ± 0.3* 2.4 ± 0.3 3.4 ± 0.4* 2.4 ± 0.7

18:1 3.6 ± 0.3 4.0 ± 0.3 4.5 ± 0.7 6.3 ± 2.4 6.6 ± 1.6 4.1 ± 0.8

22:6n3 5.3 ± 0.4 4.8 ± 0.5 4.5 ± 0.6 4.5 ± 0.3 2.7 ± 0.4 3.1 ± 0.6

18:2n6 14.2 ± 1.8 11.6 ± 1.0 14.0 ± 0.7 15.4 ± 0.9 9.6 ± 1.5* � 10.6 ± 1.6

18:3n6 1.4 ± 0.3 1.7 ± 0.3 1.3 ± 0.3 1.3 ± 0.3 1.5 ± 0.2 3.3 ± 1.4

20:4n6 11.9 ± 1.7 12.0 ± 1.1 9.1 ± 0.8 9.3 ± 0.5 7.0 ± 1.3* 8.7 ± 1.1

Chain length 16.7 ± 0.1 16.8 ± 0.1 16.5 ± 0.1 16.7 ± 0.1 16.7 ± 0.1 16.7 ± 0.1

Values are expressed as means ± SE

Fatty acids with a percent mole fractions below 1 % are not shown

SS subsarcolemmal mitochondria, IMF intermyofibrillar mitochondria, UI unsaturation index =
P

mi 9 ni, where mi is the mole percent and ni

is the number of carbon–carbon double bonds of the fatty acid

* and � denote significance from heart and red muscle, respectively, within the same mitochondrial subpopulation

Table 2 Percent mole fraction of phosphatidylcholine fatty acids of subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial membranes

in rat heart, red (gastrocnemius and vastus lateralis), and white (gastrocnemius and vastus lateralis) muscle

Fatty acid Heart Red muscle White muscle

SS IMF SS IMF SS IMF

14:0 1.3 ± 0.3 1.3 ± 0.1 1.4 ± 0.2 1.3 ± 0.1 1.7 ± 0.2 1.4 ± 0.1

15:0 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.1 ± 0.2

16:0 24.1 ± 1.0 24.2 ± 0.9 38.8 ± 0.8* 37.3 ± 1.1* 42.5 ± 1.0* � 39.7 ± 3.2*

17:0 1.1 ± 0.1 1.3 ± 0.1 1.4 ± 0.2 1.3 ± 0.1 1.5 ± 0.1 1.4 ± 0.1

18:0 26.5 ± 0.7 28.0 ± 0.4 11.2 ± 0.5* 10.5 ± 0.8* 8.4 ± 0.2* � 7.1 ± 0.6* �

16:1 1.2 ± 0.3 1.6 ± 0.3 1.8 ± 0.3 1.5 ± 0.4 2.0 ± 0.6 2.3 ± 0.5

18:1 3.2 ± 0.1 3.4 ± 0.3 4.0 ± 0.2 4.8 ± 1.1 3.3 ± 0.8 3.6 ± 0.4

22:6n3 2.9 ± 0.1 2.8 ± 0.2 2.6 ± 0.3 2.8 ± 0.2 2.0 ± 0.5 1.4 ± 0.2

18:2n6 12.9 ± 0.5 13.1 ± 1.0 18.2 ± 1.0* 19.6 ± 1.0* 16.4 ± 0.2* 16.0 ± 1.4

20:4n6 20.0 ± 1.5 18.8 ± 0.8 13.7 ± 0.6* 14.4 ± 0.7* 13.5 ± 0.8* 13.3 ± 1.2*

Total saturates 55.4 ± 1.7 58.0 ± 1.7 56.2 ± 1.6 52.6 ± 1.4* 56.8 ± 1.0 56.1 ± 0.9

Total monoenes 6.5 ± 1.0 6.7 ± 0.8 7.6 ± 0.3 7.6 ± 1.2 7.0 ± 0.5 7.8 ± 0.6

n3 polyenes 3.2 ± 0.2 3.1 ± 0.3 3.1 ± 0.3 3.4 ± 0.3 3.5 ± 1.1 2.0 ± 0.2* �

n6 polyenes 34.8 ± 1.7 32.2 ± 1.6 34.3 ± 1.5 36.3 ± 1.5 32.7 ± 0.7 34.0 ± 0.7

UI 136 ± 7 130 ± 6 122 ± 6 129 ± 5 119 ± 4 128 ± 12

Chain length 17.3 ± 0.1 17.3 ± 0.1 16.9 ± 0.1* 16.9 ± 0.1* 16.9 ± 0.1* 17.0 ± 0.1*

Values are expressed as means ± SE

Fatty acids with a percent mole fraction below 1 % are not shown

SS subsarcolemmal mitochondria, IMF intermyofibrillar mitochondria, UI unsaturation index =
P

mi 9 ni, where mi is the mole percent and ni

is the number of carbon–carbon double bonds of the fatty acid

* and � denote significance from heart and red muscle, respectively, within the same mitochondrial subpopulation
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homogenate was centrifuged at 8009g for 10 min to sep-

arate the SS and IMF mitochondria. The IMF mitochondria

were released by treating the pellet with a protease

(0.025 ml/g Subtilisin A (P-5380); Sigma, St. Louis, MO,

USA) for exactly 5 min to digest the myofibrils. Further

centrifugation was used to remove the myofibrils, and

mitochondria were finally recovered by centrifuging twice

at 10,0009g for 10 min and resuspending the final pellet in

500 ll of buffer (220 mM sucrose, 70 mM mannitol,

10 mM Tris HCl, and 1 mM EDTA). A portion of the

mitochondria (200 ll) was used immediately for determi-

nations of palmitate oxidation, while the remaining mito-

chondrial protein was purified through the use of a Percoll

gradient (Benton et al. 2004) and frozen for future

phospholipid analyses. Mitochondrial protein concentra-

tion was determined by bicinchoninic acid assay.

Mitochondrial Palmitate Oxidation

Palmitate oxidation was measured in a sealed system, as

described previously (Benton et al. 2008; Holloway et al.

2009b). Briefly, mitochondria were added to a pregassed

modified Krebs-Ringer buffer at 37 �C. The reaction

(30 min) was initiated by addition of palmitate–bovine

serum albumin complex (75 lM, 1-[14C]palmitate

[0.5 lCi/vial, 30 min, 37 �C, pH 7.4]). Oxidation was

determined from trapping of the 14CO2 produced and the
14C label released from acidified buffer, as we have

reported previously (Benton et al. 2008; Campbell et al.

2004; Holloway et al. 2009b; Yoshida et al. 2007).

Phospholipid Analysis

Total lipids were extracted (Folch et al. 1957), and thin-layer

chromatography (Mahadevappa and Holub 1987) was used

to separate individual phospholipids (PC, PE, CL, phos-

phatidylinositol, phosphatidylserine, phosphatidic acid,

sphingomyelin) from isolated SS and IMF mitochondria.

Briefly, isolated phospholipids were methylated (Mahadev-

appa and Holub 1987), and the fatty acid composition of each

phospholipid was analyzed by gas chromatography (Bradley

et al. 2008; Stefanyk et al. 2010). A 0.1–1.0 ll sample of

methyl esters from each sample was injected into a gas

chromatograph (Trace GC Ultra, Thermo Electron, Milan,

Table 3 Percent mole fraction of phosphatidylethanolamine fatty acids of subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial

membranes in rat heart, red (gastrocnemius and vastus lateralis), and white (gastrocnemius and vastus lateralis) muscle

Fatty acid Heart Red muscle White muscle

SS IMF SS IMF SS IMF

14:0 1.5 ± 0.1 2.0 ± 0.1� 2.0 ± 0.2 2.0 ± 0.2 2.3 ± 0.4 2.2 ± 0.3

15:0 1.0 ± 0.2 1.0 ± 0.3 1.5 ± 0.3 1.1 ± 0.2 1.9 ± 0.2* 1.4 ± 0.2

16:0 15.2 ± 1.1 16.7 ± 0.9 14.0 ± 1.2 13.2 ± 0.6* 15.6 ± 0.5 14.2 ± 0.7

17:0 1.7 ± 0.2 1.9 ± 0.2 1.9 ± 0.2 1.7 ± 0.2 2.3 ± 0.3 1.9 ± 0.2

18:0 34.3 ± 1.2 34.5 ± 0.3 36.6 ± 1.0 38.2 ± 1.1* 34.0 ± 1.4 36.9 ± 0.6

16:1 1.1 ± 0.3 1.2 ± 0.4 1.1 ± 0.2 1.3 ± 0.3 1.8 ± 0.6 1.1 ± 0.5

17:1 1.0 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 1.1 ± 0.2 1.0 ± 0.1

18:1 3.8 ± 0.1 3.8 ± 0.1 3.7 ± 0.1 5.4 ± 1.5 6.1 ± 2.3 4.1 ± 0.2

22:6n3 12.4 ± 1.0 10.7 ± 0.9 11.7 ± 1.2 11.5 ± 0.4 6.2 ± 0.4* � 8.9 ± 0.9�

18:2n6 7.7 ± 0.3 7.4 ± 0.6 9.0 ± 0.6 8.0 ± 0.8 6.8 ± 0.2 � 7.7 ± 0.2�

18:3n6 1.2 ± 0.7 1.0 ± 0.3 1.0 ± 0.3 1.1 ± 0.2 1.0 ± 0.3 1.2 ± 0.2

20:4n6 13.1 ± 3.3 13.8 ± 0.9 11.3 ± 0.5 10.7 ± 0.8 11.4 ± 0.8 13.6 ± 0.7 �

Total saturates 57.2 ± 3.5 59.1 ± 1.3 59.0 ± 1.7 57.7 ± 1.6 59.4 ± 1.7 59.3 ± 1.0

Total monoenes 7.3 ± 0.5 8.3 ± 0.7 7.6 ± 0.1 9.0 ± 1.8 11.2 ± 2.9 7.9 ± 0.6

n3 polyenes 12.7 ± 0.9 10.5 ± 0.7 12.3 ± 1.2 12.0 ± 0.4 7.4 ± 0.2* � 9.2 ± 0.8 �

n6 polyenes 22.8 ± 2.8 22.1 ± 0.7 22.5 ± 1.2 21.4 ± 1.3 21.8 ± 1.3 23.5 ± 0.8

UI 156 ± 15 149 ± 9� 149 ± 9 146 ± 4 121 ± 2 138 ± 6

Chain length 15.7 ± 0.1 16.0 ± 0.1 15.7 ± 0.2 15.7 ± 0.1 16.7 ± 0.1* � 16.2 ± 0.1 �

Values are expressed as means ± SE

Fatty acids with a percent mole fractions below 1 % are not shown

SS subsarcolemmal mitochondria, IMF intermyofibrillar mitochondria, UI unsaturation index =
P

mi 9 ni, where mi is the mole percent and ni

is the number of carbon–carbon double bonds of the fatty acid
� Denotes significance from SS within the same tissue

* and � denote significance from heart and red muscle, respectively, within the same mitochondrial subpopulation
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Italy) fitted with a split/splitless injector, a fast flame ioni-

zation detector, and Triplus AS autosampler (Trace GC

Ultra, Thermo Electron). Fatty acid methyl esters were

separated on a UFM RTX-WAX analytical column (Thermo

Electron) using helium as a carrier gas. Fatty acids were

identified by comparison of retention times with those of a

known standard (Supelco 37 component FAME mix, Supe-

lco, Bellefonte, PA), and absolute amounts of individual

fatty acids were calculated with the aid of the internal stan-

dard, tridecanoic acid (13:0), added to the samples before the

methylation process (Lepage and Roy 1986). Preliminary

analyses indicated no detectable endogenous 13:0 in the

samples analyzed (data not shown). The molar amount of

each fatty acid was then used to calculate its relative per-

centage. Total amounts of each phospholipid were deter-

mined from the summed amount of fatty acids in each

phospholipid. The UI was calculated as
P

mi 9 ni, where mi

is the mole percentage and ni is the number of carbon–carbon

double bonds of the fatty acid.

Statistical Analysis

All values are expressed as the mean ± standard error

(SE). Differences in CS activity were examined by an

analysis of variance (ANOVA). A two-way ANOVA was

used to establish differences between tissue and mito-

chondrial subpopulations for palmitate oxidation rates and

membrane lipid composition data. Tukey’s post hoc test

was used to determine significance (p \ 0.05). Assumption

for normality were verified and data transformed (log,

square root, and inverse square) to meet this assumption.

Pearson correlations were used to test the relationship

between palmitate oxidation rates and membrane lipid

components. SPSS software (Chicago, IL) was used for all

statistical analyses.

Results

Total CS and Mitochondrial Palmitate Oxidation

Hierarchy

Total homogenate CS enzymatic activity displayed the

expected hierarchy between heart ? red ? white muscles

(Fig. 1a), confirming the oxidative potential of muscles

subsequently used to isolate SS and IMF mitochondria.

Isolated mitochondrial CS values were not significantly

different between muscles, but were significantly higher in

IMF mitochondria within tissues (Fig. 1b). In general,

mitochondrial rates of palmitate oxidation displayed the

Table 4 Percent mole fraction of cardiolipin fatty acids of subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial membranes in rat

heart, red (gastrocnemius and vastus lateralis), and white (gastrocnemius and vastus lateralis) muscle

Fatty acid Heart Red muscle White muscle

SS IMF SS IMF SS IMF

14:0 2.5 ± 0.3 4.3 ± 0.8 4.4 ± 0.8 3.1 ± 0.2 6.5 ± 1.7 3.9 ± 0.2

15:0 1.7 ± 0.4 1.9 ± 0.3 3.0 ± 0.9 1.4 ± 0.1 3.2 ± 1.1 3.2 ± 0.8

16:0 11.7 ± 1.6 20.5 ± 3.6 14.5 ± 2.5 14.5 ± 1.5 17.4 ± 3.3 17.4 ± 1.7

17:0 2.4 ± 0.5 3.1 ± 0.4 3.2 ± 0.8 3.3 ± 0.7 2.8 ± 0.5 3.9 ± 0.3

18:0 5.8 ± 0.8 11.5 ± 1.4� 6.8 ± 1.6 6.8 ± 0.5 7.6 ± 1.9 10.7 ± 1.4

16:1 2.5 ± 0.6 3.0 ± 0.5 2.9 ± 1.0 3.1 ± 0.6 5.7 ± 1.1 3.1 ± 0.8

18:1 3.9 ± 0.7 5.0 ± 1.5 7.5 ± 4.3 7.4 ± 3.6 10.0 ± 4.2 5.6 ± 1.6

18:2n6 57.8 ± 5.4 32.1 ± 9.1 34.9 ± 7.1* 38.3 ± 3.5 25.8 ± 5.7* 29.0 ± 7.8

18:3n6 2.2 ± 0.5 3.2 ± 1.8 1.4 ± 0.6 2.2 ± 1.2 1.3 ± 0.6 4.4 ± 1.9

20:3n6 1.3 ± 0.4 1.6 ± 0.6 1.8 ± 0.5 2.2 ± 1.0 1.3 ± 0.3 1.1 ± 0.5

Total saturates 26.5 ± 3.7 39.5 ± 6.4 35.7 ± 4.8 35.8 ± 4.0 42.5 ± 3.5 45.3 ± 5.2

Total monoenes 9.5 ± 1.6 11.0 ± 1.0 21.2 ± 5.4 15.5 ± 4.3 20.1 ± 5.7 15.4 ± 1.7

n3 polyenes 1.1 ± 0.1 1.2 ± 0.3 2.1 ± 0.5 2.0 ± 0.5 1.6 ± 0.5 2.1 ± 0.2

n6 polyenes 62.7 ± 5.0 48.3 ± 6.5 40.8 ± 6.4 46.6 ± 3.0 30.3 ± 6.2* 37.1 ± 6.3

UI 144 ± 9 118 ± 13 115 ± 9* 124 ± 7 98 ± 4* 105 ± 9

Chain length 17.4 ± 0.1 17.4 ± 0.1 17.1 ± 0.2 17.6 ± 0.1� 17.1 ± 0.1 17.1 ± 0.1* �

Values are expressed as means ± SE. Fatty acids with a percent mole fractions below 1 % are not shown

SS subsarcolemmal mitochondria, IMF intermyofibrillar mitochondria, UI unsaturation index =
P

mi 9 ni, where mi is the mole percent and ni

is the number of carbon–carbon double bonds of the fatty acid

* and � denote significance from heart and red muscle, respectively, within the same mitochondrial subpopulation; � denotes significance from

SS within the same tissue
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expected hierarchy (heart ? red ? white), and as a result,

rates of palmitate oxidation in mitochondria across all

muscles displayed a 2.5-fold range (Fig. 2), creating the

required continuum to determine potential relationships

between membrane lipid composition and rates of mito-

chondrial fatty acid oxidation.

Membrane Lipid Composition

The hierarchy of the membrane lipid results presented is the

phospholipid species independent of fatty acid subclasses

(Fig. 3), the major fatty acids independent of phospholipid

species in SS (Fig. 4a), and IMF (Fig. 4b) mitochondria,

and finally a more in-depth examination of the individual

fatty acids represented in individual phospholipid species.

In general, mitochondrial membrane phospholipid head

group composition did not differ between tissues types or

mitochondrial subpopulations, with the exception of heart SS

mitochondria, which displayed higher relative abundance of

PE and a lower PC/PE ratio compared to red and white muscle

(Fig. 3), whereas SS mitochondria had a higher PC/PE com-

pared to IMF mitochondria within white muscle. White muscle

SS mitochondrial membranes had a lower relative abundance

of n6 polyunsaturated fatty acid (Fig. 4a) compared to heart,

which was mainly due to lower 18:2n6 and 20:4n6 (Table 1),

and to lower UI compared to the other muscle tissues.

The fatty acid composition of the predominant (PC and

PE) and mitochondrial-specific (CL) phospholipid species

demonstrated unique trends between muscle types. PC of

heart mitochondria demonstrated longer chain length,

whereas red muscle IMF mitochondria had slightly less

total saturates (mainly 18:0; Table 2). PE of white muscle

mitochondria had longer chain lengths and less n3 poly-

unsaturates (mainly 22:6n3; Table 3), whereas CL of heart

SS mitochondria had higher n6 polyunsaturates (mainly

18:2n6), resulting in a higher UI (Table 4) compared to

other muscle types. Few differences were seen in the other

phospholipid species (Tables 5, 6, 7).

Table 5 Percent mole fraction of sphingomyelin fatty acids of subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial membranes in rat

heart, red (gastrocnemius and vastus lateralis), and white (gastrocnemius and vastus lateralis) muscle

Fatty acid Heart Red muscle White muscle

SS IMF SS IMF SS IMF

12:0 1.3 ± 0.3 1.8 ± 0.7 1.3 ± 0.3 1.6 ± 0.2 1.5 ± 0.1 1.3 ± 0.2

14:0 7.4 ± 0.6 8.3 ± 0.9 8.0 ± 0.4 7.5 ± 0.7 8.3 ± 0.4 7.7 ± 1.0

15:0 3.3 ± 0.3 4.0 ± 0.8 3.5 ± 0.3 3.7 ± 0.6 3.5 ± 0.3 4.0 ± 0.5

16:0 29.1 ± 2.6 23.0 ± 2.2 31.0 ± 1.0 26.3 ± 2.0 31.0 ± 1.0 23.9 ± 4.1

17:0 5.2 ± 0.4 5.1 ± 1.2 5.6 ± 0.5 5.0 ± 0.7 5.6 ± 0.5 4.5 ± 1.2

18:0 15.4 ± 0.6 10.5 ± 3.6 18.4 ± 0.5 17.2 ± 1.7 18.4 ± 0.5 23.5 ± 4.1

14:1 4.2 ± 0.4 4.0 ± 0.4 4.7 ± 0.4 3.8 ± 0.6 4.7 ± 0.4 6.7 ± 3.4

15:1 2.3 ± 0.2 2.2 ± 0.3 2.6 ± 0.1 2.1 ± 0.3 2.4 ± 0.2 2.1 ± 0.4

16:1 5.7 ± 1.6 6.3 ± 1.0 7.8 ± 1.3 7.1 ± 1.0 7.8 ± 1.3 5.3 ± 1.5

17:1 1.0 ± 0.2 1.8 ± 0.5 1.8 ± 0.3 1.0 ± 0.3 1.5 ± 0.2 2.0 ± 0.8

18:1 3.6 ± 1.0 10.1 ± 5.7 3.1 ± 1.1 9.9 ± 5.9 3.1 ± 1.1 4.6 ± 2.0

18:2n6 1.9 ± 0.4 1.3 ± 0.5 1.3 ± 0.4 3.2 ± 0.5� 1.8 ± 0.5 1.9 ± 0.8

18:3n6 4.4 ± 1.9 5.7 ± 0.5 2.8 ± 1.1 2.7 ± 1.1 2.6 ± 0.7 3.5 ± 1.0

20:3n6 1.7 ± 0.6 2.1 ± 0.7 2.9 ± 0.5 2.1 ± 0.4 1.4 ± 0.4 1.5 ± 0.5

Total saturates 66.9 ± 2.9 62.0 ± 2.9 69.0 ± 2.9 63.2 ± 4.7 70.5 ± 1.9 68.5 ± 5.8

Total monoenes 17.8 ± 2.5 20.3 ± 2.7 19.4 ± 1.7 24.7 ± 5.5 20.8 ± 1.3 21.1 ± 5.3

n3 polyenes 4.6 ± 1.2 3.7 ± 1.1 2.2 ± 0.7 1.9 ± 0.5 1.1 ± 0.3 1.4 ± 0.5

n6 polyenes 10.4 ± 1.1 13.4 ± 1.1 8.7 ± 1.1 10.1 ± 1.2 7.5 ± 0.8 8.9 ± 0.8

UI 67 ± 8 69 ± 5 54 ± 7 60 ± 5 46 ± 3 51 ± 7

Chain length 16.6 ± 0.1 16.6 ± 0.1 16.6 ± 0.1 16.6 ± 0.1 16.4 ± 0.1 16.7 ± 0.2

a Values are expressed as means ± SE

Fatty acids with a percent mole fractions below 1 % are not shown

SS subsarcolemmal mitochondria, IMF intermyofibrillar mitochondria, UI unsaturation index =
P

mi 9 ni, where mi is the mole percent and ni

is the number of carbon–carbon double bonds of the fatty acid

* and � denote significance from heart and red muscle, respectively, within the same mitochondrial subpopulation; � denotes significance from

SS within the same tissue
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Relationship between Palmitate Oxidation Rate

and Membrane Lipids

In SS and IMF mitochondria from heart, red, and white

muscle, there was a significant positive correlation between

palmitate oxidation rates and the UI (r = 0.57, p \ 0.05,

Fig. 5a). Rates of palmitate oxidation were also positively

correlated with the percent mole fraction of CL (r = 0.49,

p \ 0.05, Fig. 5b). There were no significant correlations

between palmitate oxidation and the percent mole fraction

of other phospholipid head groups (PC, PE, sphingomyelin,

phosphatidylinositol, and phosphatidylserine), average

fatty acid chain length, or PC/PE ratio of mitochondrial

membranes (data not shown).

Discussion

Our primary focus was to determine the potential associ-

ation between rates of LCFA oxidation and membrane lipid

composition in isolated mitochondria. We examined rates

of fatty acid oxidation in SS and IMF mitochondria from

muscles with variable oxidative capacities (heart, and red

and white skeletal muscles) and related these values to

membrane lipid composition. Our data demonstrate that

regardless of subpopulation or muscle origin, mitochondria

are similar in lipid composition, and that rates of mito-

chondrial palmitate oxidation are positively related to the

lipid unsaturation and CL abundance. These data suggest

that mitochondrial membrane lipid composition may

influence mitochondrial substrate utilization in a structure–

function relationship.

Mitochondrial Membrane Lipid Composition

In the current study, PC, PE, and CL comprised the

majority of the phospholipid profiles in all mitochondria,

accounting for *80 % of the phospholipid content. This is

comparable to what we (Stefanyk et al. 2010) and others

(Daum 1985) have previously reported. However, previous

literature has exclusively examined SS mitochondrial lipid

composition, and to our knowledge this is the first report

Table 6 Percent mole fraction of phosphatidylinositol fatty acids of subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial membranes

in rat heart, red (gastrocnemius and vastus lateralis), and white (gastrocnemius and vastus lateralis) muscle

Fatty acid Heart Red muscle White muscle

SS IMF SS IMF SS IMF

14:0 5.7 ± 1.0 4.5 ± 1.1 6.3 ± 0.5 5.9 ± 0.3 4.2 ± 1.3 4.5 ± 0.8

15:0 2.7 ± 0.4 3.2 ± 0.3 3.1 ± 0.3 2.5 ± 0.3 2.2 ± 0.8 2.9 ± 0.5

16:0 15.8 ± 2.4 21.4 ± 2.7 24.1 ± 2.1 22.3 ± 2.3 17.8 ± 3.8 18.7 ± 1.9

17:0 3.5 ± 0.6 4.2 ± 0.8 4.6 ± 0.3 4.1 ± 0.5 4.4 ± 0.5 5.3 ± 0.3

18:0 26.8 ± 4.6 27.7 ± 4.3 26.4 ± 2.4 27.3 ± 2.1 21.6 ± 3.0 29.2 ± 3.9

14:1 5.7 ± 2.4 2.2 ± 0.5 3.3 ± 0.3 2.8 ± 0.3 1.9 ± 0.6 2.3 ± 0.5

15:1 1.8 ± 0.2 1.7 ± 0.3 2.0 ± 0.2 1.7 ± 0.2 1.2 ± 0.4 1.8 ± 0.3

16:1 2.4 ± 1.0 4.7 ± 1.0 5.5 ± 1.3 5.7 ± 1.1 2.5 ± 1.1 3.9 ± 0.8

18:1 5.5 ± 1.5 4.1 ± 1.1 4.2 ± 0.7 9.3 ± 4.8 10.5 ± 5.3 3.4 ± 1.0

20:3n3 5.3 ± 2.3 1.9 ± 0.8 4.5 ± 1.4 4.4 ± 0.8 2.2 ± 0.9 2.7 ± 1.1

18:2n6 1.7 ± 0.6 1.4 ± 0.4 2.0 ± 0.3 1.7 ± 0.2 1.6 ± 0.5 1.2 ± 0.3

18:3n6 2.5 ± 0.9 4.6 ± 0.6 2.1 ± 0.7 1.1 ± 0.7* 1.9 ± 0.5 3.7 ± 1.0 �

20:3n6 1.3 ± 0.5 1.9 ± 0.5 2.4 ± 0.1 2.2 ± 0.3 1.4 ± 0.2 1.9 ± 0.8

Total saturates 61.2 ± 3.7 65.0 ± 3.6 68.7 ± 2.0 66.5 ± 5.2 57.3 ± 9.5 69.9 ± 3.0

Total monoenes 18.3 ± 4.4 19.3 ± 1.8 17.0 ± 2.0 21.9 ± 4.9 22.9 ± 6.2 13.3 ± 2.5

n3 polyenes 5.3 ± 3.4 3.8 ± 1.4 2.1 ± 0.3 1.4 ± 0.3 3.7 ± 1.5 2.9 ± 1.2

n6 polyenes 15.1 ± 3.1 11.7 ± 0.7 11.9 ± 2.4 10.3 ± 1.4 15.1 ± 5.1 11.6 ± 2.5

UI 83 ± 9 66 ± 11 64 ± 8 61 ± 8 63 ± 13 61 ± 12

Chain length 17.2 ± 0.2 17.1 ± 0.2 16.9 ± 0.1 17.0 ± 0.1 16.7 ± 0.1 17.4 ± 0.2�

Values are expressed as means ± SE

Fatty acids with a percent mole fractions below 1 % are not shown

SS subsarcolemmal mitochondria, IMF intermyofibrillar mitochondria, UI unsaturation index =
P

mi 9 ni, where mi is the mole percent and ni

is the number of carbon–carbon double bonds of the fatty acid

* and � denote significance from heart and red muscle, respectively, within the same mitochondrial subpopulation, � denotes significance from

SS within the same tissue
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comparing membrane lipid analysis in SS and IMF mito-

chondria. In general, the lipid composition between SS and

IMF mitochondria was similar across all muscles, and

therefore the well-established observation that IMF mito-

chondria display higher rates of respiration cannot be

explained by variances in lipid membrane composition. We

have previously shown that the lipid composition of SS

mitochondria from the soleus muscle differs from that

isolated from either the red gastrocnemius or plantaris

muscles (Stefanyk et al. 2010). Taken together with the

current data, it appears that the soleus muscle may repre-

sent a unique muscle, as all other muscles studied from our

group have similar lipid composition (current study and

Stefanyk et al. 2010).

Relationships between Mitochondrial Membrane Lipid

Composition and Fatty Acid Oxidation

There is controversy in the literature regarding the asso-

ciation between metabolic function and membrane lipids in

muscle (Blackard et al. 1997; Kriketos et al. 1995). Past

literature has limited membrane lipid analysis to whole

muscle and does not provide a direct measure of substrate

utilization. Therefore, we compared LCFA oxidation rates

with various lipid composition determinants of isolated and

purified mitochondria.

We have observed that the rates of fatty acid oxidation

may in part be influenced by the degree of membrane lipid

unsaturation, as across all muscles, the total phospholipid

UI (influenced mainly by 18:2n6 and 20:4n6) was positively

correlated with rates of LCFA oxidation. This observation

may largely reflect the relationship between CL content and

fatty acid oxidation, which mirrored that of the UI. CL is

highly unsaturated, with polyunsaturated fatty acids (mainly

18:2n6) being the predominant fatty acid class. In contrast,

while membranes with a higher composition of PC are more

fluid than those composed primarily of PE (reviewed in

Spector and Yorek 1985), PC and PE abundance, or the PC/

PE ratio did not significantly correlate with LCFA oxidation

rates. Therefore, tissue differences in PE and PC/PE cannot

Table 7 Percent mole fraction of phosphatidylserine fatty acids of subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial membranes

in rat heart, red (gastrocnemius and vastus lateralis), and white (gastrocnemius and vastus lateralis) muscle

Fatty acid Heart Red muscle White muscle

SS IMF SS IMF SS IMF

12:0 2.4 ± 0.5 1.8 ± 0.5 1.7 ± 0.3 1.7 ± 0.3 1.1 ± 0.2 1.2 ± 0.3

14:0 7.0 ± 0.6 7.3 ± 1.1 8.4 ± 0.7 6.7 ± 0.7 5.1 ± 1.2 4.9 ± 1.3

15:0 3.3 ± 0.3 3.6 ± 0.3 4.5 ± 0.5 3.0 ± 0.5� 2.9 ± 0.9 2.4 ± 0.5

16:0 25.2 ± 2.1 25.6 ± 3.0 24.9 ± 1.6 26.5 ± 3.2 18.5 ± 3.7 23.4 ± 5.4

17:0 5.4 ± 0.7 5.6 ± 1.0 5.7 ± 0.3 4.6 ± 0.6* 3.7 ± 0.8 4.3 ± 0.4*

18:0 22.5 ± 3.3 22.7 ± 4.5 18.9 ± 2.1 20.4 ± 1.5 14.4 ± 3.1 21.4 ± 4.0

14:1 3.5 ± 0.7 3.5 ± 0.6 5.4 ± 0.7 3.6 ± 0.5 2.8 ± 0.6 � 2.3 ± 0.8

15:1 2.3 ± 0.2 2.0 ± 0.4 2.7 ± 0.2 2.0 ± 0.4 1.6 ± 0.3 � 1.5 ± 0.4

16:1 5.0 ± 1.0 5.4 ± 1.1 6.2 ± 1.3 4.7 ± 1.1 5.7 ± 1.5 4.0 ± 1.6

18:1 3.9 ± 1.2 3.6 ± 1.1 4.8 ± 0.7 11.0 ± 6.2 8.7 ± 5.4 7.5 ± 4.1

18:2n6 1.3 ± 0.8 0.9 ± 0.3 1.5 ± 0.1 2.0 ± 0.4 1.4 ± 0.3 1.0 ± 0.3

18:3n6 3.9 ± 0.4 3.6 ± 0.9 2.5 ± 0.9 3.1 ± 1.0 3.3 ± 0.6 5.5 ± 2.7

20:3n6 1.5 ± 0.6 2.1 ± 0.6 2.9 ± 0.5 2.2 ± 0.3 2.7 ± 0.5 5.5 ± 4.5

Total saturates 70.2 ± 3.4 67.2 ± 2.6 67.3 ± 2.7 65.5 ± 6.1 57.5 ± 5.5 73.8 ± 3.9�

Total monoenes 16.9 ± 3.1 19.5 ± 2.5 21.1 ± 2.4 22.9 ± 6.4 22.5 ± 6.0 18.7 ± 3.5

n3 polyenes 2.3 ± 0.8 3.2 ± 0.7 3.2 ± 0.5 2.1 ± 0.6 5.1 ± 3.6 1.1 ± 0.1

n6 polyenes 10.4 ± 0.9 10.1 ± 0.8 8.1 ± 1.3 9.3 ± 1.0 15.8 ± 4.6 6.4 ± 1.3

UI 56 ± 3 54 ± 9 60 ± 5 59 ± 7 79 ± 20 60 ± 17

Chain length 16.7 ± 0.1 16.7 ± 0.1 16.5 ± 0.1 16.6 ± 0.1 17.1 ± 0.3 16.5 ± 0.3

Values are expressed as means ± SE

Fatty acids with a percent mole fractions below 1 % are not shown

SS subsarcolemmal mitochondria, IMF intermyofibrillar mitochondria, UI unsaturation index =
P

mi 9 ni, where mi is the mole percent and ni

is the number of carbon–carbon double bonds of the fatty acid

* and � denote significance from heart and red muscle, respectively, within the same mitochondrial subpopulation, � denotes significance from

SS within the same tissue
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account for the observed variance in basal rates of LCFA

oxidation in the current study. Altogether, we demonstrate

and association between rates of fatty acid oxidation and the

degree of membrane total phospholipid unsaturation and

percent mole fraction of CL, but not percent mole fraction

of PC or PE, in muscle tissue.

In the current study, the relationship between LCFA

oxidation and some lipid composition surrogates of mem-

brane fluidity (specifically percent mole fraction of CL and

total phospholipid unsaturation) indicates that membrane

structure may influences function of integral membrane

proteins. In support of this, previous studies utilizing diet,

exercise, or both to increase unsaturated lipids within

mitochondrial membranes have demonstrated increased

CPTI activity in liver (Karanth and Jeevaratnam 2010;

Power et al. 1994). In addition, hepatic mitochondrial CL

content has been shown to be positively correlated with

CPTI activity (Mynatt et al. 1994) as well as the rate of

accumulation palmitoylcarnitine, the CPTI reaction prod-

uct (Pande et al. 1986). Therefore, previous data exist to

suggest that mitochondrial membrane lipid composition

can influence CPTI activity. This study is the first to

examine this specific relationship in muscle tissue. In

addition, CPTI is not the only site of regulation in mito-

chondrial LCFA oxidation, and therefore the current

approach provides further support that percent mole frac-

tion of CL and total phospholipid unsaturation can influ-

ence overall mitochondrial function. However, a limitation

to this approach is that the exact location of influence

cannot be determined, and it remains to be determined

whether membrane lipid unsaturation and percent mole

fraction of CL influences several integral proteins. In

addition, only 33 % and 24 % of the variation can be

attributed to CL percent mole fraction and total phospho-

lipid unsaturation, respectively, leaving 67–76 % of the

variation unexplained. Future research specifically exam-

ining the relative abundance of CL, fatty acid unsaturation,

and function of integral membrane proteins located within

the inner mitochondrial membrane will, we hope, rectify

these issues.

In conclusion, the current data demonstrate a significant

positive relationship between rates of mitochondrial pal-

mitate oxidation, CL abundance, and unsaturation in SS

and IMF mitochondria isolated from muscles with varying

oxidative potential. These data suggest that mitochondrial

membrane lipid composition may influence mitochondrial

substrate utilization in a structure–function relationship.
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Abstract The aim of the study was to assess the

expression of transcriptional factor genes and embryonic

stem cell-like characters in the placental membrane of

buffalo (Bubalus bubalis). Along with the placenta, amni-

otic fluid, maternal peripheral blood, and umbilical cord

blood samples were taken for the future study. The isola-

tion and culture of cells from the placental membrane was

followed by the determination of RT-PCR-based markers

(Oct-4, Nanog, Sox-2, alkaline phosphatase, stem cell

factor, and Nestin) of these cells. Placental membrane cells

also positively expressed alkaline phosphatase staining. We

isolated adherent cells from trypsin–EDTA-digested pla-

centas and examined these cells for morphology, surface

markers, and differentiation potential and found that they

expressed several stem cell markers. They also showed

neurogenic and adipogenic differentiation potentials under

appropriate guided conditions. We suggest that placenta-

derived cells have multilineage differentiation potential

similar to mesenchymal stem cells in terms of morphology

and cell-surface antigen expression. The placenta may

prove to be a useful source of mesenchymal stem cells.

Keywords Amniotic membrane � Differentiation �
Placenta � Stem cells

Introduction

Regenerative medicine based on cell therapy and tissue

engineering methodologies is a newly emerging, multi-

disciplinary field involving biology, medicine, and genetic

manipulation (Parolini and Soncini 2006). Modern

improvement in the study of stem cells has unlocked new

perspective for their application in cell treatment. The

present resources of stem cells are embryonic stem cells

and adult-type stem cells; however, their use poses both

ethical and technical problems. The finding of other stem

cell sources that do not raise ethical problems, that are

easily accessible, and that are sufficiently numerous to be

used for therapeutic purposes has been attempted (Mihu

et al. 2009). A new source that meets all these requirements

is placenta.

In this study, we focused on the presence of stem cell

characters in the placental membrane because these are less

studied in the bubaline species and are speculated to have

good differentiation related to a high number of cell vari-

eties—significantly greater than that of adult-type stem

cells. Because they are located at the maternal–fetal border,

they appear to have high immunological acceptance, which

makes them simple to apply in the transplantation process.

The aim of this study was to isolate placental membrane

cells and to assess the evidence of their stem cell like

properties.

The water buffalo is an important livestock species con-

tributing significantly to dairy, agriculture, leather and meat

production in several countries (Singh et al. 2009), and

research is going on to enhance its production efficiency and

conservation of elite and native genotypes (Gautam et al.

2008; Singh et al. 2009). Establishing stem cells for assisted

reproduction and health application has been empha-

sized in this species (Dev et al. 2011a, b; Singh et al. 2011;
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Yadav et al. 2012). In this study, we report characterization

of pluripotency molecular markers and embryonic stem cells

like characters in placental membrane from bubaline.

Ability of prolonged cultured cells to differentiate in vitro

into various cell lineages is investigated.

Materials and Methods

Chemicals and Media

All chemicals, reagents, culture media, and antibiotics used

in this study were of cell culture grade and were obtained

from Sigma Chemical Company (USA) unless otherwise

indicated. Fetal bovine serum (FBS) was from Hyclone

(Thermo Scientific, USA), and Trizol was from Invitrogen

(USA). Disposable 35 9 10 mm cell culture petri dishes,

six-well tissue culture plates, and centrifuge tubes were

procured from Tarsons Products (India). Membrane filters

were from Advanced Micro-Devices (India). The primers

were synthesized by GenxBio (India). The culture media

was filter sterilized (0.22 lm) before use.

Sampling and Transportation

Of all the placentas gathered, six were from natural

deliveries and one was from a dead fetus. They were

transported in cold Dulbecco phosphate-buffered saline

(DPBS) solution in a thermally insulated container on ice.

Along with the placentas, different samples from amniotic

fluid and umbilical cord blood were taken. All the samples

were directly processed following laboratory-standardized

protocols. Some of samples were separated by centrifuga-

tion with a Ficoll density gradient and amassed in liquid

nitrogen awaiting its later use. The placentas were assessed

macroscopically and microscopically. Stained histologic

preparations for placenta were completed.

Isolation and Culturing of Placental Membrane Cells

The placental cells were separated by chopping followed

by centrifugation (5000g, 10 min), then washed three times

with DPBS. The cells were seeded at a density of 103 cells/

cm2 in six-well culture plates containing cell culture

medium (Dulbecco modified Eagle medium supplemented

with 16 % FBS, 1 % penicillin/streptomycin, and 1 %

vitamin solution) and incubated in a humidified CO2

incubator (Lark, China) at 38.5 �C in the presence of 5 %

CO2 (Dev et al. 2010).

The placental cells were allowed to grow and were

subcultured by passaging after achieving [80 % conflu-

ence. Viability of the cells was monitored by standard

protocols of exclusion of trypan blue dye, and the cells

were counted with a hemocytometer (Rohem, India).

Morphologic features of the cells and their anchorage to

culture plates were monitored and recorded regularly.

Characterization of Stem Cells

Alkaline Phosphatase (AP) Expression

The cultured placental cells were screened for embryonic

stem cell-like cells and AP expression with an AP staining

kit (Sigma Chemical Company, catalog no. 86C). For this,

cell culture medium was removed and the cells were fixed

using the fixative 157 ll citrate solution, 50 ll formalde-

hyde, and 406 ll acetone for 30 s. After fixation, the cells

were washed three times with DPBS for 60 s, and 60 ll

alkaline dye (10 ll sodium nitrate, 10 ll fast blue base

alkaline, 10 ll naphthalene, and 470 ll water) was added.

The cells were left at room temperature for 15 min. The

treated cells were washed 8–10 times with DPBS. Natural

red dye was added and removed after 30 s. The cells were

observed under an inverted microscope (Radical Instru-

ments, India).

Oct-4, Sox-2, Nanog, AP, and Nestin Expression

with RT-PCR

The method proposed by Hummon et al. (2007), with

minor modifications, was used for extracting total cellular

RNA. RNA was extracted from approximately 0.6 9 107

cells with Trizol (Invitrogen, USA) reagent. The Trizol

extract (with the cell pellet) was transferred to 2 ml cen-

trifuge tubes and mixed with 200 ll chloroform and iso-

amyl alcohol (24:1). Aqueous and organic phases were

mixed by gentle shaking followed by centrifugation at

12,0009g for 15 min at room temperature. The supernatant

was collected, and 500 ll of isopropyl alcohol was added

to 1 ml of Trizol extract. The contents were remixed gently

and centrifuged at 95009g for 15 min. The RNA pellet

was washed with 500 ll of 70 % chilled ethanol, then dried

at room temperature. The dried RNA pellet was dissolved

in 190 ll of diethylpyrocarbonate-treated water and treated

with RNase-free DNase for removing DNA, if any. The

RNA concentration was measured with a spectrophotom-

eter (ND-1000; NanoDrop Technologies, USA).

The cDNA was synthesized by reverse transcription of

mRNA purified from the cultured placental cells. The

reaction mixture was composed of total cellular 5 ng RNA,

0.2 lg/ll random hexamer, 7 lg/ll cDNA direct RT,

10 lM/ ll AMV reverse transcriptase, and 40 U/ll RNase

inhibitor in a total volume of 20 ll. RT-PCR was carried

out at 42 �C for 60 min followed by denaturation at 95 �C

for 8 min. The cDNA taken was generally 5–10 ng/lL, and
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ultrapure water instead of standard DNA was taken as

negative control. The final volume of the PCR reaction

consisted of 60 ng cDNA, 20 pmol of each primer

(GenxBio, India), 10 mM dNTPs mixture, 25 mM of

MgCl2, and 3 U of Taq polymerase (all from Bangalore

GeNei, India). The primer sequences used were for Oct-4,

Sox-2, Nanog, AP, stem cell factor, and Nestin (Table 1).

The PCR conditions were the same except for the anneal-

ing temperature (Table 1): 94 �C for 5 min for initial

denaturation, denaturation at 94 �C for 30 s, elongation at

72 �C for 1 min (35 cycles), and final extension at 72 �C

for 10 min. The amplified DNA fragments were resolved

on a 2 % agarose gel containing 10 mg/ml ethidium

bromide.

Karyotyping

Standard protocols were used to investigate the chromo-

somal profiles of the fibroblastic cells at different passages.

The actively growing cells were incubated with colchicine

(0.1 lg/ml) for 4 h at 37 �C. The treated cultures were

washed twice with DPBS and trypsinized (as above). The

cells were suspended and incubated in a hypotonic solution

(68 mM KCl) for 20 min at 37 �C. The cells were collected

by centrifugation and fixed in a chilled fixative (methanol

and glacial acetic acid, 3:1) for 10 min. The cell pellet was

obtained and suspended in 5 ml of chilled fixative for

another 10 min. The metaphase spreads were prepared by

dropping the cell suspension onto prechilled glass slides.

The air-dried cell spreads were stained with Giemsa stain

and observed under oil immersion. Additionally, the cells

were also examined for appearance of micronuclei as

indicators of genetic abnormalities during culturing (Tho-

mas et al. 2009).

Results

Isolation and Culturing of Placental Membrane Cells

After collection, all the cells were in network form and

were similar in size and shape (Fig. 1). Some of the cells

were rounded and some were edge-pointed after 5 days of

culturing. All the cells displayed anchorage after 9 days of

culturing. After day 14, there was \80 % confluence with

morphologically similar cells (fibroblastic cells).

Instead of forming uniform cell monolayers, cell clumps

were also observed. Initially the cells reached 70–80 %

confluence after 2 weeks. However, the passaged cells

exhibited a higher growth rate, reaching 90–100 % con-

fluence after day 16 of culturing.

Characterization of Placental Membrane Cells by AP

Staining

The placental cells were found to expand extensively in

fibroblast appearance. The cells were found to stain posi-

tive for AP. Cells showed embryonic stem cell-like cells

properties by AP staining. Whereas the other cell (Pinna)-

cultured fibroblasts did not acquire stain, the cultured cells

stained red and were considered positive for AP expression

(Fig. 2).

Karyotyping

The cells had a standard karyotype at different passages.

No noticeable genomic aberrations (e.g., appearance of

micronuclei, chromosomal fragmentation) were observed

(Fig. 3).

Table 1 Primer sequences, size of amplification products, and annealing temperatures

Gene Primer sequence Product

size (bp)

Accession

no.

Annealing

temperature (�C)

Octamer binding-4 (Oct-4) CTTCAATCGCATATTCTTTAACCA

GGAGGAAGCTGACAACAACG

314 FI907061 58.0

Nanog GCCCCTTAGTAAGCTGCTTTT

GGGGTGGTGGAAATCAGTAA

317 DQ487022 58.0

Sox-2 AACCAAGACGCTCATGAAGAA

GTACTGCAGGGCGCTCAC

277 EU627692 61.0

Alkaline phosphatase (AP) ACCAATGGCAACCTGCTGTA

CTCCTCCAGGATCTTGGCTA

180 X93604 60.0

Stem cell factor (SCF) TCCCTGCTACCATCCCTATG

GCTTCCCAAATCTGGATCAT

216 AY667192 59.5

Nestin ACC TGC TGT ACA TCG GCT TT

GAGGATGGTGAAGACGGAGA

307 X93604 60.0
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Characterization of Placental Membrane Cells

for Oct-4-, Sox-2-, Nanog-, AP-, and Nestin-positive

RT-PCR Expression

At passages 2–4, cells were collected to analyze different

gene expressions. RT-PCR-based studies showed strong

positive expression for Oct-4, Sox-2, Nanog, AP, and

Nestin genes. Agarose gel electrophoresis of RT-PCR

product revealed PCR amplicons of 314, 277, 317, 180,

and 307, respectively (Fig. 4).

Discussion

The mesenchymal cells of the placental membrane can

represent an important source of cells with pluripotential

characteristics (Benirschke and Kaufmann 2000; Bieback

et al. 2004; In ’T Anker et al. 2004; Matikainen and Laine

2005; Strom and Miki 2003; Yen et al. 2005). During this

study, we succeeded in isolating, culturing, and character-

izing these cells by RT-PCR and by AP staining. To our

knowledge, this provides the first evidence of RT-PCR- and

Fig. 1 Culturing of placental membrane-derived cells. a All the cells

appear rounded on day 2. b Edge and connective bridge formation

start on day 3. c Cells start to regularly proliferate in the whirlpool on

day 5. d About 50 % confluence take place on day 8 of culturing.

e Less than 90 % confluence is reached on day 14. f Cells after the

second day of the trypsin–EDTA step. After each 5-day interval, cells

were in need of feeding with the same concentration and composition

of supplements as the last cultured cells

Fig. 2 Expression of strong positive alkaline phosphatase staining at

passages 3 and 5. Placental membrane cells revealed a strong positive

staining (red), showing that cells have an embryonic cell-like

character. a Placental membrane cells at low magnification appear

as clumps (9100). b A clear embryonic stem cell-like colony

formation appears at high magnification (9250)
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AP staining-based characterization of placental membrane

cells in in vitro bubaline species. Even though stem cells and

their potential applications have emerged as a potential oasis

in the field of disease treatment, there is a difference of

opinion among scientists even in the definition of the term

stem cell, which is still clearly an evolving concept (Parker

and Cotanche 2004). The main characteristic of stem cells is

their pluripotency and their self-regeneration capacity,

properties conferred by the presence of some cell tran-

scription factors, of which the most studied are Oct-3/4 and

Nanog. Oct-3/4 and Nanog are expressed in embryonic stem

cells, tumor germ cells, and adult stem cells. They are

essential in the formation of the internal cell mass and are

necessary for the self-regeneration function (Barry et al.

2005; Matikainen and Laine 2005). AP, or TRA-2-39, is also

a glycoprotein expressed by nondifferentiated cells and

teratocarcinoma cells (Erices et al. 2000; Niyibizi et al.

2004; Thellin et al. 2000; Zhang et al. 2004a, b).

Various approaches have been reported to isolate cells

with stem and progenitor cell characteristics from placental

tissues, as summarized in a recent review by Matikainen

and Laine (2005). Such cells have been isolated from the

intact human term placenta (Yen et al. 2005), fetal and the

maternal portions of the placenta (In ’T Anker et al. 2004),

internal regions of the placental lobules (Fukuchi et al.

2004), amniochorionic fetal membrane (Bailo et al. 2004),

amniotic epithelium (Sakuragawa et al. 1996), and amni-

otic mesenchymal cells (Sakuragawa et al. 1997).

Mesenchymal cells have also been isolated from human

(Elwan and Sakuragawa 1997) and porcine amniotic fluid

(Ishii et al. 1999).

Efforts are being made to study various types of plu-

ripotent stem cells (Huang et al. 2010; Sritanaudomchai

et al. 2007; Verma et al. 2007) in buffalo (Bubalus

bubalis), the mainstay of the dairy and meat industries

in many countries. The present study is a preliminary effort

to investigate whether the cells in bubaline placental

membrane cells can be cultured and whether they exhibit

stem cell-like attributes. Our results show that placental

membrane cells strongly expressed Oct-4 during the earlier

passages, then displayed poor expression as the cell dif-

ferentiation passed away. Mihu et al. (2009) found Oct-4

expression in placental membrane cells; our finding simi-

larly supports Oct-4 expression. Pluripotency markers, AP,

Fig. 3 Cells were found to have a normal karyotype during the different passages. a Passage 2 (91000). b Passage 5 (91000)

Fig. 4 RT-PCR-based studies showed the strong positive expression

for Oct-4, Nanog, Sox-2, alkaline phosphatase (ALP), stem cell factor

(SCF), and Nestin genes. Agarose gel electrophoresis of analysis of

RT-PCR product revealed PCR amplicons of 314, 317, 277, 180, 216,

and 307, respectively
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Oct-3/4, and SSEA-4 had an intensely positive expression

and SOX-2 and Nanog a weakly positive expression (In ’T

Anker et al. 2004; Mihu et al. 2009; Pittenger et al. 1999).

Our result also support the same finding that the placental

membrane strongly expresses Oct-4 and AP, and weakly

positively expresses Sox-2 and Nanog.

In conclusion, placental membrane cells may be isolated

and maintained in vitro for prolonged periods of time.

Many important features of pluripotent stem cells, includ-

ing Oct-4, Sox-2, Nanog, AP, stem cell factor, cyclin A,

Nestin, and FGF-5, indicating their pluripotency and the

capacity for in vitro differentiation, were demonstrated.

This analysis showed that the placenta-derived mesenchy-

mal stem cell-like cells could be simply isolated and pro-

longed without morphologic and quality changes in

medium supplemented only with FBS. Therefore, the pla-

centa may prove to be an attractive and rich source of

mesenchymal stem cells. The presence of stem cells in the

placenta may be quite useful. Amniotic membrane trans-

plantation has been successfully used in a variety of ocular

surface conditions. Further studies are required to better

understand the precise nature of placenta-derived cells and

to explore their potential clinical applications.

This membrane has unique properties such as promotion

of normal epithelialization and suppression of inflamma-

tion and scar formation. These properties are beneficial for

treatment of various conjunctival and corneal disorders

such as retinal pigment epithelial (RPE) detachment, neu-

rotrophic ulcers, shield ulcers, chemical injuries, pterygium

surgery, and conjunctival surface reconstruction.
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Abstract The objective of the investigation was evalua-

tion of postmortem changes of electric charge of human

erythrocyte and thrombocyte membranes after sudden

unexpected death. The surface charge density values were

determined on the basis of the electrophoretic mobility

measurements of the cells carried out at various pHs of

electrolyte solution. The interactions between both eryth-

rocyte and thrombocyte membranes and electrolyte ions

were studied. Values of parameters characterizing the

membrane—that is, the total surface concentrations of both

acidic and basic groups and their association constants with

solution ions—were calculated on the basis of a four-

equilibria mathematical model. The model was validated

by comparison of these values to experimental data. We

established that examined electric properties of the cell

membranes are affected by sudden unexpected death.

Postmortem processes occurring in the cell membranes

can lead to disorders of existing equilibria, which in turn

result in changes in values of all the above-mentioned

parameters.

Keywords Erythrocytes � Microelectrophoresis �
pH measurement � Sudden unexpected death �
Surface charge density � Thrombocytes

Introduction

The surface electric charge density of biological mem-

branes is an important parameter for the maintenance of

normal physiological functions of cells. It controls several

processes in biological membranes, such as membrane-

bound enzymes, insertion of newly synthesized pro-

teins into membranes, and host–pathogen interactions

(Yermiyahu et al. 1999). Apart from this, knowledge of

surface electric charge values can provide valuable infor-

mation about the equilibria existing within the membrane

and between the membrane and its surroundings.

Biological membranes are negatively charged in physi-

ological pH, mainly as a result of the presence of acidic

phospholipids; about 10–20 % of total membrane lipids are

anionic ones. Other membranes constituents such as pro-

teins or gangliosides also contribute to the negative charge

(Nałęcz and Wojtczak 1982; Gennis 1989). Because the

membrane is exposed to surrounding aqueous buffer, spe-

cific interactions with outer medium components occur.

The resulting equilibria, in which charged groups of

membrane components and solutions ions are involved, can

be affected by different factors and processes leading to a

membrane surface charge density variation. The parameter

is also influenced by membrane composition, ionic strength

of electrolytes, and solution pH (Deshiikan and Papado-

poulos 1998). Changes in pH alter the surface charge of a

membrane, with the membrane becoming more positive at

a lower pH and more negative at a higher pH (Mullet et al.

1997; Dobrzyńska et al. 2006; Petelska et al. 2012).
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In vitro, the surface charge density of biological mem-

branes can be changed either by adding, for example,

ionizable surfactants (McLaughlin and Harary 1976) or

divalent ions (Mg2?, Ca2?) (Barber 1980) to the membrane

suspension, or by altering the membrane lipid composition

(Nałęcz et al. 1980). In certain conditions, the surface

charge density may be subject to in vivo modification. It

was observed that changes in cell surface components (e.g.,

proteoglycans or sialic acids, which are typical for cancer

transformations or other pathologies) are accompanied by

changes in surface charge of a cell membrane (Dobrzyńska

et al. 2010; Monteggia et al. 2000). Therefore, it seems that

variation in membrane surface charge density can com-

monly occur in living cells, and the resultant membrane

charge is the result of a number of various overlapping

processes (Nałęcz and Wojtczak 1982).

The most common cause of sudden unexpected death is

cardiovascular disease due to sudden cardiac death, acute

myocardial ischemia resulting from coronary atheroscle-

rosis, or lethal arrhythmia (Langlois 2009). Biochemical

processes, which are controlled in the living organism, can

be significantly altered during the course of disease (Kała

and Chudzikiewicz 2003). Concentrations of many sub-

stances that occur in living organism at normal levels can

be influenced after sudden unexpected death. After cessa-

tion of circulation, the physiology of the blood and the

vascular system completely changes. In cadaveric blood, a

rapid increase of catecholamine levels is also observed,

with a higher level of adrenaline than noradrenalin

(Takeichi et al. 1984), a high level of K? ions (Takeichi

et al. 1985), and a lower level of pH, and base excess (BE)

and HCO3
- ions (Takeichi et al. 1986). In the early post-

mortem phase, the dead body is exposed to autolysis—that

is, dissolution of organs under the impact of endogenous

enzymes. The autolysis of blood (hemolysis) can generate

many new chemical compounds, leading to disorders of

equilibria describing the specific membranes. Quantitative

estimates of the equilibria and numerical determination of

the membrane characterizing parameters are extremely

important for the interpretation of changes in physico-

chemical processes. Appearance of new groups on the

surface of membranes or loss of existing ones causes

changes not only the membrane’s electric charge, but also

the total surface concentrations of both acidic and basic

groups and their association constants with solution ions.

This work continues the systematic study of electrical

properties of membranes both model and biological real-

ized by Figaszewski and coworkers (Dobrzyńska et al.

2007, 2008; Kotyńska et al. 2008; Naumowicz et al. 2006;

Petelska and Figaszewski 2011; Szachowicz-Petelska et al.

2010). We examined postmortem changes of the surface

charge of erythrocyte and thrombocyte membranes after

sudden unexpected death. Our experiment was performed

using the microelectrophoresis method, which is one of the

basic analytical tools for biological studies. The electro-

phoretic mobility measurements were done over the pH

range 2–11. On the basis of a mathematical model describing

the equilibria between a cell membrane and surrounding

ions, the parameters characterizing the equilibria were

determined. In our opinion, the quantitative description of

cell membrane surface properties can help in interpreting

and understanding the processes that take place on biologi-

cal membrane surfaces after sudden unexpected death.

Theory

The model, which has been presented in full detailed by

Dobrzyńska et al. (2006), assumes that dependence of

surface charge density of the cell membrane on the pH of

electrolyte solution can be described with the help of four

equilibria. Two are connected with positive groups (e.g.,

phospholipids or proteins and sodium and hydrogen ions),

and two concern the negative species of phospholipids or

proteins and hydroxide and chloride ions. The H?, OH-,

Na?, and Cl- ions are adsorbed at the cell membrane

(erythrocyte or thrombocyte), and the adsorption equilibria

(Eqs. 1–4) can be presented in the following form:

A� þ Hþ , AH ð1Þ

A� þ Naþ , ANa ð2Þ

Bþ þ OH� , BOH ð3Þ

Bþ þ Cl� , BCl ð4Þ

Therefore, the association constants of the H?, Na?,

OH-, and Cl- ions with functional groups are expressed in

the following manner (Dobrzyńska et al. 2006, 2007):

KAH ¼
aAH

aA� � aHþ
ð5Þ

KANa ¼
aANa

aA� � aNaþ
ð6Þ

KBOH ¼
aBOH

aBþ � aOH�
ð7Þ

KBCl ¼
aBCl

aBþ � aCl�
ð8Þ

where, KAH; KANa; KBOH and KBCl are association con-

stants; aAH, aANa, aA� , aBOH, aBCl, and aBþ are surface

concentrations of corresponding groups on the membrane

surface; aHþ , aNaþ , aOH� and aCl� are aClþ are volume

concentrations of solution ions.

The concentrations balances are expressed as follows

(Dobrzyńska et al. 2006):

CA ¼ aA� þ aAH þ aANa ð9Þ
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CB ¼ aBþ þ aBOH þ aBCl ð10Þ

where CA is the total surface concentration of the mem-

brane acidic groups and CB is the total surface concentra-

tion of the membrane basic groups.

Surface charge density of the membrane is given by the

following equation (Dobrzyńska et al. 2006):

d ¼ aBþ � aA�ð Þ � F ð11Þ

where

F ¼ 96487
C

mol

� �
� Faraday constant

Elimination of, aAH, aANa, aA� , aBOH, aBCl , and aBþ from

the above equations yields the following formula

(Dobrzyńska et al. 2006):

d
F
¼ CB

1þ KBOHaOH� þ KBClaCl�
� CA

1þ KAHaHþ þ KANaaNaþ

ð12Þ

Determination of the searching parameters requires a

simplification of the above equation to a linear form at high

H? (aH? ? ?) and low H? (aH? ? 0) concentrations,

which appeared previously (Dobrzyńska et al. 2006). In the

former case, Eq. 12 was rewritten as a decreasing

exponential function of H? concentration (Eq. 13), and in

the latter case, it was rewritten as an increasing exponential

function of H? concentration (Eq. 14) (Dobrzyńska et al.

2006).

d
F
¼ CBaHþ

aHþð1þ KBClaCl�Þ þ KBOHKW

� CA

KAHaHþ þ KANaaNaþ þ 1
ð13Þ

d
F
¼ CBaHþ

KBOHKW þ aHþð1þ KBClaCl�Þ
� CA

KANaaNaþ þ 1þ KAHaHþ
ð14Þ

The numerator of each term in Eq. 13 was divided by

the denominator to yield two terms. These operations

resulted in a linear equation in the aH? and
daHþ

F coordinate

system, which was correct for high hydrogen ion

concentrations (aH? ? ?) (Dobrzyńska et al. 2006):

daHþ

F
¼ CB

1þ KBClaCl�
aHþ �

CBKBOHKW

ð1þ KBClaCl�Þ2
þ CA

KAH

 !

ð15Þ

Applying the same procedure to Eq. 14 resulted in a

linear equation in the 1
aHþ

and d
FaHþ

coordinate system, which

was correct for low hydrogen ion concentrations

(aH? ? 0) (Dobrzyńska et al. 2006):

d
FaHþ

¼ � CA

1þ KANaaNaþ

� �
1

aHþ

þ CB

KBOHKW

þ CAKAH

ð1þ KANaaNaþÞ2

 !
ð16Þ

The coefficients describing these linear functions may

be easily obtained by linear regression and subsequently

applied to calculate the parameters. The calculation of the

parameters; CA, CB, KAH, and KBOH is possible as a result

of knowledge of the association constants-KANa, and KBCl

obtained for phosphatidylcholine liposome membrane

(Dobrzyńska et al. 2007). Defining the value of these

parameters permits the calculation of the theoretical cell

membrane surface charge from Eq. 12 for comparison to

experimental data.

Materials and Methods

Materials

Approval for this study was granted by the Ethics Review

Board of the Medical University of Bialystok (No. R-I-002/

533/2010). Blood was obtained from all individuals during

autopsies performed at the Forensic Medicine Department

at the Medical University of Bialystok in the year 2010.

The subject of the examination was based on 28 cases of

selective sudden unexpected death (20 men, eight women;

mean age 34.3 years; range 22–41 years; all causes of

death due to sudden cardiac death, without coagulation

disorders). Blood was routinely obtained from the femoral

vein and placed into chemically and biologically clean

glass containers, then donated to the Department of Elec-

trochemistry at the University of Bialystok. The donated

samples were comparatively analyzed to the control sam-

ples taken from live individuals from the blood service

center in Bialystok.

Preparation of Erythrocytes from Blood

Erythrocytes were isolated from blood by centrifugation at

9009g for 8 min at room temperature. The supernatant

thrombocyte-rich plasma was removed and saved for sub-

sequent processing, while the erythrocytes were washed three

times with isotonic saline (0.9 % NaCl) at 3,0009g for 15 min.

After the final wash, the erythrocyte pellet was resuspended in

isotonic saline for electrophoretic measurement.

Preparation of Thrombocytes from Plasma

The thrombocyte-rich plasma was centrifuged at 9009g for

8 min. The supernatant plasma was removed and discarded.

J. Kotyńska et al.: Changes in Surface-Charge Density 187

123



The thrombocyte pellet was washed three times with isotonic

saline by centrifugation at 3,0009g for 15 min. After the

final wash, the thrombocytes were resuspended in isotonic

saline for electrophoretic measurement.

All solutions and cleaning procedures were performed

with purified water with a Milli-Q system (18.2; Millipore,

USA).

Microelectrophoretic Mobility Measurements

The electrophoretic mobility of erythrocytes or thrombo-

cytes was measured with Zetasizer Nano ZS (Malvern

Instruments, UK) apparatus. The measurements were car-

ried out as a function of pH. The cell membranes were

suspended in NaCl solution and titrated to the desired pH

with HCl or NaOH. The reported values represent the

average of at least six measurements performed at a given

pH.

From electrophoretic mobility measurements, the sur-

face charge density was determined by the following

equation (Alexander and Johnson 1949):

d ¼ g � u
d

ð17Þ

where g is viscosity of solution, u is electrophoretic

mobility, and d is diffuse layer thickness.

The diffuse layer thickness was determined from the

following formula (Barrow 1996):

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e � e0 � R � T

2 � F2 � I

r
ð18Þ

where R is the gas constant, T is the temperature, F is the

Faraday number, I is the ionic strength of 0.9 % NaCl, and

e and e0 refer to the permeability of the electric medium.

Results and Discussion

The influence of postmortem changes in surface charge of

erythrocyte and thrombocyte as a result of sudden unexpected

death was examined. The experimental data of surface charge

density were calculated from measured electrophoretic

mobility values using Eq. 17, presented in Materials and

Methods. The measurements were performed at several pH

values, using 0.155 M NaCl as a supporting electrolyte. The

theoretical values of surface charge density were determined

by applying Eq. 12 to the experimental data.

Both experimental and theoretical surface charge den-

sity values of the cell membranes as a function of pH are

presented in Figs. 1 and 2. The former are indicated by

points, and the latter are indicated by curves.

The surface charge densities of the control and the

sudden unexpected death erythrocytes are plotted in Fig. 1.

If we consider an acid solution, an increased positive

charge is observed in erythrocytes after sudden unexpected

death in comparison to control erythrocytes. In a basic

solution, we also observed an increase in negative charge

in erythrocytes after sudden unexpected death in compar-

ison to control erythrocytes and a small shift of the iso-

electric point of the membrane to high pH values.

The surface charge densities of the control and the

sudden unexpected death thrombocytes are plotted in

Fig. 2. In the thrombocytes case, if we consider an acid

solution, a decreased positive charge is observed in

thrombocytes after sudden unexpected death in comparison

to control thrombocytes. In basic solutions, we also

observed an increase in the negative charge in thrombo-

cytes after sudden unexpected death in comparison to

control thrombocytes and a shift of the isoelectric point of

the membrane to a low pH values.

Mathematical calculations based on the four equilibria

model (presented in Theory), describing adsorption of

electrolyte ions on a cell membrane surface, enabled to

quantitative evaluation of the membranes characterizing

parameters. The total concentrations of functional acidic

(cA) and basic (cB) groups on the erythrocyte as well as
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Fig. 1 pH dependence of surface charge density of erythrocytes.

Circles control, squares sudden unexpected death. Experimental

values are indicated by points and the theoretical values by the curve
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thrombocyte surface and their average association con-

stants with hydrogen (KAH) and hydroxyl (KBOH) ions were

calculated based on Eqs. 15 and 16, as described previ-

ously by Dobrzyńska et al. (2006). The determination of all

above parameters was feasible by making an assumption

that the KANa and KBCl association constants values are the

same as those obtained for phosphatidylcholine liposomes.

The KANa and KBCl values of phosphatidylcholine surface

groups with sodium and chloride ions were previously

reported and are equal to 0.230 and 0.076 m3/mol,

respectively (Dobrzyńska et al. 2007). The obtained cA, cB,

KAH and KBOH values were substituted into Eq. 12 to

produce a surface charge density versus pH theoretical

curves for the studied cell membranes. The parameters

characterizing both erythrocyte and thrombocyte surfaces

are presented in Tables 1 and 2, respectively. These data

were analyzed by standard statistical analyses and are

expressed as mean and standard deviation.

As can be seen from Figs. 1 and 2, the theoretical and

the experimental surface charge density values agree

between pH 2 and 9 but diverge in the high pH range. The

association equilibria depend on pH that is related to

changes of ionic forms of the functional groups involved in

the equilibria. Therefore, the observed deviation may be

caused by the interactions occurring between the functional

groups of the blood cell membrane components, which

were not taken into account in the proposed theoretical

model. The model describes the equilibria with electrolyte

ions only. Biological membranes are complex systems, so

it is currently difficult to indicate exactly what interactions

may cause the effect of incompatibility of both curves only

in the reliable pH range.

The concentration of acidic functional groups in eryth-

rocytes after sudden unexpected death decreased compared

with control groups; however, the concentration of basic

groups did not change in a statistically significant manner

(Table 1). The KAH increased two times after sudden

unexpected death compared with the control group,

whereas the KBOH value is eight times higher compared

with the control group.

In thrombocytes after sudden unexpected death, we

observed an increase in the acidic group’s concentration cA

and an increase of the basic functional concentration cB

compared with the control group (Table 2). Sudden unex-

pected death induces an increase in KAH and KBOH values

in thrombocytes compared with control groups.

Biochemical profiles at autopsy may show considerable

case variations due to various factors involving preexisting

disorders, cause of death, complications, and environment

(Maeda et al. 2009). Luna (2009) postulated that forensic

examiners need a real model of cadaveric physiology to

understand the differences between living and cadaveric

tissue. One of the most important elements of this model is

evaluation of membrane changes in blood cells. Our results

here demonstrate that the electrical properties of both

erythrocyte and thrombocyte membranes are affected by

sudden unexpected death. Our experiment demonstrates

that alterations in surface charge of the human cell mem-

branes results in variations of all analyzed parameters (cA,

cB, KAH, and KBOH). It is well known that a surface charge

is dependent on molecular composition of the cell mem-

brane, particularly of the type and number of surface

functional groups. Numerous experiments studying such

relationships have been previously performed with on

model (Kotyńska et al. 2008; Dobrzyńska et al. 2007) as

well as on biological membranes (Dobrzyńska et al. 2008;

Szachowicz-Petelska et al. 2008). The analyzed post-

mortem changes in the surface charge of the membranes

compared to control are probably the result of a number of

processes occurring in the cells membranes after sudden

unexpected death. We suppose that existing interactions

between the cell membrane components and between them

and their surroundings lead to the appearance of new

functional groups on the membrane surfaces and/or to the

Table 1 Total concentrations of acidic and basic functional groups of erythrocytes and their association constants with H? and OH- ions

Group Parameter

cA (10-6 mol/m2) cB (10-6 mol/m2) KAH (102 m3/mol) KBOH (107 m3/mol)

Control 7.06 ± 0.42 1.54 ± 0.47 3.39 ± 1.12 3.65 ± 0.84

Sudden unexpected death 5.34 ± 0.10 1.68 ± 0.08 6.95 ± 0.73 30.7 ± 0.60

Table 2 Total concentrations of acidic and basic functional groups of thrombocytes and their association constants with H? and OH- ions

Group Parameter

cA (10-6 mol/m2) cB (10-6 mol/m2) KAH (102 m3/mol) KBOH (107 m3/mol)

Control 3.67 ± 0.79 1.17 ± 0.21 2.81 ± 1.70 2.04 ± 0.59

Sudden unexpected death 6.44 ± 0.08 2.71 ± 0.07 4.67 ± 0.43 25.4 ± 0.56
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disappearance of the existing ones, which in turn causes

alterations in all analyzed parameters characterizing the

cell membrane.

To our knowledge, this is the first report to describe the

quantitative changes in cell membrane surface properties

after sudden unexpected death. However, our study is

preliminary. More in-depth research will provide essential

information for understanding biological phenomena.

In conclusion, the interactions between erythrocyte and

thrombocyte membranes after sudden unexpected death

and solution ions have been characterized. The dependence

of the surface charge density of the blood cells on pH was

described by using a mathematical model derived from

experimental electrophoretic data. The theoretical esti-

mates of electric charge enabled the determination of both

total concentrations of acidic and basic functional groups

of the analyzed cell membranes and their association

constants with electrolyte ions.

We emphasize that there are many problems in diag-

nosis in forensic medicine—for example, estimation of the

time of death. Therefore, we are convinced that knowledge

of the equilibria existing within postmortem cell mem-

branes and the processes accompanying them can be

helpful in understanding the results obtained by forensic

analyses.
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Abstract Chronic ethanol intoxication oxidative stress

participates in the development of many diseases. Nutrition

and the interaction of food nutrients with ethanol metabo-

lism may modulate alcohol toxicity. One such compound is

blackcurrant, which also has antioxidant abilities. We

investigated the effect of blackcurrant as an antioxidant on

the composition and electrical charge of liver cell mem-

branes in ethanol-intoxicated rats. Qualitative and quanti-

tative phospholipid composition and the presence of

integral membrane proteins were determined by high-per-

formance liquid chromatography. Electrophoresis was used

to determine the surface charge density of the rat liver cell

membranes. Ethanol intoxication is characterized by

changes in cell metabolism that alter the structure and

function of cell membrane components. Ethanol increased

phospholipid levels and altered the level of integral pro-

teins as determined by decreased phenylalanine, cysteine,

and lysine. Ethanol significantly enhanced changes in the

surface charge density of the liver cell membranes.

Administration of blackcurrant to rats intoxicated with

ethanol significantly protected lipids and proteins against

oxidative modifications. It is possible that the beneficial

effect of blackcurrant is connected with its abilities to

scavenge free radicals and to chelate metal ions.

Keywords Amino acids � Blackcurrant � Ethanol �
Liver cell membrane proteins � Peptides � Phospholipids �
Surface charge density

Several exterior factors could be implicated in the oxida-

tive stress formation and cell injury, for example, chronic

consumption of ethanol that induces reactive oxygen spe-

cies (ROS) production (Ponappa and Rubin 2000; Vallet

et al. 1997).

The oxidative stress induced by chronic ethanol con-

sumption has been implicated in changes in the structure

and function of liver cell components, including membrane

phospholipids and proteins. Any perturbation in the action

of the cell is manifested by variations in the action of the

cell membrane, i.e., in its electric double layer (Szacho-

wicz-Petelska et al. 2010; Dobrzyńska et al. 2010). An

essential property of the electric double layer is its electric

charge, which can be altered by various xenobiotics or by

metabolic transformations.

Ethanol is rapidly absorbed from the gastrointestinal

tract, and about 90 % of it is metabolized in the liver.

There, ethanol is oxidized into acetaldehyde and then

into acetate. These processes are accompanied by free

radical generation (Ponappa and Rubin 2000; Vallet et al.

1997). Acetaldehyde and ROS can react with amino

acids, peptides, and proteins, modifying their composition

and function (Grimsrud et al. 2008; Dorn and Petersen

2002). ROS can also react with lipids causing peroxida-

tion (Kato et al. 1990). Free radical peroxidation, espe-

cially of unsaturated lipids, disrupts the important

structural and protective functions associated with
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biomembranes. Certain in vivo pathological events result

from this oxidation (Wagner et al. 1994). Therefore,

alcohol abuse has been related to a number of bio-

chemical changes and disorders in humans and animals

(Ward et al. 2009).

Nutrition and the interaction of food nutrients with

ethanol metabolism may modulate alcohol toxicity. Diets

rich in fruits are associated with a reduced risk for this

pathology, and protection has often been attributed to

antioxidant vitamins such as vitamin C, vitamin E, and

b-carotene. Although fruits are primary sources for these

nutrient antioxidant, other dietary components may also be

important protective agents. Flavonoids are plant poly-

phenolic compounds ubiquitous in fruits. Flavonoids are

primarily categorized into flavonols, flavones, flavanols,

flavanones, and anthocyanins (Prior 2003). Anthocyanins

are the largest group of phenolics in blackcurrants, and

they have shown a high antioxidant activity, which influ-

ences the oxidation of low-density lipoprotein and food

lipids (Satué-Gracia et al. 1997; Fukumoto and Mazza

2000; Smith et al. 2000). Blackcurrants, which are rich in

anthocyanins and other phenolics, have been found to

posses a varying antioxidant ability (Fukumoto and Mazza

2000; Kähkönen et al. 2001; Moyer et al. 2002).

Therefore, we investigated whether blackcurrant con-

sumption affects the phospholipid and integral membrane

protein content as well as the electrical properties of liver

cell membranes of ethanol-intoxicated rats.

Materials and Methods

Blackcurrant (Ribes nigrum L.) was used as a juice (con-

taining 28 % pure blackcurrant juice). Blackcurrant juice

was purchased in the local supermarket. Rats drank this

commercial blackcurrant juice ad libitum instead of water.

The content of drinking vessels was renewed every day

with 250 ml of fresh juice. The total amount of phenols in

the juice was spectrophotometrically determined by using

Folin–Ciocatleu’s phenol reagent (Kapasakalidis et al.

2006). The total amount of polyphenols in blackcurrant

juice was 1,269 mg of gallic acid equivalents per liter.

Anthocyanin concentration was determined by high-per-

formance liquid chromatography (HPLC) with a diode-

array detector; detection was at 520 nm (Kapasakalidis

et al. 2006). The concentration of four main anthocyanins

in blackcurrant juice was 18.28, 14.06, 2.33, and

1.61 lmol/l for delphinidin-3-rutinoside, cyaniding-3-ruti-

noside, delphinidin-3-glucoside, and cyanidnin-3-gluco-

side, respectively. The level of vitamin C in the juice was

determined by HPLC with a UV detector (Ivanović et al.

1999). The concentration of vitamin C was 50.03 mg/l.

Animals

Twelve-month-old male Wistar rats were used for the

experiment. They were housed in groups with free access

to a granular standard diet and water and maintained under

a normal light–dark cycle. All experiments were approved

by the local ethics committee in Białystok, Poland,

according to the Polish Act Protecting Animals of 1997.

The animals were divided into the following groups.

The control group was treated intragastrically with 1.8 ml

of physiological saline every day for 4 weeks (n = 6). The

blackcurrant group received blackcurrant juice ad libitum

instead of water for 1 week. Next, animals in this group

were treated intragastrically with 1.8 ml of physiological

saline and received black tea solution ad libitum instead of

water every day for 4 weeks (n = 6). The ethanol group

was treated intragastrically with 1.8 ml of ethanol in doses

from 2.0 to 6.0 g/kg body weight every day for 4 weeks.

The dose of ethanol was gradually increased by 0.5 g/kg

body weight every 3 days (n = 6).

The ethanol and blackcurrant groups were given

blackcurrant juice ad libitum instead of water for 1 week.

Next the animals were treated intragastrically with 1.8 ml

of ethanol in doses from 2.0 to 6.0 g/kg body weight and

received blackcurrant juice ad libitum instead of water

every day for 4 weeks.

Isolation of Liver Cell Membranes

Livers (approximately 1.5 g) were homogenized in a

solution containing 1 mM NaHCO3 (pH 7.6) and 0.5 mM

CaCl2 in a loose-fitting Dounce homogenizer. The addition

of 0.5 mM CaCl2 increased the cell membrane sedimen-

tation, as determined by measurement of 50-nucleotidase

activity (Ipata 1967). Membrane fragments were separated

from nuclei and mitochondria by rate-zonal centrifugation

of the low-speed pellet, as described previously (Evans

1970). The sediment was homogenized in sucrose (1.22 g/cm3

density) and in the next step was covered with sucrose

(1.16 g/cm3 density). The cell membranes were separated

by centrifugation at 2,0009g for 25–35 min. Membrane

purity was determined by spectrophotometric determina-

tion of 50-nucleotidase (EC 3.1.3.5) activity as described

previously (Ipata 1967).

Isolation and Analysis of Phospholipids by HPLC

The Folch method was used to extract phospholipids (Folch

et al. 1957). The cell membrane was homogenized in a

chloroform–methanol mixture (2:1 volume ratio). The

solution was then filtered with degreased paper filters, and

the precipitate was washed with an extracting solution

(8:4:3 chloroform:methanol:aqueous calcium chloride
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solution 0.05 M calcium chloride). The suspension was

centrifuged at 5009g for 2 min, the organic and the

aqueous phases were separated, and the aqueous phase was

shaken again with a chloroform, methanol, and water

mixture (3:48:47 volume ratio), and the phases were sep-

arated. The organic phases were combined and evaporated

to dryness. The extract was dissolved in 200 ll of hex-

ane:isopropanol mixture (3:2) (Ostrowska et al. 2000).

Addition of 0.03 % tert-butylhydroxytoluene and flushing

with nitrogen at each step in the procedure were used to

prevent oxidation during lipid extraction.

HPLC analysis was performed on the extracted phos-

pholipids to assess the quantities phosphatidylinositol (PI),

phosphatidylserine (PS), phosphatidylethanolamine (PE),

and phosphatidylcholine (PC). The isolated phospholipids

were separated by group analysis in a silica gel column

using normal phase (NP) HPLC; acetonitrile–methanol–

phosphoric acid (85 %) mixture (130:5:1.5 volume ratio)

by isocratic elution at 1 ml/s flow rate and 214 nm wave-

length (Dobrzyńska et al. 2005b).

Extraction of Membrane Proteins

The liver cell membranes were homogenized in 5 mM

NaOH. PMSF (phenyl–methyl–sulfonyl fluoride) was

added to a final concentration of 1 lM to inhibit proteol-

ysis. The suspension was centrifuged for 45 min at

1,0009g (Josić et al. 1985).

The residual cell membranes were solubilized in 30 ml

buffer containing 20 mM Tris/HCl (pH 7.4) and 1 % Tri-

ton X-100 at 4 �C. The suspension was centrifuged at

1,0009g for 10 min. The supernatant was incubated at

32 �C for 2 h (Tani et al. 1997) and was then dialyzed

against distilled water and evaporated until dry.

Trypsin Hydrolysis of Proteins

The protein extract was weighed and dissolved in phos-

phate buffer (pH 7.4) to yield a final protein concentration

of approximately 0.10 mg/ml. A stock solution of trypsin

(0.05 mg/ml in H2O) was added at an enzyme:substrate

ratio of 1:25. The reaction mixtures were incubated at

37 �C for 1 h. Hydrolysis was stopped by the addition of

PMSF to a final concentration of 1 lM) (Persaud et al.

2000), and the hydrolysate was then evaporated until dry

and dissolved in 200 ll H2O.

Separation of the Peptide Mixture of Integral

Membrane Proteins by HPLC

After hydrolysis, the peptides were separated by HPLC on

a LichroCART RP-18 column 100A (5 lm, 250 9

4.0 mm) equilibrated with solvent A (0.1 % trifluoroacetic

acid (TFA) in H2O) and eluted with a linear gradient to

20 % solvent B (0.1 % TFA in acetonitrile) during the first

8 min, to 70 % solvent B during the next 20 min, and to

100 % solvent B during the final 4 min at 220 nm. The

flow rate was 1 ml/min (Skrzydlewska et al. 1998). The

Merck HPLC system was equipped with a pump, a UV

detector, an analog interface module D-6000 A, and Sys-

tem Manager software. A typical separation of the peptide

mixture containing liver integral membrane proteins is

provided in Fig. 1.

Peptide Assignment

The amino acid compositions of isolated peptides (6.2, 8.2,

9.1, 11.7, 12.6, 14, 17.1, 27.4, 28.9, and 30.7 min) were

determined by HPLC after acid hydrolysis under vacuum in

Fig. 1 Typical separation of

peptides from liver integral

membrane proteins (UV

detected at 220 nm)
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the presence of 6 M HCl for 24 h at 110 �C. The amino acid

separation was performed on a Lichrosorb NH2 column

100A (5 lm, 250 9 4.6 mm). The mobile phase consisted

of solvents A (0.01 M KH2PO4, pH 4.3) and B (a 500:70

mixture of acetonitrile/water). All separations were per-

formed with a 5–50 % gradient of solvent A using a flow rate

of 1 ml/min. The amino acids were detected at a wavelength

of 200 nm (Schuster 1980). All the peptides originated from

different groups that consistently contained the following

three amino acids: phenylalanine (Phe), cysteine (Cys), and

lysine (Lys). Figure 2 shows the separation of these amino

acids from a typical peptide mixture after the hydrolysis of

proteins isolated from liver cell membranes.

Under the chromatographic conditions tested, a linear

relationship was verified in the ranges 20–80 lg/ml for

Phe, 0.15–1.0 lg/ml for Cys, and 250–400 mg/ml for Lys

using standardized solutions and analysis of variance of the

regression (r2). The r2 values for all of these compounds

were 0.990.

Electrochemical Methods

To determine the surface charge density of the cell mem-

brane, liver tissue was exposed to trypsin action. Received

cells were put into the measuring vessel, and then elec-

trophoretic mobility on dependent pH was measured with a

Zetasizer Nano ZS (Malvern Instruments, UK).

The surface charge density has been determined by the

equation r = gu/d, where u is the electrophoretic mobility, g
is the viscosity of the solution, and d is the diffuse layer

thickness (Krysiński and Tien 1986). The diffuse layer

thickness was determined by a formula from Barrow (1996):

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
ee0RT

2F2I

r

where R is the gas constant, T is the temperature, F is the

Faraday number, I is the ionic strength of 0.9 % NaCl, and e

and eo are the relative and absolute permittivities of the

medium.

Acidic (CTA) and basic (CTB) functional group con-

centrations and their average association constants with

hydrogen (KAH) or hydroxyl (KBOH) ions were determined

as described previously (Dobrzyńska et al. 2005a).

Statistical Analysis

Data are expressed as mean ± standard deviation. These

data were analyzed by standard statistical techniques,

specifically one-way analysis of variance with Tukey’s test

for multiple comparisons, to determine significant differ-

ences between different groups. The data were analyzed

separately for treatment groups. A P value of less than 0.05

was considered statistically significant.

Results

Blackcurrant Administration Affects the Phospholipid

Composition of Liver Cell Membranes from Ethanol-

Intoxicated Rats

Ethanol intoxication caused an increase in the phospholipid

content in the liver cell membrane compared with the

control group (Fig. 3). The content of the individual

phospholipids—phosphatidylinositol (PI), phosphatidyl-

serine (PS), phosphatidylethanolamine (PE), and phos-

phatidylcholine (PC)—increased by about 60, 90, 100, and

80 %, respectively. Administration of alcohol to black-

currant-exposed rats caused a smaller increase in PI, PS,

PE, and PC than administration of ethanol alone. In the rats

treated with blackcurrant alone and the control rats, no

essential differences were observed in the phospholipid

content.

Fig. 2 Chromatogram for the

amino acids Phe, Cys, and Lys,

which occurred in the all of the

peptides for each treatment

group after hydrolysis of liver

cell membrane protein isolates

(UV detected at 200 nm)
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Blackcurrant Administration Affects Integral

Membrane Proteins of Liver Cell Membranes

from Ethanol-Intoxicated Rats

Selective hydrolysis of integral membrane proteins to

peptides, resolution by HPLC, and subsequent determina-

tion of the amount of specific amino acids within individual

peptides is one method used to study pathological changes

in integral membrane proteins. Up to a 40 % decrease in

integral membrane protein levels was observed in the

ethanol group relative to the control and blackcurrant

groups (Table 1). In contrast, the group that consumed both

blackcurrant and ethanol had integral membrane protein

levels that were higher than the ethanol group but lower

than the control and blackcurrant-alone groups.

Figure 4 shows changes in peptide content after hydro-

lysis of proteins isolated from liver cell membranes of the

control, ethanol, blackcurrant, and ethanol with blackcurrant

groups. Ethanol intoxication caused an decrease in peptide

levels in the ethanol group relative to the control, blackcur-

rant, and ethanol with blackcurrant groups. The peptide

contents at the retention times of 6.2, 8.2, 9.1, 11.7, 12.6, 14,

17.1, 27.4, 28.9, and 30.7 min decreased approximately 20,

10, 30, 30, 20, 20, 25, 25, 20, and 15 %, respectively, in the

ethanol group relative to the control group. Rats that con-

sumed blackcurrant with ethanol had higher integral mem-

brane protein content than those that consumed ethanol

alone. No significant differences were observed between the

control group and the blackcurrant-alone group.

No significant differences in the content of Phe, Cys, and

Lys individually were observed in rats treated with black-

currant relative to the control group. The ethanol group

showed a decrease in the amount of individual amino acids

relative to the control group (Figs. 5, 6, 7). The amino acid

contents at the retention times 6.2, 8.2, 9.1, 11.7, 12.6, 14,

17.1, 27.4, 28.9, and 30.7 min decreased by approximately

45, 30, 20, 20, 10, 35, 20, 30, 30, and 15 %, respectively for

Phe; decreased by approximately 20, 30, 20, 20, 30, 40, 30,

40, 30, and 20 %, respectively, for Cys; and decreased by

approximately 35, 60, 20, 40, 50, 10, 10, 40, 50, and 30 %,

respectively, for Lys. The largest decrease was seen with

Lys, which was reduced by 60 % (8.2 min), 40 %

(11.7 min), 50 % (12.6 min), 40 % (27.4 min), and 50 %

(28.9 min). Administration of alcohol to rats consuming

blackcurrant led to an increase in the amount of Phe, Cys, and

Lys relative to the ethanol-alone group.

Effect of Blackcurrant on Electric Properties of Liver

Cell Membrane of Ethanol-Intoxicated Rats

Administering ethanol to the rats provokes an increase in

liver cell membrane CTA (26 %) and CTB (31 %) compared
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Fig. 3 Blackcurrant affects the liver cell membrane content of four

phospholipid classes. After exposure to ethanol, blackcurrant, both, or

neither, rat liver cell membranes were isolated and the phospholipid

content assessed as described in ‘‘Materials and Methods’’ section.

Data points represent mean ± SD, n = 6 (xP \ 0.05 in comparison

with values for control group; yP \ 0.05 in comparison with values

for blackcurrant group; zP \ 0.05 in comparison with values for

ethanol group)

Table 1 Effect of blackcurrant on integral membrane protein content

in liver cell membranes of rats receiving ethanol, blackcurrant, or

both

Group Integral protein (mg/g tissue)

Control 4.4 ± 0.35

Blackcurrant 4.0 ± 0.34

Ethanol 2.81 ± 0.22x,y

Ethanol ? blackcurrant 3.52 ± 0.28x,y,z

Data points represent mean ± SD, n = 6
x P \ 0.05 in comparison with values for control group
y P \ 0.05 in comparison with values for blackcurrant group
z P \ 0.05 in comparison with values for ethanol group
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with the control group (Table 2). The concentration of acidic

(11 %) and basic (10 %) groups in the liver cell membrane

decreased in animals fed ethanol and blackcurrant compared

with animals fed ethanol only. Administering blackcurrant to

the rats increased the association constant of the acidic

groups (KAH) of the liver cell membrane compared to the

control groups. In both groups, KBOH, the association con-

stant of the basic groups of the liver cell membrane,

decreased after administering blackcurrant compared with

the control group. Administering ethanol induces a decrease

in KAH (49 %) and an increase in KBOH (48 %) in the rat liver

cell membranes compared with the control groups. Admin-

istering blackcurrant with ethanol also induced an increase in

the KAH value (15 %) and a decrease in the KBOH value

(45 %) compared with the ethanol groups.

Discussion

The liver is the main organ responsible for metabolism of

both endogenous and exogenous compounds, and therefore

it is also one of the first target organs for the toxic action of

xenobiotics or their reactive metabolites.

Ethanol intoxication causes a wide variety of metabolic

disorders in human and animals, mainly caused by free

radicals, and hydroxyl radicals in particular. Hydroxyl

radicals readily react with cell components, especially with

lipids and proteins (Gieseg et al. 2000). This is manifested

by an increase in lipid peroxidation and protein oxidative

modification products observed in this study. Oxidative

modifications of proteins are usually initiated by hydroxyl

radicals, as a result of which oxidation of amino acid
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residues and oxidation in polypeptide chain of protein take

place that lead to fragmentation and/or formation of cross-

link bindings (Davies 1987; Stefek et al. 2005; Wu et al.

2009). All amino acids are susceptible to attack by free

radicals, although some of them are more vulnerable than

others—those that are most sensitive to oxidation include

aromatic amino acids such as phenylalanine and tyrosine.

Moreover, the levels of bistyrosine—the product of a

reaction between free radicals and tyrosine—are known to

increase during ethanol ingestion (Łuczaj et al. 2006). As

such, bistyrosine production is a useful marker for protein

modification by hydroxyl radicals (Giulivi et al. 2003). As

a sulfydryl amino acid, Cys is also extremely sensitive to

free radicals. Reports have shown that the cysteine:cystine

ratio of proteins is altered under oxidizing conditions

(Kalyanaraman 1995). The occurrence of these types of

reactions would explain the decrease in the number of Phe

and Cys amino acids detected in our study (Figs. 5, 6).

Ethanol-induced oxidative modifications of membrane

cell phospholipids were also observed in this and earlier

studies. This was manifested by an increase in the level of

all phospholipids in liver cell membranes (Fig. 3).

Therefore, the increase in phospholipids caused by

ethanol intoxication is accompanied by decreased integral

membrane proteins in liver cell membranes. Changes in

membrane composition are connected with changes in cell

membrane charge. Our results demonstrate that the elec-

trical properties of liver cell membranes are affected by

ethanol intoxication (Fig. 8; Table 2). An increase in the

amount of specific phospholipids results in the appearance

of additional functional groups, both positively and nega-

tively charged, at the membrane surface. Changes in
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comparison with values for ethanol group)
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Fig. 7 Blackcurrant affects Lys levels in integral membrane proteins

from liver cell membranes. Data points represent mean ± SD, n = 6
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comparison with values for blackcurrant group; zP \ 0.05 in
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membrane structure caused by the modification of protein

structure lead to yield higher negative electric charge at

high pH values and lower positive electric charges at

low pH values (Szachowicz-Petelska et al. 2005, 2008;

Dobrzyńska et al. 2008). Variations in the number and kind

of functional groups result in changes in CTA and CTB and,

in turn, in their association constant values (Table 2).

Oxidative stress and oxidative damage of cell compo-

nents caused by ethanol are also counteracted by com-

pounds that have antioxidant properties, which are able to

modulate ethanol metabolism in the organism. One of such

potent antioxidant is blackcurrant, which is known as a

fruit with a strong in vitro antioxidative capacity, but its in

vivo antioxidant efficacy has not yet been characterized

(Salobir et al. 2010; Viljanen et al. 2004; Valentova et al.

2007). In this study, it has been shown that blackcurrant

significantly protects phospholipids as well as protein

against oxidative modification of Phe, Cys, and Lys.

Blackcurrant is rich in monomeric and polymeric phe-

nolic compounds providing protection toward both lipid

and protein oxidation (Viljanen et al. 2004). Phenolic

compounds have been shown to be effective antioxidants in

inhibiting lipid oxidation (Kähkönen et al. 2001; Mullen

et al. 2002; Kähkönen and Heinonen 2003) as well as

potent radical scavengers (Riedl and Hagerman 2001). In

addition, anthocyanins have been shown to chelate metal

ions at moderate pH with their ionized hydroxyl groups of

the B ring (Prior 2003). It was postulated that phenolic

compounds inhibit oxidation of proteins both by retarding

the oxidation reactions by binding to the proteins and by

forming complexes between protein molecules (Viljanen

et al. 2005).

Our results provide evidence for the effectiveness of

blackcurrant in the prevention of ethanol-induced oxidative

stress. This indicates the possibility of the use of this nat-

ural antioxidant in preventing disorders initiated by oxi-

dative stress.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.

Table 2 Effect of blackcurrant on the CTA, CTB, KAH, and KBOH of liver cell membranes from ethanol-intoxicated rats

Group CTA (10-7-mol/m2) CTB (10-7 mol/m2) KAH (m3/mol) KBOH (106 m3/mol)

Control 2.31 ± 0.08 0.96 ± 0.08 34.04 ± 1.10 7.10 ± 0.21

Blackcurrant 2.28 ± 0.07 0.95 ± 0.07 33.54 ± 1.01 7.55 ± 0.20x

Ethanol 2.92 ± 0.10x,y 1.28 ± 0.06x,y 22.81 ± 1.27x,y 10.51 ± 0.24x,y

Ethanol ? blackcurrant 2.62 ± 0.09x,y,z 1.17 ± 0.05x,y,z 27.12 ± 1.11x,y,z 8.90 ± 0.25x,y,z

Data points represent mean ± SD, n = 6
x P \ 0.05 in comparison with values for control group
y P \ 0.05 in comparison with values for blackcurrant group
z P \ 0.05 in comparison with values for ethanol group
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Szachowicz-Petelska B, Dobrzyńska I, Skrzydlewska E, Figaszewski

ZA (2005) Influence of green tea on surface charge density and

phospholipid composition of erythrocytes membrane in ethanol

intoxicated rats. Cell Biol Toxicol 21:61–70
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Abstract We investigated modulation by ATP, Mg2?,

Na?, K? and NH4
? and inhibition by ouabain of

(Na?,K?)-ATPase activity in microsomal homogenates of

whole zoeae I and decapodid III (formerly zoea IX) and

whole-body and gill homogenates of juvenile and adult

Amazon River shrimps, Macrobrachium amazonicum.

(Na?,K?)-ATPase-specific activity was increased twofold

in decapodid III compared to zoea I, juveniles and adults,

suggesting an important role in this ontogenetic stage. The

apparent affinity for ATP (KM = 0.09 ± 0.01 mmol L-1)

of the decapodid III (Na?,K?)-ATPase, about twofold

greater than the other stages, further highlights this rele-

vance. Modulation of (Na?,K?)-ATPase activity by K?

also revealed a threefold greater affinity for K?

(K0.5 = 0.91 ± 0.04 mmol L-1) in decapodid III than in

other stages; NH4
? had no modulatory effect. The affinity

for Na? (K0.5 = 13.2 ± 0.6 mmol L-1) of zoea I

(Na?,K?)-ATPase was fourfold less than other stages.

Modulation by Na?, Mg2? and NH4
? obeyed cooperative

kinetics, while K? modulation exhibited Michaelis-Menten

behavior. Rates of maximal Mg2? stimulation of ouabain-

insensitive ATPase activity differed in each ontogenetic

stage, suggesting that Mg2?-stimulated ATPases other than

(Na?,K?)-ATPase are present. Ouabain inhibition suggests

that, among the various ATPase activities present in the

different stages, Na?-ATPase may be involved in the

ontogeny of osmoregulation in larval M. amazonicum.

The NH4
?-stimulated, ouabain-insensitive ATPase activity

seen in zoea I and decapodid III may reflect a stage-specific

means of ammonia excretion since functional gills are

absent in the early larval stages.

Keywords (Na?,K?)-ATPase activity � Gill microsome �
Cation-binding site � Macrobrachium amazonicum �
Ontogenetic stage � Environmental salinity

Introduction

The success of a particular crustacean species in a given

biotope depends on the adjustment of each ontogenetic

stage to its specific surroundings. In aquatic environments,

salt content constitutes the main factor with which organ-

isms must contend (Charmantier 1998; Anger 2003). While

some crustaceans spend their life cycles in waters where

salinity varies little, others migrate between fresh- and

brackish-water biotopes during development, exposing

their successive ontogenetic stages to widely different

salinity regimes (Charmantier 1998; Freire et al. 2003;

Short 2004).
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Crustaceans are predominantly marine organisms.

Although many have become independent of seawater,

completing their entire life cycles in freshwater, others still

appear to be invading this medium, as suggested by their

larval developmental sequence being dependent on brackish

water and by their characteristic metabolic, osmotic and ion

regulatory mechanisms (Sandifer et al. 1975; Read 1984;

Moreira et al. 1986; McNamara et al. 1986; Freire et al. 2003;

Faria et al. 2011). Marine crustaceans essentially osmocon-

form with their environment and only weakly regulate their

hemolymph ionic concentrations. Brackish and freshwater

habitats, however, represent challenging environments since

hemolymph osmotic and ionic concentrations are held fairly

constant at levels much higher than the surrounding medium,

leading to passive ion loss and water gain. Crustaceans

inhabiting these media have evolved mechanisms that regu-

late their hemolymph Na? and Cl- concentrations, both by

compensatory ion uptake and by diminishing passive ion loss

across the gills and other body-surface epithelia (Onken et al.

1995; Péqueux 1995; Riestenpatt et al. 1996; Lucu and Towle

2003; Kirschner 2004; Freire et al. 2008; Faria et al. 2011;

McNamara and Faria 2012).

All crustacean Na?-absorbing epithelia appear to express

(Na?,K?)-ATPase, an ion-transporting enzyme located in

the basal membrane, together with basal K? and Cl-

channels. However, in strongly hyperosmoregulating crabs

like Eriocheir sinensis and Dilocarcinus pagei, Na? chan-

nels, the V-type H? pump and Cl-/HCO3
- exchangers,

located in the apical membrane, are also key components of

salt uptake (Onken and Riestenpatt 1998; Onken and

McNamara 2002; Weihrauch et al. 2004a). Salt-uptake

models for freshwater palaemonid shrimps like Macrob-

rachium amazonicum propose that active Na? absorption

ensues through Na? channels in the apical flange mem-

branes of gill pillar cells in concert with the (Na?,K?)-

ATPase located in the basal membrane of ion-transporting,

septal cell ionocytes to which the pillar cells are structurally

coupled (McNamara and Lima 1997; McNamara and Torres

1999; Belli et al. 2009; Faleiros et al. 2010). H? extrusion

via the apical pillar cell V(H?)-ATPase appears to drive

Na? influx, leading to cellular hyperpolarization that

facilitates basal Cl- extrusion (Torres et al. 2003; Faleiros

et al. 2010). Apical Cl-/HCO3
- exchangers, using HCO3

-

derived from CO2 hydration by carbonic anhydrase, trans-

port Cl- into the pillar cell flanges, while Cl- efflux to the

septal cells proceeds through basal Cl- channels. Together

with active Na? transport to the hemolymph by the elec-

trogenic (Na?,K?)-ATPase, K? recycling through basal

membrane K? channels in the septal cells generates a

negative electrical potential that drives Cl- efflux to the

hemolymph (for review, see Freire et al. 2008).

The (Na?,K?)-ATPase, found in the plasma membranes

of all animal cells, underpins many homeostatic processes

and is directly responsible for the asymmetrical, electro-

genic countertransport of Na? and K? that results in strong

ionic gradients across their membranes; i.e., the energy

provided by ATP hydrolysis powers the countertransport

of 3Na? out of and 2K? into the cytosol (Kaplan 2002;

Jorgensen et al. 2003; Martin 2005; Sáez et al. 2009). Such

gradients generate transmembrane electrical potential and

drive transport processes like active transepithelial salt and

passive water movement, Na?/glucose/amino acid/nucleo-

tide cotransport and cell volume regulation (Jorgensen and

Pedersen 2001; Jorgensen et al. 2003; Martin 2005; Sáez

et al. 2009). (Na?,K?)-ATPase is an oligomeric protein

belonging to the P2C subfamily of membrane-embedded

P-type ATPases, whose hallmark is the formation of an

acyl-phosphate intermediate during the catalytic cycle

(Axelsen and Palmgren 1998; Jorgensen and Pedersen

2001; Kaplan 2002; Poulsen et al. 2010). The protein’s

X-ray crystal structure reveals a catalytic 110 kDa a-sub-

unit and a 50 kDa b-subunit that constitute the active

moiety of the enzyme, together with a regulatory FXYD

protein (Morth et al. 2007; Geering 2008). Phosphorylation

and dephosphorylation at the D376 residue in the a-subunit

results in the transition between two main conformational

changes: E1, with a high affinity for intracellular Na?, and

E2, characterized by high affinity for extracellular K?

(reviewed by Jorgensen et al. 2003; Martin 2005; Morth

et al. 2007; Sáez et al. 2009). Different tissue-specific

a- and b-isoforms exhibit distinct transport and pharma-

cological properties (Blanco and Mercer 1998; Crambert

et al. 2000; Blanco 2005).

Studies of crustacean ontogeny have dealt mainly with

marine and estuarine decapods (Charmantier 1998), while

osmoregulatory studies in freshwater Crustacea have

focused mostly on adult crab, shrimp and crayfish species,

mainly owing to their large size, which is convenient for in

vivo and in vitro experiments (Péqueux 1995; Onken and

McNamara 2002; Lucu and Towle 2003; Kirschner 2004;

Freire et al. 2008). The larval stages have been neglected

(Read 1984; Charmantier 1998; Haond et al. 1999;

Khodabandeh et al. 2006) due to their small dimensions

and reduced hemolymph volume (Charmantier 1998;

Anger 2003; Augusto et al. 2007). The few studies that do

correlate the salinity tolerance of early ontogenetic stages

with their osmoregulatory capabilities have been hampered

by a lack of information on the kinetic characteristics of the

transporters involved in osmoregulation during larval

development (Conte et al. 1977; Read 1984; Sun et al.

1991; Lee and Watts 1994; Escalante et al. 1995; Augusto

et al. 2007; Ituarte et al. 2008).

The ontogeny of osmoregulation has been examined

in M. petersi (Read 1984), and recently Charmantier

and Anger (2010) explored ontogenetic osmoregulatory

ability in two geographically isolated populations of
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M. amazonicum from different Brazilian biomes. This

species embraces both hololimnetic populations, in which

the life cycle is entirely restricted to freshwater (Magalhães

1985; Collart and Rabelo 1996; Zanders and Rodriguez

1992), and diadromous populations, which are dependent

on brackish water for larval development (McNamara et al.

1983, 1986; Charmantier 1998). M. amazonicum is widely

distributed throughout neotropical South America, inhab-

iting inland and estuarine waters of the major hydrographic

basins, such as the Amazon, Orinoco, São Francisco,

Araguaia-Tocantins, Paraná and Paraguay watersheds, as

well as coastal rivers in north and northeastern Brazil

(Pettovello 1996; Ramos-Porto and Coelho 1998). Despite

this ample geographical distribution and economic impor-

tance for fisheries (Maciel and Valenti 2009) and aqua-

culture (Moraes-Valenti and Valenti 2010), the larval

biology of M. amazonicum is not well known (see Anger

et al. 2009). The adult shrimp is a good hyperosmotic

regulator, including excellent chloride regulatory capabil-

ity, and has been used as a model organism for physio-

logical studies of salinity tolerance and osmoregulatory

mechanisms (McNamara et al. 1983; Zanders and Rodri-

guez 1992; Augusto et al. 2007; Santos et al. 2007; Faleiros

et al. 2010). Larval growth patterns (Moreira et al. 1986),

chemical composition (Anger et al. 2009) and osmoregu-

latory ability (Charmantier and Anger 2010) also have been

investigated.

The life cycle of M. amazonicum consists of egg, larval,

juvenile and adult stages; and the species has been well

studied in its natural environment and under aquaculture

and laboratory conditions (for review, see Maciel and

Valenti 2009). In M. amazonicum from the Amazon delta,

only newly hatched zoea I tolerate exposure to freshwater,

maintaining a hemolymph osmolality of &300 mOsm/kg

H2O; larval instars II–IX and first-stage juveniles do not

survive freshwater (Charmantier and Anger 2010). How-

ever, later juveniles and adults exhibit strong osmoregu-

latory capability in this medium compared to zoea I, a stage

that also survives well at low salinities compared to instars

II–IX, showing stronger osmoregulatory ability, which

becomes maximal in juveniles and adults. In seawater

(32 % salinity), zoeae I–V and adults survive very well, in

contrast to larval instars VI–IX, while late juveniles and

adults hypo-osmoregulate slightly. Under strong hyperos-

motic challenge (44 % salinity), a few stage II–VII instars

survive, showing hypo-osmoregulatory capability; how-

ever, zoea I, instars VIII and IX, juveniles and adults

cannot tolerate this salinity (Charmantier and Anger 2010).

A kinetic characterization of (Na?,K?)-ATPase in such

a diadromous species should allow insight into the devel-

opment of osmoregulatory capability. Thus, in this study

we investigated the modulation by ATP, Mg2?, K?, Na?

and NH4
? and inhibition by ouabain of (Na?,K?)-ATPase

from several ontogenetic stages of the freshwater shrimp

M. amazonicum.

Materials and Methods

Material

All solutions were prepared using Millipore (Billerica,

MA) MilliQ ultrapure apyrogenic water, and all reagents

were of the highest purity commercially available. Imid-

azole, N-(2-hydroxyethyl) piperazine-N19-ethanesulfonic

acid (HEPES), triethanolamine, ATP ditris salt, pyruvate

kinase (PK), phosphoenolpyruvate (PEP), NAD?, NADH,

phosphoglycerate kinase (PGK), alamethicin, lactate

dehydrogenase (LDH), glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH), glyceraldehyde-3-phosphate (G3P),

ouabain and 3-phosphoglyceraldehyde diethyl acetal were

purchased from Sigma (St. Louis, MO). The protease

inhibitor cocktail (5 mmol L21 leupeptin, 5 mmol L21

antipain, 1 mmol L21 benzamidine, 1 mmol L21 pepstatin

A and 5 lmol L-1 phenyl-methane-sulfonyl-fluoride) was

from Calbiochem (Darmstadt, Germany).

Reagents

G3P was prepared by hydrolysis of 3-phosphoglyceralde-

hyde diethyl acetal, barium salt with 150 ll HCl

(d = 1.18 g/mL) in a boiling water bath for 2 min, after

removal of the barium salt with Dowex 50H? resin, as

recommended by the manufacturer (see Sigma product

information for G5376). Final pH was adjusted to 7.0 with

50 ll triethanolamine just before use. Ammonium-free

suspensions were prepared by centrifuging 200 ll of

2.9 mol L-1 ammonium sulfate containing crystalline sus-

pensions of LDH and PK at 20,0009g for 15 min, at 4 �C,

in Eppendorf tubes. The pellet was resuspended in 300 ll

of 50 mmol L21 HEPES buffer (pH 7.5), transferred to a

YM-30 Amicon (Billerica, MA) Microcon filter and cen-

trifuged five times at 10,0009g in 300 ll of the same buffer

until depletion of ammonium ions (tested with Nessler

reagent). Finally, the pellet was resuspended to the original

volume. For PGK and GAPDH, the suspension was treated

as above with 50 mmol L-1 triethanolamine buffer, pH 7.5,

containing 1 mmol L-1 dithiothreitol. When necessary,

enzyme solutions were concentrated using YM-30 Amicon

Microcon filters. Ammonium-depleted enzyme solutions

were used within 2 days of preparation.

Shrimps

Amazon River shrimps, M. amazonicum, were produced at

the Aquaculture Center, UNESP, Jaboticabal, São Paulo,
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Brazil, from broodstock collected in freshwater at Furo

das Marinhas near Santa Bárbara do Pará (1� 13.4500 S,

48� 17.6320 W), northeastern Pará State, Brazil, in 2001

(Araujo and Valenti 2007). The larval stages were identi-

fied according to Guest (1979); however, zoeae VII, VIII

and IX are now termed decapodid I, II and III, respectively,

according to the nomenclature proposed by Anger (2001).

Zoeae I (approximately 6,000 individuals/preparation,

&60 lg wet mass) were obtained from hatching tanks

(6 % salinity) just after eclosion, guaranteeing that all

individuals were in the same stage. The decapodid III stage

was obtained from larviculture tanks (12 % salinity), and

individuals were separated under a stereomicroscope using

morphological and behavioral characteristics. Groups of

decapodid III (approximately 300 individuals/preparation,

&650 lg wet mass) were held in aerated carboys con-

taining 32 L water from the larviculture tanks. Juveniles

(20 individuals/preparation, &700 lg wet gill mass) were

collected from freshwater rearing tanks and held in carboys

containing 32 L aerated freshwater. Adult male and non-

ovigerous female shrimps (20 individuals/preparation,

&6 g wet gill mass) were collected from freshwater ponds

and maintained in carboys containing 32 L aerated pond

water. These particular stages were chosen as they typify

the different ontogenetic phases. Zoea I is a newly hatched,

small, free-swimming larva that uses only internal yolk

reserves as an energetic substrate. Decapodid III is the last

larval stage; it requires brackish water for survival, its yolk

supply has been long exhausted and exogenous feeding is

necessary (Araujo and Valenti 2007). The juvenile repre-

sents the first benthonic freshwater stage, while adult

shrimps are sexually mature.

The various salinities in which the different stages were

reared represent those encountered by each ontogenetic

stage in the natural environment. To avoid possible effects

of the molting cycle, zoeae I were collected in the evening

shortly after hatching. The decapodid III, juvenile and adult

stages were used in intermolt, confirmed by stereoscopic

microscopy. Individuals in the different stages were

transported in their respective carboys to the laboratory and

used immediately for microsomal preparation.

Preparation of Microsomal Fractions

For each homogenate prepared, shrimps were anesthetized

by chilling on crushed ice immediately before dissection

and homogenization. The gills of juvenile and adult

shrimps were rapidly dissected, diced and homogenized in

a Potter homogenizer in 20 mmol L21 imidazole homog-

enization buffer, pH 6.8, containing 6 mmol L21 EDTA,

250 mmol L21 sucrose and a protease inhibitor cocktail

(20 mL buffer/g wet tissue). For zoeae I and decapodid III,

whole larvae were homogenized similarly; homogenates of

whole juveniles and adults were prepared after removing

the appendages and exoskeleton.

After centrifuging the crude homogenate at

10,0009g for 35 min at 4 �C, the supernatant was placed

on crushed ice and the pellet was resuspended in an equal

volume of homogenization buffer. After further centrifu-

gation as above, the two supernatants were pooled and

centrifuged at 100,0009g for 2 h at 4 �C. The resulting

pellet containing the microsomal fraction was homoge-

nized in 20 mmol L21 imidazole buffer, pH 6.8, containing

250 mmol L21 sucrose (15 mL buffer/g wet tissue).

Finally, 0.5 mL aliquots were rapidly frozen in liquid

nitrogen and stored at -20 �C. No appreciable loss of

(Na?,K?)-ATPase activity was seen after 2 month storage

of the microsomal enzyme prepared from either whole

larvae or gill tissue. When required, the aliquots were

thawed, placed on crushed ice and used immediately.

Measurement of ATP Hydrolysis

Total ATPase activity was routinely assayed at 25 �C using

the PK/LDH linked system (Rudolph et al. 1979) in which

the hydrolysis of ATP was coupled to the oxidation of

NADH (Masui et al. 2008). The oxidation of NADH was

monitored at 340 nm (e340 nm, pH 7.5 = 6,200 mol21 L cm21)

in a Hitachi (Tokyo, Japan) U-3000 spectrophotometer

equipped with thermostatted cell holders. Standard conditions

were as follows: 50 mmol L21 HEPES buffer (pH 7.5),

2 mmol L21 ATP, containing 5 mmol L21 MgCl2,

20 mmol L21 KCl, 0.14 mmol L21 NADH, 2 mmol L21

PEP, 82 lg PK (49 U) and 110 lg LDH (94 U),

50 mmol L21 NaCl (for zoea I and juveniles) and

20 mmol L21 NaCl (for decapodid III and adults), in a final

volume of 1 mL. ATP hydrolysis was also estimated with

3 mmol L21 ouabain to assess ouabain-insensitive activity.

The difference in activity measured in the absence (total

ATPase activity) or presence (ouabain-insensitive activity) of

ouabain represents the (Na?,K?)-ATPase activity. Alterna-

tively, ATPase activity was estimated using a GAPDH/PGK-

linked system coupled to the reduction of NAD? at 340 nm

(Masui et al. 2008). Standard conditions were 50 mmol L21

triethanolamine buffer (pH 7.5), 2 mmol L-1 ATP, contain-

ing 5 mmol L21 MgCl2, 20 mmol L21 KCl, 1 mmol L21

NAD?, 0.5 mmol L21 sodium phosphate, 1 mmol L21 G3P,

150 lg GAPDH (12 U), 20 lg PGK (9 U), 50 mmol L21

NaCl (for zoea I and juveniles) and 20 mmol L21 NaCl (for

decapodid III and adults), in a final volume of 1 mL. The two

coupling systems gave equivalent results, with a difference

of\ 10%. ATP hydrolysis was also estimated at 25 �C after

10 min preincubation with alamethicin (1 mg/mg protein) to

provide leaky and/or disrupted vesicles (Masui et al. 2008).

Controls without added enzyme were included in each

experiment to quantify the nonenzymatic hydrolysis of
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substrate. Initial velocities were constant for at least 15 min

provided that\5 % of the total NADH (or NAD?) was oxi-

dized (or reduced). The reaction rate for each modulator was

estimated in duplicate using identical aliquots from the same

preparation. Mean values were used to fit each corresponding

saturation curve, which was repeated three times utilizing

different microsomal homogenates (n = 3). One enzyme unit

(U) is defined as the amount of enzyme that hydrolyzes

1.0 nmol of ATP per minute, at 25 �C; and (Na?,K?)-ATPase

specific activity is given as U mg-1 total protein.

Protein Measurement

Protein concentration was estimated according to the

Coomassie Blue G dye–binding assay of Read and North-

cote (1981), using bovine serum albumin as the standard.

Estimation of Kinetic Parameters

The kinetic parameters VM (maximum velocity), K0.5

(apparent dissociation constant), KM (Michaelis-Menten

constant) and nH (Hill coefficient) for ATP hydrolysis

under the different assay conditions were calculated using

SigrafW software (Leone et al. 2005a). The figures provide

representative curves, each obtained from a single micro-

somal preparation. The kinetic parameters provided are

calculated values, expressed as the mean ± SD, and rep-

resent the number of experiments performed with different

preparations (n = 3). The apparent dissociation constant,

KI, of the enzyme-inhibitor complex was estimated as

described by Marks and Seeds (1978). SigrafW software

can be obtained from http://portal.ffclrp.usp.br/sites/fdal

eone/downloads.

Results

(Na?,K?)-ATPase Activity in Whole Adult

and Juvenile Shrimps

(Na?,K?)-ATPase activity assayed in the microsomal

fraction of whole juveniles was 87.7 U mg-1, &50 % less

than in the corresponding gill microsomal preparation

(176.2 U mg-1). In whole adult shrimps, activity was

62.8 U mg-1, representing &40 % of microsomal gill

(Na?,K?)-ATPase activity (156.7 U mg-1).

Modulation of (Na?,K?)-ATPase Activity by ATP

Figure 1 shows the effect of ATP concentration on

(Na?,K?)-ATPase activity in microsomal fractions of

M. amazonicum tissues from the four ontogenetic stages.

Independent of stage, 70–85 % of total ATPase activity

corresponds to (Na?,K?)-ATPase (insets to figures). Fur-

ther, under saturating Mg2?, Na? and K? concentrations,

only a single ATP saturation curve, obeying Michaelis-

Menten kinetics, was seen for the enzyme in the four stages

(Table 1). Although the maximum (Na?,K?)-ATPase

activities for zoea I and adult enzymes are similar, that for

decapodid III is almost twofold greater (Table 1). The

considerable ouabain-insensitive ATPase activity (54.0 ±

1.4, 104.5 ± 5.2, 49.3 ± 2.5 and 31.2 ± 1.8 U mg21 for

zoea I, decapodid III, juvenile and adult shrimps, respec-

tively) also was stimulated over the same ATP concentra-

tion range, strongly suggesting Mg2?-stimulated ATPase

activities other than (Na?,K?)-ATPase. KM values for the

enzymes from the zoea I, decapodid III, juvenile and adult

stages were fairly similar (Table 1). For ATP concentra-

tions as low as 10–6 mol L-1, a residual ATPase activity

ranging 5–10 % of total ATPase activity was found for all

stages (insets to figures).

Effect of Magnesium Ions

Figure 2 shows the modulation by Mg2? of (Na?,K?)-

ATPase activity in the four ontogenetic stages. A single

saturation curve exhibiting positive cooperative effects

(nH [ 1.0) was found over the range from 10-5 to

5 9 10-2 mol L21, independently of ontogenetic stage.

The maximum stimulation rates for zoea I, juvenile and

adult shrimps were similar; however, that for decapodid III

was considerably greater (Table 1). K0.5 values for Mg2?

stimulation of (Na?,K?)-ATPase activity varied very little

(Table 1). Stimulation of ouabain-insensitive ATPase

activity by Mg2? varied considerably (see insets to figures),

resulting in maximum stimulation rates of 51.6 ±

2.8 U mg21 for zoea I, 104.6 ± 6.3 U mg21 for decapodid

III, 57.2 ± 2.9 U mg21 for juvenile and 22.7 ±

0.8 U mg21 for adult enzymes (insets to figures). A residual

Mg2?-stimulated ATPase activity of around 10 % of total

ATPase activity for Mg2? concentrations as low as

10–5 mol L-1 was detected in both zoea I and decapodid III

but not in juveniles and adults. Interestingly, these Mg2?-

stimulated, ouabain-insensitive ATPase activities are simi-

lar to the ATP-stimulated, ouabain-insensitive ATPase

activities (insets to figures), corroborating the likelihood of

Mg2?-stimulated ATPases other than (Na?,K?)-ATPase in

the preparation. Independent of ontogenetic stage, stimu-

lation by Mg2? obeyed cooperative kinetics (Table 1), and

Mg2? concentrations [5 mmol L21 markedly inhibited

(Na?,K?)-ATPase activity (data not shown).

Effect of Sodium Ions

Under saturating ATP, Mg2? and K? concentrations,

stimulation of (Na?,K?)-ATPase activity by Na? resulted
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in single saturation curves, showing positive cooperativity

(Fig. 3). Maximum rates for zoea I, decapodid III, juvenile

and adult shrimps were similar to those for K? (Table 1).

Except for zoea I, showing the highest K0.5, the affinity

constants of the enzymes in the other stages were about

4 mmol L21 (Table 1). The ouabain-insensitive activity of

zoea I was stimulated up to 15 % of total ATPase activity

over the range 10-4 to 7 9 10-2 mol L-1 Na?; however,

stimulation by Na? was negligible in the other stages

(insets to figures).

Effect of Potassium Ions

Figure 4 shows the effect of K? on (Na?,K?)-ATPase

activity in the four different ontogenetic stages. Under

saturating ATP, Mg2? and Na? concentrations, enzyme

activity is notably stimulated by K?. Maximal stimulation

rates were fairly similar for zoea I, juvenile and adult

enzymes but about twofold less than for decapodid III

(Table 1). Michaelis-Menten kinetics prevailed for K?

stimulation of (Na?,K?)-ATPase in all stages (Table 1).

The decapodid III enzyme exhibited the highest affinity for

K? (KM = 0.91 ± 0.04 mmol L21). Except for zoea I,

which showed maximal stimulation of ouabain-insensitive

activity of 54.0 ± 1.3 U mg21 (inset to figure), the

decapodid III, juvenile and adult (insets to figure) enzymes

were not stimulated by K?, suggesting the absence of

K?-dependent ATPase activity. Considerable residual

Mg2?-ATPase activity, ranging 10–20 % of total ATPase

activity, was found for K? concentrations as low as

10-5 mol L-1 (insets to figures).

Stimulation by Ammonium Ions

(Na?,K?)-ATPase activity in all four ontogenetic stages

was stimulated by NH4
? under saturating ATP

(2 mmol L-1), Na? (50 mmol L-1 for zoea I and juvenile

enzymes, 20 mmol L-1 for decapodid III and adult

enzymes) and Mg2? (5 mmol L-1) concentrations, in the

absence of K? (Fig. 5). Increasing NH4
? concentrations

from 10-3 to 7 9 10-2 mol L-1 stimulated (Na?,K?)-

ATPase activity to a maximum of &270 U mg-1 in zoea I

Fig. 1 Effect of ATP concentration on (Na?,K?)-ATPase activity in

microsomal fractions from M. amazonicum at different ontogenetic

stages. Activity was assayed continuously at 25 �C in 50 mmol L-1

HEPES buffer, pH 7.5, containing 5.0 mmol L-1 MgCl2,

20.0 mmol L-1 KCl, 0.14 mmol L-1 NADH, 2.0 mmol L-1 PEP,

82 lg PK (49 U), 110 lg LDH (94 U) and NaCl 50 mmol L-1 for

zoea I and juvenile enzymes or 20 mmol L-1 for decapodid III and

adult enzymes. Enzyme activity was assayed using 13.4, 7.2, 9.8 and

31.4 lg protein from homogenates of whole zoeae I and decapodid

III, and gill homogenates of juvenile and adult shrimps, respectively.

Experiments were performed using duplicate aliquots from three

different homogenates; representative curves obtained from one

homogenate are given. Insets effect of ATP concentration on ouabain-

insensitive (open square) and total ATPase activities (filled square)
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and decapodid III and to &200 U mg-1 in juveniles and

adults (Table 1). Cooperative kinetics prevailed indepen-

dently of developmental stage for stimulation by NH4
?,

although calculated K0.5 values differed considerably

(Table 1). Ouabain-insensitive ATPase activity was not

stimulated by NH4
? in juveniles and adults, in contrast to

zoea I and decapodid III, representing 15 and 45 %,

respectively, of total ATPase activity (insets to Fig. 5).

Inhibition by Ouabain

Inhibition by 3 mmol L-1 ouabain of total ATPase activity

in the four ontogenetic stages is shown in Fig. 6 with the

corresponding KI values in Table 1. In adult shrimps,

ouabain inhibited 87 % of total ATPase activity

(154.1 U mg-1), resulting in ouabain-insensitive activ-

ity of 19.8 U mg-1. For zoea I, the maximum ATPase

activity of 180.1 U mg-1 decreased to 52.8 U mg-1 with

ouabain. Total ATPase activities of both decapodid III and

juveniles (344.0 and 231.1 U mg-1, respectively) were

inhibited by ouabain to about 50 U mg-1.

Discussion

This is the first kinetic characterization of modulation by

ATP, Mg2?, Na?, K? and NH4
? and inhibition by ouabain

of a gill microsomal (Na?,K?)-ATPase in selected onto-

genetic stages of the palemonid shrimp M. amazonicum.

Our findings reveal considerable differences in modulation

by Na? (zoea I), K? and ATP (decapodid III) of (Na?,K?)-

ATPase activity, suggesting an important role in the

osmoregulatory capability of the larval stages. While the

similar KM values estimated for ATP exclude the likeli-

hood of different (Na?,K?)-ATPase isoforms, ouabain

inhibition suggests that among the various ATPases

expressed in the different ontogenetic stages, Na?-ATPase

may be involved in the ontogeny of osmoregulatory

capability in larval M. amazonicum. Further, the NH4
?-

stimulated, ouabain-insensitive ATPase activity seen in

zoea I and decapodid III may reflect a stage-specific means

of ammonia excretion since functional gills are absent in

the early larval stages.

Maximum specific activities estimated for tank-reared

M. amazonicum zoea I, decapodid III and juvenile enzymes

are considerably greater than in homogenates of whole

M. rosenbergii larvae (Huong et al. 2004). Maximum

activities lie between 3 and 100 U mg-1 in other shrimp

species (Felder et al. 1986; Ituarte et al. 2008) and are

approximately 50 U mg-1 in cephalothorax homogenates

of larval Homarus gammarus (Thuet et al. 1988). Maxi-

mum rates of ATP hydrolysis for the gill enzyme in adult,

pond-reared M. amazonicum are twofold less than in wildT
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M. amazonicum (Santos et al. 2007). Further, the single

ATP stimulation curve seen in pond-reared adults also

contrasts markedly with the biphasic stimulation by ATP of

(Na?,K?)-ATPase activity seen in wild adult M. amazon-

icum (Santos et al. 2007). Whether this difference is a

response to rearing conditions remains to be elucidated.

Several Macrobrachium species show (Na?,K?)-ATPase

activities ranging from 70 to 100 U mg-1 in gill homog-

enates (Moretti et al. 1991; Proverbio et al. 1991) and from

120 to 200 U mg-1 in microsomal fractions (Stern et al.

1984; Lima et al. 1997), including adult freshwater shrimp,

M. olfersi (690 U mg-1) (Furriel et al. 2000). While

establishing the number of ATP binding sites on the gill

enzyme in crustaceans is still controversial, KM values for

ATP hydrolysis are known for some species (Leone et al.

2005b; Lucu and Towle 2003) and may constitute a valu-

able tool to better compare enzyme modulation by its

physiological substrate during ontogeny. The KM for ATP

binding sites on the gill (Na?,K?)-ATPase from adult,

pond-reared M. amazonicum is comparable to wild adult

M. amazonicum (Santos et al. 2007), M. olfersi (Furriel

et al. 2000) and M. rosenbergii (Stern et al. 1984). How-

ever, the KM for M. amazonicum decapodid III is about

twofold less than the other stages, suggesting a greater

affinity of the enzyme for its physiological substrate.

The crustacean (Na?,K?)-ATPase is a Mg2?-dependent,

Na? and K?/NH4
?-stimulated enzyme, Mg2? being a

cofactor required for enzyme phosphorylation and ATP

hydrolysis either as free Mg2? or as a Mg2?-nucleotide

complex (Robinson and Pratap 1991; Tentes and Stratakis

1991; Jorgensen et al. 2003; Leone et al. 2005b). Stimulation

by Mg2? was independent of ontogenetic stage in M. ama-

zonicum, and K0.5 values were similar to adult M. olfersi

(Furriel et al. 2000) and wild adult M. amazonicum (Santos

et al. 2007). A characteristic feature of crustacean (Na?,K?)-

ATPase is inhibition by excess Mg2? (Leone et al. 2005b)

due to free Mg2? binding to the E2K enzyme form and to the

decreased ATP affinity that occurs during the K?-releasing

step (Fontes et al. 1992). However, this is not the case for the

ouabain-insensitive ATPase activity estimated here for the

Fig. 2 Effect of Mg2? concentration on (Na?,K?)-ATPase activity

in microsomal fraction from M. amazonicum at different ontogenetic

stages. Activity was assayed continuously at 25 �C in 50 mmol L-1

HEPES buffer, pH 7.5, containing 2.0 mmol L-1 ATP,

20.0 mmol L-1 KCl, 0.14 mmol L-1 NADH, 2.0 mmol L-1 PEP,

82 lg PK (49 U), 110 lg LDH (94 U) and 50 mmol L-1 NaCl for

zoea I and juvenile enzymes or 20 mmol L-1 NaCl for decapodid III

and adult enzymes. Enzyme activity was assayed using 13.4, 7.2, 9.8

and 31.4 lg protein from homogenates of whole zoeae I and

decapodid III, and gill homogenates of juvenile and adult shrimps,

respectively. Experiments were performed using duplicate aliquots

from three different homogenates; representative curves obtained

from one homogenate are given. Insets effect of Mg2?concentration

on ouabain-insensitive (open square) and total ATPase activities

(filled square)

208 F. A. Leone et al.: (Na?,K?)-ATPase Activity in Ontogenetic Stages of M. amazonicum

123



different ontogenetic stages, which remains virtually

unchanged over a wide range of Mg2? concentrations. The

(Na?,K?)-ATPase and ouabain-insensitive ATPase activi-

ties estimated in the different stages of pond-reared

M. amazonicum also reflect this typical behavior. The dif-

ferent rates of maximal stimulation of ouabain-insensitive

ATPase activity by millimolar Mg2? also suggest the pres-

ence of Mg2?-stimulated ATPases other than (Na?,K?)-

ATPase in the different ontogenetic stages of M. amazonicum.

Whether these activities correspond to the same or to different

Mg2?-stimulated ATPases is unclear.

The kinetic characteristics of specific a-subunit

(Na?,K?)-ATPase isoforms such as apparent affinity for

Na? and K? when ATP is used as a substrate depend on the

organism and tissue, membrane factors and posttransla-

tional modifications (Therien et al. 1996; Sáez et al. 2009).

The apparent affinity for Na? of the (Na?,K?)-ATPase

from various species varies widely (4–25 mmol L-1)

among the Crustacea, although that for K? (0.5–2.5

mmol L-1) is less so (for review, see Leone et al. 2005b).

In M. amazonicum, (Na?,K?)-ATPase shows far lower

Na? affinity in the earlier ontogenetic stages. Further,

modulation by Na? obeys cooperative kinetics, in contrast

to the Michaelis-Menten behavior seen for K? modulation,

independently of ontogenetic stage. Except for decapodid

III all stages show K0.5 values of around 2.0 mmol L-1 for

K? (see Table 1). The apparent affinity for K? of the

enzyme from adult, pond-reared shrimps was about 2.5-

fold less than in wild M. amazonicum (Santos et al. 2007)

but similar to M. olfersi (Furriel et al. 2000). However,

zoea I exhibited a considerably higher K0.5 value, revealing

low affinity for Na?, possibly a consequence of protection

against osmotic stress in the embryonic stage (Susanto and

Charmantier 2001). Compared to juvenile and adult

shrimps, the larval stages exhibit ATPase activities other

than (Na?,K?)-ATPase. From the physiological standpoint,

the 15 % stimulation of ouabain-insensitive ATPase

activity, suggesting the presence of a Na?-ATPase, war-

rants future investigation. Like the rat kidney cortex, this

Na?-ATPase activity may compensate for diminished Na?

Fig. 3 Effect of Na? concentration on (Na?,K?)-ATPase activity in

microsomal fractions from M. amazonicum at different ontogenetic

stages. Activity was assayed continuously at 25 �C in 50 mmol L-1

HEPES buffer, pH 7.5, containing 2.0 mmol L-1 ATP,

5.0 mmol L-1 MgCl2, 20.0 mmol L-1 KCl, 0.14 mmol L-1 NADH,

2.0 mmol L-1 PEP, 82 lg PK (49 U), 110 lg LDH (94 U) and

50 mmol L-1 NaCl for zoea I and juvenile enzymes or 20 mmol L-1

NaCl for decapodid III and adult enzymes. Enzyme activity was

assayed using 13.4, 7.2, 9.8 and 31.4 lg protein from homogenates of

whole zoeae I and decapodid III, and gill homogenates of juvenile and

adult shrimps, respectively. Experiments were performed using

duplicate aliquots from three different homogenates; representative

curves obtained from one homogenate are given. Insets effect of Na?

concentration on ouabain-insensitive (open square) and total ATPase

activities (filled square)
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transport consequent to oscillation in (Na?,K?)-ATPase

activity (Reyes et al. 2009).

The monophasic ouabain inhibition curves obtained

suggest the absence of different (Na?,K?)-ATPase iso-

forms in the ontogenetic stages of pond-reared M. ama-

zonicum as also seen in wild adult M. amazonicum (Santos

et al. 2007) and M. olfersi, in which KI is 2.5-fold less

(Furriel et al. 2000). The comparable KI values for ouabain

inhibition of (Na?,K?)-ATPase in the early ontogenetic

stages of M. amazonicum, considerably different from adult

shrimps, may reflect the expression of different isoforms

before larval metamorphosis. While different isoenzymes

are expressed in crustacean gill tissues in response to

salinity acclimation (Harris and Bayliss 1988; Genovese

et al. 2004; Masui et al. 2005; Mendonça et al. 2007), no

information is available on (Na?,K?)-ATPase isoform

expression in the different ontogenetic stages. That newly

hatched zoeae I of Palaemonetes argentinus, M. petersi

and M. amazonicum hyperosmoregulate (Read 1984;

Ituarte et al. 2008; Charmantier and Anger 2010), although

functional gills are absent, suggests that the ion-transport-

ing cells must be located elsewhere during the early stages,

probably in the branchiostegite epithelium.

Owing to the absence of gills (zoea I) or their diminutive

size (decapodid III), microsomal fractions of these stages

were prepared using whole animals. While this procedure

may occasion differences in enzyme-specific activity, the

(Na?,K?)-ATPase activity of the decapodid III can be

compared with that of zoea I and with the gill and whole-

body preparations from juvenile and adult shrimps. Since

we employed microsomal preparations rather than crude

tissue homogenates, the activity increase in decapodid III

cannot be attributed to a decrease in soluble proteins in the

body fluids or associated with structural protein synthesis

during metamorphosis. Further, any newly expressed

structural proteins in the microsomal fraction from

decapodid III would tend to decrease rather than increase

(Na?,K?)-ATPase-specific activity. Thus, (Na?,K?)-

ATPase activity in homogenates of whole adult and juve-

nile M. amazonicum is about one-third that of P. argentinus

Fig. 4 Effect of K? concentration on (Na?,K?)-ATPase activity in

microsomal fractions from M. amazonicum at different ontogenetic

stages. Activity was assayed continuously at 25 �C in 50 mmol L-1

HEPES buffer, pH 7.5, containing 2.0 mmol L-1 ATP,

5.0 mmol L-1 MgCl2, 1.0 mmol L-1 NAD?, 0.5 mmol L-1 sodium

phosphate, 1.0 mmol L-1 G3P, 150 lg GAPDH (12 U), 20 lg PGK

(9 U) and 50 mmol L-1 NaCl for zoea I and juvenile enzymes or

20 mmol L-1 NaCl for decapodid III and adult enzymes. Enzyme

activity was assayed using 13.4, 7.2, 9.8 and 31.4 lg protein from

homogenates of whole zoeae I and decapodid III, and gill homog-

enates of juvenile and adult shrimps, respectively. Experiments were

performed using duplicate aliquots from three different homogenates;

representative curves obtained from one homogenate are given. Insets
Effect of K? concentration on ouabain-insensitive (open square) and

total ATPase activities (filled square)
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gill tissue (Ituarte et al. 2008) and considerably lower than

for zoea I and decapodid III. The few studies correlating

the salinity tolerance of early ontogenetic stages with

(Na?,K?)-ATPase activity have been undertaken mainly

using crude tissue homogenates (Conte et al. 1977; Sun

et al. 1991; Lee and Watts 1994; Escalante et al. 1995;

Wilder et al. 2001; Huong et al. 2004; Ituarte et al. 2008)

and not isolated microsomal fractions as employed here,

and direct comparison is not possible.

The K0.5 values for modulation by NH4
? of (Na?,K?)-

ATPase activity in zoea I, decapodid III, juvenile and adult

M. amazonicum are similar to those for Callinectes

danae (K0.5 = 4.61 ± 0.27 mmol L-1, Masui et al. 2002),

Xiphopenaeus kroyeri (K0.5 = 3.7 ± 0.6 mmol L-1,

Leone et al. 2005b), Clibanarius vittatus (K0.5 = 4.5 ± 0.2

mmol L-1, Gonçalves et al. 2006), Callinectes ornatus

(K0.5 = 5.4 ± 0.2 mmol L-1, Garçon et al. 2007),

M. amazonicum (K0.5 = 5.0 ± 0.2 mmol L-1, Santos et al.

2007), D. pagei (K0.5 = 1.92 ± 0.11 mmol L-1, Furriel

et al. 2010) and M. olfersi (K0.5 = 8.4 ± 0.2 mmol L-1,

Furriel et al. 2004). NH4
? can replace K? in sustaining

ATP hydrolysis in crustacean (Holliday 1985; Furriel et al.

2000; Masui et al. 2002; Gonçalves et al. 2006; Santos

et al. 2007; Garçon et al. 2007; Furriel et al. 2010) and

mollusk (Pagliarani et al. 2008) gill (Na?,K?)-ATPases,

and NH4
? can substitute for K? as a counter ion in Na?

transport in Callinectes sapidus (Towle and Holleland

1987). Like K?, NH4
? can be actively transported by

vertebrate (Na?,K?)-ATPase (Wall 1996). Synergistic

stimulation by K? and NH4
? of crustacean (Na?,K?)-

ATPase was first shown in C. danae (Masui et al. 2002,

2005) and now has been demonstrated in various crusta-

ceans (Furriel et al. 2000; Gonçalves et al. 2006; Garçon

et al. 2007, 2009; Santos et al. 2007; Furriel et al. 2010).

While NH4
? excretion and active transport are not neces-

sarily directly coupled in crabs (Weihrauch et al. 1999),

exposure to elevated NH3 may lead to substitution of K?

by NH4
?, decreasing intracellular K? (Towle and Holle-

land 1987). Further, acute exposure to NH3 of Neohelice

(=Chasmagnathus) granulata reveals hemolymph NH3 to

Fig. 5 Effect of NH4
? concentration on (Na?,K?)-ATPase activity

in microsomal fractions from M. amazonicum at different ontogenetic

stages. Activity was assayed continuously at 25 �C in 50 mmol L-1

HEPES buffer, pH 7.5, containing 2.0 mmol L-1 ATP,

5.0 mmol L-1 MgCl2, 1.0 mmol L-1 NAD?, 0.5 mmol L-1 sodium

phosphate, 1.0 mmol L-1 G3P, 150 lg GAPDH (12 U), 20 lg PGK

(9 U) and 50 mmol L-1 NaCl for zoea I and juvenile enzymes or

20 mmol L-1 NaCl for decapodid III and adult enzymes. Enzyme

activity was assayed using 13.4, 7.2, 9.8 and 31.4 lg protein from

homogenates of whole zoeae I and decapodid III, and gill homog-

enates of juvenile and adult shrimps, respectively. Experiments were

performed using duplicate aliquots from three different homogenates;

representative curves obtained from one homogenate are given. Insets
effect of NH4

? concentration on ouabain-insensitive (open square)

and total ATPase activities (filled square)
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be less than ambient (Rebelo et al. 1999). Consequently,

and given that the NH4
? binding sites on the Na?,K?-

ATPase molecule face the hemolymph, when hemolymph

NH3 exceeds physiological concentrations (100 lM),

(Na?,K?)-ATPase may be stimulated, maintaining steady-

state ammonia titers within physiological limits (Masui

et al. 2002, 2005). In aquatic animals facing an inwardly

directed ammonia gradient in their natural environment,

the active component of an exocytotic ammonia excretion

mechanism (Weihrauch et al. 2002) may provide protection

for both the gill epithelial cells and the organism as a whole

against passive NH4
? influx. The existence of such an

excretion mechanism seems highly likely since, rather than

diffusing freely across the cytoplasm, toxic ammonia

would be trapped in intracellular vesicles, avoiding cyto-

plasmic damage (Weihrauch et al. 2002, 2004b).

Although these findings show that (Na?,K?)-ATPase

activity in M. amazonicum is strongly modulated by Na?,

K?, Mg2? and NH4
? concentrations, further investigation

is necessary to better comprehend modulation by ATP and

ions of (Na?,K?)-ATPase activity during the ontogenesis

of palemonid shrimps. We are undertaking a systematic

investigation of Mg2?-stimulated, ouabain-insensitive

ATPase activities in addition to salinity acclimation studies

to gather information on the different ATPases expressed

during ontogeny. Such investigations should allow a better

understanding of the marked, transitory increase in

(Na?,K?)-ATPase activity in the decapodid III stage.
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Fig. 6 Effect of ouabain on total ATPase activity in microsomal

fractions from M. amazonicum at different ontogenetic stages.
Activity was assayed continuously at 25 �C in 50 mmol L-1 HEPES

buffer, pH 7.5, containing 2.0 mmol L-1 ATP, 5.0 mmol L-1 MgCl2,

20.0 mmol L-1 KCl, 0.14 mmol L-1 NADH, 2.0 mmol L-1 PEP,

82 lg PK (49 U), 110 lg LDH (94 U) and 50 mmol L-1 NaCl for

zoea I and juvenile enzymes or 20 mmol L-1 NaCl for decapodid III

and adult enzymes. Enzyme activity was assayed using 13.4, 7.2, 9.8

and 31.4 lg protein from homogenates of whole zoeae I, and

decapodid III, and gill homogenates of juvenile and adult shrimps,

respectively. Experiments were performed using duplicate aliquots

from three different homogenates; representative curves obtained

from one homogenate are given. Insets dixon plots for estimation of

KI, the enzyme-inhibitor complex dissociation constant, in which vc is

the reaction rate corresponding to (Na?,K?)-ATPase activity alone
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On a hot Saturday evening in August of 2009, the gap

junction community gathered at the Hilton in Sedona, AZ

in anticipation of the biennial International Gap Junction

Conference. This meeting was particularly special as it was

an opportunity to honor and pay tribute to one of the long

time leaders and life-time contributors to the field, Dr. Ross

Johnson. After Dr. Paul Lampe recapped Ross’ notable and

seminal contributions to the field, Ross spoke elegantly and

humbly about his joy of science and the love of this

community. Ross was accompanied by his lovely wife

Esther, who often joined him in his travels and who has

become endeared to the community in her own right.

Phrases like ‘‘he is one of the really good guys’’, ‘‘I know

he respects my work’’ and ‘‘he gives generously of his

time’’ echoed in the halls of the Sedona meeting as col-

leagues recounted their interactions with Ross over four

decades. It is a privilege and honor for us to know Ross and

to spearhead and act as guest editors for this special

Journal of Membrane Biology issue dedicated equally to

Ross’ achievements in science and to the mentorship and

friendship he has extended to many of us in the field. A

testament to Ross’ impact on the community was evi-

denced by the fact that over 95 % of the colleagues asked

to contribute to this issue agreed without hesitation and

with comments like ‘‘I would only do it for Ross’’, ‘‘Def-

initely, for Ross’’ and ‘‘Count me in’’. To all of you, we say

thank you for your timely contributions. We also wish to

express our gratitude and thanks to Dr. Tom Woolf, Editor-

in-Chief, for supporting this initiative and for taking a

leading role in seeing that this endeavor is executed with

the highest level of professionalism. Finally, to Dr. Jan

Hoh, Ross’ long-time friend and ours as well, we also say

thanks for seeding this idea with Tom.

Ross began his academic career at Augustana College

from which he graduated with a BA before moving to Iowa

State University, where he obtained a NIH predoctoral

Fellowship to complete his PhD. It was here that he fell in

love with cell biology. Success came quickly for Ross as he

was immediately recruited as an Assistant Professor in the

Department of Zoology at the University of Minnesota
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(later joining Genetics and Cell Biology after a reorgani-

zation), where he would spend his entire scientific career

and rise through the ranks to Professor and Head of the

Department. It was during his early years as an independent

investigator that Ross engaged in a newly emerging field

called gap junction biology. At the outset, Ross chose to

establish formidable collaborations with two pioneers of

the field, Minnesota colleague Dr. Judd Sheridan, who

introduced Ross to gap junctions, and Dr. Jean-Paul Revel.

Jean-Paul, who was instrumental in naming gap junctions,

has frequently been recognized as the first to use electron

microscopy to describe their distinctive structure, although

the widespread distribution of gap junctions was under

appreciated in these early days. Together with Judd, Ross

entered the gap junction literature in 1971 with a splash as

his first paper was published in Science and depicted gap

junctions in hepatoma cells, indicating that junctions were

not absent in all cancer cells as some believed at that time.

Later Ross’ team used freeze-fracture electron microscopy

to clearly show that gap junctions could form between cells

of different types, further expanding the versatility and

importance of gap junctions in tissue biology. However,

with Jean-Paul, Ross reported in Science that there were

limitations as to where gap junctions would form, noting

that they were not observed in Dictostelium discoideum

(slime molds).

Throughout his career, one of the most prominent

research themes developed by Ross and his team was

related to the mechanisms of gap junction assembly. Ross

and Judd coined the term ‘‘formation plaque’’ to describe

the specialized membrane areas present in both opposed

cells at the early stages of gap junction assembly. This

theme persisted from an early paper in 1974 published in

Proceedings of the National Academy of Science to his

most recent paper published in the Molecular Biology of

the Cell in 2012, the latter with microscopy by Dr. Jim

Reynhout that was pivotal. These papers book-ended

nearly 40 years of studies that highlight the power of high

resolution freeze-fracture electron microscopy and, more

recently, freeze-fracture replica immunolabeling. In this

special issue, Dr. Rash, another collaborator of Ross’

highlights novel insights that can be deduced from these

morphological studies. In 1976 Ross used his sabbatical

year to study with his long-time friend Jean-Paul Revel at

Caltech and it was there that he started to complement his

cell biological and morphological approaches with cell

fractionation and biochemical studies. In those days, the

connexin proteins had not yet been identified and candidate

proteins that constituted gap junction channels were con-

stantly being evaluated.

As Ross entered the 80’s he continued to expand the

scope of his laboratory by establishing new collaborations.

He turned his eye to the lens (no pun intended) as a rich

source of gap junction proteins, and had productive col-

laborations with Dr. Charles Louis. Together with Dr. Sue

Menko, he developed methods to culture lens fiber cells

that are still used today and are featured in Dr. Linda

Musil’s article in this issue. Together with Dr. Elliot

Hertzberg, in 1987 Ross co-organized the first ever Inter-

national Gap Junction Conference (IGJC) at Asilomar, CA.

With Ross’ guidance this meeting evolved into the primary

conference series serving the field that would be held every

two years to this day. During this decade Ross also began

to mentor Dr. Paul Lampe who brought his considerable

biochemical skills to the ever expanding arsenal of

approaches used in Ross’ laboratory. Together as friends

and colleagues, they built on the work of Dr. Keith John-

son, a former student in the lab, and pioneered studies on

the phosphorylation of lens MIP. They then applied these

approaches to phosphorylation events associated with the

newly emerging connexin family of gap junction proteins.

Importantly, Ross’ group discovered that different kinase

activators and inhibitors could regulate gap junction

assembly at multiple stages in a series of elegant reports;

many lab members, especially Dr. Erica TenBroek, were

involved in this work. Dr. Lampe would eventually move

on to the Fred Hutchison Cancer Research Center where he

continues to identify, characterize and assign function to

many of the connexin43 phosphorylation events. Further

testament to Ross as a gentleman, scholar and mentor was

evidenced in 1989 when he reached-out to befriend an

unknown new Postdoctoral Fellow, Dr. Dale Laird, at a cell

biology meeting in Houston. As collaborators and friends

in the years to follow, Dale frequently sought mentorship

from Ross in both his professional and personal life.

The 90’s brought a new era of discovery for Ross. His

1996 paper in the Journal of Cell Biology solidified the

existence and importance of gap junction hemichannels.

This highly-cited paper was a rigorous, compelling and

extensive study that placed hemichannels clearly on the

map. Currently hemichannel studies constitute a large

proportion of activity in the field and every Gap Junction

Conference since the mid 90’s features one or more

hemichannel sessions. In addition, with the support of his

University of Minnesota zebrafish colleagues, Drs. Perry

Hackett and Steve Ekker, Ross continued to expand his

research boundaries by turning his attention to the role of

connexins in early zebrafish development. This all started

when Ross’ friend and collaborator, Dr. Jeff Essner, while

still a student with Perry, stumbled onto a cDNA clone for

Cx43.4. Later Dr. Julia Hatler, while a graduate student in

Ross’ group, used morpholino approaches to make seminal

discoveries evoking Cx43.4 as an essential and evolution-

arily-conserved component in left–right patterning of the

early vertebrate embryo. Ross’ interests in zebrafish

connexins brought him together with Dr. Gunnar
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Valdimarsson who some years later died tragically of a

brain tumor. Through the zebrafish work of Ross, Gunnar

and others, there is little doubt that connexins are at the

cornerstone of early development.

In the last few years Ross has returned to freeze-fracture

electron microscopy technology. Through his collaboration

with Dr. John Rash, they brought the power of freeze-

fracture replica immunolabeling analysis to bear on the

assembly problem. Having established a detailed and linear

analysis of morphological and mechanistic events that lead

to gap junction assembly, Ross and John, along with Drs.

Jim Nagy and Alberto Pereda, plan to extend this analysis

even further. In 2008, after 40 years at the University of

Minnesota, Ross entered phased retirement and together

with Esther migrated out west to be close to their two

daughters and grandchildren in the San Francisco Bay area

close to the beautiful wine country. However, Ross con-

tinues to be an active member of the gap junction com-

munity. As examples: he spearheaded the successful NIH

grant in support of the 2009 IGJC meeting, described

recent research findings at the 2011 IGJC meeting in

Belgium, and continues to work on manuscripts and sustain

collaborations—all testament to the fact that Ross remains

an important and vibrant contributor to the field.

Threaded through Ross’s career has been a constant love

for and excitement over the science and, more importantly,

a love of people and teaching. Whether it is through his

mentorship of over 20 PhD students and postdoctoral fel-

lows or his decade as department head or service on

graduate student advisory committees at the University of

Minnesota (*200 we have learned), Ross has often said

how he thoroughly enjoys the people in his life and the life

of a scientist. The University of Minnesota feted Ross

spectacularly for his retirement, focusing in his honor its

annual Developmental Biology Symposium on ‘‘The Ties

That Bind: Cell Junctions and Adhesion in Development’’.

Now on behalf of the authors of this special issue and the

gap junction community in general, we thank you, Ross,

for touching all of our lives and we thank you most of all

for your friendship. You are unquestionably ‘‘one of the

really good guys’’.
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Abstract Gap junction channels composed of connexins

connect cells, allowing intercellular communication. Their

cellular assembly involves a unique quality-control path-

way. Some connexins [including connexin43 (Cx43) and

Cx46] oligomerize in the trans-Golgi network following

export of stabilized monomers from the endoplasmic retic-

ulum (ER). In contrast, other connexins (e.g., Cx32) oligo-

merize early in the secretory pathway. Amino acids near the

cytoplasmic aspect of the third transmembrane domain have

previously been shown to determine this difference in

assembly sites. Here, we characterized the oligomerization

of two connexins expressed prominently in the vasculature,

Cx37 and Cx40, using constructs containing a C-terminal

dilysine-based ER retention/retrieval signal (HKKSL) or

treatment with brefeldin A to block ER vesicle trafficking.

Both methods led to intracellular retention of connexins,

since the cells lacked gap junction plaques. Retention

of Cx40 in the ER prevented it from oligomerizing,

comparable to Cx43. By contrast, ER-retained Cx37 was

partially oligomerized. Replacement of two amino acids

near the third transmembrane domain of Cx43 (L152 and

R153) with the corresponding amino acids from Cx37

(M152 and G153) resulted in early oligomerization in the

ER. Thus, residues that allow Cx37 to oligomerize early in

the secretory pathway could restrict its interactions with

coexpressed Cx40 or Cx43 by favoring homomeric oligo-

merization, providing a structural basis for cells to produce

gap junction channels with different connexin composition.

Keywords Endothelium � Membrane traffic �
Quality control � Chaperone � ERp29

Introduction

Cell–cell contact sites known as ‘‘gap junctions’’ facilitate

intercellular communication by enabling the direct transfer

of small metabolites and ions between adjacent cells. Gap

junctions consist of arrays of channels formed by proteins

in the connexin (Cx) family (Beyer and Berthoud 2009). A

complete gap junction channel is formed by two hexameric

hemichannels, one in each cell, that are transported to the

plasma membrane, where they dock to form a complete

intercellular channel (Laird 2006) and then assemble into

semicrystaline arrays known as ‘‘gap junction plaques’’

(Johnson et al. 1974, 2012).

Oligomerization of connexin hemichannels is regulated by

a unique quality-control pathway, which is still being eluci-

dated (Koval 2006; Laird 2010). Different connexins show

substantial differences in oligomerization. One connexin,

Cx43, is stabilized in the endoplasmic reticulum (ER) by a

chaperone protein, ERp29, that enables it to be transported as

a monomer through the secretory pathway to the trans-Golgi
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apparatus, where it oligomerizes into hexameric hemichan-

nels (Das et al. 2009; Musil and Goodenough 1993). In

contrast, Cx32 does not interact with ERp29 and oligomerizes

in the ER (Das et al. 2009). The quality control of Cx43

depends upon the amino acids flanking the third transmem-

brane (TM3) domain. Specifically, substituting tryptophan

for arginine at amino acid position 153 in the cytosolic aspect

of TM3 destabilizes monomeric Cx43 and causes its early

oligomerization in the ER (Maza et al. 2003, 2005). More-

over, two dominant Cx43 mutations adjacent to R153 (T154A

and T154N) are associated with oculodentodigital dysplasia

(ODDD), underscoring the importance of this motif in the

proper function of Cx43 (Paznekas et al. 2009).

Analysis of the cytoplasmic aspect of TM3 in the

members of the connexin family reveals conserved motifs

among subgroups of connexins that may determine cellular

sites of oligomerization (Fig. 1). These connexin motifs

fall into three subcategories: R-type, such as Cx43;

W-type, including Cx32; and a third group that does not

have clear homology with either the R- or W-type con-

nexins (Table 1). Based on previous analysis of Cx43 and

Cx32 (Maza et al. 2005), connexins in the R group are

predicted to be highly stabilized as monomers in the ER,

whereas connexins in the W group would oligomerize early

within the secretory pathway. However, it is difficult to

predict a priori whether connexins containing a cytoplas-

mic membrane interface region of TM3 that does not

conform to either the R or the W motif would behave more

like Cx43 or Cx32 in the ER.

We sought to determine the oligomerization properties of

two connexins, Cx37 and Cx40, that do not contain either an

R or a W motif. Cx37 and Cx40 are among the four major

connexins expressed throughout the vasculature (Cx37,

Cx40, Cx43 and Cx45) (Johnstone et al. 2009; Brisset et al.

2009). Connexin expression in the major cell types of blood

vessels, endothelial cells and smooth muscle cells, is heter-

ogeneous. Moreover, connexin composition of different

classes of vascular gap junctions varies depending upon the

vascular bed examined (Severs et al. 2001). For example,

myoendothelial junctions of mesentery and cremaster

microvessels both contain abundant Cx40 and low levels of

Cx45 but differ dramatically in Cx37 and Cx43 content

(Isakson et al. 2008; Heberlein et al. 2009). Thus, endothelial

cells differentially process and sort connexins between

myoendothelial junctions and endothelial–endothelial cell

junctions. Since Cx37, Cx40 and Cx45 are all compatible to

form mixed (heteromeric) connexons with Cx43 (Beyer et al.

2001), the ability to alter myoendothelial connexin content

requires that endothelial cells regulate oligomerization.

Since Cx37 and Cx40 have TM3 interface regions that do

not fit well into either the R or W subcategories (Table 1)

(Figueroa et al. 2004), we could not predict how their

oligomerization would be regulated. In the current study,

we assessed the oligomerization state of Cx37 and Cx40 in

the ER and found that they differed in monomer stability

and in the subcellular compartments where oligomerization

occurs. These connexin-specific differences likely affect

connexin targeting and hetero-oligomerization.

Methods

Antibodies and Reagents

Polyclonal rabbit anti-Cx37 antibodies were generated

against a maltose binding protein-Cx37 fusion protein

Fig. 1 Localization of the Cx26 ditryptophan (WW) motif to the

cytoplasmic membrane–aqueous interface based on the structural

model. A tube-style structural model of Cx26 including side chains

(Maeda et al. 2009) was produced using the Molecular Modeling

Database (Wang et al. 2007; Chen et al. 2003). The WW motif at

amino acids 133–134 (red oval) is highlighted in yellow. Disulfide

bonds in the EL domains are highlighted in orange. a View from the

cytosolic aspect of a Cx26 hemichannel looking up through the

aqueous pore (*). b Side view of a Cx26 hemichannel in a membrane

bilayer. Positions of the membrane–aqueous interfaces are denoted by

arrowheads. Note that the WW motif is located at the membrane

interface of the cytoplasmic leaflet
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containing amino acids 80–333 of human Cx37. Anti-

PDIA1 (PDI), -GM130 and -Cx43 antibodies were from

Sigma (St. Louis, MO). Anti-Cx40 antibodies and mono-

clonal anti-Cx43 antibody were obtained from Chemicon

(Temecula, CA). Fluorescent and horseradish peroxidase

(HRP)-conjugated secondary antibodies were from Jackson

ImmunoResearch (West Grove, PA). Triton X-100 was

from Roche Molecular Biochemicals (Indianapolis, IN).

Unless otherwise specified, all other reagents were from

Sigma.

Generation of Connexin Constructs

Wild-type and HKKSL-containing Cx37 and Cx40 con-

structs were generated by PCR using human Cx37 in

pSFFV-neo (Reed et al. 1993) or human Cx40 in pBScript

(Kanter et al. 1994) as templates, the corresponding

primers (Supplementary Table 1) and LA Taq DNA

polymerase (Takara Mirus Bio, Madison, WI) or Phusion

DNA polymerase (New England BioLabs, Ipswitch, MA).

Primers were designed to incorporate HindIII and BamHI

restriction sites flanking the coding region. In the case of

the HKKSL-containing constructs, primers were designed

to incorporate the ER-retention signal HKKSL appended to

the carboxyl terminus of the connexin. PCR products were

subcloned in pGEM-T Easy (Promega, Madison, WI) or

pCR4Blunt-TOPO vector (Life Technologies, Grand

Island, NY); then, the BamHI–HindIII inserts from these

plasmids were subcloned into the corresponding sites of

pcDNA3.1/Hygro (?) (Invitrogen).

To obtain the HKKSL-containing Cx43 mutants, prim-

ers facing opposite directions and spanning the DNA

region encoding the mutated amino acids were designed to

amplify the sequence of the full construct (Cx43-HKKSL

including the vector sequence) according to the strategy

used previously (Minogue et al. 2005); the plasmid was

regenerated by religation of the PCR product. Cx43R153G

and Cx43L152MR153G without the ER-retention signal

were obtained by PCR using the HKKSL-containing con-

structs as templates and the primers listed in Supplemen-

tary Table 1; PCR products were subcloned in pCR-Blunt

II-TOPO vector. The BamHI–XhoI inserts of all Cx43

mutants were subcloned into the BamHI-XhoI sites of

pcDNA3.1/Hygro (?) vector.

The coding region of all constructs was fully sequenced

at the Cancer Research Center DNA Sequencing Facility of

the University of Chicago to ensure that PCR amplification

did not introduce additional unwanted mutations.

Cell Culture

HeLa cells transfected with connexin constructs were pre-

pared as previously described (Daugherty et al. 2007; Maza

et al. 2003) and cultured in minimum essential medium

containing Earle’s salts, L-glutamine, 10 % heat-inactivated

bovine calf serum, 100 IU/ml penicillin, 100 lg/ml strep-

tomycin and 0.5 mg/ml Geneticin (Invitrogen) or 132

lg/ml hygromycin (EMD Millipore, Billerica, MA).

Immunofluorescence

For immunofluorescence, cells cultured on glass coverslips

were fixed and permeabilized with methanol/acetone (1:1),

then washed three times with PBS, followed by

PBS ? 0.5 % Triton X-100 and PBS ? 0.5 % Triton

X-100 ? 2 % goat serum (PBS/GS). Cells were incubated

with primary antibodies diluted into PBS/GS for 1 h, rinsed

and then labeled with secondary antibodies diluted into

PBS/GS. Cells were then rinsed with PBS, and coverslips

were mounted on microscope slides with MOWIOL

(Polysciences, Warren, PA). Images of the fluorescence

signal were obtained using an Olympus (Tokyo, Japan)

IX-70 microscope system with a Hamamatsu (Shizuoka,

Japan) Orca-1 CCD camera and Image-Pro image analysis

software (Media Cybernetics, Silver Spring, MD).

Table 1 Connexin motifs in the cytoplasmic membrane interface

region of TM3

Connexin Amino acids Motif

R type

Cx43 GJA1 151–155 LLRTY

Cx46 GJA3 145–149 LLRTY

Cx50 GJA8 147–151 LLRTY

Cx62 GJA10 153–157 LLRTY

Cx45 GJC1 173–177 LMKIY

Cx47 GJC2 209–213 LMRVY

Cx36 GJD2 195–199 ISRFY

Cx31.9 GJD3 132–136 ARRCY

W type

Cx32 GJB1 131–135 LWWTY

Cx26 GJB2 132–136 LWWTY

Cx31 GJB3 127–131 LWWTY

Cx30.3 GJB4 127–131 LWWTY

Cx31.1 GJB5 127–131 LWWTY

Cx30 GJB6 132–136 LWWTY

Cx25 GJB7 120–124 LWYAY

Cx30.2 GJC3 133–137 LLWAY

Other

Cx37 GJA4 151–155 LMGTY

Cx40 GJA5 149–153 LLNTY

Cx59 GJA9 153–157 LLCTY

Cx40.1 GJD4 139–143 FSAGY

Cx23 GJE1 112–116 YTIIY
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Sucrose Gradient Fractionation

Postnuclear homogenates were prepared with a ball-bearing

homogenizer and centrifugation as previously described

(Koval et al. 1995, 1997; Das Sarma et al. 2002). Postnu-

clear homogenates were solubilized in 1 % Triton X-100

for 30 min at 4 �C as described (Maza et al. 2005). Samples

were then centrifuged at 100,0009g for 30 min, and the

resulting Triton X-100-soluble fraction was overlaid onto a

5–18 % sucrose gradient on a 25 % sucrose cushion. Gra-

dients were centrifuged at 148,0009g for 16 h at 4 �C in a

Sorvall Ultra Pro 80 centrifuge (Thermo Scientific, Ashe-

ville, NC) using an AH-650 swinging bucket rotor. Fol-

lowing centrifugation, 0.2-ml fractions were collected from

the bottom of the gradient at 4 �C. Samples were added to

29 sample buffer containing 50 mM DTT, resolved by

SDS-PAGE, transferred to Immobilon P membranes and

blotted. Specific signals corresponding to a given protein

were detected by immunoblot using enhanced chemilumi-

nescence (ECL) reagent (GE Healthcare, Piscataway, NJ)

and quantified with a BioRad Image Lab system (Hercules,

CA). The extent of oligomerization was calculated as the

percentage of the total area under the curve from the sucrose

gradient curves corresponding to the hexamer peak. Sta-

tistical significance was assessed by Student’s t test.

Blue Native Gel Electrophoresis

Nondenaturing, blue native gel electrophoresis was done

using a method based on that of Wittig et al. (2006). Cells

were either untreated or treated for 5 h with 6 lg/ml bre-

feldin A. Cells were homogenized and postnuclear super-

natants were diluted into BN Sample Buffer [50 mg/ml

Serva G (coomassie blue, G250), 30 % glycerol in ddH2O].

Blue native gels consisted of a 4.2 % polyacrylamide

stacking gel on a 7.5 % resolving gel in Bis Tris–HCl, pH

7.0. Five microliters of each sample were loaded per lane,

and the gels were run using 50 mM Tricine/15 mM Bis

Tris (pH 7.0) cathode buffer containing 0.01 % Serva G

and 50 mM Bis Tris–HCl on ice. Gels were run at constant

voltage (100 V) on ice for 3–6 h until the blue dye

migrated approximately two-thirds of the way along the

resolving gel. The cathode buffer was replaced with a dye-

free cathode buffer and the gel run to completion at 150 V

constant voltage for 2 h. Gels were removed and incubated

in transfer buffer (50 mM Tris, 380 mM glycine, 0.025 %

SDS, 20 % MeOH) for 30 min at room temperature, and

proteins were transferred to Immobilon P using a BioRad

semidry apparatus. Blots were processed using a standard

immunoblot protocol, using appropriate primary antibod-

ies, HRP-conjugated goat anti-rabbit IgG secondary anti-

bodies and ECL for detection. Lanes were scanned and

analyzed using Image-Pro software.

Results

To examine the cellular sites of oligomerization of Cx40

and Cx37, we applied an approach previously used to study

early events in Cx43 and Cx32 oligomerization by pro-

ducing connexin constructs tagged with a C-terminal

HKKSL ER-retention/retrieval motif, Cx40-HKKSL and

Cx37-HKKSL (Das Sarma et al. 2002, 2005, 2008; Maza

et al. 2003, 2005). Using transfected HeLa cells, we found

that wild-type (untagged) Cx40 was transported to the

plasma membrane, where it formed gap junction plaques.

However, Cx40-HKKSL was retained in the ER (Fig. 2).

Sucrose gradient fractionation revealed that the sedimen-

tation profile of Cx40-HKKSL was indistinguishable from

that of Cx43-HKKSL (Fig. 2). Thus, Cx40-HKKSL is

retained in the ER as stabilized monomers, suggesting that

the itinerary of Cx40 oligomerization is comparable to that

of Cx43.

We performed a similar analysis of Cx37 and Cx37-

HKKSL. As expected, untagged Cx37 was transported to

the plasma membrane, while Cx37-HKKSL was retained in

the ER (Fig. 3). To further confirm that Cx37-HKKSL was

Fig. 2 ER-retained Cx40 is monomeric. a, b HeLa cells transfected

with either Cx40 (a) or Cx40-HKKSL (b) were fixed and immuno-

stained. Untagged Cx40 was transported to the plasma membrane,

where it formed gap junction plaques (arrowhead). By contrast,

Cx40-HKKSL was retained in the ER. c HeLa/Cx40-HKKSL cells

(squares) or HeLa/Cx43-HKKSL cells (dashed line) were processed

and analyzed by sucrose gradient fractionation. Cx40-HKKSL had a

similar profile on the gradient as Cx43-HKKSL, indicating that the

ER-resident pool was monomeric. Bar 10 lm
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predominantly localized to the ER, immunofluorescence

colocalization was performed using markers for the ER

(PDI) and cis-Golgi apparatus (GM130). Cx37-HKKSL

predominantly colocalized with PDI, consistent with ER

retention (Fig. 4). There was also some colocalization with

GM130; however, this appeared to be a relatively minor

intracellular component of Cx37-HKKSL.

In contrast to Cx40-HKKSL and Cx43-HKKSL, the

sucrose gradient fractionation profile of Cx37-HKKSL had

a more complex pattern. One peak sedimented at the same

Fig. 3 ER-retained Cx37 is

partially oligomerized. a,

c HeLa cells transfected with

either Cx37 (a) or Cx37-

HKKSL (c) were fixed and

immunostained. Untagged Cx37

was transported to the plasma

membrane, where it formed gap

junction plaques (arrowheads).

By contrast, Cx37-HKKSL was

retained in the ER. Bar 10 lm.

b, d HeLa/Cx37 (b) and HeLa/

Cx37-HKKSL (d) cells were

processed and analyzed by

sucrose gradient fractionation.

About one-third of Cx37-

HKKSL migrated as oligomers

at a peak centered at 10 %

sucrose that comigrated with the

predominant peak of untagged

Cx37

Fig. 4 Cx37-HKKSL localized

to the ER and Golgi apparatus.

HeLa cells transfected with

Cx37-HKKSL were fixed,

permeabilized and then

immunolabeled for Cx37

(a, d; red) and an ER marker,

protein sulfide isomerase (PDI)

(b, green) or a marker for the cis
Golgi apparatus (GM130)

(e, green). Merged images are

shown in (c, f). Most Cx37-

HKKSL colocalized with PDI,

consistent with ER localization.

A small fraction of Cx37-

HKKSL colocalized with

GM130, suggesting low levels

of transport to the cis aspect of

the Golgi apparatus. Bar 10 lm

T. D. Smith et al.: Regulation of Connexin Oligomerization by TM3 225

123



percentage of sucrose (10 %) as the predominant peak of

untagged Cx37 representing oligomerized Cx37 (Fig. 3).

These results suggest that Cx37-HKKSL retained in the ER

was partially oligomerized.

As an independent method to examine the oligomeri-

zation state of Cx37 retained in the ER, we examined HeLa

cells transfected with untagged Cx37 by blue native gel

electrophoresis (Fig. 5). In control HeLa/Cx37 cells, Cx37

exhibited comparable hexamer and monomer peaks.

Importantly, when these cells were treated with brefeldin A

for 5 h to inhibit membrane efflux from the ER, Cx37

oligomerization was not affected. In contrast, this treatment

significantly inhibited Cx43 oligomerization (Fig. 5).

The cytoplasmic interface region of TM3 is necessary to

stabilize monomeric Cx43 in the ER (Maza et al. 2005).

Since Cx37 has a distinct motif in this region, we examined

whether changing the Cx43 LR motif to the MG motif found

in Cx37 would affect the extent of Cx43 oligomerization in

the ER. As shown in Fig. 6, this was indeed the case for the

two mutant Cx43 constructs, Cx43R153G-HKKSL and

Cx43L152MR153G-HKKSL. In fact, the sedimentation

profile and amount of ER oligomerized protein were equiv-

alent for Cx43L152MR153G-HKKSL and Cx37-HKKSL.

As a control for misfolding induced by these point mutations,

we examined the ability of untagged Cx43R153G and

Cx43L152MR153G to form gap junction plaques (Fig. 7).

Both of these proteins were transported to the plasma

membrane, where they assembled into gap junction plaques,

suggesting that the proteins were properly processed. Taken

together, these data suggest that the MG motif plays an

important role in promoting early oligomerization of Cx37.

Discussion

We found that Cx37, unlike Cx43, has the capacity to ol-

igomerize in the ER. We could mimic this behavior by

mutating two key amino acid residues of Cx43 in the

cytoplasmic interface region of TM3 to the corresponding

amino acids of Cx37. This observation extends previous

studies demonstrating that R153 was required to stabilize

monomeric Cx43 in the ER (Maza et al. 2005). In the

present study, we consistently observed an increase in ER

oligomerization of Cx43 when both L152 and R153 were

mutated to MG. Moreover, mutation of only R153 to gly-

cine in Cx43-HKKSL resulted in variable ER oligomeri-

zation compared with Cx40 or Cx43. However, the

cytoplasmic arginine residue is not an absolute requirement

to stabilize connexin monomers in the ER since Cx40-

HKKSL was retained as monomers in the ER, despite the

presence of an asparagine at the corresponding position in

this connexin. Thus, the amino group of the carboxamide in

the N151 side chain of Cx40 can substitute for the function

of a guanidinium amino group in R153 of Cx43.

By sequence analysis, we defined three classes of motifs

in the plasma membrane–cytoplasm interface of TM3.

Several connexins have a conserved, positively charged

arginine or lysine residue in this region of TM3 (Table 1),

Fig. 5 Cx37 oligomerization is

insensitive to brefeldin A. HeLa

cells transfected with either

Cx37 (a, b) or Cx43 (c, d) were

incubated in either the presence

(squares) or the absence

(circles) of 6 lg/ml brefeldin A

(BFA) for 5 h, then harvested

and solubilized in 0.1 % Triton

X-100. Proteins were resolved

by blue native gel

electrophoresis and then

transferred to Immobilon

membranes. Cx37 and Cx43

were visualized by immunoblot.

The Cx43 hexamer peak was

considerably reduced by BFA

treatment (d, arrow). In contrast

to Cx43, the electrophoretic

migration pattern for native

Cx37 was not affected by BFA.

Comparable levels of hexamers

were detected in the presence

and absence of the drug

(b, arrow)
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which we have designated as the R motif. Based on the

behavior of Cx43, we anticipate that other R-motif con-

nexins are highly stabilized as monomers in the ER and

subsequently oligomerized in the trans-Golgi network

(Maza et al. 2005). Consistent with this hypothesis, Cx46,

which contains an R-motif sequence identical to that of

Cx43 (LLRTY), oligomerizes in the Golgi apparatus

(Koval et al. 1997). We anticipate that the other R-type

connexins will also remain monomeric in the ER, due to

the presence of the conserved arginine/lysine residue;

however, the stability of connexins containing R-type

motifs that are not identical to Cx43 could be influenced by

surrounding amino acids as well.

Our results imply that Cx43 domains on both sides of

the ER membrane are critical for regulating monomer

stability and oligomerization. Stabilization of monomeric

Cx43 in the ER requires an interaction of ERp29 (a luminal

chaperone) with the second extracellular loop domain of

Cx43 (Das et al. 2009). Our current and previous results

also emphasize the importance of L152 and R153 at the

cytoplasmic side of TM3 in regulating oligomerization.

These results suggest a sequence of events in which the

dissociation of ERp29 from monomeric Cx43 leads to

conformational changes involving TM3 that alter the

exposure of L152 and R153, which in turn allows oligo-

merization with other Cx43 monomers.

We anticipate that ERp29 will interact with other con-

nexins as well. Interestingly, development of cataracts in

Cx46-deficient mice is sensitive to strain background;

cataracts are more severe in lenses of mice that are defi-

cient in ERp29 (129/SvJ) than in lenses of mice with high

levels of ERp29 (C57Bl6) (Gong et al. 1999; Hoehenwarter

et al. 2008). This difference may be explained by a role for

ERp29 in regulating oligomerization and trafficking of the

second connexin (Cx50, which has an LLRTY motif) that

is also expressed in lens fiber cells and may partially

compensate for the loss of Cx46. Whether other R-type

connexins can bind to ERp29 remains to be determined. It

is likely that interactions between connexins and ERp29

will be influenced by the identity of amino acids in the

extracellular loop domains in addition to those in the

membrane interface regions of the TM3 domain.

In contrast with Cx43, Cx32, which has a WW motif

instead of the LR motif, oligomerizes in the ER. By

Fig. 6 Mutating the cytoplasmic membrane interface region of the

Cx43 TM3 from LR to MG destabilizes ER-retained monomers. a Top
Diagram showing the plasma membrane topology of a connexin

monomer (with an HKKSL tag appended to its C terminus). Bottom
Sequence alignment of the TM3 domains of Cx37 and Cx43 shows the

cytoplasmic interface motif surrounded by a box. b Graph shows the

percentage of ER oligomerization calculated from profiles of sucrose

gradient fractionation of HeLa cells transfected with Cx43-HKKSL,

Cx43R153G-HKKSL, Cx43L152MR153G-HKKSL or Cx37-HKKSL

(average ± SE, n = 3). The sucrose gradient profiles of Cx43L152-

MR153G-HKKSL and Cx37-HKKSL were comparable and contained

significantly more oligomerized connexins than Cx43-HKKSL

(*p \ 0.01). c–e Representative sucrose gradient profiles are shown

for HeLa cells transfected with Cx43-HKKSL (c), Cx43R153G-

HKKSL (d) or Cx43L152MR153G-HKKSL (e) dashed lines indicate

the upper limit of the monomer peak in the gradient profiles (A

representative sucrose gradient fractionation profile for Cx37-HKKSL

is shown in Fig. 3)
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analogy, this suggests that other W-type connexins may

also oligomerize in the ER. We propose that the presence

of a highly charged arginine (rather than a bulky hydro-

phobic residue) at the TM3–membrane interface in R-type

connexins determines their subcellular site of oligomeri-

zation by allowing TM3 the conformational flexibility

needed to stabilize monomers in the ER membrane and,

thus, restrict oligomerization until they reach the trans-

Golgi. Moreover, the lack of a highly charged residue in

the ‘‘MG’’ motif of Cx37 is likely to have a destabilizing

effect since introduction of this motif into Cx43 destabi-

lized it in the ER as well. In addition, the finding that Cx40

and Cx43 remain monomeric in the ER suggests that in

order to completely block ER oligomerization, the side

chain of the amino acid corresponding to R153 in Cx43 at

the TM3–membrane interface may require an amino group

(R, K or N). Distinguishing between these possibilities will

require structural models for monomeric Cx43 and further

experimentation.

Cells expressing multiple connexin genes have the

potential to form heteromeric hexamers in addition to ho-

momeric hexamers. Hetero-oligomerization is a regulated

process, and connexins must be compatible to interact in

order to form a heteromeric hemichannel (Cottrell and Burt

2005; Koval 2006). For instance, Cx26 and Cx43 are

incompatible to hetero-oligomerize; however, replacing the

TM3 domain of Cx26 with amino acids 154–174 from the

TM3 domain of Cx43 creates a chimera that can hetero-

oligomerize with both Cx26 and Cx43 (Martinez et al.

2011). While the dual compatibility for this chimera indi-

cates an important role for TM3 in defining connexin

compatibility, it also suggests that other residues contribute

to the control of connexin oligomerization. Consistent with

this, N-terminal variants of Cx43 (e.g., D12S, K13G)

interact with Cx32 (Lagree et al. 2003). However, these

mutations did not support hetero-oligomerization with

Cx26, indicating that other, as yet to be determined struc-

tural motifs promote an interaction with Cx26 (Gemel et al.

2004). However, mechanisms that favor homo-oligomeri-

zation are also important. For instance, the C-terminal

domain of Cx43 dimerizes as well as interacts with the

cytoplasmic loop domain in a pH-dependent manner

(Hirst-Jensen et al. 2007).

Although Cx37, Cx40 and Cx43 can hetero-oligomerize,

incorporation of these three connexins into gap junctions in

the vascular bed is regulated. Using a coculture model

where cells maintained polarity and phenotype, Isakson

and Duling (2005) found that Cx37 was specifically

excluded from myoendothelial junctions between aortic

endothelial cells and vascular smooth muscle cells. Instead,

Cx37 was incorporated into junctions interconnecting

either two adjacent endothelial cells or two adjacent

smooth muscle cells. Immunohistochemical analysis is

consistent with this result since there is partial colocal-

ization between Cx37 and Cx40 or Cx43 in situ (Gabriels

and Paul 1998; Severs et al. 2001). Triple heteromers

consisting of Cx37, Cx40 and Cx43 have not been bio-

chemically isolated, although there is immunohistochemi-

cal evidence showing all three connexins in the same

endothelial gap junction plaque (Yeh et al. 1998). We

speculate that differences in subcellular sites of oligomer-

ization between Cx37, Cx40 and Cx43 and in their ability

to interact with the connexin quality-control pathway play

key roles in determining connexin sorting to different

plasma membrane domains. Given that Cx40 and Cx43

oligomerization are comparably regulated, there is likely to

be a prevalence of Cx40/Cx43 hetero-oligomers over those

containing Cx37. In particular, since different types of

microvessels exhibit differences in myoendothelial junc-

tion composition (Isakson et al. 2008), cells require the

ability to regulate connexin homo- and hetero-oligomeri-

zation. Identifying elements of the connexin quality-control

pathway that differentially control connexin oligomeriza-

tion and trafficking will help to define the cellular mech-

anisms used to regulate gap junction composition.

Fig. 7 Cx43 mutants at the cytoplasmic membrane interface region

of TM3 lacking the ER retention signal form gap junction plaques.

HeLa cells transfected with Cx43 (a), Cx43-HKKSL (b), Cx43R153G

(c), Cx43R153G-HKKSL (d), Cx43L152MR153G (e) or Cx43L152-

MR153G-HKKSL (f) were fixed, permeabilized and then immuno-

labeled for Cx43. All untagged constructs formed gap junction

plaques (arrowheads), indicating that they were properly folded and

transported to the plasma membrane (a, c, e). By contrast, the

HKKSL-tagged constructs showed ER localization (b, d, f). Bar 10

lm
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Abstract Many tissues express multiple gap junction

proteins, or connexins (Cx); for example, Cx43, Cx40, and

Cx37 are coexpressed in vascular cells. This study was

undertaken to elucidate the consequences of coexpression

of Cx40 or Cx37 with Cx43 at different ratios. EcR-293

cells (which endogenously produce Cx43) were transfected

with ecdysone-inducible plasmids encoding Cx37 or Cx40.

Immmunoblotting showed a ponasterone dose-dependent

induction of Cx37 or Cx40 while constant levels of Cx43

were maintained. The coexpressed connexins colocalized

at appositional membranes. Double whole-cell patch clamp

recordings showed no significant change in total junctional

conductances in cells treated with 0, 0.5, or 4 lM ponas-

terone; however, they did show a diversity of unitary

channel sizes consistent with the induced connexin

expression. In cells with induced expression of either Cx40

or Cx37, intercellular transfer of microinjected Lucifer

yellow was reduced, but transfer of NBD-TMA (2-(4-nitro-

2,1,3-benzoxadiol-7-yl)[aminoethyl]trimethylammonium)

was not affected. In cocultures containing uninduced EcR

cells together with cells induced to coexpress Cx37 or

Cx40, Lucifer yellow transfer was observed only between

the cells expressing Cx43 alone. These data show that

induced expression of either Cx37 or Cx40 in Cx43-

expressing cells can selectively alter the intercellular

exchange of some molecules without affecting the transfer

of others.

Keywords Connexins � Electrophysiology �Gap junction �
Gap junctions � Gap junctions/cell–cell channels

The intercellular channels in gap junctions are formed by

docking of two hemichannels (connexons), each composed

of six subunit proteins called connexins (Cx) (for reviews,

see Harris 2001; Saez et al. 2003). Each connexin can form

channels by itself (homomeric/homotypic channels), and

different connexins form channels with different conduc-

tance, permeability, and gating properties. In cells coex-

pressing more than one connexin, heteromeric channels

(containing different connexins in the same connexon) can

potentially be formed.

Most cells contain multiple connexins. Cx37, Cx40, and

Cx43 are abundant components of the gap junctions in

various cells of the cardiovascular system, and they are

coexpressed in some of these cells. In ventricular myo-

cytes, Cx43 is the predominant connexin; however, in atrial

myocytes, the abundances of Cx40 and Cx43 are approx-

imately equal (Lin et al. 2010). In diseased myocardium,

gap junctions may undergo remodeling, and the levels of

Cx40 and Cx43 may be altered (reviewed by Severs et al.

2008). Endothelial cells from different sources or vascular

beds contain Cx37, Cx40, and/or Cx43 (Johnstone et al.

2009). The relative abundances of these proteins and their

coexpression are dynamic and may vary depending on a

number of factors, including developmental stage (Delor-

me et al. 1997; Gabriels and Paul 1998), aging (Yeh et al.

2000), hemodynamics or shear stress (Gabriels and Paul
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1998; Chang et al. 2010), and pathologies including

inflammation, atherosclerosis, and hypertension (Haefliger

et al. 2004; Chanson et al. 2005; Brisset et al. 2009).

Coexpression of connexins and heteromeric channel

formation may have profound effects on conductance,

permeability/selectivity, and regulation of gap junction

channels (reviewed by Cottrell and Burt 2005). Cx43 is one

of the most widely expressed gap junction proteins, and

channels formed of this protein show little selectivity in the

intercellular passage of positively or negatively charged

ions or dye tracers (Veenstra et al. 1995; Weber et al.

2004). In contrast, despite forming channels with larger

unitary conductances, both Cx37 and Cx40 form channels

with substantially less permeability to some negatively

charged molecules than to positive ones (Veenstra et al.

1994, 1995; Weber et al. 2004; Beblo et al. 1995). As

examples, homomeric Cx43 channels exhibit substantial

permeability to both Lucifer yellow (net charge = -2,

molecular weight 457) and NBD-TMA (2-(4-nitro-2,1,3-

benzoxadiol-7-yl)[aminoethyl]trimethylammonium; net

charge = ?1; molecular weight 280) (Ek-Vitorin and Burt

2005; Heyman and Burt 2008); in contrast, while homo-

meric Cx37 and Cx40 channels also allow permeation by

NBD-TMA, the permeation of Lucifer yellow is much less

(Cottrell et al. 2002; Valiunas et al. 2002; Heyman et al.

2009).

Because Cx37 and Cx40 are often coexpressed with

Cx43 in different cells (especially those of the cardiovas-

cular system), the properties of intercellular communica-

tion will be determined by the channel properties of each

connexin and by their formation of heteromeric and het-

erotypic channels. Strong evidence suggests that coex-

pressed Cx37 and Cx43 mix to form many different

heteromeric channels (Brink et al. 1997). Previous studies

have emphasized the effects of Cx40 and Cx43 coexpres-

sion on intercellular communication (Valiunas et al. 2000,

2001; Burt et al. 2001; Cottrell et al. 2002), although there

are lingering controversies about the extent or ability of

these two connexins to form heterotypic channels (Vali-

unas et al. 2000; Cottrell and Burt 2001; Rackauskas et al.

2007). Some previous studies have examined different

clones of the same cells that had been manipulated to

express different relative amounts of two connexins. Burt

et al. (2001) studied A7r5 cells (that naturally coexpress

Cx40 and Cx43) after stable transfection with a vector

coding for Cx43 in an antisense orientation; they identified

different clones with different Cx43/Cx40 ratios depending

on the number of copies of antisense Cx43 incorporated

into genome.

The current study was designed to characterize (and

contrast) the effects of induced expression of Cx37 or Cx40

with Cx43 to allow regulated expression of different ratios

of the two coexpressed connexins.

Materials and Methods

Connexin Expression Plasmids, Cell Culture,

and Transfections

Unless otherwise specified, plasmids, EcR293 cells (HEK-

293 cells stably transfected with the ecdysone receptor),

and culture medium ingredients were obtained from

Invitrogen (Carlsbad, CA). Connexin DNAs were gener-

ated by PCR methods. Human Cx37 (T1019/Ser-319

polymorphic variant) with a C-terminal FLAG epitope tag

was subcloned into pIND/V5-His-A; Cx37 with a C-ter-

minal HA tag was subcloned into pcDNA3.1/hygro; and rat

Cx40 was subcloned into pIND(Sp1)/hygro. Plasmids were

purified using a high-purity plasmid purification kit (Mar-

ligen Biosciences, Ijamsville, MD) and fully sequenced.

EcR293 cells were grown in Dulbecco modified Eagle

medium supplemented with 10 % fetal calf serum, 2 mM

L-glutamine, 100 U/ml penicillin, and 100 lg/ml strepto-

mycin. Cells were stably transfected with linearized DNA

with lipofectamine 2000. Stable clones were selected by

culturing in medium containing 400 lg/ml G418 or 50 lg/

ml hygromycin (EMD/Calbiochem, San Diego, CA).

Immunochemical Detection of Connexins

Cx43 was detected using a mouse monoclonal antibody

(MAB 3068; Millipore/Chemicon, Billerica, MA) or rabbit

antibodies (C6219, Sigma Chemical Company, St. Louis,

MO). Cx40 was detected using rabbit antibodies directed

against a bacterially expressed Cx40 carboxyl tail fusion

protein (Kwong et al. 1998) or directed against a 19 amino

acid peptide sequence within its C-terminal domain (AB

1726; Millipore/Chemicon). Epitope-tagged Cx37 was

detected using anti-FLAG M2 monoclonal antibody

(F3165; Sigma) or rabbit anti-HA antibodies (71-5500;

Invitrogen/Zymed).

Immunoblotting was performed similarly to our previ-

ous studies (Valiunas et al. 2001) using protein extracts

from cells prepared as described by Laing and Beyer

(1995) resolved on 10 % polyacrylamide gels containing

SDS, and blotted onto Immobilon-P (Millipore, Bedford,

MA). Immunoblots were developed with ECL chemilu-

minescence reagents. Rainbow molecular weight marker

standards (GE Healthcare, Piscataway, NJ) were used to

calibrate the gels.

Immunofluorescence was performed by staining cells

cultured on multiwell slides essentially as described pre-

viously (Valiunas et al. 2001; Gemel et al. 2004, 2006).

Briefly, EcR293 cells were plated on slides coated for

30 min with 0.01 % poly-L-lysine (Sigma) to increase their

adherence, and cells were fixed using 4 % paraformalde-

hyde for 30 min. For double-labeling experiments, cells
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were incubated simultaneously with both mouse anti-Cx43

monoclonal antibody and rabbit anti-Cx40 antibodies or

with both mouse anti-FLAG monoclonal antibody and

rabbit anti-Cx43 antibodies followed by Cy2- and Cy3-

conjugated secondary antibodies (Jackson ImmunoRe-

search Laboratories, West Grove, PA).

Detergent Solubilization and Affinity Purification

of Connexons

Solubilization of connexons with Triton X-100 was per-

formed essentially as described previously (Berthoud et al.

2001; Gemel et al. 2004, 2006). Briefly, cultured cells were

harvested in PBS containing protease inhibitors, pelleted,

and resuspended in buffer containing 1 % Triton X-100.

After incubation on ice for 30 min, samples were centri-

fuged at 100,000gave for 30 min. In some experiments, we

examined the relative solubilization of total connexins and

forms that differ in electrophoretic mobilities by immu-

noblotting comparable fractions of the initial homogenates,

supernatants, and pellets.

The supernatant containing solubilized connexons was

also used for purification of HA-tagged connexins and

associated proteins. For these experiments, EcR293 cells

were transiently transfected with Cx37HA (in pcDNA3.1/

hygro) using lipofectamine, and HA-tagged (and associ-

ated) proteins were purified 72 h later using the lMACS

HA isolation kit (Miltenyi Biotec, Bergisch Gladbach,

Germany) (Gemel et al. 2006, 2008). We have previously

established this as a system in which a coexpressed conn-

exin that forms heteromeric connexons copurifies with the

tagged connexin (e.g., Cx40 and Cx43), (Valiunas et al.

2001) while a connexin that does not participate in heter-

omers with the tagged connexin does not copurify with it

(e.g., Cx43 and Cx26) (Gemel et al. 2004).

Microinjection of Gap Junction Tracers

Cells cultured on coverslips (80–100 % confluent cultures)

were impaled with a micropipette filled with 150 mM LiCl

and 4 % Lucifer yellow (Sigma Chemical Company) or

NBD-TMA (Bednarczyk et al. 2000). Solutions were

microinjected with a picospritzer (model PLI-188, Nikon

Inc) using 0.2- to 0.3-s pulses of 1–2 psi; cells were

impaled for 1 min. The extent of intercellular transfer of

both tracers was determined by recording the number of

adjacent cells containing the tracer after visualization by

epifluorescence and digital microscopy. The statistical

significance of differences between treated vs. untreated

cells was calculated by Student’s t test for paired data.

Some dye transfer experiments were also performed in

mixed cocultures of EcR293 and EcR293-Cx37 or

EcR293-Cx40 cells in which the connexin coexpressing

cells were labeled with the red fluorescent dye PKH26

(Sigma) while the EcR293 cells were unlabeled. EcR293-

Cx37 (or EcR293-Cx40) cells were trypsinized, counted

and labeled with PKH26 for 5 min. They were plated at a

1:1 ratio with unlabeled EcR293 cells. The next day,

expression of Cx37 or Cx40 was induced using 4 lM po-

nasterone. After 20 h, Lucifer yellow was injected into an

unlabeled (EcR293) cell that neighbored both unlabeled

(EcR293) and labeled (EcR293-Cx37 or EcR293-Cx40)

cells; the extent of dye transfer was determined by

recording the number of adjacent cells (PKH26 labeled and

unlabeled) containing the tracer after visualization by

epifluorescence and digital microscopy.

Electrophysiological Measurements

The dual whole cell voltage-clamp technique was used to

assess both macroscopic and single-channel conductance

between pairs of cells in culture as described previously

(Cottrell et al. 2002). Cells were grown to confluence in a

100-mm dish, released with 0.25 % trypsin in Ca2?- and

Mg2?-free buffer, and replated at low density on glass cov-

erslips (in the presence or absence of ponasterone). At

20–28 h after plating, coverslips were mounted in a custom-

made chamber, and an Olympus inverted (IMT2) microscope

with phase contrast optics was used to identify pairs of cells

in the dish (typically only two or three pairs of cells were

found on any given 25-mm coverslip). Cells were bathed in

external solution containing 142.5 mM NaCl, 4 mM KCl,

1 mM MgCl2, 5 mM glucose, 2 mM sodium pyruvate,

10 mM HEPES, 15 mM CsCl, 10 mM TEACl, 1 mM

BaCl2, and 1 mM CaCl2, pH 7.2, with an osmolarity of

330 mOsm. Junctional conductance was determined on all

pairs within 30 min using dual whole cell voltage-clamp

techniques as previously described. The pipette solution

contained 124 mM KCl, 14 mM CsCl, 9 mM HEPES,

9 mM EGTA, 0.5 mM CaCl2, 5 mM glucose, 9 mM TEACl,

3 mM MgCl2, and 5 mM disodium ATP, pH 7.2 with an

osmolarity of 326 mOsm. Macroscopic junctional conduc-

tance (gj) was evaluated with 10-mV transjunctional pulses.

Single-channel events were studied in cell pairs that had been

partially uncoupled with halothane such that only one or a

few channels were active (gj \ 0.5 nS). In all cell pairs, the

transjunctional voltage (Vj) applied was 40 mV with pulse

durations of[20 s. Records were filtered at 50–100 Hz, and

transitions in current amplitude that were of equal amplitude

but had opposite polarity in the two current traces and lasted

longer than 0.1 s were noted. Amplitude data were binned in

10 pS bins, and the relative frequency of each bin was cal-

culated for each cell pair. Histograms display the mean

(±SEM, or range for sample sizes less than 3); the relative

frequency of each bin was derived by averaging each bin’s

frequency across multiple cell pairs.
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Results

Generation and Immunological Characterization

of EcR293-Cx37 and EcR293-Cx40 Cells

that Inducibly Coexpress Cx37 or Cx40 with Cx43

Cx37 (T1019/Ser-319 polymorphic variant) or Cx40 were

introduced into EcR293 cells by stable transfection (gen-

erating inducible EcR293-Cx37 and EcR293-Cx40 cells).

Production of connexin proteins was examined by immu-

noblotting after 20 h of induction with ponasterone

(Fig. 1). The EcR293 cells abundantly produced Cx43

(Fig. 1a, c), as expected, because they are derived from

HEK293 cells, which endogenously express Cx43 (Gemel

et al. 2006, 2008). The levels of Cx43 were not signifi-

cantly affected by treatment with different doses of

ponasterone (Fig. 1a, c). No immunoreactive Cx37 or

Cx40 bands were detected in untreated EcR293-Cx37

or EcR293-Cx40 cells (Fig. 1a, c, lanes marked 0 lM

ponasterone). Connexin protein induction was detected after

treatment with as little as 0.25 lM ponasterone (Fig. 1).

Immunoblots showed that levels of Cx37 (Fig. 1a, b) and

Cx40 (Fig. 1c, d) increased linearly when cells were treated

with increasing concentrations of ponasterone in the range

between 0.5 and 4.0 lM ponasterone.

Acquisition of insolubility in 1 % Triton-X-100 has

previously been associated with incorporation of Cx43 into

gap junction plaques (Musil and Goodenough 1991). We

tested whether induction of a second connexin affected the

detergent solubility and electrophoretic mobilities of Cx43

in the EcR293-Cx37 and EcR293-Cx40 cells. Cx43

immunoblots had similar appearances in samples derived

from both EcR293-Cx37 and EcR293-Cx40 cells regard-

less of treatment with any concentrations of ponasterone

(Fig. 2). In samples prepared from total cellular homoge-

nates or in TritonX-100-insoluble material, three immu-

noreactive Cx43 bands were observed (likely representing

different phosphorylated forms of Cx43 (Musil et al. 1990;

Musil and Goodenough 1991)) (Fig. 2, lanes labeled H and

P). In contrast samples prepared from the Triton X-100

soluble material predominantly contained a single Cx43

band (likely representing the ‘‘NP’’ form based on its

migration faster than the other Cx43 bands). The bands in

these immunoblots were quantified by densitometry. This

analysis showed that there was little major variation in the

distribution of Cx43 between supernatant (Triton soluble)

and pellet (Triton insoluble) material regardless of ponas-

terone treatments; each varied between 40 and 60 % (data

not shown).

We used double label immunofluorescence microscopy

to examine the localization of Cx43 and Cx37 or Cx40 in

the coexpressing EcR293 cells. No immunoreactive Cx37

or Cx40 was detected in noninduced EcR293-Cx37 or

EcR293-Cx40 cells (not shown). Untreated and ponaster-

one treated EcR293-Cx37 and EcR293-Cx40 cells abun-

dantly produced Cx43 which localized within the

cytoplasm and at appositional membranes in a distribution

consistent with that expected for gap junctions (Fig. 3b, d).

After treatment with ponasterone, Cx37 was detected in

EcR293-Cx37 cells (Fig. 3a) and Cx40 was detected in

EcR293-Cx40 cells (Fig. 3e). Cx37 and Cx40 were both
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Fig. 1 Treatment of transfected EcR293 cells with ponasterone for

20 h induces a dose-dependent production of Cx37 or Cx40 while

relatively stable levels of Cx43 are maintained. Homogenates of

EcR293 cells transfected with Cx37 or Cx40 and treated with

different doses of ponasterone were analyzed by immunoblotting for

Cx37 and Cx43 (a) or Cx40 and Cx43 (b). Graphs show the

densitometric values derived from these blots after induction of Cx37

(b) or Cx40 (d). These data were fit with lines according to the

equations: y = 4.67x ? 1.8 and y = 3.7x ? 2.3 with R2 = 0.9443

and R2 = 0.9294 for b and d, respectively
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found at appositional membranes where there was sub-

stantial overlap with Cx43 (Fig. 3c, f).

Although we have previously published biochemical

data suggesting that Cx43 can form heteromeric connexons

with other connexins including Cx40 (He et al. 1999;

Valiunas et al. 2001), no such analysis has been conducted

for the combination of Cx37 with Cx43. Therefore, we

examined the potential heteromeric association of Cx37

with Cx43 using an affinity purification strategy similar to

that previously used to study formation of heteromeric

connexons between Cx43 and other connexins (Gemel

et al. 2006, 2008). The 100,000 g supernatant was prepared

from a 1 % Triton X-100 extract of EcR293 cells stably

transfected with HA-tagged Cx37, and it was affinity

purified using an anti-HA column, which allowed binding

and elution of the tagged connexin and any tightly asso-

ciated proteins. Both Cx37 and Cx43 were recovered in the

eluate from this column (Fig. 4). A reasonable explanation

for the copurification of Cx43 with Cx37 is that this pair of

connexins can also form heteromeric associations.

Electrophysiological Characterization of Gap Junction

Currents and Channels in EcR293-Cx37 and EcR293-

Cx40 Cells

We analyzed the gap junctional currents in pairs of parental

EcR293, EcR293-Cx37 and EcR293-Cx40 cells using the

double whole-cell patch clamp technique. As Cx37 or Cx40

expression was controlled by an inducible promoter, analysis

was performed under control conditions (no ponasterone,

Fig. 2 Induced expression of Cx37 or Cx40 in EcR293 cells does not

affect the detergent solubility or electrophoretic mobilities of

coexpressed Cx43. EcR293-Cx37 and EcR293-Cx40 cells untreated

or treated with different concentrations of ponasterone for 20 h. Then

cells were harvested; total homogenates (H) were prepared in Triton

X-100 and centrifuged to separate them into material that was

detergent insoluble (pellet, P) or detergent soluble (supernatant, S).

Cx43 was detected by immunoblotting aliquots of the homogenates

containing 30 lg protein and corresponding fractions of the super-

natants and pellets

Fig. 3 Induced Cx37 or Cx40 extensively colocalizes with Cx43 at

appositional membranes. EcR293-Cx37 (a–c) and EcR293-Cx40 (d–

f) cells were treated for 20 h with 0.5 lM ponasterone, and Cx37 (red
in a and c), Cx40 (green in e and f), and Cx43 (green in b and c; red

in d and f) were detected by double label immunofluorescence. The

overlap of immunoreactive Cx37 and Cx43 in EcR293-Cx37 cells or

Cx40 and Cx43 in EcR293-Cx40 cells appears yellow in c and f,
respectively. Bar = 10 lm
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with or without ethanol treatment) and in cells treated with

two different concentrations of ponasterone (0.5 or 4 lM

with comparable ethanol concentration). All analyzed cell

pairs showed substantial intercellular coupling (Table 1).

Although induction of Cx37 by treatment with either 0.5 or

4 lM ponasterone produced an apparent increase (33–60 %)

of total conductance, the data did not differ significantly from

the mean junctional conductance measured in uninduced

EcR293-Cx37 cells. Similarly, mean junctional conductance

in EcR293-Cx40 cells was not significantly affected by

ponasterone treatment.

Individual channel events were observed in poorly cou-

pled pairs of EcR293, EcR293-Cx37 or EcR293-Cx40 cells.

In EcR293 cells and noninduced EcR293-Cx37 or EcR293-

Cx40 cells (with or without ethanol exposure), most channel

events were between 50 and 100 pS, and very few events

larger than 120 pS were observed (Fig. 5a). This range is

consistent with the expected conductances of Cx43 channels

(approximately 50, 80 and 100 pS) recorded under these

conditions (Cottrell and Burt 2001; Cottrell et al. 2002). In

cells coexpressing Cx37 and Cx43 (Fig. 5b) or EcR293-

Cx40 and Cx43 (Fig. 5c) a diversity of unitary channel

conductances were observed many of which were much

larger than observed in the absence of induced coexpression.

Properties of Gap Junction Channels in EcR-Cx37

or EcR-Cx40 Cells Assessed by Dye Transfer

To determine how induced coexpression of Cx37 or Cx40

with Cx43 affected intercellular passage of larger mole-

cules, we microinjected two different tracers (Lucifer yel-

low or NBD-TMA) into noninduced EcR293-Cx37 or

EcR293-Cx40 cells or into cells that had been treated with

0.5 or 4 lM ponasterone. Dye transfer was quantified by

performing multiple injections and counting dye-filled

neighbors (Fig. 6). Microinjected Lucifer yellow transferred

to 6.4 ± 0.3 or 6.0 ± 0.4 neighbors (mean ± SEM) for

uninduced EcR-Cx37 or EcR-Cx40 cells, respectively.

Induction of Cx37 or Cx40 by treatment with 0.5 lM

ponasterone significantly reduced Lucifer yellow transfer by

nearly 50 %. Induction of greater levels of the second

connexin by treatment with 4 lM ponasterone reduced

Lucifer yellow transfer to even lower levels; however, dif-

ferences between dye transfer in cells induced with 0.5 and

4 lM ponasterone did not achieve statistical significance.

Uninduced EcR-Cx37 and EcR-Cx40 cells exhibited robust

transfer of NBD-TMA, but there was no significant change

in NBD-TMA transfer among these cells in response to

treatment with either 0.5 or 4 lM ponasterone (Fig. 6).

In vivo, cells expressing one connexin may border cells

coexpressing multiple connexins, and these differences in

connexin expression might affect intercellular communi-

cation within that tissue. We mimicked this situation by

coculturing EcR293 cells with ponasterone-induced

EcR293-Cx37 or EcR293-Cx40 cells. Lucifer yellow was

microinjected into EcR293 cells, and we examined the

intercellular transfer of to neighboring EcR293 cells

(unlabeled) and to ponasterone-induced EcR293-Cx37 or

EcR293-Cx40 cells (labeled with PKH26). Representative

photomicrographs obtained after such injections are shown

in Fig. 7. In all injections, we observed substantial dye

transfer to EcR cell recipients: 7.9 ± 1.0 (n = 7) in EcR/

EcR-Cx37 coculture and 8.0 ± 0.3 (n = 16) in EcR/EcR-

Cx40 coculture; however, no Lucifer yellow labeled EcR-

Cx37 or EcR-Cx40 cell neighbors were observed.

Fig. 4 Copurification of Cx43 and Cx37 suggests that they form

heteromeric connexons. Triton X-100 soluble material (containing

connexons) from EcR293 cells transfected with HA-tagged Cx37 was

affinity purified using an anti-HA resin. Fractions of the initial extract,

various column fractions, and the eluate were analyzed by immuno-

blotting. Even though only Cx37 contained the HA-tag, both Cx37

and Cx43 were detected in the eluate

Table 1 Gap junction

conductance in pairs of

transfected EcR293 cells

nS nanoSiemens

Transfected

connexin

Ponasterone

concentration (lM)

Junctional conductance Single channel data

Mean ± SEM (nS) n Events n

None 0 (untreated) 6 ± 3 8 265 6

Cx37 0 (ethanol) 6 ± 2 6 124 2

0.5 9 ± 2 17 356 8

4.0 8 ± 2 18 459 12

Cx40 0 (untreated) 5 ± 2 4 127 3

0 (ethanol) 5 ± 3 7 541 6

0.5 4 ± 1 16 663 10

4.0 6 ± 1 17 850 12
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Discussion

In the current paper, we have developed a system for

inducible expression of connexins and used it to examine

the functional consequences of their coexpression. Induc-

ible systems have previously been exploited to examine

some other aspects of the biology of connexins. Zhong

et al. (2003) used a lactose-inducible/regulatable system to

study effects of differing amounts of Cx43 on its gating and

single channel properties in N2A cells. Burt et al. (2008)

used an inducible system to express Cx37 in RIN cells and

study the growth properties of Cx37-expressing cells

because they were unable to isolate constitutively Cx37-

expressing clones (because they would not proliferate).

Ours is the first study to use inducible coexpression

specifically to study effects of different relative amounts of

two coexpressed connexins on the properties of channels in

the coexpressing cells. Our transfections of cells derived

from human embryonic kidney (HEK293) that endoge-

nously express Cx43 with Cx37 or Cx40 allowed us to

mimic the complexity of the intercellular communication

present in endothelial cells or atrial myocytes that coex-

press differing ratios of these connexins in vivo. Our cur-

rent studies have expanded upon the data available from

previous studies of coexpression of connexins by allowing

regulated coexpression.

When we induced Cx37 or Cx40, these connexins

extensively colocalized with Cx43, implying that the two

connexins were both present in the same gap junction

plaques. We have previously studied connexons that were

A

C

B

Fig. 5 Induced coexpression of

Cx37 or Cx40 with Cx43 alters

the distribution of single

channel events with a shift

toward larger unitary

conductances. Single gap

junction channel events were

recorded in pairs of EcR293

cells, EcR293-Cx37 cells, and

EcR293-Cx40 cells. a Control

experiments including untreated

EcR293 (black bars) and EcR-

Cx40 cells (light green bars)

and ethanol (vehicle) treated

EcR-Cx37 (red bars) and EcR-

Cx40 cells (dark green bars).

b EcR293-Cx37 cells exposed

to 0.5 or 4 lM ponasterone

(white and red bars,
respectively). c EcR293-Cx40

cells exposed to 0.5 or 4 lM

ponasterone (white and green
bars, respectively). Horizontal
bars indicate the distributions of

the most common Cx43 single

channel events (black bars in all

panels; 50–110 pS) and the

fully open homomeric/

homotypic Cx37 channels (red
bar in b; 330–370 pS) or Cx40

channels (green bar in c;

190–220 pS). Coexpression of

either Cx37 (b) or Cx40 (c) with

Cx43 resulted in many events

with amplitudes greater than

those common in the Cx43

expressing EcR293 cells (a), but

smaller than fully open

homomeric/homotypic Cx37

channels or Cx40 channels. The

numbers of cell pairs (n) and

events recorded in each data set

are shown in Table 1
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enriched by centrifugation, and shown that Cx40 and Cx43

copurify (Valiunas et al. 2001) and can be coimmunopre-

cipitated (He et al. 1999) suggesting that at least some

hemichannels contain both connexins. Similarly, in the

current study, we found that Cx37 and Cx43 copurified;

this result provides biochemical support for the extensive

previous physiological data suggesting that Cx37 and Cx43

can make heteromeric channels with intermediate proper-

ties (Brink et al. 1997).

Our biochemical studies suggest that induced coex-

pression of Cx37 or Cx40 had relatively little effect on the

endogenous Cx43. The relative amounts of Cx43 that were

insoluble in Triton X-100 were little changed by induced

expression of a second connexin (Fig. 2), suggesting little

change in the fraction of Cx43 contained in gap junction

plaques (Musil and Goodenough 1991). Similarly, the

electrophoretic mobility pattern of Cx43 observed in

immunoblots (a crude surrogate for phosphorylation; Musil

and Goodenough 1991) also showed little change. The

absolute amount of Cx43 did not show significant changes

with Cx37 or Cx40 induction (Figs. 1, 2).

We observed selective effects on dye transfer after

induction of Cx37 or Cx40. Some of these results may be

explained by differences in the charge selectivity of

channels containing the different connexins: Cx40 and

Cx37 channels are cation selective, while Cx43 channels

are nonselective. We observed that induced expression of

Cx40 or Cx37 reduced the extent of transfer of Lucifer

yellow (charge -2) but did not affect transfer of NBD-

TMA (charge ?1). These data suggest that after induction

the intercellular transfer was dominated by the most

restrictive connexin. It was previously observed that the

properties of a heteromeric channel may be determined by

the more selective connexin (Martinez et al. 2002). Inter-

estingly, induction of high levels of Cx37 or Cx40 by

treatment with 4 lM ponasterone did not completely

abolish Lucifer yellow transfer. This argues that these cells

still contained a substantial number of channels that were

permeable to this tracer, possibly homomeric or predomi-

nantly Cx43-containing channels, although previously

published data do suggest that negatively charged mole-

cules as large as ATP can permeate Cx37 hemichannels

(and likely intercellular gap junction channels) (Wong

et al. 2006; Derouette et al. 2009). Our dye transfer studies

also illustrate an obvious consequence of the different

molecular permeabilities of these connexins and their

heteromeric combinations, boundary formation; when cells

expressing only (or predominantly) Cx43 encounter a

boundary with cells coexpressing Cx37 or Cx40, the

intercellular passage of larger and negatively charged

molecules is restricted (Fig. 7).

In both Cx37/Cx43 and Cx40/Cx43 coexpressing cells,

we observed a large variety of single channel conductances.
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Fig. 6 Induced coexpression of Cx37 or Cx40 with Cx43 selectively

affects the intercellular transfer of two different tracers. Intercellular

transfer of microinjected dyes was studied in uninduced or induced

EcR293-Cx37 or EcR293-Cx40 cells. Lucifer yellow or NBD-TMA

were microinjected into individual cells within a monolayer. After

1 min, dye-filled neighbors were counted. Black bars indicate

untreated cells, gray bars cells induced with 0.5 lM ponasterone,

and white bars cells induced with 4 lM ponasterone. Values

represent the mean ± SEM (n C 13 for Lucifer yellow; n = 8 for

NBD-TMA). *p \ 0.05 as compared to 0 lM ponasterone)

Fig. 7 Coexpression of Cx37 or Cx40 with Cx43 restricts commu-

nication with cells expressing Cx43 alone. Intercellular transfer of

microinjected Lucifer yellow was studied in EcR293-Cx37 (a, c, e) or

EcR293-Cx40 (b, d, f) cells induced with 4 lM ponasterone and

cocultured with EcR293 cells. EcR293-Cx37 and EcR293-Cx40 cells

were labeled with PKH26 red fluorescent cell linker while cocultured

EcR293 cells were not labeled (a, b). Lucifer yellow was injected into

an EcR293 cell (unlabeled) that neighbored both other EcR293 cells

and labeled EcR293-Cx37 (c) or EcR293-Cx40 (d) cells. Superim-

posed images e, f show dye transfer only among the EcR293 cells, but

not to the (red labeled) cocultured EcR293-Cx37 or EcR293-Cx40

cells. Bar = 30 lm
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As with previous studies of cells stably coexpressing these

connexins, the unitary conductances that differ from the

expected sizes of homomeric/homotypic Cx43, Cx37 or

Cx40, likely represent ‘‘mixed’’ channels containing both of

the coexpressed connexins; we favor the interpretation that

many of them are heteromeric Cx37/Cx43 and Cx40/Cx43

channels. The conductance of the fully open Cx37 channel

is 330–370 pS (Veenstra et al. 1994; Kumari et al. 2000),

and that of Cx40 is 190–220 pS (Cottrell and Burt 2001;

Cottrell et al. 2002). Because these are larger than fully

open Cx43 channels (*100 pS), the shift toward larger

conductances with induced expression of Cx37 or Cx40

matches expectations for production of heteromeric chan-

nels (containing Cx43 and the induced connexin). Hetero-

typic channels represent a special case of ‘‘mixed’’ channels

formed by the docking of homomeric connexons containing

the two different connexins. Certainly, heterotypic Cx37/

Cx43 and Cx40/Cx43 channels might account for some of

the diversity of unitary conductances observed after

induced coexpression. Indeed, the histograms shown in

Fig. 5c do not appear dramatically different from our pre-

vious studies of heterotypic Cx40-Cx43 performed using

transfected HeLa or RIN cells (Valiunas et al. 2001; Cottrell

et al. 2002). As previously stated, determination of the

abundance and distributions of channel sizes do not permit

us to distinguish unambiguously between homotypic, het-

erotypic, and heteromeric forms (Valiunas et al. 2001).

However, we suspect limited contribution of Cx40-Cx43

heterotypic channels because our studies and those of others

have shown very reduced junctional conductances produced

by pairing of Cx40- and Cx43-expressing cells (Cottrell

et al. 2002; Rackauskas et al. 2007).

When we induced Cx37 expression, the mean values for

total junctional conductance in cell pairs appeared to be

increased (Table 1) (although not statistically different

from the uninduced controls). An increase in total con-

ductance would have been expected if induction led to a

greater total amount of connexins in these cells. These cells

may have contained a greater number of gap junction

channels; or, alternatively, the increased total conductance

could be explained by a nearly constant number of total

channels that were larger in individual conductance

(Fig. 4). That Cx37 expression did not significantly

increase electrical coupling could reflect a relatively small

sample size in the face of considerable pair to pair vari-

ability. However, it could also reflect a decrease in channel

permselectivity (as suggested by the parallel dye coupling

data) or open probability differences (long duration events

were much rarer in Cx37 coexpressing cells than in either

the parental cells or Cx40 coexpressing cells). The total

junctional conductance of Cx40-expressing cell pairs was

certainly not different from uninduced cells. Total con-

ductance might be unchanged if Cx43 was reduced after

Cx40 induction; however, we did not observe a statistically

significant change in Cx43 levels by immunoblotting.

Alternatively, it might reflect the formation of some het-

eromeric channels with differential permselective proper-

ties (or even some that are nonfunctional). It is also

possible that the 293 cells have an absolute upper limit (a

fixed capacity) to the number of gap junctional channels

that they can form thereby preventing an increase in

channel number with expression of Cx37 or Cx40.

We have previously observed that expression of Cx37

leads to the death of endothelial cells (Seul et al. 2004) and

greatly slows the proliferation of rat insulinoma cells (Burt

et al. 2008). The effects of Cx37 on vascular growth

require a functional channel (Good et al. 2011). However,

in the current study, treatment of our cells with ecdysone

(and its ethanol vehicle) and induction of either Cx37 or

Cx40 had little or no observed effects on growth or cell

viability (data not shown). This lack of effect may repre-

sent the brief induction period required to perform the

present experiments. It may also reflect our choice of

human Cx37 polymorphic variant; we studied the serine-

319 polymorphic variant. Morel et al. (2010) have

observed that the proline-319 variant slows the prolifera-

tion of tumor cells, while the serine-319 variant has no

effect. Finally, it may be that our incorporation of an epi-

tope tag (FLAG) at the end of Cx37 reduced its toxicity.

There is certainly substantial biological importance of

our observation that altered coexpression of two connexins

in the same cell has substantial functional consequences

(like alteration of the intercellular exchange of different

small molecules). For example, changes in the connexin

expression ratio can affect the response of cells to growth

factors. Burt and Steele (2003) observed that Cx43 channels

were sensitive to PDGF, while Cx40 channels were not;

intermediate sensitivity could be achieved by modifying the

Cx40/Cx43 expression ratio. In the current study we have

generated cell lines in which the stoichiometry of connexin

coexpression can be regulated; these cell lines may be

useful for elucidating how intercellular exchange of small

molecules that differ in charge (and consequent permeation

through the endogenous vs. induced intercellular channels)

affect various processes such as stimulated proliferation.
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Abstract We examined the permeability of connexin36

(Cx36) homotypic gap junction (GJ) channels, expressed in

neurons and b-cells of the pancreas, to dyes differing in

molecular mass and net charge. Experiments were per-

formed in HeLa cells stably expressing Cx36 tagged with

EGFP by combining a dual whole-cell voltage clamp and

fluorescence imaging. To assess the permeability of the

single GJ channel (Pc), we used a dual-mode excitation of

fluorescent dyes that allowed us to measure cell-to-cell dye

transfer at levels not resolvable using whole-field excita-

tion solely. We demonstrate that Pc of Cx36 for cationic

dyes (EAM-1? and EAM-2?) is *10-fold higher than that

for an anionic dye of the same net charge and similar

molecular mass, Alexa fluor-350 (AFl-350-). In addition,

Pc for Lucifer yellow (LY2-) is approximately fourfold

smaller than that for AFl-350-, which suggests that the

higher negativity of LY2- significantly reduces perme-

ability. The Pc of Cx36 for AFl-350 is approximately 358,

138, 23 and four times smaller than the Pcs of Cx43, Cx40,

Cx45, and Cx57, respectively. In contrast, it is 6.5-fold

higher than the Pc of mCx30.2, which exhibits a smaller

single-channel conductance. Thus, Cx36 GJs are highly

cation-selective and should exhibit relatively low perme-

ability to numerous vital negatively charged metabolites

and high permeability to K?, a major charge carrier in cell–

cell communication.

Keywords Intercellular communication � Connexin �
Gap junction � Permeability � Voltage gating �
Cationic selectivity

Introduction

The connexins (Cxs) are members of a large family of

integral membrane proteins that form gap junction (GJ)

channels, which provide a pathway for electrical signaling

and metabolic communication (Bukauskas and Verselis

2004; Harris 2007). Each GJ channel is formed of two

apposed hemichannels (aHCs) representing hexamers/

connexons oligomerized in the endoplasmic reticulum

(ER)/Golgi complex and inserted in the plasma membrane.

Expression of Cxs is tissue- and organ-specific, and many

cells express several Cx isoforms, allowing them to form

homotypic, heterotypic and/or heteromeric GJ channels

(Bukauskas and Verselis 2004). Cx36 is one of three major

neuronal Cxs (m30.2/hCx31.9, Cx36, Cx45) and the sole

Cx in b-cells of the pancreas in adults (Condorelli et al.

1998; Serre-Beinier et al. 2000).

Cx-based GJs differ in single-channel conductance,

perm selectivity and voltage gating (Goldberg et al. 2004;

Harris 2007; Rackauskas et al. 2007a; Palacios-Prado and

Bukauskas 2009; Heyman et al. 2009; Veenstra et al.

1995). Each aHC has two gating mechanisms, both sensi-

tive to transjunctional voltage (Vj), the fast gate and the

slow (or loop) gate (Bukauskas and Verselis 2004). In

addition, GJ channels can be gated by intracellular H?,

Ca2?, posttranslational modifications and a variety of

chemical agents (Harris 2001). The mechanisms by which
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these factors exert their effect on GJs remain unclear,

although H? and Ca2? ions may both act through the slow

gate (Peracchia 2004). GJs respond to Vj with decay of

junctional conductance (gj) to a steady state (gj,ss) or a

minimal conductance (Bennett and Verselis 1992). This

property has been explained by single-channel studies

showing that GJ channels close with fast transitions from

the main open state with conductance, copen, to a subcon-

ducting or residual conductance state, cres, which is a

property of the fast gate (Bukauskas and Weingart 1994;

Bukauskas and Peracchia 1997). Sensitivity to Vj is Cx

type–specific, and Cx36 is one of the least Vj-sensitive Cxs

among the 21 members of this family. Typically, homo-

typic GJs show a maximum gj at Vj = 0 mV and a sym-

metric gj,ss - Vj dependence, which is due to the presence

of two gates in each hemichannel (Harris 2001). Fast and

slow Vj-sensitive gating mechanisms have been reported in

GJ channels formed of different Cx isoforms (reviewed in

Bukauskas and Verselis 2004) as well as in unapposed/

nonjunctional Cx46 hemichannels (Trexler et al. 1996).

It is well established that GJs are permeable to second

messengers, such as Ca2?, cAMP and IP3, in a Cx type–

dependent manner (Hernandez et al. 2007; Bedner et al.

2006; Ponsioen et al. 2007). For example, Cx43 GJs

demonstrate *15-fold higher permeability than Cx32 GJs

for glutamate, glutathione, ADP and AMP and *10-fold

lesser permeability to adenosine (Goldberg et al. 2004). All

of the aforementioned molecules are comparable in

molecular mass and net charge to the fluorescent dyes used

in this study. Cx isoforms exhibit different permeability

(Pj) to the same compound, which for some Cxs can differ

1,000-fold (Rackauskas et al. 2007b). Single-channel per-

meability (Pc) is not necessarily proportional to single-

channel conductance or pore diameter (Goldberg et al.

2004; Rackauskas et al. 2007b). In addition, the fast Vj-

sensitive gating mechanism operates as a selectivity filter,

restricting metabolic cell–cell communication while pre-

serving electrical coupling (Qu and Dahl 2002; Bukauskas

et al. 2002a). In primary b-cells only Cx36 forms GJs that

exhibit higher permeability to positively charged tracers

(Charpantier et al. 2007). Also, it has been shown that

b-cells are able to exchange by negatively charged mole-

cules, such as phosphorylated glucose metabolites and

nucleotides (reviewed in Jain and Lammert 2009), sug-

gesting that cationic selectivity of Cx36 GJs is not abso-

lute. It is well documented that Cx36-expressing cells

exhibit relatively low cell–cell coupling, low single-chan-

nel conductance and low sensitivity of Vj gating (Srinivas

et al. 1999; Teubner et al. 2000). However, there are no

reported data demonstrating Cx36 permeability at the sin-

gle-channel level for different dyes, which is necessary to

quantify charge selectivity and to compare with permse-

lectivity of other Cxs. Original reports on the permeability

of Cx36 GJs demonstrated some disagreement in regard to

Lucifer yellow (LY) (Srinivas et al. 1999; Teubner et al.

2000). Due to difficulties with detection of LY transfer

between cells expressing Cx36 in brain slices (Campbell

et al. 2011) and retina (Pan et al. 2010), these and many

similar studies preferentially used neurobiotin. In contrast,

it was shown that electrical synapses between Mauthner

cells and the club endings of nerve afferents are permeable

to LY (Pereda et al. 1995); Mauthner cells express Cx35,

the fish ortholog of Cx36 (Pereda et al. 2003). Thus, it is

quite possible that Cx36 is permeable to cations and anions

but at significantly different rates.

Here, we examined the permselectivity of homotypic

GJs formed of Cx36. We demonstrate that Cx36 exhibits

*10-fold higher permeability to cationic than to anionic

dyes of approximately the same molecular mass and net

charge. Combined electrophysiological and fluorescence

imaging studies allowed us to evaluate the permeability

of the single Cx36 GJ channel for different dyes and

to compare the permeability of Cx36 with that of other

connexins.

Materials and Methods

Cells and Culture Conditions

Experiments were performed on HeLa cells (ATCC CCL2)

stably transfected with Cx36 tagged with green fluores-

cence to the C terminus (Cx36-EGFP). Cells were grown in

Dulbecco’s modified Eagle medium supplemented with

8 % FBS. All media and culture reagents were obtained

from Life Technologies (Bethesda, MD). For simultaneous

electrophysiological and fluorescence recording, cells were

grown on coverslips and then transferred to an experi-

mental chamber (Bukauskas 2001) mounted on the stage of

an inverted Olympus (Tokyo, Japan) IX-70 microscope

equipped with a Hamamatsu (Bridgewater, NJ) digital

camera and filter wheels housing appropriate excitation and

emission filters adapted to image EGFP and the fluorescent

dyes used in this study.

Electrophysiological Recordings of Cell–Cell Coupling

Junctional conductance, gj, was measured in selected cell

pairs by a dual whole-cell voltage-clamp method. Cells 1

and 2 of a cell pair were voltage-clamped independently

with separate patch-clamp amplifiers (EPC8; HEKA

Elektronik, Lambrecht, Germany) at the same holding

potential, V1 = V2. By stepping the voltage in cell 1 and

keeping the other constant, junctional current was mea-

sured as the change in current in the unstepped cell 2,

Ij = I2. Thus, gj was obtained from the ratio -Ij/Vj, where
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Vj is transjunctional voltage and the negative sign indicates

that Ij measured in cell 2 is oppositely oriented to the one

measured in cell 1. To minimize the effect of series

resistance on measurements of gj (Wilders and Jongsma

1992), we maintained pipette resistances below 3 MOhm.

Patch pipettes were pulled from glass capillary tubes with

filaments. Voltages and currents were acquired and ana-

lyzed using the MIO-163 A/D converter (National Instru-

ments, Austin, TX) and custom-made software (Trexler

et al. 1999). Cells were perfused at room temperature in a

modified Krebs-Ringer (MKR) solution containing (in

mM) NaCl, 140; KCl, 4; CaCl2, 2; MgCl2, 1; glucose, 5;

pyruvate, 2; HEPES, 5 (pH 7.4). Patch pipettes were filled

with a solution containing (in mM) KCl, 130; NaAsp, 10;

MgCl2, 1; CaCl2, 0.2; EGTA, 2; HEPES, 5 (pH 7.2,

[Ca2?]i = 5 9 10-8 M).

Fluorescence Imaging and Dye Transfer Studies

Fluorescence signals were acquired using an ORCA digital

camera (Hamamatsu) with UltraVIEW software for image

acquisition and analysis (Perkin Elmer Life Sciences,

Boston, MA). For dye transfer studies, a given dye was

introduced into cell 1 of a pair through a patch pipette in

whole-cell voltage-clamp mode. Typically, this resulted in

rapid loading of cell 1, followed by dye transfer to the

neighboring cell 2. A whole-cell recording in the dye

recipient cell (cell 2) was established *6–10 min after

opening the patch in cell 1. This allowed measurement of gj

and avoided dye leakage into pipette 2 during dye perme-

ability measurements.

Evaluation of GJ permeability of dyes from changes in

fluorescence intensity in both cells was previously detailed

(Rackauskas et al. 2007b; Palacios-Prado et al. 2009,

2010). In brief, cell-to-cell flux (Jj) of dye in the absence of

transjunctional voltage (Vj = 0 mV) can be determined

from changes of dye concentration in cell 2 (DC2) over

time interval (Dt) as follows:

Jj ¼ vol2 DC2=Dtð Þ ð1Þ

where vol2 is the volume of cell 2. Then, according to the

modified (Verselis et al. 1986) Goldman-Hodgkin-Katz

(GHK) equation (Hille 2001), the total junctional

permeability (Pj) can be described in consequence:

Pj ¼
Jj

C1 � C2

¼ vol2 � DC2=Dtð Þ
C1 � C2

ð2Þ

where C1 and C2 are dye concentrations in cell 1 (dye

donor) and cell 2 (dye recipient), respectively. Cell volume

was approximated as a hemisphere. The diameter of a

hemisphere was determined by averaging the longest and

shortest diameters of the cell; on average, the volume of

examined HeLa cells was *1,800 lm3. Assuming that dye

concentration is directly proportional to fluorescence

intensity (C = k�FI), then equation 2 can be modified as

follows:

Pj ¼
vol2 � DFI2=Dtð Þ

FI1 � FI2

ð3Þ

where DFI2 = FI2,n?1 - FI2,n is the change in FI in cell 2

over time, Dt = (tn?1 - tn); n is the nth time point in the

recording.

Most of the fluorescent dyes and reagents were pur-

chased from Invitrogen (Eugene, OR). EAM-1 and EAM-2

cationic dyes (see below) were obtained from Macrocyclics

(Dallas, TX). To minimize dye bleaching, studies were

performed using time-lapse imaging, which exposed cells

to a low-intensity light for *0.5 s every 6 s or more. We

also used low dye concentrations in the pipette solution,

typically 0.1 mM and below, which minimized phototox-

icity but still provided satisfactory fluorescence intensities.

Data Analysis and Statistics

The analysis was performed using SigmaPlot software

(Systat, Richmond, CA), and averaged data are reported as

means ± SEM.

Results

Cell-to-Cell Dye Transfer Studies

The major goal of this study was to determine the perme-

ability of the Cx36 GJ channel to dyes that differ in

molecular mass and net charge. To assess the single-

channel permeability of Cx36 GJs to fluorescent dyes, we

combined dye transfer studies with gj measurements in

HeLaCx36-EGFP cell pairs. Typically, we selected cell

pairs exhibiting at least one junctional plaque (see Fig. 2a),

which usually yields electrical cell–cell coupling; and gj

was higher at larger junctional plaques. Dyes used include

(molecular mass of the fluorescent ion, valence): LY (443,

-2), Alexa fluor-350 (AFl-350; 326, -1), EAM-1 (MW

266, ?1) and EAM-2 (MW 310, ?1), ethidium bromide

(EtBr; 314, ?1) and DAPI (279, ?2). Usually, positively

charged dyes bind to nucleotides, and due to this binding,

the quantum efficiency of their fluorescence increases

substantially. Only one class of compounds that generally

remains unbound in the cytoplasm, [2-(4-nitro-2,1,3-ben-

zoxadiazol-7-yl)aminoethyl]trimethylammonium (NBD-

TMA?), designed originally as a probe for monitoring

renal transport of organic cations, has been reported

(Bednarczyk et al. 2000). Furthermore, NBD-TMA? has

been used by Burt and colleagues to measure the cationic

permeability of GJs formed of different Cx isoforms

F. F. Bukauskas: Neurons and b-Cells Express Cx36 245

123



(Ek-Vitorin and Burt 2005; Ek-Vitorin et al. 2006; Heyman

and Burt 2008). They showed that NBD-TMA? fluores-

cence intensity is linearly proportional to its concentration.

Iodide and bromide salts of NBD-TMA are known as

EAM-1 and EAM-2, respectively; their molecular formulas

are shown in Fig. 1b. To test whether EAM-1 and EAM-2

bind to cytoplasmic constituents, we pemeabilized cells

loaded with EAM dyes by applying[200-mV pulses to the

patch pipette or exposing cells to alcohol. We observed a

decay of fluorescence approaching zero over a several

minutes, which indicates that EAM dyes do not bind to

cytoplasmic constituents or do so at low levels.

To measure permeability, pipette 1 filled with dye was

attached to cell 1 and pipette 2 without dye was attached to

cell 2 (Figs. 1, 2). After opening patch-1, dye diffused to

cell 1, followed by dye transfer to cell 2. Typically, fluo-

rescence intensity in cell 1 approached steady state during

several minutes, but this time was longer at higher dye

transfer rates to cell 2. Approximately 5 min later, the

patch in cell 2 was open to measure gj in a dual whole-cell

voltage-clamp mode. The total junctional permeability, Pj,

was evaluated using equation 3, which accounted for

fluorescence intensity changes in cell 1 (FI1) and cell 2

(FI2). The single-channel permeability (Pc) can be found

by dividing Pj by the number of open channels (n = gj/co,

where co is the open single-channel conductance) at a given

time as follows:

Pc ¼
Pj

gj

�
co

¼ vol2 � DFI2=Dtð Þco

FI1 � FI2ð Þ gj
ð4Þ

Our initial studies revealed that Cx36-expressing cells

are permeable to neurobiotin but not to LY and DAPI

(Teubner et al. 2000). All these studies were performed

using whole-field excitation, which has strong limitations in

cells expressing low coupling. The emission light of cell 1

as well as of pipette 1 loaded with dye is relatively intense,

and its scattering from cell 2 and surroundings can even

exceed the emission light of dye transferred to cell 2

severalfold if the number of operating GJ channels is small

and/or channel permeability is low (see Fig. 1a, left). It is

assumed that this applies to Cx36 because it exhibits very

low single-channel conductance and \1 % of Cx36 GJ

channels are functional (F. F. B. unpublished data). To

overcome this problem, we used dual excitation, as

described earlier (Rackauskas et al. 2007b; Palacios-Prado

et al. 2009). In brief, cells were exposed periodically (every

Fig. 1 Schematics of time-

lapse imaging using a dual-

fluorescence excitation mode.

a Whole-field excitation

(vertical, blue, dashed arrows)

of the cell pair with two patch

pipettes. Emitted light of dye

(yellow) in the pipette, and cell

1 creates a large background of

scattered light around the cell

pair. b The same as in a but

excitation light is focused only

to cell 2. This eliminates

excitation of dye in cell 1 and

the pipette attached to it.

c Molecular formulas of

positively charged fluorescent

dyes, EAM-1 and EAM-2
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6–9 s in time-lapse mode) to whole-field excitation (see

Fig. 1a, left), followed by exposure only of cell 2 to a

focused light with diameter of *15 lm (see Fig. 1a, right).

The diameter and intensity of focused light were variable,

when necessary. The 3-D micromanipulator was used to

change the focus and position of the focused light. To assess

Pj, we measured changes in FI1 during whole-field

excitation and in FI2 during focused excitation. To

calibrate emission signals obtained during whole-field and

focused excitations, cell 1 was exposed to focused light

several times during the experiment. A dual-mode

excitation increased the resolution of dye transfer

measurements at least 100-fold and allowed us to measure

dye transfer even in the presence of few GJ channels.

Permeability of Cx36 GJs to Negatively Charged Dyes

Experiments were performed in a HeLaCx36-EGFP cell

pair exhibiting one or several junctional plaque (Fig. 2a).

Figure 2c shows that after opening the patch in pipette 1

filled with LY (first arrow), FI1 started to rise, reaching

steady state after *3.5 min. Fluorescence images mea-

sured during whole-field excitation (Fig. 2b) did not show

detectable LY transfer into cell 2, while the FI2 trace

measured during the focal excitation demonstrates the FI2

rise, reaching approximately 0.3 % of the FI1 value at

*320 s (FI2 trace in Fig. 2c). After opening the patch into

cell 2 (second arrow), we applied repeated (1.5 s) voltage

ramps, changing during 1 s from -10 to ?10 mV to cell 1,

to measure Ij, which allowed us to find that gj = 6.4 nS.

FI2 started to decay after opening the patch into cell 2,

indicating LY flux from cell 2 to pipette 2. The bottom

trace shows Pc calculated using equation 4. Data points

positioned inside the gray rectangle resulted in Pc =

0.0618 ± 0.0024 9 10-15 cm3/s (n = 26). On average

Pc,LY = 0.068 ± 0.012 9 10-15 cm3/s (n = 14). Using

AFl-350 instead of LY, we found similar dynamics of FI1

and FI2, but on average Pc,AFl-350 was fourfold higher:

Pc,AFl-350 = 0.27 ± 0.06 9 10-15 cm3/s (n = 11). Fluo-

rescence images obtained using a whole field were similar

to the one shown in Fig. 2b; i.e., AFl-350 transfer signals

were comparable with background fluorescence. In sum-

mary, the data show that on average Pc,LY is approximately

fourfold smaller than Pc,AFl-350, which could be mainly due

to two negative charges instead of one. Figure 2c, d shows

that Pc values remained constant during their evaluation
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Fig. 2 Permeability of Cx36-

EGFP GJ channels. a, b Images

of HeLaCx36-EGFP cell pair.

a Overlapped phase contrast

(gray) and EGFP (green)

images; shadows of two patch

pipettes are accentuated by

continuous lines, and the yellow
arrow shows the position of the

junctional plaque. b Fluorescent

image of LY obtained using

whole-field excitation 5 min

after the patch was open to cell

1. There was no detectable LY

signal in cell 2; cells were

electrically coupled, gj = 5 nS.

c, d Examples of time course of

changes in LY (c) and EAM-2

(d) fluorescence in cell 1 (FI1)

and cell 2 (FI2) and in single-

channel permeability (Pc).

Arrows point to the moments

of patch opening in cell 1 and

cell 2
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period, which indicates that during the experiment lasting

*5 min, there was no substantial dye bleaching or dye

binding to cytoplasmic constituents.

In evaluations of Pc, the number of GJ channels was

calculated assuming that co = 15 pS (Teubner et al. 2000),

which can be even smaller, between 10 and 15 pS (Srinivas

et al. 1999). Furthermore, measured gj is defined by

channels that can be only at the main open state but not at

the residual state, which is not permeable to dyes and

metabolites even in Cxs with significantly higher cos, such

as Cx43 and Cx46 (Qu and Dahl 2002; Bukauskas et al.

2002a). There are no reports that reliably demonstrate

gating of Cx36 GJ channels to the residual state, which is

an indication of the fast gate. In addition, gj measurements

were performed at small Vjs (*10 mV) that cannot induce

gating in Cx36 exhibiting exceptionally low sensitivity to

Vj (Srinivas et al. 1999; Teubner et al. 2000). To further

exploit this aspect, we examined gj - Vj dependence in

HeLaCx36-EGFP cell pairs in response to a slow Vj change

from 0 to ?100 and -100 mV (Fig. 3a). An averaged

(n = 9) and normalized gj - Vj plot is shown as a black

solid line in Fig. 3b. The white line is a fitting curve

obtained using a stochastic four-state model (S4SM)

(Paulauskas et al. 2009; see function of the model online:

http://connexons.aecom.yu.edu/Applet.htm). During simu-

lation, we assumed that Cx36 GJs contain two slow gates,

operating between open and closed states with conduc-

tances of 15 and 0 pS, respectively. We used an Exkor

algorithm of global optimization to fit an experimental

gj - Vj plot (see movies at http://connexons.aecom.yu.

edu/Research.htm, illustrating performance of global opti-

mization) that allowed us to evaluate parameters of the

gates and consequently changes of open probability of the

A and B hemichannels, PH,A and PH,B, depending on

Vj (Fig. 3c). The summarized gj - Vj plot is slightly

asymmetric, which is reflected in a small asymmetry of

PH,A - Vj and PH,B - Vj plots. At Vj = 0, PH,A = 0.85

and PH,B = 0.88, and consequently the open probability of

GJs is 0.75 (0.85 9 0.88). Therefore, under control/normal

conditions, *75 % of functional Cx36 GJs are open at any

given time. It is typical for many Cxs to be gated under

resting (Vj = 0 mV) conditions (Bukauskas et al. 2002b;

Palacios-Prado et al. 2009, 2010). If GJs are indeed gated

by the slow gate, then evaluations of Pc would be in

accordance with equation 4. If a fraction of channels could

be gated to the residual state by the fast gate, then Pc could

be slightly underevaluated because at the same gj a smaller

number of channels would be in the fully open state.

Permeability of Cx36 GJs to Positively Charged Dyes

To study permeability to cationic dyes, we used EAM-1

and EAM-2 as well as EtBr and DAPI. Figure 2d shows the

dynamics of FI1 and FI2 of EAM-2 fluorescence in a He-

LaCx36-EGFP cell pair with gj = 5 nS, which corresponds

to *333 channels (5 nS/15 pS). Arrows indicate patch

openings in cell 1 and cell 2. The bottom trace shows the

calculated values of Pc. Averaged Pc values of EAM-1 and

EAM-2 are alike (2.31 ± 0.562 9 10-15 cm3/s [n = 9]

and 2.10 ± 0.67 9 10-15 cm3/s [n = 9], respectively),

presumably due to a similarity in their structure and the net

charge (?1), while a small difference in their MW (266 vs.

310) may explain why Pc,EAM-1 is slightly higher than

Pc,EAM-2. Thus, the Pcs of EAM-1 and EAM-2 are *10-

fold higher than the Pc of AFl-350, which is of approxi-

mately the same molecular mass. The polarity of the net

charge should be a major reason for this difference. Movies

1 and 2 in the supplements show a barely detectable

transfer of EAM-1 when only whole-field excitation was

used (Movie 1), and it was significantly more expressed

using a dual-excitation mode (Movie 2) in the cell pair

exhibiting gj of 4.3 nS. To compare the cationic
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Fig. 3 Voltage gating of HeLaCx36-EGFP GJs. a, b Averaged and

normalized gj - Vj plot (black solid line in b) obtained in response to

Vj ramps (shown in a). White line is a fitting curve obtained using a

S4SM and global optimization. c Dependencies of open probabilities

of A (PH,A) and B (PH,B) hemichannels on Vj derived from the S4SM
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permeability of Cx36 with other Cxs using the same

technique, we examined Pc for EAM-1 in HeLa cells

expressing Cx43-EGFP and found that Pc,EAL-1 =

42 ± 8 9 10-15 cm3/s (n = 6), which is between Pc,LY

and Pc,AFl-350 reported by us earlier (Rackauskas et al.

2007b). Thus, Cx43 GJs in general are not charge-selec-

tive, in harmony with earlier reports (Verselis et al. 2000;

Heyman and Burt 2008; Kanaporis et al. 2011).

When cell 1 of a Cx36–EGFP cell pair was loaded with

EtBr? or DAPI2?, we initially observed increasingly strong

fluorescence labeling of the nucleus of cell 1 and, with some

delay, labeling of the nucleus of cell 2. When only whole-field

excitation was used for EtBr or DAPI transfer, it was barely

detectable. Labeling of cell 2 was significantly more expres-

sed using a dual-excitation mode (see Movies 3 and 4 for EtBr

transfer in supplemental materials). Typically, we observed
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Fig. 4 Permeability of Cx36–

EGFP GJ channels to EtBr and

DAPI. Representative images of

HeLaCx36-EGFP cell pairs

showing transfer of EtBr (a) and

DAPI (b) recorded using whole-

field excitation. Enhanced view

of nucleus in cell 2 (inset in

b) shows a gradient of

fluorescence with higher

intensity on the junctional side.

Examples of time course of

changes in EtBr (c) and DAPI

(d) fluorescence in cell 1 (FI1)

and cell 2 (FI2). Arrows point to

the moments of patch opening

in cell 1 and cell 2

Table 1 Summary of single-channel permeability (Pc) (mean ± SEM 9 10-15 cm3/s) of homotypic GJs for different dyes

Dye mCx30.2 Cx36 Cx40 Cx43 Cx45 Cx57

AFl-350- 0.04 ± 0.02 0.27 ± 0.06 33.1 ± 6.4 86 ± 7.4 5.5 ± 1 0.95 ± 0.09

n = 5 n = 11 n = 8 n = 5 n = 3 n = 5

LY2- n.p. 0.068 ± 0.012 6.9 ± 1.4 24.6 ± 2.4 1.1 ± 0.6 n.e.

n = 8 n = 13 n = 7 n = 6 n = 3

EAM-1? 2.31 ± 0.56 42 ± 8

(n = 9) (n = 6)

EAM-2? 2.10 ± 0.67

(n = 9)

Data for Pcs of mCx30.2, Cx40, Cx43, Cx45 and Cx57 are from Rackauskas et al. (2007b) and Palacios-Prado et al. (2009)

n.p. nonpermeable, n.e. not examined
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the spread of the wave across the nucleus starting from the

position where pipette 1 is located and in cell 2 starting from

the side of the nucleus that was closer to the junction (Fig. 4b

and Movies 5 and 6 in supplemental materials).

Figure 4c, d shows FI1 and FI2 changes of EtBr and

DAPI after opening the patch in cell 1. FI2 started to rise

only after fluorescence intensities of EtBr or DAPI in cell 1

almost reached the steady-state level. During the initial

period after patch opening in cell 1, EtBr or DAPI quickly

bound to DNA, resulting in a very low free concentration.

After saturation of binding to nucleotides, the free con-

centration of EtBr and DAPI increased, allowing to observe

a fluorescence rise in cell 2 (Fig. 3c, d). After transferring

cell 2 into a whole-cell voltage-clamp configuration, there

were no signs of decay in FI2, which was well defined in

Fig. 2c, d. This may be due to the fact that most of the

fluorescence comes from bound dyes, while unbound EtBr

or DAPI exhibit very low fluorescence. All examined cell

pairs exhibited weak but detectable cell-to-cell transfer of

EtBr (n = 11) and DAPI (n = 13) using whole-field

excitation, as seen in Fig. 4a, b, which typically was not

achievable for LY and AFl-350. Due to strong binding of

EtBr and DAPI to DNA, quantification of Pcs using

equation 4 is not possible. These data support the conclu-

sion that permeability of Cx36 channels is significantly

higher for positively than negatively charged dyes. This is

also supported by an earlier report (Teubner et al. 2000)

showing a transfer of positively charged neurobiotin but no

transfer of LY from HeLaCx36 cells injected with dye to

the first-order neighboring cells. At this time, we did not

use a dual-mode excitation to study dye transfer.

Permeability of the single Cx36-EGFP GJ channel for

anionic and cationic dyes is summarized in Table 1 and

Fig. 5a. Thus, Cx36 GJ channels exhibit strong cationic

selectivity, similar to Cx40 (Heyman et al. 2009), but with

*100-fold smaller in absolute values of Pcs.

Discussion

Cx36 is expressed preferentially in neurons and b-cells of

the pancreas in adults (Condorelli et al. 1998; Serre-Beinier
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et al. 2000), while its expression could be even broader

during embryonic stages and in neonatals (Dobrenis et al.

2005). It was shown, by following the diffusion of micro-

injected dyes in primary b-cells, that Cx36 GJs are more

permeable to positively than negatively charged tracers

(Charpantier et al. 2007). Cell-to-cell transfer of dyes

depends also on the number of open GJ channels which can

be estimated from gj measurements. One of the key

parameters allowing comparison of the permeability of GJ

channels formed of different Cx isoforms is single-channel

permeability, Pc. Here, we combined imaging and elec-

trophysiological methods to estimate Pcs for dyes differing

in molecular mass and net charge. Many of the fluorescent

dyes used resemble, based on size and charge, numerous

vital metabolites, which are not fluorescent and whose

permeability cannot be measured directly.

Cell-to-cell transfer of atomic ions and metabolites

depends also on ionophoresis by Vj, which can accelerate

or decelerate the motion of charged molecules in the GJ

channel pore (Palacios-Prado and Bukauskas 2012). Thus,

metabolic cell–cell communication depends on the per-

meability of GJs, their number and Vj. We evaluated Pc

before the patch in cell 2 was open, i.e., at Vj = 0 mV,

thereby preventing dye leak into pipette 2. If the patch of

pipette 2 is open during dye transfer measurements, then

the following equation for permeability evaluation (Pala-

cios-Prado and Bukauskas 2009) should be used:

Pj;Vj¼0 ¼
vol2 � ðDFI2=DtÞ þ Pp FI2

� �
FI1 � FI2½ � ð5Þ

where Pp is a constant characterizing dye diffusion from

cell 2 to pipette 2, which can be considered as infinite

volume. FI2 decay after patch opening in cell 2 can be seen

in Fig. 2c, d. From that moment, equation 5 should be used

to evaluate Pj. Typically, we measured the kinetics of FI2

decay under rapid chemical uncoupling (heptanol, CO2,

etc.) for Pp estimation. Then, Pj,Vj=0 = 0 and equation 5

can be transformed as follows: Pp = - vol2�(DFI2/Dt)/FI2

and used to estimate Pp. If dye transfer is performed under

the influence of transjunctional voltage, then equation 6

(Palacios-Prado and Bukauskas 2009), derived from the

GHK formalism (Hille 2001), should be used:

Pj ¼
vol2 DFI2=Dtð Þ þ Pp FI2

� �
1� exp �zFVj

�
RT

� �� �
zFVj

�
RT

� �
FI1 � FI2 exp �zFVj

�
RT

� �� �
ð6Þ

where z is the net charge of the dye molecule, F is Fara-

day’s constant, R is the gas constant and T is the absolute

temperature. We used this equation in correlative studies of

gj and permeability modulation by Vj in heterotypic Cx43/

Cx45 GJs and in separating ionophoretic and diffusional

components in dye transfer (Palacios-Prado and Bukauskas

2009). In neurons, cardiomyocytes and other excitable

cells, Vj can reach *100 mV during asynchronous action

potentials and substantially modulate metabolic cell–cell

commination. Smaller but long-lasting values of Vjs could

be due to differences in the resting potential, which typi-

cally is small under normal/control conditions and can be

substantial in transitional zones between normal and

pathological regions.

We found that Pc,AFl-350 of Cx36 is smaller than those of

Cx43, Cx40, Cx45, and Cx57 by approximately 358, 138,

23 and 4 times, respectively, while Pc,LY is smaller than

those for LY of Cx43, Cx40 and Cx45 for *361, 101 and

16 times, respectively (Rackauskas et al. 2007b; Palacios-

Prado et al. 2009). In contrast, Pc,AFl-350 of Cx36 is *6.5-

fold higher than that of mCx30.2 (Rackauskas et al.

2007b), which exhibits smaller single-channel conductance

(*10 vs. 15 pS [Srinivas et al. 1999; Teubner et al. 2000;

Kreuzberg et al. 2005]). Pc values of EAM-1 and EAM-2

are *2.2 9 10-15 cm3/s, which is *10-fold higher than

permeability for anionic dyes AFl-350 and LY. This cor-

relates with transfer of EtBr and DAPI detectable even

using whole-field excitation. All these data are summarized

in Table 1 and illustrated in Fig. 5b.

Data collected by different groups generally are in a

broad agreement that Pc decreases with an increase in

molecular mass (Heyman and Burt 2008; Weber et al.

2004). The relationship between Pc,AFl-350 and Pc,LY of

different Cxs and the single-channel conductance (Fig. S1

in supplemental materials) shows that the permeability of

GJs is not directly proportional to their unitary conduc-

tance. There is a tendency for higher Pcs at higher cos.

Thus, the channel pore cannot be viewed as a simple cyl-

inder due to the interaction of charged permeant molecules

with charged domains of the pore. This interaction is

reflected in a broad variation of charge selectivity from

nonselective to highly cationic or even some anionic

selectivity (Veenstra et al. 1994a, 1994b; Verselis and

Veenstra 2000; Verselis et al. 2000). It was predicted that

an important determinant of charge selectivity is located, at

least for Cx32 and Cx46, in the E1 domain (Trexler et al.

2000). Most of the recently collected data support a

view that GJs preferentially exhibit no or weak anionic

selectivity, while only cationic selectivity can be strong

(Heyman et al. 2009; Kanaporis et al. 2011).

Previously, using a dual-mode excitation, we reported

that Pc,AFl-350 and Pc,LY of Cx43 is *2.6- and 3.6-fold larger

than those of Cx40 and *16- and 22-fold larger than those

of Cx45. These ratios differ from those reported by

Kanaporis et al. (2011), demonstrating that Pc,AFl-350 and

Pc,LY of Cx43 are 11- and 6-fold smaller than those reported

by Rackauskas et al. (2007b), respectively. Furthermore,

Cx40 and Cx45 exhibit similar Pc,LY, while in Rackauskas

et al. (2007b) Pc,LY of Cx40 is approximately sixfold higher
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than that in Cx45, which exhibits approximately fivefold

smaller single-channel conductance. Furthermore, the

reported value for Pc,AFl-350 of Cx43 measured using a

compartmental model is 180 9 10-15 cm3/s (Nitsche et al.

2004) and that for Pc,LY measured in HeLa Cx43 transfec-

tants is *39 9 10-15 cm3/s (Eckert 2006), which are even

higher than those in Rackauskas et al. (2007b). Measure-

ments of Pc are highly complex, and there are several

potential sources of error, indicated in Weber et al. (2004)

and Eckert (2006). Among them, the most critical are those

related to proper measurement of gj and emitted light of cell

2. A major error in determining gj is due to a series resistance

(Wilders and Jongsma 1992), which can be minimized using

low-resistance patch pipettes, and excluding measurements

in cell pairs with gjs exceeding *20 nS. In HeLaCx36-

EGFP cell pairs, measured gj was relatively low, on average

*5 nS. Thus, evaluations of Pc performed for Cx36 should

not be affected substantially by series resistance.

Thus, we demonstrate that Cx36 GJs exhibit strong cat-

ionic selectivity, which may explain some unsuccessful

attempts to demonstrate LY transfer in between neurons and

to some degree reduces existing controversy on this issue.

Many signaling molecules and metabolites, such as cAMP,

IP3, ATP, ADP, AMP and PCr (phosphocreatine), are

charged negatively, which predicts their relatively low

permeability rate through Cx36 GJs. At the same time,

permeability to cations, including K?, which is a major cell-

to-cell charge carrier, should be high, which assumes that

Cx36 GJs are specialized more for electrical than for met-

abolic cell–cell communication. Preferential cationic vs.

anionic selectivity among Cx isoforms in which permse-

lectivity was examined rigorously suggest that this conclu-

sion has the potential to be applied to more Cx isoforms.
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Abstract Gap junctions and gap junction communication

have long been recognized to play roles in tissue organi-

zation and remodeling through both cell autonomous and

intercellular means. We hypothesized that these processes

become dysregulated during pancreas cancer progression.

Molecular and histological characterization of the gap

junction protein, connexin43, during progression of pan-

creatic ductal adenocarcinoma could yield insight into how

these events may contribute to or be modulated during

carcinogenesis. In a mouse model of pancreatic ductal

adenocarcinoma generated through targeted endogenous

expression of KrasG12D in the murine pancreas, we exam-

ined the evolving expression and localization of connex-

in43. Overall, connexin43 expression increased over time,

and its localization became more widespread. At early

stages, connexin43 is found almost exclusively in associ-

ation with the basolateral membrane of duct cells found in

invasive lesions. Connexin43 became increasingly associ-

ated with the surrounding stroma over time. Connexin43

phosphorylation was also altered during tumorigenesis, as

assessed by migrational changes of the protein in immu-

noblots. These data suggest a potential role for gap junc-

tions and connexin43 in mediating interactions between

and amongst the stromal and epithelial cells in pancreatic

ductal adenocarcinoma.

Keywords Connexin � Gap junction � Pancreas cancer �
Phosphorylation

Alterations in gap junction biology have long been recog-

nized to contribute to tumor promotion and progression

(Cronier et al. 2009; Naus and Laird 2010). Gap junctions

are specialized membrane domains containing channels,

made up of connexins, that allow exchange of small mol-

ecules (\1,000 Da) including ions, metabolites, and second

messengers (e.g., Ca2? and IP3) between neighboring cells

(Loewenstein 1981; Saez et al. 2003; Willecke et al. 2002).

A wealth of correlative evidence in vivo and in cell lines

indicates that gap junctional intercellular communication

(GJC) and connexin expression can regulate proliferation

and play key tumor prevention roles (Cronier et al. 2009).

Loss of GJC is a common feature of transformed cells and

tissues (Cronier et al. 2009; Hossain et al. 1989; Naus and

Laird 2010). In fact, modulation or loss of connexin

expression and localization have been correlated with

degree of carcinogenesis in several human tissues includ-

ing breast, ovary and cervix (Hanna et al. 1999; King et al.

2000; Laird et al. 1999). Mice lacking Cx32 are 25 times

more susceptible to carcinogen-induced liver tumors

(Moennikes et al. 1999; Temme et al. 1997) and 3 times

more susceptible to radiation-induced liver tumors (King

and Lampe 2004). Tumor promoters, activated oncogenes

(e.g., src, ras, mos, v-raf), growth factors (e.g., EGF,

PDGF, FGF) and carcinogens all decrease GJC (Fitzgerald

and Yamasaki 1990; Jou et al. 1995; Kihara et al. 1990;

Trosko et al. 1990). For example, down-regulation of

metabolic coupling through gap junctions after treatment

with various tumor promoters, such as 12-O-tetra-

decanoylphorbol-13-acetate (TPA), has been observed in a

variety of cell systems. Viral infection or transfection of

viral encoded oncogenes, such as v-src and polyomavirus

middle T-antigen into GJC-competent cells results in

decreased GJC (Lau et al. 1996). Importantly, connexin

mutations do not appear to be common in human tumors
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(Yamasaki et al. 1999). Rather, two epigenetic events,

silencing of expression via gene methylation (King et al.

2002; Piechocki et al. 1999) and loss of connexin locali-

zation from cell-cell interfaces (Krutovskikh et al. 1994),

have been observed to correlate with carcinogenesis. Thus,

there is the potential to reverse these effects during

tumorigenesis. In fact, a chemopreventive role for GJC has

been established both in vitro and in vivo by observations

that connexin expression and GJC function are up-regu-

lated by several cancer preventive agents including various

retinoids and carotenoids (Hossain et al. 1989). Ectopic

expression of connexin43 (Cx43) in some tumor cells and

cell lines can restore growth control (Chen et al. 1995;

Cronier et al. 2009). Paradoxically some tumors, particu-

larly at later stages, can actually begin to overexpress

Cx43. For example, malignant gliomas, a tumor which, like

pancreatic ductal adenocarcinoma (PDA), is highly

aggressive, metastatic and resistant to treatment, shows

Cx43 upregulation (Cronier et al. 2009; Zhang et al. 1999).

Recently, several studies have raised questions as to whe-

ther connexins can play key roles in tumorigenesis inde-

pendent of gap junction formation (Naus and Laird 2010).

PDA, the most common cancer of the pancreas, is the

fourth leading cause of cancer-related death in the United

States (Siegel et al. 2012) with an annual incidence and

mortality of [40,000 people and a 5 year overall survival

rate of\3 % (Hruban 2007). The extremely high mortality

occurs primarily because symptoms do not present until

tumors are either locally unresectable or widely metastatic.

The highly metastatic nature of this cancer is apparent as

surgical resection with clean margins in patients diagnosed

at ‘‘early stages’’ still inevitably leads to recurrent or

metastatic disease (Allison et al. 1998; Yeo et al. 2002).

These tumors are also highly resistant to virtually all

chemical and radiotherapies (Hruban 2007).

Interestingly and frustratingly, effective treatments have

been difficult to achieve despite a fairly good understand-

ing of many of the mutational events present in PDA.

Pancreas cancer exhibits activating mutations in KRAS in

over 90 % of cases (Almoguera et al. 1988) leading to the

belief that this is an initiating event in PDA (Hingorani

et al. 2003). In addition, overexpression of ERBB2/HER2, a

member of the family of epidermal growth factor receptors,

is a common early event in PDA progression (Hansel et al.

2003; Hingorani et al. 2005). Animal models of preinva-

sive and invasive PDA (Aguirre et al. 2003; Hingorani

et al. 2003, 2005) have been generated through the targeted

physiologic expression of oncogenic KrasG12D to the

mouse pancreas (hereafter termed K* mouse). These

models faithfully mimic the clinical syndrome, histopa-

thology and genetic progression of PDA found in humans.

Resected pancreata from these animals demonstrate the full

spectrum of preinvasive lesions seen in patients, and the

lesions progress histologically over time culminating in

fully invasive and metastatic disease. During PDA pro-

gression, the cellular makeup of the pancreas changes

dramatically; there is a loss of acinar cells with a con-

comitant increase in glandular epithelial cells. In addition

there is a robust fibroinflammatory or desmoplastic reac-

tion in which the stromal components can outnumber the

tumor epithelial cells in both the K* model and human

cancer. The relevance of the K* mouse models to human

pancreas cancer has been validated by an independent

panel of human pancreas cancer pathologists assembled by

the NCI/MMHCC (Hruban et al. 2006).

Recently, there has been an increased appreciation for

the role of the tumor microenvironment in disease pro-

gression (Erkan et al. 2010). In particular, increasing

attention is being paid to the interaction of pancreatic

tumor epithelial cells with the surrounding stroma. Indeed,

paracrine interaction between these cell compartments has

been observed (Bailey et al. 2008; Brentnall et al. 2012;

Tian et al. 2009; Yauch et al. 2008). Cx43 expression in the

normal pancreas is quite low and other connexins are

responsible for GJC in this tissue. The endocrine cells of

the islet express Cx36 (Serre-Beinier et al. 2000), while the

exocrine acinar cells are coupled by Cx26 and Cx32 (Meda

et al. 1993). The acinar and islet cells make up the mass

majority of a normal pancreas. Cx43 is found at low levels

in association with endothelial cells or the epithelial duct

cells and associated fibroblasts, which only sparsely pop-

ulate the normal pancreas (Theis et al. 2004). However, as

discussed above, these are the cells that expand during

PDA. Interestingly, a paracrine-like role for Cx43 in

fibroblast activation has recently been suggested, where

mast cells could activate fibroblasts via GJC (Pistorio and

Ehrlich 2011). It is intriguing to consider that gap junctions

and Cx43 could be involved in epithelial: stromal inter-

actions during PDA progression. Here, we present pre-

liminary data indicating that overall Cx43 expression

increases and that its localization increasingly shifts to the

stromal compartment during cancer progression. This

model could help us determine whether increased Cx43

expression during progression is playing a tumor suppres-

sive role and/or a stromal-tumor communication role.

Materials and Methods

Antibodies and Reagents

All general chemicals, unless otherwise noted, were pur-

chased from Fisher Scientific. The rabbit anti-Cx43 anti-

body (C6219) and anti-a-smooth muscle actin were
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purchased from Sigma (St. Louis, MO). The mouse anti-

body NT1 was raised against amino acids 1–20 of Cx43 at

the Fred Hutchinson Cancer Research Center Hybridoma

Development Facility (Seattle, WA).

Mouse Strains and Tissue Processing

Mice expressing a single allele of KrasG12D in the pancreas

were generated as described previously (Hingorani et al.

2003). Animals were euthanized at the appropriate time

points using an overdose of isofluorane followed by cer-

vical dislocation and necropsies were performed. Pancreata

were bisected laterally, one half was flash frozen and the

other was fixed in 10 % neutral buffered formalin, paraffin

embedded and processed for tissue sectioning.

Histology and Immunofluorescence

8 lm sections were analyzed by hematoxylin and eosin

staining or immunofluorescence. For immunofluorescence

experiments, deparaffinized sections underwent antigen

retrieval in a solution of Tris/EDTA pH9.0, were blocked

with 10 % normal goat serum (Sigma) and 1 % IgG-free

BSA (Jackson Labs, Westgrove, PA). Slides were incu-

bated with primary antibody overnight. Samples were then

incubated with anti-rabbit secondary antibodies conjugated

to AlexaFluor 635 or anti-mouse IgG2a conjugated to Al-

exaFluor 546 (Invitrogen, Carlsbad, CA), counterstained

with DAPI (40,6-diamidino-2-phenylindole) and mounted

in ProLong Antifade (Invitrogen). Slides were analyzed

using a Nikon Eclipse 80i bright field/fluorescence micro-

scope and images collected with a Nikon DS-U1 color

camera controlled with NIS Elements (Nikon, v3.1)

software.

Immunoblotting

Frozen tissue was weighed and lysed with 5 volumes of

lysis buffer [0.5 % deoxycholate, 0.5 % Triton X-100,

10 mM NaF, 1 mM Na3VO4, 5 % b-mercaptoethanol,

1 mM PMSF and 19 complete protease inhibitors (Roche

Molecular Biochemicals, Alameda, CA) in TBS] and

sonicated. We have found that tissue lysates, especially

from tumor tissue, often contain large amounts of IgG that

can make it difficult to resolve and detect Cx43 phospho-

forms by SDS-PAGE. To minimize this effect tissue

lysates were incubated with protein G agarose to remove

IgG. Protein assays were performed on these clarified

lysates and 100 lg loaded per sample. However, because

the IgG content likely varied from animal to animal, it may

be difficult to make direct comparisons of Cx43 levels

across these samples. This depletion of IgG also allowed

the use of anti-mouse secondary antibodies on mouse

tissue. For the MDCK cell lysate control, cells were lysed

directly in sample buffer. After sonication, samples were

separated by sodium dodecylsulfate-10 % polyacrylamide

gel electrophoresis (SDS-PAGE). After immunoblotting,

protein was detected with rabbit and mouse primary anti-

bodies. Primary antibodies were sequentially visualized

with fluorescent dye-labeled secondary antibodies Alexa-

Fluor 680 goat anti-rabbit (Invitrogen) followed by IR-

Dye800-conjugated rabbit anti-mouse IgG1 (Rockland

Immunochemicals, Gilbertsville, PA) using the LI-COR

Biosciences Odyssey infrared imaging system (Omaha,

NE) and associated software.

Results

Cx43 Expression and Localization Change During

Pancreatic Cancer Progression

Pancreata from wild-type (WT) mice are made up pre-

dominantly of acinar cells but ducts and vessels can be also

be visualized by the distinct organization of nuclei when

stained with DAPI. In Fig. 1, sections of pancreas from

WT and K* mice are shown labeled with DAPI and an

antibody to Cx43. In Fig. 1, a typical small duct in WT

pancreas can be seen with the characteristic punctate gap

junction signal for Cx43 on the basolateral side of the duct.

The remaining panels show staining from pancreata of K*

mice taken at 6, 12 and 16 months of age. Previous studies

have shown there is a progressive loss of acinar cells and

an increase in both number and grade of preinvasive

lesions as these mice age (Hingorani et al. 2003). This is

reflected in Fig. 1 by the organization of the DAPI labeled

nuclei, where the glandular structures become more

numerous and show increasing cellular and architectural

atypia over time. These data also show Cx43 expression

increasing during PDA progression. At 6 months,

increased Cx43 expression can be found tightly associated

with some, but not all, ducts on the basolateral membrane.

For example, in the 6 months panel the duct on the right

shows Cx43 puncta circumscribing the duct structure,

while the one on the left shows very little Cx43 labeling.

By 12 months Cx43 can be detected circumscribing many

ducts but the association between Cx43 and ductal struc-

tures appear looser and less organized (Fig. 1, 12 months).

This could reflect changes in the ducts as they become less

organized during cancer progression or a change in the cell

population expressing Cx43 as the stromal content evolves.

By 16 months, Cx43 expression is higher, is much less

organized and is found both in association with ducts

(Fig. 1, 16 months, lower right) and in the surrounding

stroma (Fig. 1, 16 months).
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Cx43 Phosphorylation Changes During Pancreatic

Cancer Progression

Cx43 normally migrates as several distinct bands that

reflect the phosphorylation state of the protein; these are

often named P0, P1, P2, etc., with P0 co-migrating with

Cx43 that has been dephosphorylated with phosphatases

(Musil et al. 1990). Immunoblots were probed with Cx43

antibodies to both the C and N-termini: Rb Cx43, a rabbit

polyclonal antibody made to the C terminus and NT1, a

mouse monoclonal antibody made to the N terminus. Use

of two reliable Cx43 antibodies that yielded overlaying

signal gave us confidence that the low signals we observed

were, in fact, Cx43.

Expression was very low in WT pancreas though both

Rb Cx43 and NT1 detected a faint doublet that may include

the P0 form of Cx43 (Fig. 2, WT compared to cell lysate).

At 6 months, pancreata from duplicate K* animals show

Cx43 migrating as apparent P2, a phosphoisoform associ-

ated with functional junctions. At 12 and 16 months an

even slower migrating form of Cx43 appears and is

maintained. This slow migrating form is also found in the

lysate from cells containing activated src, a condition

associated with gap junction closure. The samples from the

K* mice at 6–16 months shown in this immunoblot dem-

onstrate considerable variation in the levels of Cx43.

Because the K* mice need to develop subsequent muta-

tions for tumor progression to proceed and these events are

stochastic as demonstrated by their wide ranging lifespan,

we believe that this variation in Cx43 expression could be

related to the extent of cancer progression. We speculate

that these changes in Cx43 phosphorylation and migration

are associated with a functional change in gap junction

communication between or amongst cancer and stromal

cells.

Cx43 Expression Is Increasingly Heterogeneous

and Associated with Stromal Cells During PDA

Progression

As discussed above, PDA exhibits a distinct and robust

stromal response containing a heterogeneous mixture of

Fig. 1 Cx43 localization changes during PDA progression. Paraffin

embedded sections of pancreas from normal (WT) and K* mice taken

at 6, 12 and 16 months were colabeled with a rabbit antibody to total

Cx43 (punctate signal) and DAPI (signal adjusted to appear dull
grey). Bar is 50 lm
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immune and connective cells and extracellular material

(Cubilla and Fitzgerald 1976; Hruban et al. 2001; Klimstra

and Longnecker 1994; Tian et al. 2009). To examine which

cells are making apparent gap junctions, we performed

Cx43 immunofluorescence and hematoxylin and eosin

staining on serial sections from pancreatic tissue harvested

at 6 and 16 months. At 6 months Cx43 is closely associ-

ated with ducts (Fig. 3a), as described above, but hema-

toxylin and eosin staining indicates gap junctions are also

closely associated with cells surrounding the precursor

lesions (Fig. 3c, arrowheads). In 16 month-old animals,

Cx43 expression is still found closely associated with some

ducts (Fig. 3b, arrowheads) but is also highly expressed in

the stroma, seemingly independent of the ducts. Figure 3e,

f shows colabeling of tissue with antibodies to Cx43 in

green and a-smooth muscle actin (SMA) in red. SMA is

used as a marker for blood vessels and activated fibroblasts

(Erkan et al. 2012), both of which could be expressing

Cx43. In Fig. 3e, SMA clearly defines a blood vessel

(arrow); we see little to no association with Cx43 with

vessels while we do clearly see Cx43 circumscribing the

adjacent duct. In Fig. 3f, SMA is likely marking activated

fibroblasts surrounding the duct (arrowhead). Here Cx43 is

found in stroma, seemingly independent of SMA staining.

Further labeling and histology is required to more fully

characterize these cells. One interesting question is whether

these apparent gap junctions are being utilized for homo-

cellular communication in the stroma or whether they are

used for heterocellular communication, thus allowing

interaction between the potential tumor cells and their

surrounding environment.

Another question that arises is whether these Cx43

expressing stromal cells are the same cell type found

adjacent to ductal cells in younger animals but that have

proliferated and migrated or whether this represents a

separate communication compartment active during this

later stage of tumorigenesis. It is also possible that these

cells are not engaged in gap junction communication; the

immunoblot data indicates that much of Cx43 at this time

point is a slow migrating isoform, which can be associated

with closed channels. Further experiments are underway to

examine these events.

Discussion

Progression of PDA results in a dramatic change in the

cellular makeup of the pancreas. There is a loss of acinar

cells with a concomitant increase in glandular epithelial

cells and infiltration of connective and immune compo-

nents, or stroma, which is a distinct feature of PDA. We

show here that this shift is accompanied by an increase in

expression of Cx43. Initially this increase in Cx43

expression is associated with ductal structures. Changes in

the ducts have been well characterized through elaboration

of histological (Cubilla and Fitzgerald 1976; Hruban et al.

2001; Klimstra and Longnecker 1994) and genetic mouse

models (Hingorani et al. 2003). These models provide

evidence that pancreas cancer evolves from definable pre-

cursor lesions (Hruban et al. 2000). These preinvasive

lesions, collectively termed pancreatic intraepithelial neo-

plasias, or PanINs, were codified by an assembled working

group of pathologists (Kern et al. 2001) into a system of

classification originally proposed by Klimstra and Long-

necker (1994). In this scheme, the lesions are divided into

three discrete stages (PanIN-1, -2, and -3) characterized by

increasing degrees of cellular and architectural atypia. It

may be that the changes we see in Cx43 expression over

time are associated with specific lesions or stages of PDA;

to examine this idea a rigorous histological analysis of

Cx43 localization is presently underway. Previous studies

have indicated that Cx26 is overexpressed in human pan-

creatic cancer (Garcia-Rodriguez et al. 2011; Kyo et al.

2008). It will be interesting to confirm that this occurs in

the mouse model and to compare the Cx26 expression

profile to what we see with Cx43.

It is notable that PanIN lesions overexpress ERBB2/

HER2, a member of the family of epidermal growth factor

Fig. 2 Cx43 phosphorylation changes during PDA progression.

Pancreatic tissue lysates from 1 normal (WT) mouse and 2 each K*

mice taken at 6, 12, and 16 months were analyzed by SDS-PAGE and

immunoblot. A lysate from MDCK cells expressing Cx43 and

activated src is included as a control (cell lysate). Blots were probed

with antibodies to the C terminus (Rb Cx43) and N terminus (NT1) of

Cx43. Protein marker molecular weights (from top): 64, 50, and

38 kDa
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receptors and exhibit increased levels of phosphorylated

extracellular signal-related kinase (ERK) (Hingorani et al.

2005). We know that gap junction communication and

connexin localization can be modulated via activation of

ERK through growth factor stimulation (Kanemitsu and

Lau 1993). We also know that a slow migrating isoform of

Cx43, similar to that seen in the K* animals at 16 months,

is associated with ERK activation. Given the localization

of Cx43 at the apparent interface between PanINs and the

stroma (Figs. 1 and 3) it is plausible that gap junctions may

be regulated or even play a regulatory role in ERK

activation.

At the later time points Cx43 expression increases both

around the PanINs, where it seems to be expressed through

multiple cell layers circumscribing these lesions and is also

found increasingly in the stroma, seemingly independent of

PanINs. This shift in expression also parallels the pro-

gression of PanINs to carcinoma and invasive stages sug-

gesting that gap junctions may play a role in invasion and

metastasis. It is possible that these patterns correspond to

an epithelial cell-associated communication compartment

that is permissive to invasion possibly through Cx43

mediated interaction with stromal cells. The lack of

localization with SMA could support this. However, it is

also possible that the stromal and PanIN-associated Cx43

expression represent two distinct and independent com-

munication compartments. Several markers used to dis-

tinguish different cell types in PDA including those for

Fig. 3 Gap junctions become increasingly associated with the stroma

during PDA progression. Serial paraffin-embedded sections from

pancreas taken from K* mice at 6 months (a, c) and 16 months (b,

d) were labeled with antibody to Cx43 (green) and DAPI (blue) (a,

b) or hematoxylin and eosin (c, d). Arrowheads point to specific areas

of Cx43 expression discussed in Results. e, f Pancreas tissue from a

16 month mouse was stained with antibodies to Cx43 (green) or SMA

(red) (DAPI is in blue). The arrow in e points to a blood vessel and

the arrowhead in f to a duct. Bars = 50 lm
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epithelial cells (cytokeratin 19), immune cells (CD45), and

pancreatic stellate cells (smooth muscle actin and glial

fibrillary acidic protein) (Erkan et al. 2012) will be useful

to distinguish between these possibilities.

PDA, like other cancers, requires cells to alter not only

cell autonomous features but also interactions with neigh-

boring cells and tissue components—functions that con-

nexins fulfill (Laird 2006). If Cx43 is indeed acting to

regulate invasion and metastasis through interactions

between epithelial tumor cells and the stroma, modulating

these interactions could represent a viable therapeutic

strategy.
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Abstract The insulin-producing b cells of pancreatic

islets are coupled by connexin36 (Cx36) channels. To

investigate what controls the expression of this connexin,

we have investigated its pattern during mouse pancreas

development, and the influence of three transcription fac-

tors that are critical for b-cell development and differen-

tiation. We show that (1) the Cx36 gene (Gjd2) is activated

early in pancreas development and is markedly induced at

the time of the surge of the transcription factors that

determine b-cell differentiation; (2) the cognate protein is

detected about a week later and is selectively expressed by

b cells throughout the prenatal development of mouse

pancreas; (3) a 2-kbp fragment of the Gjd2 promoter,

which contains three E boxes for the binding of the bHLH

factor Beta2/NeuroD1, ensures the expression of Cx36

by b cells; and (4) Beta2/NeuroD1 binds to these E boxes

and, in the presence of the E47 ubiquitous cofactor,

transactivates the Gjd2 promoter. The data identify Cx36

as a novel early marker of b cells and as a target of Beta2/

NeuroD1, which is essential for b-cell development and

differentiation.

Keywords Beta2/neurod1 � Connexin � Gap junctions �
Gene regulation � Pancreas � Promoter � Transcription

factor

The insulin-producing b cells of pancreatic islets are cou-

pled by Cx36 channels (Serre-Beinier et al. 2000; Theis

et al. 2004). Although a previous report has documented

how this connexin is repressed in most cell types (Martin

et al. 2003), the mechanism that accounts for the consistent

expression of Cx36 in b cells, neurons and neuron-derived

cells (Bosco et al. 2011; Potolicchio et al. 2012) has not yet

been investigated. In view of the changes in Cx36 distri-

bution and levels which take place in different areas of the

developing brain, and which correlate with critical differ-

entiation steps of neuronal networks (Cina et al. 2007;

Gulisano et al. 2000), we hypothesized that important

insights about the obligatory expression of Cx36 in b cells

could be gained by establishing the expression profile of

the protein, as a function of the initiation, differentiation

and growth of b cells (Herrera 2000), as well as the sub-

sequent morphogenesis of pancreatic islets (Kim and

MacDonald 2002). Therefore, we have studied the tem-

poral and spatial expression of Cx36 during the pre- and

postnatal development of the mouse pancreas. To this end,

we used real-time PCR to evaluate the transcription of the

Cx36 gene (Gjd2), and immunofluorescence to investigate

the expression of the cognate protein during the develop-

ment of mouse pancreas.

In view of the tight correlation between the expression

of Gjd2 and the two insulin genes (Carvalho et al. 2010;

Serre-Beinier et al. 2009), we also hypothesized that the
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expression of Cx36 may be controlled by the same set of

transcription factors that regulate b-cell differentiation and

function (Kim and MacDonald 2002; Habener et al. 2005;

Murtaugh 2007; Jonsson et al. 1994; Naya et al. 1997;

Zhang et al. 2005). Given the restricted distribution of

Cx36 (Bosco et al. 2011; Potolicchio et al. 2012), we fur-

ther posited that the expression of Cx36 was likely to be

controlled by transcription factor or factors involved in the

differentiation and function of both pancreatic b cells

(Zhang et al. 2005) and neurons (Cho and Tsai 2004).

Therefore, we investigated the effects on Cx36 expression

of several transcription factors involved in pancreatic

development (Herrera 2000; Kim and MacDonald 2002;

Habener et al. 2005). To this end, we used a luciferase

reporter system to test different regions of the Gjd2 pro-

moter, chromatin immunoprecipitation assays to evaluate

the binding of Beta2/NeuroD1 to this promoter, and cell

transfections, as well as site-directed mutagenesis, to assess

the effects of Beta2/NeuroD1 on Cx36 expression. The

data show that Gjd2 is (1) expressed early in the devel-

opment of the mouse pancreas, as reported in the chicken

(Berthoud et al. 2004), and in a recent report (Pérez-

Armendariz et al. 2012) published since the submission of

this study; (2) encodes the cognate Cx36 protein at the time

of the second wave of b-cell differentiation; (3) is a hith-

erto nonidentified target of Beta2/NeuroD1, which controls

its expression by direct binding to the Gjd2 promoter.

Materials and Methods

Animals

Adult C57Bl/6 mice (Charles Rivers, Lyon, France) were

mated, and coupling confirmed by the presence of a vaginal

plug on the next morning (E0.5). Embryos were then

obtained from pregnant females at E11.5, E13.5, E15.5,

and E17.5. Control mice were also sacrificed at stages P0

and P2, and after 1–2 months of life.

Histology

Cryostat sections (5-lm thickness) of pancreas were fixed

for 10 min in 4 % paraformaldehyde (PFA) supplemented

with 0.1 % Triton X-100. Sections were then incubated

30 min in 0.1 M phosphate-buffered saline (PBS) supple-

mented with 2 % BSA, and exposed for 2 h at room tem-

perature to one of the following primary antibodies: rabbit

polyclonal antibody anti-Cx36 (Zymed 36-4600), diluted

1/50; guinea pig polyclonal antibody anti-insulin (Ventrex

Bioreagent 4043580), diluted 1/200; mouse monoclonal

antibody anti-glucagon (Sigma G2654), diluted 1/2000.

After rinsing, the sections were reacted with one of the

following secondary antibodies, whichever appropriate:

mouse anti-rabbit IgGs (Boehringer) conjugated to fluo-

rescein isothiocyanate, diluted 1/400; goat anti guinea pig

IgGs conjugated to rhodamine, diluted 1/200; goat anti-

mouse IgGs conjugated to rhodamine (Boehringer), diluted

1/200. Immunolabeling was visualized under UV

illumination.

RT-PCR

Total RNA was extracted from control mouse liver using

Trizol (Invitrogen), and from pancreas (E11.5-P0) using

the RNeasy micro kit (Qiagen), as recommended by the

manufacturers. RNA of adult pancreas was extracted as

previously reported (Serre-Beinier et al. 2000; Carvalho

et al. 2010). Briefly, samples were exposed to 4 M guani-

dine isothiocyanate in the presence of 2 M b-mercap-

toethanol and 2.5 mM Tris-HCl, layered on a 228 mM

CsCl/0.1 M EDTA cushion (pH 7.4), and centrifuged at

35,000 rpm for 20 h at 20 �C. Pelleted RNA was resus-

pended in 10 mM Tris-HCl containing 5 mM EDTA and

0.1 % SDS. Samples were extracted three times with

phenol–chloroform–isoamyl alcohol, and precipitated in

ethanol. The dried pellets were resuspended in DEPC-H2O

and stored at -80 �C. Total RNA from Min6, INS1-E, and

HeLa cells was extracted using Trizol (Invitrogen), as

recommended by the manufacturer. The RNA quality was

controlled using a laser Agilent 2100 bioanalyser. A total

of 1 lg (standard PCR) or 750 ng (quantitative PCR) total

RNA were reverse-transcribed using 200 U Reverse

transcriptase Superscript II (Invitrogen), 10 ng/ll random

hexamer primers (Promega) and 500 lM each dNTP mix

(Invitrogen). The mixture was heated to 65 �C for 5 min

and quickly chilled on ice. First strand buffer (59),

10 mM dithiothreitol and 200 U Superscript II Reverse

transcriptase were then added (all reagents purchased from

Invitrogen). The samples were heated at 25 �C for 10 min,

at 42 �C for 50 min and at 70 �C for a 15 min inactivation.

0.5 U RNase H (Roche) was then added for 20 min at

37 �C.

For real-time PCR, we used a 1:10 (cell lines)–1:16

(tissues) dilution of the cDNA in a mix containing 29

QuantiTect SYBR Green PCR Master Mix (19; Qiagen)

and 300 nM each primer. The amplification protocol con-

sisted of a 10-min initial activation of the Taq polymerase

at 95 �C, 40 cycles of denaturation at 95 �C for 15 s, and

annealing at 65 �C for 1 min. The following primers were

used: for Cx36, 50-GAC CAT CTT GGA GAG GCT GC-30

(F) and 50-ACC ACC ACA GTC AAC AGG ATC C-30

(R); for insulin2, 50-GCA GGA AGC CTA TCT TCC

AGG-30 (F) and 50-GGA CTC CCA GAG GAA GAG

CAG-30 (R); for Beta2/NeuroD1, 50-ACG CAG AAG GCA

AGG TGT C-30 (F) and 50-CCG CTC TCG CTG TAT
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GAT TT-30 (R); for Neurogenin3, 50-AGA ACT AGG

ATG GCG CCT CA-30 (F) and 50-GTG GCT AGG TGG

GGT GGA A-30 (R); for PDX1, 50-AAG AGC CCA ACC

GCG TC-30 (F) and 50-GTG TAA GCA CCT CCT GCC

CA-30 (R); for Cx32, 50-AGT GCC AGG GAG GTG TGA

AT-30 (F) and 50-ACA GCC ATA CTC GGC CAA T-30

(R); for connexin43 (Cx43), 50-ACT TTC ATT AAG TGA

AAG AGA GGT GCC-30 (F) and 50-GCC GTC GAG TAG

GCT TGG AG-30 (R); for RSP9, 50-GAC CAG GAG CTA

AAG TTG ATT GGA-30 (F) and 50-TCT TGG CCA GGG

TAA ACT TGA-30 (R); for HPRT, 50-GCT CGA GAT

GTC ATG AAG GAG AT-30 (F) and 50-AAG AAC TTA

TAG CCC CCC TTG A-30 (R). A melting curve was run at

the end of the 40 cycles to test for the presence of a unique

PCR reaction product, using the following protocol: 95 �C

for 15 s, 60 �C for 1 min and 95 �C for 15 s. The PCR was

performed using the 7900HT PCR system (Applied Bio-

system). mRNA levels were normalized to those of the two

ubiquitous genes HPRT and RPS9. The stable expression of

these control genes in our samples was assessed using the

Genorm software.

Bioinformatics

The sequences of mouse, rat and human Cx36 genes were

compared using the multi-LAGAN function of the LAGAN

Alignment Toolkit Web site (http://lagan.stanford.edu/

lagan_web/ index.shtml). Conservation of response ele-

ments for Beta2/NeuroD1 was assessed using the Genom-

atix software (http://www.genomatix.de).

Cloning and Constructs

A -4,946/?485 fragment of Gjd2 (the transcription start

site being referred to as ?1) was isolated from the mouse

genomic library RP23-230H3 (Invitrogen), and cloned into

a pGL3b luciferase reporter vector (Promega). A -2,010/

-12 fragment was cloned in plasmid pCR4 (Invitrogen),

and used as source of the promoter region. To this end, a

SnabI/XhoI fragment (-1,524/?474) of pCR4 was ampli-

fied by PCR using the Platinum Pfx DNA Polymerase

(Invitrogen) and primers 50-CTA TAC GTA GAA TCA

CCG TCC CAT CTG TC-30 (F) and 50- CCG CTC GAG

GGA GGC AGC AGA CAA AGA CT-30 (R). The PCR

product was first subcloned in TOPO vector pCR2.1

(Invitrogen), before being excised with SacI and XbaI, and

inserted by ligation (T4 DNA ligase, Promega) into the

reporter vector pGL3b (Promega), upstream of a cDNA

coding for luciferase. Using the -1,524/?474 fragment as

substrate, and primers 50-AGA GTG CGG GAG TCC

ATC-30 (F) and 50-CCG CTC GAG GGA GGC AGC AGA

CAA AGA CT-30 (R), we then generated a ?192/?474

fragment, which was also subcloned in TOPO vector pCR2.1

(Invitrogen), excised with KpnI and XhoI, and inserted by

ligation (T4 DNA ligase, Promega) into the reporter vector

pGL3b (Promega), upstream of a cDNA coding for luciferase.

Expression vectors for Beta2/NeuroD1 (pCMV-BETA2), its

E47 coactivator (pCR3.1-E47) and the RIPE3 sequence

(pINSCAT448) were generously provided by Dr. H. Suh-Kim

(Kyonggi University, South Korea).

The mutated constructs 2Kb-E1m, 2Kb-E2m, and 2Kb-

E3m were generated using as substrate the -2,010/-12

promoter construct, and the QuikChange Multi Site

Directed Mutagenesis Kit (Stratagene), following the

instructions of the manufacturer. The primers used for each

construct were: for 2 Kb-E1 m, 50-CGC GGG AGC GCT

GGG TGC CCG CTC CAG TGA-30 (F) and 50 TCA CTG

GAG CGG GCA CCC AGC GCT CCC GCG-30 (R); for

2 Kb-E2 m, 50-GCA GGA GCT CGG CTG CCT GCA

CGC TGC C-30 (F) and 50-GGC AGC GTG CAG GCA

GCC GAG CTC CTG C-30 (R); for 2 Kb-E3 m, 50-AGA

CTG CGG GAG TCT GTC TGA CCC CCG G- 30 (F) and

50-CCG GGG GTC AGA CAG ACT CCC GCA GTC T-30

(R).

Cell Culture

MIN6 and HeLa cells were grown at 37 �C, under 5 %

CO2, in Dulbecco’s modified Eagle’s medium (DMEM),

containing 110 U/ml penicillin, 110 lg/ml streptomycin,

and either 5 mM glucose plus 10 % heat-inactivated fetal

calf serum (HeLa cells) or 25 mM glucose plus 15 % heat-

inactivated FCS and 70 lM b-mercaptoethanol (MIN6

cells). INS-1E cells were grown at 37 �C, under 5 % CO2,

in RPMI-1640 medium containing L-glutamine, 10 mM

Hepes, 5 % heat-inactivated fetal calf serum, 100 mM

Na-Pyruvate, 5 mM b-mercapto-ethanol, 110 U/ml peni-

cillin, and 110 lg/ml streptomycin

Transfection

Aliquots of 105 Min6, 105 INS1-E cells or 8 9 104 HeLa

cells were plated per well in 12-well plates. The next day,

cells were transfected using the Polyfect reagent (Qiagen),

as per the manufacturer instructions. Each of the reporter

pGL3b plasmids (1 lg) coding for a different Cx36 pro-

moter fragment, was individually transfected with or

without the plasmid pCMV-BETA2 (1 lg) coding for

Beta2/NeuroD1, and plasmid pCR3.1-E47 (140 ng) coding

for the E47 cofactor. In all experiments, 0.1 lg vector

pRL-TK (Promega) coding for Renilla luciferase was

cotransfected with these plasmids, to allow for a normali-

zation of the firefly luciferase activity induced by the

promoter reporter constructs. In each experiment, the total

DNA amount was adjusted to the same level using an

empty pCDNA.3 plasmid (Invitrogen).
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Luciferase Assay

Two days after transfection, cells were lysed in PLB, and

the activities of firefly (induced by the various pGL3b

vectors) and Renilla luciferase (induced by the pRL-TK

vector), were monitored using the Dual-luciferase reporter

assay kit (Promega), as per the manufacturer instructions.

To compare the basal activity of the various Gjd2 frag-

ments in the different cell lines, results are presented as

mean ? SEM luciferase activity, normalized to that of the

Renilla reporter. To compare the Beta2/NeuroD1 regula-

tion of the Gjd2 fragments in each cell line, we assessed

luciferase activity of cells cotransfected with plasmid

pCMV-BETA2 (coding for Beta2/NeuroD1), and plasmid

pCR3.1-E47 (coding for the E47 cofactor) or only with a

control empty vector. Data are shown as means ? SEM,

normalized to the luciferase activity of the respective

promoter fragment, which was transfected with the empty

vector.

Chromatin Immunoprecipitation (ChIP) Assay

ChIP was performed as previously described (Masternak

et al. 2003). Briefly, crosslinked chromatin was prepared

by exposing 4 9 107 Min 6 cells to 1 % formaldehyde for

8 min at room temperature. Crosslinking was stopped by

the addition of 0.2 M glycine. The cells were then lysed in

TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8) con-

taining protease inhibitors and 0.5 % NP-40. Nuclei were

pelleted and lysed in TE containing 0.5 M NaCl, 1 %

Triton X-100 and 0.5 % sodium deoxycholate. Crosslinked

chromatin was resuspended in TE buffer supplemented

with 100 mM NaCl, sheared by sonication, and cleared by

two successive centrifugations, first at 4,000 rpm for

10 min and then at 13,000 rpm for 15 min. One aliquot of

10 lg sheared chromatin was saved for the input, while

another 10-lg aliquot was used for immunoprecipitation at

4 �C overnight, using 2 lg rabbit polyclonal antibody

against NeuroD1 (Abgent AP2021b). The immune com-

plexes were captured at room temperature using protein

A-Sepharose beads (GE Healthcare Biosciences).The

immunoprecipitated chromatin fragments were eluted for

10 min at 65 �C with 100 mM Tris-HCl containing 1 %

SDS (pH 8), digested for 2 h at 42 �C with 150 lg/ml

Proteinase K, and incubated overnight at 65 �C to reverse

the crosslinks. After extraction with phenol-chloroform and

chloroform, DNA was precipitated with isopropanol in the

presence of glycogen, washed in 75 % ethanol and resus-

pended in 50 ll TE buffer. The immunoprecipitated DNA

and the input chromatin DNA were analyzed by qPCR

using a SYBR-Green kit (Eurogentec) and the following

primers: for the Cx36 promoter, 50-CCTCAGACCGCAA

GATCG-30 (F) and 50-TGG GGG AAG CAA TCT ATG

TG-30 (R); for the insulin promoter, 50-TGT TGA CGT

CCA ATG AGC GCT TTC-30 (F) and 50-TA G GTC AGC

AGA TGG CCA GAG G-30 (R); for TG737, 50- GCC AAG

GCT ACA CAA GAC-30 (F) and 50-CAC CAG TGC TTC

CGA TTC-30 (R). A standard curve was generated with the

input chromatin, and binding of Beta2/NeuroD1 to the

Cx36 promoter was evaluated relative to that of the same

transcription factor to the insulin promoter, which was used

as positive control.

Statistical Analysis

Student’s t tests were used for statistical analysis

throughout the study. p values \0.05 were considered as

statistically significant.

Results

Gjd2 Transcription Starts during Early Pancreas

Development and Changes at Selected Time Points

To determine the temporal pattern of Cx36 expression, we

amplified RNA extracted from the pancreas of wild type

mice, age E11.5 onward. Real-time quantitative PCR

showed that the levels of Cx36 mRNA increased

(p \ 0.005) 12-fold between E11.5 and E15.5, and by a

further 1.6-fold (p \ 0.01) from E15.5 to P0 (Fig. 1a).

Thereafter, these levels apparently decreased (Fig. 1a) as a

result of the dilution of the endocrine transcripts in the total

pancreas extracts, as a result of the explosive, postnatal

expansion of the exocrine pancreas. This was confirmed by

the postnatal 3.5 increase in Cx32, a connexin isoform

expressed by the acinar cells of pancreas (Fig. 1a). The

mRNA levels of this connexin, as well as those of the Cx43

isoform, which is expressed in the nonendocrine and non-

acinar compartments of the pancreas, featured an expres-

sion pattern quite different from that of Cx36, during both

pre- and postnatal development of pancreas (Fig. 1a).

The first peak of Cx36 expression occurred at the pre-

natal time (E15.5) of the so called ‘‘secondary transition’’

(Pictet et al. 1972), during which b cells massively dif-

ferentiate, as revealed by increased transcription of the

insulin gene (Ins; Fig. 1b). The second peak of Cx36

expression (P0) also occurred at the time of increased

transcription of Ins, which reached adult levels within the

first 2 days of neonatal life (Fig. 1b). Quantitative PCR

further showed that the increase in Cx36 expression

between E13.5 and E15.5 coincided with that of Beta2/

NeuroD1, PDX1 (Fig. 1b) and Ngn3 (data not shown),

three transcription factors which are obligatory for proper

pancreas development and b-cell function (Itkin-Ansari

et al. 2005; Naya et al. 1995; Offield et al. 1996).
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Thereafter, the levels of these factors decreased up to the

adult age (Fig. 1b) as a result of the increasing growth of

the exocrine tissue. These experiments show that the

expression of Cx36 is initiated during early pancreas

development, and follows a temporal pattern which is

different from that of other connexins and which is initiated

at the time the expression of the insulin gene and of major

b-cell transcription factors surges.

To identify the cell types expressing Cx36, we immu-

nostained the pancreas of control C57Bl6 mice. No Cx36

was detected in the pancreas of E11.5, E13.5, and E15.5

mice, when few cells contained detectable levels of either

insulin (Fig. 2) or glucagon (data not shown). Later on,

Cx36 spots were found on insulin-containing (Fig. 2), but

were never observed in glucagon-containing cells (data not

shown). These experiments show that Cx36 is expressed

during the early development of the mouse pancreas, and

later becomes a specific attribute of b cells.

A Fragment of the Gjd2 Promoter Ensures the Specific

Expression of Cx36 in Insulin-producing Cells

To unravel the mechanism controlling the expression of

Cx36, we generated luciferase reporter plasmids coding for

fragments of the Gjd2 promoter, and transiently transfected

lines of the insulin-producing Min6 and INS1-E cells, as

well as the nonendocrine line of HeLa cells. When com-

pared to the void vector, the 282-bp promoter fragment

induced a similar increase (p \ 0.001) in luciferase activity

in the three cell types (Fig. 3a). The 2- and 5-kbp frag-

ments also significantly increased (p \ 0.001) luciferase

activity over that seen in cells transfected with the void

vector (Fig. 3a). However, this effect was significantly

larger (p \ 0.01) in the two insulin-producing lines than in

HeLa cells (Fig. 3a). The results indicate that the 2-kbp

fragment of the Gjd2 promoter is sufficient to ensure a

specific expression of Cx36 in insulin-producing cells, and

that the region comprised between -2,010 and -294 bp

contains elements that regulate its expression level.

In silico analysis identified in this region three E boxes

with a CANNTG sequence characteristic of cis-elements

binding bHLH factors (Sommer et al. 1996; Robinson et al.

2000), which were referred to as E1, E2 and E3, at position

-280, -332, and -445, respectively (Fig. 3b). Compari-

son of the sequences of these E boxes of mouse, rat and

human Gjd2, showed a highly conservation of the canonic

CANNTG sequence, especially in E1 and E3 (Fig. 3c).

A Fragment of the Gjd2 Promoter Binds Beta2/

NeuroD1, Which Transactivates Cx36 Expression

Beta2/NeuroD1 is a bHLH transcription factor central to

the development and differentiation of both b cells (Her-

rera 2000; Itkin-Ansari et al. 2005; Naya et al. 1995a;

Offield et al. 1996; Sommer et al. 1996; Robinson et al.

2000; Naya et al. 1994, 1995) and neurons (Masternak

et al. 2003; Lee 1995, 1997; Liu et al. 2000; Poulin et al.

1997), which binds to E boxes to regulate the expression of

the insulin gene (Ins; Itkin-Ansari et al. 2005; Naya et al.

1995). To test whether Beta2/NeuroD1 also binds to Gjd2

promoter, we run chromatin immunoprecipitation assays

on Min6 cells. We first validated the protocol by assessing

the immunoprecipitated chromatin using primers for the

promoter of Ins (Fig. 4a) which, thereafter, was used as

normalization standard. Relative to this standard, the

binding of Beta2/NeuroD1 to the region of the Gjd2

Fig. 1 Gjd2 transcription is detected in early pancreas development,

and changes at selected time points. a Real-time PCR showed that the

levels of the Cx36 mRNA (solid columns) increased sharply between

E13.5 and E15.5, and at birth (P0), in contrast to those of both Cx43

(grey bars) and Cx32 transcript (open bars). b Prenatal and neonatal

increase in the levels of the insulin mRNA (cross-hatched bars) was

coincident with that of Cx36 mRNA (solid bars in a). The increased

transcription of Cx36 between E13.5 and E15.5 (solid bars in a) was

also coincident with that of Beta2/NeuroD1 (diagonally hatched bars)

and PDX1 (vertically hatched bars). Bars represent the mean ? SEM

fold change in mRNA level, relative to the level evaluated at E11.5;

n = 4 for E13.5–E17.5; n = 5 for E11.5 and P times
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promoter that contained E boxes represented 43 ± 15 %

(Fig. 4a). This binding was significantly higher (p \ 0.05)

than the nonspecific binding of the transcription factor to

either a downstream region of the Gjd2 promoter or to a

region of the promoter of the unrelated TG737, which

served as negative controls (Fig. 4a). The results show that

Beta2/NeuroD1 specifically binds to the region of the Gjd2

promoter containing the three E boxes.

To investigate whether this binding modulated the

expression of Cx36, we cotransfected Beta2/NeuroD1,

together with the ubiquitous cofactor E47 which is

required for its activity (Qiu et al. 2002; Mirasierra and

Vallejo 2006; Kim et al. 2002; Docherty et al. 2005),

and one of the 5.4-kbp, 2-kbp, or 282-bp Gjd2 promoter

constructs (Fig. 4a) in Min6, INS1-E and HeLa cell lines.

Although the former two insulin-producing cell types

natively express Beta2/NeuroD1, the latter does not

(Fig. 4b) and thus provided for a negative control. The

parallel transfection of the RIPE3-luc construct, which

contained three multimerized copies of the E box of the

rat Ins promoter upstream of a luciferase reporter

sequence (Kim et al. 2002; Henderson and Stein 1994),

provided for a positive control. Relative to the basal

luciferase activity observed in cells that had not been

transfected with Beta2/NeuroD1 and E47, cells transfec-

ted for these factors plus the void pGL3b vector did not

show a change in luciferase activity (Fig. 4c). In con-

trast, transfection of the RIPE3 construct resulted in a

significant increase (p \ 0.01) in luciferase activity in the

three cell types (Fig. 4c). Under these conditions, which

validated the experimental protocol, the 282-bp fragment

of Gjd2, which contained the E3 box, did not signifi-

cantly modify the luciferase activity (Fig. 4c). In con-

trast, this activity was significantly increased (p \ 0.005)

over basal values after transfection of either the 2-kbp or

the 5.4-kbp fragments of Gjd2, which contained the E1,

E2 and E3 boxes (Fig. 4c). These results show that

Beta2/NeuroD1 transactivates the promoter of Gjd2 via

cis-elements of the 5.4-kbp and the 2-kbp fragments,

possibly E1 and E2.

To test the role of these sequences, each of the three E

boxes was mutated by scrambling the consensus core

sequence CANNTG in the 2-kbp fragment of the Gjd2

promoter, which was chosen because it provided for the

largest effect of Beta2/NeuroD1 (Fig. 4c). Thus, four

mutated versions of the 2-kbp promoter were constructed,

three carrying a single mutated E box and one carrying a

combined mutation of the three E boxes (Fig. 4d). The

mutated constructs were then tested in INS1-E and HeLa

cells after cotransfection with Beta2/NeuroD1 and E47.

Compared to the luciferase activity of the wild-type 2-kbp

construct, the activity observed after mutation of E1 was

significantly reduced (p \ 0.05), whereas that observed

after a mutation of either E2 or E3 had a minimal effect

(Fig. 4d). The effect of the E1 mutation was larger

(p \ 0.005) in the presence of a concurrent mutation of E2

and E3 (Fig. 4d). The results indicate that Beta2/NeuroD1

transactivates Gjd2 via the native E boxes of its promoter.

Fig. 2 The Cx36 protein is detected in b cells during late pancreas

development. The same area of a control mouse pancreas is shown

after staining of cell nuclei (DAPI, blue), Cx36 (green), and insulin

(red). Cx36 was immunodetected from E17.5 onward and showed a

punctate distribution only in insulin-containing b cells (red). Bars
15 lm
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Discussion

We have investigated the pattern of Cx36 expression dur-

ing pancreas development and the differentiation of pan-

creatic b cells. Our data confirm that Gjd2 is transcribed

during the early prenatal development of pancreas (Ber-

thoud et al. 2004; Pérez-Armendariz et al. 2012), before the

first wave of b cells can be detected (Theis et al. 2004;

Herrera 2000; Berthoud et al. 2004; Pérez-Armendariz

et al. 2012). Using antibodies, we have further shown that

Cx36 becomes detectable at later stages of the prenatal

pancreas development, but only in cells containing im-

munodetectable insulin. Cx36 largely increases in these

cells during the neonatal period, when b cells acquire their

major differentiation characteristic, i.e. the ability to rec-

ognize circulating glucose as a stimulus for insulin secre-

tion (Gulisano et al. 2000; Herrera 2000; Carvalho et al.

2010, 2012). This evolution is consistent with the previous

findings that Cx36 is required for the proper functioning of

differentiated islets (Ravier et al. 2005; Speier et al. 2007;

Klee et al. 2011), and provides the first clue that this

requirement actually precedes the functional maturation of

these microorgans. Strikingly, immunolabeling showed no

association between Cx36 and the glucagon-containing

a-cells, extending previous biochemical, immunological

and functional observations (Serre-Beinier et al. 2000;

Theis et al. 2004; Bosco et al. 2011; Kim and MacDonald

2002), which indicated that, throughout rodent life, Cx36

expression and signalling are solely restricted to the b-cell

lineage.

The initial surge of Gjd2 occurred at the time (E13.5–

E15.5), the first wave of b cells is induced (Herrera 2000;

Kim and MacDonald 2002; Habener et al. 2005), as evi-

denced by the concomitant induction of the insulin gene.

Fig. 3 A promoter fragment

ensures the specific expression

of Gjd2 in insulin-producing

cells. a Three fragments of the

Gjd2 promoter were transiently

transfected, using a luciferase

reporter plasmid. The 282-bp

fragment increased luciferase

activity over that provided by an

empty pGL3b vector in MIN6

(solid bars), INS1E (hatched
bars), and HeLa cells (open
bars). The 2-kbp and 5-kbp

constructs induced a smaller

increase, which was restricted to

the insulin-producing MIN6 and

INS1E cells. Values are

mean ? SEM of 3 experiments

and are shown after

normalization to the luciferase

activity observed in cells

transfected with pRL-TK. b The

partial sequence of the Gjd2
promoter shows the position

(relative to that of the

translation start site, which is

referred to as ?1) of the 3 E

boxes (red). The previously

identified NRSE (Martin et al.

2003) is shown in blue.
c Alignment of the mouse, rat,

and human Cx36 promoters

shows the conservation of the

consensus CANNTG sequence

of the 3 E boxes
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This coincidence was not observed for either Cx32 or

Cx43, showing that the pattern of Cx36 expression is

specifically controlled at key moments of b-cell develop-

ment. In turn, this timing suggests that Cx36 may be

implicated in this development and/or be regulated by the

very same transcription factors that determine pancreas

differentiation. Quantitative PCR indeed documented that

the prenatal Gjd2 expression increases at the same time of

the expression surge of the major transcription factors

which contribute to the specification and differentiation of

pancreatic b cells (Herrera 2000; Kim and MacDonald

2002; Habener et al. 2005). Previous studies have shown

that the RE-1 silencing transcription factor (REST) pre-

vents the expression of Gjd2 in non-insulin-producing and

nonneuronal cells (Martin et al. 2003; Hohl and Thiel

2005). However, no transcription factor was so far identi-

fied as a transactivator of the expression of this gene. Our

data show that a 2-kbp region of mouse Gjd2 contains cis-

regulatory elements that are sufficient to determine the

expression of Cx36 in insulin-producing cells. We further

document that this region allows for the binding of the

transcription factor Beta2/NeuroD1 to a specific E box (E1)

of the Gjd2 promoter. In the presence of its coactivator

E47, Beta2/NeuroD1 transfection resulted in the transac-

tivation of this promoter, which was potentiated by the two

close-by E2 and E3 boxes. The extent of the transactivation

of the 2-kbp and 5.4-kbp fragments induced by Beta2/

NeuroD1 was lower in the insulin-producing cells than

in the unrelated HeLa cells, suggesting that endogenous

Beta2/NeuroD1 resulted in a higher basal transcriptional

activity of Gjd2 in the former cell type. Consistent with this

hypothesis, mutation of E1 resulted in loss of the Gjd2

transactivation dependent on the expression of transfected

Beta2/NeuroD1, but not of the basal activity of the Cx36

promoter in INS-1E cells (data not shown). This finding

implies that multiple factors converge to regulate the

expression of the Cx36 gene in insulin-producing cells, as

is the case for the insulin gene Ins, which is selectively

regulated by the combinatorial effect of Beta2/NeuroD1,

PDX1, and MafA transcription factors (Aramata et al.

2005). The Gjd2 promoter contains putative binding sites

for PDX1 (data not shown). However, these sites are

not highly conserved, in spite of the consistent b cells

expression of Cx36 in all species so far investigated

Fig. 4 Beta2/NeuroD1 binds to E boxes and transactivates the Gjd2
promoter. a DNA of Min6 cells was immunoprecipitated using

antibodies to Beta2/NeuroD1, then amplified by qPCR. Beta2/

NeuroD1 bound to the region of the Gjd2 promoter containing the

E boxes more than to a Gjd2 region devoid of E boxes and to the

unrelated Tg737 promoter. Data are mean ? SEM from 3 indepen-

dent experiments and are expressed relative to the binding of Beta2/

NeuroD1 to the Ins promoter, which served as positive control. b RT-

PCR showed the native expression of Beta2/NeuroD1 in MIN6 and

INS1E cells, but not in HeLa cells. Brain served as positive control.

c After transient cotransfection with Beta2/NeuroD1 and E47, the

282-bp fragment of the Gjd2 promoter did not increase luciferase

activity of Min6 (solid bars), INS1-E (horizontally hatched bars), and

HeLa cells (open bars), over the basal level observed in nontrans-

fected cells (obliquely hatched bars), whereas the 2-kbp and the 5.4-

kbp fragments did. The RIPE3 and the void pGL3B plasmids served

as positive and negative controls, respectively. Values are mean ?

SEM of 3 experiments and are expressed relative to the luciferase

activity observed in cells transfected with pRL-TK. d After transient

cotransfection with Beta2/NeuroD1 and E47, the 2-kbp fragment of

Gjd2 increased the luciferase activity of INS1-E cells (horizontally
hatched bars) and HeLa cells (open bars) over the basal level

observed in nontransfected cells (obliquely hatched bars). This effect

was decreased after mutation of E1, blocked after the combined

mutation of the 3 E boxes, but unaffected after mutation of either E2

or E3. Values are mean ? SEM luciferase activity of 3 experiments,

relative to the basal luciferase activity evaluated in the absence of

exogenous Beta2/NeuroD1 (obliquely hatched bars)

b

270 R. N. Nlend et al.: Cx36 Is a Target of Beta2/NeuroD1

123



(Serre-Beinier et al. 2000; Theis et al. 2004; Pérez-

Armendariz et al. 2012; Le Gurun et al. 2003), raising con-

cerns that they may be dispensable for Cx36 expression.

An implication of these results is that some of the effects

attributable to Beta2/NeuroD1 signaling, which has been

shown to be essential for the terminal differentiation and

survival of the b cells (Habener et al. 2005; Naya et al.

1995a), may be mediated by Cx36. The validation of this

tentative conclusion awaits further studies on the molecular

mechanism linking the timely related changes in the

expression of these two proteins. Strikingly, mice lacking

Beta2/NeuroD1 die around birth, with severe diabetes,

ketoacidosis (Naya et al. 1997), and neuronal alterations

(Miyata et al. 1999). Future studies should therefore eval-

uate whether altered Cx36 expression may be implicated in

these defects. The previous reports that mice lacking this

connexin show altered b-cell function (Carvalho et al.

2010; Ravier et al. 2005; Speier et al. 2007; Klee et al.

2011; Wellershaus et al. 2008) is consistent with this view.

The observation that these animals do not feature major

alterations in the development of islets and b-cell differ-

entiation (Ravier et al. 2005; Klee et al. 2011; Wellershaus

et al. 2008; Degen et al. 2004) only indicates that Cx36 is

but one of the many actors that participate in the complex

regulation of islet development and b-cell function (Mac-

Donald 2007; MacDonald and Rorsman 2007). Thus, loss

of Cx36 signaling may be compensated by other mecha-

nisms, as documented in neurons (Cummings et al. 2008).

The key importance of Beta2/NeuroD1 in pancreas devel-

opment and function is further stressed by the observations

that mutations inactivating the Beta2/NeuroD1 gene cause

one of the rare monogenic forms of diabetes, referred to as

MODY6 (Malecki et al. 1999), and that several variants of

this gene confer susceptibility to the much more frequent

type I and type II forms of diabetes (Iwata et al. 1999;

Malecki et al. 2003; Yamada et al. 2001). The mechanism

linking the genetic mutations to the various forms of the

disease remains unknown. However, together with the

reports that mice lacking Cx36 develop structurally normal

islets which cannot sustain normal insulin secretion (Ravier

et al. 2005; Speier et al. 2007; Klee et al. 2011; Wellers-

haus et al. 2008; Head et al. 2012; Meda 2012), the clinical

data implicate that the predominant effect of the regulation

of Cx36 expression by Beta2/NeuroD1 is likely on the

function, rather than on the mass of the insulin-producing b
cells (Martin et al. 2003; Bosco et al. 2011; Head et al.

2012; Meda 2012).
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Abstract Sudden cardiac death is responsible for several

hundred thousand deaths each year in the United States.

Multiple lines of evidence suggest that perturbation of gap

junction expression and function in the heart, or what has

come to be known as cardiac gap junction remodeling,

plays a key mechanistic role in the pathophysiology of

clinically significant cardiac arrhythmias. Here we review

recent studies from our laboratory using genetically engi-

neered murine models to explore mechanisms implicated in

pathologic gap junction remodeling and their proarrhyth-

mic consequences, with a particular focus on aberrant

posttranslational phosphorylation of connexin43.
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Mouse model � Phosphorylation

Connexins and Gap Junctions

Connexins comprise a family of proteins encoded by as

many as 20 genes in most mammalian species (Willecke

et al. 2002). Substantial experimental evidence has dem-

onstrated that connexins oligomerize into channels, which

are organized into arrays at the gap junction. Channels

formed from single connexin isoforms (homomeric/

homotypic channels) have distinct biophysical properties,

which can most easily be studied in heterologous expres-

sion systems (Harris 2001). Characteristic biophysical

parameters include such properties as unitary conductance,

voltage dependence, as well as size and charge selectivity

(Spray and Burt 1990; Spray et al. 1992). There is also

evidence that individual connexin isoforms may mix and

match to form complex heteromeric and/or heterotypic

channels; these more complex assemblies may have bio-

physical properties that differ from those formed from only

a single connexin isoform (Harris 2001). Indeed, this

molecular diversity is postulated to provide a mechanism

for physiological diversity and regulation (Giovannone

et al. 2011; Kanno and Saffitz 2001). Importantly, this

combinatorial complexity may be directly relevant to

understanding the pathophysiology of gap junctions, as

aberrant regulation and/or mutations of a single connexin

isoform may exert dominant effects on alternative conn-

exin isoforms.

Gap Junction Remodeling and Arrhythmogenesis

There is compelling experimental evidence linking abnor-

malities in gap junctions with a highly proarrhythmic

substrate (reviewed in Severs et al. 2008). These data

include pathologic studies of hearts from patients with a

broad assortment of acquired arrhythmic syndromes

including ischemic and hypertrophic cardiomyopathies,

inherited diseases such as arrhythmogenic right ventricular

cardiomyopathy (ARVC) (Saffitz 2009; Severs 2002;

Severs et al. 2004, 2006, 2008), human genetic studies of

patients with somatic (Gollob et al. 2006; Thibodeau et al.

2010) or germ line (Paznekas et al. 2003) mutations in

connexin genes, as well as genetically engineered murine

models created by our own group (Gutstein et al. 2001) and

others (van Rijen et al. 2004). Indeed, in recent years a

growing body of literature suggests that gap junction

remodeling represents a ‘‘final common pathway’’
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predisposing to arrhythmias in response to diverse patho-

logic insults to the heart. The mechanistic relationship

between gap junction remodeling and the increased pro-

pensity for arrhythmic activity is multifactorial (Kanno and

Saffitz 2001). Abnormal localization and/or gating of

intercellular channels disturbs the highly orchestrated

temporal and spatial pattern of cardiac excitation, with

slow and oftentimes heterogeneous conduction conducive

to reentrant activity. Heterogeneous gap junction remod-

eling may also enhance the dispersion of repolarization

(Poelzing et al. 2004), another highly proarrhythmic factor.

Genetically Engineered Murine Models

The carboxyl-terminus of Cx43 contains numerous sites that

are subject to posttranslational phosphorylation and these

modifications are thought to regulate virtually all aspects of the

Cx43 life cycle, including translation, trafficking, degradation,

and gating, as reviewed in (Lampe and Lau 2000, 2004; Solan

and Lampe 2009). Altered phosphorylation of Cx43 has been

observed in response to a variety of pathologic stimuli,

including acute ischemia (Beardslee et al. 2000), hypoxic

stress (Matsushita et al. 2006), rapid pacing (Akar et al. 2007)

Fig. 1 Aberrant posttranslational phosphorylation of Cx43 in ODDD

mutant hearts. a Western blot analysis using antibodies recognizing

all forms of Cx43 (panCx43) and nonphosphorylated Cx43 (np-Cx43)

showing specific loss of phosphorylated Cx43. Lanes 1–4 are from

wild-type hearts and lanes 5–8 are from ODDD hearts. b Western

blot analysis using antibodies recognizing all forms of Cx43

(panCx43), phosphoS365-Cx43 (pS365) and phosphoS325/328/330-

Cx43 (pS325), showing specific loss of PS365 and pS325. Lanes 1, 3,

5, 7 and 9 are from wild-type hearts and lanes 2, 4, 6 and 8 are from

ODDD hearts. c Immunohistochemical staining of wild-type and

ODDD mutant hearts with panCx43, pS325 and pS365 antibodies.

Phosphorylated forms of Cx43 are virtually absent in ODDD mutant

hearts. Bar 20 lm. d Representative signal-averaged surface electro-

cardiograms (lead II) from a wild type (WT) and an ODDD mutant

mouse. Note the diminished QRS amplitude in the mutant. e Optical

mapping of the left ventricular surface of a representative WT heart

and 3 individual ODDD mutant hearts showing significant slowing of

conduction in the mutant hearts. f Programmed electrical stimulation

showing return of sinus rhythm after premature beats in a wild type

heart, but induction of sustained VT in an ODDD heart (middle), and

spontaneous VT in an ODDD heart (right). Adapted from Kalcheva

et al. (2007)
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and other stressors. Several years ago we developed a murine

model of the human syndrome oculodentodigital dysplasia

(ODDD), an autosomal-dominant systemic disorder caused by

mutations in the Cx43 gene (Kalcheva et al. 2007; Paznekas

et al. 2003). Unexpectedly, because the missense mutation

(I130T) was at a distance from the serine-rich carboxy-

terminus, we observed a profound defect in the posttrans-

lational phosphorylation of Cx43 at both serine 365

(a PKA-dependent site) and the triplet of serines at 325,

328, and 330 (CK1d-dependent sites), as defined by using

phospho-specific antibodies generated by the Lampe labo-

ratory. These mice also demonstrated significant abnor-

malities in cardiac impulse propagation and increased

susceptibility to induced cardiac arrhythmias (Fig. 1).

We next sought to extend these results to a more com-

mon and arguably more relevant model of cardiac disease,

pressure-overload hypertrophy induced by transverse aortic

constriction (TAC). Imposition of hemodynamic overload

causes a similar time-dependent reduction in posttransla-

tional phosphorylation of Cx43 at these same sites, espe-

cially the CK1d-dependent sites (Qu et al. 2009), and as

with the ODDD mutant mice, we observed significant

slowing of cardiac impulse propagation and increased

arrhythmogenicity (Fig. 2). Importantly, treatment with the

aldosterone receptor antagonist spironolactone, a drug

which has been shown to diminish sudden arrhythmic death

in human clinical trials (Pitt et al. 1999), blunted the

development of gap junction remodeling and reversed the

functional abnormalities as well. Taken together with our

findings in the ODDD mutant mice, these data suggested

that aberrant posttranslational phosphorylation of Cx43

might be a common mechanism through which both

intrinsic (i.e., genetic) and extrinsic (acquired) stressors

result in pathologic gap junction remodeling.

Fig. 2 Structural, molecular and functional gap junction remodeling

with pressure overload hypertrophy. a Cross-sections of hearts

showing progressive hypertrophy after transverse aortic constriction

(TAC). b Western blot analysis demonstrating progressive reduction

in total and phosphoCx43 expression in total cellular lysates (T) or

Triton X-100 insoluble pellet fractions (P). Antibodies recognized the

Cx43 C-terminus (Cx43-C); Cx43 amino-terminus (Cx43-N); vincu-

lin (Vinc); S365-phosphoCx43 (pS365) or S325/328/330-phospho-

Cx43 (pS325). c Immunostaining showing progressive loss of

junctional Cx43 with TAC, especially S325/328/330-pCx43. d Rep-

resentative optical maps demonstrating progressive slowing of

conduction velocity after TAC. e Immunostaining showing loss of

Cx43 gap junction plaques in TAC mice treated with vehicle alone

(T-SPI), but substantial improvement in mice treated with spirono-

lactone (T ? SPI), comparable to sham-operated mice receiving

vehicle alone (S-SPI) or spironolactone (S ? SPI). Scale bar 50 lm.

f Representative optical maps from each of the 4 groups. Adapted

from Qu et al. (2009)
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Nonetheless, given the multiplicity of kinase target sites

that might be affected during acute and chronic stress, these

studies alone did not establish a direct link between aber-

rant phosphorylation of Cx43, gap junction remodeling and

arrhythmic susceptibility. Therefore, to unequivocally

determine the importance of CK1d-dependent phosphory-

lation, we created two new strains of mutant mice, in which

the serine 325, 328 and 330 (the CK1d target sites) were

mutated to either nonphosphorylatable alanines (S3A mice)

or phosphatase-resistant, phosphomimetic glutamic acid

residues (S3E mice) (Remo et al. 2011). Both strains of

mutant mice were grossly indistinguishable from wild-type

(WT) controls at birth and throughout development, and

there were no significant differences with regards to base-

line physiological and echocardiographic measurements.

For many years it has been known that posttranslational

phosphorylation of Cx43 influences its electrophoretic

mobility by SDS-PAGE (Crow et al. 1990). Interestingly,

immunoblotting of total heart homogenates and junctional

membrane enriched samples from the mutant mice dem-

onstrated that mutations in the triplet of serines signifi-

cantly influenced Cx43 mobility. Cx43 immunoreactive

bands from Cx43-S3E mutant mice migrated more slowly

and conversely those from Cx43-S3A mutant mice migra-

ted more rapidly than those observed in WT hearts.

Moreover, immunofluorescent staining demonstrated that

Cx43-S3A mice had significantly less junctional Cx43

compared to WT or S3E mice (Fig. 3). These results sug-

gest that the inhibition of CK1d-dependent phosphorylation

of Cx43, as demonstrated in vivo by the Cx43-S3A mutant

mice, interferes with either trafficking of Cx43 to the

junctional membrane or its stability after assembly into gap

junction plaques. These molecular changes were associated

with significant functional sequelae. The Cx43-S3A mutant

mice displayed significantly increased susceptibility to

inducible ventricular tachycardia whereas the Cx43-S3E

mice were relatively resistant. Moreover, the Cx43-S3E

mutant mice produced gap junctions that were resistant to

pathologic gap junction remodeling associated with TAC

(Fig. 3). Taken together, these data clearly confirmed a

mechanistic link between posttranslational phosphorylation

of Cx43 and gap junction formation, pathologic gap junc-

tion remodeling and arrhythmic susceptibility within the

context of the intact organism.

Fig. 3 Molecular and functional analysis of CK1d mutant mice.

a High-resolution Western blot analysis of whole cell lysates (WCL)

or Triton X-100 insoluble pellets (pellet) prepared from ventricles of

mice with the indicated genotypes, probed with polyclonal panCx43

antisera. Wild type Cx43 lysate treated with calf intestine phosphatase

(CIP) migrates at P0 and is shown for comparison to various major

phosphorylated forms of Cx43 (P1, P2, P3). b Representative

immunofluorescent staining with panCx43 (Cx43, green) and N-cad-

herin (N-cad, red) antibodies at baseline and 4 weeks after TAC.

Scale bar 10 lm. Magnified views of individual gap junction plaques

for each genotype after TAC are shown below. c Representative

immunoblots of whole cell lysates at baseline (B) and after TAC

(T) from each of the indicated genotypes, probed with polyclonal

panCx43 and GAPDH antibodies. d Representative activation maps

from each of the indicated genotypes at baseline and after TAC,

showing blunting of conduction slowing in S3E mutant mice.

Adapted from Remo et al. (2011)
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Regulation by the Nonreceptor Tyrosine Kinase Src

More recently, we have turned our attention to the role of

Src kinase-dependent phosphorylation of Cx43 in the heart.

Atkinson et al. (1981) originally reported that infection of

cells with an avian sarcoma virus resulted in junctional

uncoupling; this effect was subsequently shown to be due

to the activity of the viral tyrosine kinase v-src (Chang

et al. 1985) and more specifically, to phosphorylation of

Cx43 on tyrosine residues in the carboxy terminus

(Swenson et al. 1990; Filson et al. 1990). Subsequently,

Toyofuku et al. (1999) reported that endogenous, or cel-

lular c-Src was increased in myopathic BIO 14.6 hamsters

and that activated phospho-Src reduced gap junctional

coupling between cardiac myocytes, suggesting a role for

dysregulated Src signaling and pathologic gap junction

remodeling within the context of the intact organism.

Moreover, they also showed that Src could directly phos-

phorylate Cx43 and this posttranslational modification

diminished the interactions of Cx43 with ZO-1 (Toyofuku

et al. 2001). Conversely, Giepmans et al. (2003) showed

that the receptor protein tyrosine phosphatase mu

(RPTPmu) also interacted with the carboxy-terminus of

Cx43 and could prevent Src-mediated closure of gap

junction channels, suggesting dynamic regulation of Cx43

by the opposing actions of tyrosine kinases and phospha-

tases. Subsequent studies by Pointis and colleagues,

although performed in nonexcitable Sertoli cells, have not

only confirmed that activated pSrc can bind to Cx43 and

displace ZO-1, but also that this molecular reorganization

promotes rapid, dynamin2-dependent endocytic internali-

zation of Cx43 GJs (Gilleron et al. 2008, 2011). Sorgen and

colleagues have begun to examine the relevance of these

molecular events within the context of the intact heart,

using the canine infarct model. They found that the path-

ologic gap junction remodeling in the epicardial border

zone was characterized by activation of Src and a molec-

ular reorganization of Src and ZO-1 (Kieken et al. 2009),

although the posttranslational status of Cx43 was not

examined in detail. Moreover, in apparent contrast to the

model of Pointis et al (Gilleron et al. 2008), their studies

suggested that activated Src preferentially bound to ZO-1,

resulting in an ‘‘untethering’’ of Cx43 from its ZO-1

scaffold, allowing it to migrate from the intercalated disc to

the lateral myocyte membrane.

Interestingly, recent evidence suggests that aldosterone

signaling, acting through either a genomic or nongenomic

mechanism, may increase Src activity (Kobayashi et al.

2006; Shi et al. 2011). These data are intriguing given our

recent observation that treatment of aortic banded mice

with the aldosterone receptor antagonist spironolactone

resulted in significant amelioration of pathologic gap

junction remodeling (Qu et al. 2009). Further supporting a

fundamental role for Src in pathologic gap junction

remodeling is the recent report by Dudley’s group exam-

ining angiotensin converting enzyme overexpressing

transgenic mice, in which Cx43 remodeling and arrhyth-

mias are prevalent. Treatment of ACE-overexpressors with

the Src inhibitor PP1 resulted in partial normalization of

Cx43 levels and diminished arrhythmic burden (Sovari

et al. 2011). Not only is the renin–angiotensin–aldosterone

system pathway implicated in pathologic gap junction

remodeling, but additional circulating factors including

endothelin-1, lipopolysaccharide and TNFa have all been

reported to induce Cx43 tyrosine phosphorylation and

uncoupling (Huang et al. 2003; Lidington et al. 2002;

Postma et al. 1998). To date, gene-targeted murine models

that might elucidate the role of Src in cardiac physiology

and pathology have not been revealing. Unfortunately,

germ line knockout of Src produces osteopetrotic, runted

mice that die in the perinatal period, complicating an

analysis of potential arrhythmic behavior (Soriano et al.

1991). Recently, however, mice harboring a floxed Src

allele have been created by the Muller laboratory (Marcotte

et al. 2012), and analysis of their cardiac phenotype should

be instructive.

New Directions

Paralleling our strategy to elucidate the role of CK1d-

dependent phosphorylation, we have recently begun

replacing tyrosines 247 and 265 in the carboxy-terminus of

Cx43 with either nonphosphorylatable phenylalanine resi-

dues or phosphomimetic glutamic acids. Mice harboring

these mutations should provide a definitive approach to

determine the importance of tyrosine-dependent phos-

phorylation of Cx43 and the role of this modification in the

cardiac gap junction lifecycle, both in health and in

response to pathologic stressors. Moreover, we have gen-

erated mice expressing a Cx43-eGFP fusion protein in the

heart. Our preliminary analysis reveals appropriate colo-

calization of the fusion protein with endogenous Cx43 at

the cardiac intercalated disc. Real time fluorescent imaging

of cardiomyocytes and myocardial tissue slices from these

mice can be used to characterize the numerous signaling

pathways (i.e., kinases, phosphatases, acetylases, ubiquitin

ligases, etc.) that are thought to regulate gap junction for-

mation and internalization. In the future, we anticipate that

these and other genetically engineered murine models will

provide important insights into the mechanisms and con-

sequences of pathologic cardiac gap junction remodeling.
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Abstract Electrical synapses formed by gap junctions

between neurons create networks of electrically coupled

neurons in the mammalian brain, where these networks

have been found to play important functional roles. In most

cases, interneuronal gap junctions occur at remote dendro–

dendritic contacts, making difficult accurate characteriza-

tion of their physiological properties and correlation of

these properties with their anatomical and morphological

features of the gap junctions. In the mesencephalic tri-

geminal (MesV) nucleus where neurons are readily

accessible for paired electrophysiological recordings in

brain stem slices, our recent data indicate that electrical

transmission between MesV neurons is mediated by

connexin36 (Cx36)-containing gap junctions located at

somato–somatic contacts. We here review evidence indi-

cating that electrical transmission between these neurons is

supported by a very small fraction of the gap junction

channels present at cell–cell contacts. Acquisition of this

evidence was enabled by the unprecedented experimental

access of electrical synapses between MesV neurons,

which allowed estimation of the average number of open

channels mediating electrical coupling in relation to the

average number of gap junction channels present at these

contacts. Our results indicate that only a small proportion

of channels (*0.1 %) appear to be conductive. On the

basis of similarities with other preparations, we postulate

that this phenomenon might constitute a general property

of vertebrate electrical synapses, reflecting essential

aspects of gap junction function and maintenance.

Keywords Connexin36 � Electrical coupling � Electrical

transmission � Gap junction

Gap junctions mediate electrical transmission between

neurons by providing a pathway of low resistance for the

spread of electrical currents and small metabolites (Bennett

1997). Contrasting initial perceptions and overcoming

technical challenges and long-standing prejudices (Bennett

and Pereda 2006), electrical synapses are now known to be

present in virtually every structure of the mammalian brain,

where they usually form networks of electrically coupled

neurons (Bennett and Zukin 2004; Connors and Long 2004;

Hormuzdi et al. 2004). However, and in marked contrast

with some advantageous teleost model synapses (Pereda

et al. 2004), the dendro–dendritic location of neuronal gap

junctions in most brain structures (Connors and Long 2004)

makes it difficult to correlate their physiological properties

with anatomical features.

The mesencephalic trigeminal (MesV) nucleus, formed

by the somata of primary afferents originating in jaw-

closing muscles, constitutes one of the first examples

supporting the presence of electrical synapses in the

mammalian central nervous system (Hinrichsen and Lar-

ramendi 1970; Hinrichsen 1970; Baker and Llinás 1971;

Llinas 1975). The demonstration of electrical coupling

relied on indirect electrophysiological evidence obtained
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by stimulating the peripheral projections of these afferents

at a strength that was subthreshold for the recorded neuron,

but was suprathreshold to others, thus allowing the detec-

tion of a depolarizing coupling potential, which represented

the electrotonic spread of action potentials from electrically

coupled cells (Hinrichsen 1970; Baker and Llinás 1971).

Because of its limitations, this approach precluded a

detailed analysis of the properties of these electrical syn-

apses and the organization of electrical coupling within this

nucleus. By combining tracer coupling analysis and immu-

nochemistry with current electrophysiological approaches

in rodent slices, we recently examined the properties,

organization and developmental profile of electrical cou-

pling between MesV neurons (Curti et al. 2012). Interest-

ingly, we demonstrated that coupling between MesV

neurons was mostly restricted to pairs (or very small

clusters) of neurons and, in contrast with most examples

where coupling decreases or disappears with age (Peinado

et al. 1993; Meier and Dermietzel 2006), coupling was

absent during early development and appeared at about

postnatal day 8 to remain as a feature of the mature cellular

phenotype of these neurons (Curti et al. 2012). In addition,

we demonstrated that electrical transmission between

MesV neurons is mediated by anatomically distinct so-

mato–somatic contacts that contained, as with most mam-

malian electrical synapses (Bennett and Zukin 2004;

Connors and Long 2004), the gap junction protein Cx36

(Curti et al. 2012).

Estimates obtained at mixed synapses formed by affer-

ent terminals on the goldfish Mauthner cell (for review, see

Pereda et al. 2004), where the number of channels was

obtained from direct ultrastructural reconstruction of these

terminals (Tuttle et al. 1986), suggested that only a small

percentage of channels (*1 %) support the electrical

component of a unitary mixed synaptic potential (Lin and

Faber 1988). We review here evidence suggesting that,

consistent with this finding, electrical transmission between

mammalian neurons is also supported by a very small

fraction of gap junction channels. Taking advantage of the

uncommon experimental accessibility of MesV, we com-

bined imaging-based estimates of numbers of channels

present with physiological measurements and found that

electrical coupling is supported by a surprisingly small

fraction of conductive channels.

Methods

For these experiments, Sprague Dawley or Wistar rats were

used. Slicing and recording techniques were similar to

those described previously (Curti et al. 2012). Detailed

illustration and interpretation of electrophysiological

recordings described here can be found in our previous

report (Curti et al. 2012). Methods for tissue preparation

and immunolabeling, sources of antibodies, and their

specificity and analysis by confocal microscopy were as we

previously described in studies of connexins in the central

nervous system (Li et al. 2004a, b; Penes et al. 2005).

Interpretations of images presented are also extensively

described in our previous report (Curti et al. 2012). Sta-

tistical analysis is expressed as standard deviation (SD) or

standard error of the mean (SEM).

Results

Using in vivo single intracellular recordings, Baker and

Llinás (1971) revealed the existence of electrical coupling

between neurons of the MesV. We have more recently

investigated the presence of electrical coupling between

adjacent pairs of these neurons using paired-recordings in

slices of rat brain stem visualized by IR-DIC (Fig. 1a).

MesV neurons were identified by their large spherical

somata and characteristic electrophysiological properties in

response to current steps of both polarities (Pedroarena

et al. 1999). The presence of electrical coupling was tested

by recording membrane responses in two adjacent MesV

neurons after the injection of hyperpolarizing current pul-

ses in one of the cells. An example of a coupled pair is

illustrated in Fig. 1b, in which a current pulse in the pre-

synaptic cell evokes a membrane response in the postsyn-

aptic cell of the same sign but of lower amplitude and

slower temporal course. About 23 % of the explored pairs

(n = 243) were electrically coupled. For each coupled pair,

the coupling coefficient and junctional resistance were

estimated and expressed as the average of the values in

both directions (see Curti et al. 2012 for details) averaging

0.19 ± 0.14 SD and 6.2 ± 6.33 nS SD, respectively

(n = 47). Estimates of junctional conductance in both

directions for each pair showed a positive correlation with

a slope of 1.04 (R2 = 0.75) not significantly different than

one (p = 0.7), indicating that gap junctional conductance

between MesV neurons is largely nonrectifying (Curti et al.

2012).

Somato–Somatic Contact Areas Contain Cx36

We next investigated by immunohistochemical approaches

whether Cx36, a widespread neuronal connexin responsible

for most electrical coupling in mammalian brain (Nagy

et al. 2004; Meier and Dermietzel 2006; Condorelli 1998;

Söhl et al. 1998), was expressed by MesV neurons of rats at

postnatal day 15, corresponding roughly to the age at which

electrophysiological studies of coupling between MesV

neurons were conducted. At anterior levels through the

MesV nucleus, neuronal somata are somewhat dispersed

284 S. Curti et al.: Electrical Transmission between Neurons

123



along a dorsoventral axis, thus reducing the frequency of

contacts between them. Nevertheless, most of these neu-

rons were moderately laden with fine Cx36-positive puncta

around their periphery. At more posterior levels, the MesV

nucleus is much more compact, with constituent somata

often appearing in clusters and in close apposition to each

other. Labeling associated with MesV somata consisted of

both fine Cx36-positive puncta around the somata surfaces

and large aggregates of puncta at points of contact (Fig. 1c,

arrowheads). Through focus of entire cells by confocal

microscopy revealed that virtually all of the fine dispersed

puncta were localized to the cell surface rather than

intracellularly (Curti et al. 2012).

As shown by confocal analysis (Fig. 2a), immunola-

beling at somatic appositions did not consist of a single

large immunopositive plaque, but rather of numerous small

puncta. Aggregates of puncta at somatic appositions were

often visualized on edge but were occasionally captured en

face (Fig. 2a, top), revealing various features of their

organization. Taking advantage of the uncommon oppor-

tunity of identifying the junctional area between two neu-

rons (most electrical coupling in mammalian neurons

generally occurs at remote dendro–dendritic contacts;

Connors and Long 2004), we calculated the average area of

labeling for Cx36 at somato–somatic contacts. As deter-

mined from en face views of Cx36 immunofluorescence at

contact sites between MesV somata (Fig. 2a), the average

number of Cx36-puncta per apposition was 70.1 ± 9.9

SEM, the puncta diameter was 0.34 ± 0.09 lm SEM, and

the average puncta area was 0.36 ± 0.028 lm2 SEM

(n = 10) (Fig. 2b–d). Complete confocal reconstruction of

these contacts areas allowed us to determine that labeling

most frequently appeared at appositions linking pairs or

triplets of somata (Curti et al. 2012).

Somatic appositions between MesV neurons at postnatal

day 9 and in adult did not display any immunolabeling for

all other connexins examined, including connexins found

in various peripheral cell types such as Cx30.3, 31.1, Cx31,

Cx37, Cx39, Cx40, Cx46 or Cx50 (not shown). Nor did

these appositions display labeling for connexins (Cx26,

Cx29, Cx30, Cx32, Cx43 and Cx47) expressed in glial cells

(Nagy et al. 2004), as shown by examples of double

immunofluorescence labeling for some of these connexins

in combination with labeling for Cx36 (Fig. 3). Immu-

nolabeling for Cx32 was localized to myelinated fibers

traversing a region immediately adjacent laterally to the

Fig. 1 Electrical transmission

between MesV neurons. a IR-

DIC image of a pair of

contiguous MesV neurons

during a simultaneous whole-

cell recording. b Simultaneous

recording from a pair of

electrically coupled MesV

neurons. Voltage responses to

200 ms hyperpolarizing (400

pA) current pulses injected

either in cell 1 (left) or cell 2

(right). c Immunofluorescence

labeling of Cx36 associated

with MesV neurons at postnatal

day 15. Labeling for Cx36 is

shown with red fluorochrome in

sections counterstained for Nissl

with green fluorochrome. Image

shows labeling for Cx36

(arrowheads) at appositions

between pairs of MesV neurons.

Modified from Curti et al.

(2012)
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MesV nucleus, and was absent in the MesV nucleus

(Fig. 3a). Punctate labeling for Cx47 was localized to oli-

godendrocyte cell bodies intermingled with fibers lateral to

the MesV nucleus (Fig. 3b). Labeling for Cx30 and Cx43,

which occur at astrocyte gap junctions throughout the brain

(Nagy et al. 2004), was found around the MesV nucleus

and sparsely dispersed within the nucleus (Fig. 3c, d).

None of these connexins were found to be colocalized with

Cx36 at appositions between MesV neurons, as shown by

image overlay of labeling for Cx36 in combination with

each of these connexins (Fig. 3a–d). Examination of other

connexins reported to be expressed in neurons of adult

brain (i.e., Cx30.2, Cx45 and Cx57) also revealed an

absence of these at MesV neuronal appositions, as shown

in the case of labeling for Cx45, which was instead

localized along blood vessels traveling through the MesV

nucleus (Fig. 3e), consistent with the expression of Cx45

by smooth muscle cells along vasculature elsewhere in

brain (Kruger et al. 2000; Li and Simard 2001).

Estimates of Junctional Conductance under Voltage

Clamp

The large spherical cell bodies and the somatic location of

the gap junctional area between these cells facilitates

recording from these cells and provides unusual advantages

for biophysical examination of the properties of native

neuronal gap junctions. More specifically, and in contrast

with other neuronal types, the somatic location of gap

junctions and spherical geometry of MesV neurons as well

as the fact they tend to be coupled in pairs, contribute to

alleviate space clamp limitations. We therefore obtained

direct measurements of junctional conductance from pairs

of coupled cells by using the dual whole cell patch clamp

technique. Current responses to voltage steps in a presyn-

aptic neuron where recorded in a coupled postsynaptic

MesV neuron (Fig. 4a), and the junctional conductance

was obtained from the slope of V–I relationships (Fig. 4b)

(Curti et al. 2012). Junctional conductance averaged

2.8 ± 2.0 nS SD, n = 8 (Fig. 5a). In pairs where it was

possible to estimate conductance in both directions the

values were largely symmetrical, corroborating the lack of

significant rectification at these contacts obtained under

current clamp conditions.

Electrical Coupling is Supported by a Small Fraction

of Open Gap Junction Channels

From the various measurements of labeled puncta (Fig. 2),

we calculated the total Cx36 labeled area (area of all

puncta) per apposition, which averaged 25.5 ± 3.9 lm2

SEM (Fig. 5b). Because Cx36 was the only connexin

detected at these contacts (Curti et al. 2012) and assuming

Fig. 2 Quantification of Cx36 labeling at somatic contact areas.

a Confocal immunofluorescence (z-stack) en face view and side view

appositions between two different pairs of MesV neurons. Only en
face views of Cx36-immunopositive clusters were used for quanti-

tation of Cx36-puncta area at appositions between pairs of MesV

neurons. b Average of puncta per apposition. c Average of puncta

diameter. d Average of puncta area

Fig. 3 Double immunofluorescence labeling of various connexins in

combination with Cx36 in MesV nucleus at postnatal day 15 in rat

brain. a, b Immunolabeling of the oligodendrocyte connexins Cx32

and Cx47 is restricted to myelinated fibers running lateral to the

MesV nucleus (A1, arrows) and to oligodendrocyte cell bodies (B1,

arrowheads), respectively; neither connexin is associated with MesV

neurons or with Cx36 (A2, B2, arrows; and A3, B3, overlay). c,

d Sparse immunolabeling of the astrocyte connexins Cx30 (c, arrows)

and Cx43 (d, arrows) occurs within the MesV nucleus, where Cx36 is

concentrated (c, d, arrows), and neither connexin is seen at MesV

neuronal appositions or in association with Cx36 (c, d, overlay).

e Punctate immunolabeling of Cx45 is restricted to blood vessels, in

this case to a vessel traversing through the MesV nucleus (E1,

arrows), and no labeling is seen associated with MesV neurons or

with Cx36 (E2, arrows, and E3 overlay). Scale bars = a, b, 100 lm;

c, 10 lm; d 20 lm; e, 50 lm

c
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that connexons in gap junction plaques between MesV

neurons are organized in a crystalline fashion, where

the density is reported to be 12,000 connexons per lm2

(Kamasawa et al. 2006), the labeled area corresponds to

about 306,000 channels. Because the single channel con-

ductance of gap junction channels formed by Cx36 was

reported to be 10–15 pS (Srinivas et al. 1999b; Teubner

et al. 2000), the values of junctional conductance indicate

that the average number of open gap junction channels was

of 190–280. Given that the opening probability of func-

tional gap junction intercellular channels was reported to

be close to 1 (Srinivas et al. 1999a), this estimate indicates

that, on average, only 0.06–0.09 % of gap junction chan-

nels between MesV neurons are conductive. Independent

estimates of junctional conductance between the same pairs

of MesV neurons using indirect approaches which involve

measurements of coupling coefficient and input resistance

provided independent support for the notion that a very low

fraction of open channels contribute to electrical coupling.

Indirectly estimated junctional conductance averaged

7.3 ± 5.0 nS SD (n = 9), representing 0.16–0.24 % of the

total population of channels, a value which was also con-

sistent with estimates obtained with current clamp for all

the coupled pairs. Finally, the differences in junctional

conductance observed between pairs of MesV neurons

would indicate that the number of open channels between

cells could be varied.

Fig. 4 Determination of junctional conductance between coupled

pairs of MesV neurons. a Current traces obtained under dual whole

cell voltage clamp configuration. Both cells were held at -50 mV and

voltage commands of increasing magnitude in steps of 5 mV of both

polarities were applied to one of the cells (cell 1, top), while

monitoring junctional current in the second cell (cell 2, bottom). The

transient component observed in response to strong positive voltage

commands corresponds to an undetermined voltage-dependent con-

ductance of the presynaptic cell that is not blocked by TTX or K?

channel blockers). b Graph of junctional current (ordinates) versus

transjunctional voltage (abscissa) for the recordings depicted in (a).

The data were fitted to a straight-line function and the junctional

conductance (Gj) was determined from the slope of this linear

regression (4.8 nS in this pair). Modified from Curti et al. (2012)

Fig. 5 A small fraction of gap junction channels supports electrical

transmission between pairs of MesV neurons. a Estimates of

junctional conductance obtained under voltage clamp configuration.

Individual (open circles) and average (solid circles) values are

illustrated superimposed (error bars indicate SD). According to these

estimates of macroscopic junctional conductance and assuming a

unitary conductance (cj) of 10–15 pS, the average number of open

channels is 190–280, representing the 0.06–0.09 % of the average

total population. b Average of Cx36 labeling area per apposition at

somatic contacts. Assuming a density of 12,000 connexons per square

micrometer, the averaged labeled area represents 306,000 intercellu-

lar channels per contact between MesV neurons. c The cartoon

illustrates that electrical transmission is supported by a small

proportion of open gap junction channels at appositions between

MesV neurons. Modified from Curti et al. (2012)
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Discussion

Taking advantage of current electrophysiological approa-

ches, our recordings from pairs of MesV neurons provided

direct evidence for the existence of electrical coupling

between neurons of the MesV nucleus (Curti et al. 2012).

Electrical coupling was symmetrical and junctions non-

rectifying. Strikingly, although unusually strong (Curti

et al. 2012), coupling was supported by a small number of

channels (*200), which represented a very small propor-

tion (*0.1 %) of the gap junction channels estimated to be

present at the contacts (Fig. 5c). These calculations were

possible because of the advantageous experimental access

of these electrical synapses: (1) unlike most electrical

synapses in mammalian brain, which are located at remote

dendritic processes, the ability to identify the areas of

contact between MesV neurons made it possible to esti-

mate the average number of channels between these neu-

rons, (2) the organization of coupling in the nucleus mostly

in pairs of coupled cells facilitated electrophysiological

analysis, and (3) the spherical somata and proximity of

electrodes to somatic gap junctions permitted more rigor-

ous biophysical analysis, allowing us to estimate the

average number of conductive channels responsible for

electrical coupling (assuming a unitary conductance of 15

pS; Srinivas et al. 1999a). Because functional gap junction

channels characteristically have an open probability of *1

at a transjunctional voltage of zero (Srinivas et al. 1999b),

these results indicate that electrical transmission at these

somatic contacts likely results from a small number of

channels with a high open probability rather than from

larger number of them with low open probability.

The estimated fraction of open channels was similar for

independent estimates of junctional conductance, using

either indirect (from measurements of coupling coefficient

and input resistance) or direct (voltage clamp) approaches,

supporting the notion that a small fraction of channels are

conductive. On the other hand, it is important to emphasize

that these estimates assume a unitary conductance of Cx36

channels, which has been similarly reported by various

groups (Srinivas et al. 1999b; Teubner et al. 2000), but

which has not been so far validated in a native neuronal

gap junction. The small proportion of open channels found

is consistent with similar estimates obtained at mixed

synapses formed by afferent terminals on the goldfish

Mauthner cell, where only a small percentage of channels

(*1 %) support the electrical component of a unitary

mixed synaptic potential (Lin and Faber 1988) and where

the number of channels was obtained from direct ultra-

structural reconstruction of these terminals (Tuttle et al.

1986). Further, a similar fraction of open Cx36 gap

junction channels (*0.1 %) was obtained in expression

systems combining electrophysiological and imaging

approaches (F. Bukauskas, personal communication).

Despite our use of indirect methods, this agreement

between the present results and those derived from other

approaches in Mauthner cells and transfected cells suggests

that our estimates of channel number were not significantly

affected by our assumptions.

Docking of connexons requires a specific distance

between the membranes of adjoining cells, and cell–cell

channels that did not open might therefore contribute to the

mechanical stability necessary to maintain functional

intercellular channels. In this view both, conductive and

nonconductive channels would play important functional

roles in electrical transmission. It has been recently shown

that the strength of electrical transmission is maintained by

a balance between hemichannel insertion, cell–cell channel

formation, and channel removal with an overall half-life

of *1–3 h (Flores et al. 2012), a value that is consistent

with previous estimates for turnover of gap junctions in

expression systems and intact tissue (Beardslee et al. 1998;

Herve et al. 2007). The generation of such striking dis-

parity between conductive and nonconductive channels

may reflect essential aspects of gap junction formation and

maintenance, which include the lifetime of intercellular

gap junction channels and the existence of heterogeneous

populations of these channels within the plaque.

On the other hand, it is clear that stable interneuronal

gap junctions can form with a very small number of con-

nexins present in the junction. At neuronal gap junctions in

the retina, for example, linear arrays of scores of connex-

ons in what have been termed string gap junctions consist

of only one or two particles in width. These strings con-

stitute true gap junctions because their constituent con-

nexons are seen to be docked across apposing membranes

(Kamasawa et al. 2006), although it is not known what

proportion, if any, of the channels in string junctions reside

in a open conducting state.
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Abstract Connexin43 (Cx43) forms gap junctions that

couple the granulosa cells of ovarian follicles. In Cx43

knockout mice, follicle growth is restricted as a result of

impaired granulosa cell proliferation. We have used these

mice to examine the importance of specific Cx43 phos-

phorylation sites in follicle growth. Serines at residues 255,

262, 279, and 282 are MAP kinase substrates that, when

phosphorylated, reduce junctional conductance. Mutant

forms of Cx43 were constructed with these serines replaced

with amino acids that cannot be phosphorylated. These

mutants were transduced into Cx43 knockout ovarian

somatic cells that were combined with wild-type oocytes

and grafted into immunocompromised female mice per-

mitting follicle growth in vivo. Despite residues 255 or 262

being mutated to prevent their being phosphorylated,

recombinant ovaries constructed with these mutants were

able to rescue the null phenotype, restoring complete fol-

liculogenesis. In contrast, Cx43 with serine to alanine

mutations at both residues 279 and 282 or at all four res-

idues failed to rescue folliculogenesis; the mutant mole-

cules were largely confined to intracellular sites, with few

gap junctions. Using an in vitro proliferation assay, we

confirmed a decrease in proliferation of granulosa cells

expressing the double mutant construct. These results

indicate that Cx43 phosphorylation by MAP kinase at

serines 279 and 282 occurs in granulosa cells of early

follicles and that this is involved in regulating follicle

development.

Keywords Cx43 � Folliculogenesis � Granulosa cell �
Oocyte growth � Phosphorylation � Proliferation

Connexin43 (Cx43), the most widely expressed connexin,

is differentially phosphorylated at a dozen or more serine

residues throughout its life cycle (Lampe and Lau 2004;

Solan and Lampe 2009). Protein kinase C (PKC) (Lampe

et al. 2000; Saez et al. 1997), mitogen-activated protein

kinase (MAPK) (Warn-Cramer et al. 1996), AKT (Park

et al. 2007), casein kinase 1 (CK1) (Cooper and Lampe

2002), p34cdc2 (Kanemitsu et al. 1998; Lampe et al. 1998),

SRC (Crow et al. 1990; Swenson et al. 1990) and likely

other kinases can directly phosphorylate Cx43. Kinase

activation can either effect an acute (within minutes)

reduction of channel conductance and/or open probability,

or over a somewhat longer time frame (tens of minutes to

hours) can lead to compromised Cx43 targeting/retention at

gap junctions and in some cases, altered Cx43 gene

expression. Cx43 has an unusually short half-life in cul-

tured cells and tissues (Beardslee et al. 1998; Crow et al.

1990; Laird et al. 1991; Lampe 1994; Musil et al. 1990).

Cx43 turnover appears to be highly regulated with both

MAPK- and PKC-mediated phosphorylation implicated in

keeping Cx43 hemichannels closed (Goodenough and Paul

2003) and enhancing gap junction turnover (Leithe and

Rivedal 2004).

Much of the work exploring the involvement of protein

kinases in regulating gap junction assembly and function

has come from the use of cultured cells, with little attention

to in vivo models. To explore the involvement of Cx43
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C-terminal tail phosphorylation in vivo, we have chosen

the mouse ovarian follicle. In the mouse, Cx43 is expressed

in all stages of follicle development from the primary

through the preovulatory stage where it forms gap junc-

tions connecting granulosa cells (both cumulus and mural)

with each other; another connexin, Cx37, forms gap junc-

tions coupling the cumulus granulosa cells with the

developing oocyte, thus linking the germline and somatic

components of the follicle into a functional syncytium

allowing diffusional transfer of small molecules throughout

(reviewed by Kidder and Vanderhyden 2010). Gene

knockout studies have demonstrated that Cx43 is essential

for follicle growth because in its absence, granulosa cell

proliferation is arrested or impaired, depending on strain

background (Ackert et al. 2001; Tong et al. 2006). Fur-

thermore, oocytes developing within Cx43-deficient folli-

cles fail to grow properly and do not achieve meiotic

competence (Ackert et al. 2001). This dependency of fol-

licle and oocyte growth on Cx43 provides a testing ground

for exploring the importance of C-terminal tail phosphor-

ylation in connexin function.

In the present study, we have exploited the recombinant-

reaggregated ovary technique (Eppig and Wigglesworth

2000) to evaluate the importance of specific Cx43 phos-

phorylation sites in oocyte and follicle growth. Cx43

knockout granulosa cells were transduced with wild-type

Cx43 or Cx43 in which specific serines, known to be

phosphorylated by MAP kinases, had been replaced with

alanine, to prevent phosphorylation, or aspartic acid, to

mimic phosphorylation. The transduced granulosa cells

were then aggregated with wild-type oocytes to form

recombinant ovaries that were grafted under the kidney

capsules of immunocompromised adult females to allow for

in vivo follicle growth; previous work using this technique

had confirmed the ability of transduced wild-type Cx43 to

rescue folliculogenesis when Cx43-deficient granulosa cells

were combined in grafts with wild-type oocytes (Gittens and

Kidder 2005). Using this approach, we were able to identify

serines whose phosphorylation is involved in regulating

Cx43 function in support of oocyte and follicle growth.

Materials and Methods

Ovary Collection

Ovaries lacking Cx43 were obtained from matings of het-

erozygous (Gja1?/Gja1-) C57BL/6 male and female

mice. Immunocompromised adult SCID females (CB17/

IcrPrkdcscid/IcrIcoCrl, originally obtained from Charles

River, St-Constant, QC and maintained in the barrier

facility of the Robarts Research Institute at the University

of Western Ontario) were used as graft recipients. Fetuses

were obtained from pregnant dams at day 17.5–18.5 of

gestation after CO2 anesthesia and cervical dislocation.

Fetuses were removed from the uteri and decapitated. A

tail snip was collected from each female fetus for geno-

typing. Ovaries were removed and cleaned of surrounding

tissue, then cultured on a 3-lm membrane cell culture

insert (VWR USA, Radnor, PA) for 8–10 h in Waymouth

MB 752/1 medium (Invitrogen Canada, Burlington, ON)

supplemented with 10 % fetal bovine serum and

1 9 antibiotic/antimycotic (both from Invitrogen) while

the fetuses were genotyped.

Genotyping

The polymerase chain reaction (PCR) was applied to pro-

teinase K-digested tail snips to determine the genotypes of

the fetal ovary donors. PCR was carried out utilizing two

separate reactions that shared a downstream primer

(50-ACTTTTGCCGCCTAGCTATCCC-30) specific for a

part of the Cx43 C-terminal coding region which is retained

in the null allele; see Reaume et al. (1995). To detect the

presence of the wild-type Gja1 allele, an upstream primer

(50-CCCCACTCTCACCTATGTCTCC-30) was used in

conjunction with the downstream primer whereas to detect

the null allele, an upstream primer located in the neo cassette

(50-GCTTGCCGAATATCATGGTGGA-30) was used with

the downstream primer. One microliter of the diluted

digestions were used per PCR. PCR was carried out using a

‘‘touch down’’ (65–58 �C) protocol for a total of 40 cycles.

PCR products were visualized on a 1 % agarose gel con-

taining ethidium bromide and documented using a Bio-Rad

imaging system and Quantity One software (Bio-Rad USA,

Hercules, CA).

Retroviral Vector Construction

Cloned cDNAs encoding Cx43 with C-terminal mutations

at various serine residues were constructed as described

(Solan et al. 2007). Serine-to-alanine and serine-to-aspartate

mutations were made using the GeneTailor (Invitrogen) or

In-Fusion (Clontech Laboratories, Inc. Mountain View,

CA) site-directed mutagenesis system applied to full-length

Cx43 cDNA that had been cloned into the mammalian

expression vector pIREShyg (Clonetech). The mutant

cDNAs were inserted into the AP2 retroviral vector that

contains an internal ribosomal entry site (IRES) that per-

mits independent translation of the connexin and enhanced

green fluorescent protein (EGFP; see Tong et al. 2007 for

vector design). Vector lacking connexin cDNA served as

negative control and vector encoding wild-type Cx43

served as positive control. The vector was packaged using

293 GPG packaging cells to produce active virus which

was concentrated using Amicon Ultra Centrifugal Filter
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Devices (Millipore USA, Billerica, MA) according to the

manufacturer’s protocol.

Construction of Chimeric Ovaries

Chimeric ovaries combining wild-type oocytes with Cx43-

deficient (Gja1-/-), retrovirally transduced ovarian

somatic cells were constructed essentially as described by

Gittens and Kidder (2005) with minor modifications.

Ovaries were grouped on the basis of genotype (four to six

per group), washed briefly in HBSS (Invitrogen) supple-

mented with 1 mg/ml bovine serum albumin (BSA; Sigma,

Oakville, ON), and dissociated in trypsin-EDTA (0.05 %

trypsin, 0.53 mM EDTA, Invitrogen) for 45 min (Eppig

and Wigglesworth 2000). The dissociated cells were plated

in TCM199 (Invitrogen) supplemented with 10 % fetal

bovine serum (M199-FBS) and antibiotic-antimycotic

(Invitrogen) on cell culture-treated 3.5 cm dishes (Falcon)

or glass coverslips and cultured overnight at 37 �C in 5 %

CO2/5 % O2/90 % N2. After removal of the oocytes, the

remaining somatic cells were infected for 48 h with one of

the retroviral expression vectors. To prepare reaggregated

ovaries, oocytes obtained from wild-type ovaries were

washed with M199-FBS and placed in a 15-ml conical

tube. The retrovirally transduced somatic cells were tryp-

sinized, washed with M199-FBS, and pelleted by centri-

fuging at 5009g for 5 min. The pelleted cells were then

resuspended in 500 ll M199-FBS and added to the washed

oocytes at an equal ratio (e.g., wild-type oocytes from four

ovaries were combined with the somatic cell pellet from

four Cx43-deficient ovaries) along with 7 ll/ml phyto-

hemagglutinin (0.05 %, Sigma) in a 1.5-ml tube, followed

by pelleting at 500 x g for 5 min. The pellets were carefully

dislodged from the tubes and cultured overnight on 3 lm

cell culture inserts at 37 �C in 5 % CO2 in air. The reag-

gregated ovaries were transplanted under the kidney cap-

sules of ovariectomized SCID mice (one graft per mouse)

and incubated 21–28 days as described previously (Gittens

and Kidder 2005; Tong et al. 2007).

Histology

Reaggregated ovaries were recovered from the host kid-

neys and fixed in Bouin solution, then embedded in paraffin

and sectioned at 6 lm onto Superfrost Plus slides (Fisher

Canada, Ottawa, ON). The slides were dried, deparaffi-

nized and stained with hematoxylin and eosin using a

standard protocol. Measurements of oocyte diameters were

taken using an Olympus inverted microscope and Open

Lab software (Leica Microsystems Canada, Concord, ON).

Three sections were analyzed from each of at least three

recombinant ovary grafts.

Immunolocalization of Total and pS279/282 Cx43

in Natural Ovaries

Ovaries from 3 to 4 week old female C57BL/6 mice were

placed into cryomolds containing O.C.T. (Tissue Tek), and

were frozen on an aluminum block cooled in liquid nitro-

gen. Eight- to 10-lm-thick sections were cut and left at

room temperature to dry 24–48 h before fixing. Sections

were fixed in chilled 50:50 methanol/acetone at 4 �C for

10–15 min then dried for 5 min or less. Sections were

rinsed twice with 1 9 PBS to remove excess OCT and

blocked in 1 % BSA in PBS with 5 % normal goat serum

(Sigma) for 30 min. Sections were outlined with a PAP pen

to minimize the volume of blocking buffer and antibody

needed. They were treated for 1 h at room temperature

with two primary antibodies: 1 lg/ml CT1 anti-Cx43

(Sosinsky et al. 2007) and 1:5,000 anti-phospho-S279/282

Cx43 prepared at the Fred Hutchinson Cancer Research

Center against peptide S279/282 (CAPL(pS)PM(pS)

PPGY-amide (Solan and Lampe 2008). Secondary anti-

body treatment was also carried out for 1 h at room tem-

perature using Alexafluor 488-conjugated goat anti-mouse

and Alexafluor 546-conjugated goat anti-rabbit, both from

Invitrogen. Nuclei were labeled with DAPI (300 nM,

Invitrogen). Sections were imaged using a Nikon E400

epifluorescence microscope with a Nikon DS-Qi1Mc

camera.

Immunolocalization of Total Cx43 in Recombinant

Ovaries

Grafts were recovered into TCM-FBS and follicles were

liberated using 25 gauge needles. The follicles were plated

on glass coverslips and cultured 24 to 48 h at 37 �C in

M199-FBS in 5 % CO2/5 % O2/90 % N2. The cells were

washed with PBS, fixed with 4 % paraformaldehyde (PFA)

for 20 min then blocked in PBS containing 5 % BSA

(PBS-BSA) for 1 h at room temperature before immu-

nolabeling with Cx43 primary antibody (Sigma cat. no.

C6219; 1/5,000 in PBS-BSA) overnight at 4 �C. Excess

primary antibody was removed by washing three times

with PBS-BSA before the secondary (goat anti-rabbit

Alexafluor 488, 1/1,000, Invitrogen) was added for 1 h at

room temperature. Secondary antibody was removed by

washing three times in PBS-BSA, then the nuclei were

labelled with Hoechst 33342 (1 lg/ml in PBS) for 8 min at

room temperature. A final PBS wash was performed before

the coverslips were mounted on slides with Airvol. The

cells were imaged using a Zeiss LSM 510 META confocal

microscope and ZEN imaging software (Carl Zeiss Canada,

Toronto, ON).
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Cell Proliferation Assay

Cx43-deficient ovarian somatic cells, devoid of oocytes,

were plated directly onto 13 mm Thermanox plastic cov-

erslips (VWR Canada, Mississauga, ON). The Click-iT

EdU Imaging Kit (Invitrogen) was used to measure cell

proliferation. After 48-h viral vector infection, cells were

cultured with 10 lM EdU (5-ethynyl-20-deoxyuridine) for

12 h then fixed in 4 % PFA for 20 min. The fixative was

washed off using PBS containing 3 % BSA (PBS-BSA)

and then the cells were incubated for 20 min with 0.5 %

Triton X-100, washed once with PBS-BSA and incubated

30 min with the Click-iT reaction cocktail followed by

washing with PBS-BSA. Nuclei were labelled using the

Hoechst dye provided in the kit and according to the

manufacturer’s protocol. The coverslips were mounted

onto slides using Airvol and documented using a fluores-

cence photomicroscope (Leica Microsystems Canada,

Concord, ON). The ratio of EdU positive cells to total cells

was determined by counting five fields per coverslip and

each experiment was conducted three times.

Statistical Analyses

Statistical analysis of follicle stage distributions was per-

formed using a chi-square test and analysis of oocyte size

and granulosa cell proliferation rate data was conducted by

one way ANOVA followed by Tukey’s post test using

GraphPad Prism software (La Jolla, CA). Results were

considered significant if P \ 0.05.

Results

Specific Serines in the C-terminal Tail of Cx43 Are

Phosphorylated during Follicle Growth

Cx43 phosphorylated at serines 279/282 is located pri-

marily at perinuclear sites in small primary and secondary

follicles (top left and bottom right, respectively, of

Fig. 1a), overlapping to some extent with total Cx43

(arrowheads). In larger follicles (Fig. 1c), there is increased

expression of total Cx43 in plaque-like structures at cell

borders (arrows) but reduced expression of Cx43 phos-

phorylated at serines 279/282, some of which continues to

exhibit perinuclear colocalization with Cx43 (arrowhead).

This difference in level and localization of Cx43 phos-

phorylated at serines 279/282 in different follicle stages is

clearer when its immunostaining is shown alone (Fig. 1b,

d). We conclude that the relative level of Cx43 phos-

phorylated at serines 279 and 282 is higher in earlier fol-

licle stages where there are fewer gap junctions.

Mutation of Phosphorylation Sites S279 and S282

Abrogates the Ability of Cx43 to Rescue

Folliculogenesis in Cx43-deficient Ovaries

To confirm that the recombinant reaggregated ovary sys-

tem can be used to identify follicle growth differences in

the presence or absence of Cx43, reaggregated ovaries

were constructed with wild-type oocytes combined with

Cx43-deficient somatic cells that had been transduced with

either wild-type Cx43 or the empty vector control con-

struct. These were transplanted under the kidney capsules

of ovariectomized immunodeficient adult females and

allowed to develop for 21–25 days. Ovaries containing

Cx43-deficient somatic cells transduced with wild-type

Cx43 produced follicles representing all stages of devel-

opment, from primary to late antral (Fig. 2a, Table 1)

demonstrating the ability of the transduced connexin to

rescue the Cx43-deficient follicles from growth arrest.

Conversely, in ovaries made with Cx43-deficient somatic

cells transduced with the empty vector control, only pri-

mary stage follicles were observed (Fig. 2b). To confirm

that the rescue of folliculogenesis after transduction with

wild-type Cx43 did not result from contamination with

wild-type granulosa cells, follicles were recovered from the

grafts and immunostained for Cx43. Follicles derived from

Cx43-transduced somatic cells (Fig. 2c) showed typical

punctate immunostaining between granulosa cells whereas

follicles derived from empty vector-transduced somatic

cells did not show any Cx43 immunofluorescence

(Fig. 2d). These results confirmed the validity of the

recombinant-reaggregated ovary system for testing the

ability of phosphorylation site mutants to support oocyte

and follicle growth.

The first mutant phosphorylation site construct tested

contained all four MAPK sites in the C-terminal tail (S255,

S262, S279, and S282) mutated from serine to alanine.

When this construct was used to transduce Cx43-deficient

somatic cells for recombinant ovary construction, the

resulting follicles were restricted to a single layer of

granulosa cells, similar to the results seen in the empty

vector controls (Fig. 3a, Table 1). Likewise, mutating both

serine 279 and serine 282 to alanine resulted in the majority

of follicles remaining restricted to the primary stage with

only a few reaching the two layer early secondary stage

(Fig. 3b, Table 1). We then tested individual sites for their

ability to rescue folliculogenesis. When the transduced

connexin contained a single serine to alanine mutation at

residue 255, folliculogenesis proceeded to the antral stage

suggesting phosphorylation of that residue is not critical in

this context (Fig. 3c). When the same serine was mutated

to aspartic acid (S255D), the same result was seen

(Fig. 3d). Likewise, the S262D mutation supported folli-

culogenesis to the antral stage, rescuing the null mutant
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phenotype (Fig. 3e, Table 1). Thus, phosphorylation at

neither the S255 nor the S262 site is critical for folliculo-

genesis. Furthermore, the follicle stage distributions in the

mutant-expressing recombinant grafts that exhibited

limited follicle growth were significantly different from the

distribution in grafts expressing wild-type Cx43.

The localization of Cx43 within the recovered follicles was

examined to determine if the phosphorylation mutants had an

Fig. 1 Cx43 in primary ovarian follicles is mainly perinuclear and

phosphorylated at S279/282, whereas secondary follicles show more

junctional staining. a A primary follicle (upper left) and a small

secondary follicle (lower right) show perinuclear and junctional

localization of total Cx43 (green) and predominantly perinuclear

localization of Cx43 phosphorylated at S279/282 (red). Inset,
magnified view of the colocalization of total Cx43 and Cx43

phosphorylated at S279/282, indicated by arrowheads. b A single

channel image of the field in (a) shows more clearly the perinuclear

localization of Cx43 phosphorylated at S279/282. c In a larger

secondary follicle, a greater proportion of total Cx43 is in junctional

plaques and less is perinuclear. The magnified inset shows an example

of total Cx43 in plaques at a cell–cell interface arrows and

colocalization of total Cx43 with Cx43 phosphorylated at S279/282

(arrowhead). d A single channel image of the field in (c) reveals that

there is less perinuclear localization of Cx43 phosphorylated at S279/

282 and an overall lower level of immunostaining, presumably

reflecting a reduced level of phosphorylation. O, oocyte. Scale

bars = c 10 lm; d 20 lm

P. W. Dyce et al.: Phosphorylation of Serine Residues 295

123



effect on gap junction plaque formation within the grafted

recombinants. Plaques containing Cx43 were found at the

junctional membranes of some granulosa cells in all groups

tested, although follicles from reaggregated ovaries expressing

the quadruple mutant (S255A ? S262A ? S279A ? S282A)

exhibited few gap junction plaques and more intracellular

Cx43 (Fig. 4a). Similarly, follicles expressing the double

mutant (S279A ? S282A), while having more membrane

plaques than ovaries constructed with the quadruple mutant,

also exhibited cytoplasmic immunostaining (Fig. 4b). In

contrast, typical punctate membrane immunostaining and

little cytoplasmic immunostaining was observed in reag-

gregated ovaries expressing the single mutants S255A,

S255D, and S262D that supported folliculogenesis (Fig. 4c–e).

Oocyte Growth Is Retarded in Reaggregated Ovaries

Where Follicle Growth Is Impaired

In order to determine if the inability to phosphorylate the

selected MAPK sites in Cx43 had an effect on oocyte

growth, oocyte diameters were measured (Table 2). Ovaries

constructed of wild-type oocytes and Cx43-deficient somatic

cells transduced with wild-type Cx43 had a mean oocyte

diameter of 61.34 ± 1.47 lm (Fig. 5). This was signi-

ficantly (P \ 0.01) greater than the mean diameter

(35.47 ± 1.12 lm) of oocytes obtained from reaggregated

ovaries constructed with wild-type oocytes and empty

vector-transduced somatic cells. Likewise, the follicles of

reaggregated ovaries expressing the quadruple mutant con-

tained oocytes that were significantly smaller (at 47.05 ±

1.63 lm mean diameter) than those expressing wild-type

Cx43 (P \ 0.001); however, they were significantly larger

than the oocytes in the empty vector control ovaries

(P \ 0.01) The single mutation S255A resulted in oocytes

whose mean diameter (60.43 ± 1.69 lm) was not signifi-

cantly different from that of follicles transduced with wild-

type Cx43. Similarly, oocytes averaged 60.96 ± 1.22 lm

and 62.11 ± 1.18 lm in diameter when combined with

somatic cells expressing the S255D and S262D mutants,

respectively, neither of which was significantly different

from oocytes combined with wild-type Cx43-transduced

somatic cells. Oocytes within follicles transduced with the

double mutant S279A and S282A were significantly

(P \ 0.01) smaller (at 43.99 ± 1.64 lm) than those in fol-

licles expressing wild-type Cx43 indicating that the ability to

phosphorylate one or both of those sites is essential for

oocyte growth (Fig. 5).

Inability to Phosphorylate S279 and S282 Restricts

Proliferation of Granulosa Cells In Vitro

The inability of the transduced S279A/S282A double

mutant construct to rescue folliculogenesis in Cx43-defi-

cient reaggregated ovaries suggested failure of the mutant

Fig. 2 Folliculogenesis can be

rescued by the transduction of

wild-type Cx43 into Cx43-

deficient ovarian somatic cells

and aggregation with wild-type

oocytes. a Section of a grafted

recombinant ovary made with

wild-type Cx43-transduced

somatic cells. A full range of

follicle stages is present in the

ovary. b Section of a grafted

recombinant ovary made with

somatic cells transduced with

the empty vector. Follicle

development was limited to the

primary and early secondary

stages in these ovaries.

c Immunofluorescence revealed

robust Cx43 expression in gap

junction plaques in the cumulus

cells of recombinant ovaries

made with wild-type Cx43-

transduced somatic cells.

d Cx43 was undetectable in

recombinant ovaries made with

somatic cells transduced with

the empty vector. O, oocyte.

Scale bars = a, b 50 lm; c,

d 10 lm
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Table 1 Distribution of follicle classes in recombinant ovaries

Transduced connexin No. of ovary

grafts

No. of follicles

analyzed

Follicles at stage, n (%)

Primary

(1 layer)

Early secondary

(B2 layers)

Secondary

([2 layers)

Tertiary

(antral)

None 3 54 54 (100) 0 0 0

Wild type 4 53 12 (22.6) 10 (18.9) 13 (24.5) 18 (34.0)

S255A ? S262A ? S279A ? S282A 3 69 69 (100) 0 0 0

S279A ? S282A 3 52 47 (90.4) 5 (9.6) 0 0

S255A 3 41 16 (39.0) 7 (17.1) 5 (12.2) 13 (31.7)

S255D 4 69 39 (56.5) 9 (13.0) 12 (17.4) 9 (13.0)

S262D 3 46 17 (36.9) 14 (30.4) 5 (10.9) 10 (21.7)

Fig. 3 Folliculogenesis is impaired in recombinant ovaries con-

structed with somatic cells expressing Cx43 with 2 or more MAPK

site mutations. a In ovaries constructed with somatic cells expressing

the quadruple mutant S255A ? S262A ? S279A ? S282A, follicu-

logenesis was restricted to the primary stage. b When constructed

with somatic cells expressing the double mutant S279A ? S282A,

ovaries were devoid of follicles beyond the primary/early secondary

stage. c–e In ovaries constructed with somatic cells expressing the

single MAPK site mutations S255A (c), S255D (d), or S262D (e),

folliculogenesis reached the antral stage. Scale bars = 50 lm
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to support granulosa cell proliferation. To test this

hypothesis directly, we infected Cx43-deficient ovarian

somatic cells with the various wild-type and mutant vector

constructs and after 48 h, added EdU and allowed the cells

to incorporate this fluorescent nucleoside analog for a

further 12 h in vitro. Cx43-deficient cells transduced with

the quadruple mutant proliferated at a significantly lower

rate (8.02 ± 0.35 %; P \ 0.05) when compared with cells

Fig. 4 Immunofluorescence analysis reveals altered Cx43 subcellular

distribution in granulosa cells expressing mutants with two or more

MAPK site mutations. a Ovaries made with somatic cells expressing

the quadruple mutation S255A ? S262A ? S279A ? S282A exhib-

ited few membrane plaques in the granulosa cells but ample

intracellular staining. b Intracellular Cx43 immunostaining was also

present in follicles expressing the double mutant S279A ? S282A,

but membrane plaques were more numerous than with the quadruple

mutant. c–f Granulosa cells in recombinant ovaries expressing the

single mutations S255A (c), S255D (d), and S262D (e) all displayed

numerous membrane plaques with little intracellular immunoreactiv-

ity as in ovaries made with somatic cells expressing wild-type Cx43

(f). Scale bars = 10 lm
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expressing wild-type Cx43 (20.29 ± 2.38 %); indeed, the

quadruple mutant construct was not significantly better

than the empty vector, which supported a proliferation rate

of only 5.74 ± 0.84 % (Fig. 6). Similar results were seen

with the S279A/S282A double mutant-transduced ovarian

somatic cells: the proliferation rate was significantly lower

(4.49 ± 0.30 %) when compared to the wild-type Cx43-

transduced cells (Fig. 6, P \ 0.01) and not significantly

different from the empty vector control. The single mutants

supporting rescue of folliculogenesis were not significantly

different from wild-type Cx43 with S255D proliferating at

24.34 ± 2.82 %, S255A at 28.46 ± 3.70 %, and S262D at

22.07 ± 2.16 %, indicating that the inability of the double

and quadruple mutants to rescue folliculogenesis in Cx43-

deficient reaggregated ovaries results from diminished

granulosa cell proliferation.

Discussion

During the development of ovarian follicles, Cx43

expression in granulosa cells is required for both follicle

and oocyte growth (Kidder and Vanderhyden 2010). The

results of this study allowed us to conclude that phos-

phorylation of serine residues in the C-terminal cytoplas-

mic tail of Cx43, known to be targets for MAP kinases,

occurs in the early stages of folliculogenesis and is

involved in regulating granulosa cell proliferation. To our

knowledge, this is the first demonstration that phosphory-

lation of specific Cx43 serines plays a role in cell prolif-

eration in vivo. Previous work had demonstrated that

phosphorylation of Cx43 in mature, preovulatory follicles

by MAP kinases occurs in response to luteinizing hormone

(LH) (Sela-Abramovich et al. 2005, 2008). LH treatment

results in phosphorylation of Cx43 at S255, S262, S279,

and S282 (Norris et al. 2008), causing the attenuation of

gap junctional communication among the cumulus cells

that triggers oocyte maturation. The present work extends

to earlier stages of folliculogenesis the importance of MAP

kinases in the life cycle of ovarian follicles.

The majority of connexin proteins have been shown to be

phosphorylated, with most of the phosphorylated residues

residing in the cytoplasmic C-terminal tail (reviewed by

Lampe and Lau 2000). However, given that not all con-

nexins have a C-terminal tail long enough to include those

sites and that truncated forms of Cx43 lacking the C-ter-

minal tail are still capable of forming functional gap junc-

tions (Maass et al. 2007), it is clear that phosphorylation of

Table 2 Oocyte diameters (microns) in recombinant ovaries

Transduced connexin Total

oocytes

analyzed

Mean ± SEM

None 44 35.47 ± 1.12

Wild type 28 61.34 ± 1.47

S255A ? S262A ? S279A ? S282A 42 47.05 ± 1.63

S279A ? S282A 52 43.99 ± 1.64

S255A 28 60.43 ± 1.69

S255D 44 60.96 ± 1.22

S262D 26 62.11 ± 1.18

Fig. 5 Oocyte growth was diminished in recombinant follicles that

failed to develop beyond the early secondary stage. Oocyte diameters

were measured in follicles constructed from ovarian somatic cells

transduced with (left to right) wild-type Cx43, empty vector, the

quadruple mutant S255A ? S262A ? S279A ? S282A, the double

mutant S279A ? S282A, S255D, S255A, and S262D. The number of

oocytes measured for each experimental group is shown in parenthe-

ses. Mean diameters with different letters above them differ

significantly (P \ 0.05)

Fig. 6 Failure of recombinant follicles to develop beyond the early

secondary stage is due at least in part to reduced granulosa cell

proliferation. A 12-h in vitro EdU incorporation assay was used to

measure proliferation of Cx43-deficient granulosa cells transduced

with (left to right) wild-type Cx43, empty vector, the quadruple

mutant S255A ? S262A ? S279A ? S282A, the double mutant

S279A ? S282A, S255D, S255A, and S262D. Mean EdU incorpo-

ration frequencies with different letters above them differ signifi-

cantly (P \ 0.05)
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the C-terminal tail is not required for the establishment of

intercellular coupling. It has been clear for some time,

however, that C-terminal phosphorylation of Cx43 is

involved in the regulation of gap junctional communication.

For example, S255, S279 and S282 are phosphorylated

directly by activated MAPK in EGF-treated cells with

phosphorylation of one or both of the S279/S282 sites being

adequate to disrupt gap junctional communication (Warn-

Cramer et al. 1998). It was further reported in that study that

mutating S255, S279, and S282 to alanine abolished the

ability of EGF to disrupt communication. In addition to

channel activity, EGF treatment leads to internalization of

Cx43 (Leithe and Rivedal 2004), potentially in a direct

manner through phosphorylation of Cx43 at serines 279 and

282 (Leykauf et al. 2003).

In the present work, Cx43 in primary and early sec-

ondary follicles, in contrast to that of more advanced fol-

licles, was found to be predominately intracellular and

relatively highly phosphorylated at serines 279 and 282.

This is similar to the situation in cells undergoing mitosis,

where Cx43 is redistributed to an intracellular location in

association with an increase in its phosphorylation (Boassa

et al. 2010). Possibly, phosphorylation at serines 279 and

282 in granulosa cells limits the amount of Cx43 within

gap junctions and/or decreases the level of gap junctional

communication, thereby allowing their entry into M phase.

Our results are consistent with the work of Maass et al.

(2004) who found that surviving knock-in female mice

homozygous for a truncation mutant of Cx43

(Cx43K258stop), one that lacks most of the C-terminal

cytoplasmic tail, are infertile as a result of impaired folli-

culogenesis. The mice analyzed in that study lacked three

of the four serines (S262, S279 and S282) that, when col-

lectively mutated to alanine in our study, failed to support

folliculogenesis. However, our results must also be con-

sidered in the context of the preliminary (unpublished)

finding that female knock-in mice homozygous for the

same quadruple mutant used in the present study can pro-

duce apparently healthy litters. An analysis of follicle

growth, ovulation rate, and litter size in those mice has not

yet been carried out to determine if they may in fact be

subfertile as recently determined in the case of apparently

fertile females carrying the dominant loss-of-function

G60S substitution in Cx43 (Tong et al. 2009). One possible

reason for the apparent discrepancy with the present results

is a difference in strain background. It is known that the

importance of Cx43-mediated intercellular communication

for folliculogenesis in mice is influenced by genetic

background: the Gja1 null mutation in the homozygous

state causes follicle development to arrest in the primary

stage on the C57BL/6 background (Ackert et al. 2001)

whereas some follicles can develop into antral stages when

the same mutation is crossed into the CD1 background

(Tong et al. 2006). The quadruple mutant mice have to this

point been maintained on a mixed C57BL/6 9 129S6SvEV

genetic background, and thus, their continued fertility

could be explained by strain-specific genetic modifiers that

do not come into play in recombinant ovaries when both

oocytes and ovarian somatic cells are of the inbred C57BL/

6 strain.

In conclusion, the results presented here add yet another

level of regulation- that by MAP kinases acting on Cx43-

to the list of factors regulating the early stages of follicu-

logenesis and oocyte growth, raising the possibility that

interference with that regulation may contribute to female

infertility.
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Abstract A great deal is now known about the protein

components of tight junctions and adherens junctions, as

well as how these are assembled. Less is known about the

molecular framework of gap junctions, but these also have

membrane specializations and are subject to regulation of

their assembly and turnover. Thus, it is reasonable to

consider that these three types of junctions may share

macromolecular commonalities. Indeed, the tight junction

scaffolding protein zonula occluden-1 (ZO-1) is also

present at adherens and gap junctions, including neuronal

gap junctions. On the basis of these earlier observations,

we more recently found that two additional proteins, AF6

and MUPP1, known to be associated with ZO-1 at tight and

adherens junctions, are also components of neuronal gap

junctions in rodent brain and directly interact with conn-

exin36 (Cx36) that forms these junctions. Here, we show

by immunofluorescence labeling that the cytoskeletal-

associated protein cingulin, commonly found at tight

junctions, is also localized at neuronal gap junctions

throughout the central nervous system. In consideration of

known functions related to ZO-1, AF6, MUPP1, and

cingulin, our results provide a context in which to examine

functional relationships between these proteins at Cx36-

containing electrical synapses in brain—specifically, how

they may contribute to regulation of transmission at these

synapses, and how they may govern gap junction channel

assembly and/or disassembly.

Keywords AF6 � Cingulin � Connexin36 � Electrical

synapse � Gap junctions � MUPP1 � Neurons � PDZ domain

As evident in this special tribute issue of Journal of Mem-

brane Biology to the long and distinguished career of

Dr. Ross Johnson as a gap junctionologist, gap junctions

remain at center stage regarding their relevance in health and

disease. As well, these entities continue to entertain the

imagination of researchers in the field and still seem to yield

endless surprises concerning their myriad functions, their

complex regulation, and, as is becoming evident more

recently, their rich structural organization. One organ system

in which studies of connexins and gap junctions have gen-

erated its share of such surprises over the past decade is the

central nervous system (CNS). In brain, for example, the

large repertoire of connexins expressed by glial cells is

unparalleled by any other cell type in the body. In addition,

huge advances in understanding the functional importance

of widespread electrical synapses formed by gap junctions

between neurons in the mammalian CNS (Bennett 1997;

Bennett and Zukin 2004; Connors and Long 2004; Nagy

et al. 2004) have left many wondering how, in the past, these

functionally essential structures could have been overlooked,

neglected, or even dismissed as a fundamental means of

neurotransmission in higher vertebrates, along with chemi-

cal transmission. Three areas of our focus have been docu-

mentation of brain regions in which electrical synapses

occur, identification of the structural components of neuro-

nal gap junctions that form these synapses, and elucidation

of how transmission at these synapses may be regulated.
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Analogous to protein markers that are used for the identi-

fication of nerve terminals that contain specific chemical

synaptic transmitters or their cognate postsynaptic receptors,

there is a large body of evidence that has led to the acceptance

of connexin36 (Cx36) as a reliable immunohistochemical

marker for electrical synapses. Cx36 has a broad distribution

pattern and is found in many electrically coupled networks in

adult rodent brain (Connors and Long 2004; Hormuzdi et al.

2004; Sohl et al. 2004, 2005). Indeed, the typically plasma

membrane-associated punctate immunoreactivity for Cx36

widely seen in brain corresponds at the ultrastructural level to

sites of interneuronal gap junctions (Kamasawa et al. 2006;

Rash et al. 2000, 2007a, b; Li et al. 2008a), and Cx36 is found

at locations in brain where functional electrical synapses

occur (Fuduka et al. 2006; Baude et al. 2007; Liu and Jones

2003; Muller et al. 2005). Specific examples of electrically

coupled neuronal networks wherein Cx36 has been identified,

among many others, include interneurons in the cerebral

cortex (Bennett and Zukin 2004), principal neurons in the

inferior olive (Llinas et al. 1974), the soma of proprioceptive

neurons in the trigeminal mesencephalic nucleus (Curti et al.

2012a) and the long-projection noradrenergic neurons in the

locus coeruleus (Rash et al. 2007b).

Like other cell–cell junctions, such as tight junctions

and adherens junctions, gap junctions including those

forming electrical synapses are emerging as multimolecu-

lar composites whose structure and regulation is governed

in part by their associated proteins. In particular, protein

sequence analysis has revealed that most members of the

connexin family of gap junction proteins contain a PDZ

(postsynaptic density-95/disks large/zonula occludens-1)

ligand motif at their C-terminus. By virtue of this motif,

many of these connexins have been demonstrated to

interact with the PDZ domain-containing protein zonula

occludens-1 (ZO-1). ZO-1 is a member of the membrane

associated guanylate kinase (MAGUK) family of PDZ

proteins, which are hallmarked by multiple PDZ domains,

one SH3 domain and one GUK domain. ZO-1 was initially

described in peripheral endothelial cells as a tight junction-

associated protein. In the context of tight junctions, the

PDZ domains of ZO-1 and zonula occludens-2 (ZO-2) have

a pivotal role in the formation of claudin-based tight

junction strands (Umeda et al. 2006). It is via their C-ter-

minal motif that the claudins interact with the first PDZ

domain of the zonula occludens (ZO) family of proteins

and with the 10th PDZ domain of multi-PDZ domain

protein-1 (MUPP1) (Jeansonne et al. 2003).

In brain, ZO-1 was originally reported to be localized

almost exclusively at vascular endothelial cell tight junc-

tions, ostensibly precluding its interaction with connexins

found to be expressed in brain parenchyma. With reports of

ZO-1 interactions with more and more connexins in

peripheral tissues, it began to be inconceivable that none of

the numerous connexins in brain had functional require-

ment for interaction with ZO-1. However, we noted that the

extreme C-terminus YV residues in Cx36 are identical to

those found in members of tight junction-associated pro-

teins, including the claudins (Itoh et al. 1999). The pres-

ence of a potential C-terminus PDZ ligand motif in Cx36,

together with reports of the mechanism whereby specific

interactions occur between other connexins and ZO-1,

prompted us to reevaluate the cellular expression and dis-

tribution of ZO-1 in brain. We found punctate immuno-

histochemical labeling of ZO-1 to be broadly distributed in

neurons and glial cells in rodent CNS (Li et al. 2004a;

Penes et al. 2005), providing the possibility of its interac-

tion with glial connexins and with neuronal Cx36. We

found ZO-1 in association with Cx36-containing gap

junctions at virtually all electrical synapses examined and

described a specific interaction of Cx36 with ZO-1, which

required the C-terminal four amino acid PDZ domain

ligand (SAYV) of Cx36 for interaction with the first of the

three PDZ domains of ZO-1. This finding was later

extended to include all members of the zonula occludens

(ZO) family of proteins (ZO-1, ZO-2, ZO-3) (Li et al.

2004a, b, 2009; Ciolofan et al. 2006; Flores et al. 2008).

The interaction of Cx36 and its fish ortholog Cx35 with

ZO-1 is distinguished from that of other connexins previ-

ously examined in that while Cx36 and Cx35 interact with

the first PDZ domain in ZO-1, other connexins interact

with the second PDZ domain of ZO-1 (Derangeon et al.

2009).

Using the YV motif of Cx36 as a guide for potential

Cx36 interactors, together with considerations of structural

similarities between gap junctions and other specialized

tight and adhesion cell-cell junctions, we searched for

additional interacting partners of Cx36. Recently, we

demonstrated AF6 and MUPP1 colocalization with Cx36 in

many brain areas. Coimmunoprecipitation and pull-down

approaches revealed association of Cx36 with AF6 and

MUPP1, which required the C-terminus PDZ ligand of

Cx36 for interaction with the single PDZ domain of AF6

and with the 10th PDZ domain of MUPP1. As proof of

principle for identifying shared proteins at tight, adherens

and gap junctions, we examined Cx36-containing electrical

synapses for the presence of cingulin. Cingulin is a cyto-

plasmic protein that is localized to tight junctions via its

specific binding to ZO-1 and the actin cytoskeleton, and is

emerging as an important participant in the regulation of

RhoA signaling at tight junctions.

Materials and Methods

The primary antibodies used here were obtained from Life

Technologies (Grand Island, NY, USA) and included
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mouse monoclonal anti-Cx36 (Cat. No. 36-4600), rabbit

polyclonal anti-cingulin (Cat. No. 36-4401), and rabbit

polyclonal anti-MUPP1 (Cat. No. 42-2700). A total of six

adult C57BL/6 mice were used in this study and these were

handled according to approved protocols by the Central

Animal Care Committee of University of Manitoba, with

minimization of the numbers of animals used.

Immunohistochemistry was conducted using protocols

we have previously described (Li et al. 2012). Animals

were deeply anesthetized by intraperitoneal injection of

equithesin (3 mL/kg) and then transcardially perfused with

3 mL cold sodium phosphate buffer, pH 7.4 containing

0.9 % NaCl, 100 mM sodium nitrite and 1 U/mL heparin,

followed by 40 mL of ice-cold sodium phosphate buffer,

pH 7.6, containing 1 % freshly depolymerized parafor-

maldehyde and 0.2 % picric acid. The brains were removed

and transferred to an ice-cold cryoprotectant solution

consisting of 10 % sucrose in 25 mM sodium phosphate

buffer, pH 7.4 and stored at 4 �C in this solution for

24–72 h.

Brain sections were cut on a cryostat at 10 lm thick-

ness, slide mounted and then incubated for 20 min in

50 mM Tris-HCl, pH 7.4, containing 1.5 % sodium chlo-

ride (TBS) and 0.3 % Triton X-100 (TBSTr). For immu-

nofluorescence labeling, brain sections were incubated with

primary antibodies in TBSTr supplemented with 5 %

normal goat serum for 18 h at 4 �C. Double immunofluo-

rescence was conducted by incubation with anti-Cx36

antibody and simultaneously with a rabbit polyclonal

antibody against either MUPP1 or cingulin. All primary

antibodies were used at a concentration of 2–3 lg/mL.

After incubation with primary antibodies, sections were

washed for 1 h in TBSTr, and incubated for 1.5 h at room

temperature simultaneously with Cy3-conjugated goat anti-

mouse IgG diluted 1:300 (Jackson ImmunoResearch

Laboratories, West Grove, PA, USA) and Alexa Flour

488-conjugated goat anti-rabbit IgG diluted 1:1,000

(Molecular Probes, Eugene, Oregon). After secondary

antibody incubation, sections were washed in TBSTr for

20 min, then in 50 mM Tris-HCl buffer, pH 7.4 for 30 min,

covered with antifade medium and coverslipped. Standard

control procedures included omission of one of the primary

antibodies with inclusion of each of the secondary anti-

bodies to ensure the absence of inappropriate cross-reac-

tions between primary and secondary antibodies or

between different combinations of secondary antibodies.

Conventional and confocal immunofluorescence images

were acquired on a Zeiss Axioskop2 fluorescence micro-

scope using Axiovision 3.0 software (Carl Zeiss Canada,

Toronto, Ontario, Canada) and on an Olympus Fluoview

IX70 confocal microscope using Olympus Fluoview soft-

ware (Olympus Canada, Inc., Markham, ON, Canada).

Images were assembled using Adobe Photoshop CS

(Adobe Systems, San Jose, CA, USA) and CorelDraw

Graphics Suite X5 (Corel Corporation, Ottawa, ON,

Canada).

Results

Immunofluorescence Localization of MUPP1 and Cx36

We have previously reported that MUPP1 is broadly dis-

tributed in various cell types of the CNS (Li et al. 2008b,

2012). On the basis of our observations, it is almost certain

that this thirteen PDZ domain-containing protein will be

found at a variety of neural cellular structures at which it

serves a scaffolding function. In particular, we have doc-

umented its association with gap junctions formed by oli-

godendrocytes (Li et al. 2008b) and those formed by Cx36

between neurons in some regions of rodent brain (Li et al.

2012). Here, we examined relationships between MUPP1

and Cx36 in another region of brain, namely the mesen-

cephalic trigeminal (MesV) nucleus in the brainstem of

mouse. This nucleus was among the first in which electrical

synapses in mammalian brain were identified (Hinrichsen

and Larramendi 1970; Hinrichsen 1970; Baker and Llinas

1971). Recently, we reported on the localization of Cx36

between MesV neurons and the characteristics of the

electrical coupling that Cx36-containing gap junctions

mediate between these neurons (Curti et al. 2012a, b). In

addition to being gap junctionally coupled, MesV neurons

are further unusual because they are primary sensory

neurons that convey proprioceptive signals from jaw-

closing muscles and periodontal ligaments, but have cell

bodies located in the CNS rather than in sensory ganglia.

We have noted that the absence of dendrites and the large

size of MesV somata, together with the heavy concentra-

tion of Cx36 associated with their plasma membranes,

make these cells ideal for the analyses of neuronal gap

junction structure and function. Further, neuronal gap

junctions in the MesV are also unique among electrically

coupled neurons because the gap junctions between these

cells occur exclusively at somato–somatic locations,

allowing easy examination and analysis of the cell types

between which gap junctions are found, which is not typ-

ically the case for other neuronal gap junctions in the CNS

(Curti et al. 2012a, b).

The distribution of immunofluorescence labeling for

MUPP1 in the MesV nucleus is shown at low magnification

in Fig. 1a, where large MesV somata display a moderate

density of intracellular labeling for MUPP1 compared with

lower densities in surrounding regions. Pairs and triplets of

MesV somata are often seen in apposition to each other,

and MUPP1 is invariably seen to be concentrated along the

entire length of these appositions (Fig. 1a), shown at higher

B. D. Lynn et al.: Proteins at Electrical Synapses 305

123



Fig. 1 Immunofluorescence labeling of MUPP1 and Cx36 in the

MesV of adult mouse brain. a Low magnification of the MesV

immunolabeled for MUPP1 showing the distribution of large neuronal

somata in the nucleus (arrowheads), some of which are closely

apposed to each other (arrows). b Double immunofluorescence

showing MesV neurons (arrowheads) and dense concentration of

labeling for MUPP1 (b1) and Cx36 (b2) at MesV somata appositions

(arrows). c Magnification of two MesV somata (arrowheads), with

overlay showing colocalization of immunolabeling for MUPP1

(green) and Cx36 (red) at the somatic apposition (arrow). d Laser

scanning confocal double immunofluorescence of the same field

(d1–d3), with labeling of MUPP1 and Cx36 at MesV somatic

appositions viewed on edge, showing punctate appearance of

immunolabeling (arrows). e The same field (e1–e3) showing confocal

double immunofluorescence labeling of MUPP1 and Cx36 at MesV

appositions viewed en face, shown at higher magnification in inset.

Clusters of MUPP1-positive (e1, arrows) and Cx36-positive (e2,

arrows) puncta are seen at soma surfaces, with many of these puncta

displaying MUPP1/Cx36 colocalization, seen as yellow in overlay

(E3, arrows). Scale bars = a, 100 lm; b, 50 lm; c, d, 10 lm; e, 20

lm; inset in e, 5 lm
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magnification in Fig. 1b1. Unlike labeling for MUPP1,

immunoreactivity for Cx36 is restricted to areas of MesV

somatic appositions, with little detectable intracellular

labeling (Fig. 1b2). Specificity of Cx36 labeling has been

validated using Cx36 knockout mice, as we have previ-

ously described (Curti et al. 2012a). Overlay of double-

labeled sections in Fig. 1b reveals a high degree of MUPP1

colocalization with Cx36 at MesV somatic appositions

(Fig. 1b3), as shown at higher magnification in image

overlay where red/green overlap appears as yellow

(Fig. 1c).

Double immunofluorescence labeling for MUPP1 and

Cx36 at MesV somatic contacts were subject to more

detailed analysis by laser scanning confocal microscopy.

Sections through MesV somata often yield on edge views

of their somal appositions (i.e., views perpendicular to their

plane of contact). In rare cases, these contacts are viewed

en face when cells are sectioned tangential to their surface

(i.e., parallel to their plane of contact). In edge views,

confocal imaging revealed appositions to contain a series

of linearly arranged MUPP1-positive (Fig. 1d1) and Cx36-

positive puncta (Fig. 1d2), with substantial colocalization

(Fig. 1d3). In en face views, the appositions were seen to

consist of clusters of individual puncta, with various dis-

tances of separation between them (Fig. 1e, with inset

showing higher magnification of a cluster). Confocal

through focus indicated that the clusters of puncta were

located at the cell surface, and image rotation in the y–z

axis (not shown) indicated that most MUPP1-immuno-

positive puncta were also positive for Cx36.

Immunofluorescence Localization of Cingulin

and Cx36

On the basis of structural similarities between tight junc-

tions, adherens junctions and gap junctions, each located at

plasma membrane appositions with proteinacious sub-

structure, close relationships of the former two junctions

with cytoskeletal elements, and the co-occurrence of at

least three proteins at these junctions (ZO-1, MUPP1 and

AF6), it might be predicted that gap junctions may also

harbor cytoskeletal-related proteins. The first of these we

have examined in numerous brain structures is cingulin. In

the MesV nucleus, labeling for cingulin at cell-cell contacts

had an appearance very similar to that of labeling for

MUPP1 and Cx36, at both appositions viewed on edge

(Fig. 2a) or en face (Fig. 2b). Punctate labeling for cingulin

at appositions was robust (Fig. 2a1, b1), and Cx36-puncta

(Fig. 2a2, b2) were nearly always colocalized with cingu-

lin-immunopositive puncta (Fig. 2a3, b3). MesV somata

contained additional cingulin immunoreactivity that was

localized intracellularly and not associated with Cx36

(Fig. 2a1, b1). Further examples of cingulin colocalization

with Cx36 are shown in the inner plexiform layer in sec-

tions of retina (Fig. 2c), and by image overlay only

(cingulin, green; Cx36, red; green/red overlap, yellow) in

the mitral cell layer of the olfactory bulb (Fig. 2d), the

reticular thalamic nucleus (Fig. 2e) and the inferior olive

(Fig. 2f). In these four brain regions, cingulin/Cx36 colo-

calization was not complete as there appeared to be small

subpopulations of Cx36-positive puncta in each region that

were devoid of labeling for cingulin, suggesting that

cingulin/Cx36 association may be a dynamic process.

Similar results concerning colocalization of these two

proteins were obtained in numerous other brain regions,

including cerebral cortex, hippocampus, striatum, midbrain

and various areas of brainstem (not shown).

Discussion

Although ultrastructural confirmation of the localization of

AF6, MUPP1, and cingulin to neuronal gap junctions has yet

to be conducted, their immunohistochemical colocalization

with Cx36 is strongly indicative of their association with

electrical synapses. Electrical synapses are found to occur in

various neuronal subtypes and appear to have diverse

functions and are likely subject to regulation by diverse

mechanisms. We previously reported heterogeneous

immunolabeling for AF6 and MUPP1 at electrical synapses,

which appeared not only across different brain regions, but

was also evident within individual brain nuclei. This heter-

ogeneity may reflect differential expression or requirement

for these proteins in various electrically coupled neuronal

subtypes, or may reflect the dynamic functional and/or

structural states of neuronal gap junctions. Cingulin

appeared to be more consistently associated with neuronal

gap junctions, although the proportion of these junctions

containing cingulin remains to be determined by quantita-

tive immunofluorescence approaches.

Like gap junctions between other cell types, it is known

that those forming electrical synapses in brain are highly

regulated. For example, modulation of gap junctional

coupling between neurons is proposed to underlie rapid

shifts in neuronal network connectivity (Schmitz et al.

2001). Further, neuronal gap junctions exhibit rapid alter-

ation in coupling state in response to neuromediators

(Landisman and Connors 2005; Hatton 1997), and have the

same high turnover rate (half-life, 1–5 h) as gap junctions

in other cell types (Flores et al. 2012). Various neuro-

transmitters contained in widespread CNS systems that

have a broad influence on cognition are known to alter

transmission at electrical synapses. These include dopa-

mine (Cepeda et al. 1989; Hampson et al. 1992; He et al.

2000; Onn and Grace 1994, 1995, 1999; Onn et al. 2000;

Rorig et al. 1995), serotonin (Rorig and Sutor 1996),
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Fig. 2 Laser scanning confocal double immunofluorescence labeling

of cingulin and Cx36 in various regions of adult mouse brain. a The

same field (a1–a3) showing neuronal somata (arrowheads) in the

MesV, with punctate labeling of cingulin (a1, arrows) and Cx36 (a2,

arrows) at appositions between somata, and colocalization of these

puncta, as seen by red/green overlap in overlay (a3, arrows). b En

face view of MesV neuronal somatic apposition, showing clusters of

cingulin-immunopositive (b1, arrows) and Cx36-positive puncta (b2,

arrows), with colocalization of the majority of these puncta. c The

same field (c1–c3) of a vertical section of retina, showing the inner

plexiform layer. Labeling for both cingulin (c1, arrows) and Cx36

(c2, arrows) is punctate, and the majority of Cx36-immunopositive

puncta is also immunopositive for cingulin, as seen by yellow in

overlay (a3, arrows). d–f Double immunofluorescence punctate

labeling of cingulin (green) and Cx36 (red), shown only by image

overlay in the olfactory bulb at the level of the mitral cell layer (d),

the reticular thalamic nucleus (e), and the inferior olivary nucleus (f).
Cingulin/Cx36 colocalization seen as yellow puncta (arrows) are

evident in each of the brain areas. Scale bars = a, e, 20 lm; b, c, d, f,

10 lm
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histamine (Hatton and Yang 2001; He et al. 2000; Yang

and Hatton 2002), acetylcholine (Perez Velazquez et al.

1997) and noradrenaline (Hopkins and Johnston 1988).

Some of these transmitters are acted upon by drugs used to

treat neurological disorders (e.g., Parkinson’s disease,

schizophrenia, depression) and by drugs of addiction (e.g.,

cocaine, amphetamine). In view of these points, therapeutic

and addictive drugs may exert their actions in part by

modifying the activities of transmitters that regulate signal

transmission at electrical synapses. For example, the anti-

psychotic drug haloperidol and withdrawal from chronic

amphetamine increased neuronal gap junctional coupling

in the basal ganglia (Onn and Grace 1994, 1995; Onn et al.

2000), and amphetamine and cocaine in animal models of

addiction cause altered expression of Cx36 (McCracken

et al. 2005a, b).

Just as understanding the biochemical machinery

involved in chemical synaptic transmission has served as a

basis for deciphering sites and mechanisms of drug action

at chemical synapses, so too, knowledge of structural and

regulatory components of electrical synapses is expected to

provide insight into mechanisms for potential actions of

drugs on cellular processes that regulate electrical syn-

apses. Such knowledge is also essential for understanding

how malfunction of these synapses may contribute to CNS

disease. Despite the wealth of data indicating the dynamic

nature of neuronal gap junctions, very little is known about

the signaling pathways or the molecular mechanisms that

underlie the regulation of electrical synaptic transmission.

Indeed, it has been emphasized that a major barrier to

progress in understanding electrical synapses in mamma-

lian brain is the paucity of information on mechanisms of

their regulation (Bennett and Zukin 2004; Connors and

Long 2004; Hormuzdi et al. 2004). Identification of protein

components of neuronal gap junctions represents a step

toward eliminating that barrier, as discussed below.

Occurrence of ZO-1 at Gap Junctions

In its capacity as a multi-domain scaffolding protein

(Fig. 3), ZO-1 interacts with transmembrane structural

proteins of intercellular junctions, where it directs the

assembly of other adaptor, structural and signaling proteins

into functional membrane-associated complexes. ZO-1 is

found at various classes of intercellular junctions and, at

least in the case of gap junctions formed by connexin43,

was found to be essential for gap junctional intercellular

communication, gap junction accretion and disassembly

(Akoyev and Takemoto 2007; Hunter et al. 2005; Laing

et al. 2005). In HeLa cells expressing C-terminal-tagged

connexin43 (Cx43) that lacked its capacity for binding of

ZO-1, the usual internalization of Cx43 in response to

inflammatory mediators did not occur, demonstrating that

ZO-1 interactions with Cx43 is required for gap junction

internalization (Baker et al. 2008). In lens epithelial cells,

silencing of ZO-1 expression caused a stable interaction of

protein kinase C-c (PKC-c) with Cx43-containing gap

junctions, a complete loss of junctional dye transfer, and

loss of the usual gap junction disassembly seen in response

to TPA activation of PKC-c, indicating a requirement for

ZO-1 in disassembly of these junctions (Akoyev and

Takemoto 2007). In lens and in vitro, unlike other con-

nexins such as Cx43 that appear able to form gap junctions

in the absence of direct interactions with ZO-1 (Hunter

et al. 2005; Hunter and Gourdie 2008), the formation of

functional gap junctions by Cx50 was recently shown to

require the interaction of the C-terminus PDZ ligand of this

connexin with ZO-1 (Chai et al. 2011). Although these

studies directly address molecular processes that play a role

in the essential function of ZO-1 at gap junctions, for the

most part little is known at the molecular level regarding

the exact mechanisms by which ZO-1 exerts its actions at

these structures. Clues to mechanisms involved in ZO-1

actions on junction structure and signaling may be gleaned

from studies of the proteins that ZO-1 is known to recruit in

other systems.

Molecular Organization of Tight and Adherens

Junctions

It is becoming clear that some of the proteins long known

to be present at tight and adherens junctions also occur at

gap junctions forming electrical synapses, suggesting that

there may be other molecular commonalities between these

three types of junctions. In considering future directions for

deciphering the macromolecular organization of electrical

synapses, it may be instructive to take brief account of the

somewhat larger body of knowledge concerning the

molecular components of tight junctions and adherens

junctions. Tight junctions serve to control paracellular

permeability across the intercellular space and to maintain

cell polarity. They are composed of integral transmem-

brane proteins (Fig. 4) (for more detailed reviews, see

Guillemot et al. 2008; Herve et al. 2011), including clau-

dins, junctional adhesion molecules (JAMS) and the

MARVEL family of proteins, of which the occludens are

members. In addition, the cytoplasmic ‘‘submembrane

plaque’’ of tight junctions contains multimolecular protein

complexes that are responsible for anchoring the core

proteins within the junction, regulating associations with

the actin cytoskeleton (Fanning et al. 1998, 2002) and

mediating signals from the plasma membrane to other

cellular structures, including the nucleus and to adherens

junctions. Many of the protein-protein interactions at tight

junctions are mediated by binding of C-terminal PDZ

ligands in some proteins to PDZ domains contained in
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other proteins. The three members of the ZO family each

contain three PDZ domains that mediate a host of inter-

actions. The ZO family members are considered the central

scaffolding molecules of tight junctions, as indicated by

failure of tight junction strand formation after targeted

deletion of ZO-1 and depletion of ZO-2 in cultured epi-

thelial cells (Umeda et al. 2006). In addition to its inter-

action with other proteins, ZO-1 can undergo self

interaction forming a homodimer, which is thought to be

mediated via its second PDZ domain (Utepbergenov et al.

2006). Other PDZ domain-containing proteins within the

tight junction plaque include AF6 and MUPP1. In addition,

there are several non-PDZ proteins in the tight junction

cytoplasmic plaque, including cingulin and paracingulin, as

well as a growing list of functionally diverse signaling

proteins that include: regulators of membrane trafficking,

protein kinases and regulators of small GTPases, such as

guanine exchange factors (GEFs) and GTPase activating

proteins (GAPs) (reviewed in Guillemot et al. 2008).

Besides their roles in junction formation and stabilization,

some of the tight junction-associated proteins are thought

to serve as signaling molecules for regulation of such

processes as cell differentiation, proliferation, and gene

expression.

Adherens junctions (Fig. 5) (Ogita and Takai 2006) are

also molecularly complex structures whose functions

include the initiation and stabilization of intercellular

adhesion, as well as regulation of intracellular signaling,

the cytoskeleton, and gene expression (Niessen and Got-

tardi 2008). There are several subtypes of adherens junc-

tions, including zonula adherens, which are found in highly

polarized epithelial cells, where they encircle the cell in a

belt-like fashion. Punctate versions of adherens junctions

include puncta adherentia or nascent/primordial junctions,

which are formed by interactions of cadherins, the nectin

family of adhesion molecules and with the cytoplasmic

catenin proteins. ZO-1 is among the PDZ domain proteins

found at adherens junctions, where it interacts with various

Fig. 3 Diagram of the domain structure of AF6, MUPP1, ZO-1, and

cingulin. Bars above and below protein domain structures indicate

known sites of interaction with other proteins. Where interaction has

been documented but sites of interaction are not known, the bars span

the entire length of the protein. (Modified from Gonzalez-Mariscal

et al. 2003)
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proteins, including alpha catenin and AF6 (aka afadin).

These observations on tight and adherens junctions provide

the molecular basis for considerations of regulatory and

structural proteins as well as intracellular signaling path-

ways that contribute to modulation of transmission at

electrical synapses composed of Cx36.

Scaffolding by MUPP1 at Electrical Synapses

Our previous finding of MUPP1 at neuronal gap junctions

and demonstration of its direct interaction with the PDZ

ligand of Cx36 added to the list of proteins that associate

with PDZ domains of MUPP1 in several cell types and at

various cell structures (Ullmer et al. 1998; Becamel et al.

2001; Ebnet et al. 2004; Krapivinsky et al. 2004; Bala-

subramanian et al. 2007; Guillaume et al. 2008). Presently,

we extend that finding to its localization at electrical syn-

apses between sensory neurons of the MesV nucleus in

rodent brain, where it has been emphasized that experi-

mental accessibility to the large MesV neuronal cell bodies

is ideal for electrophysiological analysis of mechanisms

controlling neurotransmission at gap junctions using in

vitro preparations (Curti et al. 2012a, b).

Analogous to other systems where MUPP1 serves in an

accessory scaffolding capacity for structural and signaling

proteins, as indicated by its domain structure (Fig. 3), MUPP1

likely serves to anchor regulatory proteins at gap junctions

composed of Cx36. In this context, reports of calcium-cal-

modulin kinase II (CaMKII) interaction with MUPP1 is of

particular interest as various kinases, including protein kinase

A (PKA), protein kinase G (PKG) and CaMKII, have an

impact on phosphorylation status and coupling state of gap

junctions composed of Cx36 or its fish ortholog Cx35 (Pereda

et al. 1998; Ouyang et al. 2005; Kothmann et al. 2007;

Moreno and Lau 2007). More recently, CaMKII was found to

localize at neuronal gap junctions and to interact with specific

peptide fragments of Cx36, culminating in phosphorylation of

these fragments (Alev et al. 2008). Although phosphorylation

of Cx36 mediated by CaMKII would require an effector/

ligand interaction, CaMKII is tethered to some of its sites of

action in neurons by interacting with the PDZ2 domain of

MUPP1 (Krapivinsky et al. 2004). Thus, it is possible that this

same CaMKII/MUPP1 interaction occurs at gap junctions,

where further interaction of Cx36 with the PDZ10 domain of

MUPP1 poises CaMKII in a response-ready position for rapid

signaling at electrical synapses.

Fig. 4 Diagram of protein

organization at tight junctions.

The tight junction proteins

JAM/ESAM/CAR, claudins,

and occludin are shown crossing

the membrane bilayers of 2

adjacent cells. These core

proteins are shown interacting

with various cytoplasmic

proteins. Signaling proteins

found at tight junctions include

kinases (aPKC, ZAK, c-Yes),

GEFs (Tiam1, GEF-H1, Tuba,

Rap1GEF), and membrane

traffic regulators (Rab3B and

Rab13). Interactions of

cytoplasmic tight junction

proteins with signaling proteins

(Cdc42, RhoA, and Rac1) are

indicated by dotted arrows.

Arrows to the nucleus indicate

proteins having a dual nuclear/

junctional localization (PAR-3,

PAR-6, ASH1, ZO-1, ZO-2,

ZONAB, symplekin,

ubinuclein). (Reprinted from

Guillemot et al. 2008, with

permission from Elsevier)
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Signaling and Scaffolding by Cingulin at Electrical

Synapses

The current finding of cingulin colocalized with Cx36 adds

yet another ZO-1 binding protein found at other types of

cell-cell junctions to the roster of proteins at neuronal gap

junctions in mouse brain. This provides further clues to the

regulation of electrical synapses, although the molecular

association of cingulin with Cx36 at neuronal gap junctions

is not known and is currently under investigation by bio-

chemical approaches. Cingulin was characterized as a

component of the submembranous plaque of tight junc-

tions, where it may be anchored as a parallel homodimer,

as predicted by its secondary structure (Citi et al. 1989). It

has three distinct structural domains; an N-terminal head

domain, a central coiled-rod domain and a smaller globular

tail (Cordenonsi et al. 1999). Interaction of cingulin with

ZO-1 is not through a classical C-terminal PDZ ligand,

which cingulin lacks, but rather through a conserved ZO-1

interaction motif (ZIM) located in the cingulin N-terminus

‘‘head’’ region (Cordenonsi et al. 1999; D’Atri et al. 2002).

In addition to its association with ZO-1, cingulin interacts

with other proteins (Fig. 3) at tight junctions, including

alpha actin (D’Atri and Citi 2001). Association of actin

with gap junctions appears to be important for connexin

trafficking, and gap junction stability and channel perme-

ability (Theiss and Meller 2002; Derangeon et al. 2008;

Qu et al. 2009; Smyth et al. 2012). Besides its potential

Fig. 5 Diagram of the

molecular organization of

nectin- and cadherin-based

adherens junctions. Core

transmembrane proteins

cadherin and nectin are shown

associated with cytoplasmic

proteins, in particular cadherin

with catenin anchored to the

cytoskeleton, and nectin with

cytoskeletal-associated afadin

(aka AF6). Afadin is also shown

associated with Rap1, which

receives signals originating

from catenin and c-Src and

transmits signals ultimately to

Rac and the cytoskeleton.

(Reprinted from Ogita and

Takai 2006, with permission

from John Wiley and Sons)

312 B. D. Lynn et al.: Proteins at Electrical Synapses

123



structural roles, cingulin participates in modification of

gene expression via its direct binding to the guanine

exchange factor GEF-H1, which is an activator of RhoA

signaling. It appears that sequestration of GEF-H1 by

cingulin at tight junctions contributes to inhibition of RhoA

(Citi et al. 2009; Aijaz et al. 2005). In the context of gap

junctions, altered RhoA activity in cardiac myocytes leads

to rapid changes in gap junctional channel conductance via

RhoA actions on the actin cytoskeleton (Derangeon et al.

2008). Although we have not yet determined if cingulin is

present at gap junctions composed of other connexins, our

finding of cingulin association with neuronal gap junctions

raises the possibility that it may influence the stability and

channel conductance of electrical synapses by a RhoA

dependent mechanism similar to that seen in cardiac

myocytes. It remains to be determined whether neuronal

gap junctions also serve as platforms for cingulin-mediated

signaling to other subcellular sites in neurons.

Electrical Synapses and cAMP/Epac/Rap1 Signaling

AF6 is targeted by the Epac/Rap1-dependant cAMP path-

way that is independent of PKA. Although regulation of

electrical synapses by cAMP/Epac signaling has not been

directly explored, regulatory actions of cAMP on neuronal

gap junction coupling have been described (Hampson et al.

1992; Hatton and Yang 2001; Rorig et al. 1995; Urschel

et al. 2006; Xia and Mills 2004). Our finding of AF6 at gap

junctions composed of Cx36 suggests that the Epac/Rap1

pathway may be operational at electrical synapses. AF6 is

targeted by Rap1 after its activation by the cAMP effector

Epac (de Rooij et al. 1998; Boettner et al. 2000, 2001,

2003; Caron 2003), a GEF that is distinct from the other

major cAMP effector PKA. Epac-Rap1-AF6 signaling has

been demonstrated in various cell types and contributes to

the regulation of cell-cell contacts (e.g., tight junctions)

through its influence on AF6/ZO-1 interaction (Yamamoto

et al. 1997, 1999; Kooistra et al. 2006). To date there is one

study concerning the impact of Epac on gap junctions,

where PKA versus Epac activation had differential, but

cooperative actions on cardiomyocyte gap junctions; Epac

activation increased the recruitment of Cx43 to junctions,

while PKA activation increased dye-coupling (Somekawa

et al. 2005). To dissect the specific functions of these two

separate pathways, cAMP analogs have been developed

that activate either one or the other; 8-CPT-2Me-cAMP

(8CPT) specifically activates Epac but not PKA (Enserink

et al. 2002; Somekawa et al. 2005), whereas N6-benzoyl-

cAMP specifically activates PKA but not Epac (Christen-

sen et al. 2003; Holz et al. 2008; Lorenowicz et al. 2008).

In consideration of the foregoing, the presence of AF6 at

electrical synapses suggests that its associated signaling

moieties may contribute to the regulation of these synapses.

Specifically, as outlined in Fig. 6, we propose that cAMP

activation of Epac/Rap1 results in Rap1 targeting to AF6

and ZO-1 at neuronal gap junctions, where it may influence

AF6/ZO-1 interaction and dynamically impact junction

assembly/disassembly, channel conductance, remodeling

and/or turnover. ZO-1 is found at virtually all Cx36-con-

taining electrical synapses that we have examined, sug-

gesting that some of these synapses simultaneously harbor

ZO-1, AF6, MUPP1 and cingulin. As yet, we are aware of

Fig. 6 Hypothesized model for actions of the cAMP-Epac-Rap1

signaling pathway at neuronal gap junctions. The c-terminus PDZ

domain ligand of Cx36 within different connexon hexamers are

shown associating with ZO-1 and AF6. Association of ZO-1 and AF6

with each other is envisioned to result in clustering of connexons and

maintenance of gap junction plaque integrity. Upon cAMP activation

of the guanine nucleotide exchange factor (GEF) Epac, which acts on

Rap1, Rap1 may be targeted to AF6, where it may either further

stabilize junctions or disrupt ZO-1/AF6 association, resulting in

untethering of a portion of connexons within a gap junction plaque

and internalization of these connexons. SynGAP is shown because it

is a GTPase activating protein (GAP) for Rap1 and is known to

associate with MUPP1 at other subcellular locations, but as yet,

neither Rap1 nor SynGAP has been examined for its presence at

neuronal gap junctions
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no reports of direct interactions between AF6 and MUPP1

at any cellular structures. But, as indicated in the summary

of the domain structures and interactions of these three

proteins in Fig. 3, ZO-1 has the capacity to simultaneously

interact with AF6 and Cx36, but whether it does so at

neuronal gap junctions remains to be determined. It is

conceivable that ZO-1, AF6 and MUPP1 simultaneously

interact with Cx36 at individual gap junctions, or each of

these proteins associate with the constituent connexin

molecules within an individual connexon. Additionally,

connexins within distinct subregions of a neuronal gap

junction plaque may selectively associate with one or more

of these proteins. The latter may be of particular relevance

to the potentially unique functional roles of ZO-1, AF6,

MUPP1 and cingulin at electrical synapses, impacting on

the reported segregation of assembly and disassembly of

gap junctions that occurs at the periphery and centers,

respectively, of the plaque (Segretain and Falk 2004).

The alternatively spliced AF6 isoform lacking the

F-actin binding domain influences the interaction of this

isoform with the cytoskeleton and may influence the

effector functions of AF6 (Lorger and Moelling 2006). We

have shown that both of these isoforms coimmunoprecip-

itate with Cx36 (Li et al. 2012). It remains to be determined

if the relative proportion of the full-length and truncated

isoforms targeted to gap junctions is dependent on dynamic

changes in the requirements of electrical synapses for

interactions with cytoskeletal elements to maintain stability

or promote turnover.
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Abstract Posttranslational modification is a common

cellular process that is used by cells to ensure a particular

protein function. This can happen in a variety of ways, e.g.,

from the addition of phosphates or sugar residues to a

particular amino acid, ensuring proper protein life cycle

and function. In this review, we assess the evidence for

ubiquitination, glycosylation, phosphorylation, S-nitrosy-

lation as well as other modifications in connexins and

pannexin proteins. Based on the literature, we find that

posttranslational modifications are an important component

of connexin and pannexin regulation.

Keywords Posttranslational modification � Connexin �
Pannexin

Introduction

Posttranslational modification is a common method by

which proteins can be modulated by intrinsic or extrinsic

factors to potentiate or initiate a specific function. It is now

well accepted that these modifications are a key way in

which a protein can become useful in the context of cel-

lular physiology. This is not different when it comes to the

connexin and pannexin family of proteins, where a fairly

broad range of modifications has now been described that

can alter the function of these proteins, from the dramatic

(e.g., opening or closing of the channel/gap junction/

hemichannel) to the subtle (e.g., insertion into specialized

lipid rafts).

Connexin and pannexin proteins are transmembrane

proteins that allow for the passive diffusion of signaling

molecules through their pores. Connexins are the key

components to gap junctions, linking the cytoplasms of two

opposing cells and allowing for rapid electrical or chemical

integration among cells in a tissue. These proteins, when

composed as a gap junction, allow for several functions,

including electrical coordination of cardiac myocytes or

ciliary beat frequency between tracheal epithelium, with

several mutations in connexins associated with disease

states (Boitano and Evans 2000; Johnson and Koval 2009;

Kelsell et al. 2001; Lai et al. 2006; Palatinus and Gourdie

2007). Undocked connexin hemichannels have also been

hypothesized to play a more paracrine role in cellular

communication in more pathological states (De Vuyst et al.

2007; Pearson et al. 2005). While membrane topology is

similar to that of connexins, pannexins share no sequence

homologies with connexins and are a more recently iden-

tified class of transmembrane proteins (Panchin et al.

2000). Pannexins can be found in three different isoforms

(Panx1, Panx2 and Panx3) encoded by three different

genes, with Panx1 and Panx3 sharing more similarities to

each other than to Panx2 (Penuela et al. 2007). In the past

decade, a growing body of literature has revealed that

pannexins play multiple roles as they have been shown to

release ATP and participate in calcium wave propagation

and are likely a component of the inflammasome (Dando
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and Roper 2009; Locovei et al. 2006; Silverman et al.

2009; Sridharan et al. 2010). Thus, both connexins and

pannexins are critical for cells to coordinate direct and

paracrine communication (Fig. 1). In this review, we aim

to bring together data focusing on the roles for glycosyla-

tion, phosphorylation, S-nitrosylation, ubiquitination and

other posttranslational modifications in regulating the

functions of both connexin and pannexin proteins.

Glycosylation

Glycosylation is a form of posttranslational modification

which consists of the enzymatic addition of glycans to form

glycosylated proteins. The enzyme glycosyltransferase cat-

alyzes the attachment of glycans to a nitrogen of asparagine

(N-linked glycosylation) or to a hydroxyl oxygen of threo-

nine or serine (O-linked glycosylation) residues (Freeze and

Sharma 2010; Reis et al. 2010). Glycosylation mostly occurs

in the endoplasmic reticulum (ER) or Golgi apparatus and

can affect protein folding and stability, influence protein

trafficking and interfere with protein function (Pinho et al.

2011; Reis et al. 2010; Roth et al. 2010).

Connexin proteins are not glycosylated despite identi-

fication of the N-glycosylation consensus sequence in Cx32

(Martin and Evans 2004; Rahman et al. 1993; Saez et al.

2003). However, it should be noted that a few reports have

shown that inhibition of protein glycosylation in cells

transfected with Cx43 can increase trafficking of Cx43 to

the plasma membrane, its phosphorylation and its opening

indirectly via a cAMP pathway (Wang and Mehta 1995;

Wang et al. 1995; Wang and Rose 1995).

Currently, the primary identified posttranslational mod-

ification in pannexins is glycosylation. Glycosylation of the

Panx1 isoforms leads to a migration shift on SDS gel with

bands representing three different glycosylation states,

whereas the multiple band pattern of Cx43 has been

demonstrated to represent different phosphorylated states

(Boassa et al. 2007, 2008; Penuela et al. 2007, 2009; Solan

and Lampe 2009). The different glycosylation states of

Panx1 result in a multiple banding pattern on a Western

blot, with the Gly2 species migrating slower than Gly1 as

an intermediate band and the Gly0 species being the fast-

est-migrating form (Boassa et al. 2007, 2008; Penuela et al.

2007, 2009). Of the three pannexin isoforms, Panx1 and

Panx3 have been shown to be glycosylated and their gly-

cosylation sites have been defined, whereas the glycosyl-

ation site of Panx2 has only been predicted (Boassa et al.

2007, 2008; Penuela et al. 2007, 2009, 2012).

Panx1 and Panx3 are N-glycosylated on the amino acids

asparagine (N) 254 and N71, respectively, and can be found

in three different states: a core unglycosylated protein

(Gly0), a high mannose-glycosylated protein (Gly1) and an

extensively glycosylated species (Gly2) (Boassa et al. 2007;

Penuela et al. 2007, 2009). The role of N-glycosylation of

Panx1 was explored using site-directed mutagenesis of

N254 targeted by N-glycosylation (Panx1N254Q) (Boassa

et al. 2007, 2008; Penuela et al. 2007, 2008). Similarly, the

role of Panx3 N-glycosylation was investigated using the

mutant Panx3N71Q (Penuela et al. 2007, 2008). These gly-

cosylation mutants exhibit reduced trafficking to the plasma

membrane when transfected in different cell lines, sug-

gesting an important role for N-glycosylation in Panx1 and

Panx3 trafficking (Boassa et al. 2007, 2008; Penuela et al.

2007, 2008). However, despite the low amount of

Panx1N254Q and Panx3N71Q at the plasma membrane, the

mutated proteins still form channels, as evidenced by dye

uptake measurements (Penuela et al. 2007, 2009). Addi-

tionally, when wild-type Panx1 and Panx1N254Q are

cotransfected, the trafficking of the glycosylation mutant to

the plasma membrane is rescued, showing that they co-

oligomerize and suggesting that N-glycosylation does not

play a role in oligomerization of Panx1 (Boassa et al. 2008).

Altogether, these studies demonstrate that the Gly0 species

appears primarily after protein synthesis, whereas Gly1 is

associated within the ER and Gly2 is modified in the Golgi

apparatus prior to plasma membrane insertion. However, it

should be noted that all Panx1 glycosylated species are

capable of trafficking to the plasma membrane but the Gly2

form is preferentially trafficked (Gehi et al. 2011).

Phosphorylation

Posttranslational modification through phosphorylation

acts as a major regulatory pathway in normal protein life

Fig. 1 Schematic list of posttranslational modifications throughout

the life span of connexins and pannexins. Numbers are the amino

acids in the proteins as indicated in the references. Note that only

when amino acids or specific regions on the protein could be

identified were they included in the figure; e.g., although palmitoy-

lation has been indicated for Panx2 (Swayne et al. 2010), the exact

region on the protein remains unknown. *Shown indirectly through

PKA; #this cysteine is assumed to be S-nitrosylated in a hemichannel

(based on Retamal et al. 2006) but has not been directly shown; ?data

are now in dispute according to Dunn et al. (2012). 1 Paulson et al.

(2000), TenBroek et al. (2001); 2 Locke et al. (2006); 3 Cooper and

Lampe (2002); 4 Cottrell et al. (2003), Kanemitsu et al. (1998),

Lampe et al. (1998), Norris et al. (2008), Warn-Cramer et al. (1998);

5 Doble et al. (2004), Ek-Vitorin et al. (2006), Lampe et al. (2000); 6
Solan and Lampe (2008); 7 Straub et al. (2011); 8 Kjenseth et al.

(2012); 9 Bao et al. (2004b, 2007); 10 Toyofuku et al. (2001); 11
Lampe et al. (2000), Solan et al. (2003); 12 Kanemitsu et al. (1998),

Lampe et al. (1998), Xie et al. (1997); 13 Beardslee et al. (2000),

Solan et al. (2007); 14 Hertlein et al. (1998); 15 Yin et al. (2001), Yin

et al. (2008); 16 Wagner et al. (2011); 17 Boassa et al. (2007),

Penuela et al. (2007); 18 Penuela et al. (2007); 19 Chekeni et al.

(2010); 20 Kim et al. (2011)

c
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cycles and can be further affected in pathological states by

upregulation of kinase pathways. These pathways regulate

protein functions through addition of a phosphate group by

kinases to serine (S), threonine (T) and tyrosine (Y) sites,

which may lead to alterations in the hydrophobicity, charge

and potentially structural reorganization of proteins, either

promoting or inhibiting normal functions (Davis 2011;

Huttlin et al. 2010; Nishi et al. 2011).
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Phosphorylation of connexins has been extensively

demonstrated and reviewed (particularly for Cx43) and is

integral in their life cycle–altering protein oligomerization,

trafficking, membrane insertion and aggregation, gap

junction communication and internalization from the

membrane (Laird 2005; Laird et al. 1995; Marquez-Rosado

et al. 2011; Saez et al. 1990, 1998; Solan and Lampe 2005,

2009). Phosphorylation has been demonstrated for multiple

S/T/Y sites through c- and v-SRC; mitogen-activated pro-

tein kinase (MAPK), protein kinase C (PKC), protein

kinase A (PKA), P34cdc (CDC2), casein kinase 1 (CK1)

and calmodulin-dependant protein kinase pathways

(Lampe and Lau 2004; Saez et al. 1998; Solan and Lampe

2005, 2009).

Posttranslational modification through phosphorylation

of cytoplasmic residues primarily occurs within the conn-

exin carboxyl terminus. Additionally, phosphorylation sites

in the Cx43 amino terminus (S5) and the Cx56 intracellular

loop have been identified as phosphorylated (Berthoud

et al. 1997; Chen et al. 2012; Wisniewski et al. 2010). Cx43

does not contain serines within its intracellular loop and is

therefore not modified directly by phosphorylation within

this region (Solan and Lampe 2005). As a result of a short

19-amino acid carboxyl terminus containing only two

serines, Cx26 is the only isoform that is currently consid-

ered not to be posttranslationally modified through phos-

phorylation (Traub et al. 1989). Conversely, Cx43 contains

a total of 66 S/T/Y sites (32 in the carboxyl terminus) and

has been demonstrated to be highly regulated through

phosphorylation primarily at serine residues (Chen et al.

2012; Crow et al. 1990; Marquez-Rosado et al. 2011).

Phosphoproteomic analyses used to determine the inci-

dence of protein phosphorylation in vitro and across mul-

tiple tissues, ranging from brain, kidney, lung, spleen and

more, derived from mice, rats and humans have demon-

strated that Cx43 as well as Cx47, Cx32 and Cx29 are

phosphorylated at multiple sites at their carboxyl terminus

as well as the amino terminus (Brill et al. 2009; Cooper

et al. 2000; Huttlin et al. 2010; Rikova et al. 2007; Wis-

niewski et al. 2010). These studies and others further

suggest that connexins are regulated by complex multisite

phosphorylation, which plays an important role in the rapid

generation and turnover of connexin proteins in a multitude

of tissues and organ systems (Chen et al. 2012; Johnson

and Vaillancourt 1994). This area of study will become

increasingly important in terms of understanding how

multiple phosphorylation events can ‘‘tip the balance’’ one

way or another toward a particular protein function.

Connexins are posttranslationally oligomerized to hex-

americ hemichannels prior to membrane insertion either

within the ER (e.g., Cx26, Cx32) (Falk et al. 1997; Falk

and Gilula 1998) or in the trans-Golgi network (e.g., Cx43,

Cx46) (Das Sarma et al. 2001; del Castillo et al. 2009;

Koval 2006; Koval et al. 1997; Musil and Goodenough

1993; Puranam et al. 1993). A role for connexin phos-

phorylation in channel oligomerization has not currently

been demonstrated (Solan and Lampe 2005). Pulse-chase

studies have shown that newly synthesized Cx43 can be

rapidly phosphorylated and dephosphorylated (within

15–30 min) (Crow et al. 1990) in the ER and Golgi com-

partments (Laird et al. 1995). In addition, monomeric Cx43

phosphoisoforms have been identified, which suggests that

Cx43 is phosphorylated prior to insertion into the plasma

membrane (Musil and Goodenough 1993). Further,

increases in PKA activity can promote Cx43 integration to

the membrane and are associated with Cx43-S364 phos-

phorylation, but Cx43 is a poor substrate for PKA and does

not appear to directly increase Cx43 phosphorylation,

suggesting that other intermediary pathways mediate the

response (Paulson et al. 2000; TenBroek et al. 2001). Data

demonstrating nonphosphorylated isoforms of connexins at

the membrane suggest that they can be inserted to the

membrane without phosphorylation (although transient

phosphorylations could occur prior to entry to the mem-

brane (Musil et al. 1990; Musil and Goodenough 1991;

Solan and Lampe 2005). This is also evident with truncated

mutations of Cx43 (D252) oligomerizing and trafficking to

the plasma membrane. These truncated channels still form

functional channels, suggesting that phosphorylation on the

carboxyl tail is not a critical requirement (Johnstone et al.

2009; Martinez et al. 2003). Regardless, deletion muta-

genesis studies have demonstrated that a portion of the

Cx43 carboxyl terminus is required for trafficking. By

creating a carboxyl terminus deletion at amino acid 236,

Cx43 cannot traffic to the membrane, while deletions after

amino acid 239 (D243/D239) traffic to the membrane and

form gap junctions (De Vuyst et al. 2007; Wayakanon et al.

2012). As with Cx43, Cx45 requires its carboxyl terminus

to target the membrane. Phosphorylation does not signifi-

cantly alter Cx45 trafficking to the membrane but may

affect protein half-life (Hertlein et al. 1998). Current data

therefore suggest that phosphorylation of connexins is not a

critical determinant of oligomerization and membrane

insertion but could be involved in efficient gap junction

assembly and trafficking.

The open and closed states of connexin hemichannels

exist as a balance between inhibition and stimulation of

carboxyl terminal residues. Mutagenesis studies of Cx43

have shown that mutations after amino acid 239 in Cx43

can still form functional gap junctions but inhibit hemi-

channel opening, suggesting that regulatory sites within the

carboxyl terminus are required for hemichannel opening

(De Vuyst et al. 2007). In general, connexin phosphoryla-

tion through PKC (e.g., S368) and MAPK activity main-

tains a closed hemichannel state (Bao et al. 2004a, 2007;

Chandrasekhar and Bera 2012; Contreras et al. 2002;
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Ek-Vitorin et al. 2006; Kwak and Jongsma 1996; Schulz

and Heusch 2004; Srisakuldee et al. 2009). Indeed, it has

been shown that direct phosphorylation of Cx43-S368 by

PKC reduces hemichannel opening (Bao et al. 2004b).

Similarly, treatments with lipopolysaccharide and basic

fibroblast growth factor decrease hemichannel activity in

Cx32-, Cx43- and Cx26-expressing HeLa cells (De Vuyst

et al. 2007). However, the same treatments enhance

hemichannel opening in C6-Cx43 cells (De Vuyst et al.

2007). This diversity in hemichannel signaling has been

attributed to a balance between channel inhibition (phos-

phorylation) and stimulation (dephosphorylation) modifi-

cations on the connexin carboxyl terminus (Contreras et al.

2002; De Vuyst et al. 2007).

As described above, the carboxyl terminus of connexins

(particularly Cx43) may act to promote efficient gap

junction assembly from hemichannels. Once inserted to the

membrane, hemichannels aggregate in ‘‘formation pla-

ques’’ prior to incorporation into the gap junctional plaque

(Johnson et al. 2012; Segretain and Falk 2004). Truncation

mutants of Cx43 result in reduced hemichannel aggrega-

tion and gap junction plaque formation, suggesting that

phosphorylation of carboxyl-terminal residues may be

involved in efficient delivery of hemichannels to the gap

junction plaque (Johnson et al. 2012; Palatinus et al.

2011a). Increased formation and stability of gap junctions

have been associated with PKA and CK1 activity. Increa-

ses in intracellular cAMP levels promote PKA activity,

which promotes (indirectly) Cx43-S364 phosphorylation

and increases in gap junction assembly and coupling

(TenBroek et al. 2001). CK1 phosphorylation of Cx43-

S325/S328/S330 also appears to promote gap junction

assembly and stability (Cooper and Lampe 2002). Gap

junction aggregation occurs through directed trafficking by

chaperone proteins, e.g., zonula occludens-1/2 (ZO-1/ZO-

2) (Rhett et al. 2011; Singh et al. 2005). Associations

between the Cx43 carboxyl terminus and ZO-1 promote

targeting to gap junction plaques (Hunter et al. 2005; Jin

et al. 2004; Segretain et al. 2004; Toyofuku et al. 1998).

This can be disrupted through c-SRC phosphorylation of

Cx43-Y265, which appears to be a critical site in the

binding of ZO-1 (Toyofuku et al. 2001). Therefore, phos-

phorylation may allow for efficient and directed movement

of connexins within the membrane to sites of gap junction

plaques.

In general, for Cx43, CK1 (and PKA) pathways increase

and PKC, MAPK, v-SRC, and CDC2 reduce gap junctional

communication (Pahujaa et al. 2007; Solan and Lampe

2005, 2008, 2009). Phosphorylation-induced increases in

gap junctional communication occur through CK1 phos-

phorylation of Cx43-S325/S328/S330 (Cooper and Lampe

2002) and by PKA (Cx43-S364, indirectly) (TenBroek

et al. 2001). However, as mentioned, these sites are also

associated with increased gap junction assembly; and it has

been suggested that they may enhance plaque stability,

leading to a prolonged life cycle (Remo et al. 2011). In

addition, phosphorylation of Cx40 by PKA pathways leads

to altered (higher) conductance states (van Rijen et al.

2000).

PKC activity reduces Cx43 gap junctional communica-

tion. Reduced unitary conductance occurs following Cx43-

S368 phosphorylation (Ek-Vitorin et al. 2006; Lampe et al.

2000), and site-directed mutagenesis demonstrates that

Cx43-S262 phosphorylation can reduce gap junctional

communication, which in turn may act to promote DNA

synthesis and cell cycle progression (Doble et al. 2004).

The impact of reduced communication through PKC

phosphorylation of Cx43-S368 ranges from promoting

wound closure (potentially by isolating cells from sur-

rounding signals and promoting differentiation) (Richards

et al. 2004), causing decreased cell-to-cell communication

in the vascular wall (Straub et al. 2009) and reducing

ischemia–reperfusion injury in hearts (Palatinus et al.

2011b). MAPK phosphorylation of Cx43-S255/S279/S282

leads to reductions in gap junctional communication by

inhibiting the ability of the channels to open (Cottrell et al.

2003; Warn-Cramer et al. 1998). It should also be noted

that several sites in the Cx43 tail may be phosphorylated

through multiple pathways as is demonstrated for PKC

induction by phorbol 12-myristate 13-acetate, which pro-

motes Cx43 S279/S282 phosphorylation (Solan and Lampe

2007, 2009). In addition to the classically accepted MAPK

sites, Norris et al. (2008) demonstrated that Cx43-S262

sites were phosphorylated (but not S368) through MAPK

pathways, leading to reduced gap junctional communica-

tion and meiotic resumption in mouse oocytes. Increases in

CDC2 promote phosphorylation of Cx43-S255 and reduc-

tions in gap junctional communication, which are associ-

ated with progression through the cell cycle (Kanemitsu

et al. 1998; Lampe et al. 1998). Activation of v-SRC

pathways leads to phosphorylation of Cx43-Y247 and

Cx43-Y265, which appears to occur in formed gap junc-

tions, leading to a reduction in gap junctional communi-

cation (Solan and Lampe 2008). In addition to these sites,

active v-SRC can cause phosphorylation at sites associated

with PKC and MAPK in Cx43 (Solan and Lampe 2008).

Less is known for the other connexins. Sequence pre-

dictions and homology suggest that Cx37 may be similarly

phosphorylated through MAPK pathways, potentially at

Cx37-S275 and Cx37-S282, which may affect gap junc-

tional assembly and communication; but this has not been

directly demonstrated (Burt et al. 2008). Phosphorylation

of Cx45 through PKC pathways alters the occupancy time

and conductive state of the channel (Kwak et al. 1995; van

Veen et al. 2000). Although Cx45 is primarily phosphor-

ylated at serines, substitution of all carboxyl-terminus
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serines does not alter gap junctional communication in

HeLa cells (Hertlein et al. 1998).

Phosphorylation also plays a role in the internalization

of connexins from the gap junctional plaque and has been

shown to alter the protein turnover rates for several

connexins (Laird 2005). During the cell cycle Cx43

appears to be dynamically regulated at the S, G1, G2 and

M phases, all represented by alterations in Cx43 phos-

phorylation and internalization. As the cell cycle pro-

gresses, Cx43 appears at more intracellular locations and

is highly phosphorylated at CDC2, PKC and MAPK sites,

suggesting that phosphorylation may be involved in the

removal of the connexins from the membrane gap junc-

tion plaques. However, it has not been conclusively

demonstrated whether this results from removal of con-

nexins from gap junction plaques or from reduced

assembly to plaques (Solan and Lampe 2009). In mitosis,

phosphorylation of Cx43 by CDC2 at the S255 and S262

regions is associated with an internalization of the protein

(Kanemitsu et al. 1998; Lampe et al. 1998; Xie et al.

1997). During the cell cycle Cx43-S368 phosphorylation

is also associated with a reduction in gap junction plaque

size and protein internalization (Lampe et al. 2000; Solan

et al. 2003). Conversely, it has been noted that dephos-

phorylation of Cx43 (S365) promotes an intracellular

redistribution of Cx43 (Beardslee et al. 2000; Solan et al.

2007) or removal of Cx43 plaques (Laird et al. 1995).

Substitution of Cx45-S381/S382/S384/S385 residues, but

not the remaining serines from the carboxyl terminus of

Cx45, significantly reduces the protein half-life by

approximately 50 %, suggesting that these sites are

involved in protein degradation (Hertlein et al. 1998).

More recently, the MAPK phosphorylation of Cx43 at

S255/262/279/282 was identified as critical to binding

with cyclin E and promotion through the cell cycle

(Johnstone et al. 2012).

While phosphorylation of connexins is integral to their

functionality, much less has been demonstrated for mod-

ulation of pannexin channels. Despite this, all mammalian

forms of pannexins contain multiple S/T/Y sites (Penuela

et al. 2007). Currently, there are limited structural data for

the pannexins and their carboxyl-terminus regions (Amb-

rosi et al. 2010). The membrane topology of pannexins

appears to resemble that of the connexins with a cyto-

plasmic amino terminus, intracellular loop and carboxyl

terminus, which shows the greatest sequence variability in

the Panx2 isoform (Penuela et al. 2012). As with the

connexins, the carboxyl-terminus regions are rich in S/T/Y

sites. Consensus sequences for S/Y/T phosphorylation have

been predicted based on sequence and membrane topology

for pannexins 1–3 to occur primarily in the carboxyl ter-

minus with fewer intracellular loop motifs (Barbe et al.

2006; Penuela et al. 2007). It has been shown that Panx1

ATP release can be induced by P2X7R activation through

tyrosine kinase pathways, but it is not clear whether Panx1

is directly phosphorylated or regulated through intermedi-

ary pathways (Iglesias et al. 2009). While data on phos-

phorylation of pannexins are currently in their infancy,

there is clearly the potential for this posttranslational

modification in the regulation of the protein life cycle or

function.

Nitrosylation

Posttranslational modification can also occur through S-

nitrosylation, in which nitric oxide (NO) can bind to a

reactive cysteine (C) thiol, producing an S-nitrosothiol

(SNO) (Stamler et al. 1992). While proteins often contain

multiple cysteine residues, the majority of the observed

biological effects imparted by NO occur on single or only a

few cysteine residues within a protein. In addition to direct

modification of proteins by S-nitrosylation, this posttrans-

lational modification can indirectly regulate other protein

modifications including acetylation, phosphorylation and

ubiquitination (Hess and Stamler 2012; Park et al. 2004;

Whalen et al. 2007; Yasukawa et al. 2005).

The effects of NO on hemichannels and gap junctions

have primarily been investigated in vascular cell types

including vascular endothelial and smooth muscle cells. Of

particular note, it was initially shown that exogenous

application of the NO donor S-nitroso-N-acetylpenicilla-

mine to cultured human umbilical vein endothelial cells

significantly decreased dye transfer between coupled cells in

a Cx37-dependent manner (Kameritsch et al. 2005). The

observed decrease in gap junction permeability was inde-

pendent of the effects of NO on guanylate cyclase and cGMP

levels, indicating a separate effect of NO on the channels. In

a separate study, NO application significantly reduced

electrical coupling between cultured human microvascular

endothelial cells mediated by effects on gap junctions

composed of Cx37, which was similarly independent of

cGMP (McKinnon et al. 2009). Conducted vasoconstriction

in cremasteric arterioles has been shown to be dependent on

Cx37 gap junctions and, importantly, is impaired during

sepsis, a pathology resulting in upregulation of nNOS and

increased NO production (McKinnon et al. 2006).

While S-nitrosylation of gap junctions composed of

Cx37 has not been directly observed, evidence has indi-

cated the ability of Cx43 to be S-nitrosylated; and this

modification has been suggested to regulate gap junction

permeability at the myoendothelial junction (MEJ) in the

blood vessel wall (Straub et al. 2011). In this study, Cx43

was found to be locally enriched along with eNOS at the

MEJ. Importantly, Cx43 was constitutively S-nitrosylated

at C271. The S-nitrosylation of C271 on Cx43 was directly
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correlated with an open channel probability as denitrosy-

lation significantly reduced heterocellular communication

at the MEJ, namely, the movement of inositol triphosphate

from smooth muscle cells to endothelial cells through Cx43

gap junctions. In agreement, pharmacological inhibition or

genetic depletion of the denitrosylase GSNOR, which

indirectly affects the extent of S-nitrosylation in these cells

by reducing denitrosylation of the NO donor S-nitroso-

gluathione (GSNO), significantly increased gap junctional

communication at the MEJ. Altogether this study suggests

the potential for connexin proteins to become S-nitrosy-

lated at specific cysteine residues, with the modification

affecting channel permeability.

S-nitrosylation has also been proposed to regulate the

permeability of undocked Cx43 hemichannels at the plasma

membrane. During prolonged periods of ischemia or

hypoxia, oxygen deprivation induces the opening of Cx43

hemichannels in cortical astrocytes and cardiomyocytes,

leading to cell death (Contreras et al. 2002; John et al. 1999;

Kondo et al. 2000). The mechanisms regulating Cx43

hemichannel permeability under these conditions have been

suggested to involve dephosphorylation of Cx43 hemi-

channels (a known stimulus for hemichannel activation (Bao

et al. 2004b; Kim et al. 1999) or oxidative modification due

to increased production of reactive oxygen species, includ-

ing NO. A novel study by Retamal et al. (2006) found that

metabolic inhibition of cortical astrocytes resulted in both

dephosphorylation of Cx43 hemichannels as well as an

increase in S-nitrosylation, ultimately leading to an increase

in cellular permeability as determined by dye uptake.

Interestingly, application of reducing agents to these cells

did not affect Cx43 phosphorylation but significantly

reduced both cell permeability and Cx43 S-nitrosylation. In

agreement with this, application of exogenous NO donors

results in increased cell permeability. Together, these

observations indicate a functional role for Cx43 S-nitrosy-

lation in regulating hemichannel permeability at the plasma

membrane of astrocytes.

The potential regulation of hemichannels composed of

Cx46 by NO has also been suggested. When expressed in

Xenopus oocytes, Cx46 hemichannels exhibited increased

voltage sensitivity and current amplitude upon application

of GSNO, as assessed by patch-clamp electrophysiology

(Retamal et al. 2009). Treatment of these cells with the

reducing agent dithiothreitol (DTT) reversed the effects of

GSNO on hemichannel currents, and mutation of the two

endogenous carboxyl-terminus cysteine residues inhibited

the effect of GSNO application. These observations sug-

gest that critical cysteine residues in the carboxyl terminus

of Cx46, like C271 in Cx43, may be modified by S-nitro-

sylation to regulate channel permeability.

Of the three pannexin isoforms characterized to date,

Panx1 is the most widely expressed and is highly expressed

in vascular smooth muscle and endothelial cells in the

arterial vasculature (Billaud et al. 2011; Godecke et al.

2012; Lohman et al. 2012) and in multiple cell types in the

central and peripheral nervous systems (Ray et al. 2005;

Vogt et al. 2005; Xia et al. 2012). Importantly, all these

tissues have enriched NOS expression and actively utilize

NO for signaling. As Panx1 contains multiple cysteine

residues and has been shown to be expressed in tissues with

enhanced NO production, it is possible that Panx1 channels

in these cells may be regulated posttranslationally by S-

nitrosylation. Further, it has been shown that mutation of

C346 in the carboxyl terminus of Panx1 results in a con-

stitutively leaky channel (Bunse et al. 2010). Also, muta-

tion of C40 in the pore-lining region of the first

transmembrane domain of Panx1 produces a constitutively

open channel (Bunse et al. 2011). These results indicate the

importance of Panx1 cysteine residues in regulating chan-

nel gating and permeability. While there are currently no

published reports indicating direct modulation of Panx1

channels by S-nitrosylation, studies have indicated a role

for Panx1 (as well as Panx2) channels in ischemia-induced

neuronal cell death, a condition in which NO production is

markedly enhanced (Bargiotas et al. 2011). Similarly,

oxygen glucose deprivation and metabolic inhibition,

conditions similar to ischemia, both induced excessive NO

production and neuronal cell death mediated by opening of

Panx channels, which was attenuated by pharmacological

blockade of nNOS or reduction of oxidized cysteine thiols

with the reducing agent DTT (Zhang et al. 2008). Impor-

tantly, inhibition of guanylate cyclase in these experiments

had little effect on Panx channel permeability, suggesting

potential effects of NO by S-nitrosylation of Panx channels

in these cells. Future studies will be essential to directly

evaluate the potential for pannexin proteins to be post-

translationally modified by S-nitrosylation and how modi-

fication of Panx channels in this manner affects channel

gating and permeability.

Ubiquitination

The ubiquitin proteasome system regulates the degradation

of many proteins. This can occur at the absolute N-terminal

primary amine of proteins to induce autophagy (e.g., Lich-

tenstein et al. 2011). Although this is a relatively new area of

connexin research, it could be quite important in multiple

disease states. More traditional ubiquitination is comprised

of several components, including E1 ubiquitin-activating

enzymes, E2 ubiquitin-conjugating enzymes and E3 ubiq-

uitin ligases, that together mediate the transfer of the

76-amino acid protein ubiquitin to specific lysine (K) resi-

dues on target proteins (Leithe and Rivedal 2007; Willis

et al. 2010). Multiple ubiquitins can be covalently linked via
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K48 to form polyubiquitin chains, which target the ubiqui-

tinated protein for degradation by the multisubunit 26S

proteasome (Leithe and Rivedal 2007; Voges et al. 1999;

Willis et al. 2010). Both connexins and pannexins have

multiple lysine residues to which ubiquitin may be conju-

gated. Connexins can be ubiquitinated on K9 and K303

(Wagner et al. 2011), while pannexins can have ubiquitin

conjugated to K409 (Kim et al. 2011). Thus, the possible

ubiquitination of connexins and pannexins implies that these

proteins may be regulated by proteasomal degradation.

Several studies have suggested that connexins and

pannexins are ubiquitinated and degraded by the protea-

some. The proteasomal inhibitor N-acetyl-L-leucyl-L-leu-

cinyl-norleucinal increased levels of Cx43 (Laing and

Beyer 1995) and Cx31 (He et al. 2005) and prolonged

Cx43 half-life. Furthermore, immunoprecipitation with

antibodies against Cx43 and ubiquitin suggested that Cx43

might be polyubiquitinated (Laing and Beyer 1995), indi-

cating that disrupting the ubiquitin proteasome system

could alter connexin turnover. The tumorigenic compound

phorbol ester 12-O-tetradecanoylphorbol 13-acetate initi-

ated hyperphosphorylation and ubiquitin-mediated degra-

dation of Cx43, which was prevented by proteasomal

inhibitors (Leithe and Rivedal 2004), demonstrating the

importance of phosphorylation in ubiquitin-mediated

connexin degradation. Phosphorylation of connexins

facilitates interaction with proteins of the ubiquitin pro-

teasome system, such as the ubiquitin ligase Nedd4 (Ley-

kauf et al. 2006). Disrupting the interaction between

connexins and ubiquitin proteasome proteins via prote-

asomal inhibitors alters the interaction between Cx43 and

ZO-1, leading to Cx43 accumulation into enlarged gap

junctions at plasma membranes (Girao and Pereira 2007).

Therefore, it has been suggested that the ubiquitin protea-

some system most likely contributes to the internalization

and degradation of connexins.

Despite these findings, there is mounting evidence

against ubiquitination and proteasomal degradation of

connexins. Degradation of ER-localized Cx43 by the pro-

teasome is partly controlled by Cx43 interactions with the

ubiquitin-like protein CIP75, which binds to ubiquitinated

substrates. However, immunoprecipitation studies demon-

strated that the CIP75-bound Cx43 was not directly ubiq-

uitinated (Su et al. 2010). In addition, a mutant Cx43

construct in which all lysine residues were converted to

arginines mimicked the response of wild-type Cx43 to

proteasomal inhibitors (Dunn et al. 2012). Taken together,

these results indicate that direct ubiquitination may not be

required for proteasomal degradation of Cx43. Instead,

ubiquitination of connexins may contribute to other path-

ways regulating turnover. Indeed, recent studies have

linked Cx43 monoubiquitination to lysosomal degradation.

Following internalization from the plasma membrane,

Cx43 can associate with the ubiquitin-binding proteins Hrs

(hepatocyte growth factor–regulated tyrosine kinase sub-

strate) and Tsg101 (tumor susceptibility gene 101) and the

ubiquitin-binding endocytic adaptor protein Eps15, which

shuttle Cx43 along the endocytic pathway for subsequent

degradation in lysosomal compartments (Girao et al. 2009;

Leithe et al. 2009). Thus, although ubiquitination mediates

connexin trafficking and other degradative pathways, it is

not clear whether direct ubiquitination is an important step

during proteasomal degradation. Connexin turnover by this

pathway most likely involves interaction between ubiqui-

tinated substrates, even if connexins themselves are not

tagged with ubiquitin.

Perturbation of connexin degradation by the ubiquitin

proteasome has physiological and pathological consequences.

Connexins are dynamically regulated with a short half-life of

1–6 h (He et al. 2005; Leithe and Rivedal 2004; Musil et al.

2000; Su et al. 2010). Proper connexin turnover rate is vital to

maintain normal physiological functions (Li and Wang 2010).

Dysregulation of dynamic gap junction protein turnover via

inhibition of the ubiquitin proteasome degradation pathway

(e.g., from oxidative stress) increases gap junction plaque size

and enhances gap junction communication (Girao and Pereira

2007). Inhibition of proteasome-mediated degradation of gap

junction proteins and enhanced gap junction communication

is associated with several cardiovascular pathologies, such as

ischemia–reperfusion injury, cardiac proteinopathy (i.e.,

irregular protein aggregation), post-myocardial infarct

arrhythmias and heart failure (Beardslee et al. 1998; Li and

Wang 2010). Thus, the ubiquitin proteasome pathway may

provide novel therapeutic targets to treat cardiovascular dis-

eases by restoring proper turnover of cardiac proteins,

including connexins.

Much less is known about the involvement of the

ubiquitin proteasome system in pannexin degradation.

Mass spectrometric screens have identified K409 as a

probable site of ubiquitination (Kim et al. 2011). However,

biochemical evidence for pannexin ubiquitination and

proteasomal degradation is lacking. A recent study has

shown that Panx1 internalization and lysosomal degrada-

tion are controlled by its carboxyl-terminus region, but

Panx1 does not appear to be degraded by traditional

endocytic pathways (Gehi et al. 2011). Thus, further

studies are needed to investigate the role ubiquitination

plays in pannexin turnover (Schalper et al. 2012).

Other Modifications

SUMOylation

It has now been demonstrated that connexins (i.e., Cx43)

can be targeted for posttranslation modification by less
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characterized pathways, e.g., SUMOylation. The small

ubiquitin-like modifier (SUMO) family of proteins acts in

most cellular compartments to adapt proteins in multiple

processes including transcription, translation, cellular

transport, protein interactions, cell growth and pro-

grammed cell death (Geiss-Friedlander and Melchior

2007). In Cx43, L144 (intracellular loop) and L237 (car-

boxyl terminus) can be SUMOylated, leading to a reduc-

tion in protein expression and gap junction formation

(Kjenseth et al. 2012). Consensus motifs for SUMOylation

have been identified in the Panx2 sequence; however,

studies of immunoprecipitated Panx2 from mouse neuronal

stem cells differentiated to neurospheres showed a lack of

detection of SUMO1/2/3, suggesting that Panx2 is not

SUMOylated (Swayne et al. 2010). Given the diversity of

activity of SUMO proteins, this posttranslational modifi-

cation could potentially play a significant role in connexins

and pannexin protein regulation and channel formation.

Lipid Modification, e.g., Palmitoylation

The correct insertion of transmembrane proteins into the

plasma membrane is a delicate process that involves the

coordination of protein modifications for the binding of

specific phospholipids (termed ‘‘palmitoylation’’). It has

been well described that connexins are associated with lipid

rafts, especially those enriched with caveoli (e.g., Langlois

et al. 2008; Locke et al. 2005). However, only the carboxyl

terminus of Cx32 (amino acids 277–283) has been identi-

fied to have a palmitoylation site (Locke et al. 2006).

Regardless, this concept was further elucidated by a series

of experiments designed to identify all the phospholipids

that could be associated with either Cx26 or Cx32 gap

junctions. The authors found that the lipids associated with

the two homotypic gap junctions were dramatically differ-

ent, indicating these connexins may reside in very distinct

parts of the plasma membrane (Locke and Harris 2009),

possibly placed there by palmitoylation modifications.

Thus far, there is no indication that pannexin isoforms

associate with caveolin (Gehi et al. 2011). However, it has

been demonstrated that Panx2 has distinct depalmitoylated

and palmitoylated species that migrate at different molec-

ular weights (*60 and *85 kDa, respectively) as deter-

mined by treatment of Western blots with hydroxylamine

or metabolically labeling cells with BODIPY FL hexa-

decanoic acid. Swayne et al. (2010) further suggested that

the palmitoylated form of Panx2 resides in the Golgi and/or

ER, whereas the depalmitoylated form resides primarily at

the plasma membrane and indicates these changes are

associated with differentiation of neuronal cells. Elucida-

tion of the exact site where Panx2 may be palmitoylated

could prove quite interesting.

Caspase Cleavage

The posttranslational modification of proteins is generally

considered to be a reversible process. However, a new type

of terminal posttranslational modification was recently

described where the Panx1 protein was cleaved by caspase

3 during apoptosis, inducing a constitutive open state of the

channel for the release of ATP (Chekeni et al. 2010; Dunn

et al. 2012). The caspase 3 cleavage site was identified in

human Panx1 at amino acids 376–379 (DVVD) (Chekeni

et al. 2010). The implications from the work were that the

carboxyl terminus of Panx1 could regulate the pore open or

closed state. This concept was recently demonstrated in a

novel experimental model (Sandilos et al. 2012). In this

work the authors inserted a TEV sequence into the Panx1

caspase cleavage site, allowing for controlled enzymatic

cleavage of the carboxyl terminus. Next, a disulfide bond

between the carboxyl terminus (C426) and an engineered

cysteine within the pore of the Panx1 channel prevented

removal of the carboxyl terminus from the pore (Sandilos

et al. 2012). Finally, cleavage of the carboxyl terminus by

TEV protease failed to produce current, and only after

disulfide bond removal was current through the Panx1

channel restored (Sandilos et al. 2012). When summed

with the caspase cleavage, the data indicate a role for the

carboxyl terminus in regulating an open or closed pore and

that cleavage of the carboxyl terminus as the specific cas-

pase cleavage site induces a constitutive open channel

during apoptosis. Although multiple connexins have been

implicated throughout the apoptotic pathway (e.g., And-

rade-Rozental et al. 2000; Minogue et al. 2009; Seul et al.

2004), there are no direct links or functional results like

that described for the action of caspase 3 on Panx1.

Conclusion

Although much has been learned about how posttransla-

tional modifications can have dramatic or subtle effects on

connexin and pannexin function, most of these discoveries

have happened only in the last decade. The creation of

more specific antibodies toward modified amino acids (e.g.,

Solan and Lampe 2008) and accessibility of proteomic

arrays to more researchers will enable an even greater

study of posttranslational modifications associated with

connexins and pannexins and their functional effect.
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Abstract Despite the combination of light-microscopic

immunocytochemistry, histochemical mRNA detection

techniques and protein reporter systems, progress in identi-

fying the protein composition of neuronal versus glial gap

junctions, determination of the differential localization of

their constituent connexin proteins in two apposing mem-

branes and understanding human neurological diseases

caused by connexin mutations has been problematic due to

ambiguities introduced in the cellular and subcellular

assignment of connexins. Misassignments occurred primarily

because membranes and their constituent proteins are below

the limit of resolution of light microscopic imaging tech-

niques. Currently, only serial thin-section transmission elec-

tron microscopy and freeze-fracture replica immunogold

labeling have sufficient resolution to assign connexin proteins

to either or both sides of gap junction plaques. However,

freeze-fracture replica immunogold labeling has been limited

because conventional freeze fracturing allows retrieval of

only one of the two membrane fracture faces within a gap

junction, making it difficult to identify connexin coupling

partners in hemiplaques removed by fracturing. We now

summarize progress in ascertaining the connexin composition

of two coupled hemiplaques using matched double-replicas

that are labeled simultaneously for multiple connexins. This

approach allows unambiguous identification of connexins and

determination of the membrane ‘‘sidedness’’ and the identities

of connexin coupling partners in homotypic and heterotypic

gap junctions of vertebrate neurons.

Keywords Astrocyte � Ependymocyte � Glia � Neuron �
Oligodendrocyte

Abbreviations

DR Double replica

E-face Extraplasmic leaflet

FRIL Freeze-fracture replica immunogold labeling

P-face Protoplasmic leafle

RT-PCR Reverse transcriptase polymerase chain

reaction

Introduction and Historical Perspective

Vertebrate gap junctions consist of connexin proteins that

assemble as hexamers to form connexon ‘‘hemichannels’’

that link across the extracellular space, forming leakless

channels that permit the direct intercellular transport of

water, ions and small molecules [B450 Da (Hu and Dahl

1999)]. Of the 20 or 21 connexins expressed in mammals—

named according to their molecular weight, measured in

kilodaltons (Willecke et al. 2002)—more than half are
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expressed by cells in the central nervous system (CNS).

Due to the cellular heterogeneity and morphological

complexity of CNS tissue, assignment of connexin

expression in, and understanding the formation of gap

junctions between, particular cell types has been prob-

lematic. Yet, this has become an important issue, especially

in recent years by virtue of the identification of several

diseases with major neurological damage caused by

mutations in connexins expressed in neural tissues. These

include X-linked Charcot–Marie–Tooth disease (CMTX)

(Bergoffen et al. 1993), resulting from mutations of Cx32;

Pelizaeus–Merzbacher-like disease (PMLD), resulting

from mutations of Cx47 (Tress et al. 2011; Uhlenberg et al.

2004), oculodentodigital dysplasia (ODDD), resulting from

mutations of Cx43 (Paznekas et al. 2003); keratitis–

ichthyosis–deafness syndrome, resulting from mutations of

Cx26 (Kelsell et al. 1997; Melchionda et al. 2005); and

childhood-onset myoclonic epilepsy, resulting from muta-

tions of Cx36 in the noncoding region (Hempelmann et al.

2006; Mas et al. 2004). Understanding how these connexin

mutations impact on physiological processes in the CNS

and cause severe debilitating disease requires firm knowl-

edge of the cell types expressing the mutated connexins,

the subcellular and histological locations at which gap

junctions may be disrupted by these abnormal connexins

and the nature of the connexin coupling partners normally

occurring at those locations. This knowledge acquired in

studies of the glial connexins, as well as in studies of

defective ion channels and water-transport pathways used

for long-distance potassium siphoning and CNS water

homeostasis, led to our formulation of the ‘‘gateway

hypothesis’’ (Davidson and Rash 2011; Rash 2010) as a

working paradigm for a generalized mechanism underlying

the physiological and morphological aberrations found in

CMTX, ODDD, PMLD, neuromyelitis optica, Alexander

disease (van der Knaap et al. 2001) and other ‘‘leukodys-

trophies’’ (white matter diseases). However, details of the

molecular organization of glial gap junctions with their five

gap junction-forming connexins, as well as of gap junctions

forming electrical synapses in the CNS, is a work in pro-

gress. Here, we outline some outstanding difficulties and

present a new approach that may help to resolve some of

the existing limitations.

Connexon Coupling Patterns

Individual cell types express from one to four different

connexins, allowing for the potential formation of ‘‘heter-

omeric’’ connexons composed of two or more connexins,

for which evidence has been obtained in only a few tissues

in vivo (Jiang and Goodenough 1996; Sosinsky 1995).

Some neurons express only a single connexin isoform (e.g.,

most express only Cx36), and these often form gap junc-

tions with other neurons singly expressing the same

connexin, thereby forming ‘‘homomeric’’ connexins in

both cells that link to form ‘‘homotypic’’ intercellular

channels (Fig. 1a, showing the simplest type of neuron-to-

neuron gap junction, composed of Cx36, only). However,

multiple connexin isoforms are expressed in many types of

cells, providing for the possible formation of ‘‘bihomo-

typic’’ and ‘‘trihomotypic’’ gap junctions. For example,

astrocyte-to-astrocyte (A:A) gap junctions usually consist

of two or three types of homotypic channels, forming, as

one example, a Cx43:Cx43 plus Cx30:Cx30 plus

Cx26:Cx26 trihomotypic gap junction (Fig. 1b). In addi-

tion, when astrocytes (A) couple to oligodendrocytes (O),

which express two other gap junction-forming connexins,

Cx47 and Cx32, these ‘‘heterologous’’ A:O gap junctions,

are necessarily ‘‘bi-’’ or ‘‘triheterotypic’’ (or even multi-

heterotypic), composed of several combinations of ‘‘per-

missive’’ coupling partners, three of which are illustrated in

Fig. 1c. [Cx29 is also expressed in oligodendrocytes but

does not form gap junctions (Altevogt and Paul 2004).] In

A:O junctions, a distinct set of connexins on the astrocyte

side (i.e., Cx26, Cx30, Cx43) link with a different set of

Fig. 1 Generalized models of different connexin coupling patterns in

the most common type of gap junctions in the CNS. a ‘‘Homotypic’’

neuronal gap junction, with intercellular channels composed of Cx36

coupling with Cx36. b ‘‘Trihomotypic’’ astrocyte-to-astrocyte gap

junction, with intercellular channels composed of Cx43 coupling with

Cx43, Cx30 coupling with Cx30 and Cx26 coupling with Cx26.

c ‘‘Triheterotypic’’ astrocyte-to-oligodendrocyte gap junction, with

astrocyte Cx43 coupling with oligodendrocyte Cx47, astrocyte Cx30

coupling with oligodendrocyte Cx32 and astrocyte Cx26 coupling

with oligodendrocyte Cx32. Additional permissive coupling pairs are

discussed in the text
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connexins on the oligodendrocyte side (i.e., Cx32, Cx47)

(Altevogt et al. 2002; Altevogt and Paul 2004; Kleopa et al.

2004; Li et al. 1997; Nagy et al. 2004; Nagy and Rash

2000; Scherer et al. 1995). Recent studies of coupling

permissiveness in N2A cells expressing glial connexins

indicate that, in addition to permissive homotypic combi-

nations (e.g., Cx30/Cx30, Cx43/Cx43, Cx32/Cx32 and

Cx47/Cx47), functional coupling can occur between Cx30

and Cx32 and between Cx43 and Cx47 (Orthmann-Murphy

et al. 2007), as well as between Cx30 and Cx47 (Magnotti

et al. 2011). Finally, homologous cell types (two neurons,

for example) expressing two different connexins at the

same gap junction plaque may also form either bihomo-

typic or heterotypic gap junctions. These several coupling

configurations may provide vertebrate gap junctions with

the molecular basis for attaining functional diversity,

including electrical rectification (directionality of current

flow), which has been proposed to require molecular

asymmetry of apposed connexon hemichannels (Barrio

et al. 1991; Palacios-Prado and Bukauskas 2009; Rubin

et al. 1992; Verselis et al. 1994). Currently, these func-

tionally distinct configurations of connexins within

apposing hemiplaques can be distinguished in vivo only

by the double-replica immunogold labeling technique, as

described below.

Sources of Ambiguity in Previous Approaches

False-Positive Identification of Protein Expression

in Neural Cells

False-positive identifications of connexin protein expres-

sion in cells and misassignment of those connexins to an

inappropriate cell type can occur for three main reasons.

The first is inadequate confirmation of anticonnexin anti-

body specificity, which can result in failure to recognize

off-target labeling of proteins. The use of connexin

knockout (KO) mice can be considered the ‘‘gold standard’’

for confirmation of specificity. Many of the antibodies that

we use have been characterized for specificity by com-

parison of immunofluorescence and/or immunoblotting

results in wild-type mice vs. mice with KO of the various

connexins. For connexins relevant here, such character-

ization has included antibodies against Cx26 (Nagy et al.

2011), Cx30 (Lynn et al. 2011), Cx32 (Nagy et al. 2003),

Cx36 (Li et al. 2004), Cx47 (Li et al. 2008b) and Cx57

(Ciolofan et al. 2007). In addition, where possible, we have

included the use of two different antibodies generated

against different sequences within individual connexins, as

well as the use of both rabbit polyclonal and mouse

monoclonal antibodies generated against the same

sequence in some of the connexins. The specificity of

antibodies against Cx43 and Cx45 has been established

ultrastructurally by showing their detection in gap junction

plaques in identified cell types (Rash et al. 2001).

A second source of error derives from the failure to

detect a protein target even when using antibodies with

proven specificity and proven immunohistochemical

applications. This can arise mainly from nonoptimal tissue

preparation for immunostaining, particularly if prescribed

fixation protocols are not followed. We have previously

emphasized that immunofluorescence detection of some

connexins requires very weak fixation conditions, where

overfixation results in reduced detection or abolition of

immunolabeling entirely (Li et al. 2008b).

The third source of connexin misassignment arises from

the limited resolution of light microscopy (LM). Because

of inherent limits of LM resolution, current immunocyto-

chemical methods applied to complex CNS tissues are

unable to discern whether specific connexins, reportedly

identified either by diffuse cytoplasmic staining (Colwell

2000) or by the presence of both punctate immunolabeling

for connexins and widespread cell-surface immunofluo-

rescence (Nadarajah et al. 1996, 1997), link either neurons

or glia or both. When only a single cell type (neuron) is

visualized by immunofluorescence in CNS tissue, without

companion bright-field or differential interference optics to

reveal glial cells (Fig. 2a), it is not possible to assign

connexins unambiguously to the visualized neuron,

regardless of apparent close proximity of connexin labels.

This failure to account for CNS tissue complexity is

implicit in representative thin-section transmission electron

microscopic (TEM) images (Fig. 2b), wherein all spaces

between neurons are seen to be completely filled with the

two primary types of macroglial cells (astrocytes and oli-

godendrocytes) found throughout the neuropil and by their

even more pervasive thin processes that are also below the

limit of LM resolution. For further clarification, the limits

of resolution in the blue and red wavelengths are super-

imposed on the TEM image (Fig. 2b, blue and red discs),

revealing that a single pixel at the limit of LM resolution in

those wavelengths would overlap multiple plasma mem-

branes of multiple cell types, with the blue dot overlapping

with a neuronal plasma membrane, two astrocyte fingers

and an oligodendrocyte soma and nucleus. This image

suggests that, in the absence of companion ultrastructural

examination, complex interdigitations of neuronal and glial

processes preclude or make questionable the LM assign-

ment of specific connexins to specific cell types in con-

voluted CNS tissue. Of course, this problem of assigning

proteins to specific cell margins applies equally well to

subcellular localization of all other membrane proteins.

To investigate the basis for putative neuronal gap junc-

tions reportedly containing Cx26, Cx32 and Cx43 by freeze-

fracture replica immunogold labeling (FRIL) using knife-
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fractured single replicas (procedure described below)

revealed that neuronal processes often had thin astrocyte

‘‘fingers’’ interposed, in this case with a small A:A gap

junction labeled for both Cx26 and Cx30 (Fig. 2c; 12 nm

gold = Cx26, 20 nm gold = Cx30). The nominal LM limits

of resolution in the x, y and z axes are indicated in stereo-

scopic images by the inscribed three-dimensional box, which

corresponds to a single ‘‘voxel’’ (volume pixel) at the reso-

lution limit of confocal LM (0.2 9 0.2 9 0.4 lm in the x,

y and z axes, respectively). Moreover, in the red wavelength

(which had been used to visualize the margins of the neurons

in Fig. 2a), the limit of resolution is *0.4 lm, or several

times the width of the space occupied by the astrocyte fingers

(Fig. 2c, crossing red arrows). If this configuration had been

Fig. 2 Comparison of limits of resolution of light microscopy (a) with

ultrastructural resolution (b, c). a Neurons double-stained for Cx43

(green fluorescence) and the neuronal marker MAP-2 (red fluores-
cence) but without visualization of intervening glial cells. Without

companion bright-field or differential interference optics to reveal other

cell types, it is not possible to assign Cx43 unambiguously to the

visualized cells, regardless of apparent close proximity. This deficiency

is implicit in representative thin-section TEM images. b Modified from

Peters et al. (1991). The limits of resolution in the blue and red

wavelengths are indicated by superimposed red and blue discs, each of

which overlaps cell margins of all three cell types, as well as multiple

cytoplasmic membranes. c Two neuronal dendritic processes (red
overlays), with a gap junction linking two thin intervening astrocyte

processes (blue overlays). The astrocyte gap junction (shown at higher

magnification in the inset) is double-labeled for Cx26 (12 nm gold) and

Cx30 (20 nm gold). The limits of resolution in the x, y and z axes are

indicated by the inscribed three-dimensional box, which corresponds to

a single voxel (volume pixel) at the limit of resolution of confocal LM.

If this region had been visualized by LM, with neurons stained red,

astrocytes and oligodendrocytes not stained and connexins visualized

using green fluorescence (as in a), Cx26 and Cx30 would have appeared

to be localized to the decussating, small-diameter neuronal processes.

Crossing red arrows indicate the limit of LM resolution in the red

wavelength, suggesting that these two neuronal processes would have

been in direct contact, with no room for intervening astrocyte processes.

Barred Circle = gold bead on top of replica, as ‘‘noise’’ (Rash and

Yasumura 1999). d, e ‘‘Serial sections in which gold–silver labeling for

Cx32 (straight open arrows) was identified on the cytoplasmic surface

of a peroxidase-labeled TH dendrite and in an apposed glial process

(asterisks) that separates two TH-positive dendrites from one another’’

(Alvarez-Maubecin et al. 2000). However, we note that Cx32 is an

oligodendrocyte connexin and is not found in astrocytes, nor has it been

detected in ultrastructurally defined neuronal gap junctions, so we

consider these images to represent background ‘‘noise’’ on two

nonserial sections, each showing an astrocyte process between two

different sets of TH neurons. Calibration bars 0.2 lm. f Comparison

FRIL image of two neuronal gap junctions (red overlays) in adult rat

retina that were immunogold-labeled for Cx36 (13- and three 20-nm

gold beads). Unlabeled glutamate receptor postsynaptic density (yellow
overlay). Modified from Rash et al. (2001). Calibration bars 0.1 lm,

unless otherwise indicated
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imaged by LM in red fluorescence (for neuronal markers)

and green (for Cx43, Cx32 or Cx26), the overlay would have

appeared to support Cx26 (or any other astrocyte connexin)

between the two crossing neuronal processes. Thus, this

image graphically demonstrates why ultrastructural approa-

ches are essential for eliminating ambiguities of connexin

assignment to specific cell types in CNS tissue.

In addition to those early immunofluorescence reports

suggesting that neurons express multiple connexins that are

now widely recognized to be ‘‘glial’’ [e.g., Cx26, Cx30,

Cx32, Cx43 and Cx47 (Chang et al. 1999; Nadarajah et al.

1996, 1997; Nadarajah and Parnavelas 1999; Teubner et al.

2001; Venance et al. 2000; Zhang et al. 2000)], both Cx32

and Cx26 proteins were reported to occur between neurons

at putative gap junctions, as identified by the presence of

one to three silver-intensified gold beads at areas where

membranes ‘‘tended to approach’’ (Fig. 2d, e); but these

areas were not otherwise recognizable as gap junctions,

even in these purported ‘‘consecutive serial sections.’’

Unaccountably, the contacting membranes had reversed

contour in the successive sections, and the cytoplasm of

one section was heavily stained for tyrosine hydroxylase/

peroxidase (Fig. 2d), whereas the successive section had

little or no staining (Fig. 2e), suggesting that the samples

may have been misidentified as representing consecutive

serial sections. In contrast, FRIL (Fig. 2f) unambiguously

revealed gap junctions as clusters of 10-nm P-face intra-

membrane particles (IMPs) and/or 9-nm E-face pits

(Goodenough and Revel 1970). [P-face = protoplasmic

leaflet, E-face = extraplasmic leaflet; established nomen-

clature defined in Branton et al. (1975).] By FRIL, both

neuronal and glial gap junctions were further confirmed by

labeling with multiple immunogold beads for appropriate

cell type–specific connexins and only in the appropriate

ultrastructurally identified cell types (Rash et al. 2001).

To date, no neuronal gap junctions have been detected

by FRIL that were immunogold-labeled for any of the

consensus ‘‘glial’’ connexins. However, more than 3,000

neuronal gap junctions have been detected that were

labeled for Cx36 (Kamasawa et al. 2006; Rash et al. 2005,

2007a, b), and *100 have been detected in rodent retina

that were labeled for Cx45 (Li et al. 2008a) (see the fol-

lowing); but none were labeled for glial connexins, either

within neuronal hemiplaques or within the hemiplaques of

neuronal coupling partners. This latter observation means

that in normal CNS tissues neurons do not couple with glial

cells, regardless of the connexins present in each. Pre-

sumably, the neuronal connexins are nonpermissive with

glial connexins. In contrast, in many of the same double-

and triple-labeled samples, many thousands of glial gap

junctions were cumulatively labeled by tens of thousands

of gold beads for glial connexins, each gold bead repre-

senting a separate confirmation of the target connexin in

those gap junctions (Nagy et al. 2004; Rash et al. 2001).

With no consensus glial connexins ever detected in ultra-

structurally identified gap junctions of neurons and with

thousands of glial gap junctions labeled for consensus glial

connexins and never for neuronal connexins (Nagy et al.

2003, 2004; Nagy and Rash 2000; Rash et al. 2001), it is no

longer appropriate to invoke those early reports as evidence

for Cx26, Cx30, Cx32, Cx43 or Cx47 in neurons. On the

other hand, Cx36 has been identified in sufficient numbers

of neuronal gap junctions and in sufficient areas of the CNS

to qualify as a reliable immunofluorescence marker for

electrical synapses in widespread brain regions [see com-

panion paper (Lynn et al. 2012), this issue].

False Positives Arising from mRNA Detection Methods

Even when combined with mRNA detection methods

(e.g., in situ hybridization, RT-PCR or LacZ reporter

methods), detection is common for multiple connexin

mRNAs, including multiple glial connexin mRNAs in

neurons (Chang et al. 1999; Venance et al. 2000; Zhang

et al. 2000; Zhang 2010). In the decade since Fire et al.

(1998) first described mRNA suppression by microinter-

fering RNA (miRNA), it has become clear that most

classes of connexin mRNAs appear to be actively pre-

vented from translation into protein by multiple miRNAs,

which are particularly abundant in the mammalian brain

(Bartel 2004; Berezikov et al. 2006; Farh et al. 2005;

Krichevsky et al. 2003; Lim et al. 2005; Miska et al.

2004; Sempere et al. 2004), with some of the ‘‘seed

matching sequences’’ for glial vs. neuronal connexins

having been identified, consistent with active suppression

of glial connexin mRNAs in neurons (Rash et al. 2005).

We conclude that in CNS tissues there is such a high

incidence of detection of diverse connexin mRNAs

without detection of the corresponding connexin protein

that such methods have been especially misleading in the

identification of the neuronal connexins that are actually

expressed (i.e., false correlation of mRNA detection with

protein detection). Specifically, one or two neuronal

connexin mRNAs but at least five glial connexin mRNAs

are routinely detected in neurons by single-cell RT-PCR

and by in situ hybridization (Chang et al. 1999; Rash

et al. 2005; Venance et al. 2000; Zhang et al. 2000; Zhang

2010). However, none of the five glial connexins that are

routinely detected by these mRNA methods appear to be

translated into proteins as none were detected by FRIL at

ultrastructurally identified gap junctions, even in the same

tissues and animal ages as examined by others (Li et al.

2008a; Rash et al. 2005, 2007a, b).

To address these important issues of gap junction

connexin composition and the ‘‘sidedness’’ of connexin

expression, ultrastructural approaches have been employed,
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including thin-section TEM (Nagy et al. 1999, 2001;

Ochalski et al. 1997; Yamamoto et al. 1990a, b), FRIL and,

more recently, double-replica FRIL (DR-FRIL). [FRIL is

the abbreviation originally introduced by Gruijters et al.

(1987) for ‘‘fracture-replica-immunogold labeling’’ by a

method not using the breakthrough SDS detergent washing

procedure (Fujimoto 1995, 1997).] Alternative replica

labeling procedures and nomenclature include SDS-FRL

(Fujimoto 1995, 1997) and double-replica SDS-FRL (Li

et al. 2008a). Our version of FRIL originally was distin-

guished from SDS-FRL by the additional steps of Lexan

plastic stabilization of replicas and by confocal grid map-

ping to the limit of resolution of LM, prior to tissue

removal by SDS washing and subsequent immunogold

labeling (Rash et al. 1995, 1996). We found the added steps

of FRIL to be essential for the analysis of gap junctions in

complex CNS tissues. Regardless, we used both DR-SDS-

FRL and DR-FRIL methods in this report.

False Negatives Arising from LacZ mRNA Detection

Methods

Data from LacZ reporter systems have been interpreted as

showing that a small percentage of neurons in the inner

plexiform layer of the retina (i.e., cone bipolar cells)

express only Cx45 and not Cx36 (Schubert et al. 2005),

whereas the AII amacrine cells to which bipolar cells are

known to couple reportedly express only Cx36. This

appeared to pose a problem because Cx45 and Cx36 are

reported to be ‘‘nonpermissive’’ for forming gap junctions

(Teubner et al. 2000). Moreover, three groups using RT-

PCR and immunocytochemistry (Han and Massey 2005;

Lin et al. 2005) and immunofluorescence of cryosections

(Dedek et al. 2006) concluded that Cx45 and Cx36 were

never coexpressed in the same neuron, with the further

assertion (Han and Massey 2005) that Cx45 and Cx36

proteins are never detected in the same fluorescent punc-

tum. However, Dedek and coworkers reported that where

Cx45 was present, it was present along with Cx36 in 30 %

of puncta. Thus, those three groups separately concluded

that because those cells are known to be coupled via gap

junctions, their coupling required either (1) heterotypic

coupling of Cx45 and Cx36 (i.e., that some additional

factor allowed permissive coupling in vivo) or (2) that

there must exist two additional connexin coupling partners

to which Cx45 and Cx36 can separately couple.

In our initial FRIL studies of Cx36 vs. Cx45 in 671

double-labeled gap junctions in the inner plexiform layer of

rat and mouse retina (Li et al. 2008a), single-replica FRIL

showed that ca. 90 % (607) contained only Cx36, whereas

ca. 9 % (58) contained both Cx45 and Cx36 in the same

hemiplaques (and a statistically insignificant\1 %, mostly

very small, contained minimal labeling for Cx45 without

labeling for Cx36). Those data demonstrated conclusively

that the 58 neurons with hemiplaques containing labeling

for Cx45 and Cx36 must have synthesized both Cx45 and

Cx36 proteins, conceivable at different times (thereby

possibly accounting for failure to detect one or the other

connexin), or alternatively, suggesting that the failure to

simultaneously detect both connexins in any neurons rep-

resented a limitation of the detection method. Nevertheless,

by single-replica FRIL, we were unable to ascertain whe-

ther the coupling partners of the double-labeled gap junc-

tion hemiplaques expressed either or both of those same

connexins in the apposed hemiplaque. This question could

be answered only by DR-FRIL, as developed and applied

below.

In this article we discuss the advantages of matched DR-

FRIL in identifying the cellular types contributing specific

connexins to neuronal gap junctions in retina and goldfish

hindbrain.

Materials and Methods

Animals used in this study were prepared under protocols

approved by the Institutional Animal Care and Use Com-

mittee of Colorado State University and conducted

according to Principles of Laboratory Animal Care (U.S.

National Institutes of Health publication 86-23, rev. 1985).

These protocols included minimization of stress to animals

and minimization of the number of animals used. One

formaldehyde-fixed rat retina and several formaldehyde-

fixed goldfish hindbrains were prepared for DR-SDS-FRL

and DR-FRIL, as previously described (Li et al. 2008a;

Pereda et al. 2003). Fixed tissues were sliced to 150 lm

thickness at 4 �C in a refrigerated vibrating microslicer

(DTK-1000; Dosaka, Kyoto, Japan) or a Lancer Vibratome

3000 (Leica Microsystems, Buffalo Grove, IL), infiltrated

with 30 % glycerol as a cryoprotectant to reduce freezing

damage by ice crystals, placed between two 4.6-mm gold

planchettes and either frozen in a BalTec (BalTec, Balzers,

Liechtenstein) 010 High-pressure Freezing Device (retina)

or plunge-frozen in a mixture of 2:1 propane/ethane at

-195 �C (hindbrain). Sandwich samples were placed in a

prototype double-replica device (Fig. 3a), the two planch-

ettes were mechanically separated (fractured) and the two

newly created mirror complements were coated with

2–5 nm of carbon and shadowed with *1.5 nm of plati-

num, thereby creating matched double-replicas (Li et al.

2008a). These samples were either thawed, with the tissues

picked up on copper ‘‘thin-bar grids’’ and mapped by

reflectance microscopy (Fig. 3b, b0, showing matching

complements of adult rat retina), or bonded to a gold

‘‘index grid’’ [not shown but see Pereda et al. (2003)]

before SDS washing and immunogold labeling. Both
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matched replica complements of retina were immungold-

labeled simultaneously according to our previous descrip-

tions (Li et al. 2008a), with 5-nm gold beads used to label

Cx45 and 10-nm gold beads used to label Cx36. Matched

replicas of goldfish hindbrain were labeled with monoclo-

nal MAB3045 (Biosciences Research Reagents; Millipore,

Temecula, CA) against Cx35 and polyclonal rabbit anti-

body against Cx34.7 [lot 2930-1 IL, from O’Brien et al.

(2004)], with a single size of gold bead (5 nm) on goat

anti-rabbit IgG for Cx45 and a different size of gold bead

(10 nm) on goat anti-mouse IgG against Cx36.

Results

Procedures and Applications of DR-FRIL

We have previously described the method of FRIL and

details of its applications (Rash et al. 2001; Rash and Ya-

sumura 1999). DR-FRIL differs from FRIL in several

respects. First, both sides of the fracture plane are retrieved

and, not incidentally, may be matched by laborious repeated

examination and matching of corresponding ‘‘fiduciary

marks’’ that nevertheless may be difficult to recognize

because they have opposite structural contour, or they may

be covered by grid bars or damaged during SDS washing and

labeling. Nevertheless, the rewards in obtaining definitive

information regarding the connexin content, for example, of

matched mirror complements are unequaled by any other

technique. Equally important, a wide variety of scaffolding

and accessory proteins can now be mapped and correlated

with the biochemical composition and functional state of

individual gap junctions in two apposed cells, as shown next.

DR-FRIL Reveals Connexin Coupling Partners in Retinal

Gap Junctions

To determine whether Cx45-containing gap junctions are

heterotypic vs. homotypic (and, hence, to identify connexin

coupling partners in individual gap junctions), three cross

Fig. 3 Explanation of the DR-FRIL technique. a Photograph of the

DR stage after fracturing of two specimens. Matched DR samples

(indicated by B and B0 in a) are shown at higher magnification in b,

b0), after floating off into buffer. b, b0 Replicated but undigested

samples were mounted on thin-bar grids, with matching outlines

indicated. Small tissue fragments were lost during washing (open
outlines opposite corresponding outlined tissues). Bars occluding

matching areas are indicated by dotted lines. c, c0 One of 11 pairs of

matched gap junction hemiplaques (circles with inscribed quadrants)

from the samples indicated in b, b0. Cx45 is labeled with 5-nm gold

beads (lower right quadrants), whereas Cx36 is labeled with 10-nm

gold beads (upper left three quadrants c, c0). Labeling for Cx45 is

aligned with (i.e., opposite) labeling for Cx45 in the matching areas of

the two hemiplaques. Likewise, labeling for Cx36 is aligned with

labeling for Cx36. These matching hemiplaques demonstrate biho-

motypic gap junctions. b, c Modified from Li et al. (2008a).

d Diagram showing production of matched DRs and the subsequent

immunogold labeling of bihomotypic plaques containing mostly Cx36

(white connexons labeled with large gold beads) and fewer Cx45

(black connexons, labeled with small gold beads)
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sections of adult rat replica were prepared by DR-SDS-

FRL and simultaneously double-labeled for Cx36 and

Cx45. We found more than 160 gap junctions labeled for

Cx36, 12 of which also contained Cx45. Eleven of those

were found in the matched complementary replica (Fig. 3c,

c0), and all 11 of the complements also had Cx45, along

with Cx36. None were found with Cx45 alone, and no

additional Cx45-labeled gap junctions were found in the

other complement. This means that of 11 examples of

Cx45-containing gap junctions encountered, all contained

both Cx36 and Cx45 on both sides, thereby demonstrating

that 100 % of those 22 coupled cells synthesized both

Cx45 and Cx36. Moreover, the two connexins appeared to

reside in separate domains, with labeling for Cx45 aligned

with (i.e., was opposite) labeling for Cx45 in the matched

hemiplaque and labeling for Cx36 aligned with labeling for

Cx36 (Fig. 3, matching inscribed quadrants). Thus, these

gap junctions were not heterotypic, as proposed by others,

nor did either side need to contain additional unidentified

connexins for establishing permissive connexon channels.

Rather, those 11 gap junctions were bihomotypic, with

Cx45 apparently coupling to Cx45 and Cx36 apparently

coupling to Cx36. This overcame the problem of what had

previously appeared to be heterotypic coupling between

nonpermissive Cx45 and Cx36. Finally, the fortuitous

segregation of connexin labels within gap junctions (rather

than labels being completely intermixed) was consistent

with suggestions that the connexons were in homomeric

domains (i.e., each domain within an individual gap junc-

tion plaque contained only a single connexin type).

DR-FRIL Revealed Heterotypic Gap Junctions at Synapses

on Neurons of Goldfish Hindbrain

Neurons in the tetrapod lineage have Cx36 as their primary

connexin. In contrast, teleost fish duplicated their entire

genomes from the parent vertebrate lineage, resulting in

two homologs of mammalian Cx36, which diverged

slightly as Cx34.7 and Cx35 ([85 % homology). These

connexins vary primarily in their phosphorylation sequen-

ces [Cx34.7 lacks a phosphorylation site for CaMKII

(Flores et al. 2010)] and in their membrane targeting

sequences (O’Brien et al. 1998). In a first step toward

investigating the presence of these two homologs in gold-

fish, we applied DR-FRIL to the analysis of gap junctions

in a wide variety of neurons in the hindbrain.

For comparison to our previous thin-section TEM ima-

ges of heterotypic coupling at O:A gap junctions (Fig. 4a,

inset), we show a rare cross-fractured gap junction with

heterotypic labeling (Cx35 presynaptic and Cx34.7 post-

synaptic, Fig. 4b) and matched DR complements of the an

en face view of a gap junction on a reticulospinal neuron

(Fig. 4c, d), with only small (5 nm) gold beads labeling

postsynaptic connexins and only larger (10 nm) gold beads

labeling presynaptic connexins. A diagram depicting the

formation of a corresponding DR-FRIL replica is shown

(Fig. 4e, f).

These preliminary data document expression of Cx34.7

without Cx35 in hemiplaques of a goldfish reticulospinal

neuron, as well as Cx35 without Cx34.7 in the matching

hemiplaques of its apposed axon terminal (Fig. 4c, d). In

these matching complementary replicas, only Cx34.7 is

detected in the reticulospinal neuron hemiplaque (Fig. 4c,

arrowheads), whereas Cx35 is detected without Cx34.7 in

the presynaptic hemiplaque that underlies the gap junction

E-face pits (Fig. 4d). E-face pits are only faintly resolvable

because of the 4- to 5-nm-thick carbon ‘‘precoat.’’

Although it is not yet determined whether the two types of

coupled neurons (sensory and motor neurons) synthesize

both connexins (with Cx35 targeted to axon terminals and

Cx34.7 targeted to neuron soma and dendrites) or whether

each neuronal subtype synthesizes only a single connexin

isoform (Cx35 in sensory neurons and Cx34.7 in motor

neurons), these data from DR-FRIL provide the molecular

basis for a potential rectification of electrical transmission

between these neurons.

Heterotypic gap junctions between neurons may con-

tribute to the functional diversity of electrical transmission

and provide a mechanism for preferred directionality of

signaling (including electrical rectification), while bi- and

trihomotypic gap junctions may provide for bidirectional

signaling but with the added property of differential mod-

ulation of multiple conductance states for ions and small

signaling molecules.

Summary

DR-FRIL and DR-SDS-FRL have unambiguously revealed

individual gap junctions expressing two connexins—on the

one hand, forming bihomotypic and, on the other hand,

forming heterotypic junctions. As a now widely recognized

type of synapse between neurons in the mammalian CNS,

the conductance properties of electrical synapses and their

regulation take on new importance. The two different

connexin distributions demonstrated by DR-FRIL (i.e.,

bihomotypic vs. heterotypic) suggest the existence of pre-

viously unrecognized mechanisms for regulating gap

junction conductance states. Bi- and trihomotypic gap

junctions are likely to increase the complexity and enhance

the quality of synaptic communication provided by gap

junctions. Likewise, heterotypic gap junctions provide not

only for differential modulation on opposite sides of the

same gap junction but also for the possibility of electrical

rectification in teleost CNS neurons. Because there appears

so far to be only one connexin (Cx36) widely expressed in
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Fig. 4 Comparison of heterotypic labeling in TEM thin sections (a),

cross-fractured FRIL images (b) and by the DR-FRIL technique (c,

d), with explanatory drawing (e, f). a Thin-section immunocyto-

chemical demonstration of Cx43 in the astrocyte side of an O:A gap

junction, labeled by the peroxidase–antiperoxidase method, leaving

DAB deposition on the astrocyte side (arrows) and the oligodendro-

cyte side (Od) unlabeled (arrowheads). [This image was obtained

10 years before Cx47 was identified as the coupling partner for Cx43;

modified from Ochalski et al. (1997)]. b Cross-fractured ‘‘mixed’’

(electrical plus chemical synapse), presumably from an auditory

afferent onto an unidentified reticulospinal neuron in goldfish

hindbrain. In this companion image to (c), 5-nm gold beads labeled

postsynaptic connexin Cx34.7 (arrowheads), whereas 10-nm gold

beads for Cx35 labeled presynaptic connexins. (Synaptic vesicles are

indicated by purple overlays.) The yellow overlay indicates the radius

of uncertainty of immunogold labeling for small gold beads, the blue
overlay indicates the radius of uncertainty for large gold beads and

the green overlay indicates the region of potential overlap. This

asymmetric distribution of gold labels reveals that this gap junction

between a sensory afferent and the reticulospinal neuron is hetero-

typic. c, d Matching complementary replicas at club ending synapse

on reticulospinal neuron. The postsynaptic hemiplaque (c, designated

by blue overlay) is labeled for Cx34.7 by approximately three 5-nm

gold beads (arrowheads), whereas the complementary E-face (green
overlay) is labeled for Cx35 by 15 10-nm gold beads. Areas

corresponding to glutamate receptor–containing postsynaptic densi-

ties are indicated by yellow overlays, with the P-face pits in

c matching the E-face particles in (b), as previously shown by

labeling for glutamate receptors (Pereda et al. 2003). e, f Diagram of

matching replica complements, showing Cx34.7 without Cx35 in the

reticulospinal neuron (e) and Cx35 labeling without labeling for

Cx34.7 in the E-face of the matching hemiplaque of the apposed club

ending. Labeling in (d) and (f) is for connexins in the cytoplasm of

the underlying axon terminal ending, even though only the E-face pits

of the reticulospinal neuron are visualized in the replica
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neurons in tetrapods, heterotypic coupling may seem at first

glance to preclude rectification. However, functional

asymmetry between apposed hemichannels could perhaps

be achieved by differences in posttranslational modifica-

tions between these two channels. Supporting this possi-

bility, Cx36-containing junctions have been shown to

coexist at different degrees of phosphorylation in the retina

(Kothmann et al. 2009). If found in the mammalian CNS,

electrical rectification and modulation of rectification

would open up new pathways for synaptic communication

that may be of particular relevance in the human CNS and

in human neurological disease.

Future Directions

As powerful as FRIL has proven to be, there are two limita-

tions that make it and DR-FRIL less inviting for the novice.

First, freeze-fracture and FRIL require complex, costly

equipment that is at the cutting edge of high-vacuum, cryo-

preservation and metal evaporation technologies. Second,

with more than a dozen discrete steps, all of which must be

performed flawlessly to obtain the matching complementary

replicas, DR-FRIL is particularly demanding of its techno-

logical practitioners. Third, freeze-fracture electron micros-

copy requires considerable time to gain expertise in obtaining

and interpreting FRIL images. The training period for FRIL is

several years because the researcher must learn conventional

electron microscopy as well as interpretation of tissue ultra-

structure in freeze-fracture replicas before learning FRIL

methods. In these days of automated molecular biology, few

students are willing to make this long-term commitment. With

few laboratories remaining that are capable of conducting

FRIL and DR-FRIL, there is a narrowing window of oppor-

tunity for the application of simultaneous ultrastructural and

immunocytochemical approaches, not just to gap junctions

and mixed synapses at EM resolution but also to other key

questions in neuroscience requiring this level of resolution.
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Abstract Oculodentodigital dysplasia (ODDD) is a rare

developmental disease resulting from germline mutations

in the GJA1 gene that encodes the gap junction protein

connexin43 (Cx43). In addition to the classical ODDD

symptoms that affect the eyes, teeth, bone and digits, in

some cases ODDD patients have reported bladder impair-

ments. Thus, we chose to characterize the bladder in mutant

mouse models of ODDD that harbor two distinct Cx43

mutations, G60S and I130T. Histological assessment

revealed no difference in bladder detrusor wall thickness in

mutant compared to littermate control mice. The overall

localization of Cx43 in the lamina propria and detrusor also

appeared to be similar in the bladders of mutant mice with the

exception that the G60S mice had more instances of intra-

cellular Cx43. However, both mutant mouse lines exhibited a

significant reduction in the phosphorylated P1 and P2 iso-

forms of Cx43, while only the I130T mice exhibited a

reduction in total Cx43 levels. Interestingly, Cx26 levels and

distribution were not altered in mutant mice as it was

localized to intracellular compartments and restricted to the

basal cell layers of the urothelium. Our studies suggest that

these two distinct genetically modified mouse models of

ODDD probably mimic patients who lack bladder defects or

other factors, such as aging or co-morbidities, are necessary

to reveal a bladder phenotype.

Keywords Connexin � Cx43 � Mutant � Bladder � Mutant

mouse � Gap junction

Introduction

Overactive bladder (OAB) is a syndrome that affects mil-

lions of men and women worldwide, generally manifesting

itself in some degree of incontinence. Stress-related

incontinence is caused by increased intra-abdominal pres-

sure, resulting from physical activity or coughing/sneezing.

Urge-related incontinence can be subdivided into neuro-

genic and idiopathic types. The neurogenic type is related

to altered afferent and efferent neuronal bladder stimuli,

which is common in conditions such as spinal cord injury,

Parkinson disease and multiple sclerosis (Christ et al.

2003). Idiopathic incontinence has no known pathological

cause (Christ et al. 2003; Miller and Hoffman 2006);

however, there is a growing body of evidence to suggest a

myogenic origin for at least some forms (Brading 1997;

Haferkamp et al. 2004). It has been proposed that altered

gap junctional intercellular communication (GJIC) or cell

signaling may be the cause of idiopathic incontinence,

resulting in an increased sensitivity to acetylcholine or

changes in how cells communicate (Imamura et al. 2009;

Kuhn et al. 2008).

Gap junctions are formed from specialized proteins

known as connexins (Cxs). Six connexins that have oli-

gomerized to form a connexon are delivered to the plasma

membrane, where they can function as a hemichannel or

dock to a connexon from an adjacent cell to form a gap

junction channel (Laird 2006). Hemichannels and gap
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junction channels can selectively pass small molecules of

\1 kDa in size to the extracellular matrix or between

connected cytoplasms, respectively (Alexander and

Goldberg 2003; Evans et al. 2006). The selectivity of a gap

junction channel or hemichannel is highly dependent on its

connexin constituents. The 21 human and 20 mouse con-

nexins all share similar membrane topologies and can

selectively intermix to create a plethora of channel varia-

tions that exhibit unique characteristics (Laird 2005, 2006;

Sohl and Willecke 2003).

In the bladder, the urothelial layer is composed of

transitional epithelium, which acts as a passive barrier

and actively responds to urine composition and bladder

distension (Apodaca 2004). ATP, which is known to be

released from the urothelium, is thought to signal adjacent

urothelial cells and/or bladder nerves through P2X receptor

stimulation within the underlying lamina propria, therefore

acting in both an autocrine and a paracrine fashion

(Apodaca 2004; Cockayne et al. 2000). Both Cx26 and

Cx43 have been localized to the urothelium, although their

roles in bladder function have yet to be elucidated

(Grossman et al. 1994; Haefliger et al. 2002). The lamina

propria, composed of loose fibroelastic connective tissue,

expresses Cx43, which is localized to fibroblasts and

myofibroblasts (Fry et al. 2007; Neuhaus et al. 2007; Sui

et al. 2002; Wiseman et al. 2003). Myofibroblasts have

been shown to be in close proximity with both afferent and

efferent neurons and are therefore thought to aid in bladder

signaling (Sui et al. 2002; Wiseman et al. 2003). The

detrusor layer of the bladder is composed of smooth muscle

cells that express both Cx43 and Cx45, which collectively

act to facilitate bladder contractions (Heinrich et al. 2011;

Ikeda et al. 2007). Specifically, Cx43 has been localized to

the border of smooth muscle cell bundles, suggesting its

importance in the transmission of electrical stimulus from

one muscle bundle to the next, while Cx45 has been

localized to the plasma membrane of cells within the

muscle bundles (Hashitani et al. 2004; John et al. 2003; Sui

et al. 2003).

To date, over 65 mutations in the gene encoding Cx43

have been linked to the rare autosomal dominant disease

oculodentodigital dysplasia (ODDD) (Paznekas et al. 2003,

2009). All mutants examined to date have been shown to

have reduced channel function and to act as dominant-

negatives to the function of coexpressed wild-type Cx43

(Gong et al. 2007; McLachlan et al. 2005; Roscoe et al.

2005). Patients harboring Cx43 mutants share common

clinical characteristics, such as syndactyly and campto-

dactyly of the digits, microdontia, enamel loss, ophthalmic

defects and craniofacial abnormalities (Paznekas et al.

2003, 2009). Bladder defects have been reported in *12 %

of ODDD patients, although the mechanism behind these

defects remains poorly understood (Loddenkemper et al.

2002; Paznekas et al. 2003, 2009). Although the percentage

of ODDD patients suffering from bladder defects appears

lower than that in the general population at *17 %

(Abrams et al. 2003), many of these patients develop

bladder defects early in life (Paznekas et al. 2003, 2009), a

trait rarely seen in the general population. Since Cx43 is

broadly distributed throughout the bladder and is thought to

play a critical role in bladder contraction, we hypothesized

that the reason ODDD patients suffer from bladder prob-

lems may be rooted in how specific ODDD-linked mutants

affect the distribution and function of Cx43-based gap

junctions within the bladder. To test this hypothesis, we

employed two heterozygous Cx43 mutant mouse lines

harboring the G60S or I130T mutant (Flenniken et al.

2005; Kalcheva et al. 2007). Upon examination of several

cell types obtained from these mice, all were found to

exhibit reduced Cx43-based GJIC and the mutant proteins

were found to act as dominant-negatives to coexpressed

wild-type Cx43 (Flenniken et al. 2005; Kalcheva et al.

2007; Lai et al. 2006; Manias et al. 2008; Shibayama et al.

2005). In the present study, we examined the distribution

and spatial localization of Cx43 in the bladders of these

two Cx43 mutant mouse lines to assess if Cx43 was per-

turbed in a manner that might suggest the bladder is

functionally compromised.

Materials and Methods

Animals

Animal studies were conducted on two mutant mouse lines

harboring heterozygous mutations, G60S or I130T, in the

gene Gja1, which encodes Cx43. Therefore, the mice are

expected to translate a 1:1 ratio of mutant to wild-type

Cx43 protein and, thus, genetically match human ODDD

patients. G60S, also known as Gja1Jrt/?, mice were sup-

plied by the Centre for Modeling Human Disease, Uni-

versity of Toronto (Toronto, Canada), on a mixed C57BL/

6J and C3H/HeJ background (Flenniken et al. 2005). After

confirming 100 % penetrance of the syndactyly feature

in all mutant mice as determined by PCR genotyping

(Flenniken et al. 2005), genotype determination was com-

pleted by visual inspection of the pups. I130T, also known

as Gja1I130T/?, mice were obtained from Dr. Glenn

Fishman (New York University School of Medicine,

New York, NY). These mice, which were on a mixed

CD1/C57BL6 background, were further backcrossed onto

a C57BL6 background for an additional one to three gen-

erations. A 100 % incidence rate of syndactyly (n = 203)

in I130T mice was confirmed by PCR genotyping. How-

ever, while syndactyly was found on the front limbs of all

mice, the back limbs did not always exhibit this phenotype.
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Tissue Harvesting and Preparation

Whole bladder, heart and liver samples were collected

from G60S, I130T and wild-type littermate mice at

3 months of age. All mice used in this study were killed

using a carbon dioxide chamber followed by cervical dis-

location, in accordance with the University of Western

Ontario Guide for Care and Use of Laboratory Animals.

Tissue samples assigned to hematoxylin and eosin (H and

E) staining were fixed overnight at 4 �C in 10 % neutral

buffered formalin (NFB) (EMD, Mississauga, Canada),

dehydrated, embedded in paraffin blocks and sectioned

longitudinally at 5-lm intervals. Tissue samples assigned

to immunohistochemistry were snap-frozen in liquid

nitrogen; embedded in 10.2 % polyvinyl alcohol, 4.3 %

polyethylene glycol Optimal Cutting Temperature Com-

pound (Sakura, Torrance, CA); sectioned longitudinally at

5 lm thickness; and stored at -80 �C. Tissue samples

assigned to immunoblotting were snap-frozen in liquid

nitrogen and stored at -80 �C for future use.

Histology

To assess the histology of the mouse bladders, 5-lm par-

affin-embedded sections from G60S and I130T mice and

their wild-type littermates were stained with H (0.4 %) and

E (0.5 %). Briefly, paraffin-embedded bladder sections

were deparaffinized in xylene, rehydrated in a descending

gradient of ethanol baths and stained with hematoxylin

(5 min), then washed and stained with eosin (5 min).

Sections were then dehydrated in an ascending gradient of

ethanol baths followed by xylene and mounted with Cy-

toseal (Thermo Scientific, Rockford, IL). Bladder sections

were imaged on a Leica (Deerfield, IL) DM IRE2 inverted

microscope equipped with a Micropublisher 5.0 RTV CCD

color, cooled camera. Linear measurements were made

perpendicularly through the detrusor layer using ImageJ

software (http://rsbweb.nih.gov/ij/). In total, 405 measure-

ments were made on each of four bladders from G60S and

I130T mice and their wild-type littermates, corresponding

to three slides per mouse, nine sections per slide and 15

measurements per section. Statistical analysis included

standard error and comparison between G60S and I130T

mice and their wild-type littermates.

Immunofluorescence

To assess the localization of Cx43 and Cx26 in mouse

bladders, hearts and livers, 5-lm cryosections from G60S

and I130T mice and their wild-type littermates were first

fixed in 10 % NBF for 30 min at room temperature. Tissues

sections were blocked with 3% BSA (Sigma-Aldrich,

St. Louis, MO) and 0.02 % Triton X-100 in PBS for 45 min

at room temperature. Cx43, Cx26 and actin were all

detected using rabbit anti-Cx43 (2 lg/ml, Sigma C6219),

rabbit anti-Cx26 (0.5 lg/ml; Invitrogen 51-2800; Invitro-

gen, Carlsbad, CA) and mouse anti-phalloidin (2 U/ml,

Invitrogen A12379), respectively. All antibodies were

diluted in PBS containing 3 % BSA and 0.02 % Tween-20

and allowed to incubate on tissue sections for 1 h. After

repeated washings with PBS, tissues were incubated with

secondary anti-rabbit AlexaFluor 555 antibody (4 lg/ml,

Invitrogen A-21428), followed by repeated washings.

Nuclear staining was performed using Hoechst 33342

(10 lg/ml; Molecular Probes, Eugene, OR) for 5 min at

room temperature, followed by a 5-min wash with ddH2O.

Tissues sections were mounted using glass coverslips and

allowed to sit overnight at 4 �C. Tissue sections were

imaged on a Zeiss (Thornwood, NY) LSM 510 Meta

confocal microscope as previously described (Roscoe et al.

2005). Digital images were prepared using Zeiss LSM and

CorelDraw 12 software.

To quantify the percentage of cells in the detrusor layer

of wild-type and G60S mice that exhibited intracellular

Cx43, we randomly selected 10 fields (215 9 215 lm)

from immunofluorescently labeled Cx43 bladder sections.

The total number of Cx43-positive cells in the detrusor

layer per field was counted, as was the number of cells that

displayed primarily paranuclear Cx43 staining indicative of

intracellular Cx43. The total number of Cx43-positive cells

was divided by the number of intracellular Cx43-positive

cells from wild-type and G60S mouse bladder sections.

Data are presented as the mean percent of cells displaying

intracellular Cx43 ± SEM (**P \ 0.01).

Western Blot Analysis

Tissue samples stored at -80 �C were homogenized in

RIPA lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM

NaCl, 1.0 % Triton X-100, 0.5 % sodium deoxycholate, 0.1

% SDS, 1 mM sodium orthovanadate, 1 mM sodium

fluoride), and homogenates were removed from cell debris

via a 10-min, 6,000-rpm centrifugation at 4 �C.

Immunoblotting was performed as previously described

(Gehi et al. 2011) using 10 or 12 % SDS-PAGE. Cx43,

Cx26 and GAPDH were detected using polyclonal rabbit

anti-Cx43 (0.02 lg/ml, Sigma C6219), polyclonal rabbit

anti-Cx26 (0.05 lg/ml, Invitrogen 710500) and polyclonal

mouse anti-GAPDH (1 lg/ml; Millipore, Temecula, CA),

respectively. Primary antibodies were detected using either

anti-rabbit AlexaFluor 680 (0.2 lg/ml, Invitrogen) or anti-

mouse IRDye 800 (1:10,000; Rockland, Gilbertsville, PA)

antibodies. Membranes were developed using an Odyssey

infrared imaging system (LiCor, Lincoln, NE) and ana-

lyzed under unsaturated conditions using Odyssey 2.0.4

software (Licor).
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Statistics

All results were analyzed using Student’s two-tailed inde-

pendent sample t-test, using a P \ 0.05 value to denote

significance. All results were analyzed using GraphPad

(San Diego, CA) Prism 4.03 software and are presented as

mean ± standard error.

Results

G60S and I130T Bladders Have Similar Histology

and Detrusor Thickness as Wild-Type Littermates

Increased detrusor thickness is a known indicator of OAB

syndrome, a condition commonly seen in patients suffering

from bladder abnormalities (Miyazato et al. 2009; Uvelius

et al. 1984). H and E staining revealed that G60S and

I130T mice display similar bladder histology as seen in

wild-type littermate controls, with no disruption in any of

the three bladders layers (Fig. 1a, b). Subsequent detrusor

measurements revealed that detrusor thickness was similar

between G60S and I130T mutant mice and their respective

wild-type littermate controls (Fig. 1c). It is likely that the

difference in detrusor thickness between wild-type mice

used as controls is due, at least in part, to differences in the

mouse strains.

G60S and I130T Bladders Have Reduced Levels

of the Highly Phosphorylated Cx43 Species

Previous studies have indicated that total Cx43 levels and

levels of the highly phosphorylated Cx43 species are

reduced in various tissues of the G60S mouse (Flenniken

et al. 2005; Manias et al. 2008; Tong et al. 2009; Toth et al.

2010), while aside from heart, much less is known about

the Cx43 species status in I130T mice. Western blots were

used to assess the levels and phosphorylation status of

Cx43 in the mutant mouse bladders. As positive and neg-

ative controls, Cx43 was examined in heart and liver

lysates, respectively, from wild-type mice. Cx43 generally

resolves in SDS-PAGE as multiple bands representing

different phosphorylated species (P0, P1 and P2). Immu-

noblotting for Cx43 in lysates from G60S and I130T mice

and their wild-type littermates revealed low levels in the

bladder samples of all mice (Fig. 2a–c). Quantification

revealed that total Cx43 levels were reduced in I130T

mice, while levels remained similar in G60S mice

Fig. 1 G60S and I130T mouse bladders have similar histology and

detrusor thickness as their wild-type littermate controls. Paraffin-

embedded bladders were sectioned, stained with H and E and

measured for detrusor thickness. In all mice, bladder histology was

similar between mutant and matched wild-type (Wt) littermate

controls (a, b). Subsequent detrusor measurements revealed that

G60S and I130T mouse bladders have similar detrusor thicknesses as

their respective wild-type littermates (c). Bars 200 lm (a, b), error
bars ± SEM (c). n = 4 mice

c
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compared to their wild-type littermates (Fig. 2b, c). Further

analysis revealed that the slower-migrating Cx43 P1 and

P2 species were reduced in both G60S and I130T mice

compared to their wild-type littermates (Fig. 2d, e). These

phosphorylated Cx43 species have previously been corre-

lated with fully assembled gap junction plaques and

channel function. Immunoblotting also revealed nonspe-

cific bands at *47–50 and *30 kDa in lysates from all

bladder samples. Although these bands were present in

only the bladder samples, it is unclear as to what they

represent; therefore, they were not quantified.

Cx43 Distribution in the Lamina Propria and Detrusor

Layers of Wild-Type and Mutant Mice

As a result of reduced Cx43 phosphorylated species

detected in bladder lysates of G60S and I130T mice, we

postulated that Cx43 localization and/or distribution may

be disrupted in the bladder. Immunofluorescence revealed

that Cx43 was highly expressed in the lamina propria of

G60S and I130T mice, similar to their wild-type littermates

(Fig. 3a, b). The Cx43 distribution at sites of cell to cell

apposition in I130T and G60S mice appeared similar to

that found in wild-type littermates (Fig. 3a, b, arrowheads).

However, G60S mice exhibited significantly more intra-

cellular Cx43 distribution, which was not readily detected

in wild-type littermates (Fig. 3a, histogram). Immunoflu-

orescence also revealed that Cx43 was localized to smooth

muscle cells and fibroblasts surrounding smooth muscle

bundles as revealed by F-actin localization in the detrusor

layer of both mutant mice and their wild-type littermates

(Fig. 4a, b). Thus, in both wild-type and mutant mice Cx43

was appropriately positioned in the muscle of the detrusor

layer to allow for regulated bladder contraction.

G60S and I130T Mouse Bladders Have Similar Cx26

Levels as Wild-Type Littermate Control Mice

The bladder urothelium has previously been shown to

express Cx26, and it is thought to play a role in bladder

signaling during filling (Ikeda et al. 2007). As controls,

Cx26 was detected in liver lysates, while it was absent in

heart lysates from wild-type mice (Fig. 5a). Cx26 gener-

ally resolves in SDS-PAGE at *21 kDa, with a dimer

species appearing in the liver at *35–37 kDa. Immuno-

blotting of Cx26 in bladder lysates from G60S and

I130T mice and their wild-type littermates revealed low

Fig. 2 G60S and I130T mouse bladders exhibit a reduction in the

phosphorylated species of Cx43. Cx43 normally resolves as a triplet

band representing different phosphorylated species of Cx43 (P0, P1

and P2), as seen in heart tissue (a). Cx43 was detected in the bladders

of G60S and I130T mutant mice, as well as in wild-type (Wt)
littermate mouse bladders but not in the mouse liver (a). Total Cx43

(P0, P1 and P2) expression was lower in I130T mouse bladders

compared to littermate controls (b), a condition not observed in G60S

mouse bladders (c). Lower levels of the phosphorylated Cx43 species

(P1 and P2) were found in I130T (d) and G60S (e) mouse bladders

compared to wild-type littermates. Nonspecific bands were noted at

*47–50 and *30 kDa. Bars represent ±SEM (b–e). *P \ 0.05.

n = 5 (I130T mice) and 6 (G60S mice). AU arbitrary units

c
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levels in all mice (Fig. 5a). Quantification revealed sim-

ilar Cx26 levels in the bladders of G60S and I130T mice

compared to their wild-type littermates (Fig. 5b, c).

Immunoblotting also revealed nonspecific bands located

at *32–34 kDa in lysates from all bladder samples.

Although the band was present in only the bladder sam-

ples, it is unclear as to what this band represents; there-

fore, it was not quantified.

Fig. 3 The distribution of Cx43 in the lamina propria of wild-type

and mutant mice. Cx43 was localized in the lamina propria of G60S

(a) and I130T (b) mutant mice and compared to wild-type (Wt)
littermate mouse bladder controls. G60S mouse bladders displayed

significantly more intracellular Cx43 (arrows), as opposed to the

punctate distribution (arrowheads) seen in wild-type littermates (a,

histogram). I130T mouse bladders displayed a similar punctate Cx43

distribution pattern (arrowheads) as seen in wild-type littermates (b).

Uro urothelium, LP lamina propria. Red indicates Cx43, blue
indicates Hoechst nuclear stain. Bars 50 lm. Histogram error bars
represent ±SEM. **P \ 0.01
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Cx26 Is Localized to Intracellular Compartments

in the Basal Urothelium of Mutant Mice and Wild-Type

Littermates

Immunoblotting revealed that Cx26 levels remain similar

between wild-type and mutant mice; however, it was

unclear if Cx26 localization and/or distribution were altered.

As a positive control Cx26 was clearly detected at the cell–

cell apposition of liver hepatocytes (data not shown).

Immunofluorescence revealed that Cx26 was predominantly

localized to the basal urothelium in G60S and I130T mutant

mice and their wild-type littermate controls (Fig. 6a, b).

Surprisingly, Cx26 was localized to intracellular locations

and not, as expected, to intercellular boundaries.

Fig. 4 Cx43 was localized to resident cell types of the detrusor in

G60S and I130T mutant mice and their wild-type littermates. In the

detrusor layer, immunolabeling revealed that Cx43 was predomi-

nantly localized to cells of connective tissue surrounding smooth

muscle bundles and smooth muscle cells in G60S (a) and I130T

(b) mice and their respective wild-type (Wt) littermates. Cx43

displays punctate structures (arrowheads) in G60S (a), I130T (b) and

wild-type littermates. Red indicates Cx43, green indicates F-actin,

and blue indicates Hoechst nuclear stain. Bar 50 lm
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Discussion

GJIC is thought to contribute to normal bladder function by

allowing for coordinated contraction and ejection of urine

from the bladder lumen (Fry et al. 2007; Hashitani et al.

2004; Neuhaus et al. 2007; Sui et al. 2002). Cx43 is the most

prevalent connexin expressed in the bladder as it is found in

both the lamina propria and the detrusor layer (Fry et al.

2007; Neuhaus et al. 2007; Sui et al. 2002, 2003; Wang et al.

2006). Therefore, any alteration in Cx43 function may ulti-

mately lead to bladder defects. ODDD patients are prime

candidates for dysfunctional bladders as Cx43 function in the

bladder is expected to be well below 50 % given that these

patients harbor loss-of-function Cx43 mutants that domi-

nantly inhibit coexpressed wild-type Cx43 (Churko et al.

2011; Flenniken et al. 2005; Manias et al. 2008; Tong et al.

2009; Toth et al. 2010). Bladder impairments in ODDD

patients often do not manifest until the second half of life

(Goepel et al. 2010), long after the original diagnosis of

ODDD. However, other ODDD patients suffer from bladder

defects at a young age, a condition rarely found in the general

population (Paznekas et al. 2003, 2009). It remains possible

that the number of ODDD patients with bladder impairment

is under-reported as symptoms may not be archived as an

ODDD-associated disease. It is also not clear if only some

ODDD-associated Cx43 mutations result in bladder

impairments and whether the location of the mutation, the

resulting amino acid change and/or the patient’s genetic

background all contribute to the development of bladder

impairment. Adding to the complexity, it is further unclear if

bladder abnormalities reported by ODDD patients are due to

neurogenic or myogenic defects (Christ et al. 2003; Haefliger

et al. 2002). In the present study we assessed connexin status

in the bladders of two genetically distinct Cx43 mutant

mouse models of ODDD (G60S and I130T) and found that

mice harboring systemic Cx43 mutants have an anatomically

and histologically normal bladder even though Cx43 exists

primarily as a species that is incompletely phosphorylated.

Characterization of Cx43 in the Bladder of G60S

and I130T Mutant Mice

Bladder abnormalities have been reported in *12 % of

ODDD patients and, in a couple of cases, have been puta-

tively linked to neurological defects (Paznekas et al. 2003,

2009). However, there is increasing evidence that suggests

some bladder abnormalities are the result of myogenic

defects (Christ et al. 2003; Haefliger et al. 2002). Past reports

have localized Cx43 within the lamina propria and detrusor

layers of the bladder, and other studies have linked Cx43-

based gap junctions to various bladder syndromes (Christ

et al. 2003; Mori et al. 2005; Neuhaus et al. 2007). It there-

fore remains possible that ODDD mutants which disrupt

Cx43 function (Churko et al. 2011; Dobrowolski et al. 2007;

Flenniken et al. 2005; Manias et al. 2008; Shibayama et al.

2005; Tong et al. 2009; Toth et al. 2010) may ultimately

affect bladder function. In order to assess this possibility, we

examined two Cx43 mutant mouse lines, G60S and I130T,

both of which have been shown to phenotypically resemble

ODDD patients (Flenniken et al. 2005; Kalcheva et al. 2007;

Langlois et al. 2007; Toth et al. 2010); but it is unknown if

they suffer from incontinence or any bladder abnormalities.

Importantly, both mutant mice are predicted to possess a 1:1

ratio of mutant to wild-type Cx43, matching the genotype of

human ODDD patients. As well, the two mutant mouse lines

were generated on different genetic backgrounds, more

readily mimicking the diverse genetic background of ODDD

patients. Previous studies revealed that both mutant mouse

Fig. 5 G60S and I130T mutant mouse bladders have similar Cx26

levels as wild-type littermates. Cx26 generally resolves at *21 kDa,

with the dimer resolving at *37 kDa as seen in liver lysates (a).

G60S, I130T and wild-type (Wt) littermate mouse bladders were all

positive for Cx26 expression (a). Total Cx26 expression was similar

in I130T and G60S mice and their wild-type littermates (b, c). A

nonspecific band located at *32–34 kDa was noted. Bars repre-

sent ±SEM (b, c). n = 5 (I130T mice) and 6 (G60S mice)
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lines have altered tissue function and/or development

(Flenniken et al. 2005; Kalcheva et al. 2007; Langlois et al.

2007; Toth et al. 2010); however, no studies have assessed

the connexin status within the bladder. Here, we aimed to

determine the connexin localization and expression profile

as possible indicators of altered bladder function.

One of the simplest indicators of OAB syndrome is

detrusor hypertrophy (Miyazato et al. 2009; Uvelius et al.

1984). Assessment of mutant mice and their wild-type

counterparts revealed anatomically similar bladders as no

differences were observed in the appearance or thickness of

the detrusor layer. Within the lamina propria, we found

Cx43-positive staining in all mice localized to a combi-

nation of fibroblasts and myofibroblasts. Myofibroblasts, in

particular, are important in forming a functional syncytium

for the rapid transmission of chemical and electrical

stimuli, required for normal bladder function (Fry et al.

2007; Sui et al. 2002; Wiseman et al. 2003). Cx43 in the

detrusor is thought to mediate the propagation of action

potentials from one smooth muscle bundle to the next,

allowing for a uniform bladder contraction (Hashitani et al.

2004). Our results revealed that while wild-type and all

mutant mice displayed punctate, gap junction–like struc-

tures, G60S mutant mice frequently displayed a more dif-

fuse intracellular Cx43 expression profile. This localization

profile correlated with a reduction in the highly phos-

phorylated Cx43 species (P1 and P2), known to be

important in gap junction plaque formation and GJIC

(Solan and Lampe 2009). Interestingly, the I130T mouse

bladders also exhibited a reduction in the highly phos-

phorylated Cx43 species, as well as reduced total Cx43

protein levels. Thus, we conclude that in both mutant

mouse lines Cx43 does not likely form a complete com-

plement of fully assembled functional gap junctions in the

resident cells of the bladder, not unlike what is seen in

other cell types that express ODDD-linked Cx43 mutants

Fig. 6 Cx26 was localized to intracellular compartments of basal

urothelial cells of mutant and wild-type (Wt) mice. Immunolabeling

revealed that Cx26 was localized to intracellular compartments of the

basal urothelium cells in all mice (a, b). Uro urothelium, LP lamina

propria. Red indicates Cx26, and blue indicates Hoechst nuclear stain.

Bar 50 lm
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(Churko et al. 2011; Dobrowolski et al. 2007; Flenniken

et al. 2005; Manias et al. 2008; Shibayama et al. 2005;

Tong et al. 2009; Toth et al. 2010).

Even though bladder abnormalities are most commonly

linked to increases in Cx43 (Christ et al. 2003; Imamura

et al. 2009; Mori et al. 2005), it remains possible that a

reduction in Cx43 levels and/or a resulting decrease in

GJIC may also alter bladder function. For instance, reduced

GJIC may alter electrical and chemical stimulus propaga-

tion within the bladder, resulting in incomplete bladder

contractions and increased residual urine levels, ultimately

leading to increased urinary frequency. Additional behav-

ioral studies are necessary to see if Cx43 mutant mice

suffer from frequent urination and/or bladder leakage.

While our study revealed no Cx43 staining in the

bladder urothelium, other groups have localized both Cx43

and Cx26 within this tissue layer (Grossman et al. 1994;

Haefliger et al. 2002). Therefore, as a result of Cx26 being

localized to the urothelial layer (Grossman et al. 1994;

Haefliger et al. 2002; Ikeda et al. 2007), we speculated that

Cx26 may be upregulated in the urothelium through

potential signaling cross-talk mechanisms to compensate

for the overall reduction in Cx43 function. The function of

Cx26 within the urothelium is still unknown, although it

has been proposed to play a role in signal transduction

during bladder filling (Ikeda et al. 2007). Cx26 localization

in the urothelium has been reported to be typically at sites

of cell to cell apposition (Haefliger et al. 2002; Ikeda et al.

2007); however, similar to our findings, one group has

reported the intracellular localization of Cx26 (Gee et al.

2003). Other reports have also indicated that Cx26 hemi-

channels can release ATP into the extracellular environ-

ment (Huckstepp et al. 2010; Majumder et al. 2010), which

may alter bladder function. In our study, the levels of Cx26

were similar between the mutant and control groups.

Interestingly, Cx26 displayed a unique intracellular uro-

thelium expression profile localized to only the basal one

or two cell layers of the urothelium, suggesting that few, if

any, Cx26 gap junction channels or hemichannels are

formed in these cell layers. The lack of Cx26 in the more

luminally localized epithelial cells would suggest that

Cx26 serves no role in the more differentiated cells of the

urothelium. Nevertheless, we found no evidence that Cx26

was upregulated to compensate for the proposed reduction

of Cx43 function in the bladder. Future studies will require

the inclusion of additional mutant mice that harbor specific

mutations that have strong linkages to patients with bladder

abnormalities.
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Abstract A major limitation in lens gap junction research

has been the lack of experimentally tractable ex vivo sys-

tems to study the formation and regulation of fiber-type gap

junctions. Although immortalized lens-derived cell lines

are amenable to both gene transfection and siRNA-medi-

ated knockdown, to our knowledge none are capable of

undergoing appreciable epithelial-to-fiber differentiation.

Lens central epithelial explants have the converse limita-

tion. A key advance in the field was the development of a

primary embryonic chick lens cell culture system by Drs.

Sue Menko and Ross Johnson. Unlike central epithelial

explants, these cultures also include cells from the

peripheral (preequatorial and equatorial) epithelium, which

is the most physiologically relevant population for the

study of fiber-type gap junction formation. We have

modified the Menko/Johnson system and refer to our cul-

tures as dissociated cell-derived monolayer cultures

(DCDMLs). We culture DCDMLs without serum to mimic

the avascular lens environment and on laminin, the major

matrix component of the lens capsule. Here, I review the

features of the DCDML system and how we have used it to

study lens gap junctions and fiber cell differentiation. Our

results demonstrate the power of DCDMLs to generate new

findings germane to the mammalian lens and how these

cultures can be exploited to conduct experiments that

would be impossible, prohibitively expensive and/or diffi-

cult to interpret using transgenic animals in vivo.

Keywords Gap junction � Lens � FGF � Connexin

Preface

It is a pleasure and privilege to be invited to contribute to

this special issue in honor of Ross Johnson. I have used this

opportunity to write about the contribution that Ross has

made to the gap junction field that has had the most direct

impact on my career as a principal investigator.

In 1979, Willingham et al. 1979 reported that pp60src

from avian sarcoma virus is concentrated at gap junctions

in NRK cells. Sue Menko had studied v-src as a postdoc-

toral fellow with David Boettiger and approached Johnson

about working in his laboratory to investigate the potential

functional significance of its association with gap junc-

tions. The logical system to conduct such studies was the

lens because of the abundance of gap junctions between

lens fiber cells. Unfortunately, at the time there was no

good culture system that met the criteria required for

Menko’s intended studies. During her stay in the Johnson

lab, Menko developed a methodology to make primary

epithelial cell cultures from E8-11 chick lenses. Although

the choice of species was made in part because of practical

considerations (fertilized eggs could be obtained at the

University of Minnesota for free), in retrospect it was an

excellent choice given that the chicken embryo has been

one of the most useful and powerful systems in develop-

mental biology (Stern 2005). In 1984, Menko and Johnson

(Menko et al. 1984) published the initial characterization of

this culture system, describing the remarkable extent to

which these cells undergo the morphological and bio-

chemical changes associated with lens epithelial-to-fiber

cell differentiation in vivo. A subsequent paper (Menko

et al. 1987) focused on gap junctions and showed, using

both thin section and freeze-fracture electron microscopy,

how closely these cultures recapitulate the in vivo process

of fiber-type gap junction formation. I learned a variation

L. S. Musil (&)

Department of Biochemistry and Molecular Biology,

Oregon Health & Science University, 3181 Southwest

Sam Jackson Park Road, Portland, OR 97239, USA

e-mail: musill@ohsu.edu

123

J Membrane Biol (2012) 245:357–368

DOI 10.1007/s00232-012-9458-y



of the Menko/Johnson prep from Dan Goodenough when I

was a postdoctoral fellow in his laboratory and used these

cultures to carry out the first study of the biosynthesis and

posttranslational processing of a connexin (Cx43) in lens

cells (Musil et al. 1990). In my own laboratory, we have

modified this preparation, which we refer to as dissociated

cell-derived monolayers (DCDMLs) to distinguish them

from related, but functionally distinct, systems such as

central epithelial explants and immortalized lens-derived

cell lines. This article reviews key features of DCDMLs,

summarizes what we have learned about the regulation and

role of lens cell gap junctions and fiber differentiation

using this system and discusses how these findings apply to

the mammalian lens in vivo. Importantly, other lens

researchers continue to use primary cultures of embryonic

avian lens cells in their own work, with very recent

examples from the labs of Drs. Jean Jiang (Liu et al. 2011)

and Menko herself (Basu et al. 2012).

Introduction

Lens Structure and Development

Let us begin with a brief primer on the lens. Although the

time course and anatomical details differ between species,

the general process by which the vertebrate lens develops is

remarkably conserved between amphibians, birds and

mammals including humans (reviewed by Piatigorsky

1981; Wride 1996; Robinson 2006). Following induction,

the embryonic ectoderm overlying the optic vesicle thick-

ens to form the lens placode. The lens placode invaginates

and eventually pinches off as the lens vesicle, a hollow

sphere of epithelial cells. The cells at the posterior of the

lens vesicle then differentiate into the primary fiber cells,

which elongate to fill the lumen of the lens vesicle. The

cells at the anterior pole remain as a monolayer of undif-

ferentiated epithelial cells. All subsequent growth of the

lens is due to differentiation of epithelial cells into so-

called secondary fiber cells and takes place at the border of

the anterior and posterior faces of the organ in a region

referred to as the lens equator (see Fig. 1 for a diagram of

the lens). Secondary fiber differentiation is characterized

by a dramatic increase in cell volume, extensive restruc-

turing of the cell surface and cytosol and upregulation of

fiber-specific proteins including crystallins and fiber con-

nexins. Eventually, intracellular organelles are lost and

synthesis of both DNA and protein ceases. Epithelial-to-

(secondary) fiber differentiation continues throughout life,

and lens cells do not turn over, resulting in the oldest and

most differentiated fiber cells being located in the center

(nuclear region) of the organ. The younger fiber cells that

surround these mature fibers form the lens cortex and are

referred to as cortical fiber cells. The lens is surrounded by

a capsule of extracellular matrix that forms the thickest

basement membrane in the body and is connected to the

ciliary body via suspensory ligaments anchored to the lens

capsule.

Lens Gap Junctions

The unique optical properties of the lens are due in part to

the absence of blood vessels and to the extraordinarily tight

cell-to-cell packing of the lens fibers. How, then, does this

solid, ever-expanding mass of cells stay in ionic and met-

abolic homeostasis (and thus transparent) throughout a life

span that can exceed 100 years? A major mechanism by

which this is accomplished is an extensive network of

gap junctional intercellular channels that physically and

functionally link the cells of the lens (for review, see

Goodenough 1992). Gap junctional intercellular coupling

(GJIC) is much higher at the lens equator than at either pole

(Baldo and Mathias 1992; Mathias et al. 1997). This pole-

to-equator gradient in GJIC is believed to direct the overall

pattern of current and solute flow in the lens, allowing

metabolites and ions to be circulated between the periph-

eral (anterior epithelium and cortical fibers) and interior

(nuclear region fibers) cell populations (Mathias et al.

1997; Donaldson et al. 2001). Others have suggested that

the high level of GJIC at the lens equator is required to

facilitate the uptake of essential substances (e.g., cysteine)

into the organ (Sweeney et al. 2003).

In all species examined, lens epithelial cells express

Cx43. During differentiation of epithelial cells to fibers at

the lens equator, Cx43 disappears and two other connexins

are upregulated, Cx46 and Cx50 in rodents and their avian

orthologs Cx56 and Cx45.6 in the chick (Musil et al. 1990;

Paul et al. 1991; White et al. 1992; Rup et al. 1993; Jiang

et al. 1994). Mice with homozygous targeted deletions of

either of the two fiber-type connexins (Gong et al. 1997;

White et al. 1998) and humans with point mutations in

these proteins (Shiels et al. 1998; Mackay et al. 1999)

develop vision-destroying cataracts early in life (reviewed

in Mathias et al. 2010).

The DCDML Prep

It is relatively easy to manually dissect out intact lenses

from the eyes of E10 chick embryos. Any extralenticular

tissue (e.g., suspensory ligaments, ciliary epithelium) is

removed without destroying the capsular barrier by incu-

bating the lenses in 0.08 % trypsin. The cleaned lenses are

then broken by vigorous trituration into a single-cell sus-

pension and filtered through three layers of lens paper to

remove capsule material and any cell clumps. Mature

nuclear and cortical fiber cells do not survive the
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dissociation process, leaving behind only less differentiated

lens epithelial cells. These cells are then plated at

1.2 9 105 cells/well in 96-well tissue culture plates in

M199 tissue culture medium plus BOTS (2.5 mg/ml BSA,

25 lg/ml ovotransferrin, 30 nM selenium) with penicillin

G and streptomycin (Le and Musil 1998). The wells are

precoated with laminin, the major component of the avian

and mammalian lens capsule. As described by Menko et al.

(1984), embryonic chick lens epithelial cells initially pro-

liferate to form a flattened epithelial monolayer. Beginning

at approximately 3–4 days of culture, discrete areas within

these sheets differentiate into multilayered clusters of

enlarged cells referred to as lentoids, which increase in

number and size during the remaining culture period.

Ultrastructural analysis by Menko et al. (1984, 1987)

demonstrated that the cells contained in such lentoids have

acquired many of the defining characteristics of fiber cells

in the intact lens, including increased cell volume, loss of

intracellular organelles and extensive formation of gap

junctions. Thin-section electron micrographs of the lentoid

cells closest to the substrate are indistinguishable from

those obtained from the differentiated region of the

embryonic lens, whereas the lentoid cells farthest from the

plate closely resemble the elongating cells of the equatorial

region. Lentoids also accumulate high levels of fiber-spe-

cific proteins including d-crystallin, the beaded filament

proteins CP49 and CP115 and aquaporin-0/MP28, the latter

of which is expressed in vivo only by differentiating and

differentiated primary and secondary lens fiber cells (Sas

et al. 1985; Yancey et al. 1988).

Advantages of the DCDML System

(1) DCDMLs consist of primary, unpassaged lens cells.

Several investigators have succeeded in establishing

permanent cell lines from mammalian lens epithelial

cells (e.g., N/N1003A, aTN4, HLE B-3). Although

some of these lines maintain features characteristic of

lens epithelial cells in vivo and are valuable for

certain types of studies (e.g., gene promoter analysis),

to my knowledge none of them undergo appreciable

epithelial-to-fiber differentiation as evidenced by

their inability to synthesize more than nominal levels

of b- and c-crystallins and other fiber-specific proteins

even when cultured under differentiation-promoting

conditions (Krausz et al. 1996; Fleming et al. 1998;

Wang-Su et al. 2003). As might therefore be expec-

ted, we have been unable to detect significant

expression of fiber-type connexins in the lens cell

lines we have tested.

(2) DCDMLs consist of equatorial as well as central

epithelial cells. It has been well documented that

epithelial cells from the center of the anterior epi-

thelial monolayer (i.e., those at the anterior pole of

the organ) are biochemically, structurally and func-

tionally distinct from more peripherally located

populations (i.e., at or near the lens equator) (Ong

et al. 2003). Notably, central epithelial cells require

higher levels of growth factor to stimulate epithelial-

to-fiber differentiation (Richardson et al. 1992, 1993)

and do not express Cx46 (Rong et al. 2002). Because

it is the cells at the lens equator that are the direct

precursors of cortical fiber cells, it would follow that

equatorial epithelial cells are the most physiologically

relevant population in which to study fiber-type gap

junction formation and fiber differentiation. DCDMLs

contain cells from both the central and peripheral

regions of the epithelial monolayer, with the latter

predominating based on their greater abundance in

vivo (Bassnett and Shi 2010) and on the number of

cells in DCDMLs with early fiber-type features on

day 1 of culture (e.g., low level expression of

aquaporin-0/MP28) (Menko et al. 1984; Le and Musil

1998; Ong et al. 2003). In this regard, DCDMLs are

very different from the other main primary lens cell

culture system, central epithelial explants. Central

epithelial explants are prepared by manually excising

the intact central epithelial monolayer from the whole

Fig. 1 Schematic of the vertebrate lens, showing its orientation in the eye and identifying key features of lens anatomy. Lens epithelial cells

differentiate into secondary fiber cells at the lens equator. Adapted from Garcia et al. (2005)
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lens and consequently consist exclusively of cells

from the region of the lens where fibers normally

never form (Philpott and Coulombre 1968; Piatigor-

sky 1973). Central epithelial explants may therefore

be best suited for investigations of the initiation of

epithelial-to-fiber differentiation, whereas DCDMLs

are a more appropriate system for the study of the

subsequent steps in this process.

(3) DCDMLs are cultured under serum-free, defined

conditions. A key feature of the lens is the absence

of blood vessels within the organ, a specialization

essential for lens transparency. Lens cells produce

their own survival factors (Ishizaki et al. 1993) and

are stimulated to divide or to differentiate by factors

in their local environment (e.g., either aqueous or

vitreous humor). We therefore believe that culturing

lens cells in more than trace amounts of serum

(regardless of the source) can be considered non-

physiological/pathological. Moreover, exposing lens

epithelial cells even temporarily to the myriad defined

and undefined substances in serum inevitably con-

founds interpretation of experiments intended to study

the response of these cells to individual growth

factors. For these reasons, we culture DCDMLs in

serum-free defined medium. In otherwise unsupple-

mented M199/BOTS, DCDMLs gradually increase

the expression of fiber differentiation markers,

although not to the extent obtained with vitreous

humor or other differentiation-promoting factors (Le

and Musil 1998). It is not yet clear whether this

limited upregulation reflects initiation of fiber differ-

entiation in response to autocrine/paracrine signaling

by endogenously produced growth factors or is

instead attributable to the time-dependent expression

of fiber markers by a population of cells that became

committed to fiber differentiation in vivo.

(4) DCDMLs synthesize functional, fiber-type gap junc-

tions. As demonstrated by Menko et al. (1984, 1987),

using thin-section and freeze-fracture electron

microscopy, lentoids in primary cultures of E9-11

chick lens cells form extensive (covering *26 % of

the lens cell membrane) gap junctions with fiber-type

characteristics (e.g., loosely packed 9 nm particles on

membrane P-faces). They also documented gap

junction-mediated intercellular transfer of Lucifer

yellow in both lentoid and monolayer epithelial cells.

Later studies showed that these cultures synthesize, in

addition to Cx43, the fiber cell connexins Cx45.6

(considered to be the ortholog of mammalian Cx50)

and Cx56 (the ortholog of mammalian Cx46) (Le

and Musil 1998; Berthoud et al. 1999; Jiang and

Goodenough 1998). As in the lenses of all avian and

mammalian species examined to date, Cx43 in

DCDMLs is present at cell–cell interfaces throughout

the epithelial monolayer. In contrast, Cx45.6 and

Cx56 are most concentrated in lentoids, consistent

with their accumulation in fiber cells in vivo. Based

on the success of the chick system, several groups

(including our own) have tried to develop a rodent

lens culture system to study fiber-type gap junctions.

Unfortunately, and for unknown reasons, these

attempts have largely failed. Although dissociated

cell-derived primary cultures of P21 rat lens cells

form lentoid-like structures that express fiber cell

markers such as crystallins and aquaporin-0, these

otherwise differentiated lentoid cells rarely formed

gap junctions and consequently did not mediate

intercellular transfer of Lucifer yellow (FitzGerald

and Goodenough 1986).

(5) DCDMLs are amenable to many of the same tools and

techniques routinely used to study gap junctions,

signal transduction and cellular differentiation in

mammalian systems. We have reported that transient

transfection of DCDMLs is efficient ([70 %) and

long-lasting ([6 days) (Boswell et al. 2009). Most

signaling molecules relevant to the lens are highly

evolutionarily conserved, thereby allowing mamma-

lian forms to be functionally expressed in chick cells

and antibodies raised against mammalian proteins to

recognize their avian counterparts. Among the anti-

bodies that were raised against mammalian signaling

proteins that we routinely use to detect their chick

orthologs are polyclonal and monoclonal reagents

against total or phosphorylated forms of ERK, p38,

AKT, GSK3b, MEK, Raf-1, JNK, FRS2, S6 kinase 1,

Smad1/5/8, Smad2, Smad3 and CREB. Recently, we

have developed techniques to carry out RNA inter-

ference in DCDMLs. Proof-of-principle experiments

are shown in Fig. 2. DCDMLs were transfected on

day 1 of culture with an EGFP-encoding plasmid in

the presence of either a chemically synthesized

21-mer siRNA duplex (GFP-22 siRNA) (Castel et al.

2007) designed to silence EGFP (siGFP) or a mixture

of four similarly sized scrambled (scr) siRNA

duplexes. The anti-GFP siRNA very strongly knocked

down expression of cotransfected EGFP, but not that

of cotransfected LacZ, on day 3–6 of culture (Fig. 2a).

We also conducted experiments in which DCDMLs

were cotransfected on day 1 with a LacZ expression

plasmid (pcDNA1.2/V5-GW/lacZ) and a plasmid

(pENTR-GW/H1/TO-lacz2.1shRNA) encoding a shRNA

(short hairpin RNA) designed to silence expression of

LacZ, constructed using the Invitrogen (Carlsbad, CA)

BLOCK-iT H1 RNAi entry vector kit (the RNA

polymerase III promoter H1 effectively drives expres-

sion of shRNAs in primary chicken cells) (Yuan et al.
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2006). Two to 5 days later, anti-LacZ immunostaining

and immunoblotting (inset) demonstrated that expres-

sion of LacZ was much lower (by [85 %) in pENTR-

GW/H1/TO-lacz2.1shRNA (shLacZ)-cotransfected cells

than in cells cotransfected with an irrelevant pENTR-

GW/H1/TO-based construct designed to silence

human (but not chick) survivin (shSur) (Fig. 2b). All

samples had the same protein content. Importantly,

transfection of siRNA duplexes or shRNA-encoding

plasmids into DCDMLs had no detectable effect on:

(1) cell survival, morphology or proliferation; (2)

basal or growth factor-induced expression of the fiber

cell marker d-crystallin or CP49; or (3) FGF-induced

activation of ERK (not shown). We conclude that si-

and shRNA-efficiently and specifically block expres-

sion of their target in DCDMLs under serum-free

conditions, without any evidence of the toxic effects

reported after electroporation of siRNAs into very

early (\48 h) intact chick embryos (Mende et al.

2008). Using this methodology, we have also suc-

cessfully and specifically knocked down the function

of an endogenous protein in DCDMLs, the TGFb-

dependent transcription factor Smad3 (unpublished

results).

Potential Limitations of the DCDML System

(1) DCDMLs contain cells from the central as well as the

peripheral regions of the lens epithelium. Because

peripheral epithelial cells predominate in DCDML

cultures, it is likely that central epithelial cells make

only a small contribution to results obtained in most

experimental paradigms. Nonetheless, it is conceivable

that central epithelial cells could have a dispropor-

tionate influence on some aspects of DCDML culture

behavior. In some cases, this possibility could be

addressed by comparing results obtained in DCDMLs

with those from experiments conducted in lens central

epithelial explants. Methodology for the use of such

explants for studies of GJIC has been developed by

Tom White and colleagues (DeRosa et al. 2009).

(2) DCDMLs are plated as a monolayer with a free apical

surface. In vivo, the lens consists of concentric layers

of cells, with the oldest, most differentiated fiber cells

in the center. Thus, any aspects of lens cell biology

that require the architecture of the intact lens cannot

be recapitulated in DCDMLs. These cultures are

therefore unlikely to be a good model system to study

the final stages of fiber differentiation in which

cortical fibers are transformed into mature (nuclear)

fiber cells. Unfortunately, attempts to induce epithe-

lial-to-fiber differentiation in cultured intact isolated

lenses have failed (personal communication, Steve

Bassnett, Washington University School of Medi-

cine), eliminating them as an alternative system.

(3) DCDMLs are derived from embryos. Although the

processes of epithelial-to-fiber differentiation and

fiber-type gap junction formation continue throughout

life, it could in principle be argued that DCDMLs

might behave differently from cells of postnatal

origin.

(4) DCDMLs are derived from chicken. Despite the

similarities in their formation and function, the avian

lens has at least one histological feature not present in

mammals, the annular pad. This population of lens

epithelial cells is located immediately anterior to the

anatomic equator of the lens and is defined as

‘‘postmitotic cells committed to and undergoing

initial stages of lens fiber formation’’ (Ireland and

Mrock 2000). By these criteria, they are develop-

mentally equivalent to other more differentiated

epithelial cells in the equatorial region and would

therefore be expected to have similar properties.

Most mammalian cells, including lens epithelial cells,

synthesize both ERK1 and ERK2, whereas chick cells have

only ERK2. FGF receptor 2 (FGFR2) is reportedly not

expressed in chick lens, unlike in rodents (Walshe and

Mason 2000). There could be concern that these species-

specific differences in gene expression could have some

bearing on lens cell differentiation and/or function. How-

ever, genetic ablation studies have shown that neither

ERK1 nor FGFR2 appears to have a unique, essential role

in mammalian lens formation that cannot be compensated

for by coexpressed isoforms that are present in chick (i.e.,

ERK2, FGFR3 and/or FGFR1) (Reneker et al. 2007; Zhao

et al. 2008).

Fig. 2 RNA interference in

DCDMLs. Knockdown of GFP

using siRNA duplexes (a, si

GFP) or of LacZ after

transfection with shRNA-

encoding plasmid (b, shLacZ).

See text for details
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Results

Role of Gap Junctions in Epithelial-to-Fiber

Differentiation

In mammalian and avian lenses, both fiber-type gap junc-

tion formation and epithelial-to-secondary fiber differenti-

ation take place at the lens equator. In other organs, gap

junctions have been shown to play an important role in

tissue development and differentiation, raising the possi-

bility that this may also be the case in the lens. We

examined the role of gap junctions in lens fiber formation

in DCDMLs using bGA, one of several glycyrrhetinic acid

derivatives that have been used to block gap junction

permeability in cultured cells (Davidson et al. 1986;

Goldberg et al. 1996; Guan et al. 1996). bGA has been

shown (as were two other unrelated inhibitors of gap

junction function) to inhibit cell–cell coupling and myo-

genesis of cultured rat L6 myoblasts and of primary

embryonic chick myoblasts, illustrating the utility of this

compound for addressing the role of gap junctions in dif-

ferentiation processes in vitro (Mege et al. 1994; Proulx

et al. 1997). As documented for other cell types, bGA

rapidly (within 30 min) and continuously (if replaced every

2 days) suppressed gap junction-mediated intercellular

transfer of Lucifer yellow and biocytin in DCDMLs

without noticeable toxic effects (Le and Musil 1998).

Inhibition of GJIC with bGA did not affect the expression

of lens connexins or of molecules associated with other

types of cell–cell junctions (N-cadherin, b-catenin, NCAM,

aquaporin-0/MP28, ZO-1, occludin). Most importantly,

there was also no effect on upregulation of markers of fiber

differentiation (formation of aquaporin-0/MP28-positive

lentoids and increased d-crystallin synthesis). Gap junction

blockade also failed to inhibit epithelial-to-fiber differen-

tiation in E6 chick central epithelial explants as assessed by

cell elongation, aquaporin-0/MP28 expression and d-crys-

tallin synthesis (Le and Musil 1998). This study provided

the first evidence that secondary fiber formation is not

dependent on the high level of GJIC characteristic of the

lens equator. This concept has subsequently been supported

by the phenotype of knockout mice in which expression of

one, two or all three lens connexins has been eliminated

(White et al. 1998, 2001; Xia et al. 2006). Upregulation of

gap junctions at the lens equator may therefore primarily

play a role in lens physiology.

Although proving that the massive upregulation of GJIC

at the lens equator is not an absolute requirement for epi-

thelial-to-fiber differentiation, our findings did not rule out

the possibility that gap junctions could play a more subtle,

secondary role in this process. Indeed, Rong et al. (2002)

reported that fiber maturation is delayed in Cx50 knockout

mice. A role for low levels of gap junctional coupling in

facilitating optimal fiber differentiation would have been

missed in our studies because bGA does not totally abolish

all gap junction-mediated intercellular communication in

DCDMLs, in keeping with results in nonlenticular cells

(Martin et al. 1991; Goldberg et al. 1996).

Role of FGF in Epithelial-to-Fiber Differentiation

In addition to being the region in which fiber differentiation

and GJIC are upregulated, the equator of the lens is where

lens epithelial cells are first exposed to the high levels of

FGF in the vitreous body (the vitreous body contains vit-

reous humor, a heparin sulfate–rich gel in which growth

factors produced by other ocular tissues, especially the

retina, accumulate). Over 20 years of research has led to

the widely accepted concept that one or more FGFs play a

central role in the early stages of epithelial-to-fiber dif-

ferentiation in the mammalian lens and that the presump-

tive in vivo source of this FGF is the vitreous humor

(reviewed by McAvoy et al. 1999; Lovicu and McAvoy

2005; Robinson 2006). FGFs have been purified from chick

vitreous humor (Mascarelli et al. 1987), and avian lenses

express FGFR1 and FGFR3 (Potts et al. 1993; Ohuchi et al.

1994). It is therefore remarkable that the prevailing view in

the literature for over a decade had been that chick lens

epithelial cells are unresponsive to FGF and are instead

induced to differentiate by IGF-I or an IGF-like growth

factor (Beebe et al. 1987; Caldes et al. 1991; Lang 1999).

Using DCDMLs and central epithelial explants, we showed

that chick lens cells in fact undergo differentiation when

cultured in the presence of purified FGF1 or FGF2 for

periods longer than the 5 h used in prior investigations (Le

and Musil 2001a). Such longer-term treatments have been

routinely used in studies with mammal-derived lens cul-

tures and are physiologically relevant given that the lens is

continuously exposed to growth factors in the ocular

environment. We showed that a factor with the defining

properties of an FGF is capable of diffusing out of the

intact vitreous body and inducing fiber marker expression

(Le and Musil 2001a). The importance of FGF in second-

ary fiber differentiation has largely been supported by the

phenotype of mice in which FGF signaling has been altered

at the lens equator by either dominant negative inhibition

of FGF receptor function (Chow et al. 1995; Robinson

et al. 1995; Stolen and Griep 2000; Govindarajan and

Overbeek 2001), exogenous overexpression of various FGF

isoforms (reviewed in Lovicu and Overbeek 1998) or

conditional deletion of FGFR 1, 2 and 3 (Zhao et al. 2008).

In contrast, overexpression of IGF-I in transgenic mice

does not promote fiber differentiation (indeed, differentia-

tion is delayed; Shirke et al. 2001) and lens defects have

not been reported in IGF-I receptor knock-out animals. The

in vivo significance of IGF-I in the lens remains unclear.
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Role of FGF in Lens GJIC

As assessed by immunofluorescence microscopy, none of

the known fiber connexins are markedly more concentrated

throughout the equatorial axis of the lens than at the poles

(Gruijters et al. 1987; Berthoud et al. 1994; Dahm et al.

1999). A study in human lens using freeze-fracture electron

microscopy failed to reveal quantitative differences in gap

junction channel content between equatorial region and

polar fiber cells (Vrensen et al. 1992). There is therefore no

compelling evidence that the estimated 14- to 335-fold

increase in intercellular electrical conductance in the lens

equatorial region (Baldo and Mathias 1992; Rae et al.

1996) is accompanied by a proportional increase in the

number of channels assembled from either previously

characterized or novel connexin species. Instead, the

enhanced coupling at the equator appears to be due at least

in part to greater flux through gap junctional channels in

this region. The evolutionarily conserved response of lens

cells to FGF and the high concentrations of this growth

factor in vitreous humor led us to consider whether FGF

might be involved in the upregulation of gap junctional

function in the lens equatorial region thought to be essen-

tial for lens homeostasis and clarity (Le and Musil 2001b).

We showed that FGF (either recombinant FGF 1 or 2 or

purified from vitreous body-conditioned medium) upregu-

lated gap junction-mediated intercellular communication in

DCDMLs in a reversible manner that does not involve an

increase in either connexin expression or gap junctional

assembly. Upregulation of GJIC by FGF in DCDMLs

occurs prior to, and is not a prerequisite for, fiber differ-

entiation. Moveover, insulin and IGF-I, as potent as FGF at

inducing lens cell differentiation, have no effect on gap

junctional coupling in DCDMLs. These observations

demonstrated that enhanced intercellular coupling in FGF-

treated DCDML cultures is not a passive downstream

consequence of increased fiber differentiation.

Which of the three connexin species expressed in

DCDMLs (Cx43 and the fiber-type connexins Cx45.6 and

Cx56) are functionally upregulated by FGF? Dong et al.

(2006) reported that gap junction channels composed of

Cx43, but not of Cx45.6, are permeable to the dye

Alexa594 (Cx56 was not assessed). Unlike in fibroblastic

cells expressing only Cx43, we found that cell-to-cell

transfer of Alexa594 was very low in DCDMLs cultured

either with or without purified FGF or vitreous body con-

ditioned medium despite robust growth factor-stimulated

intercellular transfer in the same cells of the less connexin

type-specific, gap junction–permeant Lucifer yellow

(Boswell et al. 2009). We concluded that Cx43 plays a

minor role in GJIC in chick lens epithelial cells, in keeping

with a report that most gap junction coupling in newborn

mouse lens epithelium is due to Cx50 (the mammalian

ortholog of Cx45.6) instead of Cx43 (White et al. 2007).

FGF must therefore enhance GJIC in DCDMLs by acting

on one or both fiber connexins. This is also likely to be true

in the mammalian lens, given that FGF increases inter-

cellular coupling mediated by Cx50 (Shakespeare et al.

2009; Cx46 was not assessed).

If FGF is responsible for upregulation of GJIC at the

lens equator in vivo, then it would be expected that

inhibiting FGF–FGFR interactions in the lens would dis-

rupt the pole-to-equator gradient of cell coupling. Unfor-

tunately, experimental manipulations that block FGF

signaling in transgenic mice cause severe defects in lens

development (including epithelial-to-fiber differentiation),

thereby precluding a meaningful evaluation of gap junction

function (Pan et al. 2006; Zhao et al. 2008).

Role of ERK in FGF Signaling in Lens GJIC and Fiber

Differentiation

FGF is the main activator of the ERK MAP kinase in the

lens in vivo (Govindarajan and Overbeek 2001; Zhao et al.

2008). At concentrations at which it upregulates GJIC and

epithelial-to-fiber differentiation in DCDMLs and is able to

diffuse out of the vitreous body, FGF induces sustained

(C24 h) activation of ERK as assessed by elevated levels

of phospho-ERK. In contrast, FGF at the lower levels

thought to be present in the aqueous humor activates ERK

only transiently (\1 h) (Le and Musil 2001b). It has been

well established in other cell types that one of the most

important determinants of the biological outcome of MAP

kinase signaling is the length of time that a stimulus acti-

vates ERKs (Marshall 1995). We therefore examined

whether the duration of ERK phosphorylation played a role

in the upregulation of GJIC in DCDMLs. In the first set of

experiments, DCDMLs were exposed to GJIC-inducing

levels of FGF for various periods of time before the

addition of UO126, a highly specific inhibitor of the kinase

immediately upstream of ERK in the MAPK cascade

(MEK 1/2). In other experiments, DCDMLs were tran-

siently transfected with a constitutively active form of

MEK. Together, these studies revealed that sustained

(C12 h) activation of ERK is necessary for FGF to enhance

gap junctional coupling in DCDMLs as well as sufficient to

increase GJIC in the absence of FGF (Le and Musil 2001b).

The stimulatory effect of ERK on GJIC in DCDMLs

was initially surprising given that lens epithelial cells

express high levels of Cx43, a connexin that is phosphor-

ylated and inactivated by ERK in other cell types (Hossain

et al. 1998; Warn-Cramer et al. 1998; Zhou et al. 1999).

This paradox was resolved when it was shown that lens cell

coupling does not rely on Cx43 activity (see above) and

is instead predominantly mediated by a fiber conn-

exin whose channel function is apparently enhanced by
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FGF-stimulated ERK. Subsequently published studies by the

White group (Shakespeare et al. 2009) reported that elec-

trical coupling mediated by Cx50 (the mammalian ortholog

of Cx45.6) between paired Xenopus oocytes is increased by

coexpression of constitutively active MEK, whereas cou-

pling by Cx46 (the ortholog of Cx56) is insensitive to ERK.

In the same system, FGF enhanced GJIC mediated by Cx50

in an ERK-dependent manner. Although the mechanism by

which ERK increases the function of Cx50/Cx45.6 is not

known, it is not associated with an increase in connexin

expression (Le and Musil 2001b; Shakespeare et al. 2009). It

is also unlikely to involve direct modification by ERK, given

that the avian, murine and human forms of Cx50 do not

contain high-probability sites for ERK binding or phos-

phorylation (Obenauer et al. 2003; Shakespeare et al. 2009).

Studies with whole chick lenses demonstrated that FGF-

induced activation of ERK is much higher in the equatorial

region than in polar cortical fibers or in the lens core (Le

and Musil 2001b), similar to the distribution of phospho-

ERK reported in the mammalian lens (Lovicu and McAvoy

2001; Pan et al. 2010). These and additional results led to a

novel model of the role of FGF in establishing the asym-

metry in gap junctional coupling in the vertebrate lens

believed to be required for lens clarity (Le and Musil

2001b): (1) cells in the central epithelium only have access

to the low levels of FGF in the aqueous humor and con-

sequently have relatively low levels of GJIC; (2) cells in

the equatorial region of the lens respond to the FGF that

diffuses out of the vitreous body by sustained activation of

ERK and upregulation of GJIC, most likely at the level of

gap junction channel gating; and (3) fiber cells at the lens

posterior pole activate ERK in response to FGF only

poorly, most likely because of downregulation of FGF

receptors or of downstream signaling components.

Long-term activation of ERK by FGF was also shown to

play a role in GJIC-independent processes in DCDMLs,

including upregulation of expression of the beaded inter-

mediate filament proteins CP49 and CP115. In contrast,

synthesis of certain other markers of fiber cell differentia-

tion such as crystallins is UO126-insensitive (Le and Musil

2001a). Similar studies conducted by others using rat

central epithelial explants (Lovicu and McAvoy 2001)

came to the same conclusion, demonstrating that the role of

ERK in FGF-regulated gene expression in the lens is

evolutionarily conserved. Genetic ablation of ERK1/2

signaling in the mouse lens blocks fiber differentiation and

severely inhibits cell proliferation after E15, leading to lens

degeneration and microphthalmia (Reneker 2008). Trans-

genic overexpression of constitutively active MEK in the

lens also causes pleiotropic structural and developmental

abnormalities that precluded an interpretable analysis of

GJIC or epithelial-to-fiber differentiation in the postnatal

lens (Gong et al. 2001).

Role of BMPs in Lens GJIC and Fiber Differentiation

First identified as inducers of ectopic bone formation, bone

morphogenetic proteins (BMPs) have since been shown to

be key regulators of the development and function of a

wide variety of tissues and organs (reviewed by Whitman

1998). Both the ligands and their receptors are highly

conserved across animal species. Although the components

of the canonical FGF and BMP signaling pathways are

distinct, cross-talk between the two classes of growth fac-

tors has been described in many systems. In the large

majority of cases, FGF inhibits BMP signaling, regulating a

myriad of processes including limb growth, neural induc-

tion and digit formation (Massague 2003). In contrast, we

found that FGF and BMP positively cooperate in lens cells

via a unique nonreciprocal interaction (Boswell et al.

2008a, 2008b; reviewed in Lovicu et al. 2011; Mathias

et al. 2010). We found that the ability of FGF to upregulate

gap junction-mediated dye coupling (Boswell et al. 2008a)

or expression of markers of epithelial-to-fiber differentia-

tion (Boswell et al. 2008b) is blocked by coincubation with

the function-blocking anti-BMP2, -4 and -7 antibodies or

with noggin, a highly specific protein antagonist of BMP2,

-4 and -7 binding to BMP receptors (Fig. 3). This effect is

attributable to inhibition of BMP4 and -7 produced by the

lens cells themselves. Importantly, neither noggin nor anti-

BMP antibodies induce cell death, block cell proliferation

or prevent upregulation of GJIC or fiber marker expression

by the nonphysiological activator fetal calf serum, dem-

onstrating the specificity of their effect. In other studies, we

showed that treating DCDMLs with relatively high levels

of purified BMP2, -4 and -7 (C4 ng/ml) upregulates GJIC

(Boswell et al. 2008a) and fiber differentiation (Boswell

et al. 2008b) in a process that does not require signaling

from endogenously produced FGF. We are not aware of a

precedent for this type of nonmutual interaction between

FGF and BMP in any system. More recent work demon-

strated that two types of mechanisms are operative. In the

first, signaling from lens-derived BMPs is required to

maintain lens cells in an optimally FGF-responsive state. In

the second, FGF potentiates endogenous BMP signaling to

a level approaching that obtained when BMP is added

exogenously (Musil and Boswell 2010).

It has been well established that differentiation of the

lens placode, as well as formation of primary lens fibers,

requires BMPs (Furuta and Hogan 1998; Wawersik et al.

1999; Faber et al. 2002). Consequently, mice in which

BMP signaling has been blocked at early stages of lens

development are unsuitable to address the role of BMP in

lens GJIC or in secondary fiber differentiation. We there-

fore used a previously generated strain of transgenic mice

(OVE1196; Zhao et al. 2002) in which noggin is exoge-

nously overexpressed under the control of a lens-specific
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promoter that becomes active after the formation of the

lens placode and primary fibers. We found that these ani-

mals displayed a postnatal block of epithelial-to-fiber dif-

ferentiation, with loss of the equatorial bow region and

extension of the epithelial monolayer to the posterior pole

of the organ (Boswell et al. 2008b). Morphological

abnormalities were also obvious in other ocular tissues

(e.g., ciliary body, absence of the vitreous body), likely due

to the fact that noggin is a secreted protein and therefore

has access to other organs. Because of these extralenticular

effects, a direct cause-and-effect relationship between

disruption of BMP signaling in the lens and inhibition of

secondary fiber formation could not be drawn. Moreover,

the rapid onset and severity of noggin-induced defects

within and outside of the lens prevented a meaningful

assessment of the role of lens-derived BMP in gap junc-

tional coupling. These studies provide another example of

the current limitations to the use of transgenic mice to

study growth factor signaling in the lens. Although lacking

the context of the whole animal, DCDMLs provide a sys-

tem in which lens epithelial cells that developed within a

wild-type eye can be manipulated in the absence of any

confounding nonlenticular effects.

Conclusion

As illustrated by the aforementioned studies, results

obtained using the DCDML system are consistent with

(and, in several cases, predictive of) experimental findings

acquired in the mammalian lens in vivo or with mamma-

lian connexins expressed ex vivo. We conclude that

DCDMLs are an appropriate and powerful system to study

processes localized to the equatorial region of the lens in

vivo, including epithelial-to-fiber differentiation and fiber-

type gap junction formation, regulation and function.

Importantly, there is no convincing justification for the

concern that the embryonic or avian origins of DCDMLs

preclude their use as a model system for the mammalian

lens in vivo. In principle, the most direct test would be to

compare results obtained in transgenic/conditional knock-

out mice with those from comparably modified chickens.

Unfortunately, current limitations in genetic engineering in

poultry make such experiments untenable. The closest

alternative would be to prepare dissociated cell-derived

monolayer cultures from mice on day E16 (roughly

equivalent to E10 in the chick). Given that an adult mouse

lens contains *40,000–50,000 epithelial cells (Bassnett

and Shi 2010) and assuming that the number of epithelial

cells in a mouse lens is proportional to lens diameter, one

would have to harvest the lenses of *400 mouse embryos

to obtain as many cells as we do from eight dozen E10

eggs, even if the yield approached 100 %. The outlay of

time and money required to generate such murine cultures

on a weekly basis would exceed most NIH budgets (cer-

tainly mine). A potentially promising system is currently

being developed by Ales Cvekl and colleagues (Yang et al.

2010). They reported that human embryonic stem cells can

Fig. 3 Inhibition of BMP signaling with noggin blocks FGF from

enhancing expression of fiber differentiation markers and upregulat-

ing gap junction-mediated dye transfer. DCDMLs were cultured for

6 days (a, b) or 48 h (c) without additions (control), with 10 ng/ml

BMP4 or with 15 ng/ml FGF2 in either the absence or the continuous

presence of 0.5 lg/ml noggin. a Cells were labeled with [35S]

methionine for 4 h, and SDS-solubilized lysates were analyzed

by SDS-PAGE followed by phosphorimaging. b SDS-solubilized

whole-cell lysates (2 lg protein/lane) were probed for CP49 by

immunoblotting. c DCDMLs were assessed for their ability to

mediate the intercellular transfer of the gap junction tracer Lucifer

yellow using the scrape-loading/dye transfer assay. Each panel
depicts a portion of the right half of the scrape/load wound. Although

not shown, Mr = 10 kDa rhodamine dextran remained confined to the

cells at the wound edge into which dye had been directly introduced

during the scrape-loading process
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be differentiated in vitro to lens progenitor-like cells using

a mixture of BMP4/7 and FGF2 and that these cells can

then be induced to form lentoid bodies that express many

of the key markers of fiber differentiation (e.g., CP49,

CP115, aquaporin-0, b- and c-crystallins). However, more

than 28 days of culture was required for most of these

proteins to become detectable by Western blot, and nonlens

cell fates were also induced (mostly of neuroectodermal

and mesodermal origin). We anticipate that DCDMLs will

continue to be a useful system for the study of gap junc-

tions and other fundamental aspects of lens cell biology for

the foreseeable future.
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Abstract Although a functional pore domain is required

for connexin 37 (Cx37)–mediated suppression of rat insu-

linoma (Rin) cell proliferation, it is unknown whether

functional hemichannels would be sufficient or if Cx37 gap

junction channels are required for growth suppression. To

test this possibility, we targeted extracellular loop cysteines

for mutation, expecting that the mutated protein would

retain hemichannel, but not gap junction channel, func-

tionality. Cysteines at positions 61 and 65 in the first

extracellular loop of Cx37 were mutated to alanine and the

mutant protein (Cx37-C61,65A) expressed in Rin cells.

Although the resulting iRin37-C61,65A cells expressed the

mutant protein comparably to Cx37 wild-type (Cx37-WT)–

expressing Rin cells (iRin37), Cx37-C61,65A expression

did not suppress the proliferation of Rin cells. As expected,

iRin37-C61,65A cells did not form functional gap junction

channels. However, functional hemichannels also could not

be detected in iRin37-C61,65A cells by either dye uptake

or electrophysiological approaches. Thus, failure of Cx37-

C61,65A to suppress the proliferation of Rin cells is con-

sistent with previous data demonstrating the importance of

channel functionality to Cx37’s growth-suppressive func-

tion. Moreover, failure of the Cx37-C61,65A hemichannel

to function, even in low external calcium, emphasizes the

importance of extracellular loop cysteines not only in

hemichannel docking but also in determining the ability of

the hemichannel to adopt a closed configuration that can

open in response to triggers, such as low external calcium,

effective at opening Cx37-WT hemichannels.

Keywords Gap junction � Connexin � Hemichannel �
Growth suppression � Insulinoma � Cx37

Introduction

Connexins, the protein products of the gap junction gene

family, facilitate coordinated cell and tissue function by

influencing and mediating intracellular, transmembrane

and intercellular signaling. Intracellular signaling via con-

nexins involves their interaction with a diverse array of

proteins, the consequence of which can be regulated

connexin function as well as regulation of intracellular

signaling cascades (Kardami et al. 2007). The transmem-

brane signaling function of connexins is mediated by

hemichannels (connexons). Hemichannels comprise a

hexamer of connexin monomers that, when these channels

are open, mediate transmembrane diffusion of ions and

small molecules (Goodenough and Paul 2003). The inter-

cellular signaling function of connexins is mediated by gap

junction channels, which are formed when two hemi-

channels from neighboring cells dock to form an intercel-

lular channel that connects the cytosols of those cells.

These gap junction channels support the diffusive

exchange of ions and small molecules (Harris 2001).

Although each connexin isoform is likely able to partici-

pate in intracellular, transmembrane and intercellular sig-

naling, isoform-specific differences in their regulation as

well as the signaling they mediate suggest the possible cell-

and tissue-specific benefits of coexpressing multiple

connexin isoforms (Sohl and Willecke 2004). Indeed,

based on phenotypic differences in animals with connexin

isoform deletion or substitution (Plum et al. 2000; Scherer

et al. 1998; Simon et al. 1997), it is clear that connexins

serve to facilitate the coordinated function of cells and the
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tissues they comprise in both a cell type and connexin

isoform specific manner (Kardami et al. 2007).

Isoform and cell type specific growth suppression by

connexins is well documented (e.g., Kardami et al. 2007;

King and Bertram 2005), although the precise mechanisms

underlying growth suppression by any given connexin are

less clear. For example, connexin 37 (Cx37), but not Cx40

or Cx43, suppresses the proliferation of rat insulinoma

(Rin) cells (Burt et al. 2008). A mutant form of Cx37

(Cx37-T154A) that does not form functional channels but

retains the capacity to localize properly and form gap

junction plaques, fails to suppress Rin cell proliferation,

indicating that the capacity of Cx37 to form functional

channels is necessary and the normal localization of the

carboxyl terminus is insufficient for Cx37-mediated growth

suppression of this cell type (Good et al. 2011). Since the

T154A site likely renders both hemichannel and gap

junction channel nonfunctional (Beahm et al. 2006), these

studies leave unresolved which channel type is necessary

for Cx37-mediated growth suppression.

Although the formation of gap junction channels

depends upon the structural integrity of the extracellular

loops, the formation of hemichannels does not (Foote et al.

1998). These loops share a high degree of sequence

homology across connexin isoforms (Dahl et al. 1992;

Nakagawa et al. 2010), with the six cysteines conserved in

all gap junction–competent connexin isoforms (Sonntag

et al. 2009). These cysteines are essential to the formation

of functional gap junction channels, likely through

interloop disulfide bond formation (Foote et al. 1998; Dahl

et al. 1991, 1992). Specifically, disulfide bond formation

between cysteines in the first and second extracellular

loops, which occurs in a site- and position-specific manner,

probably stabilizes the conformation of the extracellular

domain such that proper docking of two hemichannels can

occur (Foote et al. 1998). In Cx32, mutation of a single

cysteine to serine was sufficient to prevent gap junction

channel formation and function (Dahl et al. 1992). Bao and

colleagues (2004) and more recently Tong and colleagues

(2007) demonstrated that Cx43 with all six extracellular

loop cysteines mutated to alanines fails to form functional

gap junction channels but retains hemichannel function as

determined by dye uptake. Together, these studies suggest

that cells expressing a connexin with one or more of the

cysteines in the extracellular loops mutated to alanine

would be unable to form functional gap junction channels

but would be able to form functional hemichannels.

In the current study we examined the functional con-

sequences of mutating cysteine residues 61 and 65 in Cx37

to alanine (Cx37-C61,65A) on both the growth-suppressive

and channel functions of Cx37. We demonstrate that Cx37-

C61,65A does not suppress the proliferation of Rin cells,

despite localizing to appositional and nonappositional

membranes in a manner comparable to wild-type Cx37

(Cx37-WT) and Cx37-T154A. However, contrary to expec-

tation, Cx37-C61,65A does not form functional hemichan-

nels (or gap junction channels). Thus, consistent with

previous data, the current results demonstrate that the

growth-suppressive properties of Cx37 depend on the

capacity of the protein to adopt a conformation able to

support channel function.

Materials and Methods

Antibodies and Reagents

Reagents were purchased from Sigma-Aldrich (St. Louis,

MO), except where noted. Anti-Cx37 antibody [aCx37-

18264 (Simon et al. 2006)] was used for immunoblots and

immunofluorescence. Secondary antibodies to anti-Cx37

antibody were horseradish peroxidase (HRP) conjugated to

goat anti-rabbit antibodies (Amersham, Arlington Heights,

IL) for immunoblotting and Cy3-conjugated anti-rabbit-

IgG (Jackson ImmunoResearch, West Grove, PA) for

immunofluorescence.

Mutant Connexin and Expression Vectors

Using the QuikChange Site-Directed Mutagenesis kit

(Stratagene, San Diego, CA), the C61,65A mutation was

introduced into the pTRE2h-mCx37 plasmid (Burt et al.

2008) using the following oligonucleotide primers (Operon

Biotechnologies, Huntsville, AL): 50-GCCCAGCCGGGC

GCCACCAACGTCGCCTATGACCAGGC-30 and 50-CG

GGTCGGCCCGCGGTGGTTGCAGCGGATACTGGTCC

G-30. Sequence was confirmed by the Genomic Analysis

and Technology Core at the University of Arizona. The

Cx37-WT and Cx37-C61,65A sequences were subcloned

into the pcDNA3.1h vector

Cell Culture and Expression Vectors

iRin cells (Burt et al. 2008), cultured in RPMI 1640

medium supplemented with 10 % Fetal Plex (Gemini

Bioproducts, Sacramento, CA), 300 lg/ml penicillin,

500 lg/ml streptomycin and 300 lg/ml G418 (GIBCO

Invitrogen, Grand Island, NY), were transfected with the

pTRE2h-mCx37-C61,65A plasmid using Lipofectamine

(Invitrogen, Carlsbad, CA) and stably expressing cells

selected by culturing in the same RPMI medium but also

containing 100 lg/ml hygromycin. Clonal cell lines

(iRin37-C61,65A) were isolated by dilution cloning.

Connexin-deficient MDCK cells [obtained from Paul

Lampe (Solan and Lampe 2007)] were transiently trans-

fected with either the Cx37WT or the Cx37-C61,65A

370 M. E. Good et al.: Extracellular Loop Cx37 Cysteine Mutant

123



sequence using the pcDNA3.1h vector. Cells were cultured

in DMEM supplemented with 10 % Gem Cell Fetal Bovine

Serum (Gemini Bioproducts). All cells were maintained at

37 �C in a humidified, 5 % CO2 incubator.

Immunoblotting

Whole-cell protein was isolated as previously described

(Burt et al. 2008), and protein concentration was determined

using the BCA Assay (Pierce, Rockford, IL). Samples (50 lg

of total protein) were loaded onto 12 % SDS-PAGE gels

(Bio-Rad, Richmond, CA), electrophoresed and then trans-

ferred to nitrocellulose using the Trans-Blot Turbo Transfer

System (Bio-Rad). Blots were blocked using 5 % nonfat

dried milk. Enhanced chemiluminescence strategies, with

SuperSignal West Dura and Femto Systems (mixed at a 2:1

ratio; Thermo Scientific, Waltham, MA), were used to

visualize (Kodak Imagestation 2000; Kodak, Rochester,

NY) connexin expression. Cx37 expression levels were

quantified as previously described (Burt et al. 2001) by

comparing sample band intensity to a standard curve gen-

erated with GST-Cx37 fusion protein (residues 233–329).

This fusion protein runs as three distinct bands; their col-

lective intensities were used to generate the standard curve.

Immunofluorescence

Cx37 localization was determined as previously described

(Good et al. 2011). Briefly, iRin37 and iRin37-C61,65A

cells, plated on glass coverslips and induced (2 lg/ml

doxycycline) to express Cx37, were rinsed with divalent

cation containing phosphate-buffered saline (PBS) and

treated with 1 mM Sulfo-NHS-SS-Biotin (Thermo Scien-

tific) to label lysine residues in the extracellular portions of

membrane proteins. Excess biotin was quenched with 100

mM glycine in PBS, and the cells were fixed in cold

methanol and treated with 0.2 % Triton X-100 followed by

0.5 M NH4Cl, each for 15 min. Cells were then rinsed with

divalent cation-free PBS (DCF-PBS), blocked (in 4 % fish

skin gelatin, 1 % normal goat serum and 0.1 % Triton

X-100 in DCF-PBS) and exposed to primary antibody for

2 h. After rinsing, secondary antibodies were applied (Cy3-

conjugated, diluted 1:200 in blocking reagent for Cx37;

Cy5-conjugated streptavidin, diluted 1:250 in blocking

reagent, for detection of biotinylated surface proteins).

Labeled proteins were visualized with a Zeiss (Thornwood,

NY) LSM510meta-NLO confocal/multiphoton fluorescence

microscope (lasers set at 514 nm for Cy3 and 633 nm for

Cy5 detection).

MDCK cells, plated at low density, were transfected

with pcDNA3.1h-mCx37 or pcDNA3.1h-mCx37-C61,65A

using Lipofectamine and 24 h later processed as described

for labeling and visualization of Cx37.

Immunoprecipitation of Surface Biotinylated Proteins

Subconfluent cells induced to express Cx37 were rinsed

with either PBS or DCF-PBS and treated with 10 mM

dithiothreitol (DTT) in PBS or DCF-PBS for 20 min at

room temperature. Cells in DCF-PBS were rinsed with

EGTA-supplemented (5 mM) external solution [in mM:

142.5 NaCl, 4 KCl, 1 MgCl2, 5 glucose, 2 sodium pyruvate,

10 HEPES, 15 CsCl, 10 TEACl, 1 CaCl2 (pH 7.2), 320

mOsM] and rinsed again with DCF-PBS. These cells and

those not exposed to low-Ca2? washes (in PBS) were then

incubated in 0.5 mg/ml maleimide-PEG2-biotin (Thermo

Scientific) in PBS or DCF-PBS, as appropriate, for 1 h at

4 �C on a rotator. After quenching excess biotin with

100 mM glycine (in PBS or DCF-PBS), cell protein was

harvested with immunoprecipitation (IP) buffer [containing

150 mM NaCl, 10 mM Tris HCl, 1 % Triton X-100, 1 %

Na deoxycholate, 0.1 % SDS and a protease inhibitor

cocktail tablet (catalog no. 11836153001, Roche, India-

napolis, IN; pH 6.8), pH 7.4]. Streptavidin-coupled resin

(Thermo Scientific) preequilibrated in IP buffer was added

to harvested cell protein and incubated overnight at 4 �C.

The mixture was centrifuged (2,5009g for 15 s at 4 �C)

and the resin washed three times with cold IP buffer and

once with PBS. Resin-coupled proteins were then resus-

pended in sample buffer (100 mM Tris, 4 % SDS, 10 %

glycerol, 5 mM NaF, 0.25 mM Na3VO4, 2 mM PMSF and

0.02 % bromophenol blue with added protease inhibi-

tor cocktail, pH 6.8), boiled, vortexed and centrifuged

(15,0009g for 1 min); and the immunoprecipitated proteins

were electrophoretically separated [25 ll per sample, 12 %

SDS-PAGE gels (Bio-Rad)] and immunoblotted for Cx37

expression, as described above.

Proliferation

As previously described (Burt et al. 2008; Good et al.

2011), iRin37 or iRin37-C61,65A cells were plated at an

initial density of 3 9 104/well in six-well plates. 24 h after

plating (day zero of proliferation curve), cells were

induced (dox?) or not (dox–) with 2 lg/ml doxycycline.

Medium was refreshed every 48 h (with or without added

doxycycline, as appropriate). Triplicate wells were har-

vested and counted (Cellometer Auto T4; Nexcelom

Bioscience, Lawrence, MA) every 3 days over a 21-day

period.

Dye-Uptake Studies

iRin37 or iRin37-C61,65A clone 1C3 cells were plated at

low density and induced or not for 24–48 h. Cells were

rinsed with medium, external solution and external solution

containing 5 mM EGTA. Two rings [made from the tops of
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14-ml BD Falcon (Franklin Lakes, NJ) tubes] were adhered

to the dish with Vaseline, creating two wells; dye was

added to each well, and the dish was placed on ice

and protected from ambient light. The dye solution con-

tained 1.25 mg/ml N,N,N-trimethyl-2-[methyl-(7-nitro-2,1,

3-benzoxadiol-4-yl)amino]ethanaminium (NBD-M-TMA)

(Bednarczyk et al. 2000) and 0.125 mg/ml tetramethyl-

rhodamine dextran (rhodamine, molecular weight 3,000;

Molecular Probes, Eugene, OR) added to Ca-free external

solution supplemented or not with 5 mM EGTA. Dye and

the rings were removed after a 15-min dye-uptake period,

and cells were rinsed with culture medium followed by

external solution. Cells were imaged with an Olympus

(Tokyo, Japan) IX71 or BX50WI fluorescence microscope;

differential interference contrast (DIC) and fluorescence

images of multiple fields within each ringed area of cells

were acquired [CoolSnap ES camera (Photometrics, Tuc-

son, AZ) and V?? software (Digital Optics, Auckland,

New Zealand); 41001HQ filter for imaging NBD-M-TMA

and U-MWIGA3 filter for imaging rhodamine (both from

Olympus)]. Each set of images was scored for NBD-M-

TMA-positive and rhodamine-dextran-negative cells and

the total number of cells. Multiple fields were imaged for

each well. Totals from each field within a well were

combined to calculate a percent NBD-M-TMA-positive

value. We performed t-tests on the dox? versus dox-

groups.

Electrophysiology

iRin parental, iRin37 or iRin37-C61,65A cells were plated

onto glass coverslips at low densities such that single cells

and cell pairs predominated. One hour after plating doxy-

cycline (2 lg/ml) was added or not to the cells, and

24–48 h later junctional (cell pairs) or membrane (single

cells) conductance was evaluated. Coverslips were placed

in a custom-made chamber and bathed in external solution.

Patch pipettes were fabricated as previously described

(Burt et al. 2008; Ek-Vitorı́n and Burt 2005) and back-filled

with internal solution (in mM: 124 KCl, 14 CsCl, 9

HEPES, 9 EGTA, 0.5 CaCl2, 5 glucose, 9 TEACl, 3

MgCl2, 5 Na2ATP).

Junctional and single gap junction channel conductances

were measured as previously described (Burt et al. 2008;

Ek-Vitorı́n and Burt 2005), using either discontinuous

single electrode voltage clamp (NPI SEC-05LX) or tradi-

tional patch-clamp (Axopatch 1D) amplifiers. In either

case, transjunctional voltages (Vj) of 25–50 mV (non-

pulsed cell held at 0 mV, while the pulsed cell was

clamped to the indicated membrane potential) were applied

to reveal the activity of Cx37 gap junction channels.

Hemichannel data were collected in single whole-cell

voltage-clamp configuration; depolarizing or hyperpolarizing

voltage ramps (between ?50 or ?100 and -100 mV, 7 s) or

square pulses of variable magnitude and duration were

applied. Ramps were run every 15–20 s over a period of

5–40 min. Typically, steady transmembrane potentials were

continuously applied (10–40 min), with only short interrup-

tions to evince the baseline. The longer recordings were per-

formed while exchanging the external solution (at least twice

the chamber volume over 1–2 min); thus, any event appearing

while lowering external calcium was likely captured.

Results

To determine whether functional hemichannels would be

sufficient to support Cx37-mediated growth suppression,

we mutated two of the three cysteines in the first extra-

cellular loop of Cx37 to alanines, with the expectation that

the mutant protein would be unable to form functional gap

junction channels but retain its ability to form func-

tional hemichannels. Three hygromycin-resistant iRin37-

C61,65A subclones (1B3, 1C3 and 1D2) were selected for

further study. Cx37 expression levels in these subclones

were comparable to that observed in iRin37 cells (Fig. 1A).

Since we previously demonstrated that channel function

was necessary for Cx37-mediated growth suppression, we

next determined, using two approaches, whether the Cx37-

C61,65A protein localized to the plasma membrane in a

manner comparable to Cx37-WT. First, immunofluores-

cence and confocal microscopy were used to examine the

localization of WT and mutant Cx37 in both iRin cells and

transiently transfected MDCK cells. iRin37 and iRin37-

C61,65A clone 1C3 and 1D2 cells (Fig. 1B, panels a, b and

c, respectively) induced for 24 h with 2 lg/ml doxycycline

revealed Cx37 expression in the cytoplasm and as punctate

and diffuse labeling at appositional and nonappositional

plasma membranes (arrows). Similarly, Cx-deficient

MDCK cells transiently transfected to express Cx37-WT or

Cx37-C61,65A (Fig. 1B, panels d and e, respectively)

expressed Cx37 in the cytoplasm and both appositional and

nonappositional plasma membrane. Second, biotin-coupled

maleimide was used to label reactive cysteines exposed (by

DTT treatment in the presence or absence of extracellular

calcium) on the extracellular surface of Cx37-WT- and

Cx37-C61,65A-expressing cells. Biotinylated protein was

immunoprecipitated from total protein with streptavidin-

conjugated resin and Cx37 protein detected by immuno-

blotting. Cx37 was detected with this strategy in both the

WT and mutant-expressing cell lines (Fig. 1C), indicating

that both the WT and Cx37-C61,65A proteins were present

in the plasma membrane. Together, the immunofluores-

cence and biotinylation results indicated that both proteins

(mutant and WT) localize to and insert into the plasma

membrane.
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Next, we determined whether expression of the Cx37-

C61,65A protein altered the proliferative properties of iRin

cells. The noninduced cells of all cell lines proliferated

comparably (Fig. 2A). When iRin37 cells were induced to

express Cx37-WT, proliferation over the 21-day period

was significantly suppressed (Fig. 2B). In contrast, induced

Fig. 1 Expression and localization of Cx37-C61,65A and Cx37-WT

are comparable. A Western blots of GST-37CT loaded in different

amounts (left) and total protein isolated from iRin37 and three clones

(1B3, 1C3 and 1D2) of iRin37-C61,65A cells (right). iRin cells were

induced for 24 h with 2 lg/ml doxycycline, whole-cell protein was

isolated and 50 lg of total cell protein was loaded for each sample.

Expression levels for each cell line, determined by comparing band

intensities of the samples to the standard curve generated using

GST-37CT, were 3.7, 4.5 and 5.1 pmol/mg of total cell protein for

clones 1B3, 1C3 and 1D2, respectively, and 4.5 pmol/mg protein for

iRin37 cells. B Confocal images of Cx37 (green) localization with

biotinylated membrane proteins (red) in induced iRin37 (37-WT) (a),

iRin37-C61,65A 1C3 (37-C61,65A 1C3) (b) and iRin37-C61,65A

1D2 (37-C61,65A 1D2) (c) cells showing the presence of punctate

labeling at appositional and nonappositional membranes (arrows).

Confocal images of Cx37 (green) localization in MDCK cells

transiently transfected to express Cx37-WT (MDCK 37-WT) (d) or

Cx37-C61,65A (MDCK 37-C61,65A) (e) also showing the presence

of punctate labeling at appositional and nonappositional membranes

(arrows). Scale bars = 10 lm. C Western blot of membrane

localized Cx37 isolated from Cx37-WT or -C61,65A expressing iRin

cells. Induced iRin37 (WT) and iRin37-C61,65A clones 1B3, 1C3

and 1D2 were DTT- and maleimide-biotin-treated and harvested, and

protein was immunoprecipitated with streptavidin and immunoblotted

with anti-Cx37 antibody. Solutions either contained or lacked

calcium. Detected Cx37 indicates membrane insertion of this protein.

Differences in band intensity in part reflect different cell densities in

initial samples. Loaded 25 ll of each sample
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expression of Cx37-C61,65A had no effect on Rin cell

proliferation (Fig. 2B), even in the 1D2 clone with the

highest level of expression. These results are similar to

those obtained with the Cx37-T154A mutant (Good et al.

2011), which eliminates Cx37’s growth-suppressive prop-

erties and, demonstrably, junctional channel formation. We

therefore questioned whether Cx37-C61,65A formed

functional hemichannels.

Initially, we determined whether the Cx37-C61,65A

protein formed functional hemichannels using a dye-uptake

strategy. Cx37 gap junction channels are cation-selective

and readily permeated by the small cationic dye NBD-

M-TMA? (Ek-Vitorı́n and Burt 2005), so this dye was

selected to determine whether Cx37-C61,65A hemichan-

nels would mediate dye uptake. A gap junction channel–

impermeant dye (3,000-dalton rhodamine-labeled dextran)

was included in all uptake experiments so that damaged

cells (positive for rhodamine) would not be mistakenly

counted as positive for hemichannel-mediated dye uptake.

After washing Cx37-WT-expressing iRin cells with an

EGTA–low-Ca2? solution and performing the dye-uptake

experiment in a low-[Ca2?] dye solution, many more

induced iRin37 cells were positive for NBD-M-TMA? than

noninduced cells (compare panels a, b and c in Fig. 3B to

panels d, e and f). Data from multiple experiments (quan-

tified in Fig. 3A) showed that approximately 43 ± 4 % of

Cx37-WT-expressing iRin cells (n = 8 wells) were positive

for NBD-M-TMA? uptake and negative for rhodamine-

dextran, a value significantly (p \ 0.001) larger than the

10 ± 4 % observed for noninduced cells (n = 7 wells).

Repetition of these procedures on induced versus nonin-

duced iRin37-C61,65A cells (clone 1C3) revealed no sig-

nificant differences in dye-positive cells (compare panels g,

h and i in Fig. 3B to panels j, k and l). Of induced iRin-

Cx37-C61,65A cells (n = 10 wells), 6 ± 1 % were NBD-M-

TMA? positive compared to 6 ± 2 % of noninduced cells

(n = 9 wells) (Fig. 3A). These results suggest that Cx37-

C61,65A does not form a functional hemichannel; however,

the dye-uptake approach is insensitive to the activity of dye-

impermeant channels and to activity of individual channels,

so we next turned to electrophysiological approaches.

To facilitate recognition of possible Cx37-C61,65A

channel events, we first characterized the channels present

in iRin parental cells and the channels formed by Cx37-WT.

Parental iRin cells do not form functional gap junctions

(data not shown). Using dual whole-cell voltage-clamp

methods, the mean macroscopic conductance observed for

induced iRin37 cells was 4 ± 1 nS (n = 13, including two

cell pairs that showed no measurable coupling) (Fig. 4A).

This level of coupling is comparable to previously reported

data for this cell line (Burt et al. 2008; Good et al. 2011). In

contrast, no electrical coupling could be detected in either

induced (n = 19) or noninduced (n = 9) iRin37-C61,65A-

expressing cells (Fig. 4A)—all values were below 0.3 nS

and not different from system noise levels. Large-conduc-

tance single-channel events were observed in iRin37 cell

pairs with naturally low coupling levels (Fig. 4B). In

solutions containing 1 mM Ca2? (Fig. 4B), gap junction

channel events were between 250 and 350 pS and dwell

times at any conductance level were very brief (flickering

activity). In contrast, when in low [Ca2?]0 (Fig. 4C) chan-

nel conductances were larger, residual states evident and

dwell times longer. As expected, comparable junctional

channel activity was not seen in iRin37-C61,65A-express-

ing cell pairs (n = 19), indicating that this mutant does not

form functional gap junction channels.

Based on the behavior of the Cx37-WT gap junction

channel, hemichannel conductances were expected to be

Fig. 2 Proliferation of Rin cells is suppressed by expression of Cx37-

WT but not Cx37-C61,65A. A Proliferation was comparable between

iRinCx37-WT and the three clones of iRinCx37-C61,65A when

connexin expression was not induced. In contrast, proliferation of

induced iRinCx37-WT cells (filled circles, B) was suppressed

compared to the iRin clones with induced expression of Cx37-

C61,65A. Four growth curves (with or without dox) were performed

for each cell line except the iRin37-C61,65A-1C3 clone, for which

five experiments were performed. Where error bars are not obvious,

they are smaller than the size of the data point
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quite large (500–700 pS, double the gap junction channel’s

conductance). Most voltage ramps performed on single

Cx37-WT-expressing cells under normal external calcium

conditions revealed no evidence of channel activity, but

some showed activity at voltages incompatible with

activity of Cx37-WT hemichannels, Vm [ ±70 mV; the

presence of these channels was confirmed and their

amplitude (75–100 pS) documented with square pulses of

Vm [ ±70 mV (data not shown). Channels similar to these

were also frequently observed in iRin parental cells (not

Fig. 3 Cx37-C61,65A does not

form hemichannels able to

mediate dye uptake. A The

percent of cells positive for

NBD-M-TMA uptake and

negative for rhodamine dextran

was compared to determine

hemichannel function. In cells

induced to express Cx37-WT,

dye uptake was significantly

more frequent (*p \ 0.001)

than in noninduced cells or cells

induced to express Cx37-

C61,65A. B Representative

images of DIC (arrows indicate

isolated cells or cell clusters),

NBD-M-TMA and rhodamine

dextran fields for iRin37

induced (a–c) and noninduced

(d–f), iRin37-C61,65A 1C3

induced (g–i) and noninduced

(j–l). Scale bar = 20 lm,

applies to all images
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transfected with any connexins) (Fig. 5A, B) and in

both induced and noninduced iRin37-C61,65A cells

(Fig. 5E, F). Thus, these events are unlikely to represent

Cx37 hemichannel activity. On occasion (one in seven

tested cells), voltage ramps performed in normal [Ca2?]0

on Cx37-WT-expressing cells revealed, transiently, activity

in a Vm range (±20–50 mV) compatible with the opening

of Cx37-WT hemichannels (Fig. 5C). Accordingly, in

Cx37-WT-expressing cells, large-conductance (C300 pS)

transitions were observed during application of small Vm

pulses (Fig. 5D) (one cell out of four tested, two successive

pulses of many applied over more than 20 min in normal

calcium). No similar activity was observed during either

voltage ramps (n = 28 cells, Fig. 5E) or application of

square pulses (n = 7 cells, recording from 10 to [25 min

long; Fig. 5F) performed on Cx37-C61,65A mutant–

expressing cells.

Since dye-uptake studies were successful only when the

cells were washed with an EGTA-containing solution, we

examined both Cx37-WT- and Cx37-C61,65A-expressing

cells for electrophysiological evidence of hemichannel

activity following a similar protocol. Hemichannel open-

ings were transiently seen in two out of ten successive

ramps implemented immediately following the lowering of

external calcium with EGTA-containing solution in a

Cx37-WT-expressing cell (Fig. 6A). In three out of six

additional cells, similar, although shorter, duration open-

ings were documented 5–20 min after lowering [Ca2?]0

(not shown). Hemichannel transitions of Cx37-WT were

also seen under these low-[Ca2?]0 conditions during

application of small Vm square pulses (channels transiently

present within the first 5 min after lowering [Ca2?]0 in two

of four cells; 20- to 30-min recordings; Fig. 6B). In con-

trast, comparable hemichannel activity was not observed in

Cx37-C61,65A-expressing cells during application of

ramps (six cells, 25- to 50-min records) or square

pulses (five cells, 30- to 45-min records) in low [Ca2?]0

(Fig. 6C, D). Together the electrophysiology data strongly

suggest either that Cx37-C61,65A does not form a func-

tional hemichannel or that its open probability is suffi-

ciently low under the conditions of our measurements that

we could not detect it.

Discussion

Connexins form channels that serve (at least) two functions,

transmembrane and intercellular signaling. In both cases the

channels mediate the diffusive flux of ions and small mol-

ecules down their electrochemical gradients. While channel

function is the best-described function of connexins, it is

increasingly clear that the carboxy terminus of these pro-

teins, through interaction with an array of intracellular

proteins, also participates in cellular functions in a channel-

independent manner. Several connexins have been dem-

onstrated to participate in tumor suppression via both

channel-dependent and channel-independent mechanisms

(Kardami et al. 2007; King and Bertram 2005). We previ-

ously demonstrated that in Rin cells Cx37, but not Cx40 or

Cx43, suppresses cell proliferation by prolonging all phases

of the cell cycle, G1 most prominently (Burt et al. 2008). To

understand which properties of Cx37 are central to its

growth-suppressive action, we first explored whether

channel function was necessary for Cx37-mediated growth

suppression. Since Cx40 and Cx43 form channels with a

similar or less selective permeability profile than Cx37

(Ek-Vitorı́n and Burt 2005; Weber et al. 2004), we expected

Fig. 4 Cx37-C61,65A does not form functional gap junction chan-

nels. A iRin cell pairs induced to express Cx37-WT (37-WT dox?)

were variably coupled, with gj commonly between 1 and 5 nS. In

contrast, induced and noninduced iRin37-C61,65A cells were not

detectably coupled (data from 1C3 and 1D2 clones). Notice that all of

the iRin37-C61,65A cell pairs evaluated, whether induced or

noninduced, had gj values \0.3 nS, which is not different from

electrical noise at these recording settings. B, C Single-channel events

from iRin37 dox? recorded in external solutions containing either

normal (B) or low (C) calcium, as described in the dye-uptake

protocol. Notice that channel flickering decreased upon introduction

of low external calcium so that transitions corresponding to *300 pS

and substates corresponding to *80 pS were readily apparent.

Downward black and gray arrows indicate the start and end of the

voltage pulse, respectively
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Fig. 5 Whole-cell voltage-clamp recordings obtained in normal

external calcium concentration conditions. A, C, E Plots showing

two exemplary traces of voltage ramps applied to parental iRin (not

transfected with any Cx37) (A), iRin37 (C) and iRin37-C61,65A

(E) cells bathed in solutions with normal external calcium content. In

(C) the two representative traces were from a series of ten ramps from

an iRin37 cell that showed current inactivation at high voltage values.

B, F Transitions of membrane current (corresponding to 85–100 pS)

appeared with square Vm pulses in iRin (B) and iRin37-C61,65A

(F) induced (top trace) and noninduced (bottom trace) cells. Note that

these current transitions are barely distinguishable from the noise at

Vm = -30 mV (B, bottom trace); however, transitions of similar

conductance were also observed at Vm = -70 mV. D Transitions of

membrane current from single cells expressing Cx37-WT during

±30-mV square pulses in normal external calcium. Notice that

recording is noisier at positive values; while these are contiguous

recordings, transitions appear larger ([400 pS) at negative voltages.

B, D, F All-points histograms are shown at the right of each trace,

baseline is denoted by dashed lines and current levels by dotted lines,

numbers on the left correspond to ‘‘between lines’’ conductance

differences and numbers next to the histogram peaks indicate the

cumulative conductance from the chosen zero current level; upward-

pointing arrows indicate the distance (in pS) and direction of the true

(zero current) baseline, when not displayed; vertical/horizontal
calibration bars correspond to 10 pA and 1 s, respectively
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that channel function would not be necessary for Cx37-

mediated growth suppression. Contrary to expectation,

Cx37-T154A, which forms a nonfunctional gap junction

channel, was not growth-suppressive, suggesting that chan-

nel functionality is necessary for Cx37-mediated growth

suppression in Rin cells (Good et al. 2011). Although we did

not test this mutant for hemichannel function, mutation of the

corresponding highly conserved site in Cx50 renders both the

hemichannel and gap junction channel nonfunctional (Bea-

hm et al. 2006); thus, it is probable that Cx37-T154A

hemichannels are also nonfunctional. Thus, the Cx37-T154A

study did not permit us to discern whether functionality of

hemichannels, gap junction channels or both is necessary for

Cx37-mediated growth suppression.

In the current study we attempted to address the suffi-

ciency of hemichannels in Cx37-mediated growth suppres-

sion, expecting that functional hemichannels would be

sufficient and functional gap junction channels unnecessary

for Cx37-mediated growth suppression. Three observations

lead to this hypothesis. First, Cx37-WT-expressing Rin cells

are growth-suppressed at all tested plating densities, even

densities where cell–cell contact and, therefore, gap junction

formation are rare (Burt et al. 2008). Second, Cx37 hemi-

channels appear to be functional under physiological con-

ditions, at least in some cell types (Wong et al. 2006). Third,

transmembrane gradients for ions and small molecules (e.g.,

calcium and ATP) are always present, whereas intercellular

gradients are only transiently present because gap junction

channels, by mediating diffusive exchange, tend to neutral-

ize these gradients. Thus, opening of Cx37-WT hemichan-

nels could mediate efflux or influx of critical signaling

molecules that directly or indirectly regulate intracellular

signaling processes involved in cell cycle progression.

To address whether Cx37 hemichannels might be suf-

ficient to explain Cx37-mediated growth suppression, we

created a mutant that we expected would support

Fig. 6 Whole-cell voltage-clamp recordings obtained under condi-

tions of low extracellular calcium concentration. A, C Plots showing

one or two exemplary traces of ramps from iRin37 (A) and iRin37-

C61,65A (C) cells. iRin37 cells (A) in low external calcium

conditions show clear evidence of channel transitions in the Vm

range of -20 to -60 mV (observed in two out of ten ramps, one

shown), while Cx37-C61,65A-expressing cells (c) show no evidence

of channel activity in any ramps in the Vm range -20 to -60 mV (see

text for further details). B Transitions of membrane current (corre-

sponding to conductances \400 pS) from single cells expressing

Cx37-WT during -30 mV square pulses in low external calcium.

Notice that most events appear to be smaller than observed in normal

calcium, perhaps revealing more transitions to and from a substate.

D Current transitions of Cx37-C61,65A-expressing cells. Notice

transitions correspond to events of less than 100 pS. Traces are

labeled as in Fig. 5 B, D and F
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hemichannel activity comparable to that displayed by

Cx37-WT but not support gap junction channel formation.

Available evidence suggested that mutation of one or more

of the six highly conserved cysteines located in the extra-

cellular loops of connexins would disable gap junction

channel formation while preserving hemichannel func-

tionality (Foote et al. 1998; Dahl et al. 1991, 1992; Bao

et al. 2004; Tong et al. 2007). Consequently, we mutated

the second and third cysteines in the first extracellular loop

of Cx37 to alanines and stably transfected the encoding

sequence into iRin cells, thereby creating the iRin37-

C61,65A cell lines. Cx37 expression, localization to and

insertion into the plasma membrane were comparable in

iRin37-C61,65A and iRin37 cells. However, unlike the

wild-type protein, the Cx37-C61,65A protein did not sup-

press the proliferation of iRin cells.

Failure of Cx37-C61,65A to growth-suppress prompted

us to check whether the mutated protein formed functional

hemichannels but nonfunctional gap junction channels.

Cells expressing Cx37-C61,65A were never observed to

take up NBD-M-TMA?, a dye previously shown to readily

permeate Cx37-WT gap junction channels (Ek-Vitorı́n and

Burt 2005) and shown here to be taken up by iRin37 cells

only when induced to express Cx37-WT protein and

exposed to low-[Ca2?]0 conditions. In addition, using

whole-cell voltage-clamp techniques, we detected func-

tional Cx37-WT hemichannels and gap junction channels

in both normal and low-[Ca2?]0 conditions but were unable

to detect functional Cx37-C61,65A hemichannels or gap

junction channels under comparable recording conditions.

Thus, the failure of Cx37-C61,65A to suppress prolifera-

tion of Rin cells is entirely consistent with our previous

studies demonstrating that channel functionality is neces-

sary and proper localization of a normal carboxy terminus

insufficient for Cx37-mediated growth suppression.

Failure of Cx37-C61,65A to form functional hemi-

channels suggests either that disruption of disulfide bond

formation in the extracellular loops prevents the channel

from adopting a (closed) configuration that can be triggered

to open (by docking, exposure to low [Ca2?]0, mechanical

stimulus or even phosphorylation-dependent regulation) or

that the open configuration is blocked by the extracellular

loops due to mutations there. Arguing against the possi-

bility of channel block is the complete absence of hemi-

channel events and dye uptake in cells expressing the

mutant protein, even when ‘‘triggered’’ to open by expo-

sure to low-[Ca2?]0 conditions. Bao and colleagues (2004)

and Tong and colleagues (2007) reported that Cx43 with all

six cysteines in the extracellular loops mutated to alanine

forms functional hemichannels with Ca2?-sensitive open

probability characteristics. Assuming similar behavior of

other connexins, these observations collectively suggest

that docking of hemichannels to form functional gap

junction channels is blocked by mutation of even one

cysteine in the extracellular loops (Dahl et al. 1992; Foote

et al. 1998); and our data suggest that mutation of fewer

than all six cysteines results in hemichannels that are

closed and unable to be triggered open.

We expected the current study to distinguish whether

Cx37 hemichannel activity, not gap junction channel

activity, was sufficient to explain Cx37-mediated growth

suppression of Rin cells and instead provide further evi-

dence that an open channel configuration must be possible

for growth suppression by Cx37 (Burt et al. 2008; Good

et al. 2011). It remains unclear what, if anything, permeates

the hemichannel/gap junction channel to influence cell

cycle progression. Potentially germane to this issue, how-

ever, is the observation that the wild-type hemichannel

opens in the presence of extracellular calcium ions, albeit

with only modest probability. However, since culture

medium contains ‘‘normal’’ levels of calcium and Cx37 is

growth-suppressive at cell densities where gap junction

channel formation is rare (Burt et al. 2008), hemichannels

able to open could allow the influx (or efflux) of signaling

molecules with a growth-regulatory effect.

In summary, we have demonstrated that mutation of the

second and third cysteines in the first extracellular loop of

Cx37 to alanines results in a protein that is no longer growth-

suppressive to Rin cells. The absence of a growth-suppressive

function is consistent with previous observations in which the

capacity to form a functional channel was demonstrated as

necessary for the growth-suppressive action of Cx37. Our

data further suggest that disulfide bond formation between the

extracellular loops is critical to the hemichannel’s ability to

adopt a conformation able to be triggered open as well as its

ability to dock with another hemichannel to form a gap

junction channel. Alternate (or additional) mutation sites will

be necessary to create a Cx37 protein able to form functional

hemichannels but unable to form functional gap junction

channels. Thus, it remains to be determined whether trans-

membrane (hemichannel) or intercellular (gap junction

channel) signaling, or both, is necessary for Cx37-mediated

growth suppression and whether channel-independent prop-

erties of Cx37 might also be necessary.
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Abstract Transiently blocking the expression of the gap

junction protein connexin43 using antisense oligodeoxy-

nucleotides or blocking hemichannels with connexin

mimetic peptides has been shown to significantly improve

outcomes in a range of acute wound models. Less is known

about their likely effects in nonhealing wounds. In the eye,

prolonged inflammation and lack of epithelial recovery in

nonhealing corneal epithelial wounds may lead to corneal

opacity, blindness or enucleation. We report here the first

human applications of antisense oligodeoxynucleotides that

transiently block translation of connexin43 in a prospective

study of five eyes with severe ocular surface burns (per-

sistent epithelial defects), which were unresponsive to

established therapy for 7 days to 8 weeks prior to treat-

ment. Connexin43-specific antisense oligodeoxynucleotide

was delivered in cold, thermoreversible Poloxamer407 gel

under either an amniotic membrane graft or a bandage

contact lens. The connexin43-specific antisense application

reduced inflammation within 1–2 days, and in all five

eyes complete and stable corneal reepithelialization was

obtained. Recovery of the vascular bed and limbal reper-

fusion appeared to precede corneal epithelial recovery. We

conclude that connexin modulation provides a number of

benefits for nonhealing ocular burn wounds, one of which

is to promote vascular recovery.

Keywords Gap junction � Connexin � Hemichannel �
Wound healing � Cornea

Introduction

Gap junctional communication and hemichannel opening

have been associated with the spread of cell death signals

and lesion spread after tissue injury (Frantseva et al. 2002;

Garcia-Dorado et al. 1997; Lin et al. 1998; Rawanduzy

et al. 2009). In a number of preclinical models of tissue

damage and wound repair, reducing protein translation of

connexin43 (Cx43) with antisense oligodeoxynucleotides

(Cx43AsODN) or hemichannel blockade has been dem-

onstrated to limit inflammation, edema and lesion spread

and to provide improved healing or functional outcomes.

This has been noted in skin incision and excision wounds

(Mori et al. 2006; Qiu et al. 2003), skin burns (Coutinho

et al. 2005), the cornea of the eye (Grupcheva et al. 2012),

cardiac ischemia (Hawat et al. 2010) and the central ner-

vous system. Central nervous system models have

encompassed injuries to the spinal cord (Cronin et al. 2008;

Huang et al. 2012), optic nerve (Danesh-Meyer et al.

2008), retina (Danesh-Meyer et al. 2012a) and brain

(Davidson et al. 2012). In the cornea of the eye, Cx43

AsODN treatment after epithelial scrape wounding or

excimer laser ablation (as used for photorefractive kera-

tectomy) significantly reduces edema and inflammation

(myofibroblast differentiation) and speeds the rate of epi-

thelial recovery (Grupcheva et al. 2012).

In the eye, chemical and thermal ocular burns can lead to

nonhealing corneal epithelial wounds that pose a significant

clinical challenge. Although the management of ocular

surface burns has improved with the application of amniotic

membrane grafts (Fernandes et al. 2005) and autologous
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limbal tissue transplant (the limbus surrounding the cornea

of the eye is said to contain stem cells) (Dua et al. 2010),

severe chemical burns still have a poor visual prognosis. In

this prospective observational study we report the first

human use of gap junction Cx43-specific antisense oligo-

deoxynucleotides to treat five subjects with severe, nonhe-

aling, ocular chemical or thermal burns. All subjects were

treated under compassionate-use status when no corneal

recovery was apparent 1–8 weeks postinjury, despite

accepted best-practice clinical management. Secondary

inflammatory changes in the vascular bed of the ocular sur-

face were evident in all cases, and Cx43AsODN treatment

resulted in a rapid reduction in inflammation and recovery of

the vascular bed and limbal reperfusion. In all five subjects

full restoration of the ocular surface integrity was achieved.

Subjects and Methods

Five subjects presenting with severe chemical or combined

chemical and thermal burns (Table 1) had extensive 1- to

2-h normal saline irrigation of the ocular surface and

fornices (the regions connecting the conjunctival membrane

lining the inside of the eyelid with the conjunctival mem-

brane covering the eyeball itself) on presentation until a

stable, neutral pH was established. Subjects 1 and 2 in

addition had cement debris removed under sedation in

conjunction with other treatments. Subsequently, all sub-

jects received the maximum current standard of care treat-

ment for chemical injury, including, as appropriate, g.

sodium ascorbate 10 %, g. sodium citrate 10 %, topical

corticosteroid (g. prednisone phosphate 0.1 %, g. predni-

sone acetate 1.0 % or g. dexamethasone 0.1 %), g. chlor-

amphenicol 0.5 %, g. cyclopentolate 1 %, g. atropine 1.0 %

(all drops preservative-free where possible), oral doxycy-

cline 100 mg and oral sodium ascorbate (vitamin C).

In all five subjects the initial ocular prognosis was

extremely poor with an injury grade V–VI on the Dua

classification of ocular burns scale at time of treatment

(Dua et al. 2001). This grading was used as it has been

shown to be of more predictive value in the case of severe

ocular burns (Gupta et al. 2011). A grade V–VI burn is

defined as having the entire limbus (12 clock hours) and

total surface conjunctiva involved. After consulting Med-

safe, the New Zealand Medicines and Medical Devices

Safety Authority or the Australian Therapeutic Goods

Administration as appropriate, Cx43AsODN was consid-

ered as a possible last resort and ‘‘urgent innovative

treatment.’’ An extensive informed consent process was

undertaken with each patient.

Cx43AsODN (5-GTAATTGCGGCAGGAGGAATTG

TTTCTGTC-3) has been shown to block translation of the

Table 1 Subject demographics, brief injury details and treatment regimes for each of the five patients treated with Cx43AsODN

Patient demographics, injury and treatment details Dua injury grade

1 25-year-old male. Cement from high-pressure hose into left eye. Complete corneal epithelial loss,

90 % bulbar and tarsal conjunctival epithelial loss, 360-degree moderate to severe limbal ischemia.

Moderate full-thickness corneal haze, moderate cells in the anterior chamber. Contralateral eye had

keratoconus with 6/15 spectacle-aided visual acuity.

V–VI

Amniotic membrane applied day 5, Cx43AsODN treated day 9.

2 27-year-old male. Cement from high-pressure hose into both eyes (right eye responded to

conventional treatment). Severe conjunctival ischemia, 360-degree limbal ischemia in left eye.

VI

Superficial tenonectomy day 5, amniotic membrane applied day 9, Cx43AsODN treated day 15.

3 29-year-old male. Unknown chemical burn to both eyes. Presented 12 h after incident with 60 %

corneal epithelial loss and 50 % of bulbar conjunctival injury. No response to intensive standard

treatment and deteriorated further, with [90 % corneal epithelium and [75 % of bulbar

conjunctival epithelium lost with 270 degrees of limbal ischemia.

IV at presentation but continued to

deteriorate to VI

Consecutive Cx43AsODN treatment given under a bandage contact lens on days 7 and 8.

4 42-year-old male. Caustic alkali burn to left eye. Complete epithelial loss with severe 360-degree

limbal ischemia. Slow recovery with protective Botox ptosis at day 14 and discharged with early

corneal epithelial healing under way. Deteriorated and amniotic membrane applied at days 34 and

45 but both underwent rapid proteolytic degradation.

VI

Double amniotic membrane and Cx43AsODN treated at day 58, amniotic membrane and second

Cx43AsODN treatment at day 90.

5 17-year-old male. Severe chemical and thermal burn from exploding firework. Complete epithelial

loss, fusion of eyelids to ocular surface, significant globe injury with some sparing of inferior

fornix only.

VI

Amniotic membrane with Cx43AsODN treatment at days 8 and 42.

Injury grade is based on the Dua classification of ocular burns scale. A grade of V or VI has very poor prognosis
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Cx43 gap junction protein in a number of models (see e.g.,

Cronin et al. 2006; Green et al. 2001; Qiu et al. 2003), and

the antisense oligomers were modified to match the

equivalent human sequence and delivered (2 or 20 lM

final concentration) in 100 ll ice-cold, filter-sterilized

25 % w/v Pluronic F-127 (Poloxamer407; BASF, Freeport,

TX) gel, a thermoreversible gel that sets as it warms to

physiological temperature. The gel provides sustained

delivery for the unmodified oligonucleotides, which have a

half-life of \20 min in cells (Wagner 1994). The half-life

for unmodified oligonucleotides in serum is 1–2 min

(Phillips and Zhang 1999), thus limiting possible spread of

effect from the treatment site.

In each case the eye was prepared with local anesthesia,

either topical benoxinate 0.4 %, subconjunctival lignocaine

or sub-Tenons marcaine. To maximize and sustain surface

contact, in four of the five subjects the gel (2 lM concen-

tration) was injected beneath an amniotic membrane graft

sutured to the corneal surface, using a precooled Rycroft

cannula and syringe; in the remaining case the gel at 20 lM

was applied under a 14-mm corneoscleral bandage contact

lens. The eyelids were then closed and padded.

All other topical treatments were stopped after appli-

cation of Cx43AsODN (except in the subject who had a

bandage contact lens and hourly drops were continued) and

then resumed 8–12 h later. The extent and rate of epithelial

recovery were assessed by measuring the total area of

corneal fluorescein dye staining.

Results

Prior to Cx43AsODN treatment the anterior segments of all

eyes were ischemic with associated inflammation from the

chemical/thermal burn (Fig. 1a, b). Figure 1a shows sub-

ject 1 after application of an amniotic membrane at day 5

after injury and prior to connexin antisense treatment on

day 9. The blood vessels on the eye surface are poorly

defined, and blood flow was stagnant, with 360 degrees of

corneal limbus ischemia. In Fig. 1b the eye of subject 3 is

shown on the third day after injury. The bulbar conjunctiva

is inflamed and has lost blood vessel definition, and the

limbus had 270 degrees of ischemia, with only a small (top

left) segment retaining blood flow. Slit-lamp examination

with fluorescein dye staining in this same eye (Fig. 1c)

shows [60 % corneal epithelial loss with fluorescein

penetration beneath the remaining epithelium, indicating

poor adhesion and viability. This epithelium continued to

deteriorate to[90 % loss by day 7 postinjury. There was in

fact virtually no epithelial recovery on any of the corneas

prior to Cx43AsODN treatment, and in two subjects the

eyes were continuing to deteriorate clinically, despite

maximal conventional treatment.

In all five severe nonhealing corneal burns, treatment

with Cx43AsODN reduced inflammation and a degree of

limbal reperfusion was identified within 24–48 h. The most

Fig. 1 Subjects presenting with severe ocular burns had ischemic or

inflamed ocular surface and poor vascular definition. a Subject 1 after

application of an amniotic membrane at day 5 after injury and prior to

connexin antisense treatment on day 9. Blood vessels are poorly

defined, and blood flow is stagnant, with 360 degrees of corneal

limbus ischemia. b The eye of subject 3 on the third day after injury.

The bulbar conjunctiva is inflamed but has lost blood vessel

definition, and the limbus has 270 degrees of ischemia, with only a

small supranasal segment retaining blood flow. Fluorescein staining

(c) in this same eye shows [60 % corneal epithelial loss with

fluorescein penetration beneath remaining epithelium, indicating poor

adhesion and viability. This epithelium continued to deteriorate to

over 90 % loss by day 7 postinjury, and the eye was then treated by

Cx43AsODN application

S. Ormonde et al.: Cx43 Protein and Vascular Recovery and Healing 383

123



384 S. Ormonde et al.: Cx43 Protein and Vascular Recovery and Healing

123



severely injured eye (subject 5) showed a more delayed

initial vascular recovery and epithelial healing 8 days after

treatment. Corneal epithelial recovery typically appeared to

parallel or follow limbal reperfusion in all eyes. This was

highlighted by the response of subject 3. In this case limbal

reperfusion and revascularization occurred in a stepwise

fashion around the limbus over 8–11 days, with epithelial

recovery apparent in successive corneal regions adjacent to

areas where limbal reperfusion had first been restored

(Fig. 2a–h). In Fig. 2a, b vessel recovery and epithelial

healing are beginning at the top left (10 o’clock), but by

Fig. 2c, d they have progressed between clock hours 9 and

1. In Fig. 2e and f vascular recovery and epithelial healing

are evident between clock hours 7 and 2, and in Fig. 2g, h

the last segment not yet showing epithelial recovery (clock

hours 4–5) is also the region that remains ischemic at this

point in time.

In all five cases complete ocular surface epithelial

healing was attained with subsequent surface stability.

Specific, brief details for each subject are given in Table 2,

and epithelial recovery for each patient (based upon fluo-

rescein staining) is graphed in Fig. 3. In all cases the

connexin-specific antisense, applied at times ranging from

7 days to 8 weeks after the initial injury, is seen to have a

rapid and positive effect on epithelial recovery. In two

subjects reepithelialization reached a plateau, at approxi-

mately 80 % cover in one and 20 % in the other, but was

retriggered with a second application of the connexin

antisense, which then led to 100 % reepithelialization.

Discussion

Cx43 antisense oligonucleotides are designed to achieve

transient knockdown in connexin expression followed by

recovery of cell–cell coupling in order to allow normal

tissue patterning and homeostasis to occur. Prior to the

compassionate use in these human subjects animal studies

had demonstrated efficacy for the Cx43AsODNs in aiding

wound repair and improving epithelial recovery (Coutinho

et al. 2005; Qiu et al. 2003).

Table 2 Specific outcomes for each subject treated with Cx43AsODN

Treatment outcomes for subjects 1–5

1 Within 18 h of a single Cx43AsODN treatment evidence of early limbal vessel recovery through 360 degrees and corneal reepithelialization

(Fig. 3a) extending 1 mm onto the cornea nasally, superiorly and temporally. Within 42 h 360 degrees of peripheral reepithelialization

extending on average 3 mm onto the cornea. The eye was less inflamed, and the anterior chamber cellular reaction reduced. Six days after

treatment with Cx43AsODN full reepithelialization of the cornea was attained. The ocular surface remained stable at 18 months, with the

patient maintaining an unaided visual acuity of 6/9.

2 Dilatation of limbal vessels superiorly was evident within 24 h of Cx43AsODN application with commencement of local corneal

reepithelialization. Corneal reepithelialization increased to 50 % by day 4 and 80 % by day 7 after treatment, healing slowing to reach

90 % by day 17 (Fig. 3b). Full corneal epithelial closure was reached 28 days after treatment. At 12 months the ocular surface remained

stable, though extensive corneal vascularization limited visual acuity to 6/60 unaided.

3 Case treated by a single Cx43AsODN treatment under a 14-mm-diameter bandage contact lens on day 7 postinjury. Limbal vessel recovery

was evident within 16 h, followed by ocular surface reepithelialization. A second application of Cx43AsODN was provided on day 8, and

full corneal reepithelialization was achieved within 11 days posttreatment with minor conjunctival tissue growth into the cornea nasally,

although the latter was not visually significant (Fig. 3c). Final visual acuity was 6/6 unaided.

4 Treated by Cx43AsODN 58 days after a severe ocular burn; limbal reperfusion was evident in the inferior 50 % of the limbus, associated

with improvement to superior perfusion and early recovery of corneal epithelium within 48 h (Fig. 3d). By 18 days posttreatment the

corneal epithelium had healed 70–80 %. However, 11 days later the defect size was unchanged but had developed rolled edges consistent

with a persistent epithelial defect; therefore, a second Cx43AsODN treatment was given. Epithelial recovery progressed, and the defect

proceeded to complete closure over the next 2 weeks. At 3 months after epithelial closure the corneal epithelial surface remained stable.

Although some superficial blood vessel ingrowth onto the peripheral cornea was evident, there appeared to be moderate recovery of the

limbal barrier. Final visual acuity was hand movements at 18 months.

5 Due to particularly extensive, severe and deep ocular surface damage and nonresponse to conventional treatment, Cx43AsODN was applied

9 days after injury. Progressive limbal reperfusion was noted from 8 days after treatment and reepithelialization followed. Corneal

epithelial recovery reached a plateau at about 20 % coverage, and a second treatment was applied at day 42 with a rapid response (Fig. 3e).

Recovery again slowed after about 80 % epithelial coverage but progressed to full, but rather conjunctivalized, corneal epithelial closure

over the following 6 weeks. At 18 months postinjury, surgery to release tarsal attachment revealed a clear cornea beneath, and a good final

visual outcome is expected.

The rate of epithelial recovery for each is shown graphically in Fig. 3

Fig. 2 Recovery of the eye of subject 3 after connexin antisense

treatment. On day 5 after presentation, a region of supranasal limbal

perfusion is seen (a), and fluorescein drops revealed only a small area

of epithelium remained viable (b). After Cx43AsODN treatment on

days 7 and 8, more widespread limbal reperfusion occurred, preceding

epithelial recovery in the nasal and supratemporal segments (c and

d at day 2 after treatment, e and f 6 days after treatment). The last

portion of the cornea to reepithelialize was the inferior-temporal

region, where the limbus remained ischemic longest (g and h 8 days

after treatment). Full epithelial recovery occurred within 11 days after

treatment

b
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In skin wounds keratinocytes at the wound edge

downregulate Cx43 in the first 24–48 h as they become

migratory in order to close the wound. Cx43AsODNs speed

this natural downregulation of Cx43, resulting in faster

wound closure (Qiu et al. 2003). The same applies in the

cornea of the eye where the corneal epithelium and

underlying stroma are analogous to skin epithelium and

dermis (Grupcheva et al. 2012). In the dermis of wounded

skin and in spinal cord wounds Cx43 is rapidly upregulated

after injury, notably in activated neutrophils and glial cells

as part of the inflammatory response to injury (Coutinho

et al. 2005; Cronin et al. 2008; Qiu et al. 2003). In the

corneal stroma, Cx43 is also upregulated, correlating with

the inflammatory response typified by differentiation and

proliferation of myofibroblasts (Grupcheva et al. 2012).

Cx43AsODN treatment in all cases dampens down the

inflammatory response with benefits throughout the rest of

the healing process.

In this study Cx43AsODNs were applied under com-

passionate use to one eye of five subjects presenting over a

3-year period with severe nonhealing chemical or thermal

burns. Dua grade V–VI ocular surface chemical burns

involving the entire limbus and conjunctiva have a very

poor prognosis (Dua et al. 2001). All the injured eyes in

this study were classified grade V–VI at the time of treat-

ment. The presence of ocular surface inflammation affects

the success of limbal transplant or amniotic membrane

transplant in grade-VI burns (Gupta et al. 2011); for

example, subject 4 had two amniotic membranes applied

prior to connexin antisense treatment (under a third mem-

brane), with the second membrane actually dissolving

within 4 days, in large part due to the highly inflamed

condition of the eye. Amniotic membrane (the inner of the

three layers forming a fetal membrane) is used as an ocular

burn dressing as it has anti-inflammatory and antiscarring

effects and is proposed to contain growth factors that

promote epithelial wound healing. In three of the five

patients, prior treatment with amniotic membranes had

provided no benefit, and in one patient a bandage contact

lens was used rather than an amniotic membrane.

Prior to Cx43AsODN treatment and after a minimum of

7 days to more than 8 weeks of intensive, hospital-based,

best-practice conventional treatment for a severe chemical

or thermal burn injury, all five subjects showed marked

Fig. 3 Graphical representation

of corneal epithelium recovery

in the five subjects. In each case,

points at which the antisense

treatment was applied are

shown by arrows. As subjects

were not necessarily seen daily,

the graphs are interpolated

between visits. In all cases the

connexin-specific antisense is

seen to have a rapid and positive

effect on epithelial recovery.

Subject 3 (c) received two doses

of connexin antisense 1 day

apart. In subjects 4 (d) and 5

(e) reepithelialization reached a

plateau but was retriggered with

a second application of the

connexin antisense
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inflammation, limbal ischemia and no signs of ocular epi-

thelial or limbal recovery. Indeed, in two subjects the

involved eye was continuing to deteriorate clinically prior

to treatment. Following a single low-dose or time-separated

double application of Cx43AsODN in a slow-release for-

mulation, the ocular surfaces in all five fully recovered,

albeit with a degree of corneal vascularization that one

might anticipate in such severe injuries.

The healing pattern in subject 3 (Fig. 2) was not unlike

that previously reported for healing of ocular surface wounds

involving the limbus (Dua et al. 1994), but our study suggests

that an additional influence on the healing pattern may be the

relationship with limbal reperfusion. In subjects with a

grade-VI corneal burn there was no surviving corneal epi-

thelium from which to trigger cell migration and healing by

Cx43AsODN application. Instead, the effect of Cx43A-

sODN application appears to have been to reduce inflam-

mation, wound edema and arterial insufficiency, also known

to be features of some nonhealing wounds. Changes in the

vascular bed of the ocular surface are readily discernible at

the slit lamp, and in all subjects restoration of limbal perfu-

sion and a general reduction in ocular inflammation appeared

to precede full ocular epithelial recovery.

It has previously been reported that exogenous addition

of proangiogenic growth factors (VEGF, FGF, PDGF) is

not able to prevent vascular regression in wounds (Gosain

et al. 2006). These authors concluded that ‘‘anti-angiogenic

signals that mediate vessel regression in wounds are

strongly dominant over pro-angiogenic factors’’ during the

later stages of wound healing. One factor may be increased

Cx43 expression. Cx43 is upregulated in the vascular bed

of rodent skin wounds within 6 h of injury, contributing to

a greater inflammatory response and reduced healing

(Couthinho et al. 2003; Qiu et al. 2003). In damaged spinal

cord upregulated Cx43 expression results in vascular leak

up to 4 mm either side of the injury site, leading to edema,

exudation, vessel wall permeability and neutrophil invasion

(Cronin et al. 2008). The vascular leak is inhibited with

Cx43AsODNs, resulting in reduced inflammation and

lesion size. After retinal ischemia–reperfusion, an increase

in Cx43 expression correlates with vascular leak, leading to

downstream inflammation (astrocytosis) and subsequently

neuronal (retinal ganglion cell) loss in the following

7–21 days (Danesh-Meyer et al. 2012). In that case, sys-

temic delivery of hemichannel-blocking mimetic peptides

ameliorated vascular leak, reduced inflammation and

resulted in almost complete neuronal sparing.

In chronic neuroinflammatory diseases such as

Alzheimer and Parkinson disease, morphological changes to

the microvasculature indicate capillary dysfunction (Farkas

and Luiten 2001). Certainly, a robust inflammatory response

to injury can be detrimental to wound closure (Dovi et al.

2004; Ueno et al. 2005), and in humans epithelial wound

healing frequently stalls in the chronic inflammation stage

(Vuorisala et al. 2009). While bacterial load and poor

moisture balance are also associated with nonhealing skin

wounds, these are less likely to contribute to the nonhealing

ocular cases we report here. Instead, somewhat paradoxi-

cally, arterial insufficiency and inflammatory edema of the

limbus are possibly major causative factors in impaired

corneal epithelial healing (in the context of the normally

avascular cornea), as is the case for vascular skin ulcers

where the quality of arterial flow or a perturbed venous

system is prevalent (Gist et al. 2009; Vuorisala et al. 2009).

In this case series report it cannot be excluded that

factors other than connexin modulation may be playing a

role. As noted above, however, grade V–VI ocular surface

chemical burns normally have a very poor prognosis (Dua

et al. 2001); in all cases patients responded immediately to

treatment, and in two cases the wounds were continuing to

deteriorate prior to treatment. This does not exclude the

possibility of vehicle effects, although the supporting lit-

erature in animal models, where vehicle and/or control

oligonucleotides have no significant effect, would suggest a

Cx43-specific mode of action and Pluronic gel is com-

monly used as a pharmaceutical carrier (Escobar-Chávez

et al. 2006). Nonetheless, direct controls were not possible

for the compasionate-use case series reported here.

We believe that this first therapeutic human use of Cx43

modulation in five subjects with severe, nonhealing ocular

surface chemical/thermal injury indicates that modifying

reperfusion and reducing inflammation has potential in the

treatment of severe, often unresponsive injuries. While

connexin modulation provides a number of benefits in

wound healing, downregulation in Cx43 to enable vascular

recovery may be a key factor in the treatment of wounds.
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Abstract Connexins comprise gap junction channels,

which create a direct conduit between the cytoplasms of

adjacent cells and provide for intercellular communication.

Therefore, the level of total cellular connexin protein can

have a direct influence on the level of intercellular com-

munication. Control of connexin protein levels can occur

through different mechanisms during the connexin life

cycle, such as by regulation of connexin gene expression

and turnover of existing protein. The degradation of con-

nexins has been extensively studied, revealing proteaso-

mal, endolysosomal and more recently autophagosomal

degradation mechanisms that modulate connexin turnover

and, subsequently, affect intercellular communication.

Here, we review the current knowledge of connexin deg-

radation pathways.

Keywords Connexin � Degradation � Proteasome �
Lysosome � Autophagy

Introduction

Gap junctions are plasma membrane channels that allow

the passive diffusion of molecules less than 1,000 daltons

directly between the cytoplasms of neighboring cells

(Goodenough et al. 1996). The molecules include second-

ary messengers (cAMP), small metabolites (ATP) and ions

(Ca2?). The regulation of gap junctions and gap junctional

intercellular communication (GJIC) is critical as the

channels contribute to the normal homeostasis of cells,

tissues and organs, as well as being important during

development (Vinken et al. 2006; Wei et al. 2004; White

and Paul 1999). Furthermore, misregulation of gap junc-

tions and the corresponding intercellular communication

can result in a number of human diseases, including heart

arrhythmias (Martin and Evans 2004; Severs et al. 2008;

van Veen et al. 2001), developmental diseases (Laird 2008)

and cancers (Naus and Laird 2010).

The complete gap junction channel is comprised of two

hexameric structures (connexons or hemichannels), one

contributed by each of the neighboring cells. Connexons

contain six connexin proteins that form either homomeric

oligomers or, in cells expressing more than one type of

connexin, heteromeric oligomers if the expressed connex-

ins are compatible. Connexins are four-pass transmem-

brane proteins, containing cytoplasmic N- and C-terminal

domains, two extracellular loops and one intracellular loop.

There are 21 members of the human connexin protein

family, expressed to different degrees depending on the

tissue or cell type. Of these, connexin43 (Cx43) has been

the most widely studied family member. Generally, con-

nexins are cotranslationally inserted into the endoplasmic

reticulum (ER) membrane, where they undergo proper

folding and are then transported through the Golgi network.

During the ER to Golgi transport, a number of connexins

have been demonstrated to oligomerize into hemichannels

(Das et al. 2009; Das Sarma et al. 2002; Diez et al. 1999;

Koval 2006; Maza et al. 2003, 2005). The hemichannels

are then transported to the plasma membrane to dock with

hemichannels on the neighboring cell surface to form the

V. Su (&) � K. Cochrane � A. F. Lau

Cancer Biology Program, University of Hawaii Cancer Center,

University of Hawaii at Manoa, 651 Ilalo Street, BSB 222,

Honolulu, HI 96813, USA

e-mail: vsu@cc.hawaii.edu

K. Cochrane � A. F. Lau

Department of Cell and Molecular Biology, John A. Burns

School of Medicine, University of Hawaii at Manoa,

Honolulu, HI 96813, USA

123

J Membrane Biol (2012) 245:389–400

DOI 10.1007/s00232-012-9461-3



gap junction channels. Large accretions of gap junctions

may form between cells, which are generally known as gap

junction plaques. Undocked hemichannels have more

recently been shown to have their own activity, with

important roles in cell death (Bargiotas et al. 2009;

Contreras et al. 2003; Goodenough and Paul 2003; Sato

et al. 2009; Stout et al. 2004) and tissue remodeling

(Knight et al. 2009; Siller-Jackson et al. 2008). Hemi-

channels can be opened under specific conditions, such as

membrane depolarization (Contreras et al. 2003), changes

in ionic concentrations (Gómez-Hernández et al. 2003;

Srinivas et al. 2006) and mechanical shear stress (Cherian

et al. 2005; Siller-Jackson et al. 2008). All of these con-

ditions can regulate the passage of ions and metabolites

through the hemichannels (Anselmi et al. 2008; Cherian

et al. 2005; Garré et al. 2010; Siller-Jackson et al. 2008).

From the plasma membrane, undocked hemichannels,

intact gap junctions and even large sections of gap junction

plaques are internalized and primarily degraded (Laird

2006). Remarkably, for transmembrane proteins, connexins

have a short half-life of 1.5–5 h depending on the cell type

(Beardslee et al. 1998; Darrow et al. 1995; Fallon and

Goodenough 1981; Laird et al. 1991; Musil et al. 2000).

The degradation mechanisms for connexins have been

studied for years, with reports demonstrating the involve-

ment of the proteasomal, lysosomal and autophagosomal

degradation pathways (Beardslee et al. 1998; Fong et al.

2012; Girao and Pereira 2003; Guan and Ruch 1996;

Hesketh et al. 2010; Kelly et al. 2007; Laing and Beyer

1995; Laing et al. 1997, 1998; Leithe et al. 2006; Leithe

and Rivedal 2004a, b; Li et al. 2008; Lichtenstein et al.

2011; Musil et al. 2000; Qin et al. 2003; Su et al. 2010;

Thomas et al. 2003; VanSlyke et al. 2000; VanSlyke and

Musil 2002, 2005). Proper regulation of these pathways

that are responsible for connexin turnover is essential as the

amount of connexin protein can have a direct effect not

only on the level of GJIC (Leithe et al. 2009; Leithe and

Rivedal 2004a; Musil et al. 2000; VanSlyke and Musil

2003) but also on the activities of hemichannels and other

functions of connexins, which are unrelated to intercellular

communication (Goodenough and Paul 2003; Scemes et al.

2009; Stout et al. 2004). All of these connexin activities are

critical for normal cellular and tissue functions.

Proteasomal Degradation

Protein degradation through the proteasomal pathway

typically involves the 26S proteasome holoenzyme. This

complex consists of the 20S core particle (CP) and the 19S

regulatory particle (RP) (reviewed in Voges et al. 1999).

The 20S CP consists of four rings stacked upon each other.

Each ring contains seven individual protein subunits. The

innermost two rings contain the proteolytic activity with

the b-type subunits, while the a-type subunits comprise the

outer two rings. The core is flanked on each side by one

complete 19S RP, which is made up of the base and cap,

also consisting of many protein subunits. The 19S RP

subunits are classified as either ATPases (Saccharomyces

cerevisiae Rpt proteins) or non-ATPases (S. cerevisiae Rpn

proteins) (Glickman et al. 1998). The ATPase activity of

the 19S subunit most likely is responsible for the unfolding

of substrate proteins, to allow the polypeptide chain to

enter the 20S CP for degradation.

The tag that marks a substrate for proteasomal degra-

dation is often considered to be a polyubiquitin chain.

Ubiquitin is a 76–amino acid protein that is highly con-

served and expressed in all eukaryotes. The covalent

linkage of ubiquitin to substrates occurs through a highly

regulated process that is mediated by a number of enzymes

(Fang and Weissman 2004). The E1 ubiquitin-activating

enzyme, multiple E2 ubiquitin-conjugating enzymes and

several E3 ubiquitin ligases facilitate the specific ubiqui-

tination of cellular proteins. The E1 enzyme activates

ubiquitin, enabling ubiquitin to be transferred to one of the

E2 enzymes. The ubiquitin-loaded E2 then associates with

an E3 ligase, which results in the covalent bonding of

ubiquitin to the target protein or, alternatively, to another

ubiquitin to create a polyubiquitin chain. Ubiquitination of

proteins is a mechanism that provides for the selective

degradation of cellular proteins. In fact, the 19S RP con-

tains subunits that are ubiquitin-binding proteins, such as

Rpn1, Rpn10 and Rpn13 (Deveraux et al. 1994; Elsasser

et al. 2002; Husnjak et al. 2008). Almost all proteins known

to be degraded by the 26S proteasome are ubiquitinated,

with a small number of exceptions. It should be noted,

however, that a large number of proteins, such as oxidized

proteins, are able to be degraded without ubiquitination

specifically through the 20S CP alone (Davies 2001;

Ferrington et al. 2001; Grune et al. 1997; Jariel-Encontre

et al. 2008; Orlowski and Wilk 2003; Shringarpure et al.

2003). Presumably, oxidation causes sufficient unfolding of

the target protein to allow it to directly enter the 20S CP

barrel without the unfolding activity of the ATPase activity

resident in the 19S RP.

Cx43 Proteasomal Degradation

The first documented study of the involvement of protea-

some degradation in connexin turnover came in 1995 by

Laing and Beyer, who reported that pharmacological

inhibition of proteasomal activity using ALLN resulted in

increased levels and reduced turnover of Cx43 protein in

Chinese hamster ovary (CHO) E36 and rat heart–derived

BWEM cells, respectively. In addition, the authors used the

ts20 cell line, which contains a thermolabile E1 enzyme
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and where heat treatment inactivates the E1 activity,

resulting in loss of the ubiquitination process. It was

demonstrated that Cx43 required active ubiquitination in

order to be degraded after heat treatment. Furthermore,

sequential immunoprecipitation indicated that Cx43 was

ubiquitinated. In a subsequent study, neonatal rat ventric-

ular myocytes subjected to heat treatment displayed loss of

Cx43, which was prevented with proteasomal inhibition

using ALLN or lactacystin, further supporting a role for the

proteasome in Cx43 degradation (Laing et al. 1998).

Proteasomal degradation is typically associated with

ER-associated degradation (ERAD). During ERAD, mis-

folded or unfolded proteins are dislocated out of the ER

and into the cytoplasm, where the proteins are thought to

be polyubiquitinated (Smith et al. 2011). This ubiquitina-

tion then marks these proteins for proteasomal degradation.

Studies have indicated that Cx43 can be degraded via

ERAD. Treatment of BWEM cells with the fungal

metabolite brefeldin A (BFA) to prevent transport of newly

synthesized Cx43 to the plasma membrane, with a con-

current inhibition of proteasomal degradation using ALLN,

resulted in increased intracellular pools of Cx43 (Laing

et al. 1997). With the block in transport to the membrane,

newly synthesized Cx43 would accumulate in the ER.

Simultaneously blocking proteasomal degradation would

then reveal the pool of Cx43 bound for ERAD. DTT

treatment of CHO cells to prevent formation of the intra-

molecular Cx43 disulfide bonds necessary for function (in

effect causing Cx43 to be misfolded) in combination with

ALLN blockage of proteasomal degradation resulted in a

dramatic increase of Cx43 protein levels (Musil et al. 2000).

An analysis of cellular stress on Cx43 ER dislocation and

degradation was conducted using multiple cell lines, where

DTT treatment (an ER stressor) more than doubled the

amount of cytoplasmic Cx43 present in BFA-treated cells

(VanSlyke and Musil 2002). In the absence of BFA, little

Cx43 was found in the cytoplasm, suggesting that DTT

treatment/Cx43 protein unfolding resulted in enhanced

dislocation of Cx43 from the ER. Additional proteasomal

inhibition using ALLN or epoxomicin further increased the

amount of cytoplasmic Cx43 that was reversed upon ALLN

washout, suggesting that the ER-dislocated Cx43 was

bound for proteasomal degradation and further supporting

the concept that Cx43 is subject to ERAD.

The ubiquitin-like (UbL) and ubiquitin-associated

(UBA) domain protein family has been documented to be

involved in proteasomal degradation (reviewed in Su and

Lau 2009). It is generally thought that these proteins act as

shuttle or adaptor proteins to transport their substrates from

the ER to the proteasome. The UBA domain can interact

with ubiquitin and ubiquitinated proteins. The UbL domain

of these proteins interacts with subunits of the 19S RP,

specifically Rpn1 and Rpn10. These two domains provide

these proteins with the proper interactions necessary to

function as a shuttle factor that is involved in proteasomal

degradation or ERAD. The identification of the UbL-UBA

protein CIP75, which is able to interact with Cx43, pro-

vides further insight into the mechanisms that regulate

Cx43 proteasomal degradation (Li et al. 2008). The CIP75

UBA domain interacted with a region of the Cx43

C-terminal tail, a domain that has been found to interact

with many other proteins. In human HeLa and mouse S180

cells, the interaction between CIP75 and Cx43 affected the

Cx43 half-life, where increased levels of CIP75 reduced

Cx43 half-life, while siRNA knock-down of CIP75 had the

opposite effect. The CIP75-facilitated degradation was

inhibited with MG132, which blocks proteasomal degra-

dation. Furthermore, the CIP75 UbL domain was demon-

strated to interact with the Rpn1 and Rpn10 components of

the 19S RP, supporting a role for CIP75 as an adaptor

between Cx43 and the proteasome. Finally, colocalization

of CIP75 and Cx43 at the ER indicated that the role of

CIP75 in Cx43 proteasomal degradation might involve

ERAD (Li et al. 2008). Interestingly, while almost all

substrates of the 26S proteasome have been found to be

ubiquitinated, the ubiquitination of Cx43 was demonstrated

to be nonessential for interaction with CIP75. By using a

series of Cx43 point mutants with mutations of the various

lysine residues that could potentially serve as ubiquitin

attachment sites, CIP75 was demonstrated to still be able to

interact with the mutated Cx43 (Su et al. 2010). Signifi-

cantly, this is one of the unique situations where a non-

ubiquitinated substrate undergoes 26S proteasomal

degradation as only a limited number of proteins have been

conclusively demonstrated to also undergo ubiquitin-inde-

pendent degradation by the proteasome holoenzyme

(Bercovich et al. 1989; Glass and Gerner 1987; Jariel-

Encontre et al. 1995, 2008; Murakami et al. 1992).

Proteasomal Degradation of Membrane-Localized

Cx43

Many studies using proteasomal inhibitors have reported

increased Cx43 at the plasma membrane. Treatment of

BWEM cells with the inhibitor lactacystin, ALLN or

MG132, concurrently with BFA or monensin (to disrupt

Cx43 trafficking to the plasma membrane), resulted in

increased cell surface Cx43 compared to treatment with

BFA/monensin alone (Laing et al. 1997). Furthermore,

treatment of gap junction assembly-inefficient CHO cells

or serum-starved mouse S180L cells with ALLN resulted

in the upregulation of gap junction assembly and GJIC

(Musil et al. 2000). Additional studies also employed

proteasomal inhibitors to demonstrate that proteasomal

degradation is responsible for the turnover of Cx43 from

the cell surface and the corresponding reduction in
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intercellular communication (Fernandes et al. 2004; Girao

and Pereira 2003, 2007; Kimura and Nishida 2010; Leithe

and Rivedal 2004a, b; Simeckova et al. 2009; VanSlyke

and Musil 2005). The observation of the ubiquitination of

Cx43 localized in the gap junction plaques at the cell

surface provided additional support of a role for the pro-

teasome in regulating Cx43 at the plasma membrane

(Leithe et al. 2009; Leithe and Rivedal 2004a, b; Rutz and

Hülser 2001).

A recent report, however, has provided evidence for an

indirect mechanism involving proteasomal degradation that

influences the Cx43 protein level and localization at the

plasma membrane (Dunn et al. 2012). By utilizing a Cx43

point mutant that cannot be ubiquitinated (containing

lysine to arginine mutations of all the lysine residues that

would act as ubiquitin acceptor sites), the proteasome was

demonstrated to regulate the levels of Akt/protein kinase B

which caused the resulting stabilization of Cx43 at the cell

surface. Using canine MDCK and rat NRK cells expressing

the Cx43 lysine mutant, the mutant Cx43 was found to

traffic to the plasma membrane and to participate in

channel formation and intercellular communication.

Inhibiting proteasomal degradation with MG132 elicited an

increase in Cx43 at the plasma membrane in cells

expressing either the wild-type Cx43 or lysine mutant,

which suggested a possible indirect effect on Cx43 stabil-

ization that resulted from the proteasomal inhibition. Fur-

thermore, these data demonstrate that the Cx43 that is

localized to the plasma membrane and creates gap junc-

tional channels is not necessarily ubiquitinated in order for

the channels to be functional.

Internalization of connexins has been linked to post-

translational modifications of connexins, including phos-

phorylation, ubiquitination, acetylation and SUMOylation

(Colussi et al. 2011; Kjenseth et al. 2012; Leithe et al.

2012; Locke et al. 2009; Shearer et al. 2008; Solan and

Lampe 2005, 2007, 2009; Su and Lau 2012). Cx43 phos-

phorylation at the serine255 and serine262 residues by the

MAP kinase ERK can occur in response to epidermal

growth factor (EGF) or 12-O-tetradecanoylphorbol

13-acetate (TPA) exposure, which is followed by inter-

nalization of Cx43 from the plasma membrane and sub-

sequent lysosomal degradation (Leithe et al. 2006; Leithe

and Rivedal 2004b; Sirnes et al. 2008, 2009). Akt had also

previously been demonstrated to phosphorylate Cx43 (Park

et al. 2007), and inhibition of Akt activity using Akt VIII

treatment or expression of the dominant negative Akt-

K179A mutant reduced the amount of Cx43 at the cell

surface (Dunn et al. 2012). Furthermore, closer examina-

tion of Akt revealed an increase in ubiquitinated Akt and,

in general, Akt kinase activity in response to MG132

treatment, blocking proteasomal degradation (Dunn et al.

2012), which has been demonstrated to increase Akt

translocation to the plasma membrane and increased

activity due to a phosphorylation event (Feng et al. 2004;

Sarbassov et al. 2005). Furthermore, Akt-phosphorylated

Cx43 was present at higher levels after MG132 treatment

(Dunn et al. 2012). These results suggested that proteaso-

mal degradation of ubiquitinated Cx43 at the cell surface is

not the cause for the turnover of Cx43 gap junctions.

Cx32 Proteasomal Degradation

Similar to Cx43, Cx32 is also degraded by ERAD (Fig. 1).

The degradation of Cx32 is of particular interest because of

the identification of Cx32 mutations in the human periph-

eral neuropathy X-linked Charcot-Marie-Tooth disease

(CMTX). Using rat pheochromocytoma PC12J cells stably

expressing wild-type Cx32, significantly more Cx32

accumulation was detected upon proteasomal inhibition

compared to blocking lysosomal degradation (VanSlyke

et al. 2000). In NRK fibroblasts, Cx32 was also demon-

strated to undergo ER dislocation (VanSlyke and Musil

2002), like Cx43; and accumulation of Cx32 following

DTT treatment (inducing ER stress) occurred only after

treatment with the proteasomal inhibitors epoxomicin and

ZL3VS (Kelly et al. 2007; VanSlyke and Musil 2002).

Interestingly, a study, using the prostate cancer cell line

LNCaP stably expressing exogenous wild-type Cx32, also

demonstrated that Cx32 undergoes ERAD, which occurs at

a faster rate after androgen depletion (Mitra et al. 2006).

This degradation is rescued upon exposure to androgens,

resulting in increased Cx32 trafficking to the plasma

membrane and increased intercellular communication.

Additional studies utilizing the Cx32 E208K mutant,

Fig. 1 Proteasomal degradation of connexins. During protein syn-

thesis, connexins are cotranslationally inserted into the ER mem-

brane, where the proteins undergo proper folding. Misfolded

connexins can be polyubiquitinated and degraded by the proteasome

through ERAD, as in the case of Cx32. Alternatively, nonubiquiti-

nated Cx43 interacts with the accessory factor CIP75, which

facilitates Cx43 ERAD by interacting with the proteins in the

proteasome 19S RP
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identified in CMTX patients (Fairweather et al. 1994),

enabled further observation of Cx32 ERAD. This mutant

exhibits an intracellular trafficking defect as it fails to form

connexon hexamers and does not traffic to the plasma

membrane (VanSlyke et al. 2000). Cx32 E208K localizes

to the ER, and the degradation appeared to be affected by

proteasomal inhibitors but not lysosomal inhibitors, indi-

cating that turnover occurred via ERAD. The E208K

mutant protein was detected in both polyubiquitinated and

nonubiquitinated forms (Kelly et al. 2007). Significantly

more polyubiquitinated E208K was detected than non-

ubiquitinated protein, particularly in the cytoplasm. These

data indicated that, as is the general case for 26S

proteasomal degradation, the pool of Cx32 that undergoes

ER dislocation and ERAD via the proteasome is

polyubiquitinated.

Lysosomal Degradation

While early reports suggested the involvement of protea-

somes in the turnover of connexins from the plasma

membrane, lysosomes have been demonstrated to directly

facilitate the degradation of connexins internalized from

the plasma membrane. Lysosomes are cytoplasmic mem-

brane-enclosed intracellular vesicles whose low internal

pH provides the optimal environment for acidic hydro-

lytic enzymes to function. Chloride and proton pumps

(hydrogen ion ATPases) maintain the acidic environment

by pumping H? ions into lysosomes (Saftig and Klum-

perman 2009). The hydrolytic enzymes are targeted to the

Golgi-derived lysosomes by the addition of a mannose-

6-phosphate tag following their synthesis in the ER

(González-Noriega et al. 1980; Mari et al. 2008). These

enzymes include glycosidases, proteases, lipidases, acid

phosphatases and sulfatases that degrade proteins and other

cellular debris taken up in vacuoles that fuse with lyso-

somes (Bright et al. 2005; Lubke et al. 2009). Products of

lysosomal digestion can be reused to synthesize new cel-

lular components following transport to the cytosol by

solute transporters in the lysosomal membrane (Jeyakumar

et al. 2005; Puri et al. 1999).

Endolysosomal Degradation of Cx43

Early studies identified gap junctions and, specifically,

Cx43 in endosomal and lysosomal membrane compart-

ments (Murray et al. 1981; Naus et al. 1993; Sasaki and

Garant 1986). Multiple studies provided evidence that

Cx43 at the cell surface undergoes internalization via the

endocytic pathway. In human, rat and mouse cells, intra-

cellular Cx43 was observed in endocytic compartments

through colocalization with the endosomal markers EEA1,

Rab5 and Rab7 (Boassa et al. 2010; Gilleron et al. 2008;

Govindarajan et al. 2010; Leithe et al. 2006, 2009;

Segretain et al. 2003). Furthermore, the delivery of con-

nexins to lysosomes for degradation was demonstrated to

be facilitated by interactions with proteins involved in

endocytosis and intracellular trafficking. During endocy-

tosis, clathrin is recruited to the membrane through inter-

actions between proteins at the plasma membrane and

clathrin adaptor proteins, such as adaptor protein complex-

2 (AP-2) and Disabled-2 (Dab2). After endocytic vesicles,

such as clathrin-coated pits, bud from the plasma mem-

brane, the large GTPase dynamin protein is required for the

endosome to pinch off into the cytoplasm. Cx43 colocal-

izes with clathrin, AP-2, Dab2 and dynamin2 at cell surface

gap junction plaques (Gilleron et al. 2011; Gumpert et al.

2008; Piehl et al. 2007). Additionally, the loss of dynamin

GTPase activity or the reduction of dynamin2, clathrin,

AP-2 or Dab2 proteins inhibited the internalization of Cx43

as observed by a significant decrease in the number of

annular gap junctions (AGJs). AGJs are cytoplasmically

localized double-membrane structures containing intact

gap junction channels that are derived from the membranes

of both neighboring cells. These data indicate that the

proteins involved in clathrin-mediated endocytosis are

necessary for the internalization of gap junctions, which

subsequently may be degraded by lysosomes. Additionally,

the Cx43-interacting protein of 85 kDa, CIP85, is a Rab

GTPase activating protein that was found to colocalize

with Cx43 at the plasma membrane; and the interaction

was required for Cx43 degradation by lysosomes (Lan et al.

2005).

The internalized AGJ structures and Cx43 were

observed to be fused with structures resembling lysosomes

by electron microscopy (Murray et al. 1981; Naus et al.

1993; Sasaki and Garant 1986), providing some of the

initial evidence that internalized connexins associated with

lysosomes. Laing and Beyer (1995) were the first to dem-

onstrate that pharmacological inhibition of lysosomal

function, using primaquine to treat E36 cells, resulted in a

twofold accumulation in Cx43 levels and a minor prolon-

gation of its half-life from 2.5 to 3 h. Additional studies in

rat and human cells confirmed the role of lysosomes in the

degradation of Cx43 internalized from the plasma mem-

brane. These studies observed an increased accumulation

of connexins in lysosomes and detected increased total

levels of connexins, following treatment of cells with a

wide variety of lysosomal inhibitors (Guan and Ruch 1996;

Laing et al. 1997, 1998; Leithe et al. 2006; Qin et al. 2003;

Simeckova et al. 2009; Thomas et al. 2003). Furthermore,

biotinylated cell surface Cx43 degradation was blocked in

S180 cells upon treatment with the lysosomal inhibitors

chloroquine and, to a lesser extent, leupeptin, supporting

the conclusion that intact gap junctions and undocked
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hemichannels can be internalized and subsequently degra-

ded by lysosomes (VanSlyke and Musil 2005). Other

studies have demonstrated similar mechanisms for addi-

tional members of the connexin family. Cx32 was observed

in endosome- and lysosome-containing subcellular frac-

tions of rat liver cells (Rahman et al. 1993). Following

treatment of HeLa cells with multiple lysosomal inhibitors,

accumulation of Cx31 was observed (He et al. 2005).

These results suggested that these connexins, and perhaps

others, are internalized and can be degraded by endolys-

osomal mechanisms.

One area that is still unresolved is the molecular

mechanism(s) responsible for the possible fusion of the

double membrane of internalized AGJs with single-mem-

brane endosome or lysosome compartments. Under physi-

ological conditions, there is little evidence that intact gap

junctions can be separated back into separate hemichannels

on single membranes (Ghoshroy et al. 1995; Goodenough

and Gilula 1974). However, there are electron microscopic

observations of nonjunctional membrane domains within

AGJs where the two membranes are not attached to each

other (Fong et al. 2012; Leithe et al. 2012; Piehl et al.

2007). These membrane areas may provide AGJs an

opportunity to fuse with other single-membrane vesicles.

There is also evidence that the double-membrane structure

of internalized AGJs becomes disrupted in coordination

with the formation of single membranes and intralumi-

nal vesicles. These multivesicular structures appeared to

be able to fuse with other vesicles including lysosomes

(Leithe et al. 2006, 2009).

While many reports have proposed an endocytic path-

way of Cx43 internalization from the plasma membrane to

the lysosome, an alternative mechanism for the delivery of

Cx43 to the lysosome has been reported. One study using

breast tumor cell lines found that blocking Cx43 trafficking

to the plasma membrane from the Golgi with BFA did not

affect the steady-state level of Cx43 that was otherwise

significantly decreased by inhibiting protein synthesis with

cycloheximide treatment (Qin et al. 2003). In addition,

BFA treatment did not diminish the localization of Cx43 in

lysosomal compartments. These results suggested that

Cx43 might also be delivered directly to lysosomes from

early secretory compartments (Fig. 2). A similar observa-

tion was made for the CMTX-linked Cx32 mutant R142W

in PC12J cells (VanSlyke et al. 2000). As with the E208K

mutant, the R142W Cx32 mutant does not traffic to the cell

surface, although it can pass through the secretory pathway

to reach the distal compartments of the Golgi. Inhibition of

the lysosome with leupeptin increased Cx32 R142W levels

in lysosomes despite the inability of the mutant to traffic

through to the plasma membrane, which suggested the

possibility of direct Cx32 transport from the secretory

pathway to the lysosome (VanSlyke et al. 2000).

There is evidence that Cx43 internalized from the

plasma membrane not only may be destined for lysosomal

degradation but can be recycled back to the plasma

membrane. First, dye coupling was observed to resume

independently of de novo protein synthesis following Cx43

internalization and cell uncoupling that occurred during

cytokinesis (Xie et al. 1997). Second, recycling of cell

surface Cx43 was also demonstrated in experiments where

S180 cells were first biotinylated, then treated with sodium

2-mercaptoethanesulfonate (MesNa) to strip the biotin

label from the protein that had not been internalized. After

a period of recovery, a subset of Cx43 was found to still be

sensitive to MesNa, while control cells that were not

allowed to resume vesicle-mediated recycling did not.

These data suggested the possibility that intracellularly

localized Cx43 was able to recycle back to the plasma

membrane, where it became vulnerable to MesNa treat-

ment (VanSlyke and Musil 2005). Third, using the tetra-

cysteine/biarsenical labeling system with fluorescent

FlAsH and ReAsH ligands to bind to internal tetracysteine

tags in Cx43, the return of Cx43 to the plasma membrane

after mitosis was demonstrated to result from Cx43 that

was labeled prior to the onset of mitosis, instead of newly

synthesized Cx43. This existing pool of Cx43 was

responsible for reestablishing gap junctional communica-

tion following mitosis (Boassa et al. 2010). Finally, Cx43

in AGJs and vesicles which pinched off from AGJs were

shown to colocalize with Rab11, a small GTPase involved

in the recycling pathway (Gilleron et al. 2011). Taken

together, these data indicate that not all internalized con-

nexins are destined for degradation by lysosomes. Despite

these reports, there is a general consensus that connexins

can be internalized and degraded through the endolysoso-

mal pathway (Berthoud et al. 2000; Leithe et al. 2012;

Salameh 2006; Segretain and Falk 2004).

The molecular mechanisms that dictate the fate of

connexin proteins are not clearly understood. Connexin

posttranslational modifications are known to affect conn-

exin function and localization. Of the various modifications,

ubiquitination has been proposed to function as part of the

internalization and, possibly, the subsequent intracellular

trafficking mechanism of cell surface connexins. The

ubiquitination of connexins has been discussed in depth by

three recent reviews (Kjenseth et al. 2010; Leithe et al.

2012; Su and Lau 2012). These reviews cover the initial

reports linking ubiquitination to connexin degradation

(Laing and Beyer 1995; Laing et al. 1997), as well as later

studies which revealed that connexin phosphorylation by

MAP kinases resulted in multiple monoubiquitination

events (Leithe and Rivedal 2004a, b). The monoubiquiti-

nation resulted in the targeting of Cx43 for internalization

and degradation (Leithe and Rivedal 2004a, b), which dif-

fers from polyubiquitination associated with proteasomal
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degradation. Also, Cx43 has been found to interact with the

ubiquitin-binding proteins Hrs (hepatocyte growth-factor

regulated tyrosine kinase substrate), TSG101 (tumor sus-

ceptibility gene 101) and Eps15 (epidermal growth factor

substrate 15), which mediate the ESCRT (endosomal sort-

ing complex required for transport)–dependent endolysos-

omal trafficking of proteins (Auth et al. 2009; Girao et al.

2009; Leithe et al. 2009). Interestingly, a possible recycling

of Cx43 back to the plasma membrane was observed when

Hrs and TSG101 levels were reduced in siRNA-treated cells

that were also treated with TPA to induce Cx43 internali-

zation concurrently with a block in protein synthesis (Leithe

et al. 2009). It has been proposed that Cx43 ubiquitination

and perhaps the interactions with proteins of the ESCRT

complexes dictate the trafficking of internalized Cx43, i.e.,

to the lysosome for degradation versus being recycled back

to the cell surface.

Phagolysosomal Degradation of Cx43

Autophagy has long been recognized as a part of the

connexin life cycle as a result of observations of gap

junctions in autophagic structures by electron microscopy

(Mazet et al. 1985; Sasaki and Garant 1986; Severs et al.

1989). Macroautophagy involves the degradation of cyto-

plasmic complex protein structures, where autophagic

double-membrane compartments assemble de novo around

protein complexes and engulf them along with surrounding

cytoplasm. The engulfed proteins are subsequently degra-

ded by acidic hydrolases following fusion of the outer

Fig. 2 Lysosomal degradation of connexins. Following synthesis in

the ER, some new connexins may be transported directly to

lysosomes via early secretory vesicles (1). Most connexins oligomer-

ize in the Golgi to form hemichannels that are trafficked to the plasma

membrane. Evidence suggests that nonjunctional hemichannels can

be internalized and degraded via the endolysosomal pathway (2).

Hemichannels that dock with hemichannels from adjacent cells to

form gap junction channels will be incorporated into gap junction

plaques. Phosphorylation and ubiquitination of connexins mediate

gap junction internalization, which can involve the formation of

AGJs. AGJs are internalized by a clathrin-dependent process and may

fuse directly with early endosomes that will mature into late

endosomes and fuse with lysosomes (3). Some observations suggest

that AGJs can fuse directly with lysosomes (4). The direct fusion of

AGJs with other vesicular membranes (3–4) could involve small areas

of the outer AGJ membrane not occupied by gap junctions or the

transformation of AGJs into single-membrane, multivesicular struc-

tures. Alternatively, phagophores may engulf AGJs into autophago-

somes (5), which are able to fuse with lysosomes, resulting in

degradation of their contents
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membrane of a completed phagophore with a lysosome

(Yang and Klionsky 2009). AGJs, which are composed

almost entirely of a double membrane fused by gap junc-

tions, would be considered a complex protein structure that

could be subject to macroautophagy. Despite previous

observations of gap junctions in autophagosomes, only

recently has autophagy received attention as an alternate

means of delivering complex structures containing inter-

nalized connexins to lysosomes in studies that specifically

investigated the role of autophagy degradation in the

connexin life cycle (Fong et al. 2012; Hesketh et al. 2010;

Lichtenstein et al. 2011). The most recent of these studies

suggested that autophagy may be the most common path-

way for degradation of internalized gap junctions (Fong

et al. 2012).

Autophagy of Cx43 was observed in diseased cardiac

cells (Hesketh et al. 2010). Cx43 localizes to the interca-

lated disc region of the plasma membrane in cardiomyo-

cytes under normal conditions, where intact gap junction

channels propagate the electrical signal required for the

heart rhythm. Reduced electrical signaling in the failing

heart has previously been linked to the relocalization of

Cx43 from intercalated discs, which are located in the

plasma membranes at the ends of cardiomyocytes, to lat-

eral cell membranes (Beardslee et al. 2000; Peters et al.

1993; Severs et al. 2008; Smith et al. 1991). In failing

canine heart myocardium, multilamellar membrane struc-

tures containing Cx43 were observed near the lateral

membranes through electron microscopy. These Cx43-

positive structures also colocalized with the autophago-

some marker light chain 3 (LC3) (Hesketh et al. 2010).

Another study demonstrated that internalized Cx43 and

Cx50 colocalized with cup- or ring-shaped LC3-containing

structures, which resembled autophagosomes and colocal-

ized with p62 (Lichtenstein et al. 2011), which has been

suggested to be a receptor for substrates in autophagic

degradation (Komatsu and Ichimura 2010). Treatment of

NRK and HeLa cells with the lysosomal inhibitor chloro-

quine during starvation, a condition known to induce

autophagy, resulted in increased levels of Cx43 and Cx50,

respectively, in autophagosomes (Lichtenstein et al. 2011).

Most recently, AGJs have been demonstrated to be

engulfed by autophagosomes prior to lysosomal degrada-

tion in HeLa cells (Fong et al. 2012). AGJ vesicles colo-

calized with the LC3 and p62 autophagic markers as well

as the lysosomal markers LAMP-1 and LysoTracker.

Electron microscopic studies identified the formation of

phagophores around AGJ vesicles, which were subse-

quently degraded by lysosomal mechanisms. When auto-

phagic degradation was inhibited or reduced, by treatment

with either pharmacological agents or RNAi against req-

uisite autophagic proteins, accumulation of total Cx43

protein in cells was observed (Fong et al. 2012). Thus, it

appears that connexins that are internalized in AGJ vesicles

can be targeted for degradation by autophagy. While there

is significant evidence that both endolysosomal and

phagolysosomal pathways participate in connexin degra-

dation (Fig. 2), it is unclear whether these pathways are in

fact part of the same overall mechanism that dictates the

turnover of connexins from the cell surface or whether

these pathways diverge at some point during the trafficking

of connexins from the plasma membrane.

Regulation of Connexin Levels by Degradation—

Relevance in Human Disease

There have been a number of reports suggesting that Cx43

degradation may play an important role in human diseases.

A recent study analyzed the effect of Cx43 on cancer cell

death when proteasomal degradation is inhibited (Huang

et al. 2010). The rationale of studying proteasomal degra-

dation in cancer arose from the use of the proteasomal

inhibitor bortezomib as treatment for patients with multiple

myeloma, among other cancers. Blocking degradation of

Cx43 by the proteasome with MG132 also resulted in

increased apoptosis of murine hepatoma Hepa-1c1c7 cells.

Gap junction inhibitors flufenamic acid, 18-a glycyrrheti-

nic acid and carbenoxolone reduced the cell death induced

by MG132. Using a gap junction–deficient cell line, por-

cine kidney epithelial LLC-PK1 cells, expression of wild-

type Cx43 sensitized the cells to the apoptotic effects of

MG132 that was blocked with treatment of gap junction

inhibitors. Notably, expression of the Cx43 D130–137

deletion mutant, which does not create functional gap

junctions, had the same effect as wild-type Cx43, sug-

gesting that the apoptosis induced by MG132 was inde-

pendent of the ability of Cx43 to establish GJIC. Induction

of ER stress with treatment using tunicamycin and

thapsigargin demonstrated a Cx43-dependent increase in

cell death in response to stress (Huang et al. 2010). These

observations indicated that Cx43 may have a critical role in

the induction of cell death and may be an important

component of successful cancer therapy.

Similarly, lysosomal degradation of connexins has been

implicated as a potentially important mechanism in human

cancer. The lysosome contributes to the downregulation of

gap junctions at the plasma membrane in human tumors

originating from human and mouse breast cancers, as well

as in rat keratinocytes, rat C6 glioma cells and mouse

testicular Leydig cells (Langlois et al. 2010; Naus et al.

1993; Qin et al. 2002, 2003; Segretain et al. 2003). Studies

in breast tumor cells have linked decreased expression of

Cx26 and Cx43 with increased tumor growth in mice

and demonstrated that the connexins were localized

preferentially to lysosomes in communication-deficient
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MDA-MB-231 human breast tumor cells (Qin et al. 2002).

Furthermore, delivery of Cx43 to lysosomes in MDA-MB-

231 cells contributed to the loss of Cx43 from the cell

surface, which was previously linked to tumor cell growth

and the upregulation of genes involved in tumor growth

and metastasis (Qin et al. 2003). Cx43 was also shown to

function as a tumor-suppressor in rat endothelial kerati-

nocyte cells (Langlois et al. 2010). Increased endolysoso-

mal degradation of Cx43 in rat endothelial keratinocytes,

following treatment with TPA or EGF, decreased Cx43 at

the plasma membrane. This reduced the interaction of

Cx43 with caveolin-1 and increased cell transformation

(Langlois et al. 2010). Cx43 also exhibited anticancer

activity in C6 glioma cells that express low endogenous

levels of Cx43, where the overexpression of Cx43 resulted

in reduced proliferation and tumorigenesis (Naus et al.

1993). This was linked to an increase in Cx43 and gap

junction plaques observed at the surface of Cx43-over-

expressing cells compared to untransfected cells, where

distinctive gap junctional aggregates were not observed. In

transfected as well as untransfected glioma cells, AGJs and

Cx43 were both observed in lysosomes, indicating their

involvement in Cx43 degradation (Naus et al. 1993).

Cx43 autophagy may also play an important role in

heart disease and trauma. An elevation in autophagosomes

containing Cx43 has been reported in failing canine myo-

cardium (Hesketh et al. 2010), which suggests a potential

mechanism for how Cx43 is removed from the intercalated

disc region of cardiomyocytes, an observation commonly

made in human heart disease.

Concluding Remarks

Aberrant connexin degradation clearly contributes to the

impaired regulation of connexin functions that is associated

with human diseases. These observations underscore the

importance of fully elucidating the specific mechanisms of

proteasomal, endolysosomal and phagolysosomal degrada-

tion pathways in connexin turnover. Recent studies dem-

onstrating the involvement of autophagy in the degradation

of internalized Cx43 reveal the need to reexamine the pre-

vious studies of connexin lysosomal degradation for the

possible role of autophagy. Earlier reports proposed that

lysosomal degradation occurred as part of the endosomal

trafficking of Cx43. However, since lysosomal degradation

is the end point for both endolysosomal and autophagic

degradation, it is important to clarify whether these two

pathways are separate and distinct processes or whether

they are part of the same mechanism. In addition, further

study of the factors that facilitate connexin proteasomal

degradation is required to gain a better understanding of

how the proteasome affects connexin-dependent processes

as cellular and ER stresses, which influence proteasomal

degradation, can have dramatic effects on connexin levels

and trafficking. It has become evident that connexin turn-

over is controlled by a diverse array of physiological stimuli

and posttranslational modifications. Understanding the

molecular mechanisms by which these factors target con-

nexins toward the different degradation pathways and

influence their functioning may evoke novel approaches to

restore connexin function in cells resulting from the aber-

rant degradation of connexins that can contribute to various

pathological conditions.
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Abstract Osteoblasts sense and respond to mechanical

stimuli in a process involving influx and release of large

ions and signaling molecules. Unapposed gap junction

hemichannels formed of connexin43 (Cx43) have been

proposed as a major route for such exchange, in particular

for release of ATP and prostaglandin E2 (PGE2) in osteo-

cytes. However, we have found that Cx43-null osteoblasts

have unaltered, mechanically induced PGE2 release and

ATP-induced YoPro dye uptake. In contrast, PGE2 release

in response to fluid shear stress is abolished in P2X7

receptor (P2X7R)–null osteoblasts, and ATP-induced dye

uptake is attenuated following treatment of wild-type cells

with a P2X7R or Pannexin1 (Panx1) channel blocker.

These data indicate that Panx1 channels, in concert with

P2X7R, likely form a molecular complex that performs the

hemichannel function in osteoblast mechanosignaling.

Keywords P2X7R � ATP � Osteoblast � Gap junction �
Dye uptake

Introduction

Gap junctions are formed in vertebrates by connexins and

in invertebrates by innexins; remarkably, these functionally

equivalent proteins display no homology at the level of

amino acid sequence; but, as shown 40 years ago by Ross

Johnson, their intramembrane particles look pretty similar

(Johnson and Sheridan 1971; Johnson et al. 1973). Pan-

nexins were discovered in searches of the vertebrate gen-

ome for similarities to innexin cDNA sequences. In

contrast to connexins and innexins, pannexins likely do not

form junctional channels; however, at least one of the three

pannexins, Pannexin1 (Panx1), forms large-conductance,

mechanosensitive and highly permeable channels in non-

junctional membranes of mammalian cells (for reviews, see

Iglesias et al. 2009a; Sosinsky et al. 2011). Certain conn-

exin hemichannels can also open when unpaired, forming

pores permeable to large molecules, similar to Panx1

channels and gap junctions (Spray et al. 2006).

Thus, whereas both connexins and Panx1 are involved in

intercellular communication, they appear to have different

roles (Scemes et al. 2007). Connexins mainly provide

junctional coupling, whereas Panx1 channels assist auto-

crine/paracrine signaling by providing a pathway for con-

trolled release of signaling molecules such as ATP (Dahl

and Locovei 2006; Scemes et al. 2007; MacVicar and

Thompson 2010; Sosinsky et al. 2011). In this article we

report largely unpublished studies of osteoblasts in vitro,

focusing on these different roles of connexins and Panx1 in

bone cells. We conclude that, under the conditions of our

studies, functions previously attributed to connexin43

(Cx43) hemichannels are likely mediated by Panx1 chan-

nels instead.

Bone cells are coupled into a functional syncytium by

gap junction channels formed mainly by Cx43 (Donahue
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2000; Civitelli 2008). Intercellular signals transmitted

through gap junction channels formed by these connexins

are believed to play key roles in bone embryogenesis,

differentiation and mineralization (Minkoff et al. 1994;

Donahue 2000; Schiller et al. 2001; Civitelli 2008; Kar

et al. 2012). Studies of Cx43-deficient mice (Lecanda et al.

2000; Civitelli 2008) and our recent study with immortal-

ized wild-type and Cx43-null osteoblasts (Thi et al. 2010b)

have clearly demonstrated that the presence of Cx43 is

essential during early phases of osteoblast differentiation

and maturation.

Signaling through gap junction channels is also believed

to be essential in bone remodeling. This life-long process is

crucial for maintenance of bone mass and integrity and

consists of continuous bone resorption and deposition,

whereby aging tissue is replaced and injuries are repaired.

While it is well established that bone remodeling is regu-

lated by the mechanical loading imposed on the bone by

daily physical activity, it is still unclear how these load-

generated mechanical signals are translated into the cellular

and biochemical events that ultimately result in bone

remodeling. There is accumulating evidence that non-

junctional Cx43 could actively participate in these events,

where Cx43 hemichannels would open in response to

mechanical stimulation and provide an efflux pathway for

mechanosignaling molecules, such as ATP and prosta-

glandin E2 (PGE2) (Romanello and D’Andrea 2001; Jiang

and Cherian 2003; Cherian et al. 2005; Genetos et al.

2007). Cx43 hemichannels are not mechanosensitive, and

their response to mechanical stimuli has been proposed to

be mediated by their interaction with integrins (Batra et al.

2012a). Besides Cx43 hemichannels, a role for ATP

receptors (ionotropic P2X7 receptors) in bone cell mecha-

notransduction and signaling has also been proposed

(Li et al. 2005). Activation of P2X7 receptors (P2X7Rs) has

been shown to mediate ATP-induced ATP release from

certain cell types (Anderson et al. 2004; Suadicani et al.

2006), and P2X7R deletion abrogates PGE2 release from

osteoblasts in response to fluid shear stress (Li et al. 2005).

Moreover, our studies and those of others have shown that

P2X7Rs functionally interact with Panx1 channels to pro-

vide the permeabilization pathway for P2X7R-induced

ATP and IL-1b release (Pelegrin and Surprenant 2006;

Locovei et al. 2007). In addition, Panx1 channels possess

both mechanosensitivity (Bao et al. 2004) and activation by

extracellular K? (Silverman et al. 2009; Suadicani et al.

2012), both of which may be important in bone

pathophysiology.

The main goal of the studies described here was to

determine the relative role of Cx43 and Panx1 in bone cell

mechanotransduction and formation of the ATP-induced

dye-uptake pathway that facilitates PGE2 release. Use

of pharmacological approaches to discriminate the

participation of connexin hemichannels and Panx1 chan-

nels is somewhat complicated by the overlapping effects of

pharmacological blockers. In this study we combined use

of these drugs with that of the newly generated MOB cell

line (wild-type and Cx43-null) (Thi et al. 2010b), allowing

us to specifically address the participation of Cx43 in fluid

shear stress–induced PGE2 release from osteoblasts and

ATP-induced dye uptake.

Materials and Methods

Materials

Alpha-minimal essential medium (a-MEM), fetal bovine

serum (FBS), penicillin–streptomycin and YoPro-1 iodide

(491/509) were purchased from Invitrogen (Carlsbad, CA).

Collagenase type II was purchased from Worthington

Biochemical (Lakewood, NJ), protease inhibitor cocktail

was purchased from Roche (Mannheim, Germany), nitro-

cellulose membranes were purchased from Whatman

(Dassel, Germany) and the Immobilon Western detection

kit was purchased from Millipore (Billerica, MA). All

other chemicals were from Sigma-Aldrich (St. Louis, MO)

unless otherwise stated.

Cell Line Culture

Osteoblastic MOB-C and 43KO-MOB-C cells (mouse

osteoblast cell lines derived from wild-type and Cx43-null

calvaria) (Thi et al. 2010b) and MC3T3-E1 cells (subclone

4) (ATCC, Manassas, VA) were cultured in a-MEM con-

taining 1 % penicillin–streptomycin and 10 % FBS at

37 �C with 95 % air/5 % CO2.

Primary Osteoblast Culture

As described in our previous work (Thi et al. 2010b),

osteoblasts were isolated from calvaria of newborn (P0)

and embryonic (E19–20) wild-type and Cx43-null mice

obtained from in-house mating of Cx43 heterozygous mice

(C57BL/6J-Gja1tm1Kdr) (Reaume et al. 1995) and from

newborn P2X7R-null mice (B6.129P2-P2rx7tm1Gab/J). All

animal procedures and experimental protocols were

approved by the Institute for Animal Studies of the Albert

Einstein College of Medicine in accordance with NIH

guidelines. Briefly, pups were killed by decapitation, and

the periosteum and endosteum of individual calvaria were

carefully removed, cleaned and thoroughly diced into small

pieces, then pooled for each pup and digested in 19 PBS

containing 4 mg/ml of collagenase type II at 37 �C for

10 min. Supernatant from the second and third sequential
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digestions at 37 �C were collected. Cells were then col-

lected by centrifugation, resuspended in a-MEM supple-

mented with 10 % FBS and 1 % penicillin–streptomycin

and seeded in culture dishes. Primary osteoblasts isolated

from wild-type and from Cx43-null and P2X7R-null cal-

varial tissue were termed PMOB, 43KO-PMOB and

P2X7RKO-PMOB, respectively.

Pulsatile Fluid Shear Stress Treatment

For flow experiments the immortalized wild-type (MOB-

C), Cx43-null (43KO-MOB-C) and MC3T3-E1 osteoblas-

tic cell lines were seeded at 104 cells/cm2 and primary

osteoblasts were seeded at 2 9 104 cells/cm2 and grown on

glass slides for 3 days. The fluid flow setup consisted of a

parallel plate flow chamber (Cytodyne, La Jolla, CA) and a

recirculating flow circuit as previously described (Thi et al.

2010a). Briefly, the flow loop included a variable speed

Masterflex pump (Cole-Palmer Instrument, Vernon Hills,

IL) and a reservoir with culture medium (a-MEM ? 1 %

FBS) maintained at 37 �C with 95 % air/5 % CO2. This

system produces pulsatile flow over a cell monolayer with

average shear stress of 10 dyne/cm2 at 1 Hz frequency.

Control cells were kept under static conditions at 37 �C

with 95 % air/5 % CO2.

Quantification of PGE2 Release

Supernatants from control (static) and pulsatile flow–con-

ditioned medium were collected immediately after 1-h

exposure of cells to fluid shear stress. Supernatants were

stored at –80 �C and then assayed for PGE2 using a PGE2

EIA Kit (Cayman, Ann Arbor, MI). Average OD values

were acquired at wavelength 415 nm using a FLUOStar

Omega plate reader (BMG Labtech, Ortenberg, Germany).

PGE2 concentrations in the medium were determined from

the standard curve obtained for each set of experiments.

The amount of PGE2 release was normalized to respective

cellular protein levels. Total protein concentration from the

samples was determined using the BCA Assay Kit (Thermo

Scientific, Waltham, MA).

Western Blot Analysis

Cells were seeded at 1,500 cells/cm2 and cultured for

10 days. Cells were then harvested and sonicated in 70 ll

of lysis buffer (1 mM NaHCO3, 2 mM PMSF, 1 mM Na

orthovanadate, 5 mm EDTA and 19 protease inhibitor),

and Western blotting was performed as previously descri-

bed (Thi et al. 2010b). Briefly, protein samples were loaded

onto 10 % SDS-PAGE gels for separation and electro-

phoretically transferred to nitrocellulose membranes.

Membranes were probed with primary polyclonal anti-

bodies against Cx43 (1:10,000, Sigma-Aldrich), P2X7R

(1:1,000; Alomone Labs, Jerusalem, Israel) and Panx1

(mid, 1:100; Invitrogen) and monoclonal antibody against

b-actin (1:25,000, Sigma-Aldrich), followed by incubation

with the secondary antibody, horseradish peroxidase–con-

jugated anti-rabbit IgG or anti-mouse IgG (Santa Cruz

Biotechnology, Santa Cruz, CA). Protein bands were

detected using the Immobilon Western detection kit and

exposed on the In Vivo FX PRO imaging system (Care-

stream, Rochester, NY).

YoPro-1 Dye-Uptake Analysis

MOB-C, 43KO-MOB-C and MC3T3-E1 cells were seeded

at 2,000 cells/cm2 and grown for 3 days on MatTek glass-

bottomed dishes (MatTek, Ashland, MA). All dye-uptake

experiments were performed in low divalent cation PBS

(LDPBS, Ca2?/Mg2?-free), a condition that has been

routinely used in experiments with connexin hemichannels

and P2X7Rs to maximize channel activation (Liu et al.

1996; Virginio et al. 1997; North and Surprenant 2000;

Contreras et al. 2003; Jiang and Cherian 2003; Parpura

et al. 2004; Cherian et al. 2005; Burra et al. 2010; Batra

et al. 2012a). Cells were pretreated with the P2X7R

blocker brilliant blue G (BBG, Sigma-Aldrich) and the

connexin/pannexin blockers carbenoxolone (CBX, Sigma-

Aldrich) and mefloquine (QU-024, Bioblocks, San Diego,

CA) in serum-free a-MEM at 37 �C for 20 min prior to

application of 5 lM YoPro-1 (Invitrogen) dye in LDPBS

with or without the P2 receptor agonist ATP (Sigma-

Aldrich) for 10 min. YoPro-1 dye was used because it is

nonfluorescent in solution and fluoresces only when per-

meating the cells and interacting with nucleic acids. Three

to four images per treatment were taken from each set of

experiments using a Nikon (Melville, NY) Eclipse TE300

microscope and a Spot-RT digital camera (Diagnostic

Instruments, Sterling Heights, MI) with fixed gain and

exposure time.

Statistical Analysis

YoPro uptake was quantified as the number of YoPro-

positive cells divided by the total number of cells, then

multiplied by 100 (percent YoPro-positive cells), and

counted using ImageJ software (NIH, Maryland, MD).

Data were analyzed from three to four independent sets of

experiments using Prism 5 software (GraphPad, San Diego,

CA). Statistical differences between PGE2 released

amounts and YoPro-1 dye uptake were determined by one-

way ANOVA, followed by Tukey’s multiple comparison

test. P \ 0.05 was considered statistically significant.
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Results

Participation of Cx43 Hemichannels and P2X7Rs

in Fluid Shear Stress–Induced PGE2 Release

from Osteoblasts

Most previous studies on the role of Cx43 hemichannels in

shear-induced ATP or PGE2 release have relied on the use of

compounds that do not pharmacologically discriminate

Cx43 from Panx1-P2X7R (Cherian et al. 2005; Genetos et al.

2007). Therefore, we used Cx43-null or P2X7R-null osteo-

blasts to specifically address each channel’s role. As shown

in Fig. 1, significant PGE2 is released from MC3T3-E1 cells,

primary osteoblasts (PMOB), primary Cx43-null osteoblasts

(43KO-PMOB) and hTERT-immortalized wild-type

(MOB-C) and Cx43-null (43KO-MOB-C) osteoblasts in

response to pulsatile fluid shear stress (PFSS). In contrast,

PFSS-induced PGE2 release was completely absent in pri-

mary osteoblasts lacking P2X7R (P2X7RKO-PMOB), as

shown previously by another group (Li et al. 2005). PGE2

released amounts under static conditions were not signifi-

cantly different among all the cell types. This finding shows

that under these conditions P2X7R, rather than Cx43, plays a

crucial role in shear-induced PGE2 release from osteoblasts.

To evaluate the extent to which the cell lines used in

these studies express the channels of interest, we screened

MC3T3-E1, MOB-C and 43KO-MOB-C cells for expres-

sion of Cx43, P2X7R and Panx1 using Western blot anal-

ysis. As shown in Fig. 2, all three lines expressed P2X7R,

as was expected from the well-established role of these

receptors in bone resorption and mechanotransduction

(Gallagher 2004; Li et al. 2005). In addition, Panx1 was

found in all cell lines, consistent with its reported expres-

sion in primary osteoblasts (Penuela et al. 2007), and Cx43

was found in both MC3T3-E1 and MOB-C but not in

43KO-MOB-C (Thi et al. 2010b).

Cx43 Hemichannels Do Not Mediate Dye Uptake

in Low Divalent Cation Solution

To study whether Cx43 was involved in dye uptake

resulting from the mechanical stimulation induced by

medium displacement in the imaging dish, we performed

control basal level YoPro dye-uptake experiments in

LDPBS, a condition reported to favor hemichannel opening

(Contreras et al. 2003; Cherian et al. 2005; Burra et al.

2010; Batra et al. 2012a). Our results indicate that

mechanically induced YoPro dye uptake in LDPBS solu-

tion was virtually identical in MC3T3-E1, MOB-C and

43KO-MOB-C cells and that this dye uptake was thus

independent of whether Cx43 was present or absent

(Fig. 3).

When we treated all three cell types with 1 mM ATP,

YoPro uptake significantly increased (Fig. 4, solid gray

bars), indicating that ATP could induce large pore forma-

tion in osteoblasts regardless of whether Cx43 was present

or absent. Next, we examined the extent to which Cx43

Fig. 1 Analysis of pulsatile fluid shear stress (PFSS)–induced PGE2

release from MC3T3-E1 cells, primary osteoblast (PMOB), primary

Cx43-null osteoblast (43KO-PMOB), P2X7R-null osteoblasts

(P2X7RKO-PMOB) and hTERT-immortalized wild-type (MOB-C) and

Cx43-null (43KO-MOB-C) osteoblasts. Supernatants from static and

PFSS conditioned media were assayed for PGE2 using the PGE2 EIA

kit. PGE2 concentrations in the media were determined from standard

curves obtained for each set of experiments, and the amount of PGE2

release was normalized to respective cellular protein content. All data

are presented as mean ± SEM, n = 4. P values were obtained using

one-way ANOVA, followed by Tukey’s multiple comparison test

(***P \ 0.0005, **P \ 0.005, *P \ 0.05 for static control vs.

respective PFSS = 10 dyne/cm2 at 1 Hz for 1 h)

Fig. 2 Western blot assessment of Cx43, P2X7R and Panx1 expres-

sion levels in MC3T3-E1, MOB-C and 43KO-MOB-C cells. Equal

amounts of protein from each cell type were used. Western blot

analysis was performed using antibodies against Cx43, P2X7R, Panx1

and b-actin. b-actin was used as a constitutively expressed protein for

loading control
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channel blockers inhibited dye uptake into MC3T3-E1,

MOB-C and 43KO-MOB-C cells. For these studies, we

used two compounds originally shown to block gap junc-

tion channels but subsequently found to be much more

potent inhibitors of Panx1 channels at much lower

concentrations. CBX is a widely used gap junction blocker,

effective at concentrations of 100 lM and higher (Cherian

et al. 2005; Batra et al. 2012a); we found a radical decrease

in ATP-induced dye uptake not only in wild-type cells but

also in Cx43-null cells, using a lower concentration that

blocks Panx1 (20 lM) (see Bruzzone et al. 2005; Iglesias

et al. 2008; Poornima et al. 2012) (Fig. 4, gray striped

bars). This finding of blockade of dye uptake by low CBX

concentration in both wild-type and Cx43-null osteoblast

cells strongly suggests that Cx43 hemichannels do not play

a critical role in large pore formation induced by ATP. This

also suggests that a channel other than Cx43, likely Panx1,

is responsible for the dye uptake.

To test the participation of Panx1 in ATP-induced pore

formation, we also used mefloquine (MFQ). MFQ was

originally shown to block gap junction channels [IC50 for

Cx43–25 lM (Cruikshank et al. 2004)] but is now known

to be a much more potent blocker for Panx1, being effec-

tive at submicromolar concentrations (Iglesias et al.

2009b). We used three low concentrations of MFQ (10, 50

and 90 nM) that were far below those with effects on Cx43

channels on other cell types (Cruikshank et al. 2004). We

found that while MFQ only slightly inhibited basal dye

influx in LDPBS (Fig. 5a–c, hatched bars), ATP-induced

dye uptake was substantially reduced in MC3T3-E1 cells

(Fig. 5a, gray hatched bars) and in both MOB-C and

43KO-MOB-C cells (Fig. 5c, gray hatched bars). In par-

ticular, ATP-induced dye uptake was completely elimi-

nated in the presence of 90 nM MFQ in all cell lines. These

results imply that Panx1, rather than Cx43, is the mecha-

nosensitive channel being activated by ATP that provides

the influx pathway for YoPro uptake.

Fig. 3 Assessment of basal level YoPro-1 uptake resulting from the

mechanical stimulation induced by medium displacement in the

imaging dish with MC3T3-E1, MOB-C and 43KO-MOB-C cells.

Cells were bathed in a-MEM at 37 �C for 20 min prior to 5 lM

YoPro incubation for 10 min in low divalent cation PBS (LDPBS).

Percent of YoPro-1-positive cells was calculated by normalizing dye-

positive cells with total number of cells in each image field 9 100.

All data are presented as mean ± SEM, n = 4, for each cell type and

compared using one-way ANOVA, followed by Tukey’s multiple

comparison test

Fig. 4 Effects of carbenoxolone (CBX) treatment on YoPro-1 uptake

induced either by mechanical stimulation caused by liquid displace-

ment or by ATP application in a MC3T3-E1, b MOB-C and c 43KO-

MOB-C osteoblasts. For these studies, cells were bathed in 5 lM

YoPro-1 and the effects of 20 lM CBX were evaluated 20 min after

treatment. For the ATP-stimulated group, 1 mM ATP was added

10 min after CBX. All experiments were performed in low divalent

cation PBS (LDPBS). Percent of YoPro-1-positive cells was calcu-

lated by normalizing dye-positive cells with the total number of cells

in each image field 9 100. All data are presented as mean ± SEM,

n = 3. P values were obtained using one-way ANOVA, followed by

Tukey’s multiple comparison test (***P \ 0.0005, ATP-treated cells

vs. all other treatments)
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Participation of the Panx1-P2X7R Complex in ATP-

Induced Dye Uptake

It has been shown that mice lacking P2X7R have osteo-

penia in load-bearing bones, implying a critical role for

P2X7R as a key mediator in the skeletal response to

mechanical loading (Ke et al. 2003). Moreover, ATP

signaling through P2X7R has been implicated in fluid shear

stress–induced release of PGE2 in bone cells (Li et al.

2005). There is accumulating evidence that P2X7R func-

tionally interacts with Panx1, providing a conduit for ATP-

induced ATP release (Locovei et al. 2007; Iglesias et al.

2008). Therefore, to test the hypothesis that the P2X7R-

Panx1 complex in osteoblasts provides the pathway for

ATP-induced dye influx, we tested the effects of BBG, a

P2X7R blocker. As shown in Fig. 6, all cell lines showed

inhibition of ATP-induced dye uptake by BBG in a dose-

dependent manner. At higher concentrations (5 and 10 lM)

BBG completely abolished ATP-induced dye uptake in

both wild-type osteoblastic cells and 43KO-MOB-C cells,

demonstrating that P2X7Rs play a role in such uptake.

These collective findings strongly indicate that a pathway

other than Cx43 hemichannels, likely the P2X7R-Panx1

complex, participates in dye uptake under static conditions.

Discussion

There are several types of channels in osteoblasts and other

cell types that are permeable to molecules as large as

1 kDa (Spray et al. 2006). The most prominent of those are

channels formed by the gap junction protein Cx43 and the

P2X7R-Panx1 complex. Gap junction hemichannels have

been proposed to underlie the large-conductance anion

channel in skeletal myocytes and elsewhere (Blatz and

Magleby 1983; Schwarze and Kolb 1984) and were thought

to be responsible for permeabilization of J774 cells by high

ATP concentration (Beyer and Steinberg 1991). This per-

meabilization by ATP now appears to be the result of

P2X7R activation in association with Panx1 (Pelegrin and

Surprenant 2006; Locovei et al. 2007), and the perme-

ability of these channels to fluorescent dyes has been

shown to be very similar to that of gap junction channels

(compare Flagg-Newton et al. 1979; Di Virgilio et al.

1996). Moreover, pharmacological blockade of connexins

and Panx1 is achieved by most of the same agents. It is thus

possible that roles attributed to one of these classes of

molecules could be performed by the other.

Fig. 5 Effects of mefloquine (MFQ) on YoPro-1 uptake induced

either by mechanical stimulation caused by liquid displacement or by

ATP application in a MC3T3-E1, b MOB-C and c 43KO-MOB-C

osteoblasts. For these studies, cells were bathed in 5 lM YoPro-1 and

the effects of three different concentrations of MFQ (10, 50 and 90

nM) were evaluated 20 min after treatment. For the ATP-stimulated

group, 1 mM ATP was added 10 min after MFQ. All experiments

were performed in low divalent cation PBS (LDPBS). Percent of

YoPro-1-positive cells was calculated by normalizing dye-positive

cells with the total number of cells in each image field 9 100. All

data are presented as mean ± SEM, n = 3. P values were obtained

using one-way ANOVA, followed by Tukey’s multiple comparison

test (***P \ 0.0005, ATP-treated cells vs. all other treatments)

b
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In bone cells, fluid shear stress induces the release of

extracellular mechanosignaling molecules such as PGE2,

nitric oxide (NO), ATP and VEGF that are essential for

bone homeostasis (Reich and Frangos 1993; Klein-Nulend

et al. 1995; Genetos et al. 2005; Thi et al. 2010a). How-

ever, the cellular pathways that are involved in the release

of these substances are not well characterized in bone cells.

Studies with other cell types suggest that Cx43 hemi-

channels, Panx1 channels and the ionotropic purinergic

P2X7 receptor (Fig. 7) most likely assist in the release

of these substances (Cherian et al. 2005; Li et al. 2005;

Locovei et al. 2006).

Despite the existence of a small pool of unpaired Cx43

connexons (‘‘hemichannels’’) on the unopposed cell sur-

face (Dermietzel et al. 2003), there is little evidence for

opening of these channels under physiological conditions.

Nevertheless, most reports of functional hemichannels use

as evidence dye-uptake measurements at normal resting

potentials, with or without divalent cation chelation, and

validation by use of gap junction channel blockers (Hofer

and Dermietzel 1998; Stout et al. 2002; Contreras et al.

2003; Goodenough and Paul 2003). However, dye uptake

mediated by the P2X7R-Panx1 complex is Ca2? and

mechanosensitive, increased by membrane depolarization

and even more sensitive to blockade by CBX than are gap

junctions (Bao et al. 2004; Suadicani et al. 2012). Acti-

vation of P2X7Rs was shown to mediate ATP release in

astrocytes (Anderson et al. 2004; Suadicani et al. 2006),

and PGE2 release from osteoblasts in response to fluid

shear stress is absent in P2X7R-null mice (Li et al. 2005).

Studies on cells in which Panx1 expression was manipu-

lated have shown that Panx1 provides the channel for

P2X7R-induced release of ATP (Locovei et al. 2007),

which has been confirmed using the Panx1-null mouse

(Suadicani et al. 2012). Perhaps most interesting of all,

activation of Panx1 channels has been shown to be

mechanosensitive (Bao et al. 2004). Therefore, although

Cx43 hemichannels have been the focus of many studies in

bone mechanotransduction (Jiang and Cherian 2003; Che-

rian et al. 2005; Genetos et al. 2007; Burra et al. 2010;

Batra et al. 2012b), we here provide evidence for P2X7R-

Panx1 complex involvement in mechanically induced ATP

release from osteoblasts (as illustrated in Fig. 7) and PGE2

release via an unidentified pathway that does not require

Cx43.

The combined use of pharmacological blockers and of

osteoblasts lacking Cx43 or P2X7R in the studies described

here has allowed discrimination of the specific role of each

b Fig. 6 Effects of brilliant blue G (BBG) treatment on YoPro-1 uptake

induced either by mechanical stimulation caused by liquid displace-

ment or by ATP application in a MC3T3-E1, b MOB-C and c 43KO-

MOB-C osteoblasts. For these studies, cells were bathed in 5 lM

YoPro-1 and the effects of three different concentrations of BBG (1, 5

and 10 lM) were evaluated 20 min after treatment. For the ATP-

stimulated group, 1 mM ATP was added 10 min after BBG. All

experiments were performed in low divalent cation PBS (LDPBS).

Percent of YoPro-1-positive cells was calculated by normalizing dye-

positive cells with the total number of cells in each image

field 9 100. All data are presented as mean ± SEM, n = 3. P values

were obtained using one-way ANOVA, followed by Tukey’s multiple

comparison test (***P \ 0.0005, ATP-treated cells vs. all other

treatments, ***P \ 0.0005, 1 lM BBG vs. 1 lM BBG ? ATP)
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of these molecular mediators of intercellular communica-

tion. While we find that mechanically induced PGE2

release and ATP-induced dye uptake are not dependent on

the presence or function of Cx43, further dissection of the

roles of components of the P2X7R-Panx1 complex await

the use of Panx1-null osteoblastic cell lines, which are

currently being generated in our laboratory.
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Abstract Gap junctions (GJs) are aggregates of channels

that provide for direct cytoplasmic connection between

cells. Importantly, this connection is thought responsible

for cell-to-cell transfer of the cardiac action potential. The

GJ channels of ventricular myocytes are composed of

connexin43 (Cx43). Interaction of Cx43 with zonula

occludens-1 (ZO-1) is localized not only at the GJ plaque,

but also to the region surrounding the GJ, the perinexus.

Cx43 in the perinexus is not detectable by immunofluo-

rescence, yet localization of Cx43/ZO-1 interaction to this

region indicated the presence of Cx43. Therefore, we

hypothesized that Cx43 occurs in the perinexus at a lower

concentration per unit membrane than in the GJ itself,

making it difficult to visualize. To overcome this, the

Duolink protein–protein interaction assay was used to

detect Cx43. Duolink labeling of cardiomyocytes localized

Cx43 to the perinexus. Quantification demonstrated that

signal in the perinexus was lower than in the GJ but sig-

nificantly higher than in nonjunctional regions. Addition-

ally, Duolink of Triton X-100-extracted cultures suggested

that perinexal Cx43 is nonjunctional. Importantly, the

voltage gated sodium channel Nav1.5, which is responsible

for initiation of the action potential, was found to interact

with perinexal Cx43 but not with ZO-1. This work provides

a detailed characterization of the structure of the perinexus

at the GJ edge and indicates that one of its potential

functions in the heart may be in facilitating conduction of

action potential.

Keywords Connexin43 � Duolink � Gap junction �
Hemichannel � Nav1.5 � Perinexus � Sodium channel

Introduction

The gap junction (GJ) is an aggregate of channels bridging

the cytoplasms of adjacent cells. The channels of the GJ

allow for passage of small molecules (less than *1,000 Da)

and electrotonic coupling between cells (Liu and Johnson

1999; Palatinus et al. 2012; Severs et al. 2008). Intercellular

channels are formed by the interaction of half-channels

(called connexons or hemichannels) contributed by each

contacting cell (Koval 2006), and connexons are in turn

composed of connexin subunit proteins (Evans and Martin

2002). Connexin43 (Cx43) is one of the more commonly

expressed connexins in mammalian tissues, most notably in

the ventricular myocardium (Beyer et al. 1987; Delmar and

Liang 2012; Desplantez et al. 2007). In the ventricle, Cx43

underpins contraction synchronization by contributing to the

mechanism of cell-to-cell propagation of action potential

(Kleber and Rudy 2004; Severs et al. 2008).

The Cx43 life cycle begins with cotranslational insertion

in the endoplasmic reticulum, after which oligomerization

of connexons occurs in the Golgi (Musil and Goodenough

1993). Vesicles containing connexons are then thought to

traffic to the plasma membrane along microtubules (Fort

et al. 2011), although other work suggests that this pathway

is only utilized in specialized conditions (Johnson et al.

2002). In the 2000s, it was shown that new Cx43 channels

were predominately added from the edge of the GJ (Gaietta

et al. 2002; Lauf et al. 2002). Work by Shaw and
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colleagues suggested a molecular linkage between delivery

of Cx43 vesicles to the membrane and incorporation of

connexons into the GJ. These studies showed that Cx43

was trafficked from microtubules directly to N-cadherin

associated with GJs via EB1 binding of the p150(Glued)/

dynein/dynactin complex (Shaw et al. 2007).

The Gourdie laboratory has provided evidence that the

scaffolding protein zonula occludens-1 (ZO-1) localizes to

the edge of GJs, where it regulates addition of new con-

nexons to the plaque (Hunter et al. 2005). Subsequently, it

was shown that ZO-1 interaction with undocked connexons

in the plasma membrane regulated their transition to GJ

intercellular channels (Rhett et al. 2011). In this work,

subcellular localization of Cx43/ZO-1 interaction indicated

a novel region of plasma membrane surrounding the GJ.

This domain was termed the perinexus for its location next

to (peri-) the junction (-nexus). Perinexal Cx43/ZO-1

interaction, in combination with functional assays, sug-

gested that the perinexus functions as a staging area where

ZO-1 served to sequester undocked connexons.

The identification of Cx43/ZO-1 interaction localized to

the perinexus indicated the presence of Cx43 molecules,

but Cx43 in this region was not detectable by standard

immunofluorescence (IF). Others have identified putative

Cx43 hemichannels in this region (Beahm et al. 2006;

Johnson et al. 2012; Lal et al. 1995). Notably, Ross

Johnson and colleagues (Johnson et al. 2012) have recently

demonstrated that unaggregated connexons reside near

newly forming GJs in the formation plaque (FP) by using

sophisticated freeze-fracture replica immunogold labeling

(FRIL) techniques. Here, we provide the first direct label-

ing of Cx43 in the perinexus. Using high-sensitivity Duo-

link labeling of Cx43–Cx43 interactions, we show that

Triton X-100-soluble Cx43 localizes and concentrates in

the perinexus of mature junctions. Moreover, we provide

evidence that the myocardial perinexus may have unique

constitutive functions that go beyond the transition of

undocked connexons into the GJ. Specifically, we observe

that nonjunctional Cx43 interacts with Nav1.5 in the peri-

nexus of cultured cardiomyocytes, indicating a possible

role for Nav1.5 in electrical conduction between cells.

These results contribute to a viewpoint held by increasing

numbers of workers in the field that cell-to-cell propagation

of electrical impulse in the heart may be determined by

nonelectrotonic mechanisms.

Materials and Methods

Animals

Cardiac myocytes were collected from freshly dissected

ventricles of 1- to 2-day-old Sprague Dawley rats. Tissue

sections were generated from hearts collected from 12–15-

week-old female Sprague Dawley rats. All animal proce-

dures were in accordance with the Medical University of

South Carolina IACAUC and NIH Animal Welfare

Assurance A3728–01.

Cell Culture

Freshly dissected ventricles were immediately placed in

cold HBSS. The ventricles were finely minced and enzy-

matically dissociated into single cells at 37 �C with gentle

rotation. The combined enzymatic fractions were layered

onto a Percoll density gradient 1.080/1.060 for myocyte

enrichment. Fibroblasts and myocyte layers were collected

and washed. Myocytes were plated in M199/EBSS, 5 %

NCS, 10 % HS, and antibiotics onto gelatin-coated dishes

at 1.3 9 106 cells/35 mm MatTek plate, and 3 9 106 cells/

60 mm culture plate. Cultures were attached 18–24 h at

37 �C/5 % CO2. After overnight attachment, cultures were

washed twice with DPBS Ca2?/Mg2?. Thereafter, fresh

maintenance media was added every 2–3 days, and beating

cultures were used for experiments 5 days after plating.

Triton Extraction and Fractionation

Neonatal rat heart ventricular myocyte (NRHM) cultures

were subjected to in situ Triton X-100 extraction according

to the method of Musil and Goodenough (1991). After the

final wash step, plates were fixed and stained as described

below, or the remaining cellular material was scraped into

1 ml of Triton X-100 extraction buffer for Western blot

analysis. Triton fractionation was carried out as previously

described (Rhett et al. 2011). Briefly, cells were lysed in the

presence of 1 % Triton X-100 and centrifuged for 50 min at

100,0009g. Supernatants and pellets were separated, and

pellets were resolubilized in lysis buffer containing SDS

(0.1 % final concentration was used in both fractions).

Immunocytochemistry

Immunofluorescent and Duolink staining was carried out as

previously described (Rhett et al. 2011). For Cx43/ZO-1

interaction, primary antibodies used were mouse anti-Cx43

(Millipore MAB3067) and rabbit anti-ZO-1 (Invitrogen

617–300). In these cultures, goat anti-Cx43 (Abcam 87645)

was used to detect Cx43 by standard IF. Cx43–Cx43-Du-

olink was performed both by dual and single primary

detection. For dual detection, mouse anti-Cx43 (Millipore

MAB3067) and rabbit anti-Cx43 (Sigma C-6219) were

used for Duolink with goat anti-Cx43 (Abcam 87645) for

detection by standard IF. For single-primary Duolink

detection goat anti-Cx43 (Abcam 87645) was used with

mouse anti-Cx43 (Millipore MAB3067) for detection by
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standard IF. For standard IF labeling of NRHMs by Cx43,

ZO-1 and Nav1.5 goat anti-Cx43 (Abcam 87645), mouse

anti-ZO-1 (Zymed 33–9100), and rabbit anti-Nav1.5 (Ala-

mone ASC-005) were used, respectively. For Cx43/Nav1.5

Duolink labeling mouse anti-Cx43 (Millipore MAB3067)

and rabbit anti-Nav1.5 (Alamone ASC-005) were used

along with goat anti-Cx43 (Abcam 87645) for detection of

Cx43 by standard IF. For ZO-1/Nav1.5 Duolink labeling

mouse anti-ZO-1 (Zymed 33–9100) and rabbit anti-Nav1.5

(Alamone ASC-005) were used along with goat anti-Cx43

(Abcam 87645) for detection of Cx43 by standard IF.

Duolink reactions were carried out using appropriate PLA

secondary antibodies according to the manufacturers

instructions.

Western Blot Testing

For the Triton fractionation/extraction assay proteins were

resolved on 10 % SDS-PAGE gels, followed by immuno-

blotting for Cx43 with rabbit anti-Cx43 (Sigma C-6219).

For Nav1.5 detection, Triton X-100 fractionated NRHM

lysates were run on 7 % SDS-PAGE gels, followed by

immunoblotting for Nav1.5 (Sigma S0819).

Image Acquisition and Analysis

Confocal images were acquired on a TCS SP5 laser scanning

confocal microscope equipped with a 63 9/1.4 numerical

aperture oil objective (Leica, Buffalo Grove, IL). Images

were analyzed by ImageJ software (NIH, http://rsbweb.nih.

gov/ij/). Measurements were performed on threshold versions

of original images, and the same threshold settings were

always used within a given experiment.

For Cx43-Duolink density measurements, Cx43 IF images

were used to create a selected region of interest encircling

GJs, and the integrated density of Cx43-Duolink labeling was

measured within the GJ, a region expanded 250 lM from the

GJ edge, a region expanded 500 lM from the GJ edge, and the

entire image. The Cx43-Duolink density within each region

described in the text was determined by subtraction.

For perinexus width measurements, ellipses were fit to

all GJs [1 lM
2 in area (smaller junctions were not much

bigger than individual Duolink labels), and the distance

was measured from the edge of the GJ plaque to the end of

Cx43-Duolink labeling along the major and minor axes.

When the perinexus was continuous between two junctions

along an axis, measurements could not be made accurately

and were not used.

Statistical Analysis

Statistical analysis was carried out by GraphPad Prism

software, version 5.0d for Mac OS X (GraphPad, San

Diego, CA). Multiple comparisons were made using

ANOVA with Tukey’s multiple comparison test, and single

comparisons used an unpaired t-test. p-values and numbers

are indicated in the text and figure captions.

Results

Cx43 Is Concentrated in the Perinexus

of Cardiomyocytes

Recent work with Cx43-expressing HeLa cells and rat

epicardial cells has identified a region adjacent to GJs

involved in regulating transition of connexons in the

membrane to intercellular channels in the GJ plaque

(Rhett et al. 2011). This region, termed the perinexus, was

defined by Cx43/ZO-1 interaction as visualized by the

Duolink assay. Cx43 is the primary isoform of connexin

expressed in the working ventricular myocardium

(Noorman et al. 2009), where it plays a critical role in

propagation of the action potential (Severs et al. 2008).

Therefore, we sought to determine if ventricular cardio-

myocytes also displayed a perinexus. Figure 1a shows

cultured NRHMs labeled for Cx43 by standard IF in

green, and Cx43/ZO-1 interaction by Duolink in red. We

found that nearly all Cx43-labeled GJ structures coincided

with labeling for Cx43/ZO-1 interaction—both within GJ

plaques and in the adjacent membrane, indicating that

cardiomyocytes also possess a perinexus surrounding

Cx43 GJs.

The detection of Cx43/ZO-1 interaction in the perinexus

suggests the presence of Cx43 in this region. However, it

does not yield information pertaining to the quantity of

Cx43 within this region. Attempts have been made to

visualize perinexal Cx43 by standard IF (Rhett et al. 2011),

but this method is not optimal as it is difficult to determine

whether this signal originates from perinexal Cx43 or out-

of-focus light emanating from the nearby GJ. To avoid this

issue, we used Duolink to detect Cx43–Cx43 interaction as

a means to resolve Cx43 signals of lower intensity. The

rationale for this methodology is that the readout of the

Duolink assay is binary—i.e., a Duolink signal is either

generated or not depending on whether protein interaction

is detected or not—and therefore the number of Duolink

signals, and not their intensity, varies with Cx43 concen-

tration within a given region of the cell preparation.

Figure 1b depicts neonatal rat heart ventricular myocytes

labeled in this manner, with Cx43 labeled by standard IF

in green and Cx43–Cx43 interaction by Duolink in red.

Duolink signal labeled the GJ, as expected, and also

appeared to intensely label the surrounding perinexal

membrane, providing direct evidence of Cx43 molecules in

the perinexus.
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Although inspection of the images labeled with Cx43–

Cx43-Duolink clearly show interaction that occurs out-

side of but near the GJ edge, it is difficult to determine

the relative amount of Cx43 in the perinexus by visual

inspection as a result of the relatively large size of

Duolink signals (*400–500 nm diameter). This effect

results in highly concentrated signals originating at the

GJ edge but extending as far as 250 nm into the peri-

nexus. Thus, to determine the relative amount of Cx43 in

the perinexus, measurements of Duolink signal density

were performed in three separate regions of Cx43–Cx43-

Duolink labeled images: the GJ plaque as defined by

standard Cx43 IF (innermost cyan line in Fig. 1c), the

perinexus limited to the region between 250 and 500 nm

from the GJ edge (from the middle cyan line to the outer

cyan line), and nonnexal regions of the cell (everything

outside of the outer cyan, 500 nm perimeter line). The

perinexal Cx43–Cx43-Duolink signal measured in this

way could only have originated from outside of the of the

GJ plaque edge.

Fig. 1 NHRMs display a

perinexus that contains

concentrated Cx43 molecules.

a Cultured NRHMs were

labeled for Cx43 by standard IF

(green), Cx43/ZO-1 interaction

by Duolink (red), and the

nucleus (blue). Note the

preponderance of Duolink spots

adjacent to the GJ plaque.

b Cx43 is labeled in the

perinexus by high-sensitivity

Duolink. Cx43 is labeled both

by standard IF (green) and by

Duolink (red). The nucleus is

labeled in blue. c Analysis of

Duolink-labeled Cx43. The

image shows the same GJ

expanded in (b) with cyan lines

demarcating the GJ perimeter

(innermost line), and 250 and

500 nm from the perimeter

(middle and outer lines,

respectively). The graphs show

averaged measurements of

Cx43-Duolink density within

the innermost line (GJ), between

the middle and outer lines
(Perinexus), and exterior to the

outermost line (Non-Nexus).

The left graph compares all

three regions; the right graph

limits the comparison to the

perinexus and nonnexal regions

(***p \ 0.001 and

****p \ 0.0001; n = 5). Error
bars represent SEM; scale bars
represent 10 lm in large

images, and 5 lm in expanded

images
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It was found that the density of Cx43-Duolink signal in

both the perinexus and nonnexal regions of the cell were

significantly lower than within the GJ plaque (Fig. 1c, left).

Importantly, the density of signal in the perinexus was

approximately 10-fold lower than the GJ—as would be

expected based on the IF signal. Additionally, comparison

of the perinexus to nonnexus showed a significantly greater

concentration of Cx43-Duolink signal in the perinexus

(Fig. 1c, right). Despite the above-mentioned limitations of

making similar measurements using IF, comparable levels

of Cx43 density were ascertained with this method (Sup-

plementary Material). Taken together, these results dem-

onstrate the presence of Cx43 in the perinexus at a much

lower concentration than the GJ plaque, but at a substan-

tially higher concentration than the rest of the cell.

The Perinexus Has Variable Shape

Having defined the Cx43 composition of the perinexus, we

next sought to analyze the distance that perinexal Cx43

signal extended from the GJ edge. Measurements were

performed on images acquired from neonatal rat heart

ventricular myocyte cultures by fitting ellipses to GJs, and

measuring the distance from the edge of the GJ (labeled by

standard Cx43 IF) to the end of contiguous Cx43-Duolink

label along major and minor axes of the ellipse (Fig. 2).

The method of fitting ellipses and using the major and

minor axes as plumb lines along which to measure was

done to introduce randomness in where the measurements

were taken (i.e., we did not chose the location of the axes)

and to ensure that the perinexus width was obtained as near

as possible along a line emanating directly outward from

the GJ.

It was determined that, after compensating for the size

of individual Cx43-Duolink signals, the average width of

the perinexus obtained from five separate experiments was

200.4 ± 28.4 nm (mean ± SEM; Fig. 2). We used SEM

here to compare means between experiments because it

reflects how accurately we know the ‘‘true’’ value of the

average perinexus width. The relatively small SEM (i.e.,

28.4 nm) indicated that our results were consistent between

experiments. However, visual inspection indicated varia-

tion in the width of the perinexus for any given GJ (Fig. 2).

To this end, we used the standard deviation of all the

measurements within an experiment to determine the var-

iability between individual perinexus width measurements.

The large standard deviation for measurements within

an experiment, 313.9 ± 20.4 nm (mean of all experi-

ments ± SEM between experiments; Fig. 2) compared to

the *200 nm perinexus width confirmed our observations.

We did not find any correlation between perinexus width

and GJ size as defined by either area or length (R2 =

0.017 ± 0.015 and 0.033 ± 0.015, respectively), but it was

determined that the percentage of measurements for which

the perinexus width was recorded as 0 in each experiment

was high: 42.4 ± 5.4 %. Furthermore, there was a rela-

tively small percentage of perinexus width measurements

over 500 nm (12.5 ± 2.6 %). However, fully 45.1 ± 3.7

% of measurements were between 0 and 500 nm, sug-

gesting that many junctions displayed uniform Cx43-

Duolink labeling in the perinexus but that perinexal Cx43

was often distributed in elongated projections from the GJ

plaque edge. This could be confirmed by visual inspection

of images (Figs. 1b, 2).

Cx43 in the Perinexus Is Nonjunctional

In recent work, correlative biochemical and functional data

suggested that at least a portion of Cx43 present in the

perinexus was in the form of functional hemichannels

(Rhett et al. 2011). To further address the composition of

perinexal Cx43 we used in situ Triton X-100 extraction. In

this assay, a buffer containing 1 % Triton X-100 was

applied to cultured NRHMs with mild agitation, followed

by reclamation of the buffer (now containing Triton-solu-

ble portions of the cells) and fixation, staining, and imaging

Fig. 2 The perinexus has a

distinct shape. Confocal image

of typical GJs and perinexi from

cultured NRHMs. Cx43 is

labeled by standard IF in green,

Duolink in red, and fitted

ellipses with major and minor

axes are in blue (left). Scale bar
10 lm. The graph at right
shows the perinexus width,

averaged over 5 experiments,

and the standard deviation for

individual measurements within

each experiment. Error bars
represent SEM
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of the remaining Triton-insoluble cellular components left

on the culture plate.

To validate the assay, we compared the results of a

Triton X-100 detergent extraction to NRHM lysates

separated into Triton X-100-soluble (nonjunctional) and

-insoluble (junctional) fractions by ultracentrifugation. In

this instance of Triton extraction, the cell components

remaining on the culture plate were scraped into an

equivalent volume of extraction buffer as opposed to being

fixed. We compared the two methodologies by Western

blot analysis for Cx43 as shown in Fig. 3a. Similar to the

results of others in cultured cardiomyocytes (Tence et al.

Fig. 3 Cx43 in the perinexus is

nonjunctional. a Comparison of

Cx43 Western blot banding

pattern between cultured NRHM

lysates subjected to Triton

X-100 fractionation by

ultracentrifugation, and cultured

NRHMs extracted in situ with

Triton X-100. Whole Cx43

lysates (‘‘Total’’ lane) display

the characteristic triple banding

pattern corresponding to

different phospho-isoforms of

Cx43 (P0, P1, and P2). The

Triton-soluble and -insoluble

fractions of ultracentrifuged

lysates display similar banding

profiles to Cx43 extracted from

NRHM cultures by Triton and

the remaining unextracted

protein, respectively. b Cx43

labeled in NRHM cultures by

standard IF (green) and high-

sensitivity Duolink (red). The

nucleus is labeled in blue.

‘‘Control’’ cultures were not

subjected to in situ Triton

extraction; ‘‘Extraction’’ images

represent the remaining

unextracted protein in cultures

treated with buffer containing

1 % Triton X-100 before

fixation and staining; ‘‘Mock’’

cultures were treated with the

same buffer without Triton

before being fixed and stained.

c Analysis of Duolink staining

within the perinexus region

(defined as 250–500 nm from

the plaque edge) from the

experiment in (b). Triton

extracted cultures displayed a

significantly reduced

concentration of Cx43 in the

perinexus (*p \ 0.05 vs.

‘‘Control’’; n = 4). The Western

blot is labeled for Cx43, probing

protein extracted from the

cultures labeled in (b) in Triton

extracted cultures (left), and

mock extracted cultures (right).
Error bars represent SEM, and

scale bars represent 10 lm in

large images, and 5 lm in

expanded images
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2012), separation of NRHM lysates by Triton X-100

fractionation resulted in a preponderance of the P1 and P0

phosphoisoforms accumulating in the detergent-soluble

fraction, as well as a small amount of the P2 isoform

(Fig. 3a, ‘‘Triton Soluble’’ lane).

In contrast, the Triton-insoluble fraction contained a large

amount of the P2/P1 isoform, while the P0 isoform was

absent (Fig. 3a, ‘‘Triton Insoluble’’ lane). In a similar result,

the portion of the cell solubilized by Triton extraction con-

tained all three isoforms of Cx43, but with a much larger

amount of the P1 and P2 isoforms than obtained by frac-

tionation (Fig. 3a, ‘‘Triton Extracted’’ lane). The Triton

X-100-insoluble cellular remainder also compared favorably

to the insoluble fraction obtained by ultracentrifugation in

that it appeared to be composed solely of P2/P1 isoforms

(Fig. 3a ‘‘Triton Unextracted’’ lane). We concluded from

these results that Cx43 in NRHMs separated by the two

methodologies yields similar separation of Cx43, with the

primary exception that in situ extraction results in a larger

amount of P1 and P2 isoforms segregating into the Triton

X-100-soluble extract, suggesting that some of the junc-

tional Cx43 on the culture plate was solubilized.

The fixed, stained, and imaged component of a Triton

X-100-extracted NRHM culture is shown in Fig. 3b,

‘‘Extraction.’’ As controls, NRHMs were fixed, labeled, and

imaged without any extraction procedure (Fig. 3b, ‘‘Con-

trol’’) or after a mock extraction in which no Triton X-100

was added to the extraction buffer (Fig. 3b, ‘‘Mock’’). The

preparations were labeled for Cx43 both by standard IF in

green and Duolink in red. By visual inspection, it appeared

that Cx43-Duolink label colocalized with GJs, and extended

well into the perinexal region in the controls (Fig. 3b,

‘‘Control’’ and ‘‘Mock’’), similar to the results presented in

Fig. 1. In contrast, the unextracted cellular remains of cul-

tures exposed to Triton X-100 displayed little perinexal

Cx43-Duolink label, indicating that Cx43 in the perinexus is

Triton soluble (Fig. 3b, ‘‘Extraction’’).

To confirm this result, we measured Cx43-Duolink

density (as described above) in the three treatments. We

found that Cx43 was significantly reduced in the perinexus

of Triton-extracted NRHMs when compared to the control

(Fig. 3c). Importantly, the Triton-solubilized component

could be demonstrated by Western blot analysis to contain

Cx43 in a similar banding profile to that of the ‘‘Triton

Soluble’’ fraction of ultracentrifuged lysates (cf. Western

blot analysis in Fig. 3c to ‘‘Triton Soluble’’ lane in

Fig. 3a), while the reclaimed buffer from mock extracted

cultures contained no detectable Cx43. These results

demonstrate that Cx43 in the perinexus is Triton X-100

soluble—i.e., nonjunctional—and therefore potentially in

the form of undocked connexons/hemichannels. Moreover,

the loss of Cx43 signals from around the GJ edge after

detergent solubilization provided evidence that these

signals were not accounted for by out-of-focus fluorescence

and that the perinexus is a membrane structure with

physical properties that distinguish it from the GJ proper.

Cx43 Interacts with Nav1.5 in the Perinexus

Our next goal was to investigate other Cx43 protein partners

and their relationship to the perinexus. Of particular interest

was the voltage gated sodium channel Nav1.5 as a result of its

role in generating the cardiac action potential. It has previ-

ously been shown to localize to the intercalated disc (Cohen

1996; Colussi et al. 2010; Maier et al. 2002; Malhotra et al.

2004; Noorman et al. 2008; Petitprez et al. 2011; Stein et al.

2009) and interact with Cx43 (Malhotra et al. 2004). We first

used a standard IF labeling and confocal imaging protocol to

study the codistribution of the two proteins in NRHM cul-

tures. Cell preparations were labeled with Cx43 in green,

ZO-1 in red, and Nav1.5 in blue (Fig. 4a). As has been pre-

viously described, ZO-1 localized to the GJ edge and sur-

rounding area (Hunter et al. 2005; Hunter and Gourdie 2008;

Palatinus et al. 2011; Zhu et al. 2005). In a result confirming

that described by Yoram Rudy and coworkers (Kucera et al.

2002), we found a high degree of overlap between the Cx43

and Nav1.5 signals (Fig. 4a). We further investigated the

relationship between Cx43 and Nav1.5 by performing a

Duolink assay for Cx43/Nav1.5 interaction. This determined

that the Cx43/Nav1.5 Duolink label closely resembled that of

Cx43/ZO-1 interaction (cf. Figs. 4b, Fig. 1a), with Cx43/

Nav1.5 Duolink signal overlapping with Cx43 GJs labeled by

standard IF, and more frequently localizing to the perinexus

region (Fig. 4b). Because of the similarities between Cx43

and Nav1.5 codistribution with ZO-1, and the resemblance of

the Cx43/ZO-1 interaction pattern to that of Cx43/Nav1.5, we

also labeled NRHM cultures for ZO-1/Nav1.5 interaction

(Fig. 4c). Very few Duolink signals were generated with this

protocol, indicating that ZO-1 and Nav1.5 have little, if any,

interaction in agreement with Abriel and coworkers (Petitprez

et al. 2011).

The biochemical relationship between Cx43 and Nav1.5

was addressed by Triton X-100 fractionation of NRHM

lysates, followed by Western blot analysis of Nav1.5

(Fig. 4d). For comparison, the Triton fractionated and

extracted samples from Fig. 2 have been included. It was

found that Nav1.5 almost exclusively segregated into the

Triton-soluble pool (Fig. 4d). On the basis of these results,

we concluded that Nav1.5 associates with nonjunctional

Cx43 (connexons/hemichannels) in the perinexus.

Discussion

The purpose of this study was to characterize the compo-

sition and structure of the cardiomyocyte perinexus. This
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study provides the first comprehensive depiction of the

location, extent, and quantity of Cx43 in this specialized

region of membrane. The canonical pathway for GJ

accretion at the GJ edge was first introduced over 10 years

ago (Gaietta et al. 2002; Lauf et al. 2002). In and of itself,

this mechanism of GJ aggregation suggests the presence of

Cx43 in the surrounding membrane. Our measurements

describe a region surrounding the GJ plaque that contains

nonuniformly distributed Cx43 molecules at a higher

concentration than other nonjunctional regions of the cell.

Comparison of Confocal Cx43-Duolink Imaging to GJs

Imaged by Electron Microscopy of Freeze-fracture

Replicas

In freeze-fracture studies, Johnson et al. (2012) have

reported immunogold detection of unaggregated, non-

junctional Cx43 particles (presumptive connexons) near

GJs in the FP. At first glance, these data suggest that the FP

and perinexus may be the same structure. However, several

important distinctions must be made.

First, in Johnson’s seminal work on the FP, the initiation

of GJ formation is studied in a model system using

reaggregated cells (Johnson et al. 1974). Electron micros-

copy of freeze-fracture replicas from cells within the first

hour after reaggregation revealed the FP as a prominent

structure. Over that time period, 9–11 nm intramembra-

neous particles (IMPs), presumptive connexin channels,

displayed first as unaggregated, then ‘‘clustered’’ (i.e.,

associated but not packed in hexagonal arrays), and finally

as GJ aggregates within the FP. However, at later time

points (2–3 h), the FP reduced to a narrow, particle-free

halo around the junction (Johnson et al. 1974). In contrast,

the cardiomyocytes we labeled were cultured for nearly a

week before fixation, and we observed perinexus widths as

great as *2.5 lM—as defined by the presence of Cx43.

Differentiation of the FP and perinexus on these criteria

is supported by a detailed comparison of Cx36 GJs imaged

by confocal vs. FRIL. Kamasawa et al. (2006) showed that

by enhancing the ‘‘dark output’’ (i.e., low intensity Cx36 IF

signals) of confocal images, smaller GJ punctae corre-

sponding to string and ribbon GJs become visible. Simi-

larly, we find that measurement of low-intensity IF signal

in the perinexus indicates the presence of Cx43 in that

region of the cell at a higher concentration than nonjunc-

tional regions of the cell (Supplementary Material).

Fig. 4 Nav1.5 interacts with Cx43, but not ZO-1, in the perinexus of

cardiomyocytes. a Cultured NRHMs were labeled for Cx43 (green),

ZO-1 (red), and Nav1.5 (blue). Note the strong overlap of Cx43 and

Nav1.5 signal. b Duolink labeling shows Cx43/Nav1.5 interaction at

and surrounding GJs in NRHMs. Cx43 is labeled in green, Cx43/

Nav1.5 interaction is labeled by Duolink in red, and the nucleus is

blue. c Nav1.5 has little or no interaction with ZO-1. Cultured

NRHMs were labeled for Cx43 (green), ZO-1/Nav1.5 interaction by

Duolink (red), and the nucleus (blue). d Triton X-100 fractionated

NRHM lysates underwent Western blot analysis for Nav1.5. Clear

bands are visible in the whole lysate (‘‘Total’’ lane) and detergent-

soluble fraction (‘‘Triton Soluble’’ lane), but not the detergent-

insoluble fraction (‘‘Triton Insoluble’’ lane). For comparison, the

same Cx43 blots from Fig. 3 are provided, with the Triton fraction-

ation portion being shown in the middle row, and the Triton extraction

portion being shown in the bottom row. Scale bars represent 10 lm
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Corroboration of this result by Duolink confirms the find-

ings of Kamasawa et al. on the limits of light microscopy.

In addition, Kamasawa et al. show that confocal micros-

copy of Cx36 GJs overestimates the size of those junctions

as compared to measurements made by electron micros-

copy of freeze-fracture replicas. If this relationship holds

true for Cx43, then this would suggest that the *200 nm

average distance that we measure Cx43-Duolink signal

emanating from the GJ edge actually underestimates the

extent of the perinexus—again suggesting that in mature

junctions, the perinexus extends far beyond the FP.

Second, in remarkable stereoscopic FRIL images of Cx36

in goldfish Mauthner cells, Flores et al. (2012) showed

vesicles inserting putative hemichannels near mature GJs.

Furthermore, ‘‘tall’’ IMPs in P-face images and immunogold

labeling of Cx36 in E-face images of clustered particles

adjacent to GJs suggest docking of connexons just before

accretion in the GJ. Similar results were obtained by Johnson

et al. (2012) for Cx43 in the FP of immature junctions. These

data support a role for the perinexus in the constitutive

transition of hemichannels to GJ intercellular channels in

mature junctions that has been previously proposed (Rhett

and Gourdie 2012; Rhett et al. 2011), and this is underscored

by our finding that perinexal Cx43 is nonjunctional as

defined by Triton X-100 solubility (Fig. 3).

Finally, one defining feature of the FP is the exclusion of

IMPs other than the 9–11 nm connexin channels (Johnson

et al. 1974, 2012). In contrast, we conceive of the perinexus

not only as the region of membrane surrounding the GJ, but

as a complex assemblage of channels (at least Cx43 and

Nav1.5 [Rhett and Gourdie 2012; Rhett et al. 2011];

Figs. 1, 4), scaffolding proteins (ZO-1 [Hunter et al. 2005;

Rhett et al. 2011]; Fig. 1), junctional molecules (N-cad-

herin [Hunter and Gourdie 2008; and unpublished data]),

and cytoskeletal elements (actin [Rhett and Gourdie 2012;

Rhett et al. 2011; and unpublished data]). We envisage the

perinexus as a constitutive structure, albeit dynamic, with

ongoing homeostatic functions including hemichannel

regulation, conduction, and GJ dynamics. The FP, as

conceived by Johnson et al. (1974, 2002, 2012), seems to

be a more transient construct that serves largely during the

establishment and building of a GJ.

Despite these differences, it is undeniable that there are

parallels between the FP and perinexus. Both are involved

in the transition to and aggregation of GJ channels. During

the building phase of immature GJs, the perinexus and FP

are likely to be indistinguishable. One possibility that arises

is that the FP is a temporal and spatial subset of the peri-

nexus. Another, and perhaps more intriguing, possibility is

that the perinexus is an exapted derivative of the FP—

where the molecular machinery delivering connexons to

the edge of the plaque may have assumed new functions

and elaborated structure during evolution.

Interpretation of Perinexus Structure as Determined

by Cx43-Duolink

Importantly, we did not find Cx43-Duolink labeling in the

perinexus to be uniform. Rather, the labeling tended to

cluster or shift to subdomains of the perinexus (Figs. 1b,

2). One possible explanation involves the size and effi-

ciency of Duolink labeling. First, Duolink signals are

limited in their ability to optically resolve structures by

their size (up to 1 lm in diameter [Clausson et al. 2011;

Jarvius et al. 2006]; 400–500 nm diameter in our hands).

For this reason, it was impossible to precisely determine

the exact density, extent, and shape of the perinexus. For

example, we limited the region analyzed for Cx43 density

in the perinexus to exclude the region 0–250 nm from the

GJ edge in order to account for the 250 nm radius of a

Duolink signal. In the future, a technique such as stimu-

lated emission depletion microscopy could provide

approaches to increasing resolution of perinexal Cx43.

In addition, the exact fraction of interaction events that

Duolink labels varies from preparation to preparation, cell

to cell, and probably even subcellular domain to subcel-

lular domain (Clausson et al. 2011). Because of this it is

difficult to be sure that variation in the shape of Cx43-

Duolink labeling in the perinexus is a result of genuine

clustering of Cx43 within the perinexus, steric hindrance of

the ligation or PCR reaction by Cx43 molecular partners,

an unknown feature of subcellular structure, or stochas-

ticity inherent to Duolink labeling. However, these caveats

being raised, the high consistency of labeling from exper-

iment to experiment suggests that the Cx43-Duolink

labeling pattern does reflect the actual location of Cx43

molecules in the perinexus. Moreover, the ability of the

Duolink technology to provide strong signals from low

density concentrations of Cx43 may be helpful in resolving

areas of debate such as whether Cx43 is associated with

subcellular structures such as microtubules and mitochon-

dria (Rodriguez-Sinovas et al. 2006).

Given that the Cx43-Duolink labeling pattern authenti-

cally mirrors the nature of Cx43 in the perinexus, a bio-

logical explanation for this phenomenon could potentially

be rooted in the mechanism of connexon delivery to the

cell surface. It has been observed that N-cadherin labeling/

area composita is/are coincident with the GJ edge (Delmar

and Liang 2012; Palatinus et al. 2011). Shaw et al. (2007)

reported that connexons are delivered along microtubules

linked to adherens junctions via EB1 interaction with the

p150(Glued)/dynein/dynactin complex. Here, we observed

large extensions of the perinexus, sometimes extending as

much as 2 lM from the plaque edge. Putting these ideas

together, the possibility is suggested that the perinexus

serves as the site of delivery of new, undocked connexons

to the plasma membrane. This hypothesis is supported by
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the above-mentioned work of Flores et al. (2012), in which

vesicles inserting putative hemichannels adjacent to GJs

were observed.

This exciting possibility leads to interesting questions

about the molecular mechanics of GJ accretion. For exam-

ple, phosphorylation on S365 and S325/S328/S330 have

been associated with the incorporation of Cx43 into GJ

plaques (Lampe et al. 2006; Solan and Lampe 2007; Solan

et al. 2007). Future high-resolution/sensitivity studies of the

subcellular localization of these Cx43 phosphoisoforms

could yield insights into the role of phosphorylation state in

GJ assembly.

Another possible interpretation of our observation of

Cx43 concentrated in the perinexus is implicated by the

work of Shaw and colleagues. Smyth et al. (2012) reported

that actin also participates in anterograde trafficking of

Cx43 to GJs in cardiomyocytes. They propose that vesicles

containing Cx43 and associated with actin fibers might

accumulate in the submembrane near GJs, awaiting trans-

port to the GJ by transfer to the microtubule system.

Therefore, it is possible to interpret the data provided in the

present investigation as Cx43 in ‘‘intracellular reserves.’’

Given that multiple lines of evidence support the existence

of functional hemichannels (Li et al. 1996; Quist et al.

2000; Rhett et al. 2011; Saez et al. 2003; Thompson et al.

2006), it is unlikely that Cx43 in or near the plasma

membrane only exists in either actin-sequestered vesicles

or the GJ plaque. Therefore, a combination of models in

which perinexal Cx43 represents an accumulation of

undocked connexons both in intracellular vesicles and in

the plasma membrane is more likely.

Finally, new work on the effects of G protein–coupled

receptor agonists has shed light on the role of Cx43/ZO-1

interaction. Past studies have shown that endothelin-1 (ET-1)

can regulate both GJ intercellular communication (GJIC; van

Zeijl et al. 2007) and internalization (Baker et al. 2008).

Importantly, both these studies showed a critical role for

Cx43/ZO-1 interaction in mediating the effects of ET-1. In a

detailed study, Tence et al. (2012) recently demonstrated in

cultured astrocytes that Cx43/ZO-1 interaction increased and

GJIC decreased in response to ET-1, in agreement with the

previous reports. Notably, they also found that the pool of

Cx43 interacting with ZO-1 in response to ET-1 became

Triton X-100 soluble. Because Cx43/ZO-1 interaction is

detected in the perinexus (Fig. 1a; Rhett et al. 2011) and the

perinexus is likely to be composed of undocked connexons, it

is interesting to speculate that the perinexus is involved in GJ

internalization and reductions in GJIC associated with ET-1.

The Perinexus Indicates Noncanonical Roles for Cx43

In addition to trafficking, other roles for perinexal Cx43 are

indicated. For example, the perinexus may represent a

platform to regulate the balance between intercellular

communication and hemichannel-mediated membrane

permeability (Rhett et al. 2011). A means of rapid control

over intercellular communication has obvious implications

for excitable tissues, but the ability to quickly enhance or

reduce hemichannel function could give cells the ability to

regulate GJ-mediated adhesivity, volume (Quist et al.

2000), ATP signaling (Yuan et al. 2012), or cell death

(Decrock et al. 2009; Shintani-Ishida et al. 2007), to name

a few examples.

In addition to providing subcellular Cx43 localization in

previously unparalleled detail, we show that Cx43 interacts

with Nav1.5 in the perinexus of cardiomyocytes (Fig. 4b).

We also demonstrate that Nav1.5 has, at best, a low level of

interaction with ZO-1. The few Duolink labels that we did

observe rarely coincided with the perinexus. These data

suggest that there may be a complex pattern of association

and segregation between molecular complexes in the

perinexus. Indeed, if Cx43/ZO-1 interaction occurs in the

perinexus (Fig. 1a), and if Cx43/Nav1.5 interaction occurs

in the perinexus but ZO-1/Nav1.5 interaction does not, it

suggests that Cx43 interaction with Nav1.5 is mutually

exclusive with Cx43/ZO-1 interaction.

Importantly, our finding that Nav1.5 localizes to both the

perinexus (Fig. 4b) and the GJ itself (Fig. 4a) places it in a

region of close apposition between two cell membranes.

Intriguingly, this nonjunctional location at the GJ edge

would uniquely position sodium channels for participation

nonelectrotonic mechanisms of propagation electrical

excitation in the heart. Mori et al. (2008) have demon-

strated in a 3-D electrodiffusion model of conduction that

even in the absence of GJ coupling, conduction can occur

between cells when their membranes are *2 to 7 nm apart

via an electric field mechanism. Whether or not Nav1.5

participates in coupling across narrow clefts in extracellu-

lar space occurring at GJs is not addressed by our data.

Nonetheless, there is mounting evidence that Cx43 alone is

insufficient and that both Cx43 and Nav1.5 are necessary in

the mechanism of cell-to-cell transmission of action

potential (Gutstein et al. 2001; Jansen et al. 2012; Lin et al.

2011). Moreover, Poelzing and coworkers have shown that

increasing interstitial volume reduces conduction velocity

on a timescale incompatible with GJ remodeling (Veerar-

aghavan et al. 2012). Sites of high concentration of depo-

larizing currents and close membrane–membrane

apposition raise the potential for electric field transmission

at the GJ edge as an auxiliary conduction pathway.

Conclusion

The perinexus is a region of membrane involved in the

regulation of GJIC and membrane permeability (Rhett

et al. 2011). The data presented herein provide the first
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direct measurement of concentrated Cx43 in the perinexus,

in the form of undocked connexons, suggesting the possi-

bilities that this specialized zone of the plasma membrane

has functions in GJ assembly, hemichannel function, and

signaling. In particular, the data we present here on Cx43/

Nav1.5 interaction in the perinexus indicates that this

specialized domain of membrane could have assignments

in impulse conduction. As such, the perinexus represents a

new target for amelioration of arrhythmia via its potential

role in novel pathways for electrical coupling between

myocytes in the heart.
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Abstract Precursor cells of skeletal muscles express

connexins 39, 43 and 45 and pannexin1. In these cells,

most connexins form two types of membrane channels, gap

junction channels and hemichannels, whereas pannexin1

forms only hemichannels. All these channels are low-

resistance pathways permeable to ions and small molecules

that coordinate developmental events. During late stages of

skeletal muscle differentiation, myofibers become inner-

vated and stop expressing connexins but still express

pannexin1 hemichannels that are potential pathways for the

ATP release required for potentiation of the contraction

response. Adult injured muscles undergo regeneration, and

connexins are reexpressed and form membrane channels.

In vivo, connexin reexpression occurs in undifferentiated

cells that form new myofibers, favoring the healing process

of injured muscle. However, differentiated myofibers

maintained in culture for 48 h or treated with proinflam-

matory cytokines for less than 3 h also reexpress connexins

and only form functional hemichannels at the cell surface.

We propose that opening of these hemichannels contributes

to drastic changes in electrochemical gradients, including

reduction of membrane potential, increases in intracellular

free Ca2? concentration and release of diverse metabolites

(e.g., NAD? and ATP) to the extracellular milieu, con-

tributing to multiple metabolic and physiologic alterations

that characterize muscles undergoing atrophy in several

acquired and genetic human diseases. Consequently, inhi-

bition of connexin hemichannels expressed by injured or

denervated skeletal muscles might reduce or prevent del-

eterious changes triggered by conditions that promote

muscle atrophy.

Keywords Gap junction � Cell–cell channel �
Physiology of calcium channels in muscle �
Pharmacology of muscle diseases

Connexin- and Pannexin-Based Channels

Connexins (Cxs) and pannexins (Panxs) constitute two

families of integral membrane proteins that, in mammals,

are composed of about 20 and 3 members, respectively. In

most cells studied thus far, the pattern of Cx expression

varies according to the species, cell type and physiological

state (Gorbe et al. 2005; Račkauskas et al. 2010; Bedner

et al. 2011). Similarly, Panxs are expressed in many dif-

ferent cell types, but Panx2 has been detected preferentially

in the nervous system of vertebrate animals (Bruzzone

et al. 2003; Li et al. 2011; Ray et al. 2006).

Since several investigators have been unable to find

evidence of gap junctions formed by Panxs, it was recently

proposed that Panxs only form hemichannels (HCs); thus,

it was recommended to call them Panx channels (Sosinsky

et al. 2011). However, Panx gap junction channels (GJCs)

have been observed in exogenous expression systems,

including Xenopus oocytes and mammalian cells, as well as
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in endogenous expression systems such as osteoblasts

(Baranova et al. 2004; Peñuela et al. 2007; Söhl and Willecke

2004), which suggests that further efforts to find GJCs made

of Panxs are required. In spite of this discrepancy, it is clear

that Cxs and Panxs present four transmembrane domains,

one cytoplasmic and two extracellular loops, and the –NH2

and –COOH termini are located at the cytoplasmic side of the

cell membrane. Both Cxs and Panxs can form HCs, and at

least Cxs can form GJCs (Bruzzone and Dermietzel 2006;

Ishikawa et al. 2011; Solan and Lampe 2009); HCs are also

called connexons or pannexons, if composed of connexins or

pannexins, respectively. HCs are composed of six subunits

(except for Panx2 HCs, which form octamers [Ambrosi et al.

2010]), and if they are constituted of the same or different

subunits, they are homomeric or heteromeric, respectively.

HCs can be found either at unapposed cell surfaces or at the

vicinity of gap junction plaques at cellular interfaces, where

they serve as precursors of GJCs (Gaietta et al. 2002). GJCs

commonly allow communication between the cytoplasms of

adjacent cells, but in a few exceptions they can provide com-

munication means within the cytoplasm of the same express-

ing cell, in which they are called reflexive gap junctions.

Transfer of ions and small molecules (e.g., amino acids,

peptides, sugars and some lipophilic compounds such as

PGE2) across the cellular membrane was believed to take

place mainly via selective ion channels and/or transporters

or by simple diffusion due to their physicochemical fea-

tures. However, data reported during the last decade indi-

cate that HCs, which present rather low selectivity,

particularly when compared with ion channels, may also

serve as membrane pathways for diffusional transfer of

ions and small molecules between the intra- and extracel-

lular compartments (Sáez et al. 2005). HCs have been

shown to mediate the release of ATP, NAD? and/or PGE2

from cells (Bruzzone et al. 2001; Cherian et al. 2005;

Orellana et al. 2012). Interestingly, several HCs are per-

meable to Ca2? (Sánchez et al. 2009, 2010; Schalper et al.

2010; Vanden Abeele et al. 2006) and, thus, can contribute

to diverse cell responses activated by rises in free intra-

cellular Ca2? concentration. However, kinetic permeability

properties have been studied for only a few HC types

(Orellana et al. 2011), and further studies are needed to

understand what distinguishes HCs with different subunit

compositions and/or covalent modifications.

HCs play relevant roles in autocrine and paracrine cell–

cell signaling. Opening of Cx HCs can be enhanced by

diverse conditions, including the reduction of extracellular

divalent cation concentrations, positive membrane poten-

tials, some polyunsaturated fatty acids and changes in

covalent modifications (e.g., oxidation or dephosphoryla-

tion) (Retamal et al. 2011; Schalper et al. 2012), whereas

opening of Panx1 HCs can be enhanced by membrane

depolarization, mechanical and metabolic stress (Domercq

et al. 2010; Thompson et al. 2006) and activation of puri-

nergic P2X7 or P2Y1 and P2Y2 receptors (Locovei et al.

2006b; Thompson et al. 2006). Cx and Panx HCs present

some pharmacological differences. For example, Cx HCs are

inhibited by octanol and La3? and resistant to probenecid,

while Panx HCs are resistant to octanol and La3? and

inhibited by probenecid (Schalper et al. 2008). Moreover,

low carbenoxolone concentrations (\10 lM) inhibit Panx1

HCs but not Panx2 or Cx HCs (Ambrosi et al. 2010), and high

carbenoxolone concentrations ([50 lM) inhibit Panx1,

Panx3 and Cx HCs (Ambrosi et al. 2010; Ishikawa et al.

2011; Schalper et al. 2008); probenecid inhibits Panx1-based

HCs but not Panx2-based HCs (Ambrosi et al. 2010).

Notably, some cells do not form either Cx or Panx GJCs, such

as erythrocytes, and the main functional role of Panx1 is as

HCs (Locovei et al. 2006a). A similar situation might occur

in adult skeletal muscles (see below). These and other

demonstrations in normal cells (Orellana et al. 2011;

Schalper et al. 2008) indicate that HC opening can be han-

dled by normal cells. Moreover, several cellular functions

previously thought to be mediated by GJCs need to be

reevaluated because they might be partially or totally

explained by changes in the functional state of HCs, as

recently demonstrated in astrocyte death induced by hypoxia

reoxygenation in high glucose (Orellana et al. 2010).

GJCs facilitate direct communication between adjacent

cells (Solan and Lampe 2009) because they allow intercel-

lular transfer of electrical and metabolic signals without

leakage to the extracellular space and, thus, participate in

numerous functions of most cell communities (Račkauskas

et al. 2010). To date, GJCs formed by endogenously

expressed Cxs are rapidly inhibited (from seconds to a few

minutes) by most Cx HC blockers. Peptides that react with

cytoplasmic domains of Cx43 block Cx43 HCs but do not

affect Cx43 GJCs (Ponsaerts et al. 2010). Similarly, La3?

blocks Cx43 and other Cx HCs (Schalper et al. 2008)

but does not affect Cx43 GJCs (Contreras et al. 2002).

The available information on Panx GJCs is limited mostly

to studies performed in exogenous expression systems

(Bruzzone et al. 2005), and their pharmacological sensitivity

is likely to be similar to that of Panx HCs. On the other hand,

like HCs, GJCs are permeable to ions and small molecules;

and to date, the permeability properties of these two channel

types have been assumed to be similar, but no empirical

demonstration has been reported.

Possible Role of GJCs and HCs in Myoblast

Commitment Acquisition and Differentiation

during Ontogeny

Myogenic development, from the acquisition commitment

of mesenchymal stem cells to contractile myofiber
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formation, is highly regulated and coordinated. Ultra-

structural, functional and molecular studies suggest the

involvement of gap junctions. Skeletal muscle ontogeny

occurs via a series of cellular and molecular steps that lead

to the formation of multinucleated myofibers. Members of

the MyoD transcription factors family, including MyoD,

Myf5, myogenin and MRF4/herculin/Myf6, are key regu-

lators in skeletal muscle development (Molkentin and

Olson 1996). Each myogenic determination factor is

expressed at different stages during skeletal muscle dif-

ferentiation and becomes a marker of the corresponding

stage (Pownall et al. 2002). For example, MyoD and Myf5

are markers of myogenic commitment (Braun et al. 1992;

Rudnicki et al. 1993; Weintraub 1993).

Gap junctions were detected by electron microscopy in

myoblast cultures and during embryonic development of rat

myofibers derived from diaphragm and extensor digitorum

longus (EDL) muscles (Kalderon et al. 1977; Ling et al.

1992). From a functional point of view, communication

between developing myofibers was found to expand, and

even if one myofiber was stimulated, the response propa-

gated to other fibers of the muscle (Dennis et al. 1981).

Consequently, gap junctions were proposed to allow the

passage of molecules and metabolites required for myogenic

development (Kalderon et al. 1977; Dennis et al. 1981).

Later, Cxs were detected in embryonic skeletal myoblasts

(monucleated muscle cells) (Duxson and Usson 1989). So

far, Cx43 has been found to participate in terminal differ-

entiation of skeletal muscles because myoblasts deficient in

Cx43 (Cx43Cre-ER(T)/fl) are associated with a relevant

reduction in MyoD and myogenin expression (Araya et al.

2005). Moreover, rat L6 myoblasts and primary cultures of

mouse myoblasts express Cx43 at 24 and 48 h of differen-

tiation (Araya et al. 2005; Balogh et al. 1993), and consis-

tently, the coupling index between myoblasts of the C2C12

cell line (mouse myoblast cell line) increases at 24 and 48 h

of differentiation (Araya et al. 2005). In addition, the

expression of dominant negative Cx43, which reduces

intercellular coupling through GJCs, inhibits the formation

of myotubes (multinucleated muscle cells) in primary cul-

tures of myoblasts obtained from newborn rats, suggesting

that Cx43 is relevant in the fusion process of myoblasts

(Gorbe et al. 2007). In agreement with this interpretation,

blockers of GJCs inhibit both the fusion of myoblasts and the

increase in levels of transcription factors that regulate

myogenesis, e.g., myogenin (Araya et al. 2003a; Proulx et al.

1997). Therefore, Cx GJCs have been proposed to play a

relevant role in several physiological processes of skeletal

muscle ontogeny, such as cell growth, acquisition of myo-

genic commitment and differentiation (Araya et al. 2004;

Söhl and Willecke 2004; von Maltzahn et al. 2004).

Cx39 (orthologue of hCx40.1) is expressed in murine

myotubes but not in myoblast cells (von Maltzahn et al.

2006), suggesting that this connexin is involved in skeletal

muscle differentiation but not in the process of myogenic

commitment acquisition. Myotubes also express Cx43 and

Cx45 (Araya et al. 2003a) and form gap junctions with

myoblasts (Araya et al. 2004). However, gap junctions are

reduced near birth and are absent in 1-week postnatal mice

(Ling et al. 1992; von Maltzahn et al. 2004). At that time,

only the remaining mononucleated cells that correspond to

resident stem cells (satellite cells) express Cxs. Both Cx43

and Cx45 are known to form functional GJCs and HCs

(Barrio et al. 1997; Li et al. 1996; Moreno et al. 1995;

Steinberg et al. 1994), but evidence of whether Cx39 forms

functional GJCs and/or HCs is yet to be reported. Moreover,

the expression of Panxs in myoblasts remains unknown.

The acquisition of myogenic commitment is triggered

by increases in [Ca2?]i, which promotes activation of cal-

cineurin, a Ca2?-dependent protein phosphatase that

induces expression of the transcription factor myf-5 (Friday

and Pavlath 2001). Two main Ca2? mobilizing systems

coexist in the cell: (1) Ca2? release from internal stores

(Zhang et al. 2011) and (2) Ca2? influx from the extra-

cellular medium. Upon extracellular stimulation by various

receptor agonists, including ATP, phospholipase-C (PLC)

is activated and phosphatidylinositol 4,5-bisphosphate is

hydrolyzed, generating IP3. The latter binds to its receptors

(IP3Rs) located in the membrane of the endoplasmic

reticulum, leading to Ca2? release (Zhang et al. 2011). The

Ca2?-release activity of the IP3R channel is regulated by

many intracellular modulators such as ATP, Ca2?, IP3R-

binding proteins and protein kinases (Berridge 1993;

Foskett et al. 2007; Zhang et al. 2011). On the other hand,

Ca2? influx is not mediated by voltage-sensitive Ca2?

channels (Araya et al. 2003b) but could be mediated by

other Ca2?-permeable channels, including stretch-activated

Ca2? channels (Sonobe et al. 2008), capacitive Ca2?

channels (Okon et al. 2002), TRP channels like TRPV4

(Pritschow et al. 2011), P2X receptors (Banachewicz et al.

2005) and possibly by Cx and Panx HCs. Since most Cxs

also form HCs, the relative role of HCs and GJCs in these

events remains unknown.

In L6 cells, a cell line derived from rat myoblasts, treat-

ment with b-glycyrrhetinic acid, a blocker of Cx GJCs and

Cx or Panx HCs (Schalper et al. 2008), inhibits the expres-

sion of myogenin and MRF4, two transcription factors that

promote myogenesis. Such treatment also inhibits the cel-

lular fusion process that leads to myotube formation (Proulx

et al. 1997). P2X receptors (P2X1–7) are ionotropic and

activated by purine triphosphate nucleotides. P2Y receptors

(P2Y1,2,4,6,11–14) are metabotropic, and most of them are

coupled to G proteins activated by both di- and triphosphate

purine or pyrimidine nucleotides (Araya et al. 2004;

Burnstock 2007; North 2002). In addition, C2C12 cells, a cell

line derived from satellite myoblasts, express P2Y1, P2Y2,
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P2Y4, P2Y6 and P2Y12 as well as P2X4, P2X5 and P2X7

receptors (Banachewicz et al. 2005). Additionally, inhibition

of P2 receptors prevents myoblast differentiation (Araya et al.

2004; Ryten et al. 2002). These findings suggest that myogenic

commitment acquisition and differentiation require GJCs for

intercellular propagation of a feed-forward mechanism gen-

erated in cells that express more P2 receptors. Immunohisto-

chemical and in situ localization studies demonstrated that

P2X receptors are expressed during skeletal muscle formation

in vivo (Meyer et al. 1999; Ruppelt et al. 2001; Ryten et al.

2002). Moreover, it is possible that myoblasts express Panx or

Cx HCs as membrane pathways for ATP release that modu-

lates the intracellular free Ca2? concentration required for

muscle ontogeny. During late ontogeny, rat myotubes present

functional Panx1 HCs (Buvinic et al. 2009) and nucleotide

receptors (P2X4, P2X5, P2X7, P2Y1 and P2Y4), and their

activation of P2 receptors with exogenous nucleotides evokes

Ca2? transients (Buvinic et al. 2009; Deli et al. 2007).

Moreover, tetanic stimuli (45 Hz, 400 1-ms pulses) evoke

Ca2? transients in myotubes that are inhibited by suramin, an

inhibitor of P2 receptors, and apyrase, an ectonucleotidase that

hydrolyzes ATP (Buvinic et al. 2009).

Possible Participation of HCs in Healthy Adult Skeletal

Muscles

In rats, electrical coupling between skeletal myofibers disap-

pears 1 week after birth (Dennis et al. 1981; Ling et al. 1992).

In agreement, Cx expression has not been detected in normal

adult skeletal muscles (Račkauskas et al. 2010). However, the

presence of Panx1 mRNA (Baranova et al. 2004) and protein

(Dvoriantchikova et al. 2006) has been demonstrated, sug-

gesting that innervated myofibers might form Panx1 HCs.

Moreover, we found that adult innervated myofibers present

Panx1 reactivity side by side with dihydropyridine receptors

(unpublished observation by Riquelme, Cea and Sáez; pre-

liminary findings were presented at the Annual Meeting of the

American Society for Cell Biology 2009) (Fig. 1), suggesting

that Panx1 plays a relevant functional role in muscle physi-

ology. Thus, it is possible that direct interaction between

Panx1 HCs and P2 receptors plays a critical role in trans-

duction processes, such as excitation–transcription coupling

(Araya et al. 2003b). In support of this possibility, the dihy-

dropyridine receptor coprecipitates with both the P2Y2

receptor and Panx1 in homogenates of skeletal myotubes

(Buvinic et al. 2009). However, similar studies in innervated

skeletal muscles have not been reported yet. The above find-

ings also indicate that the Panx1 expression of myotubes is not

abrogated by innervation, but whether innervation up- or

downregulates Panx1 expression remains to be studied.

The absence of Cx expression by adult rat skeletal

muscles is in agreement with the proposal that Cx-based

channels are not relevant for physiological muscle

responses. This interpretation is consistent with the absence

of functional Cx HCs in freshly isolated rat myofibers

(Fig. 2). However, freshly isolated mouse myofibers show

dye uptake through a membrane pathway inhibited by La3?

(Fig. 2). This finding suggests that normal mouse skeletal

muscles might present Cx HCs on their surfaces. Clearly, a

comparative study on Cx expression in skeletal muscles of

Fig. 1 Panx1 reactivity in rat skeletal muscle. Myofibers freshly

isolated from flexor digitorum brevis (FDB) muscle were fixed with

formaldehyde 4 % for 30 min, permeabilized (0.025 % Triton X-100)

and double-labeled with rabbit anti-Panx1 antibody (green) designed by

our group and directed to the nonconserved region of the C terminus of

human, mouse and rat Panx1 (amino acid residues CNLGMIKMD).

The antidihydropiridine receptor 1 (DhpR, red) was obtained from the

Developmental Studies Hybridoma Bank developed under the auspices

of the NICHD and maintained by the University of Iowa, Department of

Biology (Iowa City, IA). Left Merged image of Panx1 (green, FitC) and

DhpR (red, rhodamine) immunoreactivity. Right Magnification of the

boxed region. Panx1 (arrows) was intercalated with DhpR (arrow-
heads) reactivity along transverse domains in the myofiber with little

colocalization (n = 4). Scale bar = 10 lm
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different mammalian species would contribute to resolving

this apparent controversy.

As mentioned above, possible membrane receptors

involved in [Ca2?]i increments are P2 receptors activated by

extracellular ATP/ADP (Araya et al. 2004; Buvinic et al.

2009; North 2002). Differentiated cells obtained from

human skeletal muscle treated with exogenous P2Y receptor

agonists show Ca2? transients dependent on the IP3 pathway

but independent of ryanodine receptors (RyRs), which leads

to ERK1/ERK2 activation (May et al. 2006).

P2Y receptors are likely to be expressed in fast skeletal

muscles because potentiation of the contraction response

occurs in the absence of extracellular Ca2? (Louboutin

et al. 1996). P2X4 receptors are expressed in fast and slow

skeletal muscles (Sandona et al. 2005). However, they

participate in potentiation of muscle contraction only in

slow muscles, where ectonucleotidases abrogate this

response (Sandona et al. 2005). In the same line of thought,

Panx1 HCs are permeable to Ca2? (Vanden Abeele et al.

2006) and 10panx1, a mimetic peptide that blocks Panx1

HCs, inhibits both the intracellular Ca2? transients and the

release of ATP to the extracellular milieu induced by

tetanic stimulation in rat myotubes (Buvinic et al. 2009).

The possible role of Panx1 HCs in ATP release and

potentiation of muscle contraction needs to be demon-

strated in fully differentiated (innervated) fast and slow

skeletal muscles.

During repetitive skeletal muscle stimulation, extracel-

lular ATP levels rise, causing activation of purinergic

receptors that increase Ca2? influx, potentiating the con-

traction force (Sandona et al. 2005; Zhi et al. 2005). In

slow muscles, the potentiation response depends on the

activation of purinergic P2X4 receptors present in the

T-tubule membrane as well as on the entry of extracellular

Ca2? (Sandona et al. 2005). In fast muscles, P2X4 receptors

are not found and potentiation occurs in the absence of

extracellular Ca2? (Louboutin et al. 1996; Sandona et al.

2005), suggesting the involvement of Ca2? released from

intracellular stores. Accordingly, potentiation of fast mus-

cle contraction is blocked by extracellular ATPases, sug-

gesting that extracellular ATP activates metabotropic P2

receptors linked to G proteins, leading to Ca2? release from

intracellular stores (Sandona et al. 2005). The three cloned

IP3Rs (IP3R1, IP3R2, IP3R3) (Mikoshiba 2007) are present

in adult muscles but in different intracellular locations

(Casas et al. 2010). The rise in [Ca2?]i increases the

amount of calmodulin bound to Ca2?, which activates

calmodulin kinase II (CaMKII) and myosin light chain

kinase. The latter phosphorylates the myosin regulatory

protein kinase, enhancing Ca2? affinity of the contractile

machinery and increasing the twitch force (Zhi et al. 2005).

Skeletal muscle fibers release ATP during contraction

(Cunha and Sebastião 1993; Sandona et al. 2005). In other

cell types, ATP can be released via vesicles (Pangrsic et al.

2007) or through ATP permeable channels, including Cx

and Panx HCs (Bao et al. 2004; Buvinic et al. 2009; Lu

et al. 2012). In differentiated myoblast cultures, ATP

release is inhibited by treatment with the Panx1 inhibitor
10panx1, providing pharmacological evidence for a role of

Panx1-based HCs in ATP release (Buvinic et al. 2009;

Wang et al. 2007). It remains unknown, however, if

innervation affects the expression of Panx1 in differenti-

ated myofibers. Nevertheless, it is likely that innervated

myofibers also express Panx1 because adult skeletal mus-

cles express Panx1 and its transcript (Dvoriantchikova

et al. 2006). Moreover, Panx1 might be located in T tubules

because it can be coimmunoprecipitated with dihydro-

pyridine receptors from total homogenates of myotubes

(Buvinic et al. 2009). Since P2 receptors are present in

adult myofibers, repetitive electrical stimulation could

induce accumulation of intracellular Ca2?. This would lead

to activation of Panx1 HCs via a cytoplasmic mediator

such as CaMKII, followed by ATP release via Panx1 HCs

and activation of P2 receptors known to activate Panx1

HCs (Locovei et al. 2006b). This would then further

increase ATP release and favor Ca2? influx, which could

contribute to potentiating the contraction force.

Cx Expression in Regenerating Skeletal Muscles

During skeletal muscle regeneration, satellite cells acquire

myogenic commitment, reflected by the expression of

myogenic determination factors, such as MyoD, Myf-5 and

myogenin, transforming these cells into proliferative

Fig. 2 Comparison of basal hemichannel activity between mouse and

rat skeletal muscle fibers. We extracted the FDB skeletal muscle from

rat and mouse and isolated the myofibers with collagenase type Ia

(Sigma, St. Louis, MO). Then, we used the fibers for ethidium (5 lM)

uptake assays in real time (n = 6). Fibers from mouse muscles

showed a higher dye uptake rate than fibers from rats, and this

increase was totally inhibited by La3? (200 lM), an inhibitor of

Cx-HCs
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myoblasts (Chargé and Rudnicki 2004). Moreover, adult

regenerating mouse skeletal muscles present an increase in

Cx43 and Cx45 levels after injection of BaCl2, with highest

expression at 5 and 3 days postinjection, respectively. At

least, the absence of Cx43 delays the regeneration response

(Araya et al. 2005). This process also occurs in adult rats,

and the increase of Cx43 is accompanied by the synchro-

nized exit of myoblasts from the cell cycle (Gorbe et al.

2005). In addition, a transient increase in Cx39 immuno-

reactivity was found through immunofluorescence analysis

in regenerating adult skeletal muscle 2–10 days after

injection of BaCl2 into the tibialis anterior muscle of

6-week-old mice (von Maltzahn et al. 2004). However,

muscles from mice deficient in Cx39 present an earlier

myogenesis and accelerated regeneration after injection of

BaCl2, accompanied by higher levels of Cx43, probably

compensating for the absence of Cx39 (von Maltzahn et al.

2011).

The above findings suggest that Cx-based channels

expressed during regeneration play roles similar to those

performed during the ontogeny of skeletal muscles.

Skeletal Muscle Atrophy and Hemichannels

Skeletal muscle atrophy can be defined as a decrease in

mass, due to muscle wasting. It can occur in a variety of

diseases associated with inflammatory responses and/or

disuse (see below), trauma (tenotomy or denervation),

prolonged immobilization, extended unloading (micro-

gravity) or starvation or as a natural progression of aging.

Denervation-induced atrophy involves the total disruption

of trophic factors and nerve conduction, thus representing a

model of acute acquired myopathy, which is frequently

used in the study of muscle atrophy (Goldspink 1976;

Goldspink et al. 1983).

Currently, it is difficult to establish the timing of dif-

ferent muscle changes associated with atrophy, mainly

because the rate of atrophy varies among species, among

individuals of the same species and among muscles of the

same individual. For example, the weight of a rat muscle

may be reduced by 50 % after 2 weeks of denervation,

while in humans the same muscle suffers only a small loss

of weight (Winlow and Usherwood 1975). Therefore, for

practical purposes, variations in different muscle features

are divided into early and late events linked to atrophy.

In the short term after skeletal muscle denervation,

functional and structural changes can be observed. The

distal segment of the motor neuron begins with Wallerian

degeneration (Coleman 2005; Raff et al. 2002). Whereas

muscles show a reduction in resting membrane potential

(Albuquerque et al. 1971; Finol et al. 1981), there are

increases in acetylcholine sensitivity at the extrajunctional

membrane (Lomo and Westgaard 1975), proliferation of

satellite cells (Ontell 1974; Snow 1983) and increases in

the expression of myogenic regulatory factors (MRFs)

(Buonanno et al. 1992; Legerlotz and Smith 2008).

Since the mechanism that explains the reduction in

membrane potential after denervation remains unidentified

(Kotsias and Venosa 2001; Lenman 1965), we evaluated

membrane permeability in skeletal muscle fibers under

different experimental conditions that induce muscular

atrophy, e.g., denervation and proinflammatory cytokine

exposure. We isolated skeletal muscle fibers from rat

denervated flexor digitorum brevis muscle from 6 days

postdenervation and found that HC activity was higher in

denervated fibers (approximately sixfold) (Fig. 3). We

blocked the increase in permeability with La3?, which is a

Cx HC blocker. Additionally, we evaluated the influence of

proinflammatory cytokines that induce muscular atrophy,

such as TNF-a and IL-1b, in the membrane permeability of

skeletal muscle fibers. We found that TNF-a itself induces

an increase in ethidium uptake rates and that the combi-

nation of TNF-a and IL-1b induces a higher increase in

membrane permeability, which is also blocked by La3?

(Fig. 4).

With regard to the mechanism that could explain the

reduction in resting membrane potential, it is relevant to

mention that intracellular levels of Na? and extracellular

concentrations of K? are elevated compared to control

muscles (Kotsias and Venosa 2001). However, Na? and

K? channels show properties similar to normal muscles

(Escobar et al. 1993; Kotsias and Venosa 2001). In contrast

to a possible increase in Na? current, the number of TTX-

sensitive Na? channels is reduced 3–10 days after denerva-

tion in rat skeletal muscles (Schmid et al. 1984). Moreover,

a reduction in Na/K-ATPase activity has also been ruled

Fig. 3 Denervation induces an increase in membrane permeability in

fast skeletal muscle fibers. At 6 days postdenervation we extracted the

rat FDB skeletal muscle and isolated the myofibers. Then, we used the

myofibers for ethidium (5 lM) uptake assays in real time (n = 4).

Myofibers from denervated muscles showed a higher dye uptake rate

(AU/min) than control fibers, and this increase was totally inhibited

by La3? (200 lM), an inhibitor of Cx-HCs. *P \ 0.05, ANOVA with

posttest. C control, D denervated
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out (Schmid et al. 1984). Since the increase in Cx HC

levels occurs early after denervation, it is attractive to

propose that a simultaneous increase in Na? influx and K?

efflux mediated by Cx HCs might contribute to the

reduction in resting membrane potential observed after

denervation. Despite the low selectivity of HCs, it is con-

ceivable that a new and lower resting membrane potential

is established, mainly because intracellular negatively

charged proteins are retained within the cells and, thus,

reduce K? efflux.

The maintenance of muscle mass is regulated by a

balance between protein synthesis and protein degradation

pathways, which shift toward protein degradation during

atrophy induced by denervation (Goldspink 1976, 1978). In

addition, a net efflux of amino acids, such as glutamine,

was detected after denervation (Hundal et al. 1990). Since

Cx43 HCs, and most likely other Cx HCs (e.g., Cx39 and

Cx45 HCs), are permeable to amino acids such as gluta-

mate (Jiang et al. 2011), it is possible that they could dis-

favor protein synthesis by avoiding increases in

intracellular concentrations of free amino acids required for

protein synthesis, being that they would allow amino acid

diffusion to the extracellular milieu.

Protein degradation is mainly mediated by four path-

ways: (1) calpains (Dargelos et al. 2008), (2) caspasas (Du

et al. 2004), (3) cathepsins (Bechet et al. 2005), and (4)

ubiquitin proteasome (Kandarian 2008). Many studies

suggest that the latter plays a more significant role in

protein degradation during muscle atrophy (Cao et al.

2005; Lecker 2003; Masiero et al. 2009; Ventadour and

Attaix 2006). The major genes regulated during atrophy are

Fbxo32 and Trim63, which correspond to the ubiquitin

ligases atrogin-1 and MuRF-1, respectively (Bodine et al.

2001), These genes show the greatest increase around

3 days after denervation, which is the time at which weight

loss rates are higher in muscle (Sacheck et al. 2007).

Overexpression of MuRF-1 in myotubes produces atrophy,

whereas mice deficient in any of these ligases exhibit

reduced atrophy after denervation (Bodine et al. 2001;

Gomes et al. 2001; Rommel et al. 2001). During the second

month of denervation, type II fibers show greater atrophy

levels than type I fibers. From that point on, the observed

atrophy is similar in all fibers and larger amounts of

interstitial collagen are deposited (Lu et al. 1997).

Intracellular Ca2? levels are higher in denervated than in

normal skeletal muscles (Kirby and Lindley 1981; Picken

and Kirby 1976; Shimizu and Kuriaki 1960). In addition,

Ca2? transport is slightly diminished in the sarcoplasmic

reticulum of fast muscles, while Ca2? transport of slow

muscles is markedly increased (Marcreth et al. 1972).

Accordingly, proteins involved in reducing intracellular

Ca2? levels are reduced; a reduced expression of fast

SERCA1 Ca2?-ATPase isoform, fast calsequestrin and fast

parvalbumin occurs after denervation (Donoghue et al. 2004;

Müntener et al. 1985) and possibly contributes to the per-

sistent increase in free intracellular Ca2? levels. Moreover,

the denervated muscle contractile response depends on

extracellular Ca2? concentration (Picken and Kirby 1976).

Since Cx43 HCs are permeable to Ca2? (Schalper et al.

2010), it is possible that the higher free intracellular Ca2?

levels measured in denervated muscles are, in part, the

consequence of enhanced Ca2? influx via Cx HCs. Inter-

estingly, protein degradation pathways can be activated by

elevated free intracellular Ca2? (Hussain et al. 1987), and

thus, an increase in Cx HC activity in denervated muscles

might be relevant in the development of muscle atrophy.

Other Pathological Conditions Associated

with Muscular Atrophy

Other muscle diseases (i.e., myasthenia gravis) and dif-

ferent pathological conditions associated with inflamma-

tion (i.e., diabetes and septic shock) or chronic disuse (i.e.,

cancer) also develop muscle atrophy. However, all of these

conditions may share some, but not all, etiological factors;

and muscle atrophy is just a common characteristic

developed by yet unknown factors.

Diseases of Neural Origin

Several diseases affect motor neurons and finally result in

muscular atrophy. In this review, we focus on the most

prevalent diseases, including spinal muscular atrophy. This

is a neurodegenerative disease caused by mutations of the

Fig. 4 Proinflammatory cytokines increase membrane permeability

in fibers of fast skeletal muscles. Freshly isolated myofibers from rat

FDB muscle were incubated for 3 h with either TNF-a (10 ng/ml) or

IL-b (10 ng/ml) or with both cytokines. Membrane permeability was

evaluated by ethidium (5 lM) uptake in time-lapse measurements

(n = 4). TNF-a and IL-1b alone increased dye uptake, and treatment

with both cytokines induced the summation response. Dye uptake

induced by the cytokine mix was inhibited by La3?. **P \ 0.05,

***P \ 0.001 with respect to control uptake, ANOVA with posttest
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survival motor neuron gene (D’Amico et al. 2011) that

affects lower motor neurons, yielding progressive limb

muscle weakness and paralysis. Motor neurons are also

affected in spinal and bulbar muscular atrophy, which is a

chromosome X–linked disease that affects lower motor

neurons. It is caused by the expansion of CAG repeats,

encoding the polyglutamine (polyQ) tract in the androgen

receptor gene (Kennedy et al. 1968; Sobue et al. 1989). A

normal individual possess 9–36 CAG repeats, and an

affected individual has 38–62 repeats.

Another disease is amyotrophic lateral sclerosis, which

is a progressive condition affecting upper and lower motor

neurons and can either be of genetic origin or occur spo-

radically (Hama et al. 2012). A number of potential

mechanisms have been proposed, including superoxidase

dismutase type 1–mediated toxicity, excitotoxicity, cyto-

skeletal derangements, RNA processing and microglial

activation (Rowland and Shneider 2001).

A classic denervation disease that affects lower motor

neurons is Guillain-Barré syndrome. This is a group of

acute immune-mediated polyneuropathies with several

clinical forms. The most common variant is acute inflam-

matory demyelinating polyradiculoneuropathy, in 85–90 %

of cases (Ropper 1992). Cardinal symptoms are progres-

sive ascending weakness, which can compromise facial,

oropharyngeal, oculomotor and respiratory muscles

(Alshekhlee et al. 2008).

Diseases of Genetic Origin

There are several genetic diseases that induce skeletal

muscle atrophy. The most prevalent of these is Duchenne

muscular dystrophy (DMD), which is produced by a

spontaneous mutation in the dystrophin gene, leading to

muscular atrophy. Humans and dogs primarily show mus-

cle atrophy. However, Mdx mice progress through an ini-

tial phase of muscle hypertrophy, followed by atrophy; and

cats show persistent muscle hypertrophy (Kornegay et al.

2012). Dystrophin deficiency produces different responses

depending on the species, individual and muscles. The

reasons for phenotypic variation are not clear and raise

questions about primary versus secondary effects of dys-

trophin deficiency. Other dystrophin mutations lead to

attenuated expression of truncated protein and result in a

milder phenotype referred to as Becker muscular dystro-

phy. Dystrophin is a member of the dystrophin-glycopro-

tein complex (DGC), a structural complex that anchors the

cytoskeleton to the extracellular matrix. Alterations of

dystrophin destabilize the DGC, thus compromising the

cellular integrity and, finally, the structural and functional

integrity of skeletal muscles. DMD patients report first

weakness in the proximal lower limbs and then progress to

the remaining ones. Onset of symptoms in humans occurs

between 2 and 3 years of age. Muscle biopsies reveal

myofiber necrosis, inflammatory cell infiltration, early

muscle regeneration and fibrosis, which finally evolve to

atrophy (Kornegay et al. 2012).

Acute Inflammatory Diseases

Sepsis and respiratory failure are two conditions of major

risk for acquired weakness in critically ill patients. As a

complication of critical illness, weakness of limb and

respiratory muscles frequently slows and even dominates

the course of recovery. Long-term consequences such as

exercise limitation and low health-related quality of life

sometimes persist for years (Herridge et al. 2003). Patients

manifest both neuropathy and myopathy but with a com-

mon feature of muscle atrophy (Angel et al. 2007). There is

a decrease in skeletal muscle protein synthesis and

enhancement of catabolic degradation (Helliwell et al.

1998; Vary and Kimball 1992). However, sepsis induces

early changes in contraction fiber properties, even without

modifications in muscle mass (Callahan and Supinski

2009).

Chronic Inflammatory Diseases

Several chronic inflammatory diseases manifest a state

called cachexia, which is defined as ‘‘a multifactorial

syndrome characterized by an ongoing loss of skeletal

muscle mass (with or without loss of fat mass) that cannot

be fully reversed by conventional nutritional support and

leads to progressive functional impairment’’ (Fearon et al.

2001). The molecular mechanism involves TNF-a, which

activates NFjB, which in turn increases the levels of

atrogin (Judge et al. 2007) and MurF1 (Adams et al. 2008;

Cai et al. 2004), two E3 ligase proteins that belong to the

ubiquitin-proteasome system, and favors a catabolic state

leading to muscular atrophy (Foletta et al. 2011).

One of the most prevalent chronic diseases is diabetes

(types 1 and 2). It presents serious complications including

neuropathies, retinopathies, cardiovascular disease and

muscular atrophy. Skeletal muscle wasting is one of the

most common alterations, in which protein breakdown

increases and protein synthesis decreases (Smith et al.

1989).

Another highly prevalent chronic disease is cancer, in

which there is an increase in TNF-a levels (Tisdale 2008),

which in turn activates NFjB, leading to muscular atrophy.

However, other cytokines, such as IL-1b and IL-6, and

several tumor-derived substances are involved in cancer

cachexia (Davis et al. 2004). Cachexia is a common state in

patients with advanced cancer and is associated with less

treatment tolerance, reduction of response to therapy and

lower survival rates (Fearon 2011). It occurs with reduced
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food intake and abnormal metabolism, which leads to a

negative balance of energy and proteins. Moreover, this

state is influenced by systemic inflammation (Zhou et al.

2010).

Muscular wasting is also present in nearly 20 % of

patients with HIV/AIDS (Wanke et al. 2000). AIDS

wasting syndrome is an involuntary weight loss [10 % of

baseline body weight during the previous 12 months or a

5 % weight loss in the previous 6 months. Inflammatory

myopathy resembling idiopathic polymyositis can occur in

patients with HIV infection, as well as myopathy induced

by treatment with nucleoside reverse transcriptase inhibi-

tors, such as ziduvudine, lamivudine, abacabir and ten-

ofovir (Moyle 2005).

In general, the paradigms of chronic inflammatory dis-

eases that compromise muscle functions are the inflam-

matory myopathies, which share the common feature of

autoimmune–mediated muscle injury. The most important

subtypes include dermatomyositis, inclusion-body myosi-

tis, idiopathic polymyositis and overlap syndromes (with

another systemic rheumatic disease). The exact pathogenic

process differs, but they are all characterized by autoanti-

body production, inflammation, muscle weakness and

immunity-independent NFjB activation such as endoplas-

mic reticulum stress by overload (Nagaraju et al. 2005).

Metabolic Myopathies

This group of diseases combines infrequent metabolic

defects in energy production to muscle requirements. These

include defects in lipid, glycogen and glucose metabolism

as well organelle defects, namely, mitochondrial and

lysosomal pathologies. Most patients report exercise

intolerance, muscle pain and cramps rather than a fixed

sense of weakness. However, some patients may develop

muscular atrophy when experiencing fixed weakness. This

evolution can occur in patients with acid maltase deficiency

(Shea and Raben 2009), mitochondrial myopathies by

mutations involving cytochrome b, cytochrome c oxidase

(cox), MELAS A3260G mutation (Kollberg et al. 2005)

and fatty acid oxidation defects (Hale and Bennett 1992).

In the latter group, free fatty acids cannot be metabolized

due to the existing metabolic block. As a result, they are

stored in the cytoplasm as triglycerides, thereby resulting in

progressive lipid storage myopathy with weakness,

Fig. 5 Scheme showing possible membrane permeability changes in

adult skeletal muscle undergoing atrophy. Left Normal skeletal muscle

fibers have no or very low hemichannel activity. Right Conditions that

induce muscular atrophy (i.e., proinflammatory cytokines) induce

functional expression of connexin-based hemichannels that increase the

membrane permeability to ions such as Na?, K? and Ca2?. Panx1 HCs

are present in normal muscles, where most likely they are activated via

extracellular ATP/P2 receptors and could also favor ion and small

molecule fluxes in fibers undergoing atrophy
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hypertrophic and/or dilated cardiomyopathy and fatty liver

(Treem 2000).

Concluding Remarks

Cx GJCs and HCs in ensemble with several membrane

receptors, including P2 receptors, orchestrate numerous

relevant steps in the muscle ontogeny process, including

cell commitment to skeletal muscle lineage and differen-

tiation. Moreover, in normal adult skeletal muscles Panx1

HCs may be key players in tissue responses, such as

potentiation of muscle contraction. This is an example

where Panx1 HCs do not coexist with Cx HCs.

Cxs are not expressed by normal adult skeletal muscles.

However, under pathological conditions, such as denerva-

tion and inflammation, differentiated myofibers express

functional Cx HCs (Fig. 5). Since Cx HCs are low-resis-

tance membrane pathways with low selectivity, their

functional expression in the cell membrane might lead to

partial dissipation of the electrochemical gradient across

the cellular membrane. Consequently, the increase in Cx

HC activity offers a partial explanation for a number of

cellular events that precede muscle atrophy, such as

reduction in resting membrane potential and increases in

protein degradation. Therefore, Cx HC blockers are

expected to prevent or reduce skeletal muscle atrophy

caused by different etiologies.
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Presence and importance of connexin43 during myogenesis. Cell

Commun Adhes 10:451–456

Araya R, Liberona JL, Cárdenas JC, Riveros N, Estrada M, Powell

JA, Carrasco MA, Jaimovich E (2003b) Dihydropyridine recep-

tors as voltage sensors for a depolarization-evoked, IP3R-

mediated, slow calcium signal in skeletal muscle cells. J Gen

Physiol 121:3–16

Araya R, Riquelme MA, Brandan E, Sáez JC (2004) The formation of
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(2007) Contribution from P2X and P2Y purinoreceptors to ATP-

evoked changes in intracellular calcium concentration on

cultured myotubes. Pflugers Arch 453:519–529

Dennis MJ, Ziskind-Conhaim L, Harris AJ (1981) Development of

neuromuscular junctions in rat embryos. Dev Biol 81:266–279

Domercq M, Perez-Samartin A, Aparicio D, Alberdi E, Pampliega O,

Matute C (2010) P2X7 receptors mediate ischemic damage to

oligodendrocytes. Glia 58:730–740

Donoghue P, Ribaric S, Moran B, Cebasek V, Erzen I, Ohlendieck K

(2004) Early effects of denervation on Ca2?-handling proteins in

skeletal muscle. Int J Mol Med 13:767–772

Du J, Wang X, Miereles C, Bailey JL, Debigare R, Zheng B, Price

SR, Mitch WE (2004) Activation of caspase-3 is an initial step

triggering accelerated muscle proteolysis in catabolic conditions.

J Clin Invest 113:115–123

Duxson MJ, Usson Y (1989) Cellular insertion of primary and

secondary myotubes in embryonic rat muscles. Development

107:243–251

Dvoriantchikova G, Ivanov D, Panchin Y, Shestopalov VI (2006)

Expression of pannexin family of proteins in the retina. FEBS

Lett 580:2178–2182

Escobar AL, Schinder AF, Biali FI, Nicola LC, Uchitel OD (1993)

Potassium channels from normal and denervated mouse skeletal

muscle fibers. Muscle Nerve 16:579–586

Fearon KC (2011) Cancer cachexia and fat–muscle physiology.

N Engl J Med 365:565–567

Fearon KC, Barber MD, Moses AG (2001) The cancer cachexia

syndrome. Surg Oncol Clin North Am 10:109–126

Finol HJ, Lewis DM, Owens R (1981) The effects of denervation on

contractile properties or rat skeletal muscle. J Physiol 319:81–92

Foletta VC, White LJ, Larsen AE, Léger B, Russell AP (2011) The
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Abstract Gap junctions are key components underpin-

ning multicellularity. They provide cell to cell channel

pathways that enable direct intercellular communication

and cellular coordination in tissues and organs. The chan-

nels are constructed of a family of connexin (Cx) mem-

brane proteins. They oligomerize inside the cell, generating

hemichannels (connexons) composed of six subunits

arranged around a central channel. After transfer to the

plasma membrane, arrays of Cx hemichannels (CxHcs)

interact and couple with partners in neighboring attached

cells to generate gap junctions. Cx channels have been

studied using a range of technical approaches. Short pep-

tides corresponding to sequences in the extra- and intra-

cellular regions of Cxs were used first to generate epitope-

specific antibodies that helped studies on the organization

and functions of gap junctions. Subsequently, the peptides

themselves, especially Gap26 and -27, mimetic peptides

derived from each of the two extracellular loops of conn-

exin43 (Cx43), a widely distributed Cx, have been exten-

sively applied to block Cx channels and probe the biology

of cell communication. The development of a further series

of short peptides mimicking sequences in the intracellular

loop, especially the extremity of the intracellular carboxyl

tail of Cx43, followed. The primary inhibitory action of the

peptidomimetics occurs at CxHcs located at unapposed

regions of the cell’s plasma membrane, followed by inhi-

bition of cell coupling occurring across gap junctions.

CxHcs respond to a range of environmental conditions by

increasing their open probability. Peptidomimetics provide

a way to block the actions of CxHcs with some selectivity.

Furthermore, they are increasingly applied to address the

pathological consequences of a range of environmental

stresses that are thought to influence Cx channel operation.

Cx peptidomimetics show promise as candidates in

developing new therapeutic approaches for containing and

reversing damage inflicted on CxHcs, especially in hypoxia

and ischemia in the heart and in brain functions.

Keywords Connexin hemichannels � Peptidomimetics �
Clinical translation

Introduction

Gap junctions are cell–cell connections that ensure har-

monious integration, regulation and equalization of meta-

bolic events and signaling in tissues and organs. Their role

in the coordination of cell behavior is vividly illustrated in

the heart, where gap junctions in the intercalated discs

provide pathways that allow direct intercellular electrical

communication essential for synchronous contraction of

component myocytes and for generating waves of rhythmic

contractions observed in arteries. Gap junctions are con-

structed of paired connexin hemichannels (CxHcs), each

composed of six protein subunits arranged around a central

pore, and occur at adhesive areas where plasma membranes
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touch. Hcs are continuously recruited from surrounding

unapposed plasma membrane areas and subsequently dock

head to head with partners from adjacent cells and attach to

the rims of preexisting gap junction plaques. The opera-

tional area and size of gap junction plaques where inter-

cellular communication occurs are regulated by a balanced

internalization and degradation of the dodecameric Cx

channel units (Laird 2006; Goodenough and Paul 2009).

Many approaches have been applied to study the struc-

ture and function of gap junctions and their constituent

CxHcs (Harris and Locke 2009). This account deals with

the development of peptides that correspond to specific

short Cx sequences that block widely the operation of gap

junctions and CxHcs. The consequences ensuing from the

actions of these peptides on Cx channels are allowing

research to move forward into the realms of translational

innovation across many fronts, especially in addressing the

pathological consequences of ischemic stress that induces

the channels to become leaky. Peptidomimetic approaches

are complemented by gene knockout and antisense siRNA

approaches to study Cx-based communication.

The development and application of short peptides

mimicking sequences in various protein domains of Cxs,

especially Cx43, initially focused on the two loops pro-

jecting outside the cell membrane; but peptides corre-

sponding to sequences in the cytoplasmic intracellular loop

and carboxyl tail are now finding application. Over the last

25 years, mimetic peptides have become important tools in

elucidating a panoply of roles for gap junctions and their

constituent CxHcs in a wide range of cells, tissues and

organs. These are summarized in Tables 1, 2 and 3.

Development and Exploitation of Cx Mimetic Peptides

Following the deduction of the complete amino acid

sequences especially of Cx32 and Cx43, two of the 20

members of the Cx family of proteins, a number of short

mimetic peptides were chemically synthesized and coupled

to immunogenic carriers to generate antibodies to target

specific domains and epitopes. The two highly conserved

extracellular loops of Cx have proven to be poorly

immunogenic, and it has been difficult to generate anti-

bodies to these domains. Nevertheless, antibodies to both

extracellular loop domains have been used in studies of a

wide range of functions underwritten by Cx channels.

These include (1) the topographical arrangement of Cx

proteins in the membrane (Zimmer et al. 1987), (2) the

roles of gap junctions in the development of mouse

embryos (Becker et al. 1995), (3) Ca2? wave signaling

across cell layers connected by gap junctions (Boitano

et al. 1998), (4) subcellular assembly of gap junctions

(Rahman et al. 1993), (5) coordination of Ca2? transients in

beating cardiac myocytes (Verma et al. 2009b), (6) Cx43 as

a candidate component of the immunological synapse

(Mendoza-Naranjo et al. 2011), (7) the functional impor-

tance of the two exposed extracellular loops (Goodenough

et al. 1988), (8) CxHc organization in polarized cells (Clair

et al. 2008) and (9) tracking conformational changes as Cx

traffic from the Golgi apparatus to gap junctions (Sosinsky

et al. 2007). Antibodies to peptides from intracellular

regions have been used extensively as diagnostic immu-

nological/analytical tools and are widely available from

commercial sources.

Although reagents such as heptanol, octanol, oleamide,

lithium ions, quinine derivatives, carbenoxolone, fena-

mates, anandamide, oleamide, triarylmethanes and glyc-

yrrhetinic acid inhibited gap junctional communication

(Herve and Dhein 2010; Juszczak and Swiergiel 2009;

Bodendiek and Raman 2010), there remained a need for

more specific reagents with a known mechanism of action.

From early on, it became evident that Cx mimetic peptides

used to generate the antibodies to gap junctions might

prove useful as chemical tools to manipulate channel

operation; it was argued that the utility of antibodies was

restricted by their size and limited penetration across the

cell membrane and into intercellular regions where gap

junctions are located. Such drawbacks would be overcome

by using small mimetic peptides that could penetrate into

intercellular junctions, disrupt the docking and/or operation

of hemichannels and, thus, target the gap junction (Fig. 1).

Two studies using model systems marked the beginning

of the exploration of Cx mimetic peptides as tools to study

gap junction functions. The first took advantage of the

contractile behavior displayed by embryonic chick heart

myoballs and known to require coordination provided by

intercellular communication via gap junctions. The effects

of a series of 15 Cx peptides, corresponding to short

sequences mainly in intra- and extramembrane amino acid

regions of the tetraspan membrane protein in delaying gap

junction functions, were determined (Warner et al. 1995). A

parallel study that used six dodecapeptide Cx mimetics to

interrupt communication across gap junctions generated in

Xenopus oocytes transfected with RNA to Cx32 (Dahl et al.

1994) likewise pointed to the potential of using short

peptides to tamper with Cx-dependent intercellular com-

munication. Warner et al. (1995) pinpointed motifs that

included short sequence motifs, SRPTEK in extracellular

loop 1 and SHVR in extracellular loop 2, as likely potent

peptides for use in disrupting cell communication. These

motifs were later incorporated into Gap26 and -27 mimetic

peptides and their close homologues (see Tables 1, 2, 3).

Kwak and Jongsma (1999) used dye coupling and dual

patch-clamp approaches to study the inhibition of Cx

channels using peptide mimetics from the second extra-

cellular loop of Cx43 and Cx40. An extensive literature has
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since built up around the study of Cx-dependent cell

communication processes, especially with peptides mim-

icking sequences in Cx43 and, to a lesser extent, Cx40 and

Cx37, which are widely expressed in the vascular system as

well as with Cx32 (De Bock et al. 2011). Gap26 and -27

have emerged as mimetic peptide tools that have entered

the literature in studies that explore the operation and

function of Cx channels in several settings (Tables 1, 2). As

discussed below, the blockage of direct cell coupling across

gap junctions (Evans and Boitano 2001) is now likely to be

a secondary event that follows initial interaction of the

peptides with CxHcs. Recent work is increasingly focused

on the translational and therapeutic possibilities offered by

the action of the mimetic peptides, especially in averting or

reversing tissue damage in ischemia and inflammation.

Gap Junctions and CxHcs

The view that CxHcs possess functions in their own right

and are able to operate in different modes from gap junc-

tions has now become generally accepted (Goodenough and

Paul 2003; Bennett et al. 2003; Evans et al. 2006). CxHcs

were detected in Xenopus oocytes (Ebihara and Steiner

1993), a test bed to study gap junction expression and

function and where the channels were observed to open in

low-Ca media. Hc opening was also detected in vertebrate

retinal dendrites (Malchow et al. 1993). These early studies

appeared against the background view that CxHcs sustained

in open configuration in membranes would lead to poten-

tially catastrophic cellular outcomes by allowing trans-

membrane escape from cells of small intracellular signaling

molecules, e.g., ATP and glutamate, and would result in a

collapse or dissipation of ionic gradients. The possible

importance of CxHcs operating under normal physiological

situations in cells and tissues was critically evaluated

(Spray et al. 2006). Collateral evidence for the functional

reality of CxHcs began to appear later for roles in pathology

with, e.g., the demonstration that leaky mutated CxHcs in

the ear were linked to deafness (Stong et al. 2006; Scott and

Kelsell 2011) and a mutation in the intracellular loop of

Cx43 that decreased single-channel conductance and is

linked to neurological disturbances in oculodentodigital

dysplasia (Lai et al. 2006). Reconstituted Hcs were used to

Table 1 Examples of the use of Gap26 and -27 mimetic peptides in studying the functions of gap junctions and connexin hemichannels in

tissues/organs, cell layers and slices

Test model Peptide Effects Reference

Arteries Gap26/27 Block rhythmic contractions Chaytor et al. (1997)

Mesenteric arteries Gap27 Attenuates hyperpolarization Dora et al. (1999)

Endothelium Gap27 Attenuates Ach relaxations Hutcheson et al. (1999)

Arteries Gap26/27 Block EHF signaling Chaytor et al. (2005)

Kidney Gap27 Blocks renal vasodilatation De Vriese et al. (2002)

Heart tissue Gap26 Aids recovery after hypoxia Hawat et al. (2010)

Heart lateral ventricle Gap27a Aids recovery after ischemia Davidson et al. (2012)

Arteries Gap27 Lowered intercell resistance Matchkov et al. (2006)

Lung capillaries Gap26/27 Inhibit Ca waves Parthasarathi et al. (2006)

Trophoblasts/fibroblasts Gap26/27 Block bilayer signaling and reduce DNA damage Bhabra et al. (2009)

Various cell barriers Gap27 Blocks signaling across barriers Sood et al. (2011)

Brain endothelial and MDCK

epithelial cells

Gap27 Inhibits Ca oscillations De Bock et al. (2012)

Leukocytes Gap27 Inhibits ATP release Eltzschig et al. (2006)

Hippocampus Gap27 Impairs learning, memory Bissiere et al. (2011)

Hippocampus slices Gap27 Inhibits epileptiform activity Samoilova et al. (2008)

Rat amygdala Gap27 Induces amnesia Stehberg et al. (2012)

Spinal cord Gap27a Reduces swelling, reduces neuronal cell death O’Carroll et al. (2008)

Optic nerve Gap27 Attenuates CNS injury Chew et al. (2010)

Hippocampus Gap27a Decreases cell death Yoon et al. (2010)

Lung Gap26 Reduces neutrophil transmigration Sarieddine et al. (2009)

Various cells Gap26 Blocks microtissue assembly Bao et al. (2011)

Skin model systems Gap27 Increased migration and proliferation Pollok et al. (2011)

Gap26, VCYDKSFPISHVR; Gap27, SRPTEKTIFI
a Gap27 analogue. See Table 2 for sequence. A Gap27 acting on Cx40 channels (SRPTEKNVFIV) has been used on vascular tissues where this

Cx is expressed
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investigate the influence of Ca and atomic force micros-

copy, to study Hc pore opening (Thimm et al. 2005). It is

now generally accepted that CxHcs open under environ-

mental circumstances considered to be stressful to cells

such as volume or osmotic changes; oxidative, metabolic

and mechanical stresses; and especially hypoxia/ischemia.

If not contained, leaky CxHcs can lead to apoptosis and

cell death (Saez et al. 2010; Decrock et al. 2009a, b).

Binding of mimetic peptides such as extracellular loop

peptides Gap26 and -27 to the extracellular face inhibited

functions associated with CxHcs; these are also regulated

by membrane depolarization, phosphorylation of several

sites on the carboxyl tail of Cx43 (Solan and Lampe 2009),

S-nitrosylation (Retamal et al. 2006) and SUMOylation of

lysine residues in the intracellular loop (Kjenseth et al.

2012). The particle–receptor hypothesis (see below)

explained the mechanics of gating in those Cxs with

extended cytoplasmic tails such as Cx43, Cx40 and Cx45

(Delmar et al. 2004). Recent evidence suggests that

mimetic peptide perturbation of intracellular domains,

especially the interactive cytoplasmic loop (CL) and the

carboxyl tail (CT), also influences Hc functions (Ponsaerts

et al. 2010). CxHc gating is also conditioned by signaling

cascades operating in subplasmalemmal environs (Fig. 2).

Besides structural differences, with Hcs being asym-

metrical and gap junctions being symmetrical double

channels, there are other important differences between the

functions of these weakly selective channels. CxHcs stand

out in being responsive to environmental changes and

contingencies. Gap junction channels allow the cytoplasms

of cells to be linked directly, whereas open CxHcs provide

channels connecting the cell’s external environment with

Table 2 Examples of use of Gap 26 and 27 mimetic peptides on various cells in culture

Test model/cells Peptide Effect References

Skin fibroblasts, keratinocytes Gap27 Increases migration in diabetes Wright et al. (2012a, b)

HeLa Cx43 GFP Gap26/27 Inhibit dye transfer Berman et al. (2002)

Lymphocytes Gap26/27 Inhibit transendothelial migration Oviedo-Orta et al. (2002)

T/dendritic cells Gap27 Cell sensitization abrogated Ring et al. (2010)

Mesenteric smooth muscle Gap27 Attenuates hyperpolerization Dora et al. (1999)

Alveolar epithelial Gap27 Inhibits Ca signaling Boitano and Evans (2000)

Alveolar epithelial Gap26/27 Inhibit dye transfer Isakson et al. (2003)

Neonatal myocytes Gap26 Inhibits ATP release in ischemia Clarke et al. (2009)

HeLa/cardiac cells Gap26/27 Inhibit Ca uptake and Ca waves Verma et al. (2009b)

CD4? T lymphocytes Gap27 Inhibits T-cell proliferation Oviedo-Orta et al. (2010)

B and T lymphocytes Gap26/27 Decrease antibody production Oviedo-Orta et al. (2010)

Corneal Gap26 ATP release and Ca waves blocked Gomes et al. (2005)

Ganglia Gap27a Limits retinal ganglion injury Danesh-Meyer et al. (2012)

Neural retinal Gap26 Limits ATP release and development Pearson et al. (2005)

Astrocytes Gap27 Abolished NMDA excitotoxicity Froger et al. (2010)

Astrocytes Gap26 Blocks glutamate release Jiang et al. (2011)

Astroglia Gap26/27 Block glutamate release Orellana et al. (2011)

Glioma Gap26/27 Delay apoptosis, cell death Decrock et al. (2009a, b)

Astroglia Gap26 Influences neural inflammation Karpuk et al. (2011)

Glia Gap26/27 Inhibit ATP release De Vuyst et al. (2009)

Astroglia Gap26 Inhibits ATP release and activation of P2Y receptors Orellana et al. (2012a)

Astrocytes Gap26/27 Induce anhedonia, depression Sun et al. (2012)

Blood–brain barrier endothelium Gap27 Inhibits ATP release and permeability of endothelium De Bock et al. (2011)

AT11 Gap27 Inhibits Ca waves Isakson et al. (2001)

Endothelium Gap26 Inhibits ATP release Robertson et al. (2010)

Bladder cancer Gap26/27 Inhibit ATP release De Vuyst et al. (2006)

T lymphocytes 1,848b Blocks GJ docking Mendoza-Naranjo et al. (2011)

Cardiomyocytes Gap26 Blocks CxHc in cardiac hypoxia Shintani-Ishida et al. (2007)

Platelets Gap27 Blocks Cx 43/37 channels Vaiyapuri et al. (2012)

Bone marrow stem cells Gap27 Confirms Cx channels absent Yang et al. (2009)

a VDCFLSRPTEKT peptide 5 derived from extracellular loop 2 of CxHc43
b Sequence of the Cx mimetic peptide not disclosed
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the cytoplasmic mileu beneath the plasma membrane. In a

cell-signaling context, changes in CxHc open probability

provide a mechanism for paracrine intercellular commu-

nication by allowing small molecules such as ATP and K to

exit and Ca to enter cells. ATP release underwrites puri-

nergic intercellular signaling (Isakson et al. 2001; Paem-

eleire et al. 2000; Kang et al. 2008), a function shared with

pannexin channels.

Gap junction channels exist normally in open mode, and

an elevation in intracellular Ca2? leads to closure (gener-

ally 500–2,000 nM). In contrast, CxHcs open at 500 nM

(De Vuyst et al. 2006, 2009, 2011). Differences in Ca

sensitivity of the two channel types may relate to their

complementary roles in regulating intracellular Ca oscil-

lations and the intercellular propagation of Ca waves

(Verma et al. 2009a; Orellana et al. 2012b; De Bock et al.

2012). The various intracellular processes that influence the

gating of Cx43Hcs are shown in Fig. 2b. Gap junctions and

CxHcs respond differently to lipopolysaccharide and basic

fibroblast growth factor, a consequence of their involve-

ment in releasing ATP (De Vuyst et al. 2007); their channel

functions also respond differently to many growth factors

(Schalper et al. 2012).

Widespread Use of Gap26 and Gap27 Mimetic Peptides

Cx43 is by far the most widely distributed Cx in tissues and

organs. It is therefore not surprising that Gap26 and -27,

derived from Cx43 sequences, have found extensive use. A

modified Gap27 peptide (Table 1) incorporating a

sequence mimicking that in Cx40 has also proven useful in

vascular tissues and other tissues where both Cxs are

present (Chaytor et al. 1999; Wright et al. 2009). Early

studies showed that inhibition by mimetic peptides was

largely reversible as assessed by intercellular transfer of

small fluorescent ‘‘reporter’’ dyes of varying size and by

Table 3 Effects of various intracellular Cx mimetic and other short and mainly Cx43 peptides on gap junctions and hemichannels

Test model Peptide Effect Reference

Brain synapses Carboxyl tail Prevents Cx36/GJ formation Flores et al. (2012)

Bladder cancer Gap24a Inhibits ATP release De Vuyst et al. (2006)

Mouse hearts Carboxyl tailb Increases Cx43 and ps368

phosphorylation

and induces arrhythmia

O’Quinn et al. (2011)

Heart Carboxyl tail May open gap junctions Lewandowski et al. (2008)

Heart R, any amino acid May open gap junctions Verma et al. (2009b)

Cardiac mitochondria Gap27 Inhibits Cx43 Rottlaender et al. (2012)

T lymphocytes Gap20c Ineffective on gap junctions Mendoza-Naranjo et al. (2011)

Endothelium- denuded arteries Gap20c Ineffective on gap junctions Chaytor et al. (1997)

C6 glioma cells L2 segment nonapeptide Blocks CxHc but not gap junctions Wang et al. (unpublished)

Corneal endothelial and C6 glioma

cells

TAT-L2 Blocks CxHc but not gap junctions Ponsaerts et al. (2010)

Basolateral amygdala Cx43-L2 TAT Blocks gliotransmitter release Stehberg et al. (2012)

MDCK CT9 peptideb Carboxyl

tail

Blocks Ca oscillations by removing

high Ca closure

De Bock et al. (2012)

a Gap24: a Cx32 Gap20 homologue GHGDPLHLEEVK (from intracellular loop)
b Peptide RPRPDDLEI
c Gap20 EIKKFKYG

Gap 26/27

Closure at ~ 3min
Cx43 Hemichannels

Cx43 junction channels
Closure at ~ 3min or longer

Fig. 1 Mechanism of action of Gap26 and -27 mimetic peptides.

Peptides bind to extracellular loop regions one and two, respectively,

of CxHc, causing closure of channels within minutes. At later time

intervals (30 min or longer) and depending on factors such as cell

confluency, tissue, organ, tissue slice origin and thickness and

conditions of perfusion of various organs, peptides permeate into

intercellular spaces in gap junctions, causing disruption and dimin-

ished cell coupling. CxHcs with attached peptide move laterally

toward the rims of gap junction plaques as they assemble and are then

internalized
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measuring the extent of Ca wave propagation over multiple

rows of cells (Boitano and Evans 2000).

As the operational presence of CxHcs became evident,

inhibition by mimetic peptides of ATP release in a wide

range of tissues and cells (Tables 1, 2), of glutamate in

astrocytes (Yang et al. 2009) and astrocytes/microglia

(Orellana et al. 2011) and of ion trafficking, especially Ca2?

entry, were observed. Uptake of reporter dyes across CxHcs

became a reliable and routine method to demonstrate open

or leaky CxHcs (Li et al. 1996). A range of other effects

were also noted on prolonged exposure (20 min or longer)

to the mimetic peptides such as smooth muscle contraction

in endothelium-denuded arteries (Chaytor et al. 1997;

Hutcheson et al. 1999) and immunoglobulin production by

lymphocytes (Oviedo-Orta et al. 2001). Subsequently, as

the presence of CxHcs widened, it became increasingly

clear that the primary action of Gap26 and -27 is in fact

directed at CxHcs. Nevertheless, a combination of direct

signaling across gap junctions and paracrine signaling act-

ing through metabotropic purinergic receptors following

release of ATP (Fig. 2) provides scope for complementary

intercellular interplay involving both routes in several set-

tings (Anselmi et al. 2008; Cotrina et al. 1998).

Initial experiments showing inhibition by mimetic pep-

tides of CxHcs were carried out mainly using cultured cells

(Table 2), followed by numerous examples in various tis-

sues and organs, cell layers and thin tissue slices (Table 1).

The growing attribution of nonjunctional properties to

CxHcs (Cotrina et al. 2008; Kameritsch et al. 2011) has led

to studies that attempt to unravel the potential functions in

the realms of adhesion and cell movement. Enhancement

of migration of dermal fibroblasts after treatment with

Gap27 pointed to nonjunctional roles for CxHcs in cell

movement and extending, e.g., to assessing their potential

translational application in addressing their efficacy in

accelerating wound healing in diabetes and in a range of

micro-/macrovascular diseases (Wright et al. 2009, 2012a;

Pollok et al. 2011). Gap27 increased migration of human

keratinocytes and dermal fibroblasts, and the efficacy of the

mimetic peptide was different in euglycemia and hyper-

glycemia (Wright et al. 2012b). Gene array approaches

indicated that Gap27 induced upregulation of genes

involved in extracellular matrix remodeling and cell

adhesion. Exposure of cells to Gap27 may have effects on

Cx43 phosphorylation, especially of serine 368; phos-

phorylation of this amino acid decreases Cx43 channel

activity (Solan and Lampe 2009) and is a key process in the

gating of Cx43 channels. Many of the effects of the

mimetic peptides were seen after long-term exposures.

Cx43 has been detected in the inner mitochondrial mem-

brane of heart cells and has been implicated in cardiac

preconditioning (Boengler et al. 2009; Rottlaender et al.

2012). The opening of mitochondrial CxHc influences K?

fluxes in processes that are linked to cardioprotection. The

functions of Cx43Hc at this location are open to study

using mimetic peptides developed to Cx43 cytoplasmic

sequences (Verma et al. 2009a).

Mechanism of Action of Cx Mimetics

To further develop and refine the actions of Cx mimetics, it

is important to gain insight into the mechanisms by which

they block Cx channels. A major advance was the dem-

onstration that the primary action of Gap26 and -27 was

likely to be on CxHcs prior to blockage of gap junctions.

With the acceptance that CxHcs and gap junctions were

targets but in different time frames, the effects of the

peptides on both were examined using electrophysiological

approaches. These had already proven useful in studying

Fig. 2 a Several intracellular signals and events influence CxHc

functions. Membrane depolarization above ?30 V opens Hc. Several

kinases may also be involved; PKC closes Hc, while p38MAPK and

calmodulin kinases result in Hc opening. The cytoplasmic Ca

concentration ([Ca2?]i) is also an important modulator; below

500 nM [Ca?] calmodulin is a key Ca binding protein and specific

binding sites are present on Cx. An increase in intracellular Ca causes

Hc opening, while Hc activation is lost at higher concentrations.

Arachidonic acid stimulates Hc opening, and amino acid metabolites

generated by PLA2 activation may contribute to this. Nitric oxide and

oxidative stress also result in opening of Hc. Figure modified from De

Vuyst et al. (2009). b a Sites on the exposed extramembrane regions

of Cx43 where the mimetic peptide sequences originated. b Proposed

intramolecular mechanism of CxHc gating involving interaction of

the carboxyl tail with the intracellular loop. c Binding of a

nonapeptide mimetic derived from L2, the Cx43 intracellular loop

region to a site on the carboxyl terminus regulates the closure of

CxHc and leads to blockage of the channel
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electrical coupling across gap junctions in cell pairs and the

electrical properties of CxHcs (Harris 2001; Contreras et al.

2003; Saez et al. 2005). Using a voltage-clamp approach in

nonconfluent and confluent HeLa cells expressing Cx43,

Gap26 inhibited macroscopic currents through CxHcs in

2–3 min. In contrast, electrical coupling in cell pairs was

delayed and completely inhibited after 30 min or more

(Desplantez et al. 2012), indicating direct action of Gap26

on an exposed extracellular loop, as previously suggested

by studies of CxHcs inserted into lipid bilayers (Liu et al.

2006). The extended time course of action on gap junc-

tional electrical coupling suggests that longer diffusion

pathways into plasma membrane junctional domains lead

ultimately to blockage of gap junctional coupling (Fig. 1).

The changes in conductance and voltage gating of CxHcs

by Gap26 suggested interaction of the peptide at a con-

sensus sequence in the first extracellular loop that may

contribute to the inner wall of the pore (Sosinsky and

Nicholson 2005), resulting in a decrease in channel diam-

eter in the extracellular vestibule. Desplantez et al. (2012)

also proposed that, of the two voltage gates controlling Hc,

the slow gate is the more likely to be influenced by the

binding of Gap26.

An expanded complementary study by Wang et al.

(unpublished) examined the mechanism of action of Gap26

and -27 in HeLa cells stably transfected with Cx43 and in

pig ventricular myocytes endogenously expressing Cx43

using a voltage-clamp approach. Both mimetic peptides

inhibited Cx43Hc unitary currents within minutes. An

important outcome of this study with cardiac translational

implications was that unitary current activity was promoted

by a moderate elevation of cytoplasmic Ca, an event

observed in cardiac arrhythmogenesis.

Gap26 and -27 have been used mainly to inhibit Cx43

channels, but actions on other Cx channels have also been

studied. For example, Wright et al. (2009) carried out an

extensive study of the effects of Gap26 and -27 on dye

coupling in cells expressing several human Cxs and found

that Gap27 had broader Cx specificity than Gap26. In some

situations where multiple Cxs are expressed, as in skin,

broad specificity can be an advantage.

The precise protein domains to which Gap26 and -27

mimetic peptides attach and any conformational changes

induced in Cx channels remain to be determined. Fluo-

rescently labeled Gap26 and -27 are poorly soluble; but

evidence points to attachment and retention at cell exteri-

ors, and problems of image resolution could not answer the

issue of whether attachment of a mimetic peptide ligand to

a ‘‘channel receptor’’ sequence can lead to peptide inter-

nalization (Evans, unpublished work). Voltage-clamp

approaches have been useful in deciphering the inhibitory

action of these peptides on Cx channels and go a long way

toward resolving questions concerning the specificity of

mimetic peptide inhibitory effects. Cx mimetics have been

claimed as effective inhibitors due to steric pore block

(Wang et al. 2007). Steric block may indeed occur, but

recent data indicate that it only occurs when peptides are

used in the range of 1 mM and above (Wang et al.

unpublished). The examples shown in Tables 1 and 2 used

mainly protein concentrations of 100–250 lM. In the vast

majority of these studies, investigators have used scram-

bled peptides or short peptides derived from regions

believed not to be directly involved in channel operation

(often internal sequences) as controls and, in each instance,

they pointed to a high sequence dependence of mimetic

peptide action in blocking gap junctional coupling and,

more recently, ATP release or dye entry across CxHcs.

Pannexins, of which three are identified compared to

around 22 in the Cx family of proteins, also form oligo-

meric channels with a similar tetraspan topographical

arrangement in the membrane to CxHcs. However, these

two protein families share no amino acid homology. Pan-

nexins, unlike Cxs, are posttranslationally glycosylated

(D’Hondt et al. 2009; Scemes et al. 2009) and are disin-

clined to dock with partner pannexins on neighboring cells.

It follows that they are not expected to generate gap

junction-like structures and, indeed, are found at higher

levels inside cells (D’Hondt et al. 2011). In contrast, a

recent report claims that they can form gap junctions and

act as Ca leak channels in the endoplasmic reticulum (Is-

hikawa et al. 2011). Pannexins are relatively unaffected by

changes in cytoplasmic Ca2? levels and, unlike Cx, are

calmodulin-insensitive. Pannexins are especially abundant

in neural tissues. The action of Gap26 and -27 on pannexin

channel currents has not yet been rigorously tested. It is

worth noting that high sequence diversity occurs in the

intracellular loop of Cx proteins; the carboxyl tail of larger

Cx proteins also varies in length, sequence and the extent

of posttranslational modification.

Small peptides generally have little structural organi-

zation but may assume some on binding to a target that

then becomes subject to conformational change. Studies of

the interaction of calmodulin with mimetic peptides from

the intracellular loop of Cx43 demonstrate a way forward

toward functionally dissecting this key region of Cxs

(Myllykoski et al. 2009). A calmodulin binding region in

Cx43 was located to amino acid residues 136–158 (Zhou

et al. 2007). Clearly, further knowledge of the structural

organization of Cx43Hc is awaited along the lines available

on CxHc26 (Maeda et al. 2009; Oshima et al. 2011).

Table 3 lists the growing number of mimetic peptides

derived from the CL and CT that act on CxHcs and gap

junctions. Many of these peptides are not able to cross

the plasma membrane. To gain access to their sites

of action, many of these mimetics need to be attached

first to ‘‘Trojan’’ cell-penetrating peptides that contain a
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membrane-translocation motif (Jarver and Langel 2006).

Intracellular loop mimetic peptides with a positive charge

due to several lysine residues stand out as candidates, for

they can, depending on length, gain access to intracellular

targets without need for attachment of a membrane-pene-

trating peptide or by microinjection, as discussed below.

Indeed, peptides of around 1 kDa or less may be able to

access the cytoplasm via open CxHcs.

Mimetics and Other Cx Peptides as Agents to Address

Pathology

In a cardiac context, blockage by Gap26 and -27 of gap

junctional coupling between myocytes negated their can-

didacy for use, especially in therapeutic approaches to

address cardiac arrhythmia, for the outcomes of peptide

treatment were likely to compound the pathology. Conse-

quently, studies in heart focused on nonmimetic hexapep-

tides shown to be prorhythmic, especially ZP123 derived

from AAp10 and later renamed rotigaptide (Hagen et al.

2009; Herve and Dhein 2010). This hexapeptide promoted

changes to Cx phosphorylation, increased gap junctional

coupling (Clarke et al. 2006) and showed promise in ani-

mal models, where it prevented ventricular tachycardia in

myocardial ischemia (Xing et al. 2003). However, fol-

lowing inconclusive clinical trials, rotigaptide was not

developed further. Cellular studies showed that despite its

prorhythmic action on gap junctions, ZP123 also led to the

opening of CxHcs, causing ATP release. In a cardiac

myocyte ischemia model, Gap26 blocked the release of

ATP, whereas ZP123 enhanced its release across Cx43Hc

(Clarke et al. 2009). Other antiarrhythmic peptides—such

as Gap134, a prorhythmic dipeptide—were also developed

(Hennan et al. 2009).

In the meantime, encouraging outcomes in addressing

ischemic cardiomyopathy using Gap26 have appeared.

These results can be explained by the direct action of this

mimetic peptide on CxHc rendered open under hypoxic/

ischemic conditions. Hawat et al. (2010) showed that fol-

lowing myocardial ischemic insult, Gap26 helped to confer

protection through its binding to and blockage of Cx43Hc.

Similar protection from hypoxic stress by these peptides

has also been reported. Vascular leak and retinal ganglion

cell death were reduced by application of a close homo-

logue of Gap27 in an atrial ischemia model where Cx43Hc

expression was increased (Danesh-Meyer et al. 2012). The

same group also reported that infusion of Gap27 in a large

animal model with cerebral injury delayed the onset of

ischemic injury and suggested that Gap27 homologue

peptides reduced inflammation. For example, mimetic

peptide treatment reduced the spread of damage after

traumatic spinal cord injury where Cx43Hc plays a critical

role (O’Carroll et al. 2008; Huang et al. 2012). Such studies

combine to show that Gap26 and -27 mimetic peptides

acting on CxHc-related functions, especially in situations

of tissue injury, show therapeutic potential. In brain, inhi-

bition of inflammation-induced activation of Cx43Hc in

astroglial cells was attenuated by treatment with Gap26 and

-27, suggesting that the channels play a critical role in

instigating neuronal death and pointing to a neuroprotec-

tive role for these mimetic peptides (Froger et al. 2010).

Interaction of the mimetic peptides with CxHcs is also

likely to modify intracellular signaling cascades in subpl-

asma membrane environments (Fig. 2a).

The action of Gap26 and -27 on CxHcs and later at gap

junctions encouraged the view that pathological outcomes

could be fine-tuned if mimetic peptides were to become

available that confined their blocking action on CxHcs

resident in the plasma membrane. Attention had already

focused on the intracellular loop region implicated in

explaining gap junction gating in cardiac cells and

involving intramolecular interaction of the carboxyl tail

region with the intracellular loop L2 region (a region in

Cx43 incorporating amino acids 119–144) and described as

the particle–receptor hypothesis (Delmar et al. 2004). The

role of the L2 domain as a key molecular determinant of

Cx43 function originated from the acidification-related

closure of gap junctions (Delmar et al. 2004), and the

particle-receptor hypothesis has been proposed to explain

Cx43 closure during acidification, with the CT moving as a

flexible gating particle that binds to the L2 site at the

intracellular vestibule and leading to closure of the gap

junction pore. Because of the similarity to the inactivation

of K? channels, this mechanism has also been called the

ball and chain model of gap junction closure. A 34-amino

acid nonmimetic peptide (RXP-E) and its derivatives were

developed to target the Cx43CT (Shibayama et al. 2006;

Lewandowski et al. 2008; Verma et al. 2009a). When

coupled to cell-penetrating peptides, these composite pep-

tides successfully restored gap junctional coupling and

impulse propagation in cultured neonatal rat ventricular

cardiomyocytes. Although the ability of L2 peptide to bind

to the Cx43CT region has been intensively studied, less is

known about how it is influenced by pH.

Loop–tail interactions also control Cx43Hc opening

(Ponsaerts et al. 2010). The interaction of a cytoplasmic

loop domain with the C-terminal region is an important

requisite for the opening of Cx43Hc in response to stimuli

such as lowering of extracellular Ca2? or increasing

intracellular Ca2?. In contrast, Cx43 gap junctions behave

in the opposite manner and are closed by intramolecular

loop–tail interactions (Delmar et al. 2004; Hirst-Jensen

et al. 2007). Interfering with loop–tail interactions can

inhibit the operation of Cx43Hc. One way to suppress

CxHc operation in response to high intracellular Ca2+ is to
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activate the actomyosin contractile system, a process that

appears to physically dislodge the CT from the CL region

(Ponsaerts et al. 2012). Importantly, the selective myo-

sin11-ATPase inhibitor blebbistatin restores Cx43Hc

activity when cells are exposed to high intracellular Ca

(Ponsaerts et al. 2012). The proteins involved in this

mechanism linking Cx43Hc and the actomyosin contractile

system have not been identified, but a likely target is the

CT region of Cx43Hc, for Cx43 lacking the CT is inactive.

Even in the absence of a functional actomyosin cytoskel-

eton, loop–tail interactions in Cx43Hc can be disrupted

using mimetic peptides from the L2 region, and coupling

the peptides to a TAT cell-penetrating sequence inhibits

CxHc opening. An important interactive target of L2-

region peptides is the last 10 amino acids of the carboxyl

tail (CT10). Direct binding between the L2 domain and

CT10 has been demonstrated by surface plasmon reso-

nance. Thus, TAT-L2 allows exploitation of the opposite

regulation of gap junctions and Cx43Hc and can provide a

route to selectively inhibit Cx43Hc while maintaining gap

junctional communication. The importance of the 10–

amino acid terminal carboxyl domain has been studied in

detail also using electrophysiological approaches in Xeno-

pus oocytes where the TAT-L2 and TAT-CT10 peptide

constructs have been crucial in analyzing and deciphering

intramolecular loop–tail interactions (Ponsaerts et al. 2010,

2012). These studies illustrate how mimetic peptide

approaches for selectively studying the physiological

functions of Cx43Hc can complement knockdown/knock-

out approaches in, e.g., processes leading to cell death

(Decrock et al. 2011) and in brain functions in the baso-

lateral amygdala, where Cx mimetic peptides such as

Gap27 demonstrate that Cx43Hc activities are implicated

in amnesia (Stehberg et al. 2012).

A short nonmimetic peptide (designated RXP-E) that

bound to the carboxyl tail of Cx43, derived from heart

lysates and studied in animal and cellular models, pre-

vented action potential block in the heart (Lewandowski

et al. 2008). A series of nonmimetic peptides with a motif

designated RXP and containing a predominance of basic

amino acid increased the mean open time of gap junc-

tion channels; these peptides were proposed as potential

functional regulators in ischemia-induced arrhythmias

(Shibayama et al. 2006; Verma et al. 2009a).

Currently, the application of novel short peptides mim-

icking sequences in the L2 region of Cx43 (Delmar et al.

2004) where a putative calmodulin binding site is identified

(Zhou et al. 2007) proceeds. One major aim is to design

mimetic peptides that confine their blocking actions to

CxHcs with no interference on gap junction functionality,

thus avoiding pro-arrhythmic consequences and allowing

the bound mimetic peptide to arrest, e.g., the loss of vital

cell metabolites via CxHcs in cardiomyocytes subject to

hypoxia or ischemia perfusion injury. A potential tool for

more selective inhibition of Hcs without associated inhi-

bition of gap junctions is a synthetic mimetic peptide

corresponding to the L2 region that, when delivered into

the cell by a whole-cell recording pipette, prevented gap

junctional opening to the subconductance state at high

transjunctional voltage and increased the channel open

time (Ponsaerts et al. 2010). Also, L2 peptide linked to the

TAT membrane translocation motif (TAT-L2) inhibited

Cx43Hc activation, further suggesting that prevention of

interaction of CT and CT suppresses Hc opening. Conse-

quently, the particle–receptor hypothesis described above

has an opposite outcome for Hcs compared to gap junc-

tions. This raises questions concerning why this is so, for

the composite proteins of the channels are identical but the

Ca sensitivity of the Cx43Hc and gap junctions differs. It

now appears that intracellular interactive partners may also

be different at the cytoplasmic aspects of junctional and

nonjunctional regions of the plasma membrane. One pos-

sible reason for these differences is that Hcs interact with

the actomyosin contractile system, causing dynamic loop–

tail interactions that control Hcs that differ from those

occurring at gap junctions (Ponsaerts et al. 2012).

New mimetic peptides derived from the carboxyl tail of

Cx43 are also being assessed. Here, peptide mimetic

design has to deal with a region where the CT interacts

with cytoskeletal elements (Herve et al. 2011; Palatinus

et al. 2011). This region also incorporates several phos-

phorylation sites that condition channel gating (Solan and

Lampe 2009). In the heart, the cytoskeletal adaptor protein

ankyrin-G interacts with Cx43 and is a likely key inter-

calated disc complex in the pathophysiology of arrhyth-

mias (Sato et al. 2011). A short Cx43-CT peptide

incorporating the last nine amino acids and linked to a cell

permeabilization sequence inhibited pathological changes

at gap junctions that are related to ventricular arrhythmias

(O’Quinn et al. 2011). This peptide disrupted the interac-

tion between the PDZ domain of ZO1 and Cx43, thus

accelerating assembly of gap junctions from a precursor

pool of Hcs (Hunter et al. 2005; Rhett and Gourdie 2012).

The peptide also enhanced PKC-epsilon-associated phos-

phorylation at the Cx43-S368 site, an effect that is acti-

vated in ischemic preconditioning and can reduce cardiac

injury (Ek-Vitorin and Burt 2012; Srisakuldee et al. 2009).

A similar peptide with the same sequence named CT9

prevented high Ca–induced closure of Cx43Hc (De Bock

et al. 2012; Ponsaerts et al. 2012). In the same vein, a

15–amino acid mimetic peptide derived from a sequence in

the CT of Cx36 modified gap junction conductance in

goldfish electrical synapses, and this peptide was injected

intradendritically (Flores et al. 2012).
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Concluding Comments

Peptides that mimic short sequences in extramembrane

domains of Cx proteins show huge potential in addressing

Cx-based communicationopathies by pharmacological

means. The functions attributed to Cx, especially Cx43,

continue to expand and include not only roles in intercellular

cell communication effected by CxHc and gap junctions but

also cell adhesion, cell migration and mitochondrial inner

membrane channel functions. It is likely that the range of Cx

mimetics and their applications will increase, for they pro-

vide activation mechanisms for manipulation of intercellular

signaling and communication. Furthermore, the peptides can

also help cells protect themselves from events emanating

from leaky channels, events that may ultimately lead to

apoptosis. Intriguingly, in the brain the Gap26 and -27

mimetic peptides that act mainly on astrocyte Cx channels

have been shown to affect depression (anhedonia), epilep-

tiform activity, memory consolidation and amnesia, further

emphasizing the importance of Cx-mediated communication

and signaling in a wide range of settings.
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In the article Manipulating connexin communication

channels; use of peptidomimetics and the translational

outputs by W. Howard Evans et al., in Table 3, in mouse

hearts test model, the effect of a carboxyl tail peptide

should be; Increases Cx43 and ps368 phosphorylation and

reduces induced arrhythmia. The reference remains as

O’Quinn et al. (2011).

The online version of the original article can be found under
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Abstract Connexins form channels with large aqueous

pores that mediate fluxes of inorganic ions and biological

signaling molecules. Studies aimed at identifying the

connexin pore now include a crystal structure that provides

details of putative pore-lining residues that need to be

verified using independent biophysical approaches. Here

we extended our initial cysteine-scanning studies of the

TM1/E1 region of Cx46 hemichannels to include TM2 and

TM3 transmembrane segments. No evidence of reactivity

was observed in either TM2 or TM3 probed with small or

large thiol-modifying reagents. Several identified pore

residues in E1 of Cx46 have been verified in different Cx

isoforms. Use of variety of thiol reagents indicates that the

connexin hemichannel pore is large and flexible enough, at

least in the extracellular part of the pore funnel, to

accommodate uncommonly large side chains. We also find

that that gating characteristics are largely determined by

the same domains that constitute the pore. These data

indicate that biophysical and structural studies are con-

verging towards a view that the N-terminal half of the Cx

protein contains the principal components of the pore and

gating elements, with NT, TM1 and E1 forming the pore

funnel.

Keywords Channel pore � Voltage gating connexin �
Cysteine scanning � Chimera � Hemichannels

Introduction

Connexins (Cxs) comprise a family of ion channels with

large aqueous pores that can transmit a variety of biological

signaling molecules including cyclic nucleotides, inositol

1,4,5-triphosphate (IP3), ATP and, in some instances, small

interfering RNAs (Evans et al. 2006; Harris 2001; Neijssen

et al. 2005; Valiunas et al. 2005). It is now evident that Cx

channels function in two configurations, as gap junction

(GJ) or cell-cell channels formed by the head-to-head

docking of two hemichannels (connexons), and as

undocked hemichannels. The latter function like conven-

tional membrane ion channels in that they mediate trans-

mission of signals across the plasma membrane, but the

signals transmitted extend beyond small inorganic ions.

Tissue-specific Cx expression (Willecke et al. 2002) and

the different reported selectivity profiles of Cxs (Goldberg

et al. 2004; Harris 2001; Veenstra et al. 1995; Verselis and

Veenstra 2000; Weber et al. 2004) suggest that that there

are differences in the pores among Cx channels that can

impact significantly on which signals are selected for

transmission.

An interesting feature of Cx channels that originated

from early studies in cell pairs is that GJ channels gate in

response to the transjunctional voltage, Vj, the voltage

difference between two cells, irrespective of the absolute

membrane potentials that generate the Vj (Harris et al.

1981; Spray et al. 1981). This sensitivity suggests that the

gating elements that sense voltage reside in the pore.

Thus, differences in the pores among Cx that impact on

selectivity may also impact on gating. Conserved gating
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characteristics of GJ channels and undocked hemichannels

indicate that there is conservation of voltage gating struc-

tures in both Cx channel configurations (Bukauskas and

Verselis 2004; Verselis 2009).

Recently, a crystal structure of a Cx26 GJ channel was

obtained at 3.5 Å resolution and shows an overall pore

structure that has wide entrances at the cytoplasmic ends of

the two opposed hemichannels, narrowing to a funnel

shape through the transmembrane spans and then widening

slightly again in the extracellular region (Maeda et al.

2009). The topology of a Cx subunit consists of four

membrane spanning segments, TM1–TM4, with N-termi-

nal (NT) and C-terminal (CT) domains located intracellu-

larly and two extracellular loops, E1 and E2, connecting

TM1–TM2 and TM3–TM4, respectively. In the crystal

structure, the bulk of the putative pore proper, i.e. the so-

called pore funnel, is formed by segments of NT, TM1 and

E1 domains. The widest parts of the cytoplasmic entrances

beyond the funnel are formed by parts of TM2 and TM3,

which in Cx26 is rich in positively charged residues.

This assignment of NT, TM1 and E1 to the pore funnel

essentially agrees with reports that preceded the crystal

structure and deduced the pore configuration based on

biophysical studies of gating in Cx32 and Cx26 GJ chan-

nels and substituted-cysteine accessibility studies in Cx46

and chimeric Cx32*43E1 hemichannels (Kronengold et al.

2003a; Oh et al. 2008; Purnick et al. 2000; Verselis 2009;

Verselis et al. 1994; Zhou et al. 1997). However, the charge

selectivity of Cx26, which is biased towards cations, is not

wholly compatible with the crystal structure and cysteine

accessibility studies of Cx32 GJ channels using a cut-open

oocyte preparation reported that some residues in TM1 and

TM2 contributed to the cytoplasmic end of the pore with

the channel in closed and open states, respectively (Skerrett

et al. 2002). The same study reported TM3 as the major

pore-lining helix throughout the transmembrane span.

Given these contrasting data and the need to test the

general validity of the crystal structure as representative of

a functional Cx channel, we applied the substituted cys-

teine accessibility method (SCAM), to the entire span of

TM2 and TM3 in Cx46 hemichannels to extend published

data in TM1 and E1 in the same Cx. In a subset of residues

we also applied SCAM to Cx50 hemichannels, a Cx that

despite close primary sequence homology with Cx46,

exhibits a substantially larger unitary conductance and

different voltage-dependent gating properties (Srinivas

et al. 2005). We also examined unitary conductance and

gating properties of a number of chimeric hemichannels

composed of interchanged segments of Cx46 and Cx50 to

determine whether gating and selectivity properties segre-

gate together. We find that both the SCAM and chimeric

data point to NT, TM1 and E1 domains as the core

elements that constitute the Cx pore as well as the essential

components necessary for voltage-dependent gating.

Materials and Methods

Construction of Cysteine Substitutions in TM2

and TM3

The rat Cx46 coding sequence was cloned into EcoRI-Hind

III of pGem7zf(?) (Promega, Madison, WI) and was used

as a template to construct the mutants. For construction of

the TM2 Cys substitutions we introduced new restriction

sites through silent mutagenesis (ApaI, PstI, SspI, SalI and

AvrII) and created a new wtCx46 cassette called rCx46-

M2mut. The PCR generated fragments containing the

individual Cys mutations were subcloned as follows:

EcoRI/SalI (F77C-Q81C), PstI (I82C-T87C), SalI/BssHII

(P88C-L90C) and EcoRI/PmII (I91C-G94C). To make

TM3 mutants we first introduced SalI and MscI sites by

silent mutagenesis into the full length wtCx46. A SalI/

BstXI 330 bp fragment was cloned into pGem7zf(?) to

make an rCx46-M3mut cassette which would allow for

unique cloning sites. Mutants were generated on this cas-

sette using PshAI/PstI (F157C-T163C), MscI/PmlI

(L164C-I170C) and PstI/PmlI (A171C-F175C). Cysteine

mutants were then backcloned into wtCx46. All constructs

were sequenced over the restriction sites used for cloning.

Construction of Chimeras Composed of Cx46 and Cx50

The mouse Cx50 coding sequence was subcloned into the

SP64T transcription vector (generously provided by Dr.

Thomas White, SUNY, Stony Brook, NY). We constructed

chimeras that exchanged Cx50 and Cx46 sequence. The

chimeras are designated first by the parent Cx followed by

the donor Cx and the sequence replaced by the donor Cx.

Thus, Cx50*46NT-CL, has the NT half of Cx50, NT

through CL, replaced by Cx46 sequence. The chimeras

were made using PshAI and BamHI as cloning sites for the

respective gel purified inserts and vectors. The domains of

the two Cxs based on the alignment published in Bennett

et al. (1991) are as follows: for Cx46, NT(Met 1–Lys 23),

TM1 (Val 24–Ala 41), E1(Glu 42–Arg 76), TM2 (Phe 77–

Gly 94), CL (His 95–Val 156), TM3 (Phe 157–Phe 175),

E2 (Leu 176–Thr 207), TM4 (Ile 208–Leu 226) and CT

(Glu 227–Ile 416). For Cx50, NT (Met 1–Arg 23), TM1

(Val 24–Ala 41), E1 (Glu 42–Arg 76), TM2 (Leu 77–Gly

94), CL (His 95–Val 159), TM3 (Cys 160–Phe 178), E2

(Leu 179–Thr 210), TM4 (Ile 211–Met 229), CT (Glu 230–

Ile 440). Both chimeras were sequenced over the sites used

for cloning.
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Expression of Hemichannels in Xenopus Oocytes

mRNA was prepared from appropriately linearized plasmid

DNA with the mMessage mMachine T7 and SP6 RNA kits

from Ambion (Austin, TX), according to the manufac-

turer’s protocol. The mRNA was purified using QIAquick

PCR purification columns from QIAGEN (Valencia, CA).

mRNA bound to the column was eluted with 30–40 ll of

an aqueous solution of DNA antisense to the endogenous

XenCx38 (8 pmole/ml). We used the phosphorothioate

antisense oligo 50-GCT TTA GTA ATT CCC ATC CTG

CCA TGT TTC-30, which is complementary to XenCx38

commencing at NT -5 with respect to the ATG initiation

codon. Preparation of Xenopus oocytes has been described

previously (Trexler et al. 2000). Each oocyte was injected

with 50–100 nl of the mRNA/antisense solution. Injected

oocytes were kept at 18 �C in a standard ND96 solution

containing (in mM) 88 NaCl, 1 KCl, 2 MgCl2, 1.8 CaCl2, 5

glucose, 5 HEPES, 5 pyruvate, pH adjusted to 7.6.

Preparation of Reagents

The methane thiosulfonate (MTS) reagents 2-trimethy-

lammonioethylmethane thiosulfonate (MTSET) and 2-sul-

fonatoethylmethane thiosulfonate (MTSES) were

purchased from Anatrace (Maumee, Ohio). 2-biotinoyla-

minoethylmethane thiosulfonate (MTSEA biotin) and 2-(6-

biotinoylaminohexanoyl-aminoethylmethane thiosulfonate

(MTSEA biotin-X) were purchased from Biotium (Hay-

ward, CA). Aliquots of dry powder were prepared and

stored in microcentrifuge tubes at -20 �C. Prior to each

experiment aliquots of MTSET or MTSES were dissolved

in distilled water, chilled on ice, and in the case of MTSEA

biotin and MTSEA biotin-X were dissolved in DMSO, to

stock concentrations of 250 mM. Dilutions were made into

IPS just prior to application to the desired final concen-

tration (typically 0.5 to 1 mM). Activity of MTS reagents

were periodically checked using a TNB assay (Karlin and

Akabas 1998).

Electrophysiological Recording and Analysis

Functional expression of Cys-substituted mutants was

screened using two electrode voltage clamp recordings of

macroscopic currents from single Xenopus oocytes using a

GeneClamp 500 amplifier (Molecular Devices Corp, Sun-

nyvale CA). Oocytes were placed in ND96 solution and

both current-passing and voltage-recording pipettes con-

tained 1 M KCl.

For patch clamp recordings of single hemichannel cur-

rents, Xenopus oocytes were manually devitellinized in a

hypertonic solution consisting of (in mM) 220 Na aspar-

tate, 10 KCl, 2 MgCl2, 10 HEPES and then placed in the

ND96 solution for recovery. Oocytes were then individu-

ally moved to a recording chamber, (RC-28, Warner

Instruments Corp.) containing the patch pipette solution

(IPS) which consisted of (in mM) 140 KCl, 1 MgCl2, 5

HEPES, 1 CaCl2, 3 EGTA, and pH adjusted to 8.0 with

KOH. The bath compartment was connected via a 3 M agar

bridge to a ground compartment containing the same IPS

solution. After excision of patches containing single

hemichannels, instrumentation offsets were manually cor-

rected in the absence of an applied voltage. Hemichannel

activity at a fixed voltage was recorded to establish a

baseline current after which the compartment was perfused

with freshly prepared MTS reagent. Single hemichannel I–

V curves were obtained before and after MTS application

by applying 8 s voltage ramps from -70 to ?70 mV.

Unitary conductances plotted represent the slope conduc-

tances at Vm = 0 obtained from fitted open channel I–V

relations.

In all electrophysiological experiments, data was

acquired with AT-MIO-16X D/A boards from National

Instruments (Austin, TX) using our own acquisition soft-

ware (developed by E.B. Trexler). For macroscopic cur-

rents, currents were acquired at 2 kHz and filtered at

500 Hz. For patch clamp experiments, currents were fil-

tered at 1 kHz and data were acquired at 10 kHz.

Results

Single Channel SCAM of TM2 and TM3 with MTSET

Previously we showed that the extracellular end of TM1

extending into E1 contributes to the pore in Cx46 hemi-

channels (Kronengold et al. 2003b). Results of SCAM

studies of substituted Cys mutants in TM2 of Cx46 hemi-

channels are shown in Fig. 1. We individually substituted

18 residues, F77 through G94, which according to the

original accepted membrane topology encompasses TM2

(Bennett et al. 1991). Cysteine substitutions at three posi-

tions in Cx46 (P88, L90 and Y92) failed to produce

functional hemichannel currents when expressed in Xeno-

pus oocytes. Substitutions at three additional positions, I82,

I83 and V85, resulted in poor expression, evidenced by

consistently small macroscopic currents, such that single

channel recordings could not be reliably obtained. At the

remaining positions, cysteine substitutions produced

hemichannels with near wild-type unitary conductance

values. At each of these positions, application of MTSET

to the bath and subsequent patching did not show any

substantial changes in unitary conductance (Fig. 1) or in

open hemichannel rectification (data not shown).

In the same way, we applied SCAM to the entire puta-

tive TM3 domain, which included residues F157 through
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F175 (Fig. 2). Cys substitutions were generally well-tol-

erated throughout TM3 with Cys-substitutions at two

positions (F165C and T163C) failing to produce functional

hemichannels. As for TM2, application of MTSET did not

show any substantial changes in single hemichannel

properties at any of the positions. Data for the extracellular

half, E166 to F175, probed with MTSET applied to

extracellular and intracellular sides in excised patches was

previously reported and showed no evidence of reactivity

(Kronengold et al. 2003a, b).

SCAM Using a Large MTS Reagent, MTSEA Biotin-X

Assignment of TM3 to the pore in studies of Cx32 GJ

channels used, maleimidobutyrylbiocytin (MBB) as the

thiol reagent and use of a smaller thiol reagent could

potentially fail to produce significant changes in unitary

conductance in a large channel. Thus, we re-examined a

subset of residues in TM3 at the single hemichannel level

using a large MTS reagent, MTSEA biotin-X

(MW = 485). Figure 3 shows an alignment of TM3 resi-

dues in Cx32, Cx46 and Cx50. Arrows indicate the 7

positions reported to be reactive in Cx32 GJs (Skerrett

et al. 2002). We examined the corresponding positions in

Cx46 hemichannels (boxed) using MTSEA biotin-X, which

are Y155, I159, F161, L164, V167, F169 and A171 in

Cx46. We also examined three corresponding positions in

Cx50, Y158, V170 and F172 (boxed). No substantial

changes in unitary conductance upon application of this

reagent were found at any of the TM3 positions in Cx46 or

Cx50 hemichannels, consistent with results obtained with

MTSET. In contrast, results using a large MTSEA biotin-X

reagent with a cysteine substituted at identified pore-lining

positions showed large effects on conductance that differed

from those observed using MTSET. In the example shown

in Fig. 4, application of MTSEA biotin-X to an excised
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Fig. 1 TM2 does not contribute to the pore in open Cx46

hemichannels. Shown are effects of Cys substitutions for TM2

residues F77 through G94 (left) and SCAM results using MTSET

(right). For the Cys substitutions, the change in unitary conductance

represents the mean percentage change in the slope conductance

compared with wt Cx46 measured at Vm = 0 from fitted open channel

I–V relations. Of the 18 residues examined, only P88C, L90C and

Y92C failed to form functional hemichannels. In addition, single

hemichannels were not observed from oocytes injected with I82C and

V85C due to consistently low expression levels. For the SCAM

results, the change in unitary conductance represents the mean

percentage change in the slope conductance relative to the Cys

substituted mutant measured at Vm = 0 from fitted open channel I–V

relations. No substantial changes were observed at any positions. NC

denotes nonfunctional hemichannels. ND-MACRO denotes residues

for which there was insufficient single-channel data for characteriza-

tion but macroscopic data in ND96 with 2 and 0.2 mM Ca2? showed

no reactivity. Error bars represent standard deviations; n C 8 for each

mutant
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patch containing an F43C substitution at the TM1/E1

border of Cx50 resulted in a step-wise reduction in current

that did not reverse upon wash-out of the reagent, indica-

tive of covalent modification. The step-wise reduction in

current occurred within seconds of application resulting in

a final single channel current that was reduced by [90 %

and displayed a very noisy, flickery behavior. Often 5 or 6

steps were discernible consistent with modification of most

or all Cx subunits. In this example, 5 steps were visible and

are illustrated at a higher time resolution below. These

results indicate that the hemichannel pore is large enough

and/or flexible enough to potentially accommodate all six

biotin-X side chains. A bar graph showing the reductions in

unitary current for four MTS reagents, MTSET and

MTSES that differ in charge, and MTSEA biotin and

MTSEA biotin-X that are large in size (Fig. 4b). The

results show a large reduction for MTSET compared to

MTSES and even larger reductions for the MTSEA biotin

and MTSEA biotin–X reagents consistent with both elec-

trostatic and steric effects on ion conduction. Moreover, the

same results as shown in Fig. 4 could be obtained with

reagent added from either extracellular or cytoplasmic

sides of the hemichannel demonstrating that this large

reagent is readily permeable.
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Fig. 2 TM3 does not contribute to the pore in open Cx46

hemichannels. Shown are effects of Cys substitutions for TM3

residues F157 through F175 (left) and SCAM results using MTSET

(right). For the Cys substitutions, the change in unitary conductance

represents the mean percentage change in the slope conductance

compared with wt Cx46 measured at Vm = 0 from fitted open channel

I–V relations. Of the 19 residues examined, only F163CF failed to

form functional hemichannels and single hemichannels were not

observed from oocytes injected with K162C due to consistently low

expression levels. For the SCAM results, the change in unitary

conductance represents the mean percentage change in the slope

conductance relative to the Cys substituted mutant measured at

Vm = 0 from fitted open channel I–V relations. No substantial

changes were observed at any positions. NC denotes nonfunctional

hemichannels. ND-MACRO denotes residues for which there was

insufficient single-channel data for characterization but macroscopic

data in ND96 with 2 and 0.2 mM Ca2? showed no reactivity. Error
bars represent standard deviations; n C 8 for each mutant

Fig. 3 SCAM of select TM3 residues using a large MTS reagent

shows no evidence of reactivity. Shown is an alignment of Cx32,

Cx46 and Cx50 sequence from the CL/TM3 border through the

proximal portion of E2. Residues indicated by arrows in Cx32 were

reported to be pore-lining in Cx32 GJ channels (Skerrett et al. 2002).

Boxed residues in Cx46 and Cx50 were subjected to SCAM analysis

using MTS biotin-X. These include Y155, I159, F161, V167, F169

and A171 in Cx46 and Y158, V170 and F172 in Cx50. No effects

were observed at any of these positions
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Molecular Determinants of Single Hemichannel

Conductance and Gating Reside Within the NT Half

To assess what parts of the Cx protein are important for

determining Cx-specific conductance and gating properties,

we utilized Cx46 and Cx50, which possess a high degree of

sequence homology (White et al. 1992) yet exhibit sub-

stantially different unitary conductances and voltage gating

characteristics (Srinivas et al. 2005). Unitary conductance

measured as the slope conductance at Vm = 0 in 140 mM

symmetric KCl was *290 pS for Cx46 and *470 pS for

Cx50. As far as gating, closure at negative voltages, which

is mediated by one of two intrinsic mechanisms termed

loop or slow gating (Bukauskas and Verselis 2004; Trexler

et al. 1996), is poorly sensitive to voltage in Cx50 when

extracellular Ca2? is chelated to sub-micromolar levels

with EGTA and Mg2? and maintained at physiological

(1–2 mM) concentrations. Conversely, Cx46 hemichannels

under these same conditions close steeply with voltages

between -50 and -90 mV (Srinivas et al. 2005). Closure

at positive voltages, mediated by another mechanism

termed Vj or fast gating (Bukauskas and Verselis, 2004) is

similar in both Cxs, albeit somewhat more sensitive in

Cx50.

We constructed chimeras to exchange domains between

Cx46 and Cx50 and examined the accompanying changes

in unitary conductance and gating. Data are summarized in

Figs. 5 and 6. For the most part, substitution of the NT half

(NT-CL) of Cx46 with Cx50 sequence (Cx46*50NT-CL)

and the reciprocal chimera, Cx50*46NT-CL, produced

5 s

10 pA

C

O

200 ms

MTSEA biotin-X

Cx50(F43C)

W
T

M
TSET

M
TSES

M
TS biotin

M
TS biotin-X

0.0

0.2

0.4

0.6

0.8

1.0

1.2

F
ra

ct
io

na
l c

ha
ng

e 
 in

 u
ni

ta
ry

 c
ur

re
nt

A

B

Fig. 4 Multiple subunits in a

Cx pore are modified by large

MTS reagents. a Example of

MTSEA-biotin-X modification

of a single F43C hemichannel

recorded in the outside-out

patch configuration. The

membrane potential was held at

-50 mV. Application of

MTSEA biotin-X (100 lM)

caused a stepwise reduction in

the single hemichannel current

(arrows). The final conductance

is markedly reduced and shows

substantial flicker. At least five

distinct changes in current were

observed indicating

modification of individual

cysteines. Each of the

modifications is shown in an

expanded time scale. The step

changes in current are rapid,

consistent with chemical

modification and the

hemichannel continues to gate

even with multiple subunits

modified. The degree of flicker

increases with the number of

modified subunits. b Bar graph
summarizing reductions in

current for in Cx50(F43C)

hemichannels after modification

with different MTS reagents.

Currents were observed at a

holding current of -40 or

-50 mV and are expressed as

fractional currents remaining

relative to those before reaction.

The data represent reductions of

72 % (n = 8), 84 % (n = 5)

and 93 % (n = 5) for MTSET,

MTSEA-biotin and MTSEA-

biotin-X, respectively and a

small increase (5 %, n = 4) for

MTSES
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hemichannels that were indistinguishable from the donor

Cxs, in terms of unitary conductance (Fig. 5). Open

hemichannel rectification was also the same (not shown).

Substitution of just the NT domain, to yield Cx46*50NT

and Cx50*46NT chimeras (arrows), resulted in functional

hemichannels with unitary conductances that were

remarkably altered and closer in value to the respective

donor Cxs (Fig. 5). Cx50*46NT-E1 and Cx50*46NT-TM2

were also similar to the donor Cx46. Thus, the NT, TM1

and E1 domains appear to be sufficient to specify unitary

conductance and in the case of Cx46 sequence onto Cx50,

and NT appears to be most responsible for the differences

in their conductances. Unfortunately, the reciprocal chi-

meras, Cx46*50NT-E1 and Cx46*50NT-TM2 lacked

function.

For gating, substitution of NT of Cx50 with Cx46

(Cx50*46NT) had little impact on loop gating, whereas the

reciprocal chimera, Cx46*50NT, had a large impact

(Fig. 6). The latter, however, appeared to open with hy-

perpolarizing voltages, unlike WT Cx50. The Cx50*46NT-

E1 and Cx50*46NT-TM2 dramatically changed loop gat-

ing and actually made it more sensitive to voltage with

faster kinetics of closure than WT Cx46. Finally, the

reciprocal Cx46*50NT-CL and Cx50*46NT-CL chimeras,

that exchanged domains NT through CL recapitulated the

gating characteristics of the donor Cxs, Cx50 and Cx46

respectively. Thus, in order to fully reconstruct gating,

sequence extending from NT and into the CL domain had

to be included.

Discussion

There is now corroborating structural and electrophysio-

logical evidence that the bulk of the Cx pore is formed by

NT, TM1 and E1 domains. Our original SCAM study in

Cx46 focused on TM1 and E1 domains and showed large

effects on unitary conductance upon modification with

MTS reagents (Kronengold et al. 2003b). Moreover, the

effects differed upon modification with the positively and

negatively charged MTS reagent MTSET and MTSES,

respectively, consistent with the expected electrostatic

effects on ion transport in a pore that better selects for

cations over anions.

Here we applied SCAM to TM2 and TM3 domains of

Cx46 hemichannels and extended the study to larger MTS

reagents as well as to another Cx. Given the SCAM study

on Cx32 that reported TM3 in GJs to be pore-lining using

MBB, a large thiol reagent (Skerrett et al. 2002), we

applied SCAM to hemichannels using a large MTS reagent

with the idea that use of only smaller reagents could pro-

duce minimal effects, particularly at wider regions of the

Cx pore. Using the criteria that modification must affect

unitary conductance and occur with reagent added to either

side of the membrane, we did not see evidence of acces-

sibility in any of the residues in TM2 (F77–G94) or TM3

(F157–F175). Moreover, the subset of residues reported as

pore-lining in TM3 of Cx32 GJs showed no reactivity in

Cx46 when probed with the larger MTS biotin-X reagent.

Several residues probed in Cx50 as well, showed no

reactivity. In this study, we only screened TM2 and TM3

from the outside, i.e. we applied MTS reagents to extra-

cellular side, but the lack of any effect fulfills the criteria

for exclusion from the pore. These data indicate that either

there is no exposure of TM2 and TM3 domains to the pore

of open Cx46 hemichannels or that modifications are

occurring, even with large thiol reagents, but that they

constitute silent modifications. We reason that silent

modifications are unlikely to occur if a residue is in the

conducting pathway because placing 6 charges, even in a

wide region, should alter the concentration of mobile

counterions thereby affecting unitary conductance and

rectification. Also, placing sufficient bulk that nearly

occludes the hemichannel pore in the narrower regions, i.e.

MTSEA biotin-X, would likely have some impact on

conductance, at least in the form of open hemichannel

noise. However, we cannot definitively rule out that silent

modifications can occur. We did not check for effects on

gating, which could produce changes in macroscopic cur-

rents as a result of changes in open probability irrespective

of whether or not a residue resides in the pore.

An interesting observation is that most positions in TM2

and TM3 were remarkably well tolerated by Cys substi-

tutions with no perceptible changes in open hemichannel
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Fig. 5 Unitary conductances of Cx46 and Cx50 hemichannels are

specified by NT, E1 and TM1 domains. Shown is a bar graph
summarizing unitary conductances of WT Cx46 (blue Cx) and WT

Cx50 (red Cx). Unitary conductances represent slope conductances at

Vm = 0 from fits to open channel I–V relations obtained by applying

8 s ramps to patches containing single hemichannels. Sequence

substituted in chimeras is indicated by color. Arrows denote

substitutions of just NT domains
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properties. Only a handful of Cys substitutions within these

TM domains showed loss of function, which included

P88C, L90C and Y92C in TM2 and T163C and F165C in

TM3. P88 and nearby positions in TM2 have been shown

to be important in gating via a proline-kink motif (Ri et al.

1999) and may disrupt channel function. It is unclear why

T163 and F165 failed to function as hemichannels and we

did not examine how these substitutions affected GJ

channel function. Failure of both would suggest a more

general disruption of structure, whether through changes

helical structure and/or contacts with other helices. I82 and

I83C in TM2 were functional, but displayed altered gating.

With the exception of P88, none of these positions are

associated with mutations that cause cataractogenesis.

Cx50*46NT -E1

Cx50*46NT -TM2

Cx50*46NT -CL
Cx40*50NT -CL

Cx50*46NTCx46*50NT

Cx50Cx46

50 pA

2 s

Fig. 6 Gating of Cx46 and

Cx50 hemichannels is specified

by NT half of the Cx protein,

NT through CL. Shown are

examples of currents obtained

from patches containing

multiple active hemichannels.

Currents in response to positive

(?40 mV) and negative

(-90 mV) voltage steps are

shown. WT Cx46 sequence is

depicted in blue and WT Cx50

in red. Sequence substituted in

the chimeras is indicated by

color. Substitution of NT-E1 or

NT-TM2 sequence of Cx50

onto Cx46 failed to form

functional hemichannels
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Pore residues identified in E1 of Cx46 include E43, G46

and D51. These same residues are also reacted in SCAM

studies of Cx50 (Verselis et al. 2009), although, perhaps,

not surprising given the high degree of homology between

Cx46 and Cx50. However, we recently demonstrated that

the one of these homologous positions in Cx26, G45, is

pore-lining (Sanchez et al. 2010) and the G45E mutation

leads to a severe form of syndromic deafness (Janecke

et al. 2005; Lee et al. 2009). Thus, there appears to be

correspondence among distantly related Cxs, as well, an

indication that overall pore structure may be conserved

among all Cxs, although more members of the Cx family

need to be examined. Systematic comparison of differences

among all pore-lining residues, once identified, could

provide a basis for Cx-specific differences in conductance

and selectivity. However, the principal domains contrib-

uting to the pore, although conserved among Cxs, can

undergo small perturbations in structure that can impart

shifts in the positions of specific residues within pore-lining

segments. Complicating this view is the possibility that

post-translational modifications of key residues can mod-

ulate properties independent of whether coded sequence is

conserved (Kwon et al. 2011; Locke et al. 2009).

At identified pore lining positions in Cx46 and Cx50,

such E(F)43 or G46, modifications with different MTS

reagents produce different effects on open hemichannel

properties consistent with a strong impact of charge as well

as size. The side chain that results from modification by

MTSES is bulkier that that with MTSET, yet MTSES

typically produced a small increase in unitary conductance.

Thus, there is a considerable electrostatic effect on ion flux

in this region of the pore. Introduction of a positive charge

at one pore-lining position can reduce conductance sub-

stantially and in the case of Cx50, modification of F43 to a

positive charge reduced conductance by *70 %. These

electrostatic effects are consistent with a pore that is biased

with negative charge, giving rise to a preferential flux of

cations. Indeed, Cx46 and Cx50 have been shown to prefer

cations over anions (Srinivas et al. 1999; Trexler et al.

1996, 2000). Modification of F43 with larger reagents,

MTS biotin and MTS biotin-X produced even larger

reductions in unitary conductance consistent with steric

impedance to ion flux. The reductions were accompanied

by large, noisy fluctuations, not resolvable by the patch

clamp amplifiers that likely represent atomic motions of the

biotin moieties. Perhaps surprising was that these large

reagents produced 5 or 6 step-reductions in current con-

sistent with modification of most or all six subunits. This

result indicates that the F43 position, which is within the

pore funnel identified by the Cx26 structure, allows

sequential access of six MTS biotin-X molecules leading to

six modified side chains. Thus, the pore must be quite wide

and/or show enough flexibility to accommodate six large

side chains. It will be interesting to determine whether

other positions accommodate less molecules or show dif-

ferent degrees of noise, perhaps indicative of narrowed

diameter and/or increased rigidity.

A potential link between selectivity and gating comes

from the positioning of Cx voltage sensors within the pore.

This arrangement comes from studies demonstrating sen-

sitivity of GJ channels to Vj, irrespective of the absolute

membrane potentials of the coupled cells (Harris et al.

1981; Spray et al. 1981). This arrangement applies to both

intrinsic voltage gating mechanisms, loop or slow gating

and Vj or fast gating (Bukauskas and Verselis 2004). In the

absence of docking, the same sensors now respond to the

membrane potential as the reference potential of the cou-

pled cell is replaced by the extracellular milieu.

Knowing more about the pore structure, we examined

chimeras that exchanged domains between Cx46 and Cx50,

which exhibit substantially different loop gating charac-

teristics and unitary conductances (Srinivas et al. 2005)

despite close sequence homology. Reciprocally substitut-

ing just the NT domain had a huge impact on unitary

conductance and rather than resulting in intermediate

conductances, the Cx50*46NT and Cx46*50NT chimeras

produced somewhat smaller and larger unitary conduc-

tances, respectively than the corresponding donor Cxs.

Effects on loop gating were widely disparate, with minimal

changes occurring when substituting NT of Cx46 on Cx50

(Cx50*46NT), but loss of the characteristically strong

closure of the loop gate of Cx46 when substituting NT of

Cx50 onto Cx46 (Cx46*50NT). Inclusion of more domains

of Cx46 onto Cx50, *46NT-E1 and *46NT-TM2, remark-

ably converted the weak loop gating of Cx50 into one that

resembled Cx46, except that closure was even more robust

and displayed faster kinetics. Surprisingly, reciprocal chi-

meras were not functional. However, consistent with

SCAM studies, the unitary hemichannel properties

acquired all of the characteristics of the donor Cxs when

the NT half (NT through CL) was substituted. Likewise,

gating characteristics were also transferred. These data are

consistent with mutational studies on chick homologs of

Cx46 and Cx50 (Tong and Ebihara 2006; Tong et al. 2004)

as well as chimeric studies that exchanged domains

between Cx32 and Cx37 (Hu et al. 2006). Cx43 differs in

that truncation of CT or tagging it with EGFP results in loss

of Vj gating (Bukauskas et al. 2001; Moreno et al. 2002).

NMR studies have shown that CT interacts with CL (Duffy

et al. 2002), which may, in turn, interact with NT thereby

affecting Vj gating. This property may be unique to Cx43 as

tagging or truncating CT in other Cxs does not appear to

affect gating.

Taken together, these data suggest that gating and con-

ductance co-segregate, but that the relationship is, not

surprisingly, complex. The disparate effects on loop gating
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upon substitution of NT alone indicate that there is likely

an intimate association of NT with other parts of protein,

which in the case of Cx46 and Cx50 appears to occur

within TM1 through E1. This observation is in support of

the crystal structure that suggests there are interactions

between NT and TM1 that keep the NT domain up against

the channel wall, thereby keeping the pore unobstructed. It

remains to be determined whether this specific interaction

mediates gating. The lack of function for chimeras that

substitute NT-E1 and NT-TM2 sequence of Cx50 onto

Cx46 suggest that the putative interactions between NT and

TM1 are very sensitive to structural perturbations, and may

require inclusion of NT through CL. Although TM3, E2,

TM4 and CT sequences may not contain the core elements

that determine differences in conductance and gating

properties among Cxs, helix packing can undoubtedly be

disrupted with substitutions in these regions resulting in

effects on channel properties. However, these will often

lead to loss of function or effects that are not consistent

among members of the Cx family.

In conclusion, biophysical and structural studies are

converging towards a view that the Cx pore is principally

formed by NT, TM1 and E1 domains and that this structure

is conserved among all members of the Cx family. An

additional contribution to the pore suggested by the crystal

structure includes a region of positive charge in the CL

region (now assigned as an extension of the TM2 helix)

that resides at the cytoplasmic entrance. These charges are

incompatible with the selectivity characteristics of Cx26

and an equilibrated structure of Cx26 resulting from

molecular dynamics simulations suggest that neutralization

of these charges is required to produce cation flux through

the channel (Kwon et al. 2011). Moving forward, there is

now a framework within which to continue testing and

refining models of gating and permeability as functional

studies test structural motifs and identified interactions.

Agreement between structure and function will come by

continued biophysical studies concomitant with higher

resolution structures crystallized in various states.
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Abstract Gap junctions (GJs) are composed of tens to

many thousands of double-membrane spanning GJ chan-

nels that cluster together to form densely packed channel

arrays (termed GJ plaques) in apposing plasma membranes

of neighboring cells. In addition to providing direct inter-

cellular communication (GJIC, their hallmark function),

GJs, based on their characteristic double-membrane-span-

ning configuration, likely also significantly contribute to

physical cell-to-cell adhesion. Clearly, modulation (up-/

down-regulation) of GJIC and of physical cell-to-cell

adhesion is as vitally important as the basic ability of GJ

formation itself. Others and we have previously described

that GJs can be removed from the plasma membrane via

the internalization of entire GJ plaques (or portions thereof)

in a cellular process that resembles clathrin-mediated

endocytosis. GJ endocytosis results in the formation of

double-membrane vesicles [termed annular gap junctions

(AGJs) or connexosomes] in the cytoplasm of one of the

coupled cells. Four recent independent studies, consistent

with earlier ultrastructural analyses, demonstrate the deg-

radation of endocytosed AGJ vesicles via autophagy.

However, in TPA-treated cells others report degradation of

AGJs via the endo-/lysosomal degradation pathway. Here

we summarize evidence that supports the concept that

autophagy serves as the cellular default pathway for the

degradation of internalized GJs. Furthermore, we highlight

and discuss structural criteria that seem required for an

alternate degradation via the endo-/lysosomal pathway.

Keywords Autophagy � Cell–cell junctions � Connexin

43 � Gap junctions � Protein degradation � Ubiquitin

Abbreviations

AGJ Annular gap junction

CME Clathrin mediated endocytosis

Cx Connexin

DAG Diacylglycerol

GFP Green fluorescent protein

GJ Gap junction

GJIC Gap junction mediated intercellular

communication

LAMP Lysosomal associated membrane protein

LC3 Microtubule-associated protein light chain 3

PAEC Pulmonary artery endothelial cell

PE Phosphatidyl-ethanolamine

PKC Protein kinase C

RNAi RNA interference

SQSTM1 Sequestosome 1

SUMO Small Ub-like modifier

TPA 12-O-tetradecanoylphorbol 13-acetate

Ub Ubiquitin

WGA Wheat germ agglutinin

YFP Yellow fluorescent protein

Introduction

Direct cell-to-cell communication is a pivotal cellular

function of multicellular organisms. It is established by gap

junction (GJ) channels, that bridge apposing plasma mem-

branes of neighboring cells. Typically, tens to thousands of

GJ channels cluster into densely packed two-dimensional

arrays, termed GJ plaques that can reach several microme-

ters in diameter. GJ channels are assembled from a
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ubiquitously expressed class of four-pass trans-membrane

proteins, termed connexins, with connexin 43 (Cx43) being

the most abundantly expressed type. Six connexin poly-

peptides oligomerize into a ring to form a hexameric trans-

membrane structure with a central hydrophilic pore, called a

hemi-channel or connexon. Once trafficked to the plasma

membrane, two connexons, one provided by each of two

neighboring cells, dock head-on in the extra-cellular space

to form the complete double-membrane spanning GJ chan-

nel that is completely sealed-off to the extracellular space.

Recruitment of additional GJ channels along the outer edge

enlarges the GJ plaques, while simultaneous removal of

older channels from plaque centers balances GJ channel

turnover (Falk et al. 2009; Gaietta et al. 2002; Lauf et al.

2002). In addition to providing intercellular communication

(their hallmark function), GJs, based on their characteristic

double-membrane-spanning configuration and their tight

extracellular head-to-head docking, are also likely to con-

tribute significantly to physical cell-to-cell adhesion that

generally is attributed to the adhesive force exerted by

adherens- and tight junctions. Down-regulation of cell–cell

adhesion contributes to many physiological and pathologi-

cal conditions in which cells physically uncouple from their

neighbors. For example, this uncoupling is seen during cell

migration in development and wound healing, mitosis,

apoptosis, leukocyte extravasation, ischemia, hemorrhage,

edema, and cancer metastasis. Thus, to effectively reduce or

abolish cell-to-cell adhesion under such conditions, all

major types of cell–cell adhesion structures (including des-

mosomes, adherens, tight, and gap junctions) will either

have to reduce their adhesive force, or will have to be

removed from the plasma membrane.

GJ channels are known to gate such that physiological

parameters including intracellular pH, Ca2? concentration

and Cx phosphorylation can modulate the status of GJ

channels (opened, closed) and the extent of GJ-mediated

intercellular communication (GJIC) (Delmar et al. 2004;

Laird 2005; Lampe and Lau 2004; Moreno 2005; Pahujaa

et al. 2007; Solan and Lampe 2009; Warn-Cramer and Lau

2004). Importantly, however, GJ channel gating (channel

closure, not channel removal) is unlikely to significantly

affect the level of GJ-mediated cell-to-cell adhesion.

Alternatively, the extent of GJIC could also be regulated by

splitting GJ channels (similar to adherens junctions), or by

reducing the number of plasma membrane-located GJs.

Both mechanisms also would contribute to a reduction in

physical cell-to-cell adhesion. Goodenough and Gilula

(1974) and Ghoshroy et al. (1995) reported that connexons,

once docked, appear inseparable under physiological con-

ditions, suggesting that GJs, especially under conditions

where physical cell–cell adhesion needs to be reduced/

abolished, will be removed from the plasma membrane.

Here, we summarize recent findings that support the view

that GJ removal from the plasma membrane is achieved by

the internalization/endocytosis of GJs. Next, we will

address two potential cellular degradation pathways,

autophagosomal versus endo-/lysosomal, that both have

been described recently to degrade endocytosed GJs

(Fig. 1). We provide evidence that supports the concept

that autophagy appears as the most likely cellular degra-

dation pathway for removing internalized GJs from the

cytoplasm. Finally, we discuss important structural criteria

that may allow an alternate endo-/lysosomal degradation of

internalized GJs.

Plasma Membrane-Located GJs are Endocytosed,

Resulting in the Formation of Cytoplasmic

Double-Membrane GJ Vesicles Termed

AGJs or Connexosomes

We reported previously that cells continuously, -and effec-

tively after treatment with natural inflammatory mediators-,

internalize and turn over their GJs via a combined endo-/

exocytic process (Baker et al. 2008; Falk et al. 2009; Gil-

leron et al. 2008; Gumpert et al. 2008; Piehl et al. 2007)

(Fig. 1, steps 1–5). Internalization was found to occur

preferentially into one of two coupled cells, indicating a

highly regulated process (Falk et al. 2009; Piehl et al. 2007).

The scaffolding protein, ZO-1, a well-known binding part-

ner of Cx43 (Giepmans and Moolenaar 1998; Hunter et al.

2005; Toyofuku et al. 1998), was found to be displaced from

GJ plaques on the side of plaque invagination (Baker et al.

2008; Gilleron et al. 2008). This observation suggests that

ZO-1, not surprising for a scaffolding protein, may play

multiple roles in GJ biosynthesis and function, including

regulation of GJ plaque size (Hunter et al. 2005), accrual of

channels to GJ plaques (Rhett and Gourdie 2011; Rhett et al.

2011), and defining directionality of GJ plaque internaliza-

tion (Baker et al. 2008; Gilleron et al. 2008). Further anal-

yses indicated that GJ internalization utilizes well-known

components of the clathrin-mediated endocytosis (CME)

machinery, including the classical endocytic coat protein

clathrin, the clathrin-adaptors AP-2 and Dab2, the GTPase

dynamin2, the retrograde actin motor myosin VI (myo6), as

well as the process of actin polymerization (Gumpert et al.

2008; Piehl et al. 2007) (Fig. 1, steps 1–4). GJ internaliza-

tion generates characteristic cytoplasmic double-membrane

GJ vesicles, termed annular GJs (AGJs) or connexosomes.

Note that the outer membrane of the generated AGJ vesicles

corresponds to the plasma membrane of the host-cell, while

the inner membrane and the vesicle lumen correspond to

plasma membrane and cytoplasm of the neighboring donor

cell (Fig. 1, steps 1–5). Others and we further found that

internalization is highly regulated and can occur very effi-

ciently. For example, acute GJ internalization can be seen in
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primary porcine pulmonary artery endothelial cells (PAECs)

exposed to natural inflammatory mediators such as thrombin

and endothelin (Baker et al. 2008), well-known inhibitors of

GJIC (Blomstrand et al. 2004; Postma et al. 1998; Spinella

et al. 2003; van Zeijl et al. 2007), and in Cx43-GFP

expressing NRK cells (Jordan et al. 2001). Efficient inter-

nalization of cell–cell junctions reduces/abolishes cell–cell

adhesion, most likely allowing the endothelial cells to

migrate to the inflamed tissue regions in order to aid in the

healing process and to modulate endothelial barrier function

(Baldwin and Thurston 2001; Falk 2010; Lum and Malik

1994; Wong et al. 2004). Efficient GJ internalization is also

seen in Sertoli cells in response to treatment with the non-

genomic carcinogen lindane (Gilleron et al. 2008), and it is

seen under pathological conditions such as in the failing

canine ventricular myocardium (Hesketh et al. 2010).

Continuous, as well as induced endocytosis of GJ pla-

ques (consisting of double-membrane spanning GJ chan-

nels) is supported (I) by numerous earlier ultrastructural

and live-cell based analyses that detected AGJ vesicles in

the cytoplasm of cells in situ, especially occurring in dif-

ferentiating tissues and sometimes, in association with

lysosomes (Ginzberg and Gilula 1979; Hesketh et al. 2010;

Jordan et al. 2001; Larsen et al. 1979; Leach and Oliphant

1984; Mazet et al. 1985; Pfeifer 1980; Severs et al. 1989);

(II) the fundamental observation that connexons, once

docked, are inseparable under physiological conditions

(Ghoshroy et al. 1995; Goodenough and Gilula 1974); and

(III) by the typical short half-life of connexins and GJ

channels of only 1–5 h (Beardslee et al. 1998; Berthoud

et al. 2004; Falk et al. 2009; Fallon and Goodenough 1981;

Gaietta et al. 2002).

What Happens to Cytoplasmic AGJ Vesicles After

Their Generation?

Four recent studies, Hesketh et al. (2010), Lichtenstein

et al. (2011), Fong et al. (2012), and Bejarano et al. (2012)

report the degradation of endocytosed AGJ vesicles via

autophagy (Fig. 1, steps 6–10), while Leithe and col-

leagues (Leithe et al. 2009; Leithe and Rivedal 2004b;

Fykerud et al. 2012) report degradation of endocytosed

AGJ vesicles via the cellular endo-/lysosomal degradation

pathway in cells that were treated with the phorbol ester,

TPA (12-O-tetradecanoylphorbol 13-acetate), an analog of

the secondary messenger DAG (diacylglycerol) (Fig. 1,

steps 11–15). Hesketh et al. (2010) report loss of GJs from

the plasma membrane, GJ endocytosis, and AGJ degrada-

tion by autophagy in pacing-induced failing canine ven-

tricular myocardium. Lichtenstein et al. (2011) report that

autophagy contributes to the degradation of endogenously

(NRK cells and mouse embryonic fibroblasts) and exoge-

nously (HeLa cells) expressed wild type Cx43 protein, and

Fig. 1 Schematic representation of proposed steps that lead to GJ

internalization (steps 1–3), cytoplasmic AGJ vesicle formation and

fragmentation (steps 4, 5), and AGJ vesicle degradation by phago-/

lysosomal (steps 6–10) and endo-/lysosomal pathways (steps 11–15)

based on the previous work by others and by us. Note the proposed

nonjunctional membrane domains missing the green GJ label (shown

in steps 4, 5, 11, 12), and the increased phosphorylation and

ubiquitination on AGJ vesicles that fuse with endosomes (steps 11, 12
vs. 6, 7). Adapted from Falk et al. (2009) and Fong et al. (2012)
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of wild type and cataract-associated mutant Cx50 proteins

in both un-induced cells and in cells in which autophagy

was induced by starvation (Lichtenstein et al. 2011). Fong

et al. (2012) report the autophagic degradation of AGJ

vesicles in HeLa cells expressing exogenous fluorescently

tagged Cx43, and in primary porcine pulmonary artery

endothelial cells (PAECs) endogenously expressing Cx43.

Bejarano et al. (2012) report the Nedd4-mediated ubiqui-

tin-dependent autophagic degradation of internalized GJs

in situ (mouse liver), as well as in starved and fed cultured

cells expressing Cx43 endogenously and exogenously

(mouse embryonic fibroblasts, NIH3T3, COS7, and NRK

cells). In all four studies, cytoplasmic AGJ vesicles were

detected inside phagophores by ultrastructural analyses,

and AGJs were observed to colocalize with the most

commonly used autophagy marker protein, LC3-II/Atg8

(Fig. 2). Autophagosomes exhibit a highly characteristic,

clearly recognizable double-membrane structure on ultra-

thin sections, and thus conventional electron microscopy,

as performed by Hesketh et al., Lichtenstein et al., Fong

et al., and Bejarano et al. is still one of the best techniques

for the characterization of autophagosomes (Mizushima

2004) (Fig. 2D–H). Microtubule-associated protein light

chain 3 (LC3, the mammalian homolog of the yeast auto-

phagic protein Atg8) is an abundant soluble cytoplasmic

protein. It is proteolytically processed by the removal of a

few N-terminal amino acid residues shortly after transla-

tion that generates LC3-I. LC3-I is recruited to developing

phagophores, is covalently conjugated to phosphatidyl-

ethanolamine (PE) of the phagophore membrane (termed

LC3-II), and remains on autophagosomes for most of their

lifetime (Kabeya et al. 2000; Mizushima 2004). Thus, LC3

protein that was used by all four laboratories in colocal-

ization studies is one of the most useful generic marker-

proteins for the characterization of autophagosomes

(Kabeya et al. 2000) (Fig. 2A).

Although the studies of Lichtenstein et al. and Bejarano

et al. were aimed more broadly at a potential role of

autophagy contributing to connexin and GJ degradation in

general, the Fong et al., and the Hesketh et al. studies were

aimed specifically at investigating the fate of internalized

AGJ vesicles that others and we had characterized previously

(Baker et al. 2008; Gumpert et al. 2008; Jordan et al. 2001;

Piehl et al. 2007). To support their findings, Lichtenstein

et al. and Bejarano et al., besides using other approaches,

knocked down the autophagy-related proteins Atg5 and Atg7

in cells expressing either endogenous or exogenous Cx43,

and used the drugs chloroquine and 3MA to inhibit autoph-

agy. In contrast, Fong et al. knocked down expression of the

autophagy related proteins, Beclin-1 (Atg6), LC3 (Atg8),

LAMP-2, and p62/sequestosome 1 (SQSTM1) (Fig. 2B, C),

and used the drugs 3MA, Wortmannin, and Bafilomycin A1

in Cx43-GFP expressing HeLa cells. Taken together, all four

complementary studies (Bejarano et al. 2012; Fong et al.

2012; Hesketh et al. 2010; Lichtenstein et al. 2011) provide

convincing evidence that under physiological, as well as

pathological conditions, GJ plaques are endocytosed from

the plasma membrane, and the resulting AGJ vesicles are

degraded by autophagy (Figs. 1, 2). As mentioned above, in

the Lichtenstein et al., Fong et al., and Bejarano et al. studies

the ubiquitin-binding protein p62/SQSTM1 was identified as

a protein that targets internalized GJs to autophagic degra-

dation. Knocking down p62/SQSTM1 protein levels as

performed by Fong et al. resulted in a significantly increased

accumulation of cytoplasmic AGJs (av. 55 %, n = 4) and

a significantly reduced colocalization (av. 69.5 %, n = 3)

of AGJs with autophagosomes (Fig. 2C). Remarkably,

although autophagic degradation of GJs had been described

in several classical ultrastructural analyses of various cells

and tissues in situ, including heart, dermis, and liver (Leach

and Oliphant 1984; Mazet et al. 1985; Pfeifer 1980; Severs

et al. 1989) (Fig. 2E, F, H), until recently, not much attention

was attributed to this fundamental GJ degradation pathway.

Autophagic degradation of GJs plays a significant role in the

regulation of GJ function, as inhibition of cellular autophagy

increases GJIC, prevents internalization of GJs, slows down

the degradation of connexins, and causes cytoplasmic

accumulation of internalized GJ vesicles in situ, as well as in

cultured cells expressing either endogenous or exogenous

connexin proteins (Bejarano et al. 2012; Fong et al. 2012;

Lichtenstein et al. 2011). Some characteristics that aid in a

better understanding of the autophagic degradation pathway

will be described next.

(Macro)Autophagy

Cells have developed three principal degradation path-

ways: the proteasomal, the endo-/lysosomal, and the

phago-/lysosomal system (termed macroautophagy or

simply autophagy), and all three have been implicated

previously at various steps in the regulation of GJ stability

and connexin degradation (Hesketh et al. 2010; Laing et al.

1997; Leach and Oliphant 1984; Leithe and Rivedal 2004a;

Musil et al. 2000; Pfeifer 1980; Qin et al. 2003). Although

the two latter ones utilize the lysosome for final degrada-

tion and are designed for the degradation of protein

aggregates, multiprotein complexes, and cytoplasmic

organelles, the proteasomal system is designed for the

degradation of single polypeptide chains that require

unfolding to be inserted into the tubular core of the cyto-

plasmically located proteasome. Because AGJ vesicles are

highly oligomeric multisubunit protein assemblies, their

degradation by the proteasome appears unlikely, and to our

knowledge, no evidence exists that would suggest protea-

some-mediated degradation of assembled GJ plaques or of
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AGJ vesicles. Also, it should be noted here that lysosomal

inhibitors such as leupeptin, chloroquine, NH4Cl, and E-64,

that previously have been used to gain evidence for endo-/

lysosomal degradation of GJs (Berthoud et al. 2004; Laing

et al. 1997; Musil et al. 2000; Qin et al. 2003), will also

inhibit autophagic GJ degradation, and thus obtained

results may not have been accurately interpreted. Addi-

tional, future experiments that specifically target one or the

other cellular degradation pathway may be required to

clarify specific roles of both pathways in GJ degradation.

GJ endocytosis, postendocytic sorting, and the role of Cx43

ubiquitination for proteasomal and endo-/lysosomal deg-

radation of connexin polypeptides, connexons, nonaggre-

gated GJ channels, and of GJ plaques has recently been

extensively reviewed (Kjenseth et al. 2010; Leithe et al.

2011; Su and Lau 2012). Here, we therefore concentrate

on the autophagosomal degradation of AGJs, and on

addressing a few prerequisites and factors that appear

crucial for allowing a potential alternate endo-/lysosomal

degradation of AGJ vesicles (Fig. 1).

Historically, autophagy has been known as a lysosomal

degradation pathway that is essential for cell survival after

nutrient depletion. However, substantial research over the

past decade has indicated that autophagy, beside its well-

known function in organelle degradation during starvation,

represents a much more common and highly conserved

lysosome-based cellular degradation pathway that is spe-

cifically designed to remove and degrade protein aggre-

gates, multiprotein complexes, organelles, and invading

pathogens from the cytoplasm (Bjorkoy et al. 2005; Hung

et al. 2009; Pohl and Jentsch 2009; Ravikumar et al. 2008).

Recent studies have further shown that protein aggregates,

such as the ones formed by huntingtin and b-amyloid

protein, and cellular structures such as the midbody ring, a

mitotic cytokinesis leftover multiprotein complex, are all

degraded by autophagy (Bjorkoy et al. 2005; Hung et al.

2009; Pohl and Jentsch 2009; Ravikumar et al. 2008).

Clearly, these cellular structures are degraded by autoph-

agy independent of starvation. In addition, autophagosomal

degradation of membranous/vesicular organelles, as for

example, malfunctioning mitochondria, is common.

Because the catabolic activity of lysosomes is used in this

process, degradation-prone structures first need to be sep-

arated from the cytoplasm. This is due to the destructive

activity of lysosomal enzymes, which cannot be released

directly into the cytoplasm. Indeed, cytoplasmic structures

targeted for degradation are engulfed in double-mem-

braned vesicles called autophagosomes that allow lyso-

somal fusion, degradation, and subsequent recycling of the

phagosome cargo and the phagosome membrane (Fig. 1,

steps 6–8).

Autophagosomes are formed by the elongation and

fusion of phagophore membrane cisternae, which are

derived from preautophagosomal structures. The mem-

brane origin of phagophores is still unclear and likely

involves multiple sources, such as the plasma membrane

(Ravikumar et al. 2010), outer mitochondrial membranes

(Hailey et al. 2010), the endoplasmic reticulum (Matsunaga

et al. 2010), and the Golgi apparatus (Yen et al. 2010;

reviewed recently in Mari et al. 2011). A large number of

proteins essential or relevant for autophagosome formation

and autophagic degradation (termed Atg-proteins) have

Fig. 2 Evidence for autophagic AGJ vesicle degradation. A HeLa

cells were cotransfected with Cx43-mApple and the mammalian

autophagy marker protein GFP-LC3 (left) or the activation-deficient

LC3 mutant GFP-LC3 (G120A) (right). In cells, a fraction of

cytoplasmic LC3 (LC3-I) is covalently conjugated to phagophore

membranes (LC3-II) that localizes to autophagosomes; LC3 (G120A)

cannot be conjugated and remains cytoplasmic. Representative merged

fluorescence images acquired 24 h after transfections are shown.

Individual and merged fluorescence signals of the boxed areas are

shown below at higher magnification. Robust colocalization of

cytoplasmic AGJ vesicles present in Cx43-mApple expressing cells

(red puncta) with GFP-LC3-II (green puncta) was observed in GFP-

LC3 expressing cells, but not in GFP-LC3 (G120A) expressing cells.

Representative colocalizing AGJ vesicles are marked with arrows; GJs

are marked with arrowheads. Scale bars = 10 lm. B Western blot

analyses of total Cx43-GFP, or Cx43-YFP protein in transiently and

stably expressing HeLa cells 72 h after Beclin-1, a crucial autophagy

protein, was depleted by RNAi-oligonucleotide transfection. SI control

cells were transfected with a scrambled nontargeting RISC-activating

control oligonucleotide. Cx43-GFP/YFP was detected by probing with

polyclonal anti-Cx43 antibodies. Normalized quantitative analyses

revealed a 2- to 3-fold accumulation of Cx43-GFP/YFP protein in

Beclin-1-KD over RNAi-control cell. C Quantitative AGJ vesicle

analyses performed 72 h after RNA oligonucleotide transfection

indicated a significant cytoplasmic AGJ accumulation in Beclin-1/

(Atg6), LAMP-2, and p62/SQSTM1 (all autophagy-related proteins)

depleted cells (C50 %, marked with asterisks) compared to RNAi

control cells (panel 1, left). Less pronounced AGJ vesicle-accumula-

tion was observed in LC3-depleted cells (32 %), and this was attributed

to sufficient inactive LC3-I that may have remained in the LC3-KD

cells and may have been converted into active LC3-II. In addition,

quantitative analyses of AGJ vesicles (panel 2, center left), LC3-

positive autophagosomes (panel 3, center right), and colocalizing AGJ/

autophagosomes (panel 4, right) in Beclin-1 and p62/SQSTM1

knockdown cells revealed a significant increase of AGJs, a significant

decrease of autophagosomes, and significantly reduced AGJ/auto-

phagosome colocalization in 3 independent experiments (**p \ 0.01;

***p \ 0.001). D Multiple stages characteristic of progressive auto-

phagosome formation and maturation that formed around AGJ vesicles

revealed by ultrastructural analyses of Cx43-GFP expressing HeLa cell

preparations. Double-membrane cisternae (presumably isolation

membranes, marked with arrows) progressively encircled AGJ vesicles

(a–c), coalesced into phagophores (c–e) and fused with lysosomes

(L, d, e), resulting in AGJ degradation inside the phagosome (f).
A–D Reproduced from Fong et al. (2012). E–H Autophagosomes

presumably degrading endogenous AGJs in vivo, identified in the

equine stratum spinosum (E, reproduced with permission of S. Karger

AG, Basel from Leach and Oliphant 1984); rat liver (F, reproduced

with permission of Elsevier from Pfeifer 1980); mouse embryonic

fibroblasts (G, reproduced with permission of The Company of

Biologists from Lichtenstein et al. 2011); and mammalian cardiomyo-

cytes (H, reproduced with permission of Wolters Kluwer Health from

Severs et al. 1989). Scale bars = 100 nm
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been characterized and can be used as reliable markers for

autophagic degradation. Of these, the ubiquitin-like pro-

teins Atg12 (that is conjugated to Atg5) and LC3/Atg8,

Atg7, and the PI3-kinase complex-component Beclin-1

(BECN1)/Atg6 (essential for phagophore nucleation, as

described above) are especially important for autophago-

some formation and autophagic degradation. All of them

have been targeted in the four above-mentioned GJ/

autophagy studies (Bejarano et al. 2012; Fong et al. 2012;

Hesketh et al. 2010; Lichtenstein et al. 2011) (Fig. 2A–C).

Autophagosomal Degradation of AGJs

Because cytoplasmic vesicles in general can fuse with

endosomes, at first glance, autophagic degradation of AGJ

vesicles might not appear intuitive. However, considering

the structural organization of AGJ vesicles, including the

dense packing of channels that occupy most or even the

entire surface of AGJs in a double-membrane arrangement

and their cytoplasmic location, autophagic degradation of

AGJ vesicles appears much more plausible. In addition, the

two tightly bound membranes of AGJ vesicles may not

easily allow their fusion with single-membraned endo-

somes. Because, as explained above, lysosomal enzymes

cannot be released into the cytosol, it is likely that the

isolation membrane (the phagophore) formed during the

initial steps of autophagy is required to sequester and

separate the AGJ vesicle from the cytoplasm, thus pro-

viding the sealed membrane container that is required for

subsequent lysosome fusion and lysosomal-based AGJ

degradation. Finally, the unique structural composition of

AGJ vesicles with lumen and inner membrane derived

from the neighboring cell (being foreign to the AGJ-

receiving host cell) may further direct AGJs to autophagic

degradation. Also, although cell–cell communication pro-

vided by GJs before endocytosis can only accommodate

the diffusion of small molecules, ions, and secondary

messengers across the connected plasma membranes,

endocytosis of GJs and formation of AGJ vesicles could in

addition allow the transfer of potentially harmful sub-

stances from cell to cell. Such substances, for example,

could include unwanted regulatory proteins, other larger

molecules (e.g., micro-RNAs), or even cytoplasmic

pathogens that could get entrapped in the AGJ vesicle

lumen, further requiring efficient AGJ degradation. Taken

together, these structural and functional characteristics, in

addition with the fact that autophagy serves as the generic

pathway for cytoplasmically localized degradation prod-

ucts (organelles and protein-aggregates), renders autopha-

gic degradation the most likely cellular pathway for AGJ

degradation.

Signals that May Direct AGJs for Degradation

Posttranslational modification of proteins is a widespread

mechanism to fine-tune the structure, function, and locali-

zation of proteins. One of the most versatile and intriguing

protein-modifications is the covalent attachment of ubiquitin

(Ub) or Ub-like modifications to target proteins. Ub is a

76-amino acid protein, and either single or multiple Ub

moieties can be conjugated to lysine amino acid residues of

target proteins. An incredible diversity of mono- and poly-

Ub chains (in which Ub moieties can be linked to each other

via the Ub residues Met1-, Lys6-, Lys11-, Lys27-, Lys29-,

Lys33-, Lys48-, and Lys63-) conjugated to target proteins

have been characterized, and can range in function from

protein activation to protein degradation (see Fushman and

Wilkinson 2011 for a recent review). Multiple mono-Ubs,

and Lys48- and Lys63-linked poly-Ubs have been recog-

nized as important signals for protein degradation. For

example, conjugation of Ub moieties to proteins has been

recognized as a signal for both proteasomal targeting

(addition of Lys48-linked poly-Ub chains) and more

recently, as a sorting signal for internalized vesicles of the

late endocytic pathway. This is achieved through the addi-

tion of multiple mono-Ub moieties or of Lys63-linked

poly-Ub chains which ultimately lead to degradation by

lysosomes (Hicke 2001; Hicke and Dunn 2003; Schnell and

Hebert 2003; Shih et al. 2002; Stahl and Barbieri 2002). In

addition, Lys-63-linked poly-ubiquitination can act as an

internalization signal for clathrin-mediated endocytosis

(CME) (Belouzard and Rouille 2006; Geetha et al. 2005). In

this process, multiple mono-Ub moieties are attached to the

target protein and are recognized by specific CME-

machinery protein-components that associate with a subset

of Ub-binding proteins (specifically Epsin1 and Eps15)

(Barriere et al. 2006; Hawryluk et al. 2006; Madshus 2006).

Further work has shown that the Ub-binding protein, p62/

SQSTM1, recognizes and interacts via its UBA-domain with

poly-ubiquitinated proteins (Ciani et al. 2003; Seibenhener

et al. 2004; Wilkinson et al. 2001) and delivers poly-ubiq-

uitinated (Lys63-linked) oligomeric protein complexes to

the autophagic degradation pathway (Bjorkoy et al. 2005;

Pankiv et al. 2007). Ubiquitination of Cx43-based GJs has

been described previously (Catarino et al. 2011; Girao et al.

2009; Leithe et al. 2009, 2011; Leithe and Rivedal 2004b;

reviewed in Kjenseth et al. 2010; Leithe et al. 2011). The

findings that Cx43-based GJs can become ubiquitinated, the

known affinity of p62/SQSTM1 for ubiquitinated protein

complexes, its colocalization with plasma membrane GJs in

HeLa, COS7, and PAE cells (Bejarano et al. 2012; Fong

et al. 2012; Lichtenstein et al. 2011), and its apparent

involvement in targeting AGJ vesicles to autophagic deg-

radation (Fong et al. 2012) suggest that ubiquitination of

Cx43 (and at least Cx50), besides serving as a likely signal
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for GJ internalization, may also serve as the signal for tar-

geting AGJ vesicles to autophagic degradation. Future

research will be required to determine the potentially

numerous types (multiple mono-Ubs, Lys48- and Lys63-

linked poly-Ubs, etc.) and functions of connexin ubiquiti-

nation (see Kjenseth et al. 2010; Leithe et al. 2011; Su and

Lau 2012 for recent reviews that discuss Cx ubiqitination).

Recently, Kjenseth et al. (2012) described an additional,

Ub-like posttranslational modification of Cx43, SUMOyla-

tion (SUMO, small ubiquitin-like modifier) that appears to

be involved in regulating GJ stability and turnover. The

small Ub-like protein SUMO was found to be conjugated to

lysines 144 and 237 of the Cx43-C-terminal domain further

complicating the role of Ub and Ub-like signals in the

maintenance and degradation of GJs.

Alternative, Endo-/lysosomal Degradation of AGJs

Interestingly, a recent paper by Leithe et al. (2009) reports

that in TPA-treated cells [a structural analog of the sec-

ondary messenger molecule diacylglycerol (DAG)], inter-

nalized GJs appear to be degraded by the endo-/lysosomal

and not the autophagosomal pathway (Fig. 1, steps 11–15).

Very recently, the Leithe lab identified the protein Smurf2

(the HECT E3 ubiquitin ligase smad ubiqitination regulatory

factor-2) as a critical factor that regulates GJ internalization

and endo-/lysosomal targeting in TPA-treated cells (Fyke-

rud et al. 2012). DAG is a known potent activator of protein

kinase C (PKC), and PKC is known to phosphorylate and

promote ubiquitination of Cx43 (Leithe et al. 2009; Leithe

and Rivedal 2004b; Postma et al. 1998). On the basis of these

and our own results, it is tempting to speculate that cells

might be able to regulate by which pathway (endo-/lyso-

somal vs. phago-/lysosomal) specific cargo is sequestered

and processed (e.g., endo-/lysosomal and phago-/lysosomal

pathways might process internalized GJs in different ways).

Furthermore, the level of cargo-phosphorylation and/or

ubiquitination might determine which of these pathways is

ultimately chosen (basal phosphorylation/ubiquitination

signaling autophagic AGJ vesicle degradation; elevated

phosphorylation/ubiquitination signaling endo-/lysosomal

AGJ vesicle degradation) (Fig. 1, steps 6–10 vs. 11–15).

Such a regulation dependent on ubiquitin level has for

example been shown for the endocytosis of the epidermal

growth factor (EGF) receptor (Sigismund et al. 2005).

Endo-/lysosomal degradation of AGJs as observed in

TPA-treated cells by Leithe et al. (2009) of course raises an

important question: How is it structurally possible for a

double-membrane vesicle that consists of tightly bonded

membrane layers and densely packed GJ channels to fuse

with a single-membrane endosome? The Rivedal and Leithe

laboratories suggest that subsequent to GJ internalization

and AGJ formation, the inner AGJ membrane splits and

peels away from the outer AGJ membrane, generating a

single-membraned cytoplasmic AGJ vesicle that then can

fuse with a single-membraned endosome (Kjenseth et al.

2010, 2012; Leithe et al. 2009, 2011). However, because

docked GJ channels can not split into undocked connexons

under physiological conditions (Ghoshroy et al. 1995;

Goodenough and Gilula 1974)—which appears to be the

apparent reason for double-membrane GJ endocytosis—it is

not clear how membrane separation could be initiated in the

AGJ vesicles shortly after their generation. Clearly, low pH

(a characteristic of late endosomes and lysosomes, and a

potential initiator of GJ splitting), can be excluded because

AGJ vesicle membrane-separation needs to occur before

AGJ/endosome fusion. Su and Lau (2012) also do not

speculate on how cytoplasmic AGJs may end up inside en-

dosomes, as is suggested in their recent review article.

Interestingly, we found that AGJ vesicles examined by

electron microscopy may include a small area where the two

membranes are void of GJ channels and are not docked or

linked to each other (Piehl et al. 2007) (Fig. 3a, and shown

schematically in Fig. 1, steps 4, 5, 11 and 12). Similar small

AGJ membrane separations were also observed in classical

ultrastructural analyses of GJs and AGJ vesicles (see, e.g.,

Mazet et al. 1985). Possibly, these nonjunctional membrane

domains consist of plasma membrane that is derived from

both neighboring cells, and we postulate that these areas

might originate from plasma membrane regions that were

located immediately adjacent to the GJ plaques and were

also internalized. To gain further support for this hypothesis,

we incubated inducible stably Cx43-YFP expressing HeLa

cells (described in Lauf et al. 2002) for 2–4 h with a fluo-

rescently tagged lectin, Alexa594-wheat germ agglutinin

(WGA), and examined AGJ vesicles by high-resolution

fluorescence microscopy. WGA binds specifically to sialic

acid and N-acetylglucosaminyl carbohydrate moieties

commonly found on extracellular-exposed carbohydrate

side-chains of plasma membrane proteins. Due to its rela-

tively large size (*38 kDa), WGA is not able to traverse the

plasma membrane in living cells. However, WGA will label

the extracellular surface of plasma membranes and only

subsequently will be endocytosed to also label intracellular

membrane compartments (Wright 1984). Interestingly we

found that a portion of cytoplasmic AGJ vesicles that were

likely generated during the WGA-incubation period,

exhibited red-fluorescent WGA-puncta (labeled with arrows

in Fig. 3b). These results support our hypothesis that the

un-docked membrane domains we detected by EM on AGJ

vesicles indeed represent plasma membrane that was located

in the immediate vicinity of GJ plaques and was concomi-

tantly internalized in the AGJ endocytosis process. For us, it

is tempting to speculate that this nonjunctional membrane

domain could provide the single membrane area that would
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allow double-membrane AGJ vesicles to fuse with single-

membrane endosomes.

Conclusion

A number of recent and classic manuscripts describe the

endocytosis of GJ plaques as double-membrane spanning

structures (Baker et al. 2008; Falk et al. 2009; Ginzberg

and Gilula 1979; Gumpert et al. 2008; Jordan et al. 2001;

Larsen et al. 1979; Mazet et al. 1985; Piehl et al. 2007) and

the autophagosomal, and potentially endo-/lysosomal

degradation of the resulting cytoplasmic double-membrane

AGJ vesicles (Bejarano et al. 2012; Fong et al. 2012;

Hesketh et al. 2010; Leach and Oliphant 1984; Leithe et al.

2009; Lichtenstein et al. 2011; Pfeifer 1980; Severs et al.

1989). On the basis of the recent and classic observations

described above, we hypothesize that double-membrane GJ

endocytosis is the only practical means of how cells can

efficiently remove plasma membrane-localized GJ plaques.

Fig. 3 Fine structure and composition of AGJ vesicles. a Double-

membrane AGJ vesicles can contain a patch of nonjunctional

membrane where the two membrane layers are separated (enlarged

in insets). These nonjunctional membrane patches appear to be

derived from plasma membrane that was located immediately

adjacent to the GJ plaque and was concomitantly endocytosed.

b These nonjunctional AGJ membrane domains label with extracel-

lularly applied, fluorescence-labeled wheat germ agglutinin (WGA)

(red puncta on green AGJ vesicles marked with arrows) in Cx43-YFP

expressing cells. Stable Cx43-YFP expressing HeLa cells were

incubated for 2–4 h with Alexa594-labeled WGA and examined by

fluorescence microscopy. Low-magnification survey image (panel 1,

left) and high-resolution images of internalized AGJ vesicles (panels
2–5, right) are shown (scale bars = nm in a and lm in b). a Adapted

from Piehl et al. (2007)
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Potential GJ splitting, or GJ dispersion (Lane and Swales

1980) have not been observed by us in any of our multiple

live-cell recordings and therefore are not considered effi-

cient mechanisms of GJ removal. Furthermore, on the basis

of the recently published evidence suggesting autophag-

osomal degradation of AGJ vesicles (Fong et al. 2012;

Hesketh et al. 2010; Lichtenstein et al. 2011), the knowl-

edge that autophagy serves as the generic pathway for the

degradation of cytoplasmically localized organelles and

protein-aggregates, and based on the known structural

composition of AGJ vesicles consisting of tightly sealed-

together membrane layers, we further hypothesize that the

default degradation pathway for these cytoplasmic struc-

tures is (macro)autophagy. Alternatively, endo-/lysosomal

AGJ degradation described to occur in TPA-treated cells

may be achieved on the basis of the presence of AGJ

membrane-domains where the two membrane-layers are

not linked to each other (such as the ones we have char-

acterized and described above, see Fig. 3), providing the

structural prerequisite to allow single-membrane endo-

somes to fuse with double-membrane AGJ vesicles.

Finally, we speculate that the level of connexin phos-

phorylation and/or ubiquitination might allow cells to

regulate by which pathway (endo-/lysosomal versus

phago-/lysosomal), endocytosed AGJ vesicles are seques-

tered and processed; an interesting hypothesis considering

that autophagosomal and endo-/lysosomal processing may

render different (degradation) products. Future research

will elucidate whether our hypotheses are correct, and if

there are additional cellular pathways that may dictate the

fate of endocytosed GJs.
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Abstract There is abundant evidence showing that con-

nexins form gap junctions. Yet this does not exclude the

possibility that connexins can exert other functions, sepa-

rate from that of gap junction (or even a permeable

hemichannel) formation. Here, we focus on these nonca-

nonical functions of connexin43 (Cx43), particularly in the

heart. We describe two specific examples: the importance

of Cx43 on intercellular adhesion, and the role of Cx43 in

the function of the sodium channel. We propose that these

two functions of Cx43 have important repercussions on the

propagation of electrical activity in the heart, irrespective

of the presence of permeable gap junction channels.

Overall, the gap junction–independent functions of Cx43 in

cardiac electrophysiology emerge as an exciting area of

future research.

Keywords Arrhythmia � Cell–cell adhesion �
Connexin43 � Heart

Introduction

Sixty years ago, Silvio Weidmann published his classic

article on ‘‘The Electrical Constants of Purkinje Fibers.’’ In

it, he beautifully demonstrated that electrotonic propagation

in cardiac tissue extends well beyond the size of a single

cell (Weidmann 1952). His observations provided the

physiological evidence that cardiac cells are electrically

coupled via low-resistive pathways. Electron microscopic

observations followed, culminating with the elegant work

of Revel and Karnovsky (1967) showing that at the site of

close appositional membranes in the cardiac intercalated

disc, the membranes were not fused. Instead, the mem-

branes were separated by a gap, traversed by junctions.

These findings led Revel to later coin the term gap junc-

tions. The demonstration that gap junctions are formed by

oligomerization of connexin proteins established gap

junction formation as the key function of connexin mole-

cules. Yet the fundamental importance of connexins in

intercellular communication does not exclude the possibil-

ity that connexins may exert other functions, separate and

independent from that of gap junction formation. This is

hardly a novel concept. Twenty years ago, Ross Johnson

and his colleagues reported a very important discovery: Fab

fragments of antibodies to the extracellular domain of

connexin43 (Cx43), the most abundant connexin in the

heart, inhibits adherens junction assembly in cells in culture

(Meyer et al. 1992). This unexpected finding has been fol-

lowed by others, showing that Cx43 is not only a pore-

forming protein that allows ions and small molecules to

move between cells (see, e.g., Danik et al. 2008; Jansen

et al. 2012a, b; Francis et al. 2011; Soder et al. 2009). Our

understanding of the molecular nature of connexins and

their function has expanded enormously since Ross John-

son, Weidmann, Revel, Bennett, Gilula, Goodenough, and

many other giants of science first paved the way. Yet a

number of interesting questions about the role of connexins

in biology remain unanswered, while other concepts that

seemed established are now challenged by novel experi-

mental results

Here, we will dwell on what we call the noncanonical

functions of Cx43—that is, functions that go beyond that of
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gap junction formation. Although our discussion will cen-

ter on Cx43 and its role in heart function, these issues

likely extend to the functions of other connexins and in

other organs. Of the many interesting angles that apply to

this topic, we will cover only two aspects: intercellular

adhesion and sodium channel function. These functions are

described from the point of view of Cx43 as a component

of the protein interacting network (the interactome) that

populates the cardiac intercalated disc.

The Intercalated Disc as the Site of a Protein

Interacting Network

Cardiac myocytes are highly differentiated, specialized, and

compartmentalized cells. Proteins organize in defined

microdomains. Slight changes in the position of a protein

within its domain can bring about a major disruption in

function (see, e.g., Nikolaev et al. 2010). Connexins occupy

a subcellular region called the intercalated disc. This elec-

tron dense structure is located at the point where two cardiac

cells meet end to end. In its classical definition, the inter-

calated disc is composed of three electron dense structures:

gap junctions, desmosomes, and adherens junctions. The

latter two are involved in mechanical coupling between

cells. Desmosomes couple to intermediate filaments (des-

min, in the case of the heart), whereas adherens junctions

anchor N-cadherins to the actin cytoskeleton. A mixed

desmosome/adherens junction structure, dubbed the area

composita, is also present in the adult mammalian heart

(Franke et al. 2006). Originally these structures were con-

sidered separate and independent from each other. Recent

data suggest this not to be the case. Furthermore, the advent

of immunofluorescence techniques brought about the dem-

onstration that other molecules, not classically considered

junctional, are also present at the cell end and in fact

colocalize with junctional molecules. Of particular interest

are two ion channel proteins fundamental to normal cardiac

electrophysiology: the sodium channel alpha subunit,

Nav1.5, and the potassium channel protein KV1.5. For a

number of years, each of these channels, and their accessory

proteins, were studied as independent entities. Yet recent

data show that there is extensive cross-talk at the interca-

lated disc, and that this cross-talk extends to interactions

between complexes previously seen as being independent

(Fig. 1). As such, loss of expression of plakophilin-2

(PKP2), a desmosomal molecule, affects gap junction–

mediated coupling (Oxford et al. 2007) as well as sodium

channel function (Sato et al. 2009); loss of N-cadherin

expression affects gap junctions (Li et al. 2005) and also the

function of KV1.5 channels (Cheng et al. 2011); loss of

intercellular contact leads to a decrease in sodium current

(Lin et al. 2011); expression of ankyrin-G (AnkG), a protein

associated with the sodium channel complex (Lowe et al.

2008), is necessary for proper intercellular adhesion

strength and for proper electrical coupling (Sato et al. 2011);

finally, expression of Cx43, a protein previously associated

only with gap junctions, is in fact required for the normal

function of sodium (Jansen et al. 2011) and potassium

currents (Danik et al. 2008). When taken together, the evi-

dence suggests that the intercalated disc is not a site where

independent molecules reside, but rather the host of an

interactome—a protein-interacting web that involves mol-

ecules relevant to excitability, propagation, and mechanical

coupling between cells.

Cx43 and Intercellular Adhesion

The possible interaction between connexins and mechani-

cal junctions in the heart was highlighted by the findings of

Jeff Saffitz and his colleagues. These investigators exam-

ined the hearts of patients afflicted with arrhythmogenic

right ventricular cardiomyopathy, a disease related to

mutations in proteins of the desmosome, and demonstrated

a consistent loss of gap junction plaques from the inter-

calated disc (Kaplan et al. 2004). Follow-up work showed

that loss of expression of the desmosomal protein, PKP2,

leads to a loss of Cx43 from the site of intercellular contact

and an *50 % decrease in the extent of dye transfer

between cells (Oxford et al. 2007). These and other studies

strongly supported the notion that mechanical junctions

affect gap junctions. On the basis of the early work of

Meyer et al. (1992), we have now asked a reciprocal

question: is Cx43 expression necessary to maintain inter-

cellular adhesion strength? To address this question, we

implemented a dispase assay, whereby the contact between

the cells and the extracellular matrix is disrupted by the use

of dispase. If adhesion between cells is strong, the layer

Mechanical junctions

Gap junctions Ion channel complexes

Oxford et al. 2007
Li et al. 2005

?

Lin et al. 2011
Jansen et al. 2012
Danik et al. 2008

Sato et al. 2011

Sato et al. 2011

Sato et al. 2009
Cheng et al. 2011
Lin et al. 2011
Sato et al. 2011

Fig. 1 Diagram indicating cross-talk between gap junctions, mechan-

ical junctions, and ion channel complexes. Gap junctions refers to

Cx43, while mechanical junctions includes desmosomes and adherens

junctions (N-cadherin). Ion channel complexes refers primarily to

sodium channel complex and KV1.5. Citations correspond to exper-

imental evidence in cardiac preparations that support the interaction

described
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lifts as one sheet (cells remain attached to one another). If

cell–cell adhesion is weaker, the sheet fragments. Thus, the

more fragments, the weaker the mechanical coupling.

Using this method, we recently showed that loss of Ank-G

expression (a protein that scaffolds for the sodium channel

complex) causes a decrease in mechanical coupling

between cells (Sato et al. 2011). Here, we applied this

method to compare two cell populations: HEK293 cells

that endogenously express Cx43; and a stable HEK293 line

where we used lentivirus to permanently silence Cx43

expression. Three groups are compared: untreated (UNT),

treated with a virus that contains a nonsilencing construct

(/shRNA-Cx43), and a third group where Cx43 expression

was prevented (shRNA-Cx43). Western blot analysis

revealed the loss of Cx43 expression in the corresponding

group (Fig. 2), and loss of Cx43 expression brought about a

loss of intercellular adhesion strength, represented by a

significant increase in the number of fragments detected

90 min after dispase addition. Thus Cx43 expression is

relevant to mechanical coupling. Whether this effect is

consequent to gap junctions being a physical element that

provides intercellular adhesion, or whether the result

involves intermolecular interactions between Cx43 and

components of the mechanical junctions, remains to be

determined. The results do show that intercellular adhesion

strength is a function of Cx43 that extends beyond the

formation of a low-resistive pathway between cells.

Cx43 Is Necessary for Sodium Channel Function

Figure 1 also shows an arrow connecting Cx43 to the

sodium channel complex. This is an exciting and novel

finding regarding the noncanonical functions of Cx43 in the

heart. Indeed, in the classical description, sodium channels

provide the current that is necessary for the generation of an

action potential in most cardiac cells, whereas Cx43 forms

gap junctions, the channels that allow for that electrical

charge to move between one cell and the next. This

description then separates the type of channel, with its

function: sodium channels are responsible for cell excit-

ability; gap junctions allow cell–cell passage of charge. In a

recent study, however, we reported that loss of Cx43

expression brings about a loss of sodium current amplitude

(Jansen et al. 2012a). In other words, the molecule neces-

sary for making the gap junctions is actually necessary to

maintain the complex in charge of generating the action

potential. This means that loss of Cx43 expression is in fact

a double-edge sword: not only will the path between cells be

disrupted, but also the amount of charge that is generating

by the excited cell will decrease. Loss of Cx43 expression,

as it happens in a number of pathological cardiac conditions

(Desplantez et al. 2007; Akar et al. 2007; Chkourko et al.

2012; Kalcheva et al. 2007; Qu et al. 2009), can have

complex deleterious effects on propagation.

Novel Roles of Cx43 in Cardiac Propagation: Sodium

Current and the Intercellular Space

These findings come at a time when the classical description

of cardiac propagation deserves to be reviewed. Early

models based on the principles of continuous cable theory

represented gap junctions as passive resistors providing the

only means for passage of charge between cells. When

incorporated into a model of cardiac propagation, these

equations predicted that reductions in gap junction–mediated

communication would bring about a concomitant reduction

in conduction velocity. The first serious challenge to this

notion came from experiments demonstrating that 50–80 %

loss of Cx43 expression in the heart causes a decrease in

junctional conductance between cells (Yao et al. 2003), but

not a decrease in conduction velocity (Morley et al. 2000;

Danik et al. 2004). Are gap junctions, then, the only path for

transfer of charge between cardiac cells? What is the missing

element (missing from the equations) that preserves propa-

gation when gap junction–mediated conductance decreases?

Although a conclusive answer has not yet been found, it

seems pertinent to remain open to models that, though less

conventional, may better represent what happens at the site

of contact between cells. We refer in particular to the

proposed electrical field mechanism of cardiac propaga-

tion. This model postulates that the large inward sodium

current in the proximal side of an intercellular cleft can

generate a large negative extracellular potential within the

cleft, effectively depolarizing the membrane of the distal

cell, activating its sodium channels and allowing for

propagation to continue downstream, even in the absence

of functional gap junctions (Sperelakis 2002; Hand and

Peskin 2010; Mori et al. 2008). Although this mechanism

would play an insignificant role when gap junctions are

present and functional, it would become crucial to maintain

propagation when gap junctions close or when connexins

are lost.

The effect of electric fields, also known as ephaptic

interactions, has been extensively investigated in the ner-

vous system. These nonsynaptic mechanisms play a sig-

nificant role in neuronal function and can mediate neuronal

synchrony on a fast scale compared to ionic and chemical

mechanisms that operate on a much slower scale (Jefferys

1995). In this context, recent studies of the presence of

electrical synapses in the mammalian central nervous sys-

tem have described the chemical transmission through

Cx36 in neurons of the mesencephalic trigeminal nucleus.

Although in these cells the fraction of opened channels is

small, the sodium and potassium conductances enhances
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the electrical coupling leading to a strong synchronization

of these neurons (Curti et al. 2012).

Under the concept of the electric field mechanism,

propagation is dependent on the subcellular distribution of

sodium channels because their density, specifically at the

intercalated disc, is critical to the generation of the electrical

field in the intercellular cleft (Tsumoto et al. 2011). In this

context, it is important to mention our recent results (Lin

et al. 2011) showing that (a) sodium current amplitude is

larger in the area of the intercalated disc; (b) steady-state

inactivation of sodium channels located in the middle of the

cell is shifted toward more negative values; as such, the

burden of excitation during propagation falls on the chan-

nels at the intercalated disc; and (c) sodium current density

is larger in cells that remain paired. These results are

complementary to those of Petitprez et al. (2011), showing

that there are two separate pools of Nav1.5 in the heart: one

at the intercalated disc and a separate one associated with

the costameres. Our data demonstrated that, together with

the segregation of channels by subcellular regions, there is

also a segregation of function; here, we further propose that

the function of Nav1.5 at the intercalated disc is determined,

at least in part, by Cx43.

The electric field mechanism also requires a preserva-

tion of the dimensions of the intercellular space. Experi-

mental values for this variable are less solid. Currently, we

are using high-pressure freezing methods and tomographic

electron microscopy to obtain images of the intercellular

space with a high level of structural preservation (Delmar

and Liang 2012). Using these methods, we have began to

collect images that allow us to make accurate measure-

ments of the intercellular space under conditions where

Cx43 is reduced, either by genetic manipulation (e.g., in

Cx43-deficient hearts) or by disease. In this context, it

seems pertinent to remind the reader of the discovery of

Ross Johnson and his colleagues 20 years ago: connexins

are important for intercellular adhesion (Fig. 2). It would

follow that diseases that cause loss or remodeling of Cx43

would lead to an increased separation of the cells at the

intercalated disc. From the point of view of electrophysi-

ology, this would become an important challenge to the

preservation of propagation between cells.

Conclusions

We have discussed two noncanonical functions of Cx43:

preservation of cell–cell adhesion and preservation of

sodium current amplitude in cardiac cells. We have also

argued in favor of a model of cardiac propagation where

cell–cell transfer of charge occurs not only by the flow of

current through gap junction channels but also, by an

electric field mechanism that relies on (a) a tight intercel-

lular gap and (b) the accumulation of functional sodium

channels at the intercalated disc. Thus, we speculate that

under conditions of poor gap junction–mediated electrical

coupling, propagation can be maintained via the electrical

field mechanism, but only if sodium current properties, and

a narrow cleft, are preserved. As such, we propose that the
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Fig. 2 Loss of Cx43 induces loss of intercellular adhesion strength.

a Western blot for Cx43 in HEK293 cells untreated (UNT), treated

with a virus that contains a nonsilencing construct (/shRNA-Cx43)

and silenced for Cx43 (shRNA-Cx43). GAPDH was used as loading

control. b Dispase assay. Cells were treated with 2.4 U/mL dispase

for 90 min to disrupt attachment to extracellular matrix. Images were

taken before (t0) and after 5–10 inversion cycles. Bars show number

of fragments after subjecting monolayers to 5–10 inversion cycles.

n = 10–20, p \ 0.001
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Cx43-dependent loss of sodium current and perhaps a

Cx43-dependent increase in the size of the intercellular gap

are critical to propagation failure resulting from reduced

Cx43 abundance. Cx43 may play a key role in intercellular

communication not only directly, by forming gap junc-

tions, but also indirectly, by maintaining a high sodium

current density at the intercalated disc, and a narrow

intercellular cleft for the transfer of activation. The gap

junction–independent functions of Cx43 in cardiac elec-

trophysiology emerge as an exciting area of future

research.
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Abstract Advances in genomic analysis indicate that the

early chordate lineage underwent two whole-genome

duplication events in fairly rapid succession around 400–600

million years ago, and that a third duplication event punc-

tuated the radiation of ray-finned fishes (teleosts) around

320–350 million years ago. Connexin ohnologs have been

disproportionately well maintained in the teleost genome

following this third event, implying that gap junction pro-

teins are amenable to neofunctionalization. A second family

of gap junction–like proteins, the pannexins, is also present

in chordates, but expansion of this family following the

teleost whole-genome duplication has not been addressed in

the literature. In the current study we report that ohnologs of

panx1 are expressed by zebrafish, and orthologs of these two

genes can be found in various other teleost species. The

genomic locality of each gene is described, along with

sequence alignments that reveal conservation of classic

pannexin-specific features/motifs. The transcripts were then

cloned from cDNA for in vitro analysis, and both are shown

to traffic to the plasma membrane when exogenously

expressed. Furthermore, electrophysiological recordings

show differences in the biophysical properties between the

channels formed by these two proteins. Our results indicate

that both copies of the ancestral teleost panx1 gene were

conserved following the last whole-genome duplication

event and, following conventional zebrafish nomenclature,

should now be referred to as panx1a and panx1b.

Keywords Pannexin � Teleost � R3 whole-genome

duplication � Ohnolog � Neofunctionalization

Introduction

Early chordate evolution was punctuated by two whole-

genome duplication (WGD) events (named ‘‘R1’’ and

‘‘R2’’) approximately 400–600 million years ago (MYA)

(Dehal and Boore 2005; Putnam et al. 2008), with a third

major WGD occurring in the ancestral teleost lineage (R3)

between 320 and 350 MYA (Jaillon et al. 2004). These

events were followed by significant reshuffling of the

polyploid chromosomes via interchromosomal exchange,

accompanied by massive loss of replicate genes through

inactivation or deletion, and may have contributed to epi-

sodes of rapid speciation and radiation (Jaillon et al. 2004;

Roth et al. 2007). While most duplicate genes derived from

a WGD (i.e., ohnologs) are expected to be lost over time

(Force et al. 1999), at least 3–4 % of the ohnologs created

during the R3 WGD have been retained (Kassahn et al.

2009). Neofunctionalization and subfunctionalization are

believed to be the primary drivers of duplicate gene

retention because random mutation will eventually inacti-

vate at least one copy, unless a selective advantage is

gained from retaining both (Lynch et al. 2001). Gap

junction genes (connexins) have been notably well
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preserved in the teleosts following R3, with *37 func-

tional members present in most species versus *21

mammalian members (Zoidl et al. 2008). Wagner (2002)

has argued that overall functional complexity in a protein

strongly correlates with the probability of both paralogs

being retained if duplication occurs, or more specifically,

that greater complexity increases the opportunity for sub-

functionalization; mutations that ablate a different func-

tional property from each copy can render both

indispensable. Gap junction proteins are expressed by

almost every vertebrate cell type, they interact with a

diverse group of binding partners, and are involved in

many physiological processes (Giepmans 2004; Willecke

et al. 2002), so it is perhaps unsurprising that so much

connexin diversity has been retained by the ray-finned

fishes.

A second family of ‘‘gap junction–like’’ proteins also

exists within vertebrates, named ‘‘pannexins’’ (Panchin

et al. 2000). This small group of channel proteins (Panx1,

-2 and -3) is homologous to the much larger innexin family,

which are the invertebrate analogs of the vertebrate con-

nexins. Innexins and connexins have a very similar struc-

tural topology and share many functional characteristics

(Phelan 2005), yet it is unlikely these protein families are

derived from a common ancestral gene that would have

been classified as encoding a gap junction–forming mono-

mer. Instead, they are believed to be the products of con-

vergent evolution (Fushiki et al. 2010; Yen and Saier 2007).

While it appears that pannexins are able to form intercel-

lular gap junctions to a limited extent in overexpression

systems (Bruzzone et al. 2003; Lai et al. 2007), under

normal physiological conditions they are now understood to

function as large unitary pores between the intra- and

extracellular compartments (Boassa et al. 2007). As such,

the ‘‘hemichannel’’ nomenclature often used to describe

unpaired connexin or innexin channels has been deemed

inaccurate when referring to pannexin channels (Sosinsky

et al. 2011) and, thus, will not be used in this report.

Regardless, the number of physiological processes in which

pannexins have been implicated has rapidly grown in recent

years (Penuela et al. 2012), with numerous studies having

assessed the diversity of innexins and pannexins across

many phyla (Baranova et al. 2004; Fushiki et al. 2010;

Panchin 2005; Phelan 2005; Shestopalov and Panchin 2008;

Yen and Saier 2007). Pannexin expression has even been

studied specifically in fish (Prochnow et al. 2009a, b; Zoidl

et al. 2007, 2008), but to date no one has determined if extra

pannexins have been functionally preserved following R3.

Here, we report that panx1 has in fact been retained as

two independent ohnologs (panx1a and panx1b) and

describe several features of the genes and EGFP-tagged

versions of the gene products.

Materials and Methods

Phylogenetic Analysis

Pannexin coding sequences were downloaded from NCBI

and Ensembl (see supplementary data, Table S1) and

analyzed within the Geneious 4.8 bioinformatics platform

(Drummond et al. 2009). Global alignment of protein

sequences was executed using the Blosum45 cost matrix,

with an open gap penalty of 11 and an extension penalty of

1. Consensus cladograms were generated with the Gene-

ious Tree Builder, using the unweighted-pair group method

with arithmetic mean (UPGMA) in conjunction with the

Jukes-Cantor genetic distance model. Subsequently, boot-

strapping with 1,000 replicates was used to estimate clade

confidence (Felsenstein 1985). Syntenic gene blocks asso-

ciated with panx1 and shared between zebrafish and mouse

were identified using the online synteny database (Catchen

et al. 2009).

Real-Time Quantitative PCR

Twelve separate tissues were harvested from three indi-

vidual zebrafish according to an approved University of

British Columbia Animal Care protocol (A07-0288). Total

RNA was isolated using Trizol reagent (Invitrogen,

Carlsbad, CA), according to the manufacturer’s directions,

and treated with DNAseI to remove genomic contamina-

tion. Relative pannexin expression was measured between

tissues using real-time quantitative PCR (qPCR) on a

CFX96 real-time qPCR machine (Bio-Rad, Hercules, CA).

Primers are listed in the supplementary data (Table S2),

and 10 ng of total RNA was analyzed in duplicate 10-ll

reactions using the iScriptTM One-Step RT-PCR kit with

SYBR� green (Bio-Rad). Expression levels were stan-

dardized against 18S rRNA (DCn), and DDCn was

dynamically based on the tissue with the lowest DCn in a

given experiment. The tissues from each animal were

analyzed separately and then averaged.

Cloning Zebrafish Pannexins

Total zebrafish mRNA was reverse-transcribed with

SuperScript III (Invitrogen), and each of the four pannexin

cDNAs was PCR-amplified using primers containing

50 EcoRI or EcoRV sites (supplementary Table S3). PCR

products were digested and ligated into pBlueScript

downstream of the T7 promoter. The four genes were then

subcloned into pEGFP-N1 using an appropriate double

digest and ligation (panx1a, HindIII/BamHI; panx1b, KpnI/

BamHI; panx2, HindIII/PstI; panx3, HindIII/BamHI), fol-

lowed by restriction-free cloning to remove the stop codons
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and to add a small linker sequence (GAAQSK) between the

pannexins and EGFP (Bond and Naus 2012; Bryksin and

Matsumura 2010).

Cell Culture

Human cervical carcinoma HeLa cells (American Type

Culture Collection, Manassas, VA) were maintained in

DMEM ? 10 % FBS in a humidified 37 �C incubator with

5 % CO2 and transfected with the pEGFP-N1 constructs

using FuGENE6 (Roche, Indianapolis, IN) per the manu-

facturer’s directions. To produce stable overexpression, the

growth medium was supplemented with 500 lg/ml G418

and cells were subjected to fluorescence-activated cell

sorting once per week for 4 weeks to enrich for EGFP

expression.

Western Blot

Transfected HeLa cell lysates were collected with RIPA

buffer (150 mM NaCl, 50 mM Tris-HCl [pH 8.0], 0.5 %

Sarkosyl, 1 % IGEPAL, 0.1 % SDS) and separated on 10 %

Tris-glycine SDS-PAGE gels. The protein was transferred

to Immuno-Blot PVDF (Bio-Rad) and then blocked in 5 %

nonfat milk ? 0.1 % Tween20 (NFM-T). Membranes were

probed with an HRP-linked a-GFP mouse monoclonal

antibody (Santa Cruz Biotechnology, Santa Cruz, CA)

diluted in 3 % NFM-T for 2 h at room temperature. HRP

activity was visualized by treating the membrane with

SuperSignal� West Pico Chemiluminescent Substrate

(Pierce, Rockford, IL) and exposing/developing Bioflex�

Econo Film (Clonex, Markham, Canada).

Visualizing Pannexin-EGFP

Pannexin-EGFP-transfected HeLa cells were grown in

eight-well ibiTreat l-Slides (Ibidi, Munich, Germany) for

12 h and supplemented with 20 mM HEPES buffer (pH

7.4) just prior to imaging. Confocal microscopy was per-

formed on a Leica (Nussloch, Germany) TCS SP5II Basic

VIS system, using the special photomultiplier R 9624 with

low dark current. Time-lapse and z-stack images were

analyzed with ImageJ (http://rsbweb.nih.gov/ij/).

Electrophysiological Recording

HeLa cells were bathed in a recording chamber filled with a

modified Krebs-Ringer solution consisting of (in mM)

150 NaCl, 4 KCl, 2 CaCl2, 2 MgCl2, 2 CsCl, 1 BaCl2,

2 pyruvate, 5 glucose and 5 HEPES (pH 7.4). The standard

whole-cell recording pipette solution was composed of

(in mM) 130 CsCl, 10 Na-aspartate, 0.26 CaCl2, 1 MgCl2,

2 EGTA, 5 tetraethylammonium (TEA)-Cl and 5 HEPES

(pH 7.2). Pipette resistance was 3–4 MX.

Whole-cell recording was performed as described pre-

viously (Bukauskas et al. 2001) with an EPC7 PLUS patch-

clamp amplifier (HEKA Elektronik, Lambrecht, Germany).

All currents in whole-cell configuration were filtered at

1 kHz (7-pole Besselfilter). Data were acquired at 4 kHz

using an NI USB-6221 data-acquisition device from

National Instruments (Austin, TX) and software written by

J. Dempster (University of Strathclyde, Glasglow, UK).

Steady-state currents for I–V relations were measured

between the ninth and tenth seconds of the 10-s membrane

potential steps and are expressed as mean ± standard error

of the mean (SEM).

For outside–out patch recording, the recording electrode

was lifted and pulled away from the cell after establishment

of whole-cell configuration, thus excising the membrane

patch attached to the electrode.

Results and Discussion

At Least Four Pannexin Genes Are Present

in the Teleost Lineage

As of Ensembl release 66 (February 2012), seven species

of ray-finned fish have been annotated: zebrafish, stickle-

back, fugu, green spotted puffer, Atlantic cod, Nile tilapia

and medaka. Each of these species has a single record for

Panx2 and Panx3, and two listings for Panx1. The green

spotted puffer is an exception, with three listings for Panx1.

Within each species analyzed, the two Panx1 proteins share

an average 55.0 % sequence identity (±6.9 %) and 67.6 %

similarity (±7.3 %). They retain the classic innexin-spe-

cific P-X-X-X-W motif in the second transmembrane

domain and two cysteine residues in each extracellular loop

(Phelan 2005) (supplementary Fig. S1). They also contain a

charged K or R residue relative to position 75 in the mouse,

which is thought to be involved in ATP-mediated channel

regulation (Qiu and Dahl 2009). Interestingly, we do not

observe any conservation of the cysteine residue at position

282, previously reported to regulate channel activity of

zebrafish Panx1 (Prochnow et al. 2009a). The authors of

this study chose to use a bulky tryptophan residue to

replace the native cysteine, which is a common practice

when attempting to identify transmembrane residues with

side chains that interact with the main body of the protein;

it does not, however, reveal much about the actual function

of the specific residue being replaced (Sharp et al. 1995). In

this light, it seems that the impacts on channel activity are

more likely to be a product of steric interference than

ablation of a novel functional innovation associated with

this particular cysteine.
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The only exception to the aforementioned conserved

features is the extra Panx1 sequence in the green spotted

puffer, which appears to be the product of a partial dupli-

cation event that truncated the coding sequence immedi-

ately after the first cysteine residue in the second

extracellular domain (C234). Even if this truncated protein

is still actively translated, it is very unlikely it can partic-

ipate in normal channel activity because all four extracel-

lular loop cysteines are needed for formation of active

channels (Bunse et al. 2011).

Multiple pairwise alignment splits the teleost Panx1

sequences roughly into two orthologous clades, and these

groups combine into a single sister clade relative to Panx1

sequences from more distantly related vertebrates (Fig. 1).

The zebrafish sequences complicate this phylogeny to

some degree because both paralogs group into a single

clade within the teleost Panx1 branch. This is probably due

to the fact that the zebrafish belongs to the taxonomic

group Otocephala, as opposed to the rest of the fish species

in this study which belong to the Euteleostei, and these two

lineages diverged approximately 250–300 MYA (Hedges

et al. 2006). One of the sequences does, however, group

more tightly with its respective clade, so this property

along with genomic positioning will be utilized below for

naming purposes.

The Two Teleost panx1 Genes Likely Originate

from the R3 WGD Event

Clupeocephala is the lowest taxonomic group to include all

of the teleosts present in this study, so the most parsimo-

nious time frame for the duplication of panx1 precedes

the Clupeocephala/Elopomorpha split 300–350 MYA

(Hedges et al. 2006). Gene duplications occur through

various processes, including retrotransposition, errors
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during homologous recombination and whole-chromosome

or -genome duplications (Hahn 2009). It is highly unlikely

that the extra copy of panx1 resulted from reintegration of a

processed mRNA into the genome by a retrotransposon,

because the exon architecture is nearly identical between

the two genes (Fig. 2). Although not impossible, it is also

unlikely that the duplication was the product of an unequal

crossover event. These are usually characterized by a
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tandem repeat pattern (Semple and Wolfe 1999), and the

two panx1 genes are located on separate chromosomes. For

this process to have generated the current localization of

the two panx1 genes, a homologous recombination error

would need to have been followed in relatively quick

succession by an interchromosomal exchange and,

depending on when this occurred relative to the WGD,

either one or two extra panx1 paralogs must have then been

deleted from the genome. A more parsimonious explana-

tion is that the extra gene was produced during the R3

WGD.

The initial period following an instance of tolerated

polyploidy (i.e., when the extrachromosomal load does not

kill or sterilize the organism) is generally associated with

genomic instability, and recombination shuffles alleles

between all homologous chromosomes during meiosis

(Cifuentes et al. 2010). Homologous recombination is also

thought to facilitate rapid genomic downsizing of a neo-

polyploid species (Leitch and Bennett 2004), with deletions

presumably remaining innocuous so long as the affected

regions are present on the replicate chromosome. Eventu-

ally, sufficient divergence causes the karyotype to once

again assume a diploid state, but two key signatures of the

duplication will remain for a considerable time afterward.

First, large syntenic regions can be expected to exist

between the duplicated chromosomes, preserving gene

order and orientation. Second, comparison against the

genome of a related species that did not undergo WGD

should reveal a pattern of gene interleaving between the

duplicated chromosomes relative to the homologous out-

group chromosome (Jaillon et al. 2004). The chromosomal

neighborhoods of the two zebrafish panx1 genes contain

signs of both synteny and gene interleaving. For example,

the panx1 gene on zebrafish chromosome 15 (Dre15) is

flanked by the same set of genes observed on mouse

chromosome 9 (Mmu9), while a block of genes adjacent to

the panx1 gene on zebrafish chromosome 5 (Dre5) is many

megabases away on both Mmu9 and Dre15 (Fig. 3). The

20 µm

Panx3-EGFP

20 µm20 µm

Panx1a-EGFP Panx1b-EGFP

20 µm

Panx2-EGFP

Fig. 5 Exogenous expression of EGFP-tagged zebrafish pannexins in

HeLa cells. Panx1a localized to the cell membrane and was recruited

to areas of membrane ruffling (arrow). Panx1b localized to the cell

membrane as well but was also present in intracellular vesicles

(arrowhead). Panx2 was exclusively observed in small intracellular

vesicles, while Panx3 was more diffuse
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genes adjacent to panx1 on Dre5 have been previously

annotated as ‘‘b’’ ohnologs (e.g., tmprss13b, tmprss4b and

scn4bb), while the genes on Dre15 are annotated ‘‘a.’’ As

such, the zebrafish panx1 genes should now be referred to

as panx1a and panx1b on Dre15 and Dre5, respectively.

Furthermore, despite both of the zebrafish panx1 gene

products clustering into a single clade of the remaining

teleost panx1 sequences, panx1b shares greater similarity

with that clade, so the genes for the other species included

in Fig. 1 have been annotated accordingly.

Expression Profiles of panx1a and panx1b Are Distinct

To compare expression levels of each pannexin throughout

the adult zebrafish, mRNA was prepared from 12 separate

tissues and analyzed by real-time qPCR (Fig. 4). In line

with previous studies, expression of panx2 was primarily

restricted to the eye and central nervous system (Bruzzone

et al. 2003; Dvoriantchikova et al. 2006; Zoidl et al. 2008),

and panx3 was highest in skin (Celetti et al. 2010). The

distribution of zebrafish panx1a has previously been

reported in the central nervous system, muscle, heart, liver,

kidney and retina (Prochnow et al. 2009b; Zoidl et al.

2008), similar to our observations here showing the near

ubiquitous expression pattern characteristic of mammalian

panx1 (Bruzzone et al. 2003). Previous attempts to isolate

or measure panx1b transcript were unsuccessful (Prochnow

et al. 2009b), but we were able to observe robust expres-

sion in cDNA prepared from brain and eye with more

modest relative levels of expression in heart, kidney and

spleen.

Subcellular Dynamics and Localization of Zebrafish

Pannexins

The coding sequences of all four zebrafish pannexin genes

were amplified from a multitissue preparation of total

cDNA and cloned into the expression vector pEGFP-N1, so

trafficking of the proteins could be monitored live. HeLa

cells were chosen for this study because they express very

little endogenous connexin (Elfgang et al. 1995), and while

reports on the expression of panx1 in HeLa are mixed

(Clair et al. 2008; Penuela et al. 2008; Zappala et al. 2006),

we were unable to observe the protein by Western blot

(data not shown). Western blot analysis of lysates taken

from stably transfected HeLa cultures confirmed the pres-

ence of EGFP-tagged products of expected size for all

constructs (supplementary Fig. S2).

Time-lapse imaging revealed distinct cellular distribu-

tions for each of the four pannexins (Fig. 5). A fraction of

Panx1a localizes to the plasma membrane, with concen-

trations in areas of membrane ruffling (Fig. 5a, supple-

mentary data 1 and 2). This is consistent with previous

reports of Panx1 localizing to the leading edge of motile

cells (Mayo et al. 2008), probably through direct interac-

tion with filamentous actin (Bhalla-Gehi et al. 2010).

Panx1b also localizes to the plasma membrane with

recruitment to dynamic membrane ruffles, but most of the

cells analyzed also had a fraction of the protein associated

with mobile intracellular vesicles with diameters of about

200–500 nm (Fig. 5b, supplementary data 3 and 4). Many

vesicles within the endocytic pathway are approximately

this size (Geumann et al. 2008), but we observed no
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Fig. 6 Whole-cell voltage

clamp of EGFP, Panx1a-EGFP

and Panx1b-EGFP transfected

HeLa cells. a The protocol

included a brief holding

potential of -30 mV, followed

by 13 consecutive 10-s holding

steps starting at -60 mV and

increasing depolarization by

10 mV per step. Depolarization

to positive membrane potentials

evoked progressively increasing

membrane currents

from Panx1a-EGFP and

Panx1b-EGFP compared to

EGFP controls, but the

activation time was much

longer for Panx1b-EGFP than

Panx1a-EGFP. b I–V plot

demonstrating the voltage-gated

pannexin currents, in contrast to

the linear (background) I–V
relationship recorded in HeLa

cells expressing EGFP only
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colocalization between Panx1b and the early endosome

marker EEA1 (data not shown); thus, the identity of these

vesicles remains undetermined at this time. Mammalian

Panx2 has been reported to localize primarily to small

intracellular vesicles (Lai et al. 2009; Zappala et al. 2007),

similar to what we observed with the zebrafish ortholog

(Fig. 5c; supplementary data 5 and 6). Multiple splice

variants exist for this protein however (Zoidl et al. 2008),

of which we isolated only the ‘‘C’’ variant, while context-

dependent depalmitoylation has been shown to facilitate

trafficking of Panx2 to the plasma membrane (Swayne

et al. 2010). Finally, Panx3 expression appeared to be

primarily intracellular (Fig. 5d, supplementary data 7 and 8).

‘‘Normal’’ localization of Panx3 is variable in the literature,

and it is also probably cell type–dependent and can be dis-

rupted when tagged with GFP (Bhalla-Gehi et al. 2010;

Iwamoto et al. 2010; Penuela et al. 2008). Given all these

potentially confounding factors with regard to pannexin

trafficking, we do not assume our results are necessarily

equivalent to normal in vivo dynamics but instead hope to

highlight the differences among the four proteins when

expressed in a common environment, with particular

emphasis on the two Panx1 proteins. According to the

classic duplication–degeneration–complementation model

(Force et al. 1999), we expect Panx1a and Panx1b to have

undergone some degree of neofunctionalization at the tran-

scriptional level and/or the physiological level. While the

differences we have observed in relative mRNA expression

and intracellular distribution of the EGFP-tagged proteins

appear to support this position, the clearest evidence of

neofunctionalization would be a measurable difference in

channel properties.

Physiological Properties of Zebrafish Panx1 Channels

Individual Panx1a-EGFP, Panx1b-EGFP or EGFP control

transfected HeLa cells were voltage-clamped at a holding

potential of –30 mV for 1 s, followed by voltage steps of

10-s duration to potentials in the range of –60 to ?60 mV

in 10-mV increments (Fig. 6). Similar to previous reports

for Panx1a (Prochnow et al. 2009a), the macroscopic

currents from cells expressing our constructs were char-

acterized by an outwardly rectifying, nonlinear current-to-

voltage relationship (I–V) at positive potentials. Panx1b-

EGFP appears to have a voltage threshold for activation

(i.e., the point where I–V breaks from linearity) between

?20 and ?30 mV, which is higher than the 0 to ?20 mV

necessary to activate Panx1a currents. Panx1b also exhibits

a longer activation time than Panx1a, requiring upward of

8 s to reach steady state upon membrane depolarization

versus \250 ms for Panx1a. These results match reason-

ably well with those reported previously for Panx1a

properties (Prochnow et al. 2009a, b). Recordings from

outside–out patches of Panx1b-EGFP-transfected cells

displayed unitary events upon stepping the membrane

potential to ?30 mV or above (Fig. 7a), and analysis of an

all-event histogram indicates a Panx1b-EGFP single-

channel conductance of *123 pS (Fig. 7b). This is nearly

fourfold lower than has previously been reported as

the unitary conductance of fish or mammalian Panx1

(Bao et al. 2004; Prochnow et al. 2009a). Unexpectedly,

unitary opening events could not be resolved from any

excised outside–out patches taken from over 60 Panx1a-

EGFP-transfected cells, and yet the increase in whole-cell

currents at positive membrane potentials does still appear

to be the result of pannexin channels because the current

was completely inhibited by 25 lM carbenoxolone,

returning the I–V plot to a linear relationship without

affecting the steady-state currents at negative membrane

potentials (Fig. 8). The addition of bulky tags like GFP to

the carboxy terminus (CT) of connexin can alter channel

gating properties and unitary conductance (Bukauskas et al.
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Fig. 7 Single-channel recordings of Panx1b-EGFP demonstrating

unitary event activity and single-channel conductance. a Representa-

tive traces from excised outside–out patches reveal single-channel

activity for Panx1b-EGFP channels at membrane potentials of

?30 mV and above. b An all-point histogram representing all six

example traces illustrates a unitary conductance of *123 pS between

the closed state (C) and fully open state (O1). The peaks at O2 and O3

are both multiples of 123 pS and, thus, are most likely the result of

multiple channels in the excised patch. The histogram shows some

background activity that may be caused by subconductance states
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2000, 2001; Carnarius et al. 2012), and while CT tagging

Panx1a with EYFP has been shown to have no untoward

effect on unitary recordings (Prochnow et al. 2009a), the

addition of an EGFP tag to the CT of human Panx1 com-

pletely blocked channel activity (Ma et al. 2009). As such,

it is not unreasonable to speculate that the tag in our system

could be causing a partial blockade and/or altering open

probability, and indeed, closer examination of whole-cell

currents taken from Panx1a-EGFP-transfected cells

revealed infrequent but well-resolved unitary events

of *276 pS at potentials C?50 mV (data not shown).

These events could represent the occasional transition of a

partially open channel to a more fully open state, but fur-

ther work with the untagged proteins will be required to

properly resolve this issue.

Conclusion

In the current study we have demonstrated that a fourth

pannexin gene is present and actively expressed in the

ray-finned fishes. This gene is probably a holdover from

the teleost R3 WGD event, representing a split of panx1.

As such, the two panx1 genes should now be referred to

as panx1a and panx1b. These genes display distinct

differences in tissue distribution, with the panx1a

expression pattern mimicking the near ubiquity of

mammalian panx1, while panx1b is heavily enriched in

the brain and eye. Exogenous overexpression of the

zebrafish ohnologs reveals potential differences in the

intracellular vesicles with which each protein associates,

but both clearly traffic to the plasma membrane, partic-

ularly to areas of cell ruffling. At the channel level the

two proteins appear to have distinct physiological prop-

erties, in terms of both gating and conductance, although

future electrophysiological characterization of the untag-

ged versions of these channels will be needed to fully

assess the extent of their differences. Taken together, our

results indicate that the two panx1 genes and gene

products have undergone some degree of neofunctional-

ization or subfunctionalization, as would be expected

according to conventional evolutionary theory. To our

knowledge, this is the first time functional properties of

panx1b have been reported.

604020

A

B

50

100

-40-60

-50

-100

0

Panx1a-EGFP + CBX (25 µM)

-20
0

Panx1a-EGFP

n = 3 (paired)

Panx1a-EGFP Panx1a-EGFP + CBX (25 µM)

V  (mV)m

4 s

50 pA

I   (pA)m

Fig. 8 Panx1a-EGFP is

sensitive to carbenoxolone

(CBX). a Representative traces

from a single Panx1a-EGFP-

expressing cell recorded in the

whole-cell configuration and

subjected to incremental 10-mV

steps from -60 to ?60 mV

before (left) and after (right)
treatment with carbenoxolone.

b I–V plot illustrating the

reduction in voltage-activated

currents from Panx1a-EGFP-

expressing cells following

carbenoxolone treatment as well

as the lack of effect on steady-

state currents at negative

membrane potentials
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Abstract Attenuation in gap junctional coupling has

consistently been associated with induction of rapid or

synchronous cell division in normal and pathological

conditions. In the case of the v-src oncogene, gating of

Cx43 gap junction channels has been linked to both direct

phosphorylation of tyrosines (Y247 and 265) and phos-

phorylation of the serine targets of Erk1/2 (S255, 279 and

282) on the cytoplasmic C-terminal domain of Cx43.

However, only the latter has been associated with acute,

rather than chronic, gating of the channels immediately

after v-src expression, a process that is mediated through a

‘‘ball-and-chain’’ mechanism. In this study we show that,

while ERK1/2 is necessary for acute closure of gap junc-

tion channels, it is not sufficient. Rather, multiple pathways

converge to regulate Cx43 coupling in response to

expression of v-src, including parallel signaling through

PKC and MEK1/2, with additional positive and negative

regulatory effects mediated by PI3 kinase, distinguished by

the involvement of Akt.

Keywords Cx43 � Gap junction � v-Src � Erk1/2 �
Signal transduction

Introduction

Mammalian gap junctions, composed of membrane pro-

teins called connexins, represent arrays of transmembrane

channels that allow low-molecular weight molecules and

ions to move directly between the cytoplasm of opposed

cells (Goldberg et al. 1998; Kumar and Gilula 1996).

Reduced communication through gap junction channels

has been frequently correlated with increases in cell pro-

liferation of both normal and transformed cells (Berthoud

et al. 1993; Cronier et al. 2009). An early response to the

stimulation of many cells by growth factors in culture is a

decrease in coupling just prior to initiation of mitosis (Lau

et al. 1992). Similarly, several oncogenes have been shown

to reduce coupling of cells, most notably pp60v-src, which

Ross Johnson first observed 31 years ago to acutely induce

closure of gap junction channels (Atkinson et al. 1981). It

has been proposed that this uncoupling could serve to

isolate cells from the inhibitory signals of neighboring cells

and/or enable the accumulation of positive stimuli within

the cells that generate them (Loewenstein 1990). In the

current work, we return to a more detailed analysis of the

signals that link v-src expression to the closure of Cx43 gap

junction channels, to compare the similarities and differ-

ences of the oncogenic process to that induced by normal

growth factor signaling.

Several growth factors [EGF (Lau et al. 1992), PDGF

(Hossain et al. 1998, 1999b), and insulin-like growth factor

(Homma et al. 1998)] have been shown to cause acute closure

of Cx43 gap junction channels, primarily associated with

activation of ERK, and its direct phosphorylation of Cx43
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(Kanemitsu and Lau 1993; Hossain et al. 1998). However,

other kinase pathways, such as PKC (Hossain et al. 1998,

1999a, b), have also been implicated. Several phosphoryla-

tion sites for these and other kinases have been mapped on the

C-terminal domain of Cx43 (Berthoud et al. 1993; Kanemi-

tsu et al. 1998; Warn-Cramer et al. 1996; reviewed in Lampe

and Lau 2004). Consistent with this, removal of the

C-terminal domain was shown to ablate gating by insulin-

like growth factor, which could then be rescued by addition

of the C-terminal domain as a separate peptide (Homma et al.

1998). This led to the model that this phosphorylation-driven

gating in response to growth factors occurs by a ‘‘ball-and-

chain’’ mechanism, similar to what had been shown for pH

gating of Cx43 (Ek-Vitorin et al. 1996; Morley et al. 1996)

and much earlier for inactivation of K? channels (Hoshi et al.

1990). However, while these studies had focused on acute

gating of the channels, there is also evidence that growth

factors can more chronically induce internalization of gap

junction structures over longer periods of time. Hence, the

interaction of the cytoplasmic domain of Cx43 with various

signaling [e.g., src via SH2 and 3 domains (Warn-Cramer

et al. 1996)], adapter [e.g., ZO-1 via PDZ 1 (Giepmans and

Moolenaar 1998; Toyofuku et al. 1998), and 14-3-3 protein

(Park et al. 2007)] and cytoskeletal [e.g., tubulin (Giepmans

et al. 2001)] elements may also be relevant to longer-term

regulation of coupling by growth factors.

While the regulation of gap junctions by v-src was first

studied 10 years before that with growth factors, the precise

mechanism of how v-src induces loss of coupling either

acutely or chronically has remained somewhat controver-

sial. By analogy with the closure of Cx43 channels by

growth factors described above, Zhou et al. (1999) dem-

onstrated that v-src closure of Cx43 channels depended not

on the direct src targets on Cx43 [Y265 and 247 (Swenson

et al. 1990; Solan and Lampe 2008)] but on the presence of

three ERK1/2 phosphorylation sites (S255, 279 and 282)

mapped in the C-terminal domain by Warn-Cramer et al.

(1996). The dependence on ERK activity was also dem-

onstrated pharmacologically in normal rat kidney (NRK)

cells expressing a temperature-sensitive (ts) pp60v-src.

Consistent with this, Ito et al. (2006) implicated the Ras-Raf

pathway, which directly activates ERK, in the gating of

Cx43 gap junction channels by v-src. Others have also

implicated Cas as being essential for src gating, although

the mechanism of this effect remains unclear (Shen et al.

2007). Finally, truncations of the C-terminal domain led to a

loss of response of Cx43 to v-src, which was restored by

coexpression of the C-terminal domain as an independent

polypeptide, consistent with the ‘‘ball and chain’’ mecha-

nism implicated in growth factor gating of Cx43.

However, contrary results have been published by

Swenson et al. (1990) and Lin et al. (2001), who showed that

Y265 and Y247 are required for v-src-induced disruption of

coupling in both Xenopus oocytes (Swenson et al. 1990) and

a mouse Cx43 knockout cell line transfected with different

Cx43 mutants (Lin et al. 2001). In the latter study, the ERK1/2

phosphorylation sites (S255, 279 and 282) were found not to

be required for closure. The differences between these

seemingly contradictory findings do not correlate with the

expression system as both results have been reported in

oocytes and mammalian cells. However, one consistent

distinction is that ERK dependence was reported when src’s

effect was exerted on preformed Cx43 channels and was

likely associated with initial gating immediately following

v-src expression. This is likely to be similar to the transient

closing of Cx43 channels in response to cytokines [PDGF

(Hossain et al. 1998) and EGF (Kanemitsu and Lau 1993)].

By contrast, tyrosines were implicated when v-src was

expressed prior to, or concurrently with, Cx43 and could

represent a more chronic mechanism for closure of Cx43

channels that diverges from known growth factor pathways.

Using phosphorylation state-specific antibodies, Solan and

Lampe (2008) showed that, in LA-25 cells, tyrosine phos-

phorylation predominantly occurred in gap junction plaques

when v-src was activated. They also showed increased

phosphorylation of ERK and PKC sites in Cx43 upon v-src

activation, suggesting a role of multiple signaling pathways

in gap junction downregulation during src transformation.

However, they were unable to address the issue of whether

these phosphorylation sites were functionally required for

gap junction closure, nor could they assess the timeline of

these phosphorylation events following src expression. In

most cell lines this poses a problem, unless src expression

can be acutely activated, such as in ts mutants. Unfortu-

nately, the better-characterized ts v-src constructs have often

proven to be unstable.

An alternative model system is the Xenopus oocyte,

where src can be acutely activated by injection of its

encoding RNA, allowing the time course of the response to

be followed. Most mitogenic signaling cascades are present

and well characterized in Xenopus oocytes, and they have

been used extensively in the electrophysiological charac-

terization of gap junction channels. In this study, we

employed this expression system to conduct a comprehen-

sive analysis of the regulatory pathways that mediate the

initial gating of Cx43 channels by v-src to explore the degree

to which they may use similar or distinct pathways from

those implicated in growth factor-mediated Cx43 gating.

Materials and Methods

cDNA Constructs

Rat Cx43 cDNA (provided by Dr. Eric Beyer, University of

Chicago, Chicago, IL) was subcloned into the PGEM-7Zf?
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vector (Promega, Madison, WI) at the EcoRI site. All

mutants were provided by Drs. Steve Taffet and Mario

Delmar (State University of New York Health Science

Center, Syracuse, NY). The cDNA for pp60v-src was

provided by Dr. Marilyn Resh (Memorial Sloan-Kettering

Cancer Center, New York, NY). The cDNA for constitu-

tively active MEK1 (human CA-MEK1), a kind gift from

Dr. Natalie Ahn (University of Colorado, Boulder, CO),

was subcloned into the oocyte expression vector pBlue-

script MXT at the EcoRV and XbaI restriction sites. Con-

stitutively active and dominant negative (DN) PKC (PKCa/e)
constructs (murine) were provided by Dr. Elissavet Kard-

ami (University of Manitoba, Winnipeg, Canada) in the

pSVK3 vector.

Preparation of cRNAs

All cRNAs were linearized and transcribed in vitro using

Ampliscribe Transcription kits (Epicentre, Madison, WI)

according to the manufacturer’s recommendations. The

resultant cRNAs were quantitated after DNase-1 (Sigma-

Aldrich, St. Louis, MO) treatment by absorbance at 260 nm.

Xenopus Oocyte Expression System and Measurement

of Junctional Conductance

Oocytes were unilaterally extracted from female Xenopus

laevis toads and treated with 1 mg/ml collagenase (Sigma-

Aldrich) to digest most of the follicular layer. Oocytes

were preinjected with 40 nl of 0.2 lg/ll of an oligonu-

cleotide complementary to Xenopus Cx38, 50-75 GCTTTA

GTAATTCCCATCCTGCCATGTTTC 45-30, prior to

injection with Cx43 cRNA (2 ng/oocyte) as described by

Zhou et al. (1999). After final manual stripping of the

vitelline membrane, oocytes were paired for *16 h prior

to measuring junctional currents (Ij) by dual-cell voltage

clamp as described in Zhou et al. (1999). All experiments

were carried out in oocyte batches from at least five dif-

ferent females, to account for differences in batch-specific

physiological behavior.

Measure of Kinase Effects

About 16 h after pairing, oocytes were recorded for

approximately 20 min to ensure stable conductance levels

before secondary injection of cRNAs for the kinase of

interest [i.e., v-src (8 ng), CA-PKC (8 ng) or CA-MEK

(8 ng)]. The effects of secondary injection on gap junctional

conductance were assessed after 6 h and expressed as

fractional decrements of the conductance recorded from the

same oocyte pair before introduction of the kinase cRNA.

Thus, the effects of kinases were normalized within the

same oocyte. In cases where DN constructs were used, the

cRNAs encoding DN-PKAa (8 ng) and DN-PKCe (8 ng)

were injected at the same time as v-src cRNA injection.

Expression of each construct was tested by Western blot

analysis in each batch of oocytes as described below.

Pharmacological Inhibitors

Bis(indolyl-1)maleamide (BIM; Calbiochem, La Jolla, CA)

was added to 0.1 lm final concentration, U0126 and

LY294002 (Cell Signaling technology, Beverly, MA) were

added to 50 lm final concentration, wortmannin (Sigma-

Aldrich) was added to 0.05 lm final concentration and Akt

inhibitor VIII (Akti-1/2, Calbiochem) was added to 10 lm

final concentration. All inhibitors were added to L-15

Xenopus oocyte incubation medium (Sigma-Aldrich) just

before injection of the cRNA for pp60v-src, CA-MEK1/2

or CA-PKCe. The medium with the relevant inhibitor was

changed every hour to ensure its full effect over the entire

duration of the experiment.

Immunoprecipitation and Western Blot

Oocyte lysates were prepared from approximately 15–20

oocytes, injected with the same schedule as used in the

functional assays. Lysates were prepared in modified RIPA

buffer [1 % NP-40, 0.1 % SDS, 50 ml Tris (pH 7.4),

100 mM NaCl, 2 mM EDTA, 50 mM NaF, 40 mM

b-glycerophosphate, 1 mM Na2VO4 and protease inhibi-

tors]. The supernatant was collected from clarified lysates

and immunoprecipitated with anti-Cx43 polyclonal anti-

body (1:200; Santa Cruz Biotechnology, Santa Cruz, CA)

or anti-Erk1/2 polyclonal antibody (1:500; Upstate Bio-

technology, Lake Placid, NY) overnight at 4 �C. For

Western blot analysis of oocyte lysates, oocytes were lysed

in 200 ll of RIPA buffer and clarified at 14,000 rpm for

30 min. Lysates were resolved on a 10 % SDS-polyacryl-

amide gel before transfer onto a PVDF membrane (Milli-

pore, Billerica, MA). Since Xenopus oocytes express only

Erk2 (Ferrell 1999), a single band is observed when probed

for Erk1/2 or phospho-Erk1/2. For Cx43 detection, anti-

Cx43 monoclonal antibody (Chemicon, Temecula, CA)

targeted to the C-terminal tail of Cx43 was used as the

primary antibody. To test for expression of kinase con-

structs, anti-avian Src antibody (clone EC10, 1:1,000;

Upstate Biotechnology), anti-PKCe (Cell Signaling Tech-

nologies) and anti-PKCe mouse monoclonal antibody

(1:1,000, Santa Cruz Biotechnology) were used.

Radiolabeled Assay for Cx43 Phosphorylation

To assay for MEK-induced Cx43 phosphorylation, ATP-

c32 (2–10 lCi/oocyte, 250 lCi/ll; Amersham Biosciences,
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Arlington Heights, IL) was injected along with CA-MEK1

mRNA into Cx43 coupled oocytes. After 6 h, oocytes were

lysed as described in Zhou et al. (1999). Briefly, for each

experiment, approximately six labeled oocytes were

homogenized in 200 ll/oocyte of modified RIPA buffer.

The homogenate was brought to 2 % Triton X-100 after

boiling for 5 min and cleared in a microcentrifuge at

13,000 rpm for 5 min. One microliter of primary antibody/

oocyte (crude rabbit antisera against Cx43 residues

302–319) was added to the supernatant and pulled down by

preswollen protein A-Sepharose CL-4B beads (Sigma-

Aldrich). The beads were washed three times in the same

RIPA buffer used for oocyte lysis, before solubilization of

the immunoprecipitated material by boiling for 10 min in

29 SDS sample buffer and subsequent separation by SDS-

PAGE on a 10 % gel. The dried gel was analyzed by

exposure to a PhosphoImaging cassette (model 425E using

ImageQuant v.4.2 software; Molecular Dynamics, Sunny-

vale, CA) for several hours, and then bands were quantitated

after reading on a PhosphoImager.

Results

ERK1/2 is Necessary in v-src-Induced Acute Closure

of Cx43 Gap Junctions

Oocytes have proven to be an effective system for analysis

of acute gating of Cx43 channels by src, as the v-src pro-

tein can be expressed after Cx43 gap junction channels are

stably established. This is in contrast to most mammalian

cell studies where src is expressed concurrently with Cx43

and can affect many processes including assembly and

degradation. We had previously shown a requirement for

ERK phosphorylation of Cx43 for acute gating by src in

oocytes. In mammalian cells, inhibition of both ERK (Zhou

et al. 1999) and Ras (Ito et al. 2006) largely prevents src

gating of Cx43, a result we now tested in oocytes. In the

presence of the highly specific inhibitor of MEK1/2 acti-

vation, U0126 (Davies et al. 2000), we observed only a

2.5-fold drop in conductance of Cx43 coupled oocytes

(Fig. 1a). This was slightly greater than the nonspecific

effect of v-src on Cx43 with the ERK targets deleted, or on

Cx32, which has no endogenous src or ERK kinase targets,

and dramatically less than the 150-fold drop induced by

v-src alone on Cx43. This indicated that the ERK was
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Fig. 1 a ERK1/2 is necessary, but not sufficient, for v-src gating of

Cx43. Cx43 paired oocytes were injected with water, v-src or

CA-MEK1; and conductance 6 h postinjection was measured as a

ratio of the preinjection conductance. v-src induced almost complete

inhibition of coupling, which could be partially prevented by

inhibition of MEK1/2 with U0126. However, CA-MEK1 injection

alone had no significant effect on Cx43 coupling. U0126 alone had no

effect on coupling. The data represent means of six separate

experiments, each having a minimum of eight coupled oocyte pairs.

Statistical analysis was performed using Student’s t test, comparing

each group to the Cx43-expressing oocytes (**P \ 0.001). In this and

all subsequent graphs, bars represent mean values, with standard

errors indicated. b CA-MEK induces phosphorylation of Cx43. Cx43

coupled oocytes, subjected to various treatments as indicated, were

lysed and then immunoprecipitated with anti-Cx43 polyclonal

antibody, followed by analysis via western blot probed with a Cx43

monoclonal antibody. No bands were evident in the absence of Cx43

injection (lanes 2 and 3). A doublet corresponding to P0 and P1, a

phosphorylated form, was found in cells injected with only Cx43

(lane 1). CA-MEK induced retardation in electrophoretic mobility of

Cx43, producing a more highly phosphorylated P2 form (lane 4). In

contrast, v-src (lane 5) failed to induce a significant shift in mobility.

c Src phosphorylation of Cx43 occurs partially through ERK but with

low efficiency. Cx43 coupled oocytes were coinjected with ATP-c32

and either v-src or CA-MEK1 cRNA. After 6 h of incubation, oocyte

pairs were lysed, immunoprecipitated with anti-Cx43 antibody and

separated by SDS-PAGE. Incorporated 32P was quantitated by

phosphoimage analysis. Src induced phosphorylation, which was

about 50 % inhibited by the MEK inhibitor U0126. CA-MEK induced

significantly higher phosphorylation levels than src. Data represent

the mean ± SE from three separate experiments, with equal numbers

of oocyte pairs in each set. Data were normalized and compared

statistically to oocytes expressing only Cx43; statistical significance

was determined by Student’s t test (*P \ 0.05)
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required for src gating of Cx43, consistent with the previ-

ous observation that the consensus ERK phosphorylation

sites on Cx43 are required for src gating (Zhou et al. 1999).

To test if it was also sufficient, CA-MEK1, which

directly activates ERK1/2, was injected into Cx43 coupled

oocytes, with no significant effect on gap junction coupling

(Fig. 1a). This was not due to failure of expression or

activity of CA-MEK1 in the oocyte system as CA-MEK1

induced both a significantly greater mobility shift of Cx43

in SDS polyacrylamide electrophoresis [this has been

correlated with serine phosphorylation (Musil et al. 1990;

Lampe et al. 2000) (Fig. 1b)] and 32P incorporation into

Cx43 (Fig. 1c) than was caused by v-src. About 50 % of

src-induced phosphorylation of Cx43 could be attributed to

ERK, as it could be blocked by U0126. However, the

efficiency of the signal is less than that achieved by directly

activating ERK through MEK. Thus, while ERK1/2

appears to be necessary for acute closure of gap junctions

by v-src, it is not sufficient. We have also shown previously

that direct gating of Cx43 channels by v-src is not depen-

dent on the tyrosine targets of v-src on Cx43 (Zhou et al.

1999). Thus, it seems reasonable to deduce that other sig-

naling pathways are likely to be involved in acute closure

of Cx43 gap junctions.

PKC is Also Required for v-src-Induced Closure

of Cx43 Gap Junctions

Given previous documentation of direct effects of PKC on

Cx43 coupling (Moreno et al. 1994) and its implication in

uncoupling Cx43 expressing cells in response to PDGF

(Hossain et al. 1998) or v-src (Solan and Lampe 2008), we

tested the effects of the broad-spectrum PKC inhibitor

BIM. This significantly reduced the ability of v-src to close

Cx43 gap junctions, although, as in the case of the MEK1/2

inhibitor U0126, this was not complete (Fig. 2a). When

added together, the MEK1/2 (U0126) and PKC (BIM)

inhibitors appeared to act in an additive fashion. In fact, the

rescue of coupling to two-thirds of the level before src

injection is comparable to that seen in src injections of

Cx32 cells (a connexin that lacks src or ERK targets). This

has been interpreted as reflecting non-gap junction-specific

effects of src, possibly on cell adhesion. To assess if the

role of PKC in v-src gating required direct phosphorylation

of Cx43, the PKC targets on Cx43 were deleted.

Cx43D363-373 removes PKC phosphorylation sites that

have been definitively mapped [S368, S372 (Lampe et al.

2000)], while Cx43S262A and Cx43S297A delete serines

within consensus PKCe phosphorylation sites (Doble et al.

2001). Neither the deletion nor site-specific mutants

showed any significant effect on v-src gating of Cx43

(Fig. 2b), demonstrating that PKC must affect signaling

pathways upstream of the channel itself. S297 appears to be

required for optimal function of Cx43 as Cx43S297A

expressing oocytes showed consistently lower coupling,

despite injection of similar cRNA levels. However, the src

gating response was not impacted (Fig. 2b).

PKC has been demonstrated in other systems to be

required for optimal ERK1/2 activity in response to

upstream signals (Schonwasser et al. 1998). To test this in

the oocyte system, we first showed that direct activation of

ERK1/2 by CA-MEK1, which caused a large increase in

the phospho form, was unaffected by BIM (Fig. 3, lanes 1,

2). However, ERK2 activation by the upstream effector

v-src (Fig. 3, lane 3) was substantially inhibited by BIM
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Fig. 2 a Both MEK1/2 and PKC play a role in v-src-induced Cx43

gating. Cx43 coupled oocytes were incubated in medium alone or in

the presence of the PKC inhibitor BIM (0.1 lm), the MEK inhibitor

U0126 (50 lm) or both. Individually, both U0126 and BIM decreased

pp60v-src-induced Cx43 closure. Combined treatment with both

inhibitors showed an additive effect, indicating that MEK and PKC

may act through parallel pathways. The data represent means of six

separate experiments, each having a minimum of eight coupled

oocyte pairs. Statistical analysis was performed by Student’s t test,

comparing each group to the Cx43 ? src-injected oocytes

(**P \ 0.001). b PKC phosphorylation of Cx43 is not required for

gating. Ablation of all documented PKC phosphorylation targets

(Cx43D363-373) as well as consensus PKCe phosphorylation sites on

Cx43 (S362A and S297A) failed to significantly affect v-src gating of

the channels. The reduced coupling in Cx43S297A cells may reflect

the independent role of this site in efficient Cx43 expression. Gray
bars represent pre-/postconductance ratios in the absence of Src, and

black bars represent conductance ratios pre- and post-v-src cRNA

injection

S. S. Mitra et al.: Acute Regulation of Cx43 Gap Junctions by v-Src 499

123



(Fig. 3, lane 4). Also, ERK1/2 can be directly activated by

CA-PKC (Fig. 3, lane 5), which, as might be expected, was

almost completed clocked by BIM (Fig. 3, lane 6).

While BIM is an effective inhibitor of many PKC iso-

forms, it also can have off-target effects against other

kinases like MAP kinase-activated kinase, S6 kinase,

GSK3 and PI-dependent protein kinase (Davies et al.

2000). DN PKC constructs represent more specific

reagents, but these are isotype-specific. The two likely

candidates in this case were PKCe and PKCa, since their

direct phosphorylation sites on Cx43 have been identified

(Doble et al. 2001; Lampe et al. 2000) and their activation

by v-src is well documented (Zang et al. 1995). When DN

constructs specific for each isoform were injected into

oocytes, only DN-PKCa was effective, producing a similar

level of inhibition of v-src gating of Cx43 as seen with

BIM (Fig. 4a). Consistent with the isoform specificity of

the DN constructs, only the a-isoform of CA-PKC induced

partial closure of Cx43 channels (Fig. 4b, group 1). In

conjunction with CA-MEK1 both isoforms had some effect

on partially closing Cx43 channels, but this effect was

larger for PKCa. However, the maximum reduction in

coupling (*60 %) was still far less than that induced by

v-src ([99 %) (Fig. 4b, group 1), indicating that additional

pathways still need to be considered beyond PKC.

ZO-1 Binding Site on Cx43 Does Not Appear to Play

a Role in v-src-Induced Closure of Cx43 Gap Junctions

Since v-src gating of Cx43 has been characterized as

operating through a ‘‘ball-and-chain’’ mechanism, that

would presumably require a free C terminus. Thus, we also

investigated the potential role of ZO-1 binding to the C

terminus as this would ‘‘tether’’ the tail to the cytoskeleton.

This interaction, which occurs through a PDZ binding site

at the C terminus of Cx43 (Giepmans and Moolenaar 1998;
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Fig. 4 a The PKCa isoform mediates v-src gating of Cx43 in

oocytes. The effects of coinjection of DN isoforms of PKCa and

PKCe on v-src-induced Cx43 gating were compared to those of the

generic PKC inhibitor BIM. DN-PKCa showed similar effects to

BIM, while DN-PKCe had no effect. Data represent means of six

separate experiments, each having a minimum of eight coupled

oocyte pairs. Statistical analysis was performed by Student’s t test,

comparing each treatment to the Cx43 ? src group (**P \ 0.001).

b PKCa, in conjunction with MEK, selectively inhibits Cx43

coupling, independent of the C-terminal binding domain for ZO-1.

Group 1 CA-PKCa, but not CA-PKCe, inhibited Cx43 coupling when

injected into oocyte pairs. Uncoupling was enhanced by coinjection of

CA-MEK, but this did not approach the degree of uncoupling

generated by v-src. Group 2 truncation of Cx43 at residue 374,

removing the PDZ domain which mediates ZO-1 binding, eliminated

the effect of CA-PKCa but did not change the combined MEK/PKC

effect on coupling. Data represent means of six separate experiments,

each having a minimum of eight coupled oocyte pairs. Statistical

analysis was performed using Student’s t test, comparing each group

to oocytes expressing Cx43 only (**P \ 0.001, *P \ 0.05)
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Fig. 3 ERK1/2 phosphorylation is regulated by PKC. Cx43 coupled

oocytes were incubated in L-15 medium, with or without BIM

(0.1 lm); subsequently injected with cRNA for pp60v-src, CA-MEK1

or CA-PKC; and immunoblotted with anti-phospho-ERK1/2 antibody

(inset). ERK1/2 activation was evident by all three kinases (lanes 1, 3
and 5), although direct activation by MEK1/2 was by far the most

effective. BIM did not affect ERK1/2 activation by CA-MEK1 (lane
2) but significantly inhibited its activation by pp60v-src and CA-PKC

(lanes 4 and 6, respectively). Data are from three separate experi-

ments, each having equal numbers of coupled oocyte pairs for each

set (n = 10). Statistical significance of each treatment with or without

src or with or without CA-PKC was assessed by Student’s t test

(*P \ 0.05)
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Toyofuku et al. 1998), has been shown by Toyofuku et al.

(2001) and Sorgen et al. (2004) to be disrupted by consti-

tutively active c-src, invoking a possible direct role for src

in gating other than through tyrosine phosphorylation.

However, deletion of the ZO-1 binding site by truncation of

the nine C-terminal residues (Cx43D374, a gift from

Dr. M. Delmar) had no effect on the ability of v-src to close

the channels and did not enhance the ability of MEK1 or

CA-PKCa (separately or coordinately) to close the channel

(Fig. 4b, group 2). The modest inhibition of wt Cx43

coupling observed with CA-PKCa alone (Fig. 4b, group 1)

was not seen with this C-terminal truncation mutant

(Fig. 4b, group 2), despite the fact that none of the con-

sensus PKCa sites were directly eliminated.

Phosphatidylinositol-3-Kinase Plays a Complex

Regulatory Role in v-src Closure of Cx43 Gap

Junctions

Another potential pathway that has been implicated in src

signaling is phosphatidylinositol-3-kinase (PI3K). To probe

the role of this pathway in src gating of Cx43, we used two

different PI3K inhibitors, reversible LY294002 and irre-

versible wortmannin. The former has a lower affinity and

shows some cross-reactivity with casein kinase II and

GSK3b, while the latter has a higher affinity and different

cross-reactivity with smooth muscle myosin light chain

kinase (Davies et al. 2000), likely not relevant in the current

study. Despite the different properties of these two inhibi-

tors, both caused similar inhibition (P \ 0.05) of v-src

gating (Fig. 5, groups 2 and 3, respectively), albeit less

efficiently than we had observed with either the MEK1/2

(U0126) or PKC inhibitors (BIM) (Fig. 5, group 1;

P \ 0.001). No significant increase in inhibition was seen

when either wortmannin or LY294002 was used in com-

bination with BIM compared to BIM alone. However, the

application of U0126 in concert with wortmannin or

LY294002 caused an unexpected restoration of v-src gating

of Cx43, reversing the inhibition seen with either inhibitor

alone. The application of all three inhibitors caused a sim-

ilar ‘‘annulment’’ of their individual effects and the syner-

gistic effects of the PKC and ERK pathways and restored

full closure of Cx43 channels by v-src. None of the inhib-

itors, alone or in combination, affected Cx43 coupling in the

absence of v-src (Fig. 5, group 4), indicating no deleterious

effects on oocytes from the combination of inhibitors used.

Further insights into the apparently antagonistic effects of

wortmannin and U0126 were obtained by directly examining

levels of activated ERK under the different treatments.

Wortmannin treatment not only enhanced the activation of

ERK1/2 following v-src treatment (Fig. 6, lanes 2 and 3;

P \ 0.001) but also reversed the reduction of src-induced

ERK phosphorylation caused by U0126 (Fig. 6, lanes 4 and

5; P \ 0.05). Thus, PI3K may play dual roles in the src

gating of Cx43, facilitating the process, possibly through

PKC, while also exerting an inhibitory influence through

effects on ERK activation. In an effort to distinguish which

aspects of the diverse PI3K pathways might mediate these

apparently opposing effects on v-src gating, we tested the

role of the major PI3K effector Akt. Akti, a highly specific

inhibitor of both Akt isoforms 1 and 2 (Barrett et al. 2005),

caused a similar level of inhibition of v-src gating as had

the PI3K inhibitor LY294002 (Fig. 7). However, unlike the

PI3K inhibitors, application of Akti in conjunction with the

ERK inhibitor U0126 caused no restoration of v-src gating

(Fig. 7). Thus, it appears that PI3K’s role in contributing to

v-src-induced closure of Cx43 channels is mediated by Akt,

while its positive effects on Cx43 coupling through antago-

nism of the ERK pathway do not involve Akt.

Discussion

The mechanisms for inhibition of cell coupling during

transformation remain unclear. Chronic uncoupling in

1.2

1.0

0.8

0.6

0.4

0.2

0

P
os

t/P
re

 In
je

ct
io

n 
C

on
du

ct
an

ce

* *
* *

*
*

*
*

*

*

Group 1
+ v-Src

Group 2
+ v-Src

Group 4
- v-Src

Group 3
+ v-Src

Cx43

U0126

BIM

+ + + +   + +  + + + +  + + + + + +
-   - +  - -  - + + -  - + +  + + - -
-   - - + - + - + - +  - +  + + - -
-   - - -  w w w w L L L L w L w LLY/Wo

Fig. 5 PI3K plays a complex role in v-src-induced gating. Inhibition

of PI3K by wortmannin or LY294002 partially blocked the ability of

v-src to close Cx43 channels (compare first bars in group 2 or 3,

respectively, with second bar in group 1). When added together with

BIM, both wortmannin and LY294002 slightly enhanced the inhibi-

tion of v-src gating (second bars, groups 2 and 3), although this was

significant only in the case of wortmannin. However, when

wortmannin or LY294002 was added in conjunction with U0126,

with or without BIM (third and fourth bars, groups 2 and 3), the

effects of both inhibitors appeared to be annulled, restoring full

closure of Cx43 by v-src. None of the inhibitors, alone or in

combination, had a significant effect on Cx43 coupling in the absence

of v-src (group 4). Data represent the mean ± SE from three separate

experiments with an equal number of oocyte pairs in each set.

Brackets indicate specific comparisons subjected to Student’s t test,

yielding differences at the **P \ 0.001 or the *P \ 0.05 level
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response to v-src has been consistently linked to direct

phosphorylation of tyrosines in the C-terminal domain of

Cx43, mapped to Y265, and a secondary site at Y247. Even

after long-term expression of src, the phosphorylation of

tyrosine in Cx43 remains in plaques (Solan and Lampe

2008); but it is not clear if the channels are gated or if other

processes related to assembly are affected. Serine phos-

phorylation has also been associated with src expression

but appears not to be required for long-term uncoupling

(Lin et al. 2001). In contrast, the initial acute gating of

Cx43 gap junction channels by src immediately after its

expression has been linked to a ‘‘ball-and-chain’’ mecha-

nism, triggered, not by tyrosine phosphorylation, but by

ERK1/2 phosphorylation of serines in the C-terminal

domain of Cx43 (Zhou et al. 1999). These specific sites

were the same as those mapped by Warn-Cramer et al.

(1996) in cellular responses to growth factors (i.e., serine

S255, 279, 282), which suggests potential commonality in

these gating mechanisms.

ERK Activation Alone Cannot Account for v-src

Gating

In order to clearly dissect the temporal nature of src reg-

ulation of Cx43 and focus on the acute phase, which may

be analogous to growth factor-induced gating of Cx43, we

employed the Xenopus oocyte expression system. This

allows for temporally controlled expression of the v-src

kinase in cells that are already stably coupled by Cx43.

Both mutation of ERK phosphorylation sites and inhibition

of ERK activity (Zhou et al. 1999) (Fig. 1a) prevented

v-src gating of Cx43, demonstrating the necessity of ERK

for initial gating of Cx43 channels by v-src. However, we

show here that this is not sufficient as activation of ERK by

CA-MEK1 failed to close the Cx43 channels (Fig. 1c).

This led us to investigate other pathways that could con-

tribute to src gating. Our strategy was to combine the use of

pharmacological blockers of different kinase pathways,

which have been implicated in various studies of src action,

with more specific knockouts of their target phosphoryla-

tion sites (in the case of ERK) or DN and constitutively

active constructs (in the case of PKC). When these were

not available, we used multiple inhibitors with different

modes of action and specificities (in the case of PI3K).

Using this double confirmation approach, we minimized

the probability of off-target effects of the pharmacologi-

cal agents alone (Davies et al. 2000; Anastassiadis et al.

2011).

Possible Roles for PKC in v-src Gating

Based on similar inhibitory effects of both BIM and an

a-isotype-specific DN-PKC (Fig. 4a) on v-src gating of
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Fig. 6 PI3K activity inhibits phosphorylation of ERK1/2. Immuno-

blot, using anti-phospho ERK1/2 (upper panel) and pan-specific

ERK1/2 (lower panel) antibodies, of lysates from Cx43 coupled, v-src

injected cells (lanes 2–5) treated with either wortmannin (lane 3),

U0126 (lane 4) or both (lane 5). In either the presence or the absence

of the MEK1/2 inhibitor, wortmannin induced an increase in ERK

phosphorylation. There was no significant change in the expression of

ERK1/2 in response to the inhibitors. The density of the bands was

measured from several experiments, expressed as a ratio of phospho-

to total ERK1/2 levels and plotted in a histogram below the gel.

Brackets indicate pairwise statistical comparisons of results from

three independent experiments, yielding differences significant at the

**P \ 0.001 or the *P \ 0.05 level; analysis was performed using

Student’s t test

0.4

0.3

0.2

0.1

0

v-src

U0126

LY294002

Akt i

+          +           +          +           +          +
-           +           -           +           -           +
-           -            +          +           -           -
-           -            -           -           +           +          

P
os

t/P
re

 In
je

ct
io

n 
C

on
du

ct
an

ce

Fig. 7 The positive, but not the negative, regulatory effects of PI3K

on src gating are mediated through Akt. As shown, inhibition of ERK

by U0126 or PI3K by LY294002 each partially prevented v-src gating

of Cx43. Inhibition of Akt by Akti had the same effect as PI3K

inhibition, indicating that PI3K-induced closure of Cx43 is mediated

through Akt. By contrast, the ‘‘rescue’’ of src gating by inhibition of

both ERK and PI3K was not reproduced by a combination of ERK

and Akt inhibition, indicating that the negative influence of PI3K on

Cx43 gating by src is mediated through a pathway other than Akt
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Cx43, we concluded that closure of Cx43 channels by v-src

also utilizes the PKC pathway. However, since deletion of

all known PKC sites on Cx43 failed to affect gating

(Fig. 2b), PKC must exert its effects on upstream events.

This may be partially through interactions between PKC

and ERK as we show that ERK phosphorylation is

enhanced by CA-PKC and reduced by BIM (Fig. 3).

However, all of PKC’s effects cannot be mediated through

ERK as CA-MEK1 induced significantly higher levels of

ERK phosphorylation than either PKC isotype (Fig. 3) but

with no effect on gating (Fig. 1a). In addition, both a and e
isotypes of PKC induced similar enhancement of ERK

phosphorylation (data not shown), yet only the former

affected gating (Fig. 4). The additive effect of U0126 and

BIM (MEK and PKC inhibitors, respectively) on prevent-

ing v-src block of Cx43 (Fig. 2a) and the synergistic action

of CA-MEK and CA-PKAa (Fig. 4b) suggest that MEK1/2

and PKC may affect closure of Cx43 channels through

independent pathways. The specific PKC pathway remains

to be elucidated, but it appears not to be mediated through

direct phosphorylation of Cx43 on any of the identified

consensus sites.

Complexity of PI3K Modulation of v-src Gating

PI3K, which is also known to be modulated by src activity

(Penuel and Martin 1999), is involved in Cx43 gating, as

inhibition of PI3K by two independent compounds atten-

uated v-src block of Cx43 (Fig. 5). This effect of PI3K

appears to be mediated by Akt (Fig. 7), consistent with

previous observations that have associated the PI3K-Akt

pathway with both v-src and TNFa closure of Cx43

channels (Ito et al. 2010). In this previous case the effect

was linked to Akt1. This is consistent with the effective-

ness of Akti in preventing src gating, as this inhibitor tar-

gets Akts 1 and 2 (Barrett et al. 2005). Also, since

inhibition of src gating by PKC was not further enhanced

by inhibition of PI3K, these kinases may inhibit Cx43

through a common pathway. However, we also find that

PI3K not only plays a role in promoting closure of the

Cx43 channels by v-src, but also serves to antagonize this

gating. This antagonistic effect appears not to involve Akt

action, but to be mediated through ERK, as inhibition of

PI3K caused an increase in ERK phosphorylation levels

(Fig. 6) that may be sufficient to overcome the effects of

MEK inhibition on src gating (Fig. 5).

An Integrated Model of v-src Gating of Cx43:

A Delicate Balance

The same three pathways, Ras-Raf-ERK, PKC and PI3K,

which we have identified as mediating initial v-src gating

of Cx43, have frequently been implicated in many aspects

of growth factor signaling, with growing evidence of cross-

talk between them at several levels. This is specifically true

for the effects of growth factors on Cx43 coupling (Warn-

Cramer et al. 1996; Hossain et al. 1999a, b). Consistent

with these known pathways and the results presented here,

one possible model for how v-src may regulate Cx43

coupling is presented in Fig. 8. Based on the demonstrated

Ras-independent means of activation of ERK1/2 by PKC

(Schonwasser et al. 1998; Kolch 2000), PI3K could acti-

vate MEK via PKC. This could explain why PI3K inhibi-

tors alone partially blocked closure of Cx43 channels by

v-src and why these inhibitors could not further enhance

the effects of inhibition of PKC. Akt1 has also been

implicated in the PI3K component of the src gating

response of Cx43 (Ito et al. 2010), consistent with our

finding that Akti can partially prevent acute src closure of

Cx43 channels. The mechanism of Akt action on Cx43 has

yet to be resolved, although Akt has been shown to phos-

phorylate Cx43 at both S369 and 373, leading to associa-

tion of 14-3-3 with the Cx43 C-terminal domain (Park et al.

2007). This might be expected to affect aspects of Cx43

trafficking, but in the oocyte studies presented here the

gating effects are acute and could suggest a more direct

role of this interaction, or other effects of Akt, on the open

state of Cx43 channels.

The mechanism by which the PI3K pathway also exerts

antagonistic effects on src gating are less clear, although it

appears this may be mediated through suppression of ERK

activation based on the hyperphosphorylation of ERK that

is observed in response to wortmannin. PI3K has been

shown to inhibit the Ras-Raf-MEK1/2-ERK pathway via

an antagonistic influence of Akt (Moelling et al. 2002), but

this appears not to be the pathway in this study as Akti had

no effect on reestablishing src gating in the presence of

MEK inhibitors. These schizophrenic effects of PI3K, as

both an activator and an inhibitor of the MEK1/2 pathway,

are likely to be a critical aspect of the fine-tuning of ERK

activity that appears to control Cx43 function in response

to different mitogenic signals through convergence of

several major signaling networks. This balance may be

required to avoid activation of the negative feedback loop

that has been shown to operate through the serine phos-

phorylation of SOS by ERK (Langlois et al. 1995). How-

ever, artificial elevation of ERK activity through CA-MEK

expression, which produces maximal Cx43 phosphoryla-

tion, still does not result in gating. Hence, ERK-indepen-

dent pathways must also be required for closure of Cx43

gap junction channels. The nature of these pathways

remains to be elucidated (indicated by dotted arrows in

Fig. 8), although we have eliminated some possibilities,

such as direct PKC phosphorylation of Cx43 (Fig. 2a) and

binding events, like ZO-1, at the very C-terminal tail of

Cx43 (Fig. 4b).
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Comparison of Acute v-src vs. Growth Factor-Induced

Closure of Cx43 Channels

The data presented here suggest that the initial action of

v-src on Cx43 gap junction channels is similar to that of

growth factors, with multiple control pathways regulating

the process. This is typical of the checks and balances seen

in other aspects of the mitogenic response. This initial

uncoupling may serve to isolate cells from potential

mitogenic inhibitory signals from neighbors or to allow

accumulation of promitogenic activators within the cell.

The effects of v-src diverge from those of growth factors in

that the suppression of coupling becomes chronic. This

effect, which has been linked to tyrosine phosphorylation

of Cx43 in several systems, is likely mediated by a

mechanism distinct from that of the initial gating response

to v-src studied here. Our analyses, including this distinc-

tion between acute and chronic gating, provide a basis for

reconciliation of diverse reports in the literature. Chronic

gating appears to be connected exclusively with tyrosine

phosphorylation, while acute gating, which has been

associated with Ras (Ito et al. 2006) and Cas (Shen et al.

2007) activity, appears to work through synergistic opera-

tion of the ERK, PKC and PI3K pathways.
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ERK1/2 (orange pathway). The PKC pathway (blue) can positively

influence the activation of ERK1/2 but may also regulate Cx43 in a

manner dependent on its very C-terminal ZO1 binding domain. PI3K
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through Akt (light green), possibly by direct effects on Cx43 that have

been reported. PI3K can also antagonize src gating of Cx43 in a yet to

be defined pathway that inhibits ERK activation. Together, these

pathways may serve to regulate the levels of ERK1/2 activation,

perhaps keeping it within a defined range so as not to activate the

negative feedback loop of ERK to the activator of Ras. However,

since full activation of ERK by CA-MEK fails to induce channel

closure, pathways independent of ERK are likely to present parallel

mechanisms for channel closure (dashed lines)
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Following up on the success of the first special electro-

poration-based technologies and treatments issue of the

Journal of Membrane Biology, this special issue brings to

readers of the journal recent developments in the field of

electroporation that were presented and discussed during

the 5th International Workshop and Postgraduate Course

on ‘‘Electroporation-Based Technologies and Treatments’’

(EBTT 2011) held in Ljubljana, November 13–19, 2011,

gathering faculty members, six other recognized research-

ers in the field, and 32 students from 12 different countries.

A complementary staff of 12 young investigators of the

Laboratory of Biocybernetics of the Faculty of Electrical

Engineering of the University of Ljubljana conducted

practical training exercises during the afternoons. This

school is a real platform for learning, extending, consoli-

dating, and developing knowledge of electroporation

mechanisms and applications.

The field of cell and membrane electroporation contin-

ues to grow and expand. Electroporation is now performed

in silico (using molecular dynamics approaches), in vitro

(using lipid planar bilayers, or lipid vesicles, very often

giant unicellular vesicles termed GUVs), on cells in culture

(that is in vivo for the biochemists but still in vitro for the

cell biologists) as well as in tissues (termed in vivo by the

cells biologists, and more precisely ex vivo if the tissue is

removed and treated outside the organism or in situ if the

tissue is treated as part of the organism). The importance of

electroporation, in research and in technological (biotech-

nological), medical, and industrial applications, has been

recognized in 2012 at the highest political level since 22

countries have signed a Memorandum of Understanding to

participate in a COST action at the European level (COST

TD 1104 ‘‘European network for development of electro-

poration-based technologies and treatments’’). The Elec-

troporation-Based Technologies and Treatments (EBTT)

meeting and school is one of the many activities of this EU

action.

The peer-reviewed selection of articles presented in this

special issue offers a wide-ranging view of the various

aspects of present research in the field of cell electropor-

ation. We wish to thank all the contributors for their efforts

in presenting their recent results to the journal’s readers

who, whether new or old in the field, will find new data and

interesting ideas in this special issue of the Journal of

Membrane Biology.

Finally, we would like to express our sincere thanks to our

scientific colleagues, to the agencies that have been spon-

soring our research work for years, and to the Slovenian

Research Agency, the Bioelectrochemical Society, and the

Centre National de la Recherche Scientifique (CNRS). We

also would like to thank BIA Separations (Slovenia), Bio-

Rad Laboratories (USA), C3 M (Slovenia), IGEA (Italy),
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Abstract In vivo electroporation is used as an effective

technique for delivery of therapeutic agents such as che-

motherapeutic drugs or DNA into target tissue cells for

different biomedical purposes. In order to successfully

electroporate a target tissue, it is essential to know the local

electric field distribution produced by an application of

electroporation voltage pulses. In this study three-dimen-

sional finite element models were built in order to analyze

local electric field distribution and corresponding tissue

conductivity changes in rat muscle electroporated either

transcutaneously or directly (i.e., two-plate electrodes were

placed either on the skin or directly on the skeletal muscle

after removing the skin). Numerical calculations of elec-

troporation thresholds and conductivity changes in skin and

muscle were validated with in vivo measurements. Our

model of muscle with skin also confirms the in vivo find-

ings of previous studies that electroporation ‘‘breaks’’ the

skin barrier when the applied voltage is above 50 V.

Keywords Muscle electroporation � Skin electroporation �
Electric field � Numerical model � Electrochemotherapy �
Gene therapy � Vaccination

Introduction

Tissue electroporation (also termed ‘‘electropermeabiliza-

tion’’) is a transient electrical increase of cell membrane

permeability by means of local delivery of short and suf-

ficiently intense voltage pulses (i.e., electroporation pulses)

to the target tissue cells via properly selected electrodes

(Miklavcic et al. 2000). In vivo electroporation is used as

an effective technique for the delivery of a variety of

therapeutic agents, such as chemotherapeutic drugs, DNA

or other molecules which in normal conditions do not cross

the cell membrane, into many different target tissue

cells (Mir et al. 1995; Prud’homme et al. 2006). Skeletal

muscle tissue is one of the most promising tissues for

DNA delivery by electroporation for either local or

systemic gene therapy and gene vaccination (Mir et al.

1999; Mathiesen 1999; Tevz et al. 2008; Hojman et al.

2009). Investigating in vivo muscle tissue electroporation

is relevant to both clinical electrochemotherapy (Marty

et al. 2006; Edhemovic et al. 2011) and transdermal drug

delivery (Denet et al. 2004) for providing knowledge on the

sensitivity of underlying muscle tissue to the electropora-

tion procedure (Zupanic et al. 2007; Mali et al. 2008), as

well as in various physiological and developmental studies

(Breton and Mir 2011).

The key parameter in effective tissue electroporation is

local electric field distribution, E (the symbol E refers to the

magnitude of the vector of electric field intensity), estab-

lished within the treated tissue due to the delivered elec-

troporation pulses. Target tissue cells can be electroporated
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in a reversible and safe way only within the tissue regions

subjected to a local electric field (E) of a magnitude com-

prised between reversible (Erev) and irreversible (Eirrev)

electroporation thresholds (Miklavcic et al. 1998). The

magnitude of E can be controlled by carefully choosing

electroporation pulse amplitude and electrode configura-

tion, given that the electroporation thresholds Erev and Eirrev

and the tissue’s electrical and geometrical properties are

known (Zupanic et al. 2008; Corovic et al. 2008; Kos et al.

2010). An important prerequisite for the determination of

Erev and Eirrev thresholds is the visualization of the local

electric field distribution with numerical calculations in

realistic tissue models which are validated with corre-

sponding experimental observations and, thus, take into

account realistic geometric and electrical properties of the

tissues to be modeled (Miklavcic et al. 1998; Sel et al.

2005; Corovic et al. 2010). Since the electroporation

thresholds (and thus the induced transmembrane potentials

at these thresholds) are related to the cell size, density and

orientation with respect to the electric field and to the

parameters of the electroporation pulses, they have to be

determined for each cell and tissue type (Pavlin et al. 2002;

Valic et al. 2003). Theory and experiments also showed

that when the cells are electroporated, their electrical

properties change due to the increase in the cell mem-

brane’s conductivity, which is reflected in the bulk con-

ductivity increase (Pavlin and Miklavcic 2003). It was

previously suggested that tissue conductivity changes, as an

indicator of the tissue electroporation level, can also be

assessed by in vivo measurements of changes in tissue

conductance (Davalos et al. 2002, 2004; Ivorra et al. 2009)

and of the total current flowing through the treated tissues

(Cukjati et al. 2007).

The protocols for in vivo muscle electroporation, for

muscle electroporated either transcutaneously or directly

(i.e., without skin), were established based on the ratio of

the amplitude of applied electroporation pulses relative to

the distance between the electrodes. Very few studies

investigated the local electric field distribution in the

muscle and its surrounding tissues (Gehl et al. 1999;

Pavselj et al. 2005; Corovic et al. 2010). In most of the

studies on skin electroporation, a pronounced change in

skin resistance indicating skin electroporation was reported

to occur at voltages above 50 V (Prausnitz et al. 1993;

Pliquett et al. 1995).

The aim of our study was to develop realistic numerical

models in order to investigate the Erev and Eirrev thresholds

and the electroporation process between these thresholds in

skeletal muscle tissue electroporated either transcutane-

ously or directly. We numerically and experimentally

investigated the local electric field distribution as well as

the geometric and electrical properties of skin and muscle

tissue electroporated separately and of muscle electro-

porated through the skin. We observed an influence on

electroporation efficiency in muscle tissue due to the

presence of skin.

We built three separate realistic numerical models of

skinfold, muscle and muscle with skin. Changes in elec-

trical properties resulting from electroporation were mod-

eled by determining the functional dependence of tissue

conductivity, r (S/m), on local electric distribution (E)

above the reversible electroporation threshold (Erev)

in each of the examined tissues. Using finite element

methods, we calculated local electric field distribution

and total electric current at voltages of equal amplitudes

as the electroporation pulses that were applied in in vivo

experiments.

In order to validate the realistic numerical models that

we developed in this study, we mathematically interpreted

the data collected during an extensive in vivo study on the

response of the skin, muscle and muscle with skin to the

electroporation pulses (Cukjati et al. 2007). We compared

the results of our numerical simulations to the in vivo total

current measurement and 51CrEDTA-uptake results. From

the numerical models validated on the experimentally

obtained results we determined electroporation parameters

such as reversible and irreversible electroporation thresh-

old values, Erev and Eirrev; the initial tissue conductivity

(before the electroporation pulses were applied), r0; the

conductivity of the same tissue modified due to the elec-

troporation, r1; and the functional dependence of tissue

conductivity on local electric field distribution, r(E),

between the thresholds.

The same electroporation threshold values were found,

as expected, for both muscle electroporated transcutane-

ously and directly since the electroporation threshold is a

property of the tissue and cannot be affected by neigh-

boring tissues. However, in order to electrically overcome

the skin barrier, a higher voltage between the electrodes

(i.e., amplitude of electroporation pulses applied) was

required when the muscle was electroporated through the

skin in contrast to electroporation directly on the muscle.

Methods

In Vivo Experiments

Animals

Female Wistar rats purchased from Janvier (Le Genest

Saint Isle, France) were used for the experiments. Rats

were anesthetized by intraperitoneal administration of

ketamine (100 mg/kg; Panpharma, Frankfurt, Germany)

and xylazine (10 mg/kg; Bayer, Leverkusen, Germany).

Animals were handled according to recommended good
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practices and standard institutional ethics rules for animal

experimentation (UKCCCR 1998).

51Cr-EDTA

To determine the electropermeabilization level of skin and

muscle tissue when applying electroporation pulses

directly or transcutaneously in vivo, we performed the

quantitative uptake method using 51Cr-EDTA as the indi-

cator (Gehl and Mir 1999; Cukjati et al. 2007). Animals

were given 200 ll of 51Cr-EDTA (Amersham, Aylesbury,

UK) with a specific activity of 3.7 MBq/ml intravenously

5 min before delivery of the electric pulses. The injected
51Cr-EDTA distributes freely in the vascular and extra-

cellular compartments and can enter the intracellular

compartments only if access is provided (e.g., by electro-

poration). Animals were killed 24 h after injection, and

tissues exposed to electric pulses were removed, weighed

and counted in a Cobra 5002 gamma counter (Packard

Instrument, Meriden, CT). Net 51Cr-EDTA uptake as a

result of electropermeabilization was calculated as the

measured activity (converted to nanomoles of 51Cr-EDTA)

per gram of tissue exposed to the electric pulses. 51Cr-

EDTA-uptake values were then used to calculate mean

values of uptake (±SEM) as a function of the ratio of the

applied voltage to the electrodes’ distance in the rat skel-

etal muscle electroporated transcutaneously or directly.

Electroporation Protocol

Electroporation pulses consisted of a train of eight square-

wave and 100-ls-long pulses, delivered at a repetition

frequency of 1 Hz. In all experiments the electric pulses

were generated by a PS 15 electropulse generator (Jouan,

St. Herblain, France) and delivered to the tissue through

two parallel plate stainless-steel electrodes. The electrode

dimensions used in our experiments are shown in Fig. 1a.

The following three experiments were carried out: elec-

troporation of skin tissue only (a skinfold was formed and

placed between the electrodes, as shown in Fig. 1b), direct

muscle electroporation (the skin was previously removed

and the plate electrodes were placed directly on the muscle

surface, Fig. 1c) and transcutaneous muscle electroporation

(Fig. 1d). Electrodes were positioned on the tissue so that

the electric field was perpendicular to the muscle fibers.

We treated the triceps brachii muscle of the hind limb and

the gastrocnemius medialis muscle of the forelimb. Elec-

trodes were separated by 5.7 mm for the muscles electro-

porated directly and transcutaneously and by 2.8 mm for

electroporation of the skinfold. Good contact between the

electrodes and tissue was assured by the use of a gel

(ultrasound transmission gel EKO-GEL; Camina, Egna,

Italy). During the electroporation pulse delivery, the

applied voltage and the actual current delivered were

monitored and collected using a digital oscilloscope

(Waverunner; LeCroy, Chestnut Ridge, NY).

The input used for in vivo experiments was the ampli-

tude of the delivered electric pulses to the tissue. The

output from the experiment was the measured electric

current and the measured 51CrEDTA absorption.

Numerical Modeling

Experimentally treated tissues were mathematically mod-

eled as passive volume conductors in a quasi-stationary

electric current field. Electric field distribution (i.e., local

electric field, E [V/cm]) in the tissue models caused by

electroporation pulses was determined by numerically

solving Laplace’s equation:

�r ðr � ruÞ ¼ 0 ð1Þ

where r and u represent tissue conductivity (S/m) and

electric potential (V), respectively. The calculated E in our

models was used to calculate threshold values for

Fig. 1 Electrode dimensions

used in experiments (a) and

geometry of the measurement

setup for skinfold

electroporation (b) and muscle

electroporated directly (c) and

transcutaneously (d)
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reversible (Erev) and irreversible (Eirrev) tissue electropor-

ation. Total electric current flowing through the 3D mod-

eled tissues was then calculated according to Ohm’s law. In

the first stage of numerical modeling we built 3D models of

the skinfold (Fig. 2), muscle tissue electroporated directly

(Fig. 3) and muscle tissue electroporated transcutaneously

(Fig. 4) using the commercial software package EMAS

(Ansoft, Canonsburg, PA). Taking into account the fact

that electric field distribution and total electric current

flowing through the tissue depend strongly on the tissue

geometry, we designed the geometry of our numerical

models as accurately as possible. Applied voltage, U (V,

model input), was modeled as Dirichlet’s boundary condition

on the contact surface between electrode and tissue

geometry. For the model input values we used the ampli-

tudes of the electroporation pulses applied in vivo (Cukjati

et al. 2007). We mathematically separated the conductive

segment from its surroundings by applying Neuman’s

boundary condition (Jn = 0, where Jn is the normal electric

current density [A/m2]) on all outer boundaries of the

model.

Results of the calculated model outputs (total electric

current, I, and local electric field distribution, E) were

controlled for numerical errors by increasing the size of our

model and increasing the mesh density until the electric

insulation condition and error due to meshing irregularities

Fig. 2 Geometry of the

skinfold finite element model in

the zx cross-sectional plane

(a) and in 3D (b). Patterned

region represents the contact

surface between the electrode

and tissue geometry (i.e.,

electrode—tissue contact

surface)

Fig. 3 Geometry of the muscle

tissue finite element model

(electroporated directly) in the

zx cross-sectional plane (a) and

in 3D (b). Patterned region

represents the contact surface

between the electrode and tissue

geometry (i.e., electrode—tissue

contact surface)

Fig. 4 Geometry of muscle

electroporated transcutaneously

in the zx cross-sectional plane

(a) and in 3D (b). Patterned

region represents the contact

surface between the electrode

and tissue geometry (i.e.,

electrode—tissue contact

surface)
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were insignificant—a further increase in domain size or

mesh density only increased the computation time; how-

ever, the results changed by \0.5 %. The resulting mod-

els—mesh of skinfold, muscle and muscle electroporated

transcutaneously—consisted of 4173, 7546 and 10074 tet-

rahedral finite elements, respectively.

Electric Properties of the Modeled Tissues

and Electroporation Process Modeling

In our numerical models, ohmic tissue behavior was ana-

lyzed (i.e., skin and muscle conductivities, r). Before

applying electroporation pulses or if the amplitude of the

applied electroporation pulses was too low to produce a

local electric field above the reversible electroporation

threshold (E \ Erev), the tissues were modeled as linear

conductors with linear current–voltage, I (U), relationships

due to the constant tissue conductivities. The initial pre-

pulse values of conductivities (r0 corresponding to the

E \ Erev condition) used in numerical models were selec-

ted from the available literature (Miklavcic et al. 2006).

Muscle tissue was considered an anisotropic conductor,

being more conductive along the muscle fibers in the y axis

compared to the two other perpendicular x and z axes

(Table 1), while skin tissue was considered isotropic and

homogeneous. Since the skin tissue was not the primary

target of our investigation, different layers of skin were not

modeled; thus, an average value for conductivity was

assigned to skin tissues in our models (Table 1). Namely,

large differences in skin layer geometries would unneces-

sarily increase the computational time of numerical simu-

lations while not contributing to the accuracy of the electric

field distribution in the muscle tissue (Pavselj et al. 2005).

If the local electric field in the tissues exceeded the Erev

value, the tissue electric properties changed (i.e., tissue

conductivity increased due to the electroporation process).

During the application of electroporation pulses, tissue

conductivity increased according to the functional depen-

dence of the tissue conductivity on the local electric field

distribution, r(E), which in our study described the

dynamics of the electroporation process. This subsequently

resulted in a nonlinear dependence of the electric current as a

function of the applied voltage I(U). Thus, due to the change

of r, we detected the threshold electroporation Erev as a

result of the deviation of I(U) from the linear relationship

I = U/R (where R [ohm] is tissue electric resistance).

The tissue electroporation dynamics were modeled

based on the sequential permeabilization model proposed

by Sel et al. 2005, where changes in tissue conductivity

were used as an indicator of tissue permeabilization. For

this purpose a sequence analysis subprogram (as an

extension of EMAS) was developed to model the dynamics

of electroporation as a sequence of static FEM models. The

subprogram was developed so as to avoid the oscillations

in electric conductivity and to allow only the local electric

field intensity to change due to the conductivity increase. In

each static description in the dynamic sequence of tissue

changes, tissue conductivity was determined based on the

electric field distribution from the previous step in the

sequence, as described in the following equation:

rðkÞ ¼ f ½Eðk � 1Þ� ð2Þ

where k stands for the number of static FEM steps in the

sequence.

Model input is the applied voltage, U, and model outputs

are the electric field distribution, E, and total electric cur-

rent, I, in each specific sequence step, k. The modeled

tissue behavior during the electroporation pulse delivery is

illustrated in Fig. 5. In our models we took into account

only the current measurement (Ik) at the end of the pulses,

which corresponds to the value of the current calculated in

the first sequence (I5 in k = 5) in which the r(E) in our

models stabilized. The output current from I5 was then

compared to the measured current at the end of the eighth

pulse (i.e., output from the in vivo corresponding

experiment).

The increase in electrical current I from I0 to Ik simu-

lates the tissue response in each discrete interval k during

Table 1 Electroporation parameters ro, r1, Erev and Eirrev calculated

in single models of skinfold and muscle tissue

Tissue r0 (S/m) r1 (S/m) Erev (V/cm) Eirrev (V/cm)

Skin 0.008 20 ro 480 1,050

Muscle x and y axes

0.135

z axisa

0.75

3.5 ro 240 450

a Numerical calculations showed that varying the factor r1/ro in

z axis did not significantly change the I(U) characteristic

Fig. 5 Modeled tissue behavior during electroporation pulse deliv-

ery, where U is the amplitude of the electroporation pulses delivered

to the tissues, E is the electric field strength, I is the total electric

current calculated in each sequence step and k is the number of steps

in the sequence corresponding to the duration of the electroporation

pulses
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the delivery of the electroporation pulses U to the tissue

(due to the functional dependence of r on the electric field

distribution E). If electroporation does not occur, r remains

constant; thus, I = I0. The sequence analysis subprogram

gives us a choice of five different r(E) relationships given

by Eqs. 3–7.

rðEÞ ¼ r0; E\Erev

r1; E�Erev

�
ð3Þ

rðEÞ ¼
r0; E\Erev

r1�r0

Eirrev�Erev
� E � Erevð Þ þ r0; Erev�E\Eirrev

r1; E�Eirrev

8<
:

ð4Þ

rðEÞ ¼
r0; E\Erev

A � 1� exp E�Erev

B

� �� �
þ r0; Erev�E\Eirrev

r1; E�Eirrev

8<
:

ð5Þ

rðEÞ ¼
r0; E\Erev

A � exp E�Eirrev

B

� �
� 1

� �
þ r1; Erev�E\Eirrev

r1; E�Eirrev

8<
:

ð6Þ

rðEÞ ¼
r0; E\Erev

r0 þ r1�r0

1þexp �E�a
Bð Þð Þ ; Erev�E\Eirrev

r1; E�Eirrev

8<
: ð7Þ

where A ¼ r0�r1

exp
Erev�Eirrev

Bð Þ�1
and a ¼ ErevþEirrev

2

Parameters r0 and r1 represent the initial prepulse tissue

conductivity and the conductivity of electroporated tissue,

respectively; parameters Erev and Eirrev stand for reversible

and irreversible electroporation thresholds of the local

electric field, respectively; and parameter B defines the

shape of the exponential and sigmoid functions.

Single-Tissue Models—Skin and Muscle Tissue Models

First, we modeled the electroporation process in each of the

tissue models separately: skinfold (Fig. 2) and muscle tis-

sue (Fig. 3). The same values of applied voltages in vivo

were applied to the contact surfaces of the single muscle

and skin models as model inputs. A comparison of the

current as a function of the voltage I(U) to the measured

ones in vivo was used to determine which of the functional

dependencies given by Eqs. 3–7 best described the

dynamics of the electroporation process in each of the

tissues analyzed. Namely, in order to tune our single-tissue

models for in vivo electroporation of skinfold (Fig. 1b) and

for direct in vivo muscle electroporation (Fig. 1c) mea-

surement, we varied different functional relationships (step

[Eq. 3], exponential [Eqs. 4, 5], linear [Eq. 6], and sig-

moidal [Eq. 7] functions) with different reversible and

irreversible electroporation threshold values until good

agreement between I(U) obtained numerically and the

I(U) characteristic measured in vivo was established.

From the resulting numerical models, we collected the

initial prepulse tissue conductivity, r0; the conductivity of

the electroporated tissues, r1; and the r(E) relationships

between the reversible and irreversible threshold values, Erev

and Eirrev (with the corresponding parameters a, A and B).

Complete Muscle Tissue Model—Model of Muscle

Electroporated Transcutaneously

The r(E) relationships with Erev and Eirrev obtained from

single models of the skin (Fig. 2) and muscle (Fig. 3) were

applied to the skin and muscle composing the complete

model (model of muscle electroporated transcutaneously)

(Fig. 4). The same values of voltages of transcutaneous

muscle electroporation in vivo (Fig. 1d) were applied to the

contact surfaces of the complete muscle with skin model

(Fig. 4). In order to tune the intricate muscle model with

the transcutaneously electroporated muscle in vivo, we also

varied the thickness of the skin (dskin parameter in Fig. 4)

until the I(U) relationship matched the measured one. In

such a way we numerically detected the complete muscle

tissue geometry that corresponded to realistic muscle with

a skin layer treated in our experiments in vivo, and we

validated the model parameters r0, the conductivity of r1

and the r(E) relationships with Erev and Eirrev collected

from the single-tissue electroporation modeling. In order to

compare the conductivity change and geometry of skin

layer numerically found in the intricate muscle model to

the data from the published literature, we also calculated

the complete muscle model resistance, R, for each of the

voltages applied.

Analysis of the Influence of Skin Presence on Muscle

Electroporation

In order to analyze the influence of the skin layer on muscle

electroporation, we compared the local electric field dis-

tribution in muscle electroporated directly (Fig. 3) with the

local electric field distribution obtained in the muscle only,

inside the intricate muscle model with skin (Fig. 4). For

this purpose, we wrote a program with Matlab7a to cal-

culate the average local electric field at the end of the

electroporation process (i.e., the final sequence FEM model

for each voltage applied).

The average electric field intensities were calculated in

the volumes between two plate electrodes (the regions

between electrodes marked with a dashed square in Figs. 3,

4), where the local electric field (E) was the most homo-

geneous (i.e., equal to the applied voltage to the inter-

electrode distance ratio [E = U/d]). In this way we

numerically removed the skin layer from the complete
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muscle model with skin shown in Fig. 4. The numerical

results of E in the muscle from the complete model were

then compared to the numerical results of E calculated in

the numerical model of the directly electroporated muscle.

Results and Discussion

The aims of our study were to develop realistic numerical

models in order to investigate the electroporation process

in skeletal muscle tissue electroporated directly and

transcutaneously and to examine the influence of the

presence of the skin on the electroporation process in

muscle tissue. For this purpose, we numerically and

experimentally investigated the local electric field and the

geometric and electrical properties of electroporated skin-

fold and muscle tissue electroporated directly and trans-

cutaneously. Numerical calculations of the local electric

field were performed by means of the finite element

method and sequential modeling of tissue electroporation

(Sel et al. 2005), taking into account realistic geometries

and electrical properties of the examined tissues. Local

electric field distribution was experimentally assessed by

measurement of the total current and of 51CrEDTA uptake

in vivo. The 3D realistic models of skinfold and muscle

electroporated directly and transcutaneously were then

developed (based on good agreement between numerical

calculations and experimental observations).

It has been previously demonstrated that tissue electro-

poration can be modeled as a conductivity (r) change due

to the tissue permeabilization (Sel et al. 2005). Accord-

ingly, in our numerical models we took into consideration

the mathematical relationship between the skin and muscle

conductivities and the local electric field intensity in the

following manner: a magnitude of E below the reversible

threshold Erev does not permeabilize the cell membranes,

and therefore, no changes in conductivity are expected (r is

constant); when the local electric field intensity exceeds the

Erev threshold, the cell membrane is electropermeabilized

and tissue conductivity increases according to the function

r(E). In order to numerically study the electroporation

process in a complete model that is composed of different

tissues, the electroporation parameters r0, r1, Erev, Eirrev

and r(E) between the thresholds need to be determined in

each of the single tissues separately, as previously dem-

onstrated by Pavselj et al. (2005). Similarly, in order to

numerically study the electroporation of muscle tissue

electropulsed transcutaneously, we first built single models

of skinfolds (Fig. 2) and muscle tissue (Fig. 3) separately

and determined the corresponding electroporation param-

eters based on the analysis of a permeabilization sequence

(Sel et al. 2005). The electroporation parameters for each

of the tissues were determined considering that the

acceptation criterion was that the output of the models

using these parameters are those that best fit the experi-

mental data (i.e., the electroporation parameters were var-

ied until good agreement between the computed and

measured current–voltage I(U) relationship was obtained).

We found that the r(E) function in the skinfold model was

an exponential one (Eq. 6 with B = 50,000), while in the

skeletal muscle model the function r(E) was sigmoid

(Eq. 7 with B = 10,000). The electroporation parameters

calculated for each of the tissues are listed in Table 1. The

r(E) was chosen so that parameters such as Erev, Eirrev, ro

and r1 were as close as possible to the experimentally

determined values. By varying all the functions of r(E), we

noticed that r(E) can also be described with all the func-

tions through proper adjustment of the electroporation

parameters, which may be too far from the biologically

justifiable values determined in the experiments, as previ-

ously suggested by Pavselj et al. (2005).

Different functions of r(E) are needed to describe the

distribution of tissue electroporation in our models of

muscle and skin tissue. This is probably due to differences

in biological properties (i.e., cell size and distribution,

electrical properties of intra- and extracellular media) of

the tissues analyzed.

The r(E) functions with Erev and Eirrev found in single

models of skin (Fig. 2) and muscle (Fig. 3) were applied to

the individual skin and muscle models composing the

complete muscle model (Fig. 4). The same values of

voltages of transcutaneous muscle electroporation in vivo

(Fig. 1d) were applied to the contact surfaces of the com-

plete muscle model (Fig. 4). In order to fine-tune the

complete muscle model for the transcutaneously electro-

porated muscle in vivo, we also varied the thickness of the

skin (dskin parameter in Fig. 4) until the I(U) relationship

matched the measured one.

In our model of muscle with skin the skin layer takes

into account the complex skin layer tissue. In the literature

adult rat skin thickness was determined to be around 1 mm

(Ngawhirunpat et al. 2002). However, our first calculations

were made with a model in which the skin layer thickness

was 0.5 mm. We changed the thickness of the skin layer

from 0.5 to 1.4 mm. The calculations showed that in our

models the smaller the thickness of the skin (i.e., lower

resistance), the higher the electric current calculated. A

skin thickness of 1.4 mm resulted in the best agreement

between the measured and calculated currents, which was a

very positive result since the thickness of the skinfold (two

times the complex skin layer) of the same animals treated

in the experiments was 2.8 mm (Fig.1b).

Since electric current gives quantitative information

about tissue geometry and electric properties (i.e., tissue

conductivity changes), good agreement between calculated

and measured electric current at the end of electroporation
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for the corresponding applied voltages validated our 3D

finite element models. The agreement between calculated

and measured current–voltage relationships obtained for

the skinfold analysis is shown in Fig. 6a. The comparison

of agreements between calculated and measured current–

voltage relationships obtained for muscle and muscle with

skin is shown in Fig. 6b.

At the lowest voltages the slope of the I(U) curve is low

and linear, meaning that electroporation does not yet occur.

The value of U at which the I(U) relationship starts to

diverge from its linear curve indicates that the reversible

threshold value of the local electric field for tissue elec-

troporation has been obtained. The threshold value Erev in

the directly electroporated muscle model was obtained at

U = 136 V and in the muscle model electroporated

transcutaneously at U = 252 V. The local electric field

distribution in both muscle models is displayed in Fig. 7 in

the xy cross-sectional plane located in the middle of the

two plate electrodes. To more precisely analyze the local

electric field distribution around the reversible threshold

obtained with the sequence analysis (Erev = 240 V/cm),

we visualized E in the range 0–250 V/cm for the first four

applied voltages. The reversible threshold for muscle

electroporation is obtained at a lower value of applied

voltage (U = 136 V) in the model of directly electropo-

rated muscle (Fig. 7a) than in the model of muscle elec-

troporated through the skin (U = 252 V) (Fig. 7b) due to

the high resistance of the skin layer that must be overcome

by a higher U in order to target the underlying muscle

tissue with E [ Erev. In other words, the reversible

threshold value in muscle with skin was obtained at a

higher U because the skin tissue needed to be permeabili-

zed first. Namely, when U is applied, the electric field is

distributed within the complex tissue according to its spe-

cific electric properties (acting as a voltage divider),

meaning that the electric field is highest in the layer with

the highest electric resistivity (i.e., lowest conductivity)

(Pavselj and Miklavcic 2008). When the skin becomes

permeabilized, its conductivity increases according to the

function r(E), which leads to electric field redistribution in

the skin and its underlying more conductive tissues (in our

case muscle tissue), as shown in Fig. 7b. If U is too low,

the highest electric field remains in the skin layer and does

not reach the muscle.

Nonuniform distribution of tissue permeabilization also

occurs in a single tissue (in our case muscle tissue) due to
Fig. 6 Calculated and in vivo measured current–voltage relationships

for a skinfold and b muscle and muscle with skin

Fig. 7 Distribution of E in the model of muscle alone (a) and in the

muscle model with skin (b)
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an inhomogeneous E distribution. The increase in tissue

conductivity, and thus tissue permeabilization, first occurs

in close proximity to the electrodes (i.e., the region with the

highest E). The conductivity increase causes a modification

in E distribution according to r(E), which consequently

causes another change in tissue conductivity and the dis-

tribution of muscle permeabilization away from the elec-

trodes, toward the regions with lower initial E between the

electrodes, as shown in Fig. 7a.

In most of the studies on skin electroporation (Prausnitz

et al. 1993; Pliquett et al. 1995), a pronounced change in

skin resistance was observed above 50 V for the experi-

ments done through a single skin tissue layer. In order to

compare our analysis on changes in electric properties in

the skin layer in the complete muscle model to the data

from the literature, we also calculated the resistance of the

complete muscle model for each of the voltages applied as

well as a few additional voltages (U \ 186.86 V) that were

not applied during in vivo experiments. The calculated

resistance–voltage relationship, R(U), is shown in Fig. 8.

From the R(U) curve it can be observed that a visible drop

in skin resistance was obtained at U [ 100 V, which is in

agreement with the abovementioned studies, proved in our

study by electroporation of the double skin layer. The

increase in skin conductivity, thus the drop in skin resis-

tance, in our skinfold (double skin layer) model was also

observed at U [ 100 V, as shown in Fig. 6a. In a similar

experimental and numerical study on cutaneous tumor

electroporation, pronounced changes in skin conductivity

were also observed at 100 V of applied voltage (Pavselj

et al. 2005). Therefore, the conductivity change and the

geometry of the skin layer numerically found in our com-

plete muscle model are in agreement with previous studies

on skin.

In order to analyze the influence of the skin layer on

muscle electroporation, we used in vivo experimental data

of 51Cr-EDTA uptake measured in muscle electroporated

directly and transcutaneously. The 51Cr-EDTA molecules

from the extracellular compartments could enter only the

electroporated cells. Both measurements were done at the

same applied voltages as in the total current measurement

in vivo. The experimentally obtained 51Cr-EDTA (U/

d) relationships for muscle electroporated directly and

transcutaneously are shown in Fig. 9a. The start of the
51Cr-EDTA-uptake increase should correspond to the start

of reversible electroporation, the start of 51Cr-EDTA-

uptake decline should correspond to the point of irrevers-

ible electroporation.

We then analyzed the electroporation parameters of

muscles electroporated directly and transcutaneously by

comparing the local electric field distribution in the model

of muscle without skin (Fig. 3) with the local electric field

distribution obtained only in the muscle inside the

Fig. 8 Calculated resistance–voltage relationship for the complete

model from Fig. 4 (muscle with skin)

Fig. 9 a Measured 51CrEDTA uptake (nmol/g) in muscle electropo-

rated directly and transcutaneously (the skin is present) and

b 51CrEDTA uptake in muscle models electroporated directly and

transcutaneously (skin is numerically removed from complete model).

For muscle from the complete model we took into account the
51CrEDTA uptake from the muscle with skin (a) and normalized the
51CrEDTA-uptake values for both muscles (with and without skin) to

the maximum uptake obtained in the directly electroporated muscle

(51CrEDTAmax = 0.29 nmol/g, as shown in a). (U values in a are

normalized to the interelectrode distance ratio (U/d). The interelec-

trode distance used in all experiments was d = 5.7 mm. The E in b is

the average local electric field calculated in the model of muscle

electroporated directly and in the model of muscle from the complete

model without skin [i.e., with skin numerically removed])
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complete muscle model with skin (Fig. 4). The local

electric field was analyzed at the end of the electroporation

process (i.e., at the end of the sequence analysis). Namely,

the average electric field intensities were calculated in the

space between the two plate electrodes (the regions

between electrodes marked with the dashed square in

Figs. 3, 4), where the electric field was the most homoge-

neous (i.e., where the electric field approaches U/d). In this

way we numerically removed the skin layer from the

complete muscle model with skin shown in Fig. 4. The

numerical results of E in the muscle from the complete

model were then compared to the average E in the muscle

electroporated directly, as shown in Fig. 9b. The maximum

uptake of 51CrEDTA in transcutaneously electroporated

muscle was obtained at higher voltage applied compared to

the maximum uptake obtained in directly electroporated

muscle: 0.12 nmol/g (U = 233 V, U/d = 409 V/cm) ver-

sus 0.29 nmol/g (U = 456 V, U/d = 800 V/cm) (Fig. 9a).

When we calculated the local electric field in the muscle

models and numerically removed the skin from the com-

plete model, we showed that uptake of 51CrEDTA in

muscle that was electroporated through the skin occurred at

similar local electric fields as the uptake of 51CrEDTA in

directly electroporated muscle (Fig. 9b). The maximum

uptakes in the muscle from the complete model

(0.12 nmol/g) and the model of directly electroporated

muscle (0.29 nmol/g) were obtained at E = 386 and

403 V/cm, respectively (Fig. 9b). In Fig. 9b the compari-

son of 51CrEDTA uptake in both muscle models (directly

electroporated muscle and the complete model of muscle

with skin removed) is given for the 51CrEDTA values

normalized to the maximum uptake 51CrEDTAmax

obtained in the directly electroporated muscle (51CrED-

TAmax = 0.29 nmol/g).

The average value of E in the model of muscle alone

calculated at U = 136 V (U/d = 238.72 V/cm) was

Erev = 242 V/cm, whereas the average E in muscle in the

complete model with skin at the higher applied voltage

U = 252 V (U/d = 442 V/cm) was calculated to be almost

the same as in muscle without skin, Erev = 238.56 V/cm,

as shown in Fig. 9b. Similarly, the irreversible threshold

values calculated as average local E for muscle alone and

muscle with skin were Eirrev = 443 V/cm (at applied

U = 255 V, U/d = 447 V/cm) and 414 V/cm (at applied

U = 502 V, U/d = 880 V/cm), respectively. Based on

these calculations, we conclude that the skin layer has, as

expected, no influence on the thresholds of the local elec-

tric field needed to successfully electroporate muscle tis-

sue. We did, however, find that the presence of skin affects
51CrEDTA uptake into the muscle while being electropo-

rated through the skin, which can be explained by the

dependence of the electroporation level on the duration and

the number of electroporation pulses. Namely, due to the

presence of the skin, the effective duration of the electro-

poration pulses can be shorter, which consequently results

in a lower 51Cr-EDTA uptake in the muscle tissue (the

maximum uptake of 51CrEDTA in transcutaneously elec-

troporated muscle was by a factor of 2.41 lower compared

to the maximum uptake in directly muscle electroporated

muscle, Fig. 9). It is well known that the molecular flux

through the permeabilized membrane depends on the

duration and number of electroporation pulses (Puc et al.

2003; Pucihar et al. 2008).

The threshold values calculated in both the model of

muscle alone and the complete model with skin are similar

to the threshold values obtained with sequence analysis in

the model of muscle alone, Erev = 240 and 450 V/cm,

respectively. From Fig. 9 it can be seen that in muscle

electroporated directly the average local electric field in the

region between the electrodes (gray curve in Fig. 9b),

where the tissue is (region marked with dashed square in

Fig. 3), is almost equal to the voltage over the interelec-

trode distance ratio, U/d (gray curve in Fig. 9a), and is thus

almost homogeneous. Consequently, the error we make

using U/d values to approximately determine the threshold

value of local electric field to successfully electroporate

muscle without skin is acceptably small. However, for the

precise determination of the local electric field threshold

value needed for the electroporation of muscle inside a

complex tissue, a realistic numerical model that takes into

account realistic geometries, electric properties and electric

field nonhomogeneities due to the tissue permeabilization

of all the composing tissues needs to be used in combi-

nation with corresponding in vivo experiments.

Our results are comparable with data obtained in a

similar numerical and in vivo study for the same type of

pulses as those used in our study (eight pulses, 100 ls,

1 Hz) (Pavselj et al. 2005), where the Erev and Eirrev for

muscle electroporated directly were estimated to be 200

and 450 V/cm, respectively. In another study (Gehl et al.

1999), the combination of in vivo experiments (transcuta-

neous muscle electroporation using plate electrodes with

d = 4 mm) and 2D numerical models resulted in a higher

electroporation threshold (450 V/cm) compared to the one

obtained in our study (Erev = 238 V/cm) since in their

study the tissue between electrodes was considered

homogeneous in two dimensions, meaning that differences

in skin and muscle electric conductivity and geometry were

not taken into account.

A similar reversible electroporation threshold (Erev =

200 V/cm) for muscle without skin and for the same ori-

entation (perpendicular) of the applied electric field with

respect to the muscle fibers was found in our previous

study where thresholds in the two main muscle orientations

(electrodes parallel or perpendicular to the main muscle

fiber axes) were compared (Corovic et al. 2010).
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Conclusion

In this study we present realistic numerical models of

electroporated skinfold and skeletal muscle tissue electro-

porated directly and transcutaneously, which we developed

in order to analyze the electroporation process in skin and

muscle tissues in vivo. The models were developed by

validating numerical calculations on in vivo experimental

results. We determined how to map electropermeabiliza-

tion by identifying the local electric field distribution in

skin and muscle tissues. Namely, we found the functional

dependence of tissue conductivity on electric field inten-

sity, r(E), to be exponential for skin with electroporation

thresholds Erev = 480 V/cm and Eirrev = 1,050 V/cm and

sigmoid for muscle tissue with Erev = 240 V/cm and Eir-

rev = 430 V/cm. The same electroporation threshold val-

ues, Erev and Eirrev, were found for both muscles

electroporated directly and transcutaneously. We thus

conclude that the skin layer has, as expected, no influence

on the thresholds of the local electric field intensity needed

for successful muscle tissue electroporation, but it does

require higher voltage to be applied between the electrodes

when muscle is electroporated transcutaneously. Our

model of muscle with skin also confirms the in vivo find-

ings of previous studies that electroporation ‘‘breaks’’ the

skin barrier when the applied voltage is above 50 V.

We also showed that the error of an approximate esti-

mation of electroporation threshold values in in vivo

experiments by calculating the U/d ratio, without numeri-

cal calculations of local electric field distribution, is small

enough only if the plate electrodes are used and only for

one type of tissue placed between the electrodes. For more

complex tissues with different geometric and electrical

properties, a combination of realistic numerical modeling

and in vivo experiments needs to be used for the precise

determination of electroporation threshold values.

It is also important to note that the thresholds of the

local electric field for tissue electroporation depend on the

type of molecules used for the detection of in vivo tissue

permeabilization (Kotnik et al. 2000) and electroporation

pulse characteristics (i.e., duration and number of pulses as

well as pulse repetition frequency). Thus, the threshold

values determined in our study are relevant for the setting

of eight pulses of 100-ls duration at a repetition frequency

of 1 Hz. For the precise electroporation threshold deter-

mination for other pulse parameters, our numerical models

remain valid, but additional in vivo experiments need to be

done and the results included in the models.

The findings of our study carry important practical

information for treatment planning in electroporation-

mediated therapies such as gene electrotransfer into mus-

cle, transdermal drug and gene delivery and clinical

electrochemotherapy.

Acknowledgments This research was supported in part by the

European Commission under the fifth framework (Grant Cliniporator

QLK3-1999-00484), Slovenian Research Agency, CNRS (Centre

National de la Recherche Scientifique), Institute Gustave-Roussy and

Ad-Futura. This research was conducted in the scope of LEA EBAM.

The authors thank Dr. David Cukjati and Dr. Danute Batiuskaite for

the results of in vivo experiments performed in the lab of L. M. M.

(Institut Gustave-Roussy, Villejuif, France) as well as Derek Snyder

for help in proofreading and editing the text.

References

Breton M, Mir LM (2011) Microsecond and nanosecond electric

pulses in cancer treatments. Bioelectromagnetics. doi:10.1002/

bem.20692

Corovic S, Zupanic A, Miklavcic D (2008) Numerical modeling and

optimization of electric field distribution in subcutaneous tumor

treated with electrochemotherapy using needle electrodes. IEEE

Trans Plasma Sci 36:1665–1672

Corovic S, Zupanic A, Kranjc S, Al Sakere B, Leroy-Willig A, Mir

LM, Miklavcic D (2010) Influence of skeletal muscle anisotropy

on electroporation: in vivo study and numerical modeling. Med

Biol Eng Comput 48:637–648
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Abstract We describe a new phenomenon of anodotropic

pseudopod-like blebbing in U937 cells stimulated by

nanosecond pulsed electric field (nsPEF). In contrast to

‘‘regular,’’ round-shaped blebs, which are often seen in

response to cell damage, pseudopod-like blebs (PLBs)

formed as longitudinal membrane protrusions toward

anode. PLB length could exceed the cell diameter in 2 min

of exposure to 60-ns, 10-kV/cm pulses delivered at

10–20 Hz. Both PLBs and round-shaped nsPEF-induced

blebs could be efficiently inhibited by partial isosmotic

replacement of bath NaCl for a larger solute (sucrose),

thereby pointing to the colloid-osmotic water uptake as the

principal driving force for bleb formation. In contrast to

round-shaped blebs, PLBs retracted within several minutes

after exposure. Cells treated with 1 nM of the actin poly-

merization blocker cytochalasin D were unable to form

PLBs and instead produced stationary, spherical blebs with

no elongation or retraction capacity. Live cell fluorescent

actin tagging showed that during elongation actin promptly

entered the PLB interior, forming bleb cortex and scaffold,

which was not seen in stationary blebs. Overall, PLB for-

mation was governed by both passive (physicochemical)

effects of membrane permeabilization and active cyto-

skeleton assembly in the living cell. To a certain extent,

PLB mimics the membrane extension in the process of cell

migration and can be employed as a nonchemical model for

studies of cytomechanics, membrane–cytoskeleton inter-

action and cell motility.

Keywords Electroporation � Nanosecond pulsed electric

field � Colloid-osmotic swelling � Blebbing � Membrane

protrusion � Cell motility

Introduction

Permeabilization of the cellular membrane by pulsed

electric field, including nanosecond pulsed electric field

(nsPEF), triggers cell reshaping due to swelling and bleb-

bing (Gass and Chernomordik 1990; Deng et al. 2003;

André et al. 2010). Intact cells maintain osmotic equilib-

rium with extracellular buffer (Hoffmann et al. 2009), but

electropermeabilized cells are unable to do that effectively.

Swelling in such cells is caused by a colloid-osmotic

mechanism (Kinosita and Tsong 1977; Saulis 1999; Pa-

khomov and Pakhomova 2010) that results from differen-

tial permeability of the electroporated membrane to extra-

and intracellular solutes. In brief, pores formed in the cell

membrane due to pulse application are permeable to small

ions but not to larger molecules. Bath buffer contains

predominantly small ions and molecules, while the cellular

interior contains a fraction of large organic molecules and

anions. After permeabilization, small ions like Na? and

Cl- enter the cell down their electrochemical gradients.

Meanwhile, large pore-impermeant organic molecules and

anions remain trapped inside. Osmolality created by

organic molecules and entering ions becomes larger than

osmolality of the bath buffer, which remains undisturbed

due to its large volume. Such a mechanism generates

osmotic gradient and drives water uptake.

Swelling in nsPEF-treated cells is often accompanied

by formation of blebs, rounded membrane protrusions

that appear on the cell surface in an apparently uncon-

trolled manner (Tekle et al. 2008; Pakhomov et al. 2009).
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Currently, the mechanisms and implementations of bleb-

bing for physiology of electroporated cells are not clear.

Supposedly, blebbing is a by-product of PEF-induced cell

damage (Tsong 1991); however, outside the research

area of electroporation, blebbing is commonly seen in the

life cycle of intact cells (Blaser et al. 2006). Such blebs

form during cytokinesis (Tinevez et al. 2009), migration

(Charras and Paluch 2008), in attaching cells (Bereiter-

Hahn et al. 1990) and in response to physiological stimuli

(Torgerson and McNiven 1998).

In early studies, blebs were described as ‘‘clear, round

cytoplasmic protrusions’’ (Hogue 1919) and referred to as

blisters (Zollinger 1948) or bubbles (Holtfreter 1944). At

present, the term ‘‘blebbing’’ is also used to describe mem-

brane evaginations during cell spreading (Norman et al. 2011)

and cell division (Pletjushkina et al. 2001), as well as in

necrotic (Barros et al. 2003) and apoptotic (Sebbagh et al.

2001) cell damage. ‘‘Membrane ballooning’’ is another term

that illustrates terminal blebbing in necrotic cells (Petersen

and Dailey 2004; Lang et al. 2011). Due to the lack of clear

definition and classification, the term ‘‘bleb’’ may be confus-

ing when used outside the context of physiological or patho-

logical processes. In this article we will differentiate between

reversible, nonlethal blebbing and stationary blebbing, which

is a sign of cell damage (Fackler and Grosse 2008).

Modern knowledge about blebbing and its mechanisms

comes from multiple sources. Reversible blebs and their life

cycle were comprehensively studied in cell lines with defects in

actin polymerization. Such cells exhibit intense and reversible

blebbing due to weakening of membrane–cytoskeleton adhe-

sion (Cunningham et al. 1992; Derivery et al. 2008). Another

factor responsible for bleb formation is actomyosin contrac-

tility of cell cortex and resulting increase in cortical tension

(Dai and Sheetz 1999). In general, bleb formation can also be

triggered by local transmembrane ion transport and associated

water uptake (Mitchison et al. 2008). As mentioned previously,

in electropermeabilized cells the colloid-osmotic water uptake

also results from increased inward ion transport (Pakhomov

and Pakhomova 2010). Hence, blebs induced by nsPEF may

not only resemble regular blebs morphologically but also form

through similar mechanisms.

Reversible and stationary blebs nucleate on the cell surface

and inflate while remaining attached to the cell body through

the neck region. Expansion of blebs lasts several seconds or

minutes and results in the formation of rounded, membrane-

bound protrusions, the size of which may become comparable

to the size of the cell body. At the early stage of formation,

morphological distinctions between reversible and stationary

blebs are negligible. Both bleb types are present as trans-

parent, membrane-bound, rounded protrusions with no

cytoskeleton or organelles (Cunningham 1995). However,

upon maturation the interior of reversible blebs becomes

filled with de novo forming actin fibrils (Charras et al. 2006)

that participate in the organization of contractile bleb cortex.

Cortex assembly is associated with reestablishment of

membrane–cytoskeleton integrity and further bleb retraction.

Cortex contractility in reversible blebs is attributed to the

presence of actomyosin motors (Charras et al. 2005). In

contrast, formation of actin scaffold or contractile cortex does

not occur in stationary blebs formed during necrosis (Barros

et al. 2003) or due to cytoskeletal toxin exposure (Charras

2008). Once inflation in such blebs stops, they remain stag-

nant and show no retraction.

Reversible blebbing passes through cycles of membrane

expansion, reassembly of cortical cytoskeleton and retrac-

tion due to actomyosin contractility (Charras et al. 2006).

Such a mechanism of membrane expansion may provide an

alternative to actin-driven protrusion formation for cell

locomotion (Keller and Eggli 1998; Maugis et al. 2010). In

several works blebbing already has been established as a

mechanism of cell migration (Fackler and Grosse 2008).

Typical blebs formed due to nsPEF exposure are sta-

tionary and reflect either apoptotic or necrotic cell transfor-

mation. However, we found an all new type of blebs that we

called ‘‘pseudopod-like blebs’’ (PLBs). PLBs are charac-

terized by elongated shape, fast directional growth toward

anode and rapid retraction following nsPEF exposure. Some

of these findings were reported previously in meeting pro-

ceedings (Rassokhin and Pakhomov 2010, 2011). This is the

first systematic study of some PLB properties and the

mechanisms that underlie their formation.

Materials and Methods

Cell Line and Propagation

This study was entirely performed on human suspension

promonocytic U937 cells that were obtained from the

ATCC (Mannanas, VA). Cells were propagated at 37 �C

with 5 % CO2 in air. In accordance with the supplier’s

recommendations, cells were maintained in RPMI 1640

growth medium containing L-glutamine and supplemented

with 10 % fetal bovine serum and 1 % penicillin/strepto-

mycin. Cell culture components were obtained from

Atlanta Biologicals (Norcross, GA) or Mediatech Cellgro

(Herndon, VA). Before the experiment, cells were trans-

ferred onto glass coverslips pretreated with poly-L-lysine

(Sigma-Aldrich, St. Louis, MO). Cells were left in full

growth medium for at least 30 min prior to experiments.

Cell Imaging and Image Analysis

For timelapse image recording a coverslip with attached cells

was placed into a glass-bottomed chamber (Warner Instru-

ments, Hamden, CT) mounted on an IX81 motorized inverted

522 M. A. Rassokhin, A. G. Pakhomov: Electric Field Exposure of U937 Monocytes

123



microscope (Olympus, Center Valley, PA). Differential-

interference contrast (DIC) and fluorescence imaging was

performed using a 40 9 dry objective (NA 0.95) or a 60 9 oil

objective (NA 1.42). Cell images were recorded using the FV

1000 confocal laser scanning system (Olympus).

Cell images were taken at regular intervals of 4–5 s.

Typically, six or seven images were captured prior to

exposure. nsPEF treatment started 30 s into the experiment

and continued for 30, 60 or 120 s. All experiments were

performed at room temperature.

DIC images were analyzed for blebbing probability,

location and bleb size. PLBs were defined as longitudinal,

anodotropic blebs with the length exceeding at least one

cell diameter. For measurement of membrane permeability

a fluorescent membrane integrity marker, propidium iodide

(Sigma-Aldrich), was added to the exposure buffer at a

concentration of 5 lg/ml (*7.5 lM). To avoid saturation

of the fluorescent channel, the sensitivity of the detector

was calibrated on cells permeabilized with 0.3 % digitonin

(Sigma-Aldrich). In other experiments to visualize actin

rearrangements caused by nsPEF, rhodamine-phalloidin

conjugate (Cytoskeleton, Denver, CO) was added to the

bath buffer at a concentration of 28 nM. Analyses of

blebbing, propidium uptake and actin rearrangements were

performed using MetaMorph 7.7 software (Molecular

Devices, Sunnyvale, CA).

Experimental Chemicals and Buffers

All experiments, except with sucrose, were performed in a

bath buffer that contained (in mM) 135 NaCl, 5 KCl,

4 MgCl2, 3 HEPES, 2 Na-EGTA and 10 glucose at pH 7.4

(Nesin et al. 2011). In experiments on the verification of the

colloid-osmotic mechanism, we replaced 22.5, 45 or 90 mM

of NaCl with isosmotic amounts of sucrose (45, 90 and

180 mM, respectively). The final osmolality of all experi-

mental buffers remained at *290 mOsm/kg, as measured

with a freezing point micro-osmometer (Advanced Instru-

ments, Norwood, MA). Chemicals were purchased from

Sigma-Aldrich unless stated overwise. Rhodamine-phalloidin

(Cytoskeleton) was dissolved in 100 % methanol, while

cytochalasin D was dissolved in 100 % DMSO. In experi-

ments studying actin rearrangements, vehicle (0.001 %

DMSO) was used as a negative control. Overall exposure of

cells to cytochalasin D before image recording was kept to a

minimum and did not exceed 5 min.

Pulse Stimulation and Local Electric Field Modeling

nsPEF exposure of individual cells was performed as

described previously (Bowman et al. 2010). Pulses were

delivered to a selected group of cells with a pair of custom

tungsten rod electrodes (0.08 mm diameter, 0.15 mm gap).

Using a robotic micromanipulator (MP-225; Sutter, Novato,

CA), electrodes were positioned at 50 lm above the cover-

slip surface so that the selected cells were located between

their tips. Nearly rectangular 60-ns pulses were generated in

a transmission line-type circuit, by closing a MOSFET

switch upon a timed delivery of a TTL trigger pulse from

pClamp software via a Digidata 1322A output (MDS, Foster

City, CA). The exact nsPEF delivery protocol and synchro-

nization of nsPEF delivery with image acquisition were

programmed in pClamp. The E-field between the electrodes

was determined by a 3D simulation with a finite element

Maxwell equation solver Amaze 3D (Field Precision,

Albuquerque, NM). Exact EP shapes and amplitudes were

captured and measured with a Tektronix (Beaverton, OR)

TDS 3052 oscilloscope. Experiments included appropriate

controls in which cells were subjected to identical manipu-

lations but without nsPEF delivery (‘‘sham’’ exposures).

Results

The Phenomenon of Pseudopod-Like Blebbing

Pseudopod-like blebbing was discovered when U937 cells

were exposed to long trains of nanosecond pulses. PLB

formation is illustrated in Fig. 1, which shows representa-

tive frames of PLB nucleation and directional growth

during exposure to a train of 3,600 60-ns pulses (12.1 kV/

cm, 20 Hz).

Bleb formation usually occurs with *30-s delay after the

onset of exposure. After this interval, small rounded blebs

appear on the anode-facing cell pole. At this time, these blebs

resemble typical blebs widely reported in the literature

(Keller et al. 2002; Charras 2008). During the course of

treatment, small blebs rapidly elongate toward the anode

electrode and may exceed the size of cell diameter after

2 min of exposure. We define such blebs as PLBs. Although

the size and growth velocity are distinctive features of PLBs,

what makes these blebs unique is that they grow exclusively

toward anode and assume an elongated sausage-like

appearance. Even blebs nucleated away from anodic cell

pole eventually ‘‘steer’’ toward anode. During growth the

bleb tip retains its rounded shape and leaves behind the

extended bleb body. Developed PLBs commonly have a

sectioned appearance due to occasional transverse strictures.

When pulse treatment is discontinued, the bleb growth stops

promptly and changes to partial or complete retraction.

Role of Pulse Parameters in Triggering Pseudopod-Like

Blebbing

For initiation of PLBs we used long trains of 60-ns pulses.

At first we focused on the effect of pulse repetition rate and
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exposure duration while keeping amplitude fixed. Within

the tested parameter range, the probability of bleb nucle-

ation was relatively constant and remained at a level of

2–2.5 blebs per cell. However, the probability to form

PLBs from regular blebs increased considerably with the

increase in pulse rate from 5 to 20 Hz and increase in

exposure duration from 30 to 120 s (Fig. 2a). Cells treated

with rates of 5, 10 and 20 Hz produced PLBs from 2.9,

10.7 and 28.7 % of regular blebs, respectively. The plot in

the right panel of Fig. 2a demonstrates the increase in PLB

formation in response to increase in pulse-exposure

duration. When other parameters were kept constant, the

exposure duration of 30, 60 or 120 s produced 0, 5.4 or

28.7 % of PBLs, respectively.

In the second series of experiments, the E-field was

varied from 7.5 to 14.4 kV/cm, while the pulse-repetition

rate and exposure duration were fixed at 10 Hz and 120 s,

respectively (Fig. 2b). Cell exposure to the lowest tested

E-field of 7.5 kV/cm produced a very low regular bleb

count of 0.1 blebs/cell and no PLBs. An E-field increase to

9.8 kV/cm resulted in a much higher bleb count of 0.9

blebs/cell but a low relative PLB count (8.7 %). The

Fig. 1 Nanosecond pulsed electric field (nsPEF) exposure triggers

and guides formation of anodotropic pseudopod-like blebs. Images

show representative frames of time series illustrating U937 cells at

different time points (60-s interval) during exposure to 60-ns pulses

(12.1 kV/cm, 20 Hz, 3,600 pulses). Pulse treatment started at 0 s.

Shadows at the upper right and lower left corners are those of nsPEF-

delivering electrodes. Anode and cathode electrodes are identified by

? and - signs, respectively. Scale bar = 20 lm

A B

Fig. 2 Effect of the treatment parameters on formation of regular and

pseudopod-like blebs. Numbers on the graphs indicate the number of

analyzed cells and the percentage of pseudopod-like blebs in the

overall bleb count. The set of parameters indicated above each chart

was kept constant, while parameters below the charts were varied.

a Left panel Pulse rate was varied while keeping other parameters

constant. Right panel Exposure duration was varied while keeping

other parameters constant. One group (20 Hz, 2,400 pulses) is shared

between the two charts. b E-field was varied while all other

parameters were constant. Plots a and b summarize the results of 8

and 15 independent treatments, respectively. Sham-exposed cells did

not produce any blebs (not shown)
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E-field of 12.1 kV/cm resulted in a bleb count of 1.1 blebs/

cell and formation of PLBs from 13.4 % of regular blebs.

Exposure to the highest tested E-field of 14.4 kV/cm pro-

duced 1.2 blebs/cell, of which 27.7 % were PLBs.

Of note, although two exposure protocols with different

frequencies (12.1 kV/cm, 20 Hz, 2,400 pulses in series A

and 14.4 kV/cm, 10 Hz, 1,200 pulses in series B) were

almost equally efficient at producing PLBs (28.7 and

27.7 %, respectively), we chose the 20-Hz over the 10-Hz

protocol for subsequent experiments for the following

reasons. First, the velocity of PLB growth at 20 Hz was

higher than that at 10 Hz (data not shown). Second, the

PLB yield of 10-Hz exposures in series A and B varied,

while the PLB yield of the 20-Hz protocol remained stea-

dily high. Based on the studied effects of pulse parameters,

selection of 20 Hz seemed the most appropriate due to the

maximal yield of PLBs.

Asymmetrical Nucleation of Blebs

In the next series we tested the effect of different pulse

protocols on preferred location of bleb nucleation. The cell

surface was separated into four sectors relative to position

of pulse-delivering electrodes (anodic, cathodic and two

sides). All nucleation events were assigned to one of four

sectors according to their location. Each bar length in

Fig. 3 indicates the percent fraction of nucleation events in

the sector to the total number of nucleation events regis-

tered for the treatment protocol. In all tested protocols the

preferred location of bleb nucleation (*60 %) was at the

cell pole facing anode. Other locations displayed a low and

nearly equal chance of nucleation. Different bar angles are

used merely for convenience of presentation and do not

correspond to actual direction of blebbing. Asymmetry of

nucleation suggests that permeabilization plays a central

role in determining bleb directionality.

Evaluation of Propidium Uptake in Exposed Cells

The propidium emission of nsPEF-treated cells was com-

pared to staining of dead cells which were present in all

samples and constituted *1–2 % of the cell population.

The results illustrated in Fig. 4 show that propidium uptake

was at least 20-fold lower in nsPEF-exposed cells than in

dead cells. This modest uptake level indicates that the

membrane barrier function was only partially compromised

by nsPEF. However, the long-term viability of PLB-

forming cells was not studied.

The Role of Colloid-Osmotic Swelling in PLB Growth

Once the optimal pulse parameters were explored, the

mechanisms of PLB growth were addressed. Possible

Fig. 3 Blebs are predominantly nucleated at the anodic cell pole.

Bleb initiation was evaluated during exposure to one of the pulse

protocols shown in the graph. For each treatment the number of

nucleation events was measured in four 90� sectors of the cell surface

(anodic, cathodic and two sides). The total number of nucleation

events in each protocol was taken for 100 %. Bars encode the fraction

of nucleation events and do not imply exact bleb position against the

electrodes. Data summarize the results of eight experiments for each

protocol

Fig. 4 Nanosecond pulsed electric field–triggered propidium uptake

compared to uptake in sham-exposure cells and dead cells. Dead cells

typically constitute *1–2 % of cell samples. Shading represents the

exposure interval. Note the scale break on the fluorescence axis. The

exposed group presents recordings of 53 cells in eight independent

experiments
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candidates for processes driving bleb formation were

electrophoresis, water uptake and cytoskeletal rearrange-

ments. Electrophoretic drift of charged molecules inside

the cell is a legitimate expectation during exposure to an

electric field; however, a very small duty cycle employed

in our treatments (1.2 9 10-6) renders this unlikely. Pre-

sumably, the growth of some cell protrusions is driven by

actin polymerization (Chhabra and Higgs 2007), but the

growth rate and size of PLBs exceed that of protrusions

formed via such mechanism (Pollard and Borisy 2003).

Alternatively, PLB growth may be fueled by water uptake.

As discussed previously, nsPEF-treated cells swell by a

Donnan-type colloid-osmotic mechanism (Pakhomov and

Pakhomova 2010; Nesin et al. 2011).

To test the role of the colloid-osmotic mechanism, we

partially substituted NaCl for an equiosmolar amount of

sucrose, which is a swelling inhibitor in nsPEF-treated cells

(Nesin et al. 2011). Exposure buffers in this series con-

tained 45, 90 or 180 mM of sucrose instead of a fraction of

NaCl equal to 22.5, 45 or 90 mM, respectively. The results

in Fig. 5 illustrate that such replacement is indeed effective

against bleb formation. Partial substitution of NaCl for

45 mM of sucrose almost completely eliminated PLBs and

modestly affected other bleb types. In the presence of

90 mM of sucrose, no PLBs developed, while formation of

other blebs was considerably inhibited. Finally, NaCl

replacement for 180 mM of sucrose prevented all types of

blebbing. Sham-exposed cells did not produce blebs in any

of the buffers.

These results showed that water uptake is indeed the

driving mechanism of PLB growth. Thus, formation of

both PLBs and regular blebs in nsPEF-treated cells relies

on water inflow. However, the elongated shape that con-

trasts PLBs to regular rounded blebs suggests that other

mechanisms, such as cytoskeletal rearrangements, may be

involved in PLB formation.

Role of Actin Rearrangements in PLB Formation

In this series we focused on the mechanism responsible for

the structural support and shape of PLBs. Considering their

monocytic origin, U937 cells may have an advanced reg-

ulation of their cytoskeleton (Sheth et al. 1991). As noted

above, PLBs commonly extend through the formation of

smaller sections that constantly append at the anodic tip.

As a result, these blebs commonly have transverse stric-

tures located between two consecutive sections. This

observation suggests a complex internal organization of

PLBs. We hypothesized that PLB support is provided by

formation of an actin scaffold.

In order to establish the role of the actin cytoskeleton,

we used a fluorescent rhodamine-phalloidin conjugate.

Conveniently, nsPEF treatment improved penetration of

the conjugate inside the cell and enabled efficient actin

visualization at a low dye concentration. The time series of

DIC and corresponding actin staining images during PLB

development are presented in Fig. 6a. PLB growth was

accompanied by the accumulation of actin in the bleb

interior. After nsPEF exposure, bleb growth stopped and

concurrently the formation of an actin rim began along the

bleb surface. The assembly of the actin cortex preceded

partial PLB retraction. During the retraction, PLBs deflated

and assumed a wrinkled appearance that corresponded to

intense actin accumulation in the bleb body.

To verify the role of actin in support of the PLB shape,

we inhibited actin polymerization by the addition of

cytochalasin D (1 nM). The results in Fig. 6b show that in

the presence of cytochalasin D nsPEF exposure induced

formation of regular rounded blebs rather than PLBs. After

pulse treatment, rounded blebs did not retract or develop an

actin rim.

Overall, the inhibition of F-actin formation by cyto-

chalasin D prevented formation of PLBs. Together with

fluorescent labeling data, this demonstrates that actin

polymerization is responsible for the unique PLB shape

and its retraction.

In summary, we established that the driving force of

PLB growth was Donnan-type colloid-osmotic water

uptake, while the specific bleb shape arises due to forma-

tion of the actin cytoskeleton.

Fig. 5 Inhibition of nanosecond pulsed electric field–induced bleb-

bing by isosmotic replacement of different fractions of NaCl for

sucrose. Replacement of equiosmolar amount of NaCl for sucrose

inhibits water uptake by electroporated cells and does not change the

final buffer osmolality. The number of blebs per cell was plotted

against the fraction of sucrose in the buffer (45, 90 and 180 mM). The

cell count is the sum of eight independent experiments
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Discussion

The experiments above clearly define pseudopod-like

blebbing as a phenomenon different from both apoptotic

and necrotic blebbing, which are commonly associated

with electric pulse exposure. PLBs exhibit distinctive

features, like elongated shape and growth directionality,

and to our best knowledge have not been reported pre-

viously. Whether PLBs are exclusive to nsPEF or can

also be produced by longer pulses remains to be

established.

PLBs form predominantly on the anode-facing cell

surface during exposure to long trains of nanosecond pul-

ses. During pulse application, the anodic pole is subject to

the largest induced transmembrane voltage and most

intense permeabilization (Frey et al. 2006; White et al.

2011). Prolonged permeabilization is an essential pre-

requisite for PLB formation. Water uptake in the perme-

abilized area driven by the colloid-osmotic gradient is the

primary force for PLB nucleation and growth. Although

water uptake starts immediately after permeabilization,

PLB formation typically begins in about 30 s. We propose

that this interval is required for water uptake and the cor-

responding increase in intracellular pressure that would

result in bleb nucleation. Alternatively, based on the

poroelastic cell concept (Charras et al. 2009), a 30-s

interval may be required for buildup of the pressure locally.

According to this hypothesis, the increase in local pressure

may result from a slow pressure equilibration across the

whole cell. In addition, we do not exclude the possibility of

a direct impact of membrane depolarization or pulse

damage on membrane–cytoskeleton interactions.

The growth of PLBs occurs exclusively during nsPEF

treatment and is directed toward the anode electrode.

Prolonged nsPEF treatment results in continual permeabi-

lization on the anodic pole and formation of a bleb tip that

migrates toward anode concurrently with bleb elongation.

Continual permeabilization of the tip generates constant

Fig. 6 Cytoskeleton formation in pseudopod-like blebs (PLBs) and

the effect of F-actin inhibition on bleb shape and retraction.

Representative frames of an image time series demonstrate blebs in

U937 cells before, during and after nanosecond pulsed electric

field treatment (started at 30 s). Pseudopod-like blebbing (a) is

accompanied by formation of an actin rim and partial bleb retraction

after exposure. The presence of cytochalasin D (b) inhibits PLB

formation. Rounded blebs that form instead do not develop the actin

rim and lack the retraction capability. Dashed lines enclose frames

recorded during exposure. Scale bar = 10 lm
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influx of extracellular water and determines the direction of

extension. According to this assumption, the anodotropic

direction of PLB growth is not an effect of the electric field

but rather a result of constant permeabilization of the

anodic cell pole.

Although we demonstrated that the colloid-osmotic

gradient is the driving mechanism of PBL extension, this

does not explain the characteristic elongated shape of

PLBs. We established that bleb elongation is accompanied

by formation of an actin cytoskeleton in the bleb interior.

Supposedly, prompt recruitment of actin into the bleb

reinforces bleb walls and prevents bleb growth sideways.

Meanwhile, continual permeabilization on the anodic pole

promotes bleb growth toward the electrode. Polymerization

of actin coupled with continual bleb formation at the

growing tip may also be responsible for the sectioned PLB

appearance. Blockage of actin polymerization permits bleb

spreading in all directions, thereby inhibiting PLBs and

resulting in the formation of stationary rounded blebs with

no retraction capability. Such blebs are morphologically

indistinguishable from terminal blebs formed in necrotic

cells. Formation of the actin scaffold culminates in

assembly of the bleb cortex and is responsible for PLB

retraction when the exposure ends. Actin assembly and

retraction of PLBs is an active process, suggesting that

nsPEF treatment does not damage cells beyond their repair

capacity. This assumption combined with a modest level of

propidium uptake suggests that PLB formation is hardly a

manifestation of cell necrosis. More likely such nsPEF-

guided protrusive blebbing provides a mechanism to

expand and retract the cell membrane in a controlled

manner.

Protrusion formation is an essential part of cell migra-

tion (Bereiter-Hahn 2005). Accumulating evidence sug-

gests that during protrusion formation, contrary to the

traditional view (Pollard and Borisy 2003), water inflow

(Loitto et al. 2002) and membrane evagination precede

actin assembly (Yang et al. 2009) and not the opposite. Our

experiments established that inhibition of water uptake is

sufficient to inhibit nucleation of PLBs and other blebs,

while inhibition of actin polymerization does not prevent

nucleation. In view of these findings, it may be interesting

to examine the role of water uptake in other types of cell

protrusions. However, the relevance of pseudopod-like

blebbing to cell protrusions in general, including blebbing

associated with cell motility, remains to be established.

Within the range of tested pulse conditions, PLB for-

mation was observed in U937 cells but not in several other

cell types (CHO, Jurkat and GH3; data not presented here).

This may indicate the lack of free actin monomers in these

cells or suboptimal nsPEF treatment conditions. Although

PLBs may be specific to a particular cell type, they may

provide a valuable model for investigation of blebbing and

other protrusions. Fast initiation, high yield and flexible

control over pulse-exposure parameters make this phe-

nomenon easy to manage. Further investigation of PLBs

may provide insights into membrane trafficking, cytoskel-

etal rearrangements and transmembrane water transport not

only in electroporated cells but also in cells studied in their

physiological environment.
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Abstract The permeability of cell membranes can be

transiently increased following the application of external

electric fields. Theoretical approaches such as molecular

modeling provide a significant insight into the processes

affecting, at the molecular level, the integrity of lipid cell

membranes when these are subject to voltage gradients

under similar conditions as those used in experiments. This

article reports on the progress made so far using such

simulations to model membrane—lipid bilayer—electro-

poration. We first describe the methods devised to perform

in silico experiments of membranes subject to nanosecond,

megavolt-per-meter pulsed electric fields and of mem-

branes subject to charge imbalance, mimicking therefore

the application of low-voltage, long-duration pulses. We

show then that, at the molecular level, the two types of

pulses produce similar effects: provided the TM voltage

these pulses create are higher than a certain threshold,

hydrophilic pores stabilized by the membrane lipid head-

groups form within the nanosecond time scale across the

lipid core. Similarly, when the pulses are switched off, the

pores collapse (close) within similar time scales. It is

shown that for similar TM voltages applied, both methods

induce similar electric field distributions within the mem-

brane core. The cascade of events following the application

of the pulses, and taking place at the membrane, is a direct

consequence of such an electric field distribution.

Keywords Millisecond pulse � Nanopulse �
Electric field � Nanopore

Introduction

Electroporation disturbs transiently or permanently the

integrity of cell membranes (Eberhard et al. 1989; Nickoloff

1995; Li 2008). These membranes consist of an assembly of

lipids, proteins and carbohydrates that self-organize into a

thin barrier that separates the interior of cell compartments

from the outside environment (Gennis 1989). The main lipid

constituents of natural membranes are phospholipids that

arrange themselves into a two-layered sheet (a bilayer).

Experimental evidence suggests that the effect of an applied

external electric field to cells is to produce aqueous pores

specifically in the lipid bilayer (Abidor et al. 1979; Benz

et al. 1979; Weaver and Chizmadzhev 1996; Weaver 2003;

Chen et al. 2006). Information about the sequence of events

describing the electroporation phenomenon can therefore be

gathered from measurements of electrical currents through

planar lipid bilayers along with characterization of molec-

ular transport of molecules into (or out of) cells subjected to

electric field pulses. It may be summarized as follows: the

application of electrical pulses induces rearrangements of

the membrane components (water and lipids) that ultimately

lead to the formation of aqueous hydrophilic pores (Abidor

et al. 1979; Benz et al. 1979; Weaver and Chizmadzhev

1996; Weaver 2003; Chen et al. 2006; Pucihar et al. 2006),
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Unité Mixte de Recherches CNRS UHP 7565, Université de
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whose presence increases substantially the ionic and

molecular transport through the otherwise impermeable

membranes (Pucihar et al. 2008).

The key features of electroporation are based on theories

involving stochastic pore formation (Chen et al. 2006). In

erythrocyte membranes, large pores could be observed using

electron microscopy (Chang 1992); but in general, direct

observation of the formation of nano-sized pores is not

possible with conventional techniques. Furthermore, due to

the complexity and heterogeneity of cell membranes, it is

difficult to describe and characterize their electroporation in

terms of atomically resolved processes. Atomistic simula-

tions in general, and molecular dynamics (MD) simulations

in particular, have proven to be effective for providing

insights into both the structure and the dynamics of model

lipid membrane systems in general (Tieleman et al. 1997;

Tobias et al. 1997; Forrest and Sansom 2000; Feller 2000,

2008; Tobias 2001; Mashl et al. 2001; Saiz and Klein 2002a;

Anézo et al. 2003; Berkowitz et al. 2006; Lindahl and

Sansom 2008; Edholm 2008; Marrink et al. 2009).

Recent studies have shown that the method is suitable for

investigating electroporation phenomena. Several MD simu-

lations have recently been conducted in order to model the

effect of electric field on membranes (Hu et al. 2005; Tieleman

2004; Tarek 2005; Bockmann et al. 2008; Ziegler and Vernier

2008), providing perhaps the most complete molecular model

of the electroporation process of lipid bilayers. This article

reviews the progress made so far using such atomistic simu-

lations to model lipid bilayer electroporation.

The effects of an electric field on a cell may be

described considering the latter as a dielectric layer (cell

surface membrane) embedded in conductive media (inter-

nal, cytoplasm; external, extracellular media). When rela-

tively low-field pulses of microsecond or millisecond

duration are applied to this cell (by placing, for instance,

the cell between two electrodes and applying a constant

voltage pulse), the resulting current causes accumulation of

electrical charges at both sides of the cell membrane. The

time required to charge the surface membrane is dependent

upon the electrical parameters of the medium in which it is

suspended. For a spherical cell it is estimated using

equivalent network RC circuits in the 100-ns time scale

(Hu et al. 2005; Beebe and Schoenbach 2005; Vasilkoski

et al. 2006; Sundararajan 2009; Deng et al. 2003). A

charging time constant in the range of hundreds of nano-

seconds was also obtained from derivations based on the

Laplace equation (see, e.g., Pauly and Schwan 1959 for the

first-order analysis on a spherical vesicle; Kotnik et al.

1998 for the second-order analysis; and Kotnik and

Miklavcic 2006 for the second-order analysis for two

concentric spherical vesicles, i.e., modeling an organelle).

If, on the other hand, the pulse duration is short enough

relative to the charging time constant of the resistive-

capacitive network formed by the conductive intracellular

and extracellular fluids and the cell membrane dielectric,

which is the case for nanosecond pulses, the electric field

acts directly and mainly on the cell membrane.

Simulations allow one to perform in silico experiments

under both conditions, i.e., submitting the system either to

nanosecond, megavolt-per-meter pulsed electric fields or to

charge imbalance, mimicking therefore the application of

low-voltage, long-duration pulses. Here, we describe the

results of such simulations, after a brief general introduc-

tion to MD simulations of membranes.

Materials and Methods

MD Simulations

The MD simulation presented here was carried out using the

program NAMD targeted for massively parallel architec-

tures (Kalé et al. 1999; Bhandarkar et al. 2002). The systems

were examined in the NPT (1 atm and 300 K) or NVT

(300 K) ensembles employing Langevin dynamics and the

Langevin piston method. The equations of motion were

integrated using the multiple time-step algorithm. A time

step of 2.0 fs was employed. Short- and long-range forces

were calculated every two and four time steps, respectively.

Chemical bonds between hydrogen and heavy atoms were

constrained to their equilibrium value. Long-range, elec-

trostatic forces were taken into account using a fast imple-

mentation of the particle mesh Ewald (PME) approach

(Darden et al. 1993; Essmann et al. 1995), with a direct space

sum tolerance of 10-6 and a spherical truncation of 11 Å.

Bond stretching, valence angle deformation, torsional

and nonbonded parameters and nonbonded interaction were

all extracted from the all-atom CHARMM force field

(MacKerell et al. 1998). For the lipid palmitoyl-oleyl-

phosphatidylcholine (POPC) we used the united atom

representation for the acyl chains.

Electrostatic Properties

The electrostatic potential, / zð Þ, along the lipid bilayer

normal, z, was derived from MD simulations using Pois-

son’s equation and expressed as the double integral of q zð Þ,
the molecular charge density distributions:

/ zð Þ ¼ /ðzÞ � /0 ¼
�1

e0

Z ZZ

0

q z00ð Þdz00dz0 ð1Þ

As a reference, /0 is set to zero in the upper bulk. Finally,

the transmembrane (TM) voltage was calculated as the

difference between the electrostatic potentials measured at

the upper and lower baths.
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The electric field profiles deriving from the charge dis-

tribution, called here ‘‘local electric fields,’’ were obtained

from the electrostatic profiles using o/ zð Þ=oz.

Three-dimensional (3D) maps of the electrostatic

potential characterizing the systems were generated by

solving numerically the Poisson equation. This calculation

was performed employing the PMEPot module of the

visualization program VMD (Humphrey et al. 1996).

Instantaneous values of the electrostatic potential were

averaged over 100-ps segments. The first derivative of the

electrostatic potential was evaluated using OpenDX (http://

www.opendx.org), an open–source visualization software

package, to yield the 3D maps of the electric field. The

electric properties of the bilayers described in this contri-

bution were visualized with OpenDX and the CMSP

Chemistry module (Gillilan and Wood 1995).

Modeling Membrane Electroporation

‘‘Molecular dynamics’’ refers to a family of computational

methods aimed at simulating macroscopic behavior

through the numerical integration of the classical equations

of motion of a microscopic, many-body system. Macro-

scopic properties are expressed as functions of particle

coordinates and/or momenta, which are computed along a

phase space trajectory generated by classical dynamics

(Allen and Tildesley 1987; Leach 2001) When performed

under conditions corresponding to laboratory scenarios,

MD simulations can provide a detailed view of the struc-

ture and dynamics of a macromolecular system. They can

also be used to perform ‘‘computer experiments’’ that

cannot be carried out in the laboratory, either because they

do not represent a physical behavior or because the

necessary controls cannot be achieved. Simulations are

usually performed on a small number of molecules (few

tens to few hundred thousand atoms), the system size being

limited, of course, by the speed of execution of the pro-

grams and the availability of computer power. In order to

eliminate edge effects and to mimic a macroscopic system,

simulations of condensed phase systems consider a small

patch of molecules confined in a central simulation cell and

replicate the latter using periodic boundary conditions

(PBCs) in the three directions of Cartesian space. For

membranes, for instance, the simulated system would

correspond to a small fragment of either a black film, a

liposome or multilamellar oriented lipid stacks deposited

on a substrate (Lindahl and Edholm 2000; Marrink and

Mark 2001).

Traditionally, phospholipids have served as models for

investigating in silico the structural and dynamic properties

of membranes. From both a theoretical and an experi-

mental perspective, zwitterionic phosphatidylcholine (PC)

lipid bilayers constitute the best-characterized systems

(Chiu et al. 1999; Rög et al. 2002; Saiz and Klein 2001;

Feller et al. 2002) (Fig. 1). More recent studies have con-

sidered a variety of alternative lipids, featuring different,

possibly charged, headgroups (Berkowitz and Raghavan

1991; Damodaran and Merz 1994; Cascales et al. 1996;

Mukhopadhyay et al. 2004; Chiu et al. 2003) and more

recently mixed bilayer compositions (Pandit et al. 2003;

Patel and Balaji 2008; Dahlberg and Maliniak 2008;

Gurtovenko and Vattulainen 2008; Vacha et al. 2009; Rog

et al. 2009; Li et al. 2009). Despite their simplicity,

bilayers built from PC lipids represent remarkable test

systems to probe the computation methodology and to

gain additional insight into the physical properties of

Fig. 1 a Configuration of a palmitoyl-oleyl-phosphatidylcholine

(POPC)-hydrated bilayer system from a well-equilibrated, constant-

pressure MD simulation performed at 300 K. Only the molecules in

the simulation cell are shown. Water molecules (O, gray; H, white)

and the phosphate (blue) and nitrogen (purple) atoms of the lipid

headgroups are depicted by their van der Waals radii, and the acyl

chains (cyan) are represented as sticks. b Number density profiles

(arbitrary units) along the bilayer normal, z, averaged over 2 ns of the

MD trajectory. The total density, water and hydrocarbon chain

contributions are indicated, along with those from the POPC

headgroup moieties. The bilayer center is located at z = 0 (Color

figure online)
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membranes (Tobias et al. 1997; Tobias 2001; Anézo et al.

2003; Chipot et al. 2005).

Up to recently, most membrane models consisted of

simulating fully hydrated, pure phospholipid bilayers,

without taking into account the effect of salt concentration

(see sections below). For such systems, the average struc-

ture of the lipid–water interface at the atomic scale may be

provided by the density distributions of different atom

types along the bilayer normal (Fig. 1), which can be

measured experimentally on multilamellar stacks by neu-

tron and X-ray diffraction techniques (Wiener and White

1992) as well as calculated from MD simulations. These

distributions highlight the composition and properties of

the membrane that appears as a broad hydrophilic inter-

face, with only a thin slab of pure hydrocarbon fluid in the

middle (Fig. 1). They indicate clearly the roughness of the

lipid headgroup area and how water density decays

smoothly from the bulk value and penetrates deeply into

the bilayer at a region delimiting the membrane–water

interface.

Electroporation Induced by Direct Effect of an Electric

Field

In the following we describe the methods/protocols and

results obtained from modeling the effect of a direct

electric field on lipid membranes. In simulations, it is

possible to apply ‘‘directly’’ a constant electric field, E~,

perpendicular to the membrane (lipid bilayer) plane. In

practice, this is done by adding a force, F~ ¼ qiE~, to all the

atoms bearing a charge, qi (Zhong et al. 1998; Yang et al.

2002; Tieleman et al. 2001; Crozier et al. 2001; Roux

2008). MD simulations adopting such an approach have

been used to study membrane electroporation (Hu et al.

2005; Tieleman 2004; Tarek 2005; Bockmann et al. 2008;

Ziegler and Vernier 2008) and lipid externalization (Ver-

nier et al. 2006a), to activate voltage-gated K? channels

(Treptow et al. 2004) and to determine the transport

properties of ion channels (Aksimentiev and Schulten

2005; Khalili-Araghi et al. 2006; Sotomayor et al. 2007;

Chimerel et al. 2008). Quite noticeably, these protocols

were initially applied in simulations of membranes to study

classical electroporation. It was only later that it became

possible experimentally to use nanosecond pulses. It turns

out that such protocols model rather the effects of nano-

second, megavolt-per-meter pulsed electric fields that are

too short to charge the membrane capacitor. For practical

reasons and in order to avoid charge (ions) accumulations

when the field is applied, it is recommended that this

method be used when modeling lipid bilayers in the

absence of salts. Indeed, in contrast to experiments,

because of the small size of the systems (*10 nm in the E~

field direction), even nanosecond pulses can induce

‘‘notable’’ charge reorganization.

The consequence resulting from high electric field

application to the system stems from the properties of the

membrane and from the simulations setup conditions: pure

lipid membranes exhibit a heterogeneous atomic distribu-

tion across the bilayer, to which are associated charges and

molecular dipole distributions. Phospholipid headgroups

adopt in general a preferential orientation. For hydrated PC

bilayers at temperatures above the gel to liquid crystal

transition, the PC dipoles point on average 30� away from

the membrane normal (Tobias 2001; Saiz and Klein

2002b). The organization of the phosphate (PO4
-), choline

(N[CH3]3
?) and carbonyl (C=O) groups of the lipid

headgroup hence give rise to a permanent dipole, and the

solvent (water) molecules bound to the lipid headgroup

moieties tend to orient their dipoles to compensate the

latter (Gawrisch et al. 1992). The electrostatic character-

istics of the bilayer may be gathered from estimates of the

electrostatic profile, /(z), that stems from the distribution

of all the charges in the system.

For lipid bilayers, most of which are modeled without

consideration of a salt concentration, an applied electric

field acts specifically and primarily on the interfacial water

dipoles (small polarization of bulk water molecules). The

reorientation of the lipid headgroups appears not to be

affected at very short time scales (Tarek 2005; Vernier and

Ziegler 2007) and not to exceed a few degrees toward the

field direction at a longer time scale (Bockmann et al.

2008). Hence, within a very short time scale, typically few

picoseconds (Tarek 2005), a transverse field, E~, induces an

overall TM potential, DV (Fig. 2). It is very important to

note here that, because of the MD simulation setup (and the

use of PBCs), E~ induces a voltage difference, DV � E~
�� ��:LZ ,

over the whole system, where Lz is the size of the simu-

lation box in the field direction. In the example shown in

Fig. 2, Lz is *10 nm. The electric field (0.1 V nm-1)

applied to the POPC bilayer induces DV � 1 V.

MD simulations of pure lipid bilayers have shown that

the application of electric fields of high enough magnitude

leads to membrane electroporation, with a rather common

poration sequence: the electric field favors quite rapidly

(within a few hundred picoseconds) formation of water

defects and water wires deep into the hydrophobic core

(Tieleman 2004). Ultimately, water fingers forming at both

sides of the membrane join up to form water channels

(often termed ‘‘prepores’’ or ‘‘hydrophobic pores’’) that

span the membrane. Within nanoseconds, a few lipid

headgroups start to migrate from the membrane–water

interface to the interior of the bilayer, stabilizing hydro-

philic pores (*1–3 nm diameter) (Fig. 3). All MD studies

have reported pore expansion as the electric field was
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maintained. In contrast, it was shown in one instance

(Tarek 2005) that a hydrophilic pore could reseal within

few nanoseconds when the applied field was switched off.

Membrane complete recovery, i.e., migration of the lipid

headgroups forming the hydrophilic pore toward the lipid–

water interface, being a much longer process, was not

observed.

For typical MD system sizes (128 lipids, 6 9 6 nm

membrane cross section), most of the simulations reported

a single pore formation at high field strengths. For much

larger systems, multiple pore formation with diameters

ranging from a few to 10 nm could be witnessed (Tieleman

2004; Tarek 2005). Such pores are in principle wide

enough to transport ions and small molecules. One attempt

has so far been made to investigate such a molecular

transport under electroporation (Tarek 2005). In this sim-

ulation, partial transport of a 12 bp DNA strand across the

membrane could be followed. The strand was considered

diffused toward the interior of the bilayer when a pore was

created beneath it and formed a stable DNA/lipid complex

in which the lipid headgroups encapsulated the strand. The

process provided support to the gene-delivery model pro-

posed by Golzio et al. (2002), in which an ‘‘anchoring

step’’ connecting the plasmid to permeabilized cell mem-

branes takes place during DNA transfer assisted by electric

pulses and agrees with the last findings from the same

group (Paganin-Gioannia et al. 2011).

The electroporation process takes place much more

rapidly under higher fields, without a major change in

the pore-formation characteristics. The lowest voltages

reported to electroporate a PC lipid bilayer are *2 V

(Bockmann et al. 2008; Vernier and Ziegler 2007). Ziegler

and Vernier (2008) reported minimum poration external

field strengths for four different PC lipids with different

chain lengths and composition (number of unsaturations).

The authors found a direct correlation between the mini-

mum porating fields (ranging 0.26–0.38 V nm-1) and the

membrane thickness (ranging 2.92–3.92 nm). Note that

estimates of electroporation thresholds from simulations

should, in general, be considered only as indicative since

they are related to the time scale the pore formation may

take. A field strength threshold is ‘‘assumed’’ to be reached

when no membrane rupture is formed within the 100 ns

time scale.

Electroporation Induced by Ionic Salt Concentration

Gradients

In this section, we describe the methods/protocols and

results obtained from modeling the effect of a charge

imbalance. Such protocols aim at mimicking the effects of

low-field pulses of microsecond or millisecond duration

that result in an accumulation of electrical charges at the

cell membrane. Indeed, regardless of how low-intensity

millisecond electrical pulses are applied, the ultimate step

Fig. 2 Electrostatic potential

profiles,/ zð Þ, along the

membrane normal, z, of a POPC

lipid bilayer a at rest and

b subject to a transverse electric

field. Shown are the

contributions from water, lipid

and the total electrostatic

profile. Note that the TM

voltage, DV (potential

difference between the upper

and lower water baths), created

under electric field (b) is mainly

due to water dipole reorientation

Fig. 3 Configuration taken from an MD simulation of a large POPC

bilayer, subject to an electric field generating a TM potential of

*1.5 V after a 2 ns run. Note the simultaneous presence of water

wires and of large water pores stabilized by lipid headgroups

L. Delemotte, M. Tarek: MD Simulations of Electroporation 535

123



is the charging of the membrane due to ion flow. Note that

here the ‘‘charging’’ of the membrane is not modeled.

Rather, the simulations are initiated by assuming that the

charging has already taken place, i.e., with a system

already set at a specific (selected) charge imbalance. Evi-

dently, in contrast to the previous protocol, here the

bilayers need to be modeled at a given salt concentration.

In a classical setup of membrane simulations and due to the

use of 3D PBCs, the TM voltage cannot be controlled by

imposing a charge imbalance across the bilayer, even when

ions are present in the electrolytes. Several MD simulation

protocols that can overcome this limitation have been

recently devised (Fig. 4).

The Double Bilayer Setup

It was indeed shown that TM potential gradients can be

generated by a charge imbalance across lipid bilayers by

considering an MD unit cell consisting of three saltwater

baths separated by two bilayers and 3D PBCs (Sachs et al.

2004) (Fig. 4a). Setting up a net charge imbalance, Q,

between the two independent water baths at time t = 0

induces a TM voltage DV by explicit ion dynamics.

The Single Bilayer Setup

Delemotte et al. (2008) introduced a variant of this method

where the double layer is not needed, avoiding therefore

the overcost of simulating a large system. The method

consists in considering a unique bilayer surrounded by

electrolyte baths, each of them terminated by an air–water

interface (Bostick and Berkowitz 2003). The system is set

up as indicated in Fig. 4b. First, a hydrated bilayer is

equilibrated at a given salt concentration using 3D PBCs.

Air–water interfaces are then created on both sides of the

membrane, and further equilibration is undertaken at con-

stant volume, maintaining therefore a separation between

the upper and lower electrolytes. A charge imbalance, Q,

between the two sides of the bilayer is generated by simply

displacing at time t = 0 an adequate number of ions from

one side to the other. As far as the water slabs are thicker

than 25–30 Å, the presence of air–water interfaces has no

influence on the lipid bilayer properties and the membrane

‘‘feels’’ as if it is embedded in infinite baths whose char-

acteristics are those of the modeled finite solutions. This

method was recently successfully applied to study transport

in ion channels (Delemotte et al. 2010, 2011; Treptow et al.

2009).

Extension to Liposomes

The availability of large computer resources has extended

the realm of simulations of membrane electroporation to

study systems large enough to allow modeling of small

liposomes. Figure 4c represents such a liposome con-

structed from a POPC bilayer and equilibrated in a

Fig. 4 MD simulation setups of three systems using the charge

imbalance method. a The double bilayer setup: two lipid bilayers are

separated by electrolyte baths at 1 M NaCl salt concentration. Note

that due to the use of PBCs (drawn box) the upper and lower

electrolytes are in contact. Q is imposed between the central water

bath and the two others. b The single bilayer setup: here, one single

bilayer is surrounded by water baths (maintained at 1 M NaCl). The

original MD cell represented the classical setup and the large cell that

allows for the creation of water–air interfaces. Q is imposed between

the lower and upper baths. c The liposome setup: a small, spherical

liposome is embedded in a 1 M NaCl electrolyte. Q is imposed

between the inner and outer water baths and 3D PBCs (drawn box)

are used
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200 mM NaCl salt solution. The system contains over

1,400 lipid molecules, forming a liposome of internal

diameter of 8 nm. The system size (210 9 210 9 210 Å3)

was chosen to be large enough to avoid interaction between

the central liposome and its replica, resulting in an overall

number of *890,000 atoms. In such a setup a charge

imbalance, Q, was imposed after the system equilibration

between the inner and outer sides of the liposome.

Figure 5 reports the electrostatic potential profiles along

the normal to the membrane generated from MD simula-

tions of a POPC bilayer in contact with 1 M NaCl saltwater

baths set at three increasing charge imbalances, Q, using

the single bilayer method. Here, the electrostatic profiles

are computed by considering also the charges of ions

present in the system. For all simulations, the profiles

computed at the initial stage show plateau values in the

aqueous regions and, for increasing Q, an increasing

potential difference DV between the two electrolytes

indicative of a TM potential.

Quite interestingly, the profiles show clearly that, in

contrast to the electric field case where the TM voltage is

mainly due to the water dipole reorientation (Fig. 2), most

of the voltage drop in the charge imbalance method is due

to a contribution from the ions. Indeed, the sole collapse of

the electrostatic potential due to the charge imbalance

separation by the membrane lipid core accounts for the

largest part of DV .

Using the charge imbalance setup, it was possible for the

first time to directly demonstrate in silico that the simulated

lipid bilayer behaves as a capacitor (Delemotte et al. 2008)

(Fig. 6). Simulations at various charge imbalances, Q, show

a linear variation of DV from which the capacitance can be

estimated as C ¼ Qs:DV�1, where Qs is the charge imbal-

ance per unit area. The capacitance values extracted from

simulations are expected to depend on the lipid composition

(charged or not) and on the force-field parameters used and

as such constitutes a supplementary way of checking the

accuracy of lipid force-field parameters used in the simula-

tion. Here, in the case of POPC bilayers embedded in a 1 M

solution of NaCl (Delemotte et al. 2008), the capacitance, C,

amounts to 0.85 lF cm-2, which is in reasonable agreement

with the value usually assumed in the literature, e.g.,

1.0 lF cm-2 (Roux 1997; Sachs et al. 2004) and with recent

measurements for planar POPC lipid bilayers in a 100 mM

KCl solution (0.5 lF cm-2).

For large enough induced TM voltages, the three pro-

tocols lead to electroporation of the lipid bilayer. As in the

case of the electric field method, for DV above 1.5–

2.5 volts, the electroporation process starts with the for-

mation of water fingers that protrude inside the hydro-

phobic core of the membrane. Within nanoseconds, water

wires bridging the two sides of the membrane under volt-

age stress appear. If the simulations are further expended,

lipid headgroups migrate along one wire and form a

hydrophilic connected pathway (Fig. 7).

Because salt solutions are explicitly considered in these

simulations, ion conduction through the hydrophilic pores

occurred following electroporation of the lipid bilayers.

Details about the ionic transport through the pores formed

within the bilayer core upon electroporation could be

gathered (Gurtovenko et al. 2010). The MD simulations of

the double bilayer system (Gurtovenko and Vattulainen

Fig. 5 Components of the electrostatic potential profiles, / zð Þ, along

the lipid bilayer normal, z, of a POPC membrane estimated from the

initial stage of MD simulations of the system at 1 M NaCl salt

concentration using the single bilayer method. z = 0 represents here

the center of the lipid bilayer, broken arrow indicates the location of

the bilayer–water interfaces and solid arrows show the locations of

the air–water interfaces. From a to c increasing amounts of net charge

imbalance Q between the lower and upper electrolytes induce TM

voltages (that may be estimated from the difference between the

electrostatic potentials of the two water baths) of increasing

amplitudes. Shown in the top panels are the contributions from lipid,

water and ions and in the lower panels the total electrostatic potential.

Note that the most of the TM voltage is due to the contribution from

ions
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2005; Kandasamy and Larson 2006), and the results pre-

sented here for the single bilayer setup and for the liposome

(Fig. 7) show that both cations and anions exchange

through the pores between the two baths, with an overall

flux of charges directed toward a decrease of the charge

imbalance. Ion translocation through the pores from one

bulk region to the other lasts from a few tens to a few

hundreds of picoseconds and leads to a decrease of the

charge imbalance and, hence, to the collapse of DV . Hence,

for all systems, when the charge imbalance reached a level

where the TM voltage was down to a couple of hundred

millivolts, the pores ‘‘closed’’ or ‘‘collapsed’’ in the sense

that no more ionic translocation occurred (Fig. 7f). The

final topology of the pores toward the end of the simula-

tions remained stable for time spans exceeding the 10-ns

scale, showing as reported in previous simulations (Tarek

2005) that complete recovery of the original bilayer

structure requires a much longer time scale.

Fig. 6 a Electrostatic potential, / zð Þ, across a POPC lipid bilayer for

different net charge imbalances, Q, between the upper and lower

electrolytes from MD simulations considering the setup of Fig. 5.

/ zð Þ is estimated as an in-plane average of the EP distributions

(Eq. 1). As a reference it was set to zero in the lower electrolyte. b
TM potential, DV , as a function of the charge imbalance, Qs, per unit

area. The capacitance (C) of the bilayer can be derived from the slope

of the curve

Fig. 7 Sequence of events following the application of a TM voltage

to a POPC lipid bilayer using the charge imbalance method (a–f).
Note the migration of Na? (yellow) and Cl- (cyan) ions through the

formed hydrophilic pores that are lined with lipid phosphate

(magenta) and nitrogen (blue) headgroup atoms. f The state of a

nonconducting pore reached when the exchange of ions between the

two baths lowered Q and therefore DV to values &200 mV is shown.

Topology of the nanometer-wide hydrophilic pores formed under high

DV imposed by the charge imbalance method in the planar bilayer (g)

and in the liposome (h). Blue arrows highlight the subsequent ionic

flow through the pores, and the yellow one indicates the expansion of

the pore as DV is maintained (Color figure online)
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Note that in order to maintain DV constant the modeler

needs to maintain the initial charge imbalance by ‘‘inject-

ing’’ charges (ions) in the electrolytes at a pace equivalent

to the rate of ion translocation through the hydrophilic

pore. This protocol is, particularly for the single bilayer

setup, adequate for performing simulations under constant

voltage (low voltage, millisecond duration) or constant

current conditions, which is suitable for comparison to

experiments undertaken under similar conditions (Kutzner

et al. 2011).

Discussion

MD simulations of lipid bilayers subject to high enough

TM voltages, regardless of how the latter are generated,

i.e., either by a direct electric field effect or by charging of

the membranes, undergo a similar cascade of events: within

a very short (nanosecond) time scale a defect in the

membrane manifested by the protrusion of water fingers

from the lipid headgroups/solvent forms in the lipid core.

When the TM voltage is maintained, these fingers span the

entire hydrophobic core, forming hydrophilic pores that are

later stabilized by lipid headgroups. The time scales asso-

ciated with each of these processes appear to be similar in

both protocols. Finally, when the pulses are switched off,

the pores collapse (close) within the same time scales.

Accordingly, the MD simulations show clearly that, at the

membrane level, the effects of nanosecond, megavolt-per-

meter pulsed electric fields and of low-voltage, millisecond

pulses are very similar. In the following we further inves-

tigate the molecular reasons leading to such similarities.

In order to determine the detailed mechanism of the pore

creation, it is helpful to probe the electric field distribution

across the bilayer, both at rest and under the effect of a TM

voltage. Figure 8a displays the electrostatic potential pro-

files for a lipid bilayer subject to increasing electric fields

that generate TM potentials ranging from 0 to *3 V. At

0 V, the lipid bilayer is at rest and the profiles reveal, in

agreement with experiments (Liberman and Topaly 1969),

the existence of a positive potential difference between the

membrane interior and the adjacent aqueous phases.

At rest, the voltage change across the lipid–water inter-

faces, the so-called dipole potential (Fig. 1), gives rise

locally to large electric fields. The latter, estimated simply as

o/ zð Þ=oz (in the present case up to 1.5 V nm-1), is oriented

toward the bulk, while at the center of the bilayer the local

electric field is null (Fig. 8b, c). When external electric fields

of magnitudes, respectively, of 0.06 and 0.30 V nm-1 are

applied, reorientation of the water molecules gives rise to

TM potentials of *0.75 and 3 V. Figure 8b, c reveals the

incidence of such reorganization on the local electric field

both at the interfacial region and within the bilayer core. In

particular one notes that the field in the membrane core has

Fig. 8 a Electrostatic potential profiles, / zð Þ, across a lipid bilayer

subject to electric fields of 0.0 VÅ
�1

(dotted line), 0.6 VÅ
�1

(thin line)

and 3.0 VÅ
�1

(bold line). Black arrows point to the location of the lipid

headgroups–water interface. b Corresponding electric field profiles

derived as o/ zð Þ=oz. c Two-dimensional (out of plane) map of the

electric field distribution at 0.0 VÅ
�1

. The local electric field direction

and strength are displayed as white arrows. Note that the larger fields are

located at the lipid–water interfaces and oriented toward the solvent. d
Two-dimensional (out of plane) map of the electric field distribution at

3.0 VÅ
�1

. Note the large fields located in the lipid core
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risen to a value of *1 V nm-1 for the highest DV imposed.

For the charge imbalance method, the overall picture is

similar (Fig. 9a, b), where again the TM voltages created

give rise to large electric fields within the membrane core,

oriented perpendicular to the bilayer.

Qualitatively, the electric field method and the charge

imbalance method result in a similar cascade of events that

take place at the membrane, which is a direct consequence

of such a field distribution. Indeed, water molecules, ini-

tially restrained to the interfacial region as they randomly

percolate down within the membrane core, are subject to a

high electric field and therefore inclined to orient their

dipole along this local field. These molecules can easily

hydrogen-bond among themselves, which results in the

creation of water files. Such fingers protrude through the

hydrophobic core from both sides of the membrane.

Finally, these fingers meet up to form water channels (often

termed ‘‘prepores’’ or ‘‘hydrophobic pores’’) that span the

membrane (Fig. 9c). As the TM voltage is maintained,

these water wires appear to be able to overcome the free

energy barrier associated with the formation of a water

molecule file that spans the bilayer (estimated to be

*108 kJ/mol in the absence of external electric field

(Marrink et al. 1996). As the electrical stress is maintained,

lipid headgroups migrate along the stable water wires and

participate in the formation of larger ‘‘hydrophilic pores,’’

able to conduct ions and larger molecules as they expand.

Evidently, reorientation of the lipids depends not only on

the net charges their headgroup carries, as has been shown

for negatively charged phosphatidylserines that can move

from one leaflet of the bilayer to the other, but also on the

nature of the tails (Vernier et al. 2009).

Conclusion

Currently, computational approaches remain potentially the

only techniques able to follow, at the atomic scale, the

local perturbation lipid membranes undergo when they are

subjected to external electric field. The results obtained so

far are believed to capture the essence of several aspects of

the electroporation phenomena in bilayer membranes and

could serve as an additional, complementary source of

information to the current arsenal of experimental tools. At

rest, i.e., before membrane breakdown, many characteris-

tics of the bilayer (e.g., hydrophobic core thickness, area

Fig. 9 a Electrostatic potential

profiles, / zð Þ, across a POPC

lipid membrane subject to a

charge imbalance (single bilayer

setup) before (solid line) and

after (broken line)

electroporation.

b Corresponding electric field

profiles. c Snapshot taken from

the MD simulation of the lipid

bilayer subject to a TM voltage

taken at the early stage of the

pore formation showing the

configuration of water

molecules represented as balls

and sticks (oxygen, gray) and

(hydrogen, white) forming a

continuous wire through the

hydrophobic core of the

membrane
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per lipid, intrinsic dipole potential, capacitance) are in

satisfactory agreement with experiments which indicate

that the force fields and protocols used in MD simulations

of lipid bilayers are rather well optimized. Despite their

intrinsic differences, all MD simulations of lipid bilayers

subjected to high enough TM voltages, regardless of how

the latter are generated, provide support to the stochastic

pore-formation theories in which the stress imposed on the

membrane is released thanks to formation of nanometer-

scale hydrophilic pores that span the lipid core. Quite

interestingly, it was shown that pore time formation is

similar for the electric field method and the charge

imbalance method (Vernier et al. 2006b). Hence, MD

simulations show clearly that at the membrane level the

effects of nanosecond, megavolt-per-meter pulsed electric

fields and of low-voltage, millisecond pulses are very

similar.

There are several points that need further investigation.

Perhaps the most important one is the interplay between

pore densities (number of hydrophilic pores per unit area

that can form) and transport rate that can be maintained at a

given imposed voltage or current condition. Simulations

have shown (Tarek 2005), as predicted (Lewis 2003), that

upon pore creation the electric field induces a significant

lateral stress, of the order of 1 mN m-1. It is unclear how

the induced lateral tension relaxes in a macroscopic system

when a voltage pulse is applied, which may have an inci-

dence on the density of pores that could nucleate.

Regardless of the topology of the bilayer, i.e., in planar

lipid membranes or in a liposome, one expects a strong

correlation between the size of the defect created, the

density of pores and the maintained electrical stress. Sim-

ulations of very large systems or those of liposomes

should in principle help us to characterize better such a

correlation.

It is undeniable that much more effort is still needed in

order to determine the cascade of events involved in more

complex events such as the transport of large molecules

across the membranes.
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Golzio M (2011) Direct visualization at the single-cell level of

siRNA electrotransfer into cancer cells. Proc Natl Acad Sci USA

108:10443–10447

Pandit SA, Bostick D, Berkowitz ML (2003) Mixed bilayer containing

dipalmitoylphosphatidylcholine and dipalmitoylphosphatidylserine:

lipid complexation, ion binding, and electrostatics. Biophys J

85:3120–3131

542 L. Delemotte, M. Tarek: MD Simulations of Electroporation

123



Patel RY, Balaji PV (2008) Characterization of symmetric and

asymmetric lipid bilayers composed of varying concentrations of

ganglioside GM1 and DPPC. J Phys Chem B 112:3346–3356

Pauly H, Schwan HP (1959) Uber die Impedanz Einer Suspension von

Kugelformigen Teilchen mit Einer Schale—Ein Modell fur das

Dielektrische Verhalten von Zellsuspensionen und von Protein-

losungen. Z Naturforsch B 14(2):125–131

Pucihar G, Kotnik T, Valic B, Miklavcic D (2006) Numerical

determination of transmembrane voltage induced on irregularly

shaped cells. Ann Biomed Eng 34:642–652

Pucihar G, Kotnik T, Miklavcic D, Teissié J (2008) Kinetics of
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Abstract Electropermeabilization/electroporation (EP) is

a physical method that by application of electric pulses to

cells increases cell membrane permeability and enables the

introduction of molecules into the cells. One of the uses of

EP in vivo is plasmid DNA electrotransfer to the skin for

DNA vaccination. EP of tissues induces reduction of blood

flow and, in combination with plasmid DNA, induction of

an immune response. One of the EP protocols for plasmid

DNA electrotransfer to the skin is a combination of high-

voltage (HV) and low-voltage (LV) pulses. However, the

effects of this pulse combination on skin-vessel blood flow

are not known. Therefore, using intravital microscopy in a

dorsal window chamber in mice and fluorescently labeled

dextrans, the effects of one HV and eight LV pulses on skin

vasculature were investigated. In addition, a detailed his-

tological analysis was performed. Image analysis of fluo-

rescence intensity changes demonstrated that EP induces a

transient constriction and increased permeability of blood

vessels as well as a ‘‘vascular lock.’’ Histological analysis

revealed rounding up of endothelial cells and stacking up

of erythrocytes at 1 h after EP. In addition, extravasation of

erythrocytes and leukocyte infiltration accompanied by

edema were determined up to 24 h after EP. In conclusion,

our results show that blood flow modifying effects of EP in

skin contribute to the infiltration of immune cells in the

exposed area. When combined with plasmid DNA for

vaccination, this could enable the initial and prolonged

contact of immune cells with encoded therapeutic proteins.

Keywords Electropermeabilization � Electroporation �
Blood vessel � Permeability � Vasoconstriction � Vascular

lock � Immune cell infiltration � Plasmid DNA

Introduction

The use of plasmid DNA as a vaccine is a promising alter-

native to traditional vaccines that are based on live or atten-

uated viruses (Tang et al. 1992; Rice et al. 2008; Ingolotti et al.

2010; Ferraro et al. 2011). The possibility of delivering a

vaccine without inducing antiviral immunity, the ability to

formulate multicomponent vaccines (Hirao et al. 2011;

Sardesai and Weiner 2011), the stability of DNA at room

temperature and the safety of production compared to viral

vaccines make plasmid DNA vaccination especially attrac-

tive. Proper design of plasmid DNA can lead to enhanced

expression of antigen, targeted expression in the cell (cytosol

or endoplasmic reticulum) and induction of CD4? T-helper

cells, among other things, which leads to an increased immune

response (Rice et al. 2008). The initial problems with the

delivery of DNA vaccines to cells in vivo and induction of a

potent immune response of the host have been successfully

surmounted by using electropermeabilization/electroporation

(EP) as a delivery system (Drabick et al. 2001; Pavselj and
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Preat 2005; Rice et al. 2008; Donate et al. 2011; Sardesai and

Weiner 2011). EP is a physical method where the application

of external electric pulses directly to living cells induces a

local increase in transmembrane potential difference. This

consequently enables the introduction of molecules into the

cells (Miklavcic and Towhidi 2010). The method was first

described by Neumann et al. (1982) for the introduction of

DNA into cells in vitro; however, clinical use was first

achieved for the delivery of cancer chemotherapeutic drugs

with EP, such as bleomycin or cisplatin (electrochemothera-

py) (Marty et al. 2006; Sersa et al. 2008b). Nowadays, EP is

increasingly used for the delivery of different nucleic acids

(plasmid DNA, siRNA, miRNA, shRNA, etc.) into cells in

vitro and different tissues, including muscle, skin and tumors,

in vivo (Rols et al. 1998; Gehl and Mir 1999; Cemazar et al.

2006; Aung et al. 2009; Mir 2009; Escoffre et al. 2010; Vidic

et al. 2010). Effective use of EP for enhancement of plasmid

DNA vaccination was first reported 10 years ago (Kadowaki

et al. 2000; Widera et al. 2000; Drabick et al. 2001) and has

already reached the clinical trial stage (van Drunen Littel-van

den Hurk and Hannaman 2010; Ferraro et al. 2011; Vasan

et al. 2011; El-Kamary et al. 2012). The success of EP for

plasmid DNA vaccination was attributed to the fact that EP

enhances delivery of plasmid DNA into the cells, where it is

expressed for a long time (several months) (Widera et al. 2000;

Cemazar et al. 2006; Escoffre et al. 2010), and thus induces a

potent immune response of the host to the introduced encoded

antigen (Drabick et al. 2001; Liu et al. 2008; Roos et al. 2009;

Xing et al. 2012). Furthermore, EP was demonstrated to be

safe and well tolerated in preclinical as well as clinical studies

(Vanbever and Preat 1999; Sardesai and Weiner 2011;

El-Kamary et al. 2012).

The best results were obtained when plasmid DNA vacci-

nation was performed in muscle or skin (Sardesai and Weiner

2011). One of the EP protocols for plasmid DNA electro-

transfer used a combination of one short (100 ls) high-voltage

(HV) pulse and one or more long (several milliseconds) low-

voltage (LV) pulses, the voltage being chosen from the elec-

trode design and the tissue being pulsated. In this setting EP

increased DNA expression up to 100-fold in muscle and skin.

Also, a higher infiltration of immune cells into the EP area was

present, consequently enabling the contact of more antigen-

presenting cells (APCs) with encoded antigens (Roos et al.

2009; Tevz et al. 2009; Lee et al. 2011). It was shown that EP

induces vascular changes in muscle, which could contribute to

the observed immune effects (Gehl et al. 2002). However, the

vascular and blood-modifying effects of the HV–LV pulse

combination that was used for plasmid DNA electrotransfer to

the skin are not known.

Therefore, the aim of the present study was to determine

the effects of an HV–LV pulse combination on skin and

subcutaneous blood vessels. For this purpose we used in

vivo optical imaging in a dorsal window chamber (DWC)

(Jain et al. 2002; Dreher et al. 2006; Palmer et al. 2011) in

mice together with histological characteristic evaluation:

edema, blood-vessel changes and immune cell infiltration

at different times after the HV–LV pulse combination.

Materials and Methods

Reagents

We resuspended 2,000 kDa fluorescein isothiocyanate

(FITC) labeled dextran (Sigma-Aldrich, St. Louis, MO) in

phosphate-buffered saline (PBS). To remove any free FITC

or low-molecular weight contaminants, the 2,000 kDa

FITC-labeled dextran was washed two times for 2 h

through a 1,000 kDa Vivaspin ultrafiltration spin column

(Sartorius Stedim Biotech, Goettingen, Germany). The

high-molecular weight component was then resuspended in

PBS to a final concentration of 37.5 mg/ml.

Animals

In the experiments 6–8 week-old female C57Bl/6 mice

weighing 20–24 g were used. Mice were kept under spe-

cific pathogen-free conditions at a constant room temper-

ature (21 �C) and humidity and a 12 h light/dark cycle.

Food and water were provided ad libitum. Animals were

subjected to an adaptation period of 14 days before

experiments. All animal experiments were conducted in

accordance with the guidelines for animal experiments of

the EU directives, the French procedural guidelines for

animal handling with the approval of the Regional Ethical

Review Committee in Midi-Pyrénées (MP/02/36/10/10)

and permission from the Ministry of Agriculture, Forestry

and Food of the Republic of Slovenia (permission

34401-12/2009/6). For each experimental condition three

to five mice were randomly assigned, out of which two to

four mice were selected for histological analysis. Only one

experiment was performed on each mouse.

Preparation of the DWC in Mice

The DWC model in mice is a chronic model where a dorsal

skinfold is sandwiched between two symmetrical frames. It

allows direct visual access to the normal vasculature of the

skin through a standard microscopy cover glass and enables

repetitive high-resolution imaging of the exposed vasculature

in the same mouse over a period of 2–3 weeks (Palmer et al.

2011). For DWC implantation mice were first anesthetized

with an intraperitoneal injection of ketamine (1 mg/ml,

Narketan�; Vetoquinol, Ittigen, Switzerland), xylazine

(5 mg/ml, Chanazine; Chanelle Pharmaceuticals, Loughrea,

Ireland) and acepromazine (0.4 mg/ml, Promace; Fort Dodge
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Animal Health, IA); then, the back of the mouse was shaved

and depilated with depilatory cream (Veet; Reckitt Benckiser,

Slough, UK). DWC (APJ Trading, Ventura, CA) consisting of

two titanium frames was surgically implanted onto the

extended double layer of the skin with stainless-steel screws

and sutures. Subsequently, one layer of the skin was excised to

expose the vasculature of the lower layer of skin. From the

lower layer of skin all fat and connective tissues were dis-

sected away to ensure optimal microscopic observation. The

DWC was filled with 0.9 % NaCl solution and closed with a

12 mm cover glass (Glaswarenfabrik Karl Hecht, Sondheim,

Germany). After the surgery and for the following 2 days,

butorphanol (0.3 mg/kg, Torbugesic; Fort Dodge Animal

Health) was injected intramuscularly once per day.

Electropermeabilization

EP was performed 3–7 days after the implantation of DWC

in mice. The pulsing parameters used were one HV pulse

(voltage-to-distance ratio 1,000 V/cm, duration 100 ls)

followed by a 1 s lag and eight LV pulses (voltage-to-dis-

tance ratio 140 V/cm, duration 50 ms, repetition frequency

1 Hz) (Andre et al. 2008). Pulses were generated by Clini-

porator
TM

(Igea, Carpi, Italy) and delivered by two parallel

stainless-steel rods (length 5 mm, width 1.3 mm) 4 mm

apart (Mazeres et al. 2009). The electrodes were placed on

the skin on the opposite side of the cover glass, where the

epidermis was intact. Good contact between the electrodes

and the skin was ensured by means of a conductive gel

(P. J. Dahlhausen, Cologne, Germany). To determine the

leakage of FITC-labeled dextran from the vessels, EP was

performed 2 min after FITC-labeled dextran injection, when

all vessels were completely filled, or at different times before

FITC-labeled dextran injection to determine resealing of the

vessel wall and duration of the ‘‘vascular lock.’’

Intravital Microscopy and Image Acquisition

For intravital microscopy an upright ‘‘Macrofluo’’ fluores-

cence microscope (Leica Microsystems, Rueil-Malmaison,

France) equipped with a Cool Snap HQ Camera (Roper

Scientific, Ottobrunn, Germany) and Metamorph (Molecular

Devices, Sunnyvale, CA) image acquisition software were

used. Animals were first anesthetized with inhalation anes-

thesia (Isofluran; Nicholas Piramal India, London, UK) and

placed on a custom-designed holder, which enabled fixation of

the DWC during image acquisition and therefore prevented

the artifacts caused by movement due to breathing. Blood

vessels were visualized by fluorescence (excitation filter, BP

480/40 nm; emission filter, LP 510 nm) after injection of

100 ll of FITC-labeled dextran (3.75 mg/mouse). To ensure

that the vessels were completely filled up, a series of images

every 20 s for 2 min was acquired when FITC-labeled dextran

was injected before EP. Immediately after EP (\10 s) a sec-

ond series of images every 20 s for the first 8 min and every

2 min for the next 22 min was acquired. When FITC-labeled

dextran was injected after EP, only the second series of images

was acquired. Images were analyzed offline with image

analysis software (AxioVision; Zeiss, Jena, Germany).

Data Analysis

To determine the increase in fluorescence intensity inside

and outside the vessels, a differential approach was used,

which was adapted from Reyes-Aldasoro et al. (2008), fol-

lowed by specific image analysis. Briefly, after i.v. injection

of FITC-labeled dextran, a series of images was acquired

during the first 2 min before EP and 30 min after EP. Then, a

mask of the blood-vessel network was created and the mean

fluorescence intensity determined in the vascular compart-

ment and in the tissue. For measurement of blood-vessel

diameters, at least five venules (diameters 20–250 lm) and

arterioles (10–100 lm) were selected from each mouse. The

narrow, straight, fast-flowing vessels with few branches were

defined as arterioles and the rest as venules. The diameter of

the vessels was measured in each image of the recorded

series and normalized to the value before EP.

Histology

The circular part of the skin inside the DWC that was

monitored through the cover glass was excised at 1, 12, 24,

or 48 h after EP. The skin was then fixed in formalin for

24 h and stored in 70 % ethanol until it was embedded in

paraffin in such orientation that sections were cut perpen-

dicular to the skin layers encompassing both parts of the

skin where electrodes were placed. From each DWC

preparation, 9–12 sections of 5 lm thickness were cut and

stained with hematoxylin and eosin. Slides were observed

with a BX-51 microscope (Olympus, Hamburg, Germany)

coupled with a DP72 digital camera (Olympus).

Statistical Analysis

For statistical analysis Sigma Plot software (Systat Software,

London, UK) was used. For comparison of the control and EP

groups, a Student t-test or one-way ANOVA followed by a

Holm-Sidak test was used. A value of p \ 0.05 was con-

sidered statistically significant.

Results

EP Induces Constriction of Blood Vessels

To determine the effect of EP on vessel morphology, the

diameters of arterioles and venules were measured for the
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first 30 min after EP. Application of electric pulses resulted

in an immediate constriction of the arterioles and venules

(Fig. 1). The statistically significant constriction of arteri-

oles (*70 %) was more pronounced than the constriction

of venules (*30 %) and lasted longer (Fig. 1). In com-

parison to the control, the diameters of arterioles remained

statistically significantly smaller during the entire

observation period (30 min), whereas the diameters of

venules returned to pre-EP values 14 min after EP (Fig. 1).

The diameters of arterioles and venules in control mice

remained constant during the entire observation time

(20–250 lm for venules and 10–100 lm for arterioles).

EP Induces a ‘‘Vascular Lock’’

EP induced transient obstruction of blood flow, a ‘‘vascular

lock’’ in the skin, which resulted in slowed filling up of

vessels in comparison to the control group, where complete

filling up of vessels was achieved within 2 min after FITC-

labeled dextran i.v. injection (Fig. 2a). When FITC-labeled

dextran was injected 0.5, 1, and 5 min after EP, the filling

up of all pulsed vessels was completed *10 min after i.v.

injection (Figs. 2,3). When FITC-labeled dextran was

injected 10 or 30 min after EP, the filling up of vessels was

completed within 3 min after i.v. injection (Fig. 2). The

maximal variation of mean fluorescence intensity per sec-

ond was also statistically significantly decreased at 0.5, 1,

and 5 min after EP (Fig. 2b). This demonstrates that the

EP-induced ‘‘vascular lock’’ in the skin is transient and

lasts *10 min after EP.

EP Increases the Permeability of Blood Vessels

To determine the effect of EP on the permeability of blood

vessels, the relative variation of the mean fluorescence

intensity in the tissue neighboring the blood vessel due to

FITC-labeled dextran leakage from the pulsed blood ves-

sels was measured (Fig. 3). A statistically significant

increase of the mean fluorescence intensity was determined

after EP in comparison to the control. For the first 8 min

Fig. 1 Constriction of blood vessels after EP. Diameters of vessels

were measured after i.v. injection of FITC-labeled dextran. Pulsing

parameters when EP was applied: one pulse of voltage-to-distance

ratio 1,000 V/cm, 100 ls, 1s pause; eight pulses of voltage-to-

distance ratio 140 V/cm, 50 ms, 1 Hz. Diameters were normalized to

the value 2 min after i.v. injection of FITC-labeled dextran.

Normalized diameters of arterioles and venules after EP (n = 3) are

represented as a function of time in comparison to control (n = 3).

Diameters were statistically significantly smaller for the first 14 min

for venules and throughout the observation time for arterioles

(p \ 0.05). Student’s t test was used for comparison of each time

point of the EP group to the same time point of the control group

Fig. 2 Time course of filling up of blood vessels after EP. Kinetics of

filling up of vessels was determined after i.v. injection of FITC-

labeled dextran at different times after EP (0.5, 1, 5, 10, and 30 min).

Pulsing parameters when EP was applied: one pulse of voltage-to-

distance ratio 1,000 V/cm, 100 ls, 1s pause; eight pulses of voltage-

to-distance ratio 140 V/cm, 50 ms, 1 Hz. a Filling up of vessels is

expressed as a percent of maximum mean fluorescence intensity in

vessels (Imax) after i.v. injection of FITC-labeled dextran. b Maximal

variation of intensity per second calculated from the filling up curves.

The filling up of vessels was slowed down when dextran was i.v.

injected 0.5, 1, and 5 min after EP and returned to control levels when

the interval between EP and i.v. -injection was 10 and 30 min

(n = 3–5). A one-way ANOVA followed by a Holm-Sidak test were

used for statistical analysis. *p \ 0.05 in comparison to the control.

Error bars indicate SEM
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after EP, the increase of relative variation of fluorescence

intensity was linearly dependent on time, after which it

reached a plateau (Fig. 4a). In the control group the relative

variation of mean fluorescence intensity in the tissue

decreased slightly during the observation time (Fig. 4a).

To evaluate the duration of increased permeability of the

pulsed blood vessels, FITC-labeled dextran was i.v.-injec-

ted at different times after EP and the relative increase of

mean fluorescence in the tissue per minute was determined

thereafter (Figs. 3, 4b). Statistically significant values were

determined for the injection of FITC-labeled dextran 0.5, 1,

and 5 min after EP; then, the relative variation of mean

fluorescence intensity per minute decreased and reached

values similar to the control group when injection of FITC-

labeled dextran was performed 30 min after EP (Fig. 4b).

For the calculations, only the first 8 min after FITC-labeled

dextran injection were relevant due to the fact that during

this time interval after EP the FITC-labeled dextran leak-

age from blood vessels into the tissue was linearly

dependent on time (Fig. 4a).

Fig. 3 Illustration of ‘‘vascular lock’’ and dextran leakage into the

tissue after EP. Pulsing parameters when EP was applied: one pulse of

voltage-to-distance ratio 1,000 V/cm, 100 ls, 1s pause; eight pulses

of voltage-to-distance ratio 140 V/cm, 50 ms, 1 Hz. ‘‘Vascular lock’’

was determined when FITC-labeled dextran was i.v. -injected 0.5 min

after EP (EP ? 30 s), where the filling up of vessels was completed

*10 min after EP, whereas leakage of FITC-labeled dextran was

observed earlier (*6 min after EP). Leakage of FITC-labeled dex-

tran into the tissue was measured when FITC-labeled dextran was

i.v. -injected 2 min before EP (EP), and then relative variation of

mean fluorescence intensity was determined for the next 30 min. In

the control group (Control) filling up of vessels was completed within

2 min after i.v. injection of FITC-labeled dextran, and there was no

leakage of dextran into the tissue

Fig. 4 Increased permeability of blood vessels and duration of

increased permeability. Pulsing parameters when EP was applied: one

pulse of voltage-to-distance ratio 1,000 V/cm, 100 ls, 1s pause; eight

pulses of voltage-to-distance ratio 140 V/cm, 50 ms, 1 Hz. a Measure

of relative mean fluorescence intensity changes in DWC tissues

outside the vessels as a function of time after EP in comparison to the

control group without EP. b Measure of relative mean fluorescence

intensity changes per minute in DWC tissues outside the vessels when

FITC-labeled dextran was injected at different times after EP

(n = 3–5). A one-way ANOVA followed by a Holm-Sidak test were

used for statistical analysis. *p \ 0.05 in comparison to control. Error
bars indicate SEM
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EP-Induced Histological Changes of the Skin

Histological changes of the skin after EP were determined

1, 12, 24, and 48 h after EP. In the slides, sections of the

skin consisting of epidermis, dermis with hair follicles,

subcutaneous tissues with blood vessels and a thin striated

muscle layer are presented (Fig. 5a). Rounding up of vessel

endothelial cells, narrowing of vessel lumen and stacking

of erythrocytes in vessels were present at 1 h after EP

(Fig. 5d–f) but were not present anymore at later time

points. The extravasation of erythrocytes; increased pres-

ence and marginalization of leukocytes, which was

accompanied by extravasation; and increased infiltration of

leukocytes into the tissue between the electrodes was

observed at 1 and 12 h after EP (Fig. 5d–i). Infiltration of

leukocytes was also observed at 24 h after EP, which

decreased at 48 h after EP (Fig. 5j–o). Infiltration was

accompanied by edema, which was present in the con-

nective tissue under the epidermis at all time points, except

at 48 h after EP, when it was already resolved (Fig. 5). All

of these features were more pronounced closer to the

negative electrode than under the positive one or between

the electrodes. In addition, at all time points the damage to

the epidermis, vessels and hair follicles was much more

evident under the negative electrode, where even destruc-

tion of different tissue structures was observed (Fig. 5).

Recovery of the epidermis and underlying tissue under the

electrodes was evident at 24 and 48 h after EP (Fig. 5g–o).

All of the above-mentioned features were observed in all

samples at specific time points.

Discussion

The results of this study show that application of an

HV–LV pulse combination used for plasmid DNA elec-

trotransfer to the skin induces a transient constriction of

blood vessels, ‘‘vascular lock’’ and increased permeability

of blood vessels. Already within 1 h after EP rounding up

of endothelial cells and stacking up of erythrocytes can be

observed in the area of the tissue exposed to EP. In addi-

tion, extravasation of erythrocytes into the tissue and leu-

kocyte infiltration with edema were observed. Damage to

the epidermis and the tissue beneath the electrodes was

repaired within 48 h after EP.

Several studies have reported that different HV–LV

combinations of pulses are very effective for plasmid DNA

electrotransfer to the skin, inducing a better immune

response and longer gene expression in comparison to HV

or LV pulses alone (Pavselj and Preat 2005; Andre et al.

2008; Roos et al. 2009; Brave et al. 2010; Gothelf et al.

2011). Concerning the safety of the methods, regardless of

the electrodes used, the application of pulses to the skin

results in a slight and transient disruption of the skin barrier

function, slight and transient erythema and upregulation of

genes involved in the immune response (Dujardin et al.

2002; Pavselj and Preat 2005; Roos et al. 2009). However,

there have been no reports on the effects of EP on the

vasculature of the skin and detailed histological analysis of

these effects. Our study is the first to provide direct

observations of the effects of an HV–LV combination of

pulses on normal vasculature in the skin.

First, the effects of EP on blood vessels in the skin from

our direct observation extended the models of vascular

response observed in studies done on muscle and tumors

(Gehl et al. 2002; Sersa et al. 2008a). The vascular response

was described as a two-phase phenomenon, where the first

short phase is quick and was attributed to sympathetically

mediated vasoconstriction of afferent arterioles, whereas the

second slower phase is of much longer duration (up to

30 min in the case of muscle) and supposed to follow the

kinetics of cell membrane resealing after EP and changes of

endothelial cell shape (Gehl et al. 2002; Jarm et al. 2010).

Our data on measurement of blood-vessel diameters are in

agreement with this hypothesis. The immediate constriction

of blood vessels after EP was more pronounced for arterioles

(*70 %) than for venules (*30 %). The constriction of

arterioles also lasted longer (throughout the observation

period) than the constriction of venules (*15 min). The

bigger impact of EP on the diameter of arterioles can be

explained by differences in the structure of the blood-vessel

wall, where the smooth muscle of the tunica media is more

abundant in the wall of arterioles compared to venules

(Seeley et al. 2000). The observed constriction of the blood

vessels resulted in a ‘‘vascular lock’’ (Gehl et al. 2002; Sersa

et al. 2008a) (Fig. 2). The filling up of the vessels was sta-

tistically significantly slower for the first 5 min after EP. For

example, when FITC-labeled dextran was injected imme-

diately after EP (0.5 min), the filling up of the blood vessels

Fig. 5 EP-induced changes in skin. Representative images of tissue

sections which were exposed to EP and stained with hematoxylin and

eosin (pulsing parameters: one pulse of voltage-to-distance ratio

1,000 V/cm, 100 ls, 1s pause; eight pulses of voltage-to-distance

ratio 140 V/cm, 50 ms, 1 Hz). a E epidermis, D dermis with hair

follicles, S subcutaneous tissues with blood vessels, M a thin striated

muscle layer; b arrow blood vessels; c arrow intact epidermis,

arrowhead hair follicle; d arrow stacking of erythrocytes; e arrow
rounding up of endothelial cells in the venule, arrowhead rounding up

of endothelial cells in the arteriole; f thick arrow damaged keratino-

cytes under the electrode, arrowhead marginalization of immune cells

(prominent nuclei are present) in the blood vessel, thin arrow
damaged hair follicle; g arrow extravasation of erythrocytes; h arrow
infiltration of immune cells; i arrow damaged keratinocytes under the

electrode, arrowhead damaged hair follicle; j arrow edema; k arrow
infiltration of immune cells; l arrow recovery of epidermis, arrow-
head damaged keratinocytes under the electrode; m arrow recovered/

normal blood vessels; n arrow infiltration of immune cells; o arrow
recovery of epidermis, arrowhead damaged keratinocytes under the

electrode. Scale bar 50 lm

c
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was completed *10 min after the injection. Direct in vivo

experimental support for the second phase of the proposed

vascular effects was demonstrated in our study by increased

permeability of the blood vessels after EP for 2,000 kDa

FITC-labeled dextran. Its size was chosen as being approx-

imately the size of plasmid DNA (Paganin-Gioanni et al.

2011). The increased permeability of the blood vessels for

2,000 kDa FITC-labeled dextran lasted for 5–10 min and
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gradually returned to pre-EP values 30 min after EP. The

second phase was mainly attributed to disruption of the

cellular cytoskeleton and junctional integrity of the blood-

vessel endothelium (Kanthou et al. 2006; Jarm et al. 2010).

The increased permeability of the blood vessels for

2,000 kDa FITC-labeled dextran returned to control levels

only 30 min after EP, indicating that restoration of the blood-

vessel endothelium is slow and, thus, enables leakage of

large molecules for an extended period of time.

Second, EP also has other effects on the target tissue

besides vascular effects, and very little is known about

these effects. It is now known that application of electric

pulses to tissues affects not only the permeability of cell

membranes but also the distribution of DNA and other

molecules in the tissues (Zaharoff et al. 2002; Henshaw

et al. 2007, 2011). One of the hallmarks of DNA vacci-

nation combined with EP is that EP significantly enhances

the immunogenicity of DNA vaccines relative to DNA

injection alone also in human clinical trials (Hirao et al.

2010; Livingston et al. 2010; Sardesai and Weiner 2011;

Vasan et al. 2011). This was concluded by measuring

different features of the immune response, but the under-

lying mechanisms remain poorly understood. DNA vacci-

nation, regardless of the therapeutic gene used, combined

with EP increased the excretion of interferon-gamma from

antigen-specific CD8? cells, increased the number of

antigen-specific CD4? cells and several other types of

immune cells compared to injection of DNA alone or

another type of vaccination (Rosati et al. 2009; Belisle

et al. 2011; Brave et al. 2011; Kulkarni et al. 2011; Lee

et al. 2011; Sardesai and Weiner 2011). The results of our

study demonstrate that the effects of EP on skin blood

vessels can contribute to the immune response observed in

other studies when EP was combined with DNA vaccines.

Namely, the observed effects of EP, i.e., increased per-

meability of blood vessels and ‘‘vascular lock,’’ cause a

small and reversible tissue damage that is enough to lead to

inflammation and increased infiltration of immune cells.

Specifically, EP induces increased permeability of the

blood vessels for at least 30 min, which enables protein

leakage outside the vessels, leading to a decrease in the

pressure between the intra- and extra-vascular compart-

ments and to extravasation of fluids. The results are

development of interstitial edema, increased interstitial

fluid pressure and decreased intravascular pressure, which

all contribute to compromised blood flow, i.e. ‘‘vascular

lock,’’ in addition to vasoconstriction. Furthermore,

although the observed ‘‘vascular lock’’ was short-lived, it

can still result in ischemia–reperfusion injury (van den

Heuvel et al. 2009). Moreover, it was shown in our pre-

vious studies that EP causes the formation of reactive

oxygen species in vitro, which was indirectly shown also in

vivo in mouse muscle (Gabriel and Teissie 1995; Markelc

et al. 2012). All of these effects of EP on skin and sub-

cutaneous vasculature observed by in vivo imaging were

confirmed by histological analysis performed at different

times after EP. Increased permeability of the blood vessels

was demonstrated by rounding up of endothelial cells,

extravasation of erythrocytes and edema present in the

connective tissue below the epidermis. Furthermore,

attraction of immune cells was demonstrated by the mar-

ginalization of leukocytes in the vessels and by pronounced

infiltration seen only in the areas between the electrodes,

which were present for at least 24 h. Therefore, taken

collectively, in case of plasmid DNA vaccine combined

with EP, we can predict that the cells transfected with

plasmid DNA are in contact with numerous immune cells

for at least 24 h. Thus, the plasmid DNA has enough time

to translate into an antigenic protein, which can react with

immune cells, leading to a pronounced immune response,

both cellular and humoral. It is also worth mentioning that

the effects of EP on histological changes (tissue damage,

lymphocyte infiltration, etc.) were more pronounced at the

negative electrode. The reason for this observation is not

known, but it could be ascribed to the electrolytic chemical

reaction of reduction at the negative electrode, leading to

formation of different chemicals, mainly sodium hydroxide

(Wagner et al. 1985).

One of the aspects dealing with translation of plasmid

DNA vaccination combined with EP to more widespread

use in humans is the standardization of EP parameters.

From the tissue effects of EP that were shown in previous

studies in muscle, tumors and our study on the skin, it is

obvious that the EP parameters optimized for therapeutic

effects are dependent on the tissue’s structural character-

istics and blood-vessel morphology. Therefore, further

studies are needed to evaluate the tissue effect of EP, which

will bring plasmid DNA vaccination combined with EP

into wider clinical use.
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Abstract This review presents an overview of the effects

of electric fields on giant unilamellar vesicles. The appli-

cation of electrical fields leads to three basic phenomena:

shape changes, membrane breakdown, and uptake of

molecules. We describe how some of these observations

can be used to measure a variety of physical properties of

lipid membranes or to advance our understanding of the

phenomena of electropermeabilization. We also present

results on how electropermeabilization and other liposome

responses to applied fields are affected by lipid composi-

tion and by the presence of molecules of therapeutic

interest in the surrounding solution.

Keywords Deformation � Electric field � Fusion �
Giant unilamellar vesicle � Poration

Introduction

Our conception of the role of lipid molecules in biological

membranes has dramatically evolved over the past few

decades. The lipid membrane was first considered as a

purely passive barrier and a substrate to house membrane

proteins that carried out the biological functions of the cell

membrane. However, it is now widely accepted that lipids

play an active role in a number of biological processes. Their

physicochemical properties, conferred by their structure and

their amphiphilic nature, have consequences well beyond

their self-assembly and ability to form a barrier. However,

the study of the behavior of lipid molecules in a complex

environment, such as a living cell, turns out to be a very

difficult task as a result of the presence of other cell con-

stituents such as the cytoskeleton and organelles, and also

because of the large number of different lipid species pres-

ent. Another source of complexity emerges from the pres-

ence of various membrane proteins and the cell glycocalyx.

Fortunately, we are now able to form cell-sized artificial

membranes with well controlled compositions. These

objects are called giant unilamellar vesicles (GUVs), also

referred to as giant vesicles or giant liposomes. Their study

has become increasingly popular in chemistry, biology and

physics laboratories. Their primary interest is probably their

size which, ranging from a few to hundreds micrometers in

diameter, allows their direct observation via optical

microscopy techniques. During the 1980s, Angelova and

Dimitrov developed an efficient protocol for GUV produc-

tion known as electroformation (Angelova and Dimitrov

1986; Mathivet et al. 1996), which was later shown to indeed

produce unilamellar vesicles (Rodriguez et al. 2005).

Because of the ease of their fabrication and their rich phe-

nomenology, artificial vesicles have received an ever

growing interest from the scientific community, as attested

by the increasing number of studies using GUVs as mem-

brane model systems. We anticipate that this tendency could

even accelerate in the future, as a number of obstacles in the

preparation of giant liposomes under physiological condi-

tions have recently been overcome (Estes and Mayer 2005;

Horger et al. 2009; Montes et al. 2007; Pott et al. 2008).
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Here we aim to introduce the various phenomena that

occur when GUVs are subjected to electric fields. Dimova

and colleagues have written comprehensive reviews about

the effects of electric fields on GUVs (Dimova et al. 2007,

2009) and about the physics of GUVs in general (Dimova

et al. 2006). The present paper is a natural sequel to these

articles. It reviews newer results published after 2009, with

an emphasis on works from our group. As review paper, it

naturally suffers from certain subjectivity and is obviously

not exhaustive; however, we hope it will be of use to

newcomers in the field or to people familiar with Dimova

et al.’s reviews and who wish to know about the most

recent developments. It is organized in the following way:

we first describe results on the influence of electric fields

on giant liposomes, along with their theoretical explana-

tions when they exist. We then describe some applications

resulting from these behaviors. In addition, we present

some preliminary results on the effect of lipid composition

and the presence of poloxamers on the electropermeabili-

zation of GUVs. Some results on the electromediated

uptake of DNA by GUVs are also described.

Some Effects of Electric Fields on Giant Vesicles

Both direct current (DC) square pulses and alternating

current (AC) sinusoidal fields can strongly destabilize giant

vesicles and influence their behavior. Depending on the

parameters of the applied field (amplitude, frequency, and

number and duration of pulses), giant vesicles can porate,

fuse, deform, or even exhibit domain motion in the case of

multicomponent liposomes. The purpose of this section is

to present these phenomena.

Deformation

To our knowledge, the deformation of giant vesicles by

electric fields (or electrodeformation) was first extensively

studied by Kummrow and Helfrich (1991). The authors

applied sinusoidal AC electric fields of *1 kHz frequency

and amplitudes ranging up to 100 V/cm, and found that

spherical liposomes deformed into prolate ellipsoids ori-

ented in the field direction, the degree of deformation

increasing with the magnitude of the applied field. Ellip-

soidal deformation of spherical vesicles in water by AC

and DC electric fields had already been predicted earlier

(Winterhalter and Helfrich 1988). Monitoring the relative

area dilation of the membrane yielded an experimental

estimate for the bending rigidity kc of the lipid bilayer. A

few years later, Mitov et al. (1993) explained theoretically

and observed experimentally a prolate to oblate shape

transition when increasing the field frequency above a few

kilohertz. However, these experiments were limited to

vesicles in pure water (internal–external conductivity ratio

x = kin/kout & 1), and to AC field frequencies in the kHz

range. An extensive study of the influence of the media’s

electrical conductivities (x [ 1 or x \ 1) in a wider range

of frequencies f (from 102 to 108 Hz) was published

15 years later (Aranda et al. 2008). Aranda et al. observed

that GUVs could attain oblate, prolate or spherical shapes

upon varying x or f, and were able to construct a mor-

phological phase diagram describing four different transi-

tions whose characteristic frequencies depend on the

conductivity ratio x. At high frequencies (several MHz), all

vesicles were found to adopt spherical shapes. At low

frequencies (f \ a few kHz), all vesicles deformed into

prolate ellipsoids, as predicted in (Winterhalter and Helf-

rich 1988). The prolate to oblate transition happens at

intermediate frequencies for x \ 1, i.e., when there is more

salt outside the liposomes than inside. Another transition of

this type could also be triggered at a fixed frequency f by

varying x, for example by adding pure water to the sample

and thus increasing the conductivity ratio. These behaviors

can be qualitatively understood if one considers the motion

of ions and the distance they travel in presence of an AC

electric field. If the field frequency is large they are vir-

tually immobile, while if the frequency is lowered they can

be pushed against the membrane and then modify the

vesicle shape. Nevertheless, at that time there was no

theory able to fully describe these four transitions as a

function of f and x. Winterhalter and Helfrich’s (1988)

theory did not account for the recovery of the spherical

shape at high frequencies, and Mitov’s theory could not

either (Mitov et al. 1993). A theory explaining the mor-

phological diagram of (Aranda et al. 2008) was developed

in (Vlahovska et al. 2009). In this approach, vesicle shape

was determined by balancing electric, hydrodynamic,

bending and tension stresses exerted on the membrane.

This force balance approach also provides information

about the kinetics of liposome deformation, unlike the

former theories based on energy minimization (Mitov et al.

1993; Winterhalter and Helfrich 1988). A more recent

theoretical study (Yamamoto et al. 2010), despite not

considering the effect of the electric double layer, provides

an explanation for all the features of the morphological

diagram of (Aranda et al. 2008). Rigorous evaluation of the

work done by the Maxwell stresses, for different frequency

and salt conditions, finally enabled to clarify the molecular

mechanisms underlying the morphological transitions.

Winterhalter and Helfrich’s (1988) model also predicted

that DC pulses should deform spherical vesicles into pro-

late ellipsoids too. However, DC pulses usually have

durations of the order of several tens or hundreds of

microseconds, or at most of some milliseconds. Imaging at

such high rates is impossible with classical video cameras,

so if one wants to get insight at what happens during an
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electric pulse application, one has to work with a fast

imaging setup allowing image acquisition at several thou-

sand frames per second. This approach was first applied by

Riske and Dimova (2005), and they indeed found that

GUVs deformed into prolate ellipsoids upon the applica-

tion of electric pulses of 50–300 ls duration and 1–3 kV/

cm amplitude. They worked with salt-free solutions, but

still at a conductivity ratio of x & 1.3, meaning that the

solution inside the vesicle was more conductive that the

outer one. Later, when the same authors wanted to work in

conditions closer to physiological ones and to investigate

the role of salts in the exterior medium, it was somewhat

surprisingly found, that vesicles subjected to electric pulses

in salt solutions always adopted cylindrical shapes, irre-

spective of their ionic content (and thus of the conductivity

ratio) (Riske and Dimova 2006). This finding still lacks a

quantitative theoretical explanation.

Electropermeabilization

Electric pulses may also have much more dramatic effects

on lipid bilayers than simple deformation. They can suffi-

ciently disrupt the membrane as to allow the uptake of

otherwise nonpermeant molecules such as Propidium

Iodide, plasmid DNA, poloxamer, bleomycin or cisplatin.

Depending on the field strength used this can occur in a

reversible manner and without affecting cell viability

(Neumann et al. 1989). This process, called electroper-

meabilization, has led to biomedical applications in the

fight against cancer, or in the field of gene therapy

(Belehradek et al. 1993; Escoffre et al. 2009). Despite its

increasing popularity among physicians, biologists and

oncologists, no one knows for sure what really happens

when subjecting a living cell to a permeabilizing electric

pulse. Uptake mechanisms are triggered by the electric

potential difference across the membrane DW induced by

the field and seem to be dependent on the size and charge

of the transferred compounds. Electric potential difference

across the membrane is among others influenced also by

both membrane surface potentials (inner and outer) which

depends on the physical properties of the electric double

layer at both sides of the membrane (McLaughlin 1989).

No consensus exists on the way the membrane reorga-

nizes at the molecular level and this question still remains a

challenge. Here again, GUVs are convenient tools to

investigate these questions. Some studies have been per-

formed and have shown that indeed, giant vesicles can be

permeabilized by electric pulses. By coupling electroper-

meabilization and the micropipette aspiration technique, it

was shown that the critical membrane voltage DWc required

for breakdown ranged from 1.1 to 1.8 V, depending on

membrane composition (Needham and Hochmuth 1989). It

was also observed that a macropore of several micrometers

size could be induced (Zhelev and Needham 1993). It was

later shown by Tekle et al. (2001) that the mechanism of

pore formation is asymmetric. A macropore is formed on the

cathode-facing side of the vesicle, whereas the presence of

many smaller pores on the other hemisphere can be inferred

from the size decrease of the liposome after pulse applica-

tion. This phenomenon of GUVs shrinkage during electro-

pulsation was then extensively studied by our team (Portet

et al. 2009). By applying a sequence of long (5 ms) electric

pulses, we found that vesicles shrank, down to a critical

radius beyond which their size no longer changed. We

identified three mechanisms for the lipid loss: formation of

macropores on the cathode-facing side as already reported

(Tekle et al. 2001), formation of tubular structures on the

anode facing side, and formation of small vesicles at both

poles. These three features should probably not be consid-

ered as distinct mechanisms. Macropore and tubules for-

mation probably reflect the same phenomena, as they were

found to occur together. Small vesicles expulsion can be

understood as another way of expelling lipids, and may

under certain conditions be more energetically favorable

than tubule formation. While assuming that the area lost per

pulse was proportional to the permeabilized area (the area on

the vesicle where the induced transmembrane voltage

DW = (3/2)RE cos(h) exceeded the critical transmembrane

voltage DWc, R denoting the radius of the vesicle, E the pulse

amplitude and h the angle with respect to the field direction),

we were able to analytically predict the decrease of the GUV

radius as a function of the number of applied pulses. We

fitted our experimental data with the appropriate formula

(equation (10) in Portet et al. 2009), and finally obtained the

values of DWc for DOPC and EggPC vesicles, 0.85 and 1 V,

respectively. Later on, we conducted the same experiments

with liposomes of another composition: DOPC/Sphingo-

myelin/Cholesterol (2/2/1, mol/mol/mol) [unpublished

results]. We found DWc & 0.4 V for this composition clo-

ser to the actual lipidic composition of a real cell membrane.

This finding is interesting, as to our knowledge, such a low

value for permeabilization threshold of GUVs has never

previously been found. Typical values are about 1 V for

giant liposomes containing a single phosphatidylcholine, or

a simple two component mixture, while typical critical

transmembrane voltages are about 0.2 V for many cell types

(Teissie and Rols 1993). Our results thus indicate that the

reason for this discrepancy with respect to the case of simple

model membranes may be the result of the presence of

several lipid phases. Macropore formation was also studied

by Riske and Dimova (2005). The pulses they applied were

shorter and more intense than ours, but could still cause

macropore formation. It was shown that poration of the

vesicles affected the membrane relaxation dynamics, and

that the initial membrane tension had a strong influence on

the critical potential difference for porating the GUV.
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Another study reported that the presence of anionic lipid

species in the membrane could cause vesicle bursting,

whereas simple phosphatidylcholine membranes usually

reseal after a permeabilizing electric pulse (Riske et al.

2009). More recently, the same group investigated the

electropermeabilization of GUVs in the gel phase (Knorr

et al. 2010). Wrinkling patterns of the membrane were

reported, along with poration thresholds 10 times higher

than those typically measured with fluid membranes. It was

also observed that the macropores created by the electric

pulse did not reseal in these gel phase vesicles; the pores

were stable for several minutes.

Motion of Domains

Increasing the membrane complexity by addition of differ-

ent phospholipids and cholesterol leads to phenomena that

cannot be observed in single component GUVs. Staykova

et al. (2008) managed to monitor the motion of liquid

ordered domains in giant vesicles made of DOPC/DPPC/

cholesterol (different molar ratios were explored) subjected

to AC electric fields of &500 V/cm amplitude in the kHz

frequency range. They report that this movement had char-

acteristic features depending on the field parameters, and

that it was caused by the inhomogeneous surface tension

induced by the field because of the chamber geometry. It was

the first time this phenomenon of induced charge electro-

osmosis was observed and studied on a lipid membrane.

Fusion

Membrane fusion is a key process of life. It is one of the

most common ways for molecules to enter or exit cells.

The process of fusion occurs in a variety of important

biological processes such as nerve signal transmission

provided by the fusion of synaptic vesicles to the outer

membranes of nerve cells. Other processes where fusion

occurs are intracellular trafficking (Eitzen 2003; Hay 2007)

and viral infection by membrane-enclosed viruses (Kielian

and Rey 2006; Weissenhorn et al. 2007).

However, membrane fusion does not occur spontane-

ously because of large energetic barriers in biological

membranes. These energetic barriers are caused by Van der

Waals, electrostatic and steric repulsions and by strong

hydration (Helm et al. 1992; Kozlovsky and Kozlov 2002).

To promote membrane fusion it is essential to overcome

these barriers. In biological membrane systems this process

occurs via fusion proteins (Carr and Kim 1993; Yu et al.

1994) in a multistep process. For most viruses, a fusion

event is achieved in two steps. First, fusion proteins rec-

ognize a site for fusion on the membrane of the host cell.

Then, the hydrophobic domain of the fusion protein inserts

itself into the membrane of the host cell.

Studies of the fusion pathway have shown two important

types of intermediate structures in the fusion mechanism:

hemifusion structures and fusion pores (Lentz et al. 2000).

Hemifusion structures form a connection between outer

leaflets but not between inner leaflets which remain dis-

tinct. They are transient structures that either dissociate to

give two independent membranes or induce fusion pores

(Lentz et al. 2000). Fusion pores are connections between

both outer and inner leaflets, they form an aqueous con-

nection between the two aqueous compartments. The pro-

pensity to obtain these two intermediates depends on lipid

composition, as fusion depends on the ability of the

membrane to bend into these states and thus on the spon-

taneous curvature and bending rigidity of the associated

monolayers and bilayers (Chernomordik and Kozlov

2003). It has been recently shown that the stability of the

fusion pore may strongly depend on the anisotropic,

intrinsic shape of lipids in the fusion pore (Jorgacevski

et al. 2010). Obviously another condition to induce fusion

is the establishment of a sufficiently close interbilayer

proximity. As hydration forces contribute to the repulsion

between membranes, the fusogenic state can be induced via

bilayer dehydration (Lentz 1994). In biological systems

dehydration can be induced by calcium ions that neutralize

the negatively charged phospholipid head groups, reducing

electrostatic repulsion between membranes, and/or help the

formation of Ca2?-phosphate bridges between opposing

bilayers (Jeremic et al. 2004). Dehydration can also be

induced by the application of an electric field on membrane

systems, which can rearrange the interfacial water mole-

cule network (Lopez et al. 1988).

Electrofusion is a very convenient way to control, both

spatially and temporally, fusion events. It is thus possible

to trigger and observe the whole fusion process to study the

underlying mechanisms. To occur, electrofusion requires

two conditions: (a) electropermeabilization and (b) contact

between lipid membranes. When the two membranes are

close enough and lipid perturbation is high enough, fusion

occurs; for cells this was demonstrated by Zimmermann

(1982). It has been shown that membrane fusion can be

obtained, not only by pulsing cells already in close contact,

but also by bringing them into close contact after their

permeabilization (Rols and Teissie 1989; Sowers 1986;

Teissie and Rols 1986). Electropermeabilized membranes

are thus fusogenic. For a better understanding of the fun-

damental processes involved in membrane fusion, lipid

vesicles are often used as model systems (Neumann et al.

1989; Tamm et al. 2003). An AC field can be used to align

vesicles in the field direction and bring two vesicles into

contact. A subsequent application of a DC pulse induces

the permeabilization of the two vesicles and if permeabi-

lization is induced in the contact area fusion is induced.

Membrane fusion is a fast process. It has been shown that
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the fusion process occurs within two stages (Haluska et al.

2006). The first stage is the opening of the fusion neck with

an average expansion velocity of about 2 cm/s. In the

second stage, the neck-expansion velocity slows down until

complete opening of the fusion neck. In the absence of salt,

the fusion typically occurs at several contact points of the

vesicles. In the case of several contact points (more than

two), the coalescence of these fusion necks can lead to

small vesicles enclosed in the contact zone. In the presence

of salt in the solution outside of the vesicles, the DC pulse

induces vesicles deformation and the vesicles are pushed

together and form a at contact zone. As no enclosed vesi-

cles are observed, one may infer that only one fusion neck

or a small number of such necks has been formed.

In summary, it is possible to control and observe vesicle

fusion by the method of electrofusion. Vesicle fusion has

applications that we discuss below.

Some Applications

In the last section, we have reviewed the various possible

responses of GUVs subjected to different kinds of electric

fields. These phenomena have led to applications, which

we describe in this section. We first describe how shape

analysis of giant liposomes in an AC field can allow the

measurement of the lipid bilayer bending rigidity kc. Then

we show how electric pulses can be used to efficiently load

GUVs with nonpermeant molecules. Below we highlight

some applications of membrane fusion. Finally we explain

how to measure the edge or line tension c of lipid mem-

branes, and how electric fields can be used to improve the

current measurement methods.

Measuring Bending Rigidities

The bending rigidity kc is a material property of lipid

membranes introduced by Helfrich (1973) in his theory of

the elasticity of lipid bilayers. It has the dimensions of

energy and, roughly speaking, can be related to the energy

price one has to pay in order to bend a membrane. It plays a

role in the control of the membrane shape, in the deter-

mination of the amplitude of thermal fluctuations, or in the

modulation of membrane proteins activity, and thus being

able to measure it is of interest in the understanding of

various biological events. Here we will just describe the kc

measurement method on the basis of electrodeformation.

There exist other ways of measuring bending rigidities

which are described in the review of Marsh (2006).

In the first bending rigidity measurements via electrode-

formation, giant vesicles were exposed to AC fields of a few

kHz frequency and &100 V/cm amplitude, and shapes were

recorded while increasing the field amplitude (Kummrow

and Helfrich 1991). The liposomes deformed gradually into

a more and more elongated prolate ellipsoid, and also

changed their apparent surface area as a result of the flat-

tening of thermal fluctuations. The basic idea of the method

is first to calculate the lateral tension r induced by the field.

To do so, one combines the Laplace relation at the pole and

the equator for a vesicle with uniform internal pressure,

which yields: r(c1 ? c2)e - (Trr)e = r(c1 ? c2)p - (Trr)p,

where c1 and c2 are the principal curvatures of the ellipsoid

(computed from the measured values of the axes of the

ellipsoid), Trr is the stress exerted on the outer surface of the

vesicle by the field which gives rise to the deformation and

the flattening of undulations, and the subscripts e and

p indicate that the associated quantities are calculated at the

equator and the poles of the vesicle, respectively. The dif-

ference between the equatorial and polar stresses is pro-

portional to the square of the magnitude of the applied field.

The tension r can then be obtained on the basis of the known

value of the applied field and the observed shape of the

GUV. After that, the relative area change a should be

computed using the measured values of the axes of the

ellipsoid. This relative area change is given by (kBT/8pkc) ln

(r/r0), where kBT is the thermal energy and r0 a positive

parameter obtained by extrapolation to a = 0. Note that this

parameter is not necessarily the tension at zero field, but is

not required to determine kc by fitting a straight line to the

logarithmic plot of a as a function of r. This method for

measuring kc was later applied by Gracia et al. (2010) in

order to study the influence of cholesterol on the rigidity of

membranes of various compositions. The authors also used

another measurement method for kc on the basis of the

analysis of membrane fluctuations (see, e.g., Faucon et al.

1989; Milner and Safran 1987; Schneider et al. 1984). It was

found that the electrodeformation method leads to slightly

lower kc values than the fluctuation method (as noted in

Kummrow and Helfrich 1991). Nevertheless, both methods

give the same trends and reproducible results. The results

suggest that the effect of cholesterol addition on the mem-

brane bending rigidity is concentration dependent, but is also

highly influenced by the lipid type to which cholesterol is

added (Gracia et al. 2010). An important point to keep in

mind is that the electrodeformation method using the theo-

retical analysis described above cannot be applied if one

works in salt solutions or with charged lipid species.

Loading Vesicles

As previously stated, DC pulses are useful tools to enable

the entry of nonpermeant molecules into cells. They can

thus also enable one to load a vesicle with compounds of

interest. This has applications in drug delivery, where lipid

vesicles play the role of cargo carriers, but is also of

interest in fundamental research, for example when trying

T. Portet et al.: Destabilizing Giant Vesicles 559

123



to understand the nature of the DNA/membrane interaction

occurring during cell electropermeabilization (Golzio et al.

2002). As far as we know, very few papers focusing on the

electromediated DNA uptake by liposomes have been

published. Chernomordik et al. (1990) applied a single

electric pulse of 12.5 kV/cm amplitude and 300 ls dura-

tion to large unilamellar vesicles (&100 nm size, two

orders of magnitude smaller than GUVs) composed of

DPPC/cholesterol (7/3, mol/mol) in the presence of high

molecular mass DNA of size similar to that of the plasmid

DNA usually used in gene transfer protocols. They claim

that the uptake mechanism took place via the electrosti-

mulated formation of endosome-like vesicles rather than

via electropores. These conclusions were questioned

10 years later by Lurquin and Athanasiou (2000), who

found that DNA could enter DPPC GUVs under free form

by a mechanism involving electro-induced membrane

pores. They used longer pulses (12 ms) of smaller ampli-

tude (1,500 V/cm), but which caused greater induced

transmembrane voltages than those of Chernomordik et al.

(1990).

In order to resolve these conflicting results, we carried

out DNA loading experiments on DOPC GUVs. Our results

clearly favor the second mechanism involving DNA entry

via electropores. As can be seen on Fig. 1, showing a

vesicle before (left) and a few seconds after (right) electric

treatment (15 pulses of 5 ms duration, 370 V/cm amplitude

and 0.33 Hz frequency), plasmid DNA stays trapped inside

the vesicle, mostly under free form and not in endocytosis-

like vesicles. Tubules and small vesicles associated with

lipid loss and vesicle shrinkage, as described in 2.2, can

also be observed. The small vesicles may contain some

DNA, but DNA entry under free form is the predominant

mechanism. The tubules appear to stay mostly attached to

the vesicle and diffuse along the vesicle surface after the

pulses application. The encapsulation is stable; DNA stays

trapped in the GUVs several minutes after the electric

treatment. The extent of lipid loss was comparable to the

one reported in Portet et al. (2009); about 30 % of the

permabilized area was lost, per pulse. No macropores were

detected in these experiments, but this is not surprising

because the temporal resolution of our setup was 3 s

whereas the macropores typically reseal within a few

hundred milliseconds. Using confocal microscopy, we

were able to quantify the amount of DNA entering the

liposome after each pulse, and have developed a theoretical

model able to account for the increase of DNA concen-

tration inside the GUV (Portet et al. 2011).

Applications of Fusion

Because membrane fusion induces a mixing of the lipids

initially present in each membrane and a mixing of the

aqueous compartments, electrofusion could be used to

introduce molecules into a membrane or into an aqueous

compartment. In the case of the fusion of two vesicles

having different lipid compositions, it is possible to pro-

duce multicomponent vesicles of well-defined composition

(Dimova et al. 2007; Riske et al. 2006). This provides the

possibility of studying the dynamics of domain formation

and stability. When giant vesicles are prepared directly

with a multicomponent lipid mixture, the compositions of

the different vesicles are dispersed about the composition

of the initial lipid mixture. Electrofusion of two vesicles

Fig. 1 Confocal microscopy image of a DOPC GUV fluorescently

labeled with rhodamine-PE (red) in the presence of plasmid DNA

labeled with TOTO-1 (green). Left There is no DNA present inside

the liposome before electric treatment. Right A few seconds after

electropermeabilization, the vast majority of electrotransferred DNA

is under free form and not enclosed in endocytosis-like vesicles.

Tubules and small vesicles associated with lipid loss can also be

observed. Field polarity is indicated on the left
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each made of different components thus allows one to

obtain vesicles with a well specified composition. Fusing

two vesicles of nonmiscible lipid composition produces

microdomains in the resulting vesicle’s membrane.

The fusion of two vesicles of different content is a

realization of a microreactor. It has been shown that two

vesicles can encapsulate one or more reagent molecules

(Chiu et al. 1999). When electrofusion is induced between

these two vesicles, the contents of the two vesicles are

mixed and a chemical reaction between the two reagent

molecules can occur. This method needs one condition to

be efficient: the lipid membranes of the two compartments

have to be impermeable to the reactants. The first use of

vesicles as microreactors was demonstrated with a chemi-

cal reaction between the calcium sensitive fluorescent dye

Fluo-3 and Ca2? (Chiu et al. 1999). A batch of vesicles was

loaded with Fluo-3 and another was loaded with Ca2?. The

two types of containers were mixed, electrofusion was

induced, and fluorescence enhancement due to the forma-

tion of a complex between Fluo-3 and Ca2? was observed.

The method of electrofusion provides a promising tool for

studying and following one chemical reaction at a time

where spatial and temporal localization can be precisely

controlled. Furthermore, the small volume used in this

technique could also provide a general chemical or bio-

chemical delivery system.

On the basis of this previous experiment, electrofusion

has been used as a method for nanoparticle synthesis in

vesicles (Yang et al. 2009). In this case, one vesicle is

loaded with Na2S and the other one with CdCl2. The

application of an AC field allows the bringing of vesicles

into contact, DC pulse application then induces fusion and

as a consequence mixing of the two compartments. Fluo-

rescence in the interior of the resulting vesicles indicates

the formation of CdS nanoparticles. Thanks to this

approach it is possible to observe and monitor the whole

reaction with an optical microscope. This experiment

suggests that nanoparticles could be synthesized in bio-

logical compartments even without the intervention of

macromolecules.

Measuring Edge/Line Tensions

The hydrocarbon chains of lipids are hydrophobic and the

energy cost per unit length for leaving the hydrophobic

core of a membrane in contact with water is called the line

or edge tension c. It is often hypothesized that for large

edges the lipid heads can bend over the edge to make the

edge hydrophilic; however, there is still an edge tension

due to the bending energy associated with this lipid rear-

rangement. The edge tension is a lipid material property

and depends on the external medium. It is the edge tension

that makes a membrane patch embedded in an aqueous

environment spontaneously bend to form a vesicle, and it

also generates the force driving pore closure in lipid

bilayers (Fromherz et al. 1986; Sandre et al. 1999).

Roughly speaking, the higher the edge tension, the faster

the pore closes and one can deduce c from the evaluation of

the corresponding pore closure times.

We put this idea into practice while studying the influ-

ence of a poloxamer molecule on EggPC GUVs. It was

seen in Sharma et al. (1996) that poloxamers could modify

lipid membrane properties under electric pulses. We

explored the effect of the presence of poloxamer in the

surrounding solution. Using poloxamer L64 at concentra-

tions of 2.5 and 5 g/L, we first observed no effect on giant

liposomes at rest. Then we applied porating electric pulses

of 5 ms duration and &500 V/cm amplitude to these lip-

osomes, and with a fast EMCCD camera we were able to

measure the size of the pores and their closure time. We

saw no difference of the pore size between liposomes with

or without poloxamer, regardless of the concentration. A

study of pore closure shows a strong effect: the average

measured closure time without poloxamer is 0.2 s while it

is 0.4 s with poloxamer, and we did not detect any effect of

the concentration of poloxamer. Pore closure is thus twice

as slow with poloxamer, and this seems to indicate that L64

reduces the edge tension of EggPC membranes, hence

helping to maintain the membrane in a permeabilized state.

Because the above results come from very few measure-

ments (6 without poloxamer and 2 for each poloxamer

concentration) they are only preliminary and still need to

be corroborated.

It is possible to go beyond these qualitative observations

and to accurately measure edge tension values. Harbich and

Helfrich (1979) observed open cylindrical EggPC giant

vesicles in AC fields and then deduced a value of 20 pN for

c. Zhelev and Needham (1993) obtained values in the same

range for SOPC and SOPC/cholesterol (1/1, mol/mol) lip-

osomes while coupling the electroporation technique and

micropipette aspiration. A more recent edge tension mea-

surement method emerged from the theoretical work by

Brochard-Wyart et al. (2000). Considering a spherical

vesicle of size R, it was shown that in the limit corre-

sponding to experiments on giant vesicles, a pore of radius

r spent the vast majority of its lifetime in a so-called slow

closure stage during which the quantity R2 ln(r) decreased

linearly with time, the coefficient of proportionality being

equal to (-2c/3pg0), where g0 denotes the external medium

viscosity. The same group later applied this method to pure

DOPC GUVs and also to systems containing cholesterol or

a surfactant, opening pores via intense visible light illu-

mination. Adding glycerol to the aqueous solutions caused

slowing down of the dynamics, and they were thus able to

measure the pore size during the slow closure stage using

classical fluorescence microscopy. They obtained values of
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c for their different vesicle compositions, and found that

cholesterol caused an increase of c whereas the surfactant

led to a decrease (Karatekin et al. 2003). The main problem

of this approach is that glycerol influences the lipid bilayer

organization, and that fluorescent dyes embedded in the

membrane behave as impurities and may hence lead to

inaccurate edge tension measurements. We thus proposed

an improvement of Brochard-Wyart’s method based on the

application of an electric pulse to porate the vesicle and on

ultrafast phase contrast imaging to monitor pore size evo-

lution (Portet and Dimova 2010). This method is easy to

implement, requires little equipment, and does not suffer

from the drawbacks related to the presence of glycerol and

fluorescent dye. We confirmed that the addition of cho-

lesterol increased the edge tension of a bare DOPC mem-

brane, and surprisingly, we found that DOPE addition to a

DOPC bilayer caused a decrease of c.

Conclusions

Giant vesicles provide a useful model system for measur-

ing a variety of physical properties of lipid membranes and

for improving our understanding of the electropermeabili-

zation and electrofusion phenomena. In this review, we

have summarized the presently known effects of electric

fields on giant vesicles and some of their practical appli-

cations, and presented current research topics covered by

our group. Subjecting GUVs to DC pulses or alternating

AC fields can destabilize the lipid bilayer, inducing dif-

ferent behavior such as deformation of the vesicles, pora-

tion, motion of domains, or fusion. An outline of these

various behaviors and their uses is presented in Fig. 2.

It is now known that the deformation of the vesicles

depends not only on the frequency and the intensity of the

applied field, but also on the solutions conductivities.

Furthermore, the deformations are not exactly the same,

depending on the presence or not of salt in the external

medium and on the shape of the applied electric field (AC

or DC). By monitoring the relative area dilatation of the

membrane, it is possible to estimate the bending rigidity kc

of the lipid bilayer.

Electric pulses have more dramatic consequences than

just deformation. With suitable parameters for the electric

field, it is possible to electropermeabilize the membrane.

This effect can lead to exchange of molecules between the

Fig. 2 Diagram summarizing

the influence of electric fields on

giant lipid vesicles and their

practical uses. The mention

‘‘More theoretical work

required…’’ means that the

current understanding of the

phenomenon does not allow us

to design practical uses yet, and

that deeper knowledge is still

needed to fully exploit this

effect of the electric field.

Indeed, further identification of

gaps and opportunities in the

field should be exploited
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inside and the outside of the vesicle. If the electroper-

meabilization is strong enough, membrane macropores can

be visualized via optical microscopy. When a sequence of

pulses is used, such observations are in general accompa-

nied by loss of lipid membrane material and a subsequent

GUV size decrease allowing the determination of a critical

transmembrane voltage. Moreover, by monitoring the

evolution of the pore radius it is possible to measure

another lipid material property, the edge or line tension c.

When two vesicles are in close contact, electropermea-

bilizing them with suitably chosen electric field parameters

can induce their fusion. This electrofusion method allows

the control and observation of vesicle fusion and is thus

useful for insertion of molecules into the membrane or for

mixing different chemicals in the resulting vesicle, thus

giving a microreactor.
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Abstract Despite great potential for disease treatment,

small interfering RNA (siRNA) development has been

hampered due to its poor stability and the lack of efficient

delivery method. To overcome the sensitivity, new genera-

tions of chemically modified oligonucleotides have been

developed such as the locked nucleic acid (LNA). LNA

substitution in an siRNA sequence (siLNA) is supposed to

increase its stability and its affinity for its complementary

sequence. The purpose of this study was to evaluate the

potential benefit of an anti-GFP siLNA using the biophysical

delivery method electropermeabilization. We used two types

of electrical conditions: electrochemotherapy (ECT), a

condition for efficient transfer of small molecules in clinics,

and electrogenotherapy (EGT), a condition for efficient

transfer of macromolecules. We first confirmed that siLNA

was indeed more stable in mouse serum than unmodified

siRNA. After determining the ECT and EGT optimal elec-

trical parameters for a human colorectal carcinoma cell line

(HCT-116) expressing eGFP, we showed that modifications

of siRNA do not interfere with electrotransfer efficiency.

However, despite its higher stability and its high electro-

transfer efficacy, siLNA was less efficient for eGFP silencing

compared to the electrotransferred, unmodified siRNA

regardless of the electrical conditions used. Our study

highlighted the care that is needed when designing chemi-

cally modified oligonucleotides.

Keywords Electropermeabilization � Electroporation �
Gene silencing � siRNA � siLNA � Locked nucleic acid �
Chemically modified oligonucleotide

Introduction

RNA interference (RNAi) is a natural process that allows

gene silencing at the transcriptional level (Fire et al. 1998).

Short interfering RNAs (siRNAs) are doubled-stranded,

noncoding RNAs that, once introduced into cells, are loa-

ded into the cytoplasmic RNA–induced silencing complex

(RISC). The complex binds targeted RNA messenger

(mRNA), leading to its cleavage (Moazed 2009). There-

fore, siRNA offers the possibility to silence the expression

of any pathological protein in a specific way. However, its

clinical success has been hampered by its poor cellular

uptake and stability. To overcome these problems, progress

has been made in developing new technologies to optimize

the siRNA chemistry, on the one hand, and to achieve its

effective delivery, on the other hand (Whitehead et al.

2009).

Electropermeabilization (EP) is a physical delivery

method which consists of the application of controlled

electric field pulses to induce cell permeabilization (Teissie

et al. 2011). Since the first report in 2002 (Hu et al. 2002),

numerous publications have demonstrated the potency of

this technique for siRNA delivery (Calegari et al. 2002;

Pekarik et al. 2003; Golzio et al. 2007; Lewis et al. 2002;

Matsuda and Cepko 2004; Paganin-Gioanni et al. 2008).

Recently, we demonstrated by time-lapse microscopy

that siRNA electrotransfer depends on both the
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permeabilization of the cell membrane and the electro-

phoretic drag of the negatively charged oligonucleotide

(Paganin-Gioanni et al. 2011). In addition, we showed that,

contrary to most of the carrier systems (Decuzzi and Ferrari

2008), EP allows siRNA to enter directly into the cell,

avoiding endolysosomal compartmentalization and keeping

it localized in the cytoplasm, where its enzymatic

machinery and mRNA target are located (Paganin-Gioanni

et al. 2011). Therefore, EP is particularly well adapted for

siRNA use. Several electric settings have been described in

the literature as efficiently electrotransferring siRNA.

Basically, two major electric conditions exist for EP sup-

porting oligonucleotide delivery. The first one, electr-

ochemotherapy (ECT), is commonly used in clinics and

mainly allows transfer of small hydrophilic molecules (Mir

et al. 1997). It corresponds to pulse duration in the

microsecond range. The second electric condition is elec-

trogenotherapy (EGT) and usually leads to a more efficient

plasmid DNA electrotransfer. It is based on the application

of pulses with duration in the millisecond range (Aihara

and Miyazaki 1998; Rols and Teissie 1998).

Despite efficient siRNA electrodelivery, its silencing

effect is transient and short (25 days for electrotransferred

muscle and 2–4 days for in vitro and in vivo electrotrans-

ferred tumor cells) (Golzio et al. 2005, 2007; Paganin-

Gioanni et al. 2008). The transient effect of siRNA could

be mainly explained by its low biostability as it is quickly

degraded by extra- and intracellular ribonucleases (Layzer

et al. 2004; Raemdonck et al. 2006).

To address this problem and improve siRNA potency

and efficacy, approaches based on the introduction of

chemical modifications in its sequence have been devel-

oped. Locked nucleic acid (LNA) containing a methylene

bridge that connects the 20-carbon of the ribose with the

40-carbon (Kumar et al. 1998) is the third generation of

such nucleotide analogues. Due to its methylene bridge, the

sugar moiety is conformationally locked in an RNA/mim-

icking C30endo/N-type conformation that preorganizes the

base for hybridization (Petersen et al. 2000). Consequently,

oligonucleotides containing LNA nucleotides exhibit very

high thermal stability when hybridized with its RNA target

molecule (Braasch and Corey 2001) and improved mis-

match discrimination compared to unmodified oligonucle-

otides (Kaur et al. 2007). In addition, oligonucleotides

containing LNA nucleotides are highly resistant to nucle-

ase degradation (Crinelli et al. 2002) and display low

toxicity in biological systems (Wahlestedt et al. 2000).

Therefore, LNA-modified siRNA (siLNA) appears to be a

promising tool for siRNA therapeutic application.

The goal of the present study was to evaluate the

potential benefit of siLNA compared to unmodified siRNA

using the EP technique. Electrotransfer efficiency was

quantified using cyanine 5 (Cy5)–labeled oligonucleotides.

To analyze electrotransferred oligonucleotide silencing

potency, we targeted enhanced green fluorescent protein

(eGFP) because it allows a simple quantitative readout for

gene-specific knockdown over time. We first confirmed

that LNA substitutions in the oligonucleotide sequence

increased half-life in serum. After determining the optimal

electrical parameters, we showed that siLNA and siRNA

were equivalently electrotransferred using Cy5-labeled

oligonucleotides. However, we observed that electrotrans-

ferred siLNA was less efficient for eGFP silencing than

electrotransferred siRNA in vitro. Our study highlighted

the care that is needed when designing chemically modified

oligonucleotides.

Materials and Methods

Cell Culture

HCT-GFP cells are HCT-116 cells (human colorectal car-

cinoma) expressing eGFP that have been transferred by

retroviral transduction. HCT-GFP cells were maintained in

DMEM, 4.5 g/l of D-glucose, L-glutamine, 110 mg/l of

sodium pyruvate (GIBCO-Invitrogen, Grand Island, NY),

containing 1 % antibiotic penicillin/streptavidin (GIBCO-

Invitrogen) supplemented with 10 % inactivated fetal calf

serum (Boehringer Ingelheim, Paris, France) in a 5 % CO2

humidified incubator at 37 �C.

Oligonucleotides

Cy5-labeled and unlabeled siRNA and siLNA directed

against eGFP mRNA were purchased from Qiagen Xera-

gon (Germantown, MD) and Ribotask (Odense, Denmark),

respectively. The siLNA sequences were, sense, 50-
GcaagcugacccugaaguucaTT-30 and, antisense, 50-ga-

acuucagggucagcuugcCG-30 (LNA nucleotides are depicted

in uppercase letters). The position of LNA was chosen with

respect to previous results (Mook et al. 2007). The same

exact sequences were used for siRNA as previously

described (Caplen et al. 2001). To determine oligonucleo-

tide uptake, Cy5-labeled siRNA (Cy5-siRNA) and Cy5-

siLNA were used. Labeling of siRNA does not modify its

global negative charge.

Stability Test

We incubated siRNA or siLNA (10 lM) at 37 �C in 30 ll

of PBS or in 30 ll of fresh mouse serum. Aliquots of 4 ll

were withdrawn after 1, 2, 3, 4 and 7 days of incubation

and stored at -20 �C until used. Samples were analyzed on

2 % agarose gel. Oligonucleotides were visualized with

ethidium bromide (Sigma-Aldrich, St. Louis, MO) staining.
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Electropermeabilization

Cell suspension (5 9 105) in 100 ll of pulsing buffer

(10 mM phosphate, 1 mM MgCl2, 250 mM sucrose, pH

7.4) containing 100 lM of propidium iodide (Sigma-

Aldrich) was placed in an electropulsation chamber, which

was designed using stainless-steel parallel plate electrodes

(10 mm length, 0.5 mm thickness and 4 mm interelectrode

distance; IGEA, Carpi, Italy) brought into contact with the

bottom of a 35-mm Petri dish (Nunc, Roskilde, Denmark).

Electropulsation was operated using the S20u electropul-

sator (btech, l’Union, France), which delivered square-

wave electric pulses. The btech monitored pulse shape

online on its integrated display. A uniform electric field

was generated when the voltage pulse was delivered (Gehl

et al. 1999). Pulses with controlled duration and frequency

of 1 Hz were applied at preset electric field intensities at

room temperature (25 �C). Cells were analyzed by flow

cytometry using a FACScalibur (Becton Dickinson,

Franklin Lakes, NJ) to determine the percentage of per-

meablized cells (i.e., propidium iodide–positive cells). A

minimum of 104 events were acquired on the FL-2 channel

and analyzed with Cellquest software (Becton Dickinson).

Cell Viability Analysis

Cell viability was determined by the ability of cells to grow

and divide over 24 h (Gabriel and Teissie 1995). Viability

was measured by counting cells by crystal violet staining

(Merck, Darmstadt, Germany). Briefly, cells were stained

with 1 ml crystal violet (0.1 % in pulsing buffer) for

20 min, rinsed with PBS and then lysed with 500 ll acetic

acid (10 %) for 5 min. Cell density was evaluated by

595 nm OD measurement. Nonpulsed cells were referred

to as 100 % viable cells.

Confocal Fluorescence Microscopy

For fluorescence microscopy, cells (8 9 104) were seeded

on a glass coverslip chamber (Nalge Nunc, Illkirch,

France) overnight at 37 �C in a humidified atmosphere

with 5 % CO2. The electropulsation chamber was designed

using two stainless-steel parallel rods (1 mm diameter,

10 mm length, 5 mm interelectrode distance) that were

connected to the electropulsator. The chamber was set on

the stage of an inverted confocal microscope (Zeiss

LSM510; Carl Zeiss MicroImaging, Göttingen, Germany)

equipped with a 40 9 Zeiss objective (1.3 numerical

aperture, oil immersion). Adherent cells were then elec-

trotransfected in 500 ll of pulsing buffer in the presence of

250 nM (final) Cy5-labeled siLNA using the following

electrical parameters: 300 V/cm, 10 pulses of 5 ms, 1 Hz.

Cy5 was visualized using a 633-nm laser (emission filter

640–710 nm). Eight-bit images were recorded with Zeiss

LSM510 software (EMBL, Heidelberg, Germany). LSM

images were processed with ImageJ software (NIH,

Bethesda, MD) as described in Paganin-Gioanni et al.

(2011).

Electrotransfer of Oligonucleotides

Cells were pulsed or not in the presence of oligonucleotides

(2 lg), as described above, using optimal electric param-

eters as determined by cell permeabilization and viability

analysis. After 5-min incubation at room temperature, cells

were analyzed by flow cytometry or recultivated in 35-mm

Petri dishes, supplemented with 2 ml of DMEM and then

incubated for 24 h to 7 days at 37 �C under 5 % CO2. To

determine oligonucleotide uptake, the percentage of Cy5?

cells was quantified (FL-4 channel). To determine the

efficiency of electrotransferred oligonucleotides, the per-

centage of cells expressing eGFP was analyzed (FL-1

channel).

Statistical Analyses

Quantitative data (presented as means ± SD) were ana-

lyzed with GraphPad (San Diego, CA) Prism 4 software.

Before carrying out statistical tests, we determined whether

the data were normally distributed and evaluated their

variance. We then carried out appropriate tests as indicated.

We report the actual P value for each test. For in vitro time

course experiments, we used two-way ANOVA with the

Bonferroni post hoc test. P \ 0.05 was considered statis-

tically significant.

Results

Oligonucleotide Stability

We first compared siRNA and siLNA stability. For that

purpose, oligonucleotides were incubated at 37 �C in saline

buffer or in fresh mouse serum. In PBS, both oligonucle-

otides were detectable for at least 7 days (Fig. 1a). How-

ever, in serum, siRNA was undetectable within 2 days of

incubation, while siLNA was detectable for 3 days

(Fig. 1b). Our result confirmed that siLNA was more stable

in mouse serum than the unmodified siRNA.

Optimal Electric Parameter Determination

EP is modulated by the electric parameters used and may

vary as a function of cell type. Therefore, we determined

the optimal electric parameters (i.e., high transfection level

in accordance with good cell viability) for HCT-GFP cells
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for the two main EP conditions. Permeabilization was

analyzed by entry of propidium iodide. Cell viability was

analyzed 24 h later by crystal violet staining.

In both conditions, an increase of EP was induced by an

increase of the field intensity. On the contrary, cell via-

bility decreased as the field intensity increased. In ECT

condition, we obtained 81 ± 5 % of viable cells for

84 ± 1 % of permeabilized cells at 1,500 V/cm. Thus, the

optimal electric parameter (eight pulses of 100 ls duration

with a field intensity of 1,500 V/cm at 1 Hz frequency) led

to 65 ± 7 % of viable and permeabilized HCT-GFP cells

(Fig. 2a). Under the EGT condition, we obtained

71 ± 7 % of viable cells for 71 ± 6 % of permeabilized

cells at 600 V/cm. Optimal electric parameters (10 pulses

of 5 ms duration at 1 Hz frequency and a field intensity of

600 V/cm) led to 42 ± 10 % of viable and permeabilized

HCT-GFP cells (Fig. 2b). The percentage of viable per-

meabilized cells was determined under the assumption that

dead cells must have been permeabilized: [permeabiliza-

tion (%) ? viability (%)] - 100 (Gabriel and Teissie

1997).

Oligonucleotide Electrotransfer Efficiency

We first visualized the electrotransferred siLNA at the

single-cell level, as we previously did for siRNA (Paganin-

Gioanni et al. 2011). We observed that, just after pulse

application, siLNA is dispersed in the cytoplasm of the

electrotransfected cells (Fig. 3a) in the same way as siRNA

(Paganin-Gioanni et al. 2011). We then compared siRNA

and siLNA electrotransfer efficiency in ECT (1,500 V/cm,

8 9 100 ls, 1 Hz) and EGT (600 V/cm, 10 9 5 ms, 1 Hz)

conditions, using Cy5-labeled oligonucleotides. A nonsig-

nificant 10 % augmentation of Cy5? cells was observed for

EGT condition (Fig. 3b), and the cell-associated Cy5

fluorescence intensity was doubled for this electrical con-

dition (Fig. 3c). In ECT condition, 67 ± 7 and 73 ± 6 %

of cells were Cy5? when siRNA or siLNA was present in

the pulsing buffer, respectively (Fig. 3b). In EGT condi-

tions, we observed that 79 ± 5 and 83 ± 4 % of cells were

Cy5? when pulsed in the presence of siRNA or siLNA,

respectively (Fig. 3b). No significant difference was

observed between the two oligonucleotides (Fig. 3b, c).

Both electrical conditions led to efficient oligonucleotide

electrotransfer, with similar efficiencies for both

constructs.

Fig. 1 Oligonucleotide stability. SiRNA and siLNA were incubated

at 37 �C in PBS (a) or in fresh mouse serum (b) for the indicated

times. Oligonucleotide electrophoresis was run on an agarose gel and

visualized with ethidium bromide staining. This gel is representative

of three independent experiments

Fig. 2 Optimal electric parameter determination. Percentages of

viable cells and permeabilized cells were plotted as a function of the

electric field intensity according to (a) ECT condition (eight pulses of

100 ls duration at 1 Hz) and (b) EGT condition (10 pulses of 5 ms

duration at 1 Hz). Permeabilization was assayed by propidium iodide

entry into cells and analyzed by flow cytometry (filled circle). Cell

viability was determined 24 h after EP by crystal violet staining (filled
square). Values are means ± SD of three experiments
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Silencing Efficacy of Electrotransferred

Oligonucleotides

Finally, we compared the silencing efficacy of electro-

transferred siRNA and siLNA under ECT and EGT con-

ditions. For both conditions, maximal eGFP silencing was

observed at day 3 for the electrotransferred siRNA and at

day 2 for the electrotransferred siLNA (Fig. 4). Using the

ECT condition, we obtained 46 ± 4 and 66 ± 3 % of

GFP? cells with electrotransferred siRNA and siLNA,

respectively (Fig. 4a). In the EGT condition, we obtained

38 ± 6 and 63 ± 4 % of GFP? cells with electrotrans-

ferred siRNA and siLNA, respectively (Fig. 4b). One week

after oligonucleotide electrotransfer, the percentage of

eGFP-expressing cells returned to its control value. In

summary, we observed a transient decreased eGFP

expression with both electrotransferred anti-eGFP oligo-

nucleotides, this effect being larger under the EGT condi-

tions. However, in both electric conditions,

electrotransferred siLNA led to a significantly weaker time

effect of eGFP silencing compared to the unmodified,

electrotransferred siRNA (P \ 0.001, two-way ANOVA).

In conclusion, electrotransferred siLNA was around 20 %

less effective and its maximal silencing effect was shorter

(2 vs. 3 days) compared to unmodified, electrotransferred

siRNA.

Discussion

LNA nucleotides are proposed to offer a high resistance to

nucleases. We indeed observed that siLNA was more stable

in mouse serum than unmodified siRNA (Fig. 1). We then

determined the optimal electric parameters (i.e., high

transfection level in accordance with good cell viability)

for HCT-GFP electrotransfer as follows: eight pulses of

100 ls duration at 1,500 V/cm for ECT condition and 10

pulses of 5 ms duration at 600 V/cm for EGT condition

(Fig. 2). We observed for both oligonucleotides a signifi-

cant increase in the cell-associated Cy5 fluorescence

intensity with EGT parameters compared to ECT (Fig. 3c).

This increase could be explained by the electric drift,

Fig. 3 Oligonucleotide electrotransfer efficiency. a Visualization of

Cy5-siLNA electrotransfer by confocal fluorescence microscopy.

Plated cells were pulsed on a coverslip under a confocal microscope

in EGT (300 V/cm, 10 pulses of 5 ms, 1 Hz) condition in the

presence of Cy5-siLNA (250 nM). Acquisition was performed after

pulse application. Left Light transmission acquisition. Right Cy5

fluorescence acquisition. Scale bar = 10 lm. b, c HCT-GFP cells

were pulsed in the presence of Cy5-siRNA or Cy5-siLNA using ECT

condition (eight pulses of 100 ls duration, 1,500 V/cm at 1 Hz) and

EGT condition (10 pulses of 5 ms duration, 600 V/cm at 1 Hz). The

percentage of Cy5-positive cells was determined by flow cytometry a

few minutes after the electrotransfer (b), and the cell-associated Cy5

mean fluorescence intensity was determined (c). Values are

means ± SD of three experiments. NS nonsignificant; *P = 0.0175,

***P = 0.0004 (Student’s t-test)
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which is more important with EGT parameters compared to

ECT parameters. In consequence, electrophoretic move-

ment of the electrotransferred, negatively charged oligo-

nucleotide during the pulse is more important and therefore

could lead to its more efficient uptake. We further showed

that siRNA and siLNA were equivalently electrotrans-

ferred, although a slight but nonsignificant increase was

observed with siLNA in both ECT and EGT conditions

(Fig. 3b). Despite these positive results, electrotransferred

siLNA was less efficient for eGFP silencing regardless of

the electric conditions that were used (Fig. 4).

The positioning and number of LNA nucleotides in the

oligonucleotide sequence are crucial for siLNA activity

(Kauppinen et al. 2006). As internal modification in the

antisense strand may hamper siLNA activity (Elmen et al.

2005), we designed a gapmers endblock siLNA, meaning

that LNA substitutions were located at the extremities of

the oligonucleotides. The 30-end LNA modifications in

both the sense and antisense strands have been described as

increasing oligonucleotide stability (Elmen et al. 2005), as

confirmed by our result (Fig. 1). A limitation in siRNA use

is that both strands might be incorporated into the RISC.

Loading of the sense strand leads to unwanted off-target

effects. LNA substitution could also be useful in this

context as LNA modification in the sense strand 50 end

favors loading of the antisense strand. In fact, the ther-

modynamic stabilities of the 50 ends of the two siRNA

strands in the duplex determine the identity of the guide

strand and the passenger strands (Schwarz et al. 2003). The

guide strand directs the silencing, whereas the passenger

strand is ultimately destroyed. Considering these data, the

50 end of the antisense strand of our siLNA was devoid of

LNA nucleotides, and LNA substitutions were added in the

50 end of the sense strand. This design was thought to

increase the binding energy of the sense 50 base pair, pre-

venting its loading into the RISC. In addition, the 50 end

LNA in the sense strand impaired nucleotide phosphory-

lation and, thus, RISC activation (Kaur et al. 2007). Thus,

according to published data, our construct should encour-

age antisense strand loading and increase eGFP silencing.

This was not supported by the experiments; we found that

electrotransferred siLNA was less efficient for eGFP

silencing (Fig. 4). More surprising, despite an enhanced

serum half-life, the siLNA effect was less sustained com-

pared to unmodified siRNA. Thus, the lowered siLNA

efficacy was not compensated for by its increased stability,

contrasting with previous suggestions (Mook et al. 2007).

The lowered siLNA efficacy may be due to its less efficient

recruitment by the RISC complex and/or its low processing

as suggested by Bramsen et al. (2007). An interesting

alternative will be the use of small internally segmented

interfering RNAs (Bramsen et al. 2007).

It is noteworthy that the EGT condition that led to a

slightly better cellular uptake of both oligonucleotides was

associated with a better oligonucleotide eGFP silencing

efficacy.

To conclude, we demonstrated that increased stability

and efficient electrotransfer did not correlate with chemi-

cally modified oligonucleotide gene silencing efficacy.
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Abstract General adhesion behavior of phospholipid

vesicles was examined in a wide range of potentials at the

mercury electrode by recording time-resolved adhesion

signals. It was demonstrated that adhesion-based detection

is sensitive to polar headgroups in phospholipid vesicles.

We identified a narrow potential window around the point

of zero charge of the electrode where the interaction of

polar headgroups of phosphatidylcholine vesicles with the

substrate is manifested in the form of bidirectional signals.

The bidirectional signal is composed of the charge flow due

to the nonspecific interaction of vesicle adhesion and

spreading and of the charge flow due to a specific inter-

action of the negatively charged electrode and the most

exposed positively charged choline headgroups. These

signals are expected to appear only when the electrode

surface charge density is less than the surface charge

density of the choline groups at the contact interface. In

comparison, for the negatively charged phosphatidylserine

vesicles, we identified the potential window at the mercury

electrode where charge compensation takes place, and

bidirectional signals were not detected.

Keywords Adhesion signal � Choline headgroup �
Electrified interface � Mercury electrode �
Phospholipid vesicle

Introduction

Lipids can be classified according to their biological

activity. Lipids that perform regulatory functions have a

distinct residual charge distribution. Residual charge dis-

tribution is one of the factors of intermolecular recognition,

leading to a specific interaction of lipid molecules with the

selected proteins in various processes, particularly those

involved in signal-transduction pathways (Testa et al.

1997). Charge distribution within the membrane interface

determines the distribution and hydration of ions in the

vicinity. Intermolecular interactions within the interface

should therefore be treated as a combination of electrostatic

force and hydration, along with static and dynamic steric

constraints (Israelachvili 1992). The lipid composition is

important for the functional requirements of the membrane.

Phosphatidylcholine (PC), phosphatidylethanolamine (PE)

and sphingomyelin (SM) are the most abundant lipid spe-

cies in biological membranes (Gennis 1989). As the major

components of the surface matrix, they determine the

surface global properties that characterize its environment;

but they do not interfere in membrane-associated pro-

cesses, requiring them to be biologically passive. Phos-

pahtidylserine (PS) in biological membranes plays a dual

role, depending on its location. When situated on the inner

surface of the plasma membrane, it interacts with a variety

of proteins. The presence of PS on the plasma membrane

outer surface is sporadic and has important consequences,

such as in the stage preceding apoptosis (Bennet et al.

1995). Vernier and coworkers (2004) identified a specific

and physiologically significant molecular event: translo-

cation of PS from the inner leaflet of the cell membrane to

the exterior face of the cell that is induced by application of

ultrashort (nanosecond) and high-field (mV/m) electric

pulses. One of the interesting features of the cell membrane
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is the presence of surface molecules that act like a ‘‘sig-

nature’’ for a cell. The interaction of protein ovalbumin and

biologically active adamantyltripeptides with phospholip-

ids in the liposomal bilayers has been described (Frkanec

et al. 2003; Brgles et al. 2007).

The phospholipids deposited on a mercury electrode

surface, either by extruding the drop of mercury through a

monolayer spread on a gas–solution interface or by unila-

mellar vesicle fusion, have been extensively studied (Nelson

and Benton 1986; Nelson and Auffret 1988; Leermarkers and

Nelson 1990; Nelson and Leermarkers 1990; Bizzotto and

Nelson 1998; Stauffer et al. 2001). Such a system can be used

as a model to study the effect of an electric field on membrane

stability, properties of voltage-gated membrane proteins as

well as lipid–lipid and lipid–protein interactions (Guidelli

et al. 2001). Mercury, with its atomically smooth surface,

allows study of the surface properties of such a film and the

charge transfer across a film modified by incorporated pro-

teins (Bizzoto and Nelson 1998; Nelson and Bizzoto 1999;

Guidelli et al. 2001).

The adsorption of various physical forms of PC onto a

mercury electrode was extensively studied using electro-

chemical and optical techniques (Stauffer et al. 2001; Agak

et al. 2004; Bizzotto et al. 2004). The spreading of lipo-

somes onto the mercury surface at constant potential yields

a monolayer of adsorbed PC that is identical to the layer

adsorbed from the G–S interface. This monolayer under-

goes several phase transitions, two of which correspond to

the change in the adsorbed state and one that corresponds

to the adsorption–desorption process. Nelson and

Leermakers (1990) stated that competition between the

heads and the tail for access to the electrode interface was

detected through the existence of a capacitance peak at the

negatively charged mercury electrode. The headgroup of

PS has less specific surface interaction with the mercury

electrode than the PC headgroup. Thus, the conformation

of PS polar heads with the two negative charges and the

one positive charge on the same plane parallel to the lipid

layer is not as electrostatically favored as the conformation

assumed by zwitterionic lipids such as PC (Moncelli et al.

1998). Lipkowski’s group studied the behavior of

phospholipid bilayers with and without the incorporated

peptides in an electric field using the Au(111) electrode

(Zawisza et al. 2003; Burgess et al. 2004, 2005; Xu et al.

2004; Sek et al. 2009). They found that the ingress of

electrolytes is accompanied by electric field–induced

changes in the orientation of the phospholipid on the

electode (Bin and Lipkowski 2006). Electroporation of

membranes could be likened to the ingress of the electro-

lyte into the phospholipid layer at the electrode (Nelson

2010). Molecular dynamic simulation of mixed zwitter-

ionic–anionic, asymmetric phospholipid bilayers with

monovalent and divalent cations demonstrates electrostatic

and entropy-driven association of calcium and sodium ions

with polar groups in the bilayer interface in terms of spatial

distribution profiles and a change in the orientation of the

phospholipid headgroup (Vernier et al. 2009).

While capacitance measurements in liposome suspen-

sions generally reveal properties of the already formed

monolayers at the mercury interface, time-resolved adhe-

sion signals trace the transformation of a single liposome to

a film of finite surface area. The kinetics of an adhesion

event of a single liposome at the mercury electrode became

accessible through signal analysis using empirical equa-

tions (Hellberg et al. 2005; Hernandez and Scholz 2006;

Žutić et al. 2007) and derived analytical solutions for the

reaction kinetics model (Ružić et al. 2009, 2010). The

adhesion signal of a liposome reflects the dynamics of

liposome adhesion by tracing the continuous transforma-

tion from the initial intact state to the intermediate

deformed state and the final state of the lipid monolayer.

The recently developed reaction kinetics and mechanical

models (Ivoševic DeNardis et al. 2012) indicate that all

three states evolve stimultaneously from the onset of the

adhesion process. Apart from the force generated by

adhesion, which drives the motion of the liposome and

causes it to spread on the electrode, the main elements of

the equation of motion in the mechanical model are the

inertial term and the damping term associated with

the release of liposome content across the membrane. The

mechanical model advances the understanding of the

physics of the adhesion event and offers an interpretation

of the three states identified by the reaction kinetics model.

In particular, it suggests that the intermediate state consists

of a spherical cap containing the remaining unreleased

content of the liposome and a flat annular skirt closely

bound to the electrode. The main conclusion is that the

liposome content is released through transient pores

formed in the cap membrane.

Adhesion signals of single liposomes at the dropping

mercury electrode (DME) in air-saturated suspensions were

detected in a broad potential range (Ivošević DeNardis

et al. 2007), while the adhesion signals recorded in

deaerated liposome suspension indicated the significance

of a specific interaction of phospholipid polar headgroups

in close molecular contact with the mercury electrode

(Žutić et al. 2007; Ivošević DeNardis et al. 2009). Here, our

aim was to demonstrate that adhesion-based detection at

the mercury electrode is sensitive to the polar headgroups

of phospholipid vesicles. We present a study of vesicles

formed from PC and PS lipids.

PC is a zwitterionic lipid, with the headgroup consisting

of two oppositely charged residues: phosphate and trime-

thylammonium groups. On the other hand, the resulting net

charge for PS is negative. PS has three residual charges:

two are negative and associated with the phosphate and
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carboxyl groups, while the third, positive charge, is within

the ammonium group.

Materials and Methods

The electrochemical measurement technique was based on

measuring the displacement of the surface charge of the

mercury electrode by adhesion and spreading of deform-

able particles and living cells (Žutić et al. 1993; Svetličić

et al. 2000). The key ingredient in such measurement is the

versatile potentiostatic control of adhesion forces by

changing the surface charge and tension at the electrode–

aqueous suspension interface. The adhesion force can be

fine-tuned to study the interplay of the complex processes

involved in a deformable particle–electrode double-layer

interaction. In particular, the signature of a single adhesion

event at the mercury electrode is the spike-shaped current

transient (adhesion signal), which is consistent with the

classical model of the electrical double-layer at the elec-

trode–solution interface. The flow of double-layer charge

displacement current reflects the dynamics of adhesive

contact formation of the deformable particle with the

electrode and the subsequent rupture and spreading of

particle constituents to a film of the finite surface area at

the millisecond time scale:

ID ¼
dA

dt
r12 ð1Þ

where ID is the displacement current, A is the area of the

interacting interface, t is time and r12 is the surface charge

density of the mercury electrode–aqueous electrolyte

interface (Žutić et al. 1993). At a given potential, the

current amplitude reflects the size of the adhered par-

ticle, while the signals frequency reflects the particle

concentration in the suspension (Žutić et al. 1993; Svetličić

et al. 2000; Ivošević DeNardis et al. 2007). The adhesion

signals are defined by maximum signal amplitude (Imax),

signal duration (s) and displaced charge (qD). The

displaced double-layer charge (qD) is obtained by

integrating the area under the adhesion signal.

qD ¼
Zt1þs

t1

Idt ð2Þ

If a complete charge displacement takes place, as in the

case of nonpolar droplets of organic liquids, the area of the

contact interface (Ac) is

Ac ¼
qD

r12

ð3Þ

The general mechanism established for adhesion of

hydrocarbon droplets and living cells is expected to be

valid as well for liposome adhesion within the wide range

of surface charge densities (Ivošević DeNardis et al. 2009).

Dispersion of hexadecane droplets was selected as a simple

and well-defined reference system due to the fact that

hexadecane is the highest saturated n-alkane that is fluid at

room temperature and it has a large set of calculations and

experimental data on surface and interfacial tension

(Fowkes 1963; Ribarsky and Landman 1992). Interaction

of oil droplets at the mercury–water interface is defined

according to the modified Young–Dupré equation. The

total Gibbs energy of interaction between a droplet and the

aqueous mercury interface is

�DG ¼ Aðc12 � c23 � c13Þ ð4Þ

where c12, c13 and c23 are the interfacial energies at mer-

cury–water, mercury–organic liquid and water–organic

liquid interfaces, respectively. The expression in paren-

theses is the spreading coefficient (S132) at the three-phase

boundary (Israelachvili 1992). When S132 [ 0 attachment

and spreading are spontaneous processes, while when

S132 \ 0 spreading is not spontaneous. The critical inter-

facial tension of adhesion ðc12Þc defined by S132 ¼ 0 will

be ðc12Þc ¼ c13 þ c23. In the case of nonpolar organic

liquids, the critical interfacial tensions of adhesion at the

positively and negatively charged interfaces are the same,

showing good agreement with the calculated values

(Ivošević et al. 1994, 1999) according to Young–Dupré and

Good–Girifalco–Fowkes relationships (Fowkes 1962,

1963). With increasing chain length and increasing polarity

of molecules, the potential range of adhesion becomes

wider as the critical interfacial tension of adhesion

decreases.

Hexadecane Droplet Dispersion

The aqueous dispersion of n-hexadecane (99 % GC;

Aldrich, Milwaukee, WI) was prepared by shaking 50 ll of

organic liquid in 250 ml of phosphate-buffered saline

(PBS, 0.15 M), pH 7.47, at 300 rpm for 1 h.

Vesicle Suspensions

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, C99 %)

and PS (1,2-diacyl-sn-glycero-3-phospho-L-serine, from

bovine brain, C97 %) were purchased from Sigma (St.

Louis, MO) and used as received. The fatty acid compo-

sition and positional distribution in glycerophosphatides of

bovine gray matter are given in Yabuuchi and O’Brien

(1968). Multilamellar DOPC and PS vesicles were pre-

pared by dissolving 10 mg of lipid in 2 ml of chloroform.

After rotary evaporation of the solvent, the remaining lipid

film was dried in vacuum for 1 h and dispersed by gentle

hand shaking in 1 ml of PBS. The solution was left
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overnight at 4 �C to swell and stabilize. The suspension

submitted for electrochemical measurements was charac-

terized by a Coulter counter to determine vesicle concen-

tration and size distribution using a 100-lm-diameter

sampling orifice tube. The normal-size distribution was

fairly reproducible and stable throughout the electro-

chemical experiment. Vesicle suspension of 2 9 108/l

contains predominantly size fractions in the range

3.2–16 lm.

Unilamellar DOPC vesicle suspensions were prepared

according to Moscho and coworkers (1996). The lipid was

dissolved in chloroform (0.1 M), and 20 ll of this solution

was added to a 50 ml round-bottomed flask containing

920 ll of chloroform and 150 ll of methanol. The aqueous

phase (7 ml of PBS) was carefully added along the flask

walls. Organic solvents were removed in a rotary evapo-

rator under 240–300 mmHg pressure at 40–43 �C. After

evaporation for a couple of minutes, an opalescent fluid

was obtained with a volume of approximately 6.5 ml. The

suspension was characterized by a Coulter counter using a

140-lm-diameter sampling orifice tube, where particle size

distribution was in the range 2–60 lm.

Electrochemical Measurements

DME had a drop-life of 2.0 s, a flow rate of 6.0 mg/s and a

maximum surface area of 4.57 mm2. All potentials were

referred to an Ag/AgCl (0.1 M NaCl) reference electrode,

which was separated from the measured dispersion by a

ceramic frit. Its potential was ?2 V versus calomel elec-

trode (1 M KCl). Electrochemical measurements were

performed using a 174A Polarographic Analyzer (Prince-

ton Applied Research, Oak Ridge, TN) interfaced to a

computer. Analogous data acquisition was performed with

a DAQ card-AI-16-XE-50 (National Instruments, Austin,

TX) input device, and the data were analyzed using the

application developed in LabView 6.1 software (National

Instruments). The current–time (I–t) curves over 50 mer-

cury drop lives were recorded at constant potentials, with a

time resolution of 50 ls. Signal frequency is expressed as

number of adhesion event over 100 s. The aliquot of

liposome suspension was added in deaerated PBS under

purging with nitrogen at 25 �C.

Results

Hexadecane Droplets

The adhesion behavior of hexadecane droplets at the

charged DME interface is presented as the dependence of

signal frequency and maximum signal amplitude on elec-

trode potential (Fig. 1). The adhesion signal frequency of

hexadecane droplets was detected in the potential range

from -270 to -730 mV in PBS. These experimentally

determined potentials are referred to as critical potentials of

adhesion (Eþc and E�c ). The difference between the critical

interfacial tensions of hexadecane adhesion at the posi-

tively and negatively charged electrodes corresponds to

1.3 mJ/m2 due to the specific adsorption of chloride and

phosphate anions of the supporting electrolyte at the pos-

itively charged mercury electrode (Ivošević et al. 1999). At

the potentials positive to -270 mV or negative to

-730 mV, adhesion of hexadecane droplets was not

detected and droplets behaved as inert particles due to the

stronger interaction of mercury with water and electrolyte

ions than the interaction with the droplets. The signal fre-

quency of hexadecane droplets changes by scanning the

potential, creating a butterfly-shaped dependence. At the

Fig. 1 The reference system: dispersion of n-hexadecane droplets

(180 mg/l) in PBS. Dependence of signal frequency (a) and

maximum signal amplitude (b) on electrode potential. Eþc and E�c
denote critical potentials of adhesion at the positively and negatively

charged mercury/PBS interfaces, respectively
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potential of zero charge of the mercury electrode (Epzc),

signal frequency is zero as there is no electrode double-

layer charge to be displaced. The maximum signal ampli-

tude of hexadecane droplets varies as well by changing the

potential. The signal amplitude depends on the droplet size

as well as on the polarity and the surface charge density of

the mercury electrode. In particular, the signal amplitude is

positive at a positively charged mercury electrode, i.e., at

the potentials E [ Epzc. Signal amplitude displays a

negative sign at a negatively charged electrode, i.e., at the

potentials E \ Epzc. Only simple unidirectional signals of

hexadecane droplets are recorded at the positively and

negatively charged electrodes. At the Epzc maximum signal

amplitude is zero.

Multilamellar DOPC Vesicles

The effect of the potential at the DME–PBS interface on

the adhesion behavior of multilamellar DOPC vesicles in

terms of signal frequency and signal shape is presented in

Figs. 2 and 3. The adhesion behavior of zwitterionic DOPC

vesicles differs from that of nonpolar hexadecane droplets

based on (1) a wider potential range of adhesion, i.e., from

-20 to -1360 mV; (2) signal frequency at Epzc; (3) posi-

tive direction of the signal at Epzc; (4) shifts of minimum

signal frequency from Epzc; (5) critical interfacial tensions

of adhesion; and (6) the appearance of bidirectional signals.

The difference between the critical interfacial tensions of

DOPC vesicle adhesion at the positively and negatively

charged electrodes corresponds to 27.5 mJ/m2. The value

of critical interfacial tension at the negatively charged

electrode for adhesion of DOPC vesicles is significantly

smaller than the value at the positively charged electrode

due to the strong and specific electrostatic interaction

between the positively charged choline groups and the

negatively charged mercury electrode.

Figure 3 shows the selected adhesion signals of DOPC

vesicles captured with a time resolution of 50 ls at the

selected potential points. At characteristic potential region

A being placed in the vicinity of the critical potentials of

adhesion (high r12 and low S132), the adhesion signals

show a drawn-out shape, while signal direction depends on

the polarity of the surface charge of the electrode. Signal

durations are in the range of 5–200 ms at the potential of

-100 mV depending upon vesicle size. At potential region

B (moderate values of r12 and S132), adhesion signals of

DOPC vesicles become sharp and narrow. Signal durations

are in the range 0.5–10 ms at the potential of -300 mV.

The dependence of signal duration on the spreading

Fig. 2 Potential dependence of the signal frequency of multilamellar

DOPC vesicles in PBS. Characteristic potential points are indicated:

A high r12 and low S132 values, B moderate values of r12 and S132 and

C with r12\0 and close to the highest S132values

Fig. 3 Characteristic shapes of adhesion signals at the potential

points A, B, C defined in Fig. 2: unidirectional signals corresponding

to the displacement of negative or positive charges of the electrode at

a high r12 but low S132 value and b moderate values of r12 and S132.

Bidirectional signals occur only in a narrow potential region c with

r12\0 and close to the highest S132value
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coefficient was determined for hydrocarbon droplets irre-

spective of the polarity of the electrode charge, proving

that interfacial energy governs the rate of spreading (Ivo-

šević and Žutić 2002). Only simple unidirectional signals

of DOPC vesicles are recorded at potential regions A and

B. At potential region C (with r12 \ 0 and close to the

highest S132), complex bidirectional signals of DOPC

vesicles were recorded only in a narrow potential range.

Unilamellar DOPC Vesicles

We performed closer examination of the adhesion behavior

of PC vesicles by scanning the electrode potential in a

suspension of unilamellar DOPC. In general, the potential

range of adhesion at the DME and the adhesion signal

feature in suspension of unilamellar DOPC resemble those

recorded in the suspension of multilamellar DOPC. Fig-

ure 4a illustrates the shape of adhesion signals and the

direction of flow of the compensating current at the posi-

tive and negative surface charge densities, respectively.

The smallest signal of DOPC vesicles measured at the

potential of -400 mV that is detected beyond the noise

level has an amplitude of 0.18 lA, signal duration of 1 ms

and displaced charge of 49 pC, which corresponds to the

contact area of 1484 lm2. This signal was recorded at a

drop lifetime of the mercury electrode of 0.26 s, and the

resulting portion of occupied electrode surface area is

0.13 %. If the surface area of the DOPC molecule in the

bilayer (72.5 Å) (Lagüe et al. 2001) is the same as in

the monolayer on the positively charged electrode with the

hydrophobic tails oriented perpendicularly to the electrode,

the radius of the unilamellar vesicle in solution would be

7 lm. However, in the case of multilamellar vesicles, only

the radius of an equivalent unilamellar vesicle could be

evaluated from the displaced charge, assuming a successive

peel off, rupture and spreading of bilayers to the

phospholipid monolayer, which is the only stable structure

at the aqueous mercury interface at potentials of strong

adhesion.

Scanning the electrode potential around Epzc (potential

region C) reveals the characteristic bidirectional adhesion

signals (Fig. 4b). Bidirectional signals of DOPC vesicles

appear in the narrow potential range from -570 to

-700 mV, which corresponds to a surface charge density

�1:85 � r12 � � 5:08. This type of adhesion signal was

first reported for multilamellar egg-PC liposomes, showing

that bidirectional signals originate from a specific interac-

tion of positively charged choline groups of phospholipid

polar heads when in immediate contact with the negatively

charged mercury electrode (Žutić et al. 2007). Here, we

show that the phenomenon of bidirectional signals is

characteristic of PC vesicles irrespective of their lamel-

larity. We confirmed the appearance of bidirectional sig-

nals of vesicles around the Epzc of the mercury electrode as

well as in the systems of DMPC vesicles in PBS at 25 �C

and DPPC vesicles in PBS at 45 �C (Ivošević et al. 2009).

The ratio of the positive portion peak to the negative por-

tion peak of the bidirectional signal shows potential

Fig. 4 Adhesion signals of unilamellar DOPC vesicles in PBS.

Unidirectional adhesion signals were recorded at -400 mV

(r12 ¼ 3:31 lC=cm2) and -800 mV (r12 ¼ �7:13 lC=cm2) (a).

Bidirectional signals were recorded at -570 mV (r12 ¼ �1:85

lC=cm2), -580 mV (r12 ¼ �2:09 lC=cm2) and -600 mV

(r12 ¼ �2:59 lC=cm2), i.e., potential region with r12\0 and close

to the highest S132 (b)

Fig. 5 Potential dependence of peak heights ratiojIm
?/Im

-j of bidirec-

tional signals of unilamellar DOPC vesicles in PBS
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dependence (Fig. 5). Attenuation of the positive portion

peak with increasing negative potential is due to the charge

flow associated with vesicle spreading, which dominates

over the charge flow associated with a specific interaction

of choline groups.

Multilamellar PS Vesicles

The effect of potential at the DME on the adhesion

behavior of multilamellar PS vesicles in terms of signal

frequency was examined in potential region C, to trace a

specific behavior of the serine polar headgroup. The

behavior observed was quite different from that of the

choline group, which is characterized by bidirectional

signals. Although PS adhesion signals had the same

appearance for potential regions A and B, no signals were

observed in region C, i.e., in the range from -520 to

-560 mV (Fig. 6). At pH 7.5 the polar head of PS is

negatively charged (Moncelli et al. 1998). The absence of

adhesion signals more negative than Epzc indicated overall

interaction of the positively charged vesicles. Since mea-

sured double-layer charge displacement takes place at a

distance of less than 10 Å, it is possible to detect the charge

corresponding to the ammonium group. Kotyńska and

Figaszewski (2005) studied the effect of the adsorption of

ions (H?, Na?, OH-, Cl-) present in the solution upon the

electric charge of the liposome membrane formed of PC

vesicles. The surface charge density of the membrane was

determined as a function of pH and of electrolyte con-

centration obtained with electrophoretic mobility mea-

surements. For high concentration of sodium chloride

(0.1 M) at pH 7, competition in the adsorption between the

H? and Na? ions takes place. The increase in Na? ion

concentration causes a decrease in the negative charge,

proving the adsorption of Na?. The confined range of

surface charge densities of the mercury electrode in which

electrostatic interaction was identified is from -0.55 to

-1.50 lC/cm2. Our results are in agreement with the

capacitance measurements, where the determined charge

density on PS-coated mercury electrode in 0.1 M KCl at

constant applied potential of -0.5 V/vs. SCE and at pH 7.5

was around -0.49 lC/cm2 (Moncelli et al. 1998).

Discussion

The bidirectional signal is composed of the charge flow due

to the nonspecific charge displacement at the initial contact

of a liposome with the electrode (negative portion of the

signal) and of the charge flow due to a specific interaction

of positively charged choline groups of phospholipid polar

heads that form a direct contact with the electrode surface

(positive portion of the signal). The lipid vesicle first

establishes the adhesion contact through displacement of

the ions situated in the inner Helmholtz plane (IHP, the

initial negative portion of the peak) in such a way that the

polar headgroups of still intact vesicles come in direct

(molecular) contact with the mercury electrode and charge

transfer takes place due to a specific electrostatic interac-

tion of the positively charged choline groups of phospho-

lipids and the negatively charged electrode, forming a

surface complex with a partial charge transfer (positive

portion of the peak). With increasing negative potential, the

compensating charge flow due to the spreading of vesicle

dominates over the charge flow due to a specific electro-

static interaction of choline groups because the increased

surface charge density of the electrode compensates for the

positive charge. For potentials where the electrode surface

charge is close to, equal to or exceeds the charge density

created by the choline groups, the positive portion of the

bidirectional signal attenuates and finally disappears.

Our interpretation of the bidirectional signal origin is in

agreement with studies of potential-dependent fluorescence

of DOPC on the mercury surface by Stoodley and Bizzotto

(2003). They provided evidence of polar lipid headgroup–

mercury electrode interaction based on fluorescein chro-

mophores residing in the lipid headgroup/aqueous region.

Around the Epzc lipids are closer to the electrode and form

the preadsorbed state, effectively quenching fluorescence.

By scanning the potential negatively from the Epzc, fluo-

rescence increases and the lipid layer desorbs and remains

close to the electrode surface. High affinity of tetra-

alkylammonium cations for interaction with the negatively

charged mercury electrode is well known in the electro-

chemical literature (Ryan et al. 1987). Choline methyl
Fig. 6 Potential dependence of signal frequency of multilamellar PS

vesicles in PBS
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groups are hydrophobic, and adjacent water molecules are

hydrogen-bonded between themselves, forming a clathrate

shell around the PC headgroup. It is estimated that about

25–30 water molecules are needed to fully hydrate the

choline headgroup (Damodaran and Merz 1993, 1994). The

lack of hydrogen bonds enables the choline moiety to rotate

freely (Israelachvili 1992). The range of the surface charge

densities where specific electrostatic interaction of choline

and mercury electrode was identified is from -1.85 to

-5.08 lC/cm2. The r12 value at which the positive portion

of the bidirectional signal disappears is the surface charge

density of the mercury electrode needed to compensate for

the charge of the choline groups. From this value, we can

calculate the area at the electrode surface occupied by one

positive charge of the choline group, which corresponds to

315 Å2. This indicates a flat orientation of lipid molecule in

the monolayer formed after liposome spreading over the

electrode, although some other orientations of PC lipid

molecule at the mercury electrode have been proposed

(Hellberg et al. 2005; Hernandez and Scholz 2006; Nelson

2010).

Another piece of evidence for such an orientation of

lipid molecules at the negatively charged electrode is found

by analysis of the adhesion signal of a single DMPC

liposome (Hernandez and Scholz 2006), where for the

unilamellar liposome the surface area occupied by one lipid

molecule in the monolayer is 230 Å2 compared to the

surface area occupied by a headgroup, which equals 65 Å2.

In the pH range 4–9, the PC film is uncharged and does not

contain partially protonated ionizable groups. Over this pH

range the conformation of the PC polar head with the P-N

dipoles aligned head to tail in the direction parallel to the

monolayer is the most energetically favored arrangement

from the electrostatic viewpoint (Moncelli et al. 1998).

Finally, the orientation of DMPC molecules at the

Au(111) electrode surface observed at a charge density

close to zero was visualized by STM with high molecular

resolution. The images of flat-lying DMPC molecules with

acyl chains oriented parallel to the surface and assembled

into an oriented monolayer could be observed in dilute

vesicle solution but only during a short period of time after

vesicle deposition. With time, the molecules reorient and

the monolayer is transfomed into a hemimicelar film (Xu

et al. 2004).

Conclusions

We demonstrated that adhesion-based detection is sensitive

to polar headgroups in phospholipid vesicles. By studying

the effect of potential on adhesion signals of PC and PS

vesicles at the DME, we have identified the potential

window of the interaction of lipid polar headgroups with

the substrate. Thus, for PC vesicles the interaction is

manifested in the form of bidirectional signals. The bidi-

rectional signal is composed of (1) the charge flow due to

vesicle adhesion and spreading (displacement of ions from

the electrode IHP), yielding the negative portion of bidi-

rectional signal, and (2) the charge flow due to a specific

interaction of the negatively charged electrode and the

most exposed charged group of the phospholipid polar

head, i.e., the positively charged trimethylammonium

group, yielding the positive portion of the bidirectional

signal. Therefore, bidirectional signals are expected to

appear only when the electrode surface charge density is

less than the surface charge density of the choline groups at

the contact interface.

We conclude that the major distinction between

phospholipid vesicles and oil droplets is manifested as (1)

the difference between the critical interfacial tensions of

adhesion at the positively and negatively charged elec-

trodes, (2) the appearance of specific bidirectional signals

at the low surface charge density and (3) the molecular

orientation in the monolayer. In order to derive molecular-

level imaging and to gain information about the phospho-

lipid orientation with respect to the potential stimuli, fur-

ther research should employ computer simulation methods

to model such a membrane system.
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Abstract The fusogenic state of the cell membrane can

be induced by external electric field. When two fusogenic

membranes are in close contact, cell fusion takes place. An

appropriate hypotonic treatment of cells before the appli-

cation of electric pulses significantly improves electrofu-

sion efficiency. How hypotonic treatment improves

electrofusion is still not known in detail. Our results indi-

cate that at given induced transmembrane potential elec-

troporation was not affected by buffer osmolarity. In

contrast to electroporation, cells’ response to hypotonic

treatment significantly affects their electrofusion. High

fusion yield was observed when B16-F1 cells were used;

this cell line in hypotonic buffer resulted in 41 ± 9 %

yield, while in isotonic buffer 32 ± 11 % yield was

observed. Based on our knowledge, these fusion yields

determined in situ by dual-color fluorescence microscopy

are among the highest in electrofusion research field. The

use of hypotonic buffer was more crucial for electrofusion

of CHO cells; the fusion yield increased from below 1 % in

isotonic buffer to 10 ± 4 % in hypotonic buffer. Since the

same degree of cell permeabilization was achieved in both

buffers, these results indicate that hypotonic treatment

significantly improves fusion yield. The effect could be

attributed to improved physical contact of cell membranes

or to enhanced fusogenic state of the cell membrane itself.

Keywords Electroporation � Electrofusion � Isotonic

buffer � Hypotonic buffer � B16-F1 � CHO � Fluorescence

microscopy

Introduction

According to current opinions in cell biology, cell fusion is

the beginning and end, the alpha and omega, of all living

beings. A human life starts with the fusion of two cells.

However, recently published data also indicate that

uncontrolled fusion of healthy cells results in cancer

(Duelli and Lazebnik 2003, 2007). Furthermore, cell fusion

is suggested to be one of the major mechanisms of the

metastasis formation (Larsson et al. 2008; Lu and Kang

2009). Cell fusion is of interest not only as a fundamental

biological process but also as a useful experimental tool in

biotechnology, medicine and biology. For therapeutic

purposes, we can use cell fusion to investigate and treat

different diseases like diabetes (McClenaghan 2007), to

regenerate axons of the central nervous system (Sretavan

et al. 2005) and to produce cells with desired properties,

such as reprogrammed progenitors for stem cell therapy

(Yamanaka and Blau 2010). Even more, cell fusion also

holds great promise in transplantation medicine (Sullivan

and Eggan 2006). The most-know applications of cell

fusion are the production of monoclonal antibodies in

hybridoma technology (vor dem Esche et al. 2011; Trontelj

et al. 2008) and the production of cell vaccines for cancer

immunotherapy (Koido et al. 2010).

However, the success of the methods based on cell fusion

depends on the number of fused and functional cells, which is

not a trivial task to achieve. For this reason, an universal tool

which will reliably produce a high fusion yield has been

sought for almost 30 years. Among the physical, viral,
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chemical and even genetic methods (Gottesman et al. 2010),

cell fusion using electric pulses, known as ‘‘electrofusion,’’ is

the most promising one. However, its status as a routine tool

for cell fusion has yet to be established. The method is rel-

atively simple, is potentially highly efficient and enables a

fusion of a large number of cells at the same time. In studies

where the chemical method of cell fusion (PEG) was com-

pared to electrofusion, the authors reported that electrofusion

was more efficient (Hui and Stenger 1993; Karsten et al.

1988; Yu et al. 2008). Electrofusion also holds the great

promise in the clinical environment since it does not include

any viral or chemical additives.

The reason electrofusion is not already a universal tool

for cell fusion is that all parameters and mechanisms are

not yet completely known and optimized. It was shown

that, even with modern microfluidic devices developed

recently, fusion yields can still be very low (up to 5 %)

(Ju et al. 2009). From the literature we can see that there

are many factors which affect electrofusion, but no sys-

tematic study has been performed to clarify the influential

parameters and to suggest directions for further studies.

By definition, electrofusion is a two-condition process:

(1) a cell membrane has to be brought into a fusogenic state

and (2) close physical contact between two fusogenic

membranes has to be established (Teissie and Rols 1986).

The fusogenic state of the cell membrane is achieved by

electric pulse application, resulting in electroporation that

causes a dramatic increase in membrane permeability after

the cell is exposed to short and intense electric pulses. The

energy for membrane permeability based on rearrangement

of lipid molecules in the cell membrane is obtained by

induced transmembrane voltage (ITV) (Neumann et al.

1989). In general, it is accepted that at higher ITV higher

electroporation efficiency is achieved. The change in cell

membrane permeability is not the only consequence of

electric pulse application; such a membrane is also brought

into a fusogenic state (Teissie and Ramos 1998). Therefore,

for effective electrofusion, adequate electric field parame-

ters have to be selected (Trontelj et al. 2008).

Close physical contact between cells is the second con-

dition required for effective cell fusion; it is important to note

that the contact has to be established while cell membranes

are in the fusogenic state. Electrofusion is a considerably

more complex process than electroporation due to the fact

that cell contact is crucial and that the physiology of the cell

is involved in the postpulse process leading to effective cell

fusion. No theoretical descriptions yet exist which would

predict a fusion yield. Even more, a fusion yield varies tre-

mendously between different cell lines (Salomskaite-

Davalgiene et al. 2009; Usaj et al. 2010). Thus, the mecha-

nisms involved in efficient cell fusion and optimization of

parameters involved in the process still require further

studies. While part of the difference in electrofusion

behavior can be attributed to cell size, an important part is

governed by biological characteristics and the response of

cells to the treatment (Glaser and Donath 1987; Neil and

Zimmermann 1993). One of the earliest approaches pro-

posed to improve electrofusion efficiency was the use of

hypotonic buffers (Klock et al. 1992; Schmitt and Zimmer-

mann 1989; Vienken and Zimmermann 1985). How hypo-

tonic treatment improves electrofusion is still not known in

detail. In the literature to date (Ahkong and Lucy 1986;

Perkins et al. 1991; Reuss et al. 2004; Stenger et al. 1988;

Sukhorukov et al. 1993, 2005, 2006; Zimmermann et al. 1990;

Zimmermann and Neil 1996) we find only a few hypotheses,

which can be divided into two groups: (1) a hypotonic treat-

ment enhances the electroporation itself and (2) a hypotonic

treatment improves cell contact and, by that, fusion yield. It is

also possible that an improved fusion yield is the consequence

of both phenomena. This questions cannot be answered only

by analyzing the data already published since there is no

systematic study where both phenomena, i.e., electroporation

and electrofusion, were investigated in parallel using isotonic

and hypotonic buffers with the same cell line, buffer compo-

sition, electric field parameters, method for establishing cell

contact and temperature.

The aim of our study was to investigate electroporation

and electrofusion in isotonic and hypotonic buffers for two

cell lines using the same experimental conditions to enable

us to separate the effects of cell membrane permeabilization

and cell fusion. For electroporation we tested different

electric pulse amplitudes. We used electric field amplitudes

that resulted in comparable transmembrane potentials in

isotonic and hypotonic buffers in order to exclude the

influence of cell size (or ITV) on electroporation and elec-

trofusion. Thus, from the data obtained we could separately

evaluate the effect of hypotonic treatment on electroporation

and electrofusion beyond the effect of the cell size. In our

previously study (Usaj et al. 2010) we described a modified

adherence method to efficiently perform cell fusion in

hypotonic buffer. In this study we focused on the comparison

of the electroporation and electrofusion in isotonic and

hypotonic buffers, an aspect that was only briefly addressed

in our previous work. Besides we described a simple but very

effective modification of our electrofusion method, which

gives a three times higher electrofusion yield compared to

our previously published study.

Materials and Method

Chemicals, Cell Culture Media

Dulbecco’s minimal essential medium (DMEM), Ham’s

Nutrient Mixtures (F-12 HAM), fetal bovine serum (FBS),

L-glutamine, sucrose, dipotassium hydrogen phosphate
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(K2HPO4), potassium dihydrogen phosphate (KH2PO4),

magnesium chloride (MgCl2), trypsin and EDTA were

obtained from Sigma-Aldrich (Taufkirchen, Germany).

Antibiotics (crystacillin and gentamicin) were obtained

from Lek (Ljubljana, Slovenia). Propidium iodide,

CMFDA and CMRA cell trackers were obtained from

Molecular Probes/Invitrogen (Carlsbad, CA).

Cell Culture and Electroporation Buffer

Cell lines were cultured in humidified atmosphere at 37 �C

and 5 % CO2 in the following culture media: mouse mel-

anoma (B16-F1) in DMEM supplemented with 10 % FBS,

antibiotics (gentamicin, crystacillin) and L-glutamine;

Chinese hamster ovary cells (CHO) in F-12 HAM sup-

plemented with 10 % FBS, antibiotics and L-glutamine.

Cells were grown in a 25 cm2 culture flask (TPP, Trasad-

ingen, Switzerland) to 70–80 % confluence. Iso- and

hypotonic potassium phosphate buffer (KPB; 10 mM

KH2PO4/K2HPO4, 1 mM MgCl2) with 250 or 75 mM

sucrose corresponding to osmolarities of 260 and 93 mOsm

[mOsmol/kg, determined by Knauer vapor pressure

osmometer (K-7000; Knauer, Wissenschaftliche Geratebau,

Germany)] were used in the experiments. The conductivity

of both buffers was 1.62 mS/cm and pH 7.2.

Electroporation

Cell suspensions were prepared on the day of the experi-

ment by 0.25 % trypsin/EDTA solution. Trypsin solution

was then removed and replaced by 5 ml of culture medium,

and a homogenous cell suspension was prepared. For

electroporation we used an electric pulse generator

(Cliniporator; IGEA, Carpi, Italy) and 4 mm gap cuvettes

(Eppendorf, Hauppauge, NY). The electric field was cal-

culated as E = U/d, where U is applied voltage and d is

distance between electrodes (4 mm). Aliquots of 1.5 9 105

cells for B16-F1 (or 3 9 105 cells for CHO) were prepared,

centrifuged (2909g, 5 min, 4 �C) and kept at 4 �C.

Supernatant was carefully removed, and cells were resus-

pended in 270 ll of hypotonic buffer. Electroporation was

performed 2 min after hypotonic buffer was added as it

was shown previously that cells are close to their maximal

size induced by hypotonic cell swelling (Usaj et al. 2009).

Propidium iodide (30 ll, 1.5 mM) was added to the cell

suspension 15 s before pulse application, and the cell

suspension was then transferred to an electroporation

cuvette. The same procedure was used for isotonic buffer.

Electroporation was performed by application of eight

rectangular pulses with pulse duration 100 ls, repetition

frequency of 1 Hz and different pulse amplitudes from 0 V

(0 V/cm, negative control) to 640 V (1,600 V/cm, positive

control) for hypotonic buffer or 800 V (2,000 V/cm,

positive control) for isotonic buffer, in 80 V (200 V/cm)

steps. Electroporation efficiency was determined spectro-

fluorometrically by means of propidium iodide uptake in a

microplate reader (Infinite M200; Tecan, Mannedorf,

Switzerland) at 535 nm excitation and 617 nm emission

wavelength, 3 min after pulse application. The percentage

of propidium iodide uptake was then calculated. The value

obtained from the negative control was subtracted from the

value of the treated sample and then divided by that of the

positive control. Mean values (±SD) for given pulse

amplitudes were calculated from at least four independent

experiments. The differences between electroporation in

isotonic and hypotonic buffers at the same applied voltage

(electric field amplitude) for each cell line were statistically

tested using the independent samples t test (SPSS Statistic;

SPSS, Inc., Chicago, IL).

Calculation of Maximal Induced Transmembrane

Voltage

For ITV calculation we used an equation for induced

transmembrane voltage of spherical cells

ITV ¼ �1:5rE cos u ð1Þ

where r is the radius of the cell, E is the strength of the

external electric field and u is the angle between the direction

of the external applied electric field and the normal from the

center of the cell to the point of interest on the cell surface

(Kotnik et al. 1997; Neumann et al. 1989; Pucihar et al.

2009). The hypotonic treatment used in our experiments

induces swelling of the cells and, therefore, affects the

maximum induced transmembrane voltage (ITVmax) and

putatively the efficiency of electroporation/electrofusion.

The cell radii for B16-F1 and CHO before and 2 min after the

start of hypotonic treatment were determined in our previous

studies (Usaj et al. 2009, 2010). The cell radii of B16-F1 in

isotonic and hypotonic buffers were 8.1 ± 1.1 and

9.3 ± 1.8 lm, while those for CHO were 6.1 ± 0.6 and

7.7 ± 0.4 lm, respectively. An independent samples t test

showed us that B16-F1 cells were significantly larger than

CHO cells in isotonic buffer (P \ 0.05). However, this dif-

ference was not statistically significant after the cells were

maintained in hypotonic buffer for 2 min. A paired samples

t test made on the sizes of the same cells in isotonic buffer and

after 2 min in hypotonic buffer revealed that the increase in

cell size due to hypotonic swelling was statistically signifi-

cant for both cell lines (P \ 0.05).

Electrofusion

Fluorescence microscopy was used for the detection and

quantification of fused cells as described previously

(Trontelj et al. 2010; Usaj et al. 2010). Cells in one flask
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were stained with green CMFDA, while cells in the other

flask were stained with red CMRA at 7 lM loading solu-

tion. The cells were then trypsinized and mixed together at

a ratio of 1:1.

Close cell–cell contacts were established by a modified

adherence method (Trontelj et al. 2010). Here has been

made a simple but efficient improvement of the method

since our first publication (Usaj et al. 2010). Instead of

plating the whole microplate well with 1 ml of cells in

suspension (Usaj et al. 2010), we placed only a 40 ll drop

of cells in suspension in the middle of the well. Doing so,

the cell contact is much more controllable since cells stay

in the area between electrodes and do not distribute to the

edge of the microplate well, where they are not exposed to

electric pulse treatment. Thus, a 40 ll drop of cell sus-

pension containing 2 9 106 cells/ml for B16-F1 and

4 9 106 cells/ml for CHO was placed in each well of a

24-multiwell plate (TPP). Cells were incubated in 5 % CO2

at 37 �C for 20 min to slightly attach to the surface of the

well. Before electroporation, cells were washed with iso-

tonic buffer and 350 ll of hypotonic or isotonic buffer was

added. Two minutes later, electric pulses (8 9 100 ls at

1 Hz) were delivered using two parallel wire electrodes

(Pl/Ir = 90/10) with a 5 mm gap. Electric field amplitudes

were selected in order to induce the same ITVs in isotonic

and hypotonic buffers (see Eq. 1). After delivery of pulses,

cells were left undisturbed for 10 min for cell fusion to take

place. The fusion yield was determined by dual-color

fluorescence microscopy (Jaroszeski et al. 1998; Trontelj

et al. 2010). We used two emission filters, the first at

535 nm (HQ535/30 m, for CMFDA) and the second at

510 nm (D510/40 m, for CMRA) (both from Chroma,

Brattleboro, VT), and a monochromator (Polychrome IV;

Visitron, Puchheim, Germany). Cells were observed under

an inverted fluorescence microscope (Axiovert 200; Zeiss,

Oberkochen, Germany) with 920 objective magnification.

Three images (phase contrast, red and green fluorescence)

were acquired from five randomly chosen fields in each

well using a cooled CCD video camera (VisiCam 1280,

Visitron) and PC software MetaMorph 7.1 (Molecular

Devices, Palo Alto, CA).

For each parameter an image triplet composed of phase

contrast, red fluorescent and green fluorescent images was

created. The image-processing software ImageJ (NIH

Image, Bethesda, MD) was used to create three channel

images (Fig. 2) from each image triplet (phase contrast, red

and green fluorescence). Cells were manually counted, and

the fusion yield was calculated as a percentage of double-

labeled fused (or polynucleated) cells: (Ndouble/Ntotal) 9

100. The fusion yield is presented as an average value

(±SD) for a given cell line and the ITVmax obtained from

at least three independent experiments. Differences

between electrofusion in isotonic and hypotonic buffers at

the same ITV for each cell line were statistically tested

using the independent samples t test.

Results

Electroporation

We investigated the electroporation of B16-F1 and CHO

cells in isotonic and hypotonic buffers at different electric

field amplitudes. The results are shown in Fig. 1a, b. At

first sight the hypotonic buffer enhanced cell electropora-

tion. Propidium iodide uptake was higher in hypotonic

buffer than in isotonic buffer at the same electric field

amplitudes for both cell lines. Consequently, saturation

was achieved at lower electric field amplitudes in hypo-

tonic than in isotonic buffer. The apparent threshold for

electroporation was lower in hypotonic buffer, 200–400

V/cm, than in isotonic buffer, 400–600 V/cm; however, the

resolution of data points around the electroporation

threshold was too low to more accurately confirm this

visual observation and to more accurately determine the

exact value of the electroporation threshold.

To gain insight into the effect of the hypotonic buffer,

we calculated ITVmax. By doing so we excluded the effect

of cell size on cell electroporation caused by hypotonic cell

swelling. The radii of B16-F1 cells in isotonic and hypo-

tonic buffers were 8.1 ± 1.1 and 9.3 ± 1.8 lm, while

those for CHO cells were 6.1 ± 0.6 and 7.7 ± 0.4 lm,

respectively. Based on these cell sizes, ITVmax values were

calculated for both cell lines. The percentages of propidium

iodide uptake by cells were then plotted against ITVmax

values and are presented in Fig. 1c, d. No apparent dif-

ferences in electroporation efficiency at any of the ITVmax

values were found. More than 50 % of cells were perme-

abilized at ITVmax values of 0.8–0.9 V, while at 1.25–1.5

V all cells were permeabilized. The differences in elec-

troporation efficiencies between the two cell lines and

isotonic and hypotonic buffers are within the standard

deviation of the experiments.

Electrofusion

In the second part of the study we investigated the elec-

trofusion of B16-F1 and CHO cells in isotonic and hypo-

tonic buffers at different electric field amplitudes. Based on

the difference in cell size, we chose such electric field

amplitudes that the ITV values were the same in isotonic

and hypotonic buffers. In Fig. 2 micrographs of control and

electrofused B16-F1 and CHO cells in hypotonic and iso-

tonic buffer are presented. In Figs. 3 and 4 the percentage

of fusion yields in isotonic and hypotonic buffers for

B16-F1 and CHO cells are presented. The highest fusion
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yield was obtained in hypotonic buffer with B16-F1 cells

(up to 41 ± 9 %, Fig. 3). Nevertheless, a reasonably good

fusion yield (32 ± 11 %) of B16-F1 cells was also found

in isotonic buffer (Fig. 3). In contrast to B16-F1, when

fusion was performed with CHO cells, \1 % of the fused

cells were observed in isotonic buffer (Fig. 4). The hypo-

tonic treatment increased the fusion of CHO cells up to

10 % (Fig. 4), suggesting that the hypotonic treatment

plays a critical role in electrofusion of CHO cells.

Discussion

In this article a systematic comparison of cell electropor-

ation and electrofusion in isotonic and hypotonic buffers

using two cell lines (CHO and B16-F1) is presented. The

main question was how hypotonic treatment affects cell

fusion. Does it affect cell membrane permeabilization or

the contact between cells? In our recent study (Usaj et al.

2010) we found that electrofusion efficiency in hypotonic

buffer was considerably affected by the cell line used,

suggesting that the biological characteristics of cells have a

significant impact on cell electrofusion. Here, we extended

our previous study (Usaj et al. 2010) and compared the

effect of isotonic and hypotonic treatments on electropor-

ation and electrofusion efficiency using two cell lines with

different fusogenic abilities. In both isotonic and hypotonic

buffers an increase in electric field amplitude led to an

increase in electroporation efficiency. However, lower

electric field amplitudes were required for electroporation

in hypotonic buffer, while the shape of the curve was not

affected (Fig. 1a, b). This is in accordance with the pub-

lished literature, where a similar effect of hypotonic

treatment has been reported (Barrau et al. 2004; Rols and

Teissie 1990; Wang and Lu 2006). In order to exclude the

effect of hypotonic treatment on cell size, which affects the

ITV and therefore cell electroporation (Kinosita and Tsong

1979; Weaver and Chizmadzhev 1996), we calculated

ITVmax values (Fig. 1c, d). The results show that electro-

poration is not affected by buffer osmolarity and biological

characteristics of the cells. This is in accordance with the

study of Golzio et al. (1998), who did not find any sig-

nificant effect of the hypotonic buffer on cell electropora-

tion. We have to mention here that our experimental

-10

10

30

50

70

90

110

130

0 200 400 600 800 1000 1200 1400 1600 1800

pr
op

id
iu

m
 io

di
de

 u
pt

ak
e 

[%
]

E [V/cm]

B16-F1 in isotonic buffer

B16-F1 in hypotonic buffer

-10

10

30

50

70

90

110

130

0 200 400 600 800 1000 1200 1400 1600 1800

pr
op

id
iu

m
 io

di
de

 u
pt

ak
e 

[%
]

E [V/cm]

CHO in isotonic buffer

CHO in hypotonic buffer

-10

10

30

50

70

90

110

130

0 0,25 0,5 0,75 1 1,25 1,751,5 2 2,25

pr
op

id
iu

m
 io

di
de

 u
pt

ak
e 

[%
]

ITVmax [V]

B16-F1 in isotonic buffer

B16-F1 in hypotonic buffer

-10

10

30

50

70

90

110

130

0 0,25 0,5 0,75 1 1,25 1,5 1,75 2 2,25

pr
op

id
iu

m
 io

di
de

 u
pt

ak
e 

[%
]

ITVmax [V]

CHO in isotonic buffer

CHO hypotonic buffer

a b

c d

*

*

*

*

*

*

*

Fig. 1 Electroporation efficiency determined by propidium iodide

uptake. Cells were electroporated 2 min after hypotonic or isotonic

treatment with a train of pulses (8 9 100 ls, 1 Hz) at different

electric field amplitudes. The percentage of propidium iodide uptake

versus electric field amplitudes is presented for a B16-F1 and b CHO

cells. Values of ITVmax were then calculated based on cell radii and

applied electric field amplitudes using Eq. 1 for c B16-F1 and d CHO

cells. Asterisks represent statistically significant differences

(P \ 0.05). Each data point represents the average ± SD of at least

four independent experiments
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protocol was slightly different. In the study of Golzio et al.

(1998) the electroporation was performed on cells after the

regulatory volume decrease (RVD) induced in hypotonic

buffer took place and the cells were back to their initial

size. In our study electroporation was performed when cells

reached their maximal size before RVD was activated.

Therefore, the only effect observed in hypotonic buffer was

cell electroporation at lower electric field amplitudes

caused by cell swelling itself (Fig. 1a, b). Another effect of

the hypotonic buffer on cell electroporation was proposed

by Barrau et al. (2004), who suggested that cell swelling

causes an increase in cell surface area, which requires the

unfolding of undulations and envaginations of the cell

membrane and increases membrane lateral tension. It was

calculated that &100 mV lower ITV is needed to trigger

cell membrane electroporation in hypotonic buffer (Barrau

et al. 2004). However in our study (Fig. 1c, d) this was not

observed due to low data resolution around the electro-

poration threshold.

In contrast to electroporation, cell physiology and the

cell response to stress induced by hypotonic treatment

seem to play crucial roles in electrofusion. It is interesting

Fig. 2 Three-channel microscopic images of cell electrofusion:

B16-F1 control cells (a) and fused cells at ITVmax = 1.68 V in

isotonic (c) and hypotonic (e) buffer as well as CHO control (b) and

fused at ITVmax = 1.84 V in isotonic (d) and hypotonic (f) buffer.

Images of cell electrofusion were captured 10 min after electric pulse

treatment under 920 objective magnification. In order to keep images

clearer, only a few fused cells are marked with arrows.\1 % of fused

CHO cells were obtained in isotonic buffer. Bars = 30 lm
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Fig. 3 Electrofusion efficiency in isotonic and hypotonic buffer of

B16-F1 cells for different ITVs. The increase in ITV improves the

fusion yield in hypotonic and isotonic buffer; however, higher fusion

yields are observed in hypotonic buffer. Asterisks represent statisti-

cally significant differences (P \ 0.01). Columns represent the

average ± SD of at least three independent experiments
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Fig. 4 Electrofusion efficiency in isotonic and hypotonic buffer of

CHO cells for different ITVs. The increase in ITV improves the

fusion yield only in hypotonic buffer, whereas in isotonic buffer

\1 % of fused cells were obtained. Asterisks represent statistically

significant differences (P \ 0.01). Columns represent the aver-

age ± SD of four independent experiments
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to note that different degrees of electroporation are needed

for electrofusion of B16-F1 and CHO cells. For example, in

hypotonic buffer considerably higher electroporation effi-

ciency (70 ± 11 %, at ITVmax = 0.92 V) is needed for

CHO cells to start to fuse (fusion yield = 1.2 ± 0.4 %) than

for B16-F1 cells (electroporation efficiency = 44 ± 8 %, at

ITVmax = 0.84, fusion yield = 3.1 ± 3.2 %).

The hypotonic treatment improves cell fusion in both

cell lines. The fusion yield of the more fusogenic cell line

B16-F1 in hypotonic buffer was up to 41 ± 9 %. As far as

we know this is one of the highest reported in situ elec-

trofusion efficiencies determined by fluorescence micros-

copy (Gabrijel et al. 2004). We should not forget that not

all of the fused cells can be detected by dual-color fluo-

rescence microscopy. If we take into account (Scott-Taylor

et al. 2000) that only one-half of fused cells can be detected

by this method, then our total fusion yield exceeds 80 %.

Here, we have to mention that our approach for fusion

yield determination does not distinguish between binucle-

ated cells as a result of the fusion between two cells and

polynucleated cells as a result of multiple fusion events.

From this point of view our fusion yields are underevalu-

ated since polynucleated cells were often obtained. Such

high fusion yields were obtained with a simple but efficient

modification, described in ‘‘Materials and Methods’’, of our

adherence method published previously (Usaj et al. 2010).

However, even with the highly efficient method for cell

electrofusion, we did not obtain high electrofusion of CHO

cells. The difference between the highly fusogenic B16-F1

and the poorly fusogenic CHO cells still exists. This dif-

ferent electrofusion ability of the two lines was described

in our previous work (Usaj et al. 2010). The improved

electrofusion method presented here results in a good

fusion yield (32 ± 11 %) of B16-F1 cells even in isotonic

buffer at the highest ITVmax. In contrast to B16-F1 cells,

we obtained \1 % of fused CHO cells in isotonic buffer

even at the highest electric field amplitude used (2,000 V/cm,

ITVmax = 1.84 V). The use of hypotonic buffer improved the

fusion yield of both cell lines. In our experimental conditions

the hypotonic treatment seems to be crucial for CHO cells,

where up to 10 ± 4 % of fused cells were observed. Com-

pared with our previous study (Usaj et al. 2010), we improved

the electrofusion of CHO cells on average by 67 %. Our

results are in agreement with previous studies, where it was

reported that the use of hypotonic treatment improves elec-

trofusion efficiency (Perkins et al. 1991; Rols and Teissie

1990; Schmitt and Zimmermann 1989; Sukhorukov et al.

2006; Zimmermann et al. 1990). Several explanations were

proposed, as discussed in our previous report (Usaj et al.

2010). Also, cell membrane fluidity alternation caused by a

hypotonic environment should be considered as a possible

explanation for the effect of the hypotonic treatment on cell

electrofusion (Toplak et al. 1990).

From our results we can confirm that the better fusion

yield in hypotonic buffer is not caused by the effect of the

hypotonic treatment on cell electroporation since the same

degree of cell permeabilization was achieved in both isotonic

and hypotonic buffers for a given ITV. These results suggest

that the beneficial effect of hypotonic treatment is indeed

caused by membrane–membrane interactions due to

improved physical cell contacts or due to enhanced fuso-

genic state of the cell membrane itself. Further studies and

analyses are, however, needed to specify and evaluate one or

both hypotheses, especially to determine the role of the cell

cytoskeleton and membrane fluidity in cell electrofusion.
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Received: 28 June 2012 / Accepted: 24 July 2012 / Published online: 25 August 2012

� The Author(s) 2012. This article is published with open access at Springerlink.com

Abstract Exposure of biological cells to a sufficiently

strong external electric field results in increased perme-

ability of cell membranes, referred to as ‘‘electroporation.’’

Since all types of cells (animal, plant and microorganism)

can be effectively electroporated, electroporation is con-

sidered to be a universal method and a platform technol-

ogy. Electroporation has become a widely used technology

applicable to, e.g., cancer treatment, gene transfection,

food and biomass processing and microbial inactivation.

However, despite significant progress in electroporation-

based applications, there is a lack of coordination and

interdisciplinary exchange of knowledge between

researchers from different scientific domains. Thus, critical

mass for new major breakthroughs is missing. This is why

we decided to establish cooperation between research

groups working in different fields of electroporation.

Cooperation in Science and Technology (COST), which

funds networking and capacity-building activities, presents

a perfect framework for such scientific cooperation. This

COST action aims at (1) providing necessary steps toward

EU cooperation of science and technology to foster basic

understanding of electroporation; (2) improving commu-

nication between research groups, resulting in streamlining

European research and development activities; and (3)

enabling development of new and further development of

existing electroporation-based applications by integrating

multidisciplinary research teams, as well as providing

comprehensive training for early-stage researchers. Results

of this COST action will provide multiple societal, scien-

tific and technological benefits from improving existing

electroporation-based applications to adding new ones in

the fields of medicine, biotechnology and environmental

preservation.

Keywords Electroporation � Cancer treatment �
Pulsed electric field � Microbial inactivation �
Food processing and preservation � Electrochemotherapy

Introduction

Exposure of biological cells to a sufficiently strong external

electric field results in transiently or permanently increased

permeability of cell membranes, referred to as ‘‘electro-

poration.’’ Since all types of cells (animal, plant and

microorganism) can be effectively electroporated, without

addition of viral or chemical compounds, electroporation is

considered to be a universal method and a platform tech-

nology. As such, it presents a common link to research areas

in medicine, biotechnology, the environment and energy.

The efforts needed to develop these applications and to

address diverse aspects of electroporation (biological,

chemical, physical, material science, modeling) are thus

multidisciplinary. Therefore, to be efficient and successful,

strong links need to be established between physicians,

engineers and scientists working in different scientific

domains. Electroporation is currently used in food and bio-

mass processing (Martin-Belloso and Sobrino-Lopez 2011;

Toepfl et al. 2007; Sack et al. 2010) and as a local treatment

of cancer (Sersa et al. 2012; Testori et al. 2012). Preservation

of food by electroporation was demonstrated to maintain

color, flavor and levels of antioxidants, while destroying

microorganisms. Recently, extraction of intracellular com-

ponents from plants (Sack et al. 2010) as well as cryopres-

ervation using electroporation (Phoon et al. 2008) have been
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demonstrated. Electroporation is also used for local cancer

treatment of skin metastases, a treatment called ‘‘electr-

ochemotherapy’’ (Marty et al. 2006). Since 2006, more than

4,000 patients in Europe have been successfully treated. The

objective response rate of all tumors that were treated in

these clinical trials was 78 %, with complete response of

52 % (Sersa et al. 2012). Clinical centers are already

working on three innovative systems for drug delivery to the

colorectal system, the brain, bone and liver metastases

(Soden et al. 2007; Edhemovic et al. 2011; Mahmood and

Gehl 2011; Agerholm-Larsen et al. 2011; Fini et al. 2010).

However, for treatment of deep-seated tumor nodules, fur-

ther technological developments are needed (Pavliha et al.

2012). Electroporation has shown potential in pretreatment

of sludge and other substrates, leading to increased biogas

production. Other applications, such as water treatment

(Rieder et al. 2008; Gusbeth et al. 2009), extraction of oil

from algae and of sugar from sugar beets (Loginova et al.

2011), gene therapy (Andre et al. 2008), DNA vaccination

(Vandermeulen et al. 2009), cell fusion for systemic cancer

treatment and human monoclonal antibody production

(Usaj et al. 2010) are just a few of the foreseeable new

applications.

Despite significant progress and increased use of elec-

troporation-based applications, as well as the existence of a

large number of nationally funded research projects, there is

a lack of coordination and interdisciplinary exchange of

knowledge between researchers from different scientific

domains. Thus, critical mass in the form of human resources,

knowledge from different domains and research facilities for

major breakthroughs is often missing. Therefore, Coopera-

tion in Science and Technology (COST) Action TD1104 has

been prepared, which will provide the necessary steps

toward cooperation in science and technology to foster basic

understanding of electroporation and to enable further

development of new and existing electroporation-based

applications through integrating multidisciplinary research

teams, as well as provide comprehensive training for stu-

dents and early-stage researchers.

Classical EU-funded projects (e.g., EU FP, ERC, ESF,

EUREKA) mainly support research and development, either

basic or specific application-oriented. In contrast, COST

funds networking and capacity-building activities, thereby

representing a perfect framework for interdisciplinary

international collaboration in electroporation research,

which is at its current stage characterized by a relatively high

level of national (54 %) and private (21 %) funding. Coor-

dination of research in this action will at least partially

address some of the global challenges (according to the

Millennium Project, http://www.unmillenniumproject.org)

associated with science and technology, health issues,

long-term perspective, clean water and energy. Concrete

societal, scientific and technological benefits from the action

will arise in medicine (e.g., cancer treatment), biotechnology

(e.g., extraction from algae and other cell cultures,

improvement of industrial processes), environment preser-

vation (e.g., wastewater treatment, biogas production,

energy harvest from biomass) and food processing (e.g.,

extending shelf life of food, development of novel foods,

obtaining new ingredients).

About COST

COST was the first and is thus the oldest European network to

coordinate nationally funded research activities. COST

today covers 35 European member countries and is orga-

nized in nine scientific domains (for more details, see

http://www.cost.esf.org/about_cost). The main goal of

COST is to strengthen Europe in research through the sup-

port of cooperation and interaction between researchers. It

has in all these years grown largely from being a European

networking mechanism to being a wider, even worldwide,

cooperation framework. COST provides funds for coordi-

nation of research through COST actions, such as this one on

electroporation, while research remains funded on a national

level. COST actions are thus networking activities based on

predominantly nationally funded research projects on a

research topic that is of interest to at least five COST coun-

tries. There is a great emphasis on gender balance and

inclusion of young scientists. It also allows all interested

scientists from countries who sign the Memorandum of

Understanding (MoU, http://w3.cost.eu/fileadmin/domain_

files/BMBS/Action_TD1104/mou/TD1104-e.pdf) to join

the activities even after the start of the action.

The process of getting a specific COST action running

involves several steps. Based on a call, which is announced

twice per year, a researcher (the proposer was the author of

this article) on behalf of other researchers interested in a

topic submits a proposal for a COST action on a specific

topic from one of eight domains. If the proposal spans

multiple domains (like electroporation), then it is considered

a transdomain proposal and is evaluated as such. In the call

where the COST action ‘‘European network for develop-

ment of electroporation-based technologies and treatments’’

was submitted more than 90 proposals were received. After

the first evaluation, 11 proposers were asked to submit a full

proposal. After the second evaluation, five proposers were

invited to a hearing in front of the representatives of the

domain committees, after which three proposals were

selected for funding, for a success rate of little more than

3 %. The COST action on electroporation was submitted as

a transdomain action spanning different domains from bio-

medicine and molecular biosciences; food and agriculture;

information and communication technologies; material,

physics and nanosciences; and earth systems science and
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environmental management (ESSEM) to chemistry and

molecular sciences and technologies—thus a truly multi-

disciplinary, i.e., transdomain, COST action.

The networking activities within the COST action

include scientific and administrative meetings, short-term

scientific missions and organization of training schools.

Meetings can be organized in the form of a management

committee (i.e., administrative meeting), as a workshop on

a specific topic or as a conference. Funding is available for

the travel and subsistence costs of participants and for

partial coverage of the organizing costs of the meeting.

Short-term scientific missions are exchange visits of up to

3 months, aiming at strengthening collaboration between

researchers from different countries. Emphasis is on sup-

porting young researchers to learn new methods and per-

form experiments and measurements with equipment not

available at their home institution. Training schools are

intended for dissemination of research activities of the

COST action and have to provide intensive training for

young scientists in one of the laboratories but are also

intended for retraining as a part of life-long learning. Funds

are also available for dissemination of research results and

publication through regular scientific publishing channels,

such as peer-review journals, workshop and conference

proceedings and books, but also general-information leaf-

lets and brochures.

Reasons for the Action

Despite significant progress and increased use of electro-

poration-based applications, there is a lack of coordination

and interdisciplinary exchange of knowledge between

researchers from different scientific domains. Furthermore,

research and development of electroporation, even if fun-

ded within the EU program, is currently fragmented as it is

very often only ‘‘a service’’ in developing new applica-

tions—critical mass is thus missing. In order to obtain the

most from this platform technology and to avoid the same

research being replicated and funded more than once, it is

important to establish cooperation between research groups

from different domains. This is why it is necessary to

establish a coordination of research and network. The main

reason for this action is to enable cross-fertilization of

different areas that will allow exchange of experience and

knowledge. This will facilitate collaboration of different

specialists from engineering, physics, chemistry, biology

and medicine, thus providing a multidisciplinary approach

and critical mass for further improvement of existing and

development of new electroporation-based applications in

medicine, biotechnology, energy harvest from biomass and

the food industry.

Immediate and future benefits of the action:

– New knowledge, closing the gap between basic

research and applications

– Improving communication and avoiding duplication of

research efforts

– New and improved medical treatments (cancer treat-

ment, DNA vaccination, gene therapy)

– Safer and healthier food

– Savings in natural resources, development of energy-

efficient processes

– Opening new markets and creating new jobs

Envisaged electroporation based applications developed

within the action:

– New approaches in gene therapy for cancer treatment

and DNA vaccination for the medical device industry

– In food processing, extraction of valuable ingredients,

development of novel foods and improvement of

industrial food processes in terms of food safety and

food quality

– Microbial inactivation and biomass preprocessing in

wastewater treatment, biogas production and energy

production

Planning and Preparing the Proposal

Experts working on electroporation and electroporation-

based applications from different domains have been in

contact, working occasionally on developing treatment or

processing protocols but usually only on a national level

and only exceptionally internationally within EU FP pro-

jects. Considerable efforts have been made in the past few

years to bring together experts working with electropora-

tion in different areas such as food processing, cancer

treatment, pulsed power electronics and energy efficiency.

However, the success was limited. Experts were meeting at

conferences that were specialized, e.g., in cancer treatment

in general, in food quality and processing or in bioelec-

trochemistry; but none of them gave the opportunity to

focus on electroporation as a technology platform. Few

experts in the field made an attempt to bridge the gap

between different disciplines, but funding has been

obtained predominantly on the national level, which

potentially leads to funding duplication, poor coordination

of research and difficulties in exploiting the results.

Establishing a new professional organization dedicated

to the promotion of electroporation and electroporation-

based applications through organization of dedicated con-

ferences did not seem to be adequate at this stage of

development and at this level of collaboration. Therefore,

the COST action seems a perfect way to help the electro-

poration community to develop stronger links, exchange
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experience and bring together forces through establishing a

communication platform including regular meetings.

During the COST action proposal an extensive ques-

tionnaire was prepared in order to collect relevant infor-

mation regarding research groups and their funding. The

questionnaire was divided into seven sections:

1. Introduction—Questionnaire for a new COST action

2. Personal and academic information

3. Scientific expertise

4. Facts and figures of laboratory/department

5. Participation in COST actions and other international

cooperation

6. Expected results and benefits of the COST action

7. Additional information

This allowed us not only to prepare a high-quality pro-

posal but also to collect data on existing projects on

national, international and EU levels (Fig. 1a). The col-

lected data will serve as a reference level for future

research activities in the field of electroporation, against

which the success of this COST action will be measured

through the years of the action and at the end of the action.

A total of 73 experts from 25 countries participated in

the preparation of this proposal. According to the data

collected through the questionnaire, in the last 3 years

these experts worked on a total of 229 projects related to

electroporation, 152 of which were funded on a national

level, with 26 EU projects and 51 other international pro-

jects. The funding of participating research groups comes

predominantly from national (54 %), private (21 %) and

EU (10 %) sources (Fig. 1b).

According to the responses to the questionnaire, it was

established that 293 researchers and 115 PhD students

are currently working in COST country laboratories. In

addition to 56 research groups from 19 COST countries,

13 research groups with 56 researchers were from

countries with reciprocal agreements (Argentina,

Australia and New Zealand) and non-COST countries

(Russian Federation, Ukraine and United States), and

they also participated actively in the preparation of the

action (see Fig. 2 for participant structure). In these

research groups, 152 national and 51 international

research projects in the field of electroporation were

funded in the last 3 years. The groups also participated

in 26 EU FP projects in the last 3 years. This alone

provides the COST action with great potential for

coordination of these projects, thus providing better use

of resources, avoiding duplication of research and

allowing synergistic effects to take place.

The number of countries (19 COST and 6 non-COST

countries) that have actively participated in the prepara-

tion of the proposal clearly demonstrates the extent of

existing research and the need for coordination of this

research, which is predominantly funded on a national

level (54 %). Starting the COST action will allow also

‘‘smaller’’ groups that are working ‘‘alone’’ or are just

starting their research on a national level to join the

network. Until the kick-off meeting that took place on

April 10, 2012, in Brussels already 21 COST countries

had signed the Memorandum of Understanding and had

nominated national representatives.

Fig. 1 Number of projects on electroporation by type (a) and by

sources of funding (b) conducted by project proposers in the last

3 years

Fig. 2 Number of individual researchers and their representation by

sex and years in research
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Work Plan of the Project

Improving existing and developing new applications of

electroporation will be the topics of the research. Coordi-

nation of national and international projects will allow

collaborations not only between teams working in specific

fields of electroporation but also among partners from

different disciplines by using multidisciplinary approaches.

In particular, focus will be given to linking theoretical

efforts (e.g., analytical and numerical modeling of elec-

troporation) with experimental results to develop basic

knowledge of this phenomenon, which will be incorporated

into electroporation-based applications. Modeling efforts

on different levels—from the molecular level (molecular

dynamics simulations) to the cell and tissue level (finite

element modeling)—will be linked vertically and validated

with experimental results.

The work plan of the action consists thus of investi-

gating the basic mechanisms of electroporation and opti-

mizing protocols in different electroporation-based

applications, with special emphasis on food and biomass

processing, medical applications and sustainable energy

production (Fig. 3). Optimized protocols will allow tech-

nology development and transfer. The most important

research tasks coordinated by the action are briefly

described below.

1. Establishment of a close collaboration between

researchers in biology, chemistry, physics, mathemat-

ics, informatics and engineering to enhance our

understanding of electroporation and its associated

processes. This will start immediately after approval of

the action and will cover the first 3 years of the

cooperative program. Emphasis will be on modeling

the cell membrane with a goal of identifying the

underlying processes of membrane electroporation and

the associated phenomena (membrane destabilization,

cytoskeleton reorganization, transmembrane pathways,

etc.). Theoretical and modeling results will be com-

pared to experimental data.

2. Optimizing electroporation protocols for industrial

applications (e.g., food and biomass processing,

microbial inactivation). Conditions used in these

applications so far have only been determined empir-

ically, while the latest developments, such as intracel-

lular manipulation by nanosecond pulses, have not

been implemented yet. Based on recent studies on a

cellular level and basic research, processing conditions

for industrial applications will be optimized with

respect to low energy consumption. The knowledge

about the impact of processing conditions on electro-

poration efficacy will be reviewed, taking into account

specific industrial requirements (large-scale process-

ing, high throughput, environmental and economic

issues). General and application-oriented electropora-

tion protocols for food and biomass processing will be

gathered in a database. This will allow simple param-

eter selection for nonexperts and industrial end-users

and provide an easy-to-access knowledge base for

regulatory bodies.

3. Development of equipment design guidelines. Based

on electroporation protocols, the guidelines for design

of electroporation equipment (generators, electrode

Fig. 3 Diagram illustrating the

research processes and

knowledge transfer within the

action, emphasizing the process

of translating basic research into

applications. The working

groups (WGs) facilitate all

stages of the process
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systems, microchambers) will be elaborated with the

aim of achieving optimal treatment homogeneity, food

safety and hygienic design. In addition, a database of

applications already investigated and/or transferred

into industry will be generated. The available scientific

literature will be screened and information will be

collected on equipment suppliers (e.g., product type,

type of equipment, processing parameters). The data-

base, accessible to COST partners via a Web site, will

allow the selection of suitable, commercially viable

application areas in food and biomass processing and

the identification of new application fields.

4. Process monitoring. In the food industry, typically

hazard analysis and critical control points concepts

have to be followed to ensure food safety, where at

critical points processing conditions are recorded. For

electroporation, such protocols and suitable sensors

still have to be developed. The identification of

suitable monitoring techniques will be a key require-

ment for a broader application. Electrochemical reac-

tions and electrode erosion should be minimized with

regard to food safety. The impact of pulse wave shape

and frequencies as well as other pulse characteristics

and material-related effects will have to be determined

to develop optimal equipment and select optimal

processing conditions.

5. Development of electrochemotherapy (ECT) for can-

cer treatment. The development of electrodes for use in

internal organs, identification and testing of new

cancer drugs suitable for ECT and expansion of pulse

parameters to increase versatility of ECT are chal-

lenges that still need to be addressed and that require

future efforts. Clinical centers are already working on

three innovative systems for drug and gene delivery to

the colorectal system, the brain, bone and liver

metastases. Several centers have worked with drugs

other than conventional chemotherapeutic agents, and

expansion of the spectrum of such drugs would be

advantageous. The extension of attainable pulse

parameter ranges should increase the flexibility of

electroporation used in clinics in achieving both

reversible electroporation (as used for drug delivery)

and irreversible electroporation (with the aim of

causing cell death by electroporation alone).

6. Expansion of delivery technology for large molecules,

with a focus on end products such as DNA vaccines.

Use of electroporation to transfer nucleic acids to

various tissues (e.g., skeletal muscle, tumors, skin,

liver) has benefited from the electrodes, generators and

knowledge accumulated in the development of ECT

protocols. In vivo, combinations of electroporating and

electrophoretic pulses have been shown to be highly

efficient, and clinical studies have demonstrated their

safety compared to classical viral methods for gene

therapy. The results of the clinical trials must now be

promoted, and the researchers should dedicate their

efforts to finding optimal protocols, developing ade-

quate electrodes and generators, etc. The first clinical

trials of gene electrotransfer (EGT) either have

recently finished or are in progress. The range of

applications of EGT is broad, and particularly prom-

ising are its applications in the treatment of cancer and

infectious diseases. Development of nonviral EGT is a

collective task, and the COST action will impact its

emergence by gathering scientists with different

expertise.

7. Identification of new effects of interaction of short

electric pulses with biological matter and their possible

applications. In particular, emphasis will be placed on

the use of pulses with extremely short duration and

high voltage. Recently, experimental evidence for

growth stimulation of plants and fungi after treatment

with pulses of nanosecond duration and sublethal

amplitude was found, which promises applications in

biomass production and conditioning. Within this task,

further basic research demands will be identified.

8. Identification of synergetic process combinations. A

combination of thermal and electroporation treatments

has been shown to increase the microbial inactivation

performance of electroporation-based treatment. In

case of wastewater disinfection, the inactivation rate

of the combined process was also higher than the sum

of the rates of the single processes. Possibilities of

synergetic process combinations for other applications

will be investigated with regard to saving processing

energy and simplifying existing processes.

Organization and Implementation of the Project

The research work in the COST action will be conducted

by partners and financed predominantly through various

research agencies and grants, while COST will provide the

necessary coordination. The action is coordinated by the

management committee (MC, Fig. 4). The MC supervises

and coordinates implementation of the action. According to

the rules of procedure for the MC, the chair and vice chair

of the action were appointed at the kick-off meeting by the

MC. The MC also established working groups (WGs)

according to the scientific plan and appointed their leaders.

The MC will meet once a year to set priorities, plan

meetings and distribute funds to WG programs. The MC

will summarize the WGs results and produce action

reports, which will be posted on a dedicated Web site

(www.electroporation.net).
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Steering of the action will be further ensured by the

steering committee, to which the MC appointed three

experienced researchers from different WGs and at least

one representative of potential users, e.g., an industry

representative. A core group, composed of the chair, vice

chair, WG leaders and short-term scientific missions

(STSM) coordinator, will further ensure effective and

continuous steering for the action by maintaining regular

periodic contacts by means of conference calls, videocon-

ferences and meetings every 4 months or more frequently

when deemed necessary. The STSM coordinator will put

emphasis on the effective use of STSM as an instrument of

collaboration and training, with priority given to early-

stage researchers, who will be encouraged to also apply for

COST conference grants.

Five WGs have been established following the scientific

plan: WG 1, Basic Mechanisms of Electroporation and

Modeling; WG 2, Food Processing and Pharmaceuticals;

WG 3, Medical Applications; WG 4, Sustainable Environ-

mental Applications and Biomass Processing; and WG 5,

Technology Development and Transfer. Specific objectives

of each of these WG will be as follows

WG 1 Basic Mechanisms of Electroporation and Modeling

to obtain in-depth knowledge of the biological, physical and

chemical mechanisms underlying electroporation

WG 2 Food Processing and Pharmaceuticals to gain

knowledge on process–product interactions in food and

pharmaceutical applications involving electroporation

and combine it with the latest findings in other appli-

cation areas to improve equipment and process design

WG 3 Medical Applications to disseminate present

clinical applications, develop new applications and

standardize clinical protocols

WG 4 Sustainable Environmental Applications and

Biomass Processing to improve the economic and

technological efficiency of environmental and biomass

applications of electroporation

WG 5 Technology Development and Transfer to

exchange technical knowledge on development of safe

and reliable electroporation systems for industrial appli-

cations and clinical use.

Each WG will have a leader appointed by the MC who

will be responsible for organization, program preparation

and reporting to the MC. The organization of work and

coordination in these five WGs will allow members to

focus on specific scientific questions and research, facili-

tating coordination and preparation of annual programs and

activities of the action, which will be prepared by the WGs

and submitted for approval to the MC.

Expected Results

Electroporation requires multidisciplinary research, inte-

grating efforts of experts from different domains, from

basic research to applications and from life sciences to

engineering sciences. As experience from the past shows,

interdisciplinary research, i.e., collaboration of a mixed

group of experts from different fields, allows us to address

even the most important world challenges, such as health

Fig. 4 COST Action TD1104

management structure diagram

identifying the key management

entities and their interactions.

TDP transdomain proposal, FA
food and agriculture, BMBS
biomedicine and molecular

biosciences, ESSEM earth

system science and

environmental management,

STSM short-term scientific

mission
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issues, clean water, science and technology and energy

sources.

Electroporation has a direct impact on health (cancer

treatment, DNA vaccination) and environmental (water

disinfection) issues. Huge benefits may be expected from

applications in food preservation that increases nutritional

value but also in reducing the waste from agricultural

resources by improving extraction efficiency and reducing

energy demand. Positive effects on the environment can

also be expected in biomass processing (e.g., economic

algae processing for use as an energy source) and waste-

water treatment.

It is exactly through the mechanisms of networking and

coordination activities provided within the COST TD1104

Action that synergies are expected, offering the possibility

to improve the existing and develop new electroporation-

based applications. These synergies will result in new spin-

off project proposals, new processes and products achieved

by means of international collaboration, multidisciplinary

approach and reaching the critical mass in human resources

and equipment. For example, in food processing optimi-

zation toward highest energy efficiency and low operation

and investment costs is required to allow for further

development of technology. Making use of the extensive

amount of research performed in the medical sector, this

COST action will allow a knowledge transfer and a sig-

nificant step toward a broader use of electroporation in

other industry sectors including the food processing

industry and pharmacy.
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Abstract Molecular dynamics simulations of electro-

poration of homogeneous phospholipid bilayers show that

the pore creation time is strongly dependent on the mag-

nitude of the applied electric field. Here, we investigated

whether heterogeneous bilayers containing phospholipids

with zwitterionic and anionic headgroups exhibit a similar

dependence. To facilitate this analysis we divide the life

cycle of an electropore into several stages, marking the

sequence of steps for pore creation and pore annihilation

(restoration of the bilayer after removal of the electric

field). We also report simulations of calcium binding iso-

therms and the effects of calcium ions on the electropora-

tion of heterogeneous lipid bilayers. Calcium binding

simulations are consistent with experimental data using a

1:2 Langmuir binding isotherm. We find that calcium ions

and phosphatidylserine increase pore creation time and

decrease pore annihilation time. For all systems tested,

pore creation time was inversely proportional to the bilayer

internal electric field.

Keywords Electropermeabilization � Electroporation �
Molecular dynamics � Pore life cycle � Pore creation �
Pore annihilation � Calcium � Phosphatidylserine

Introduction

Lipid membranes play many fundamental roles in cell

biology, one of which is the partitioning of interior cellular

components from the outside world. This barrier function

can be disrupted with the application of a sufficiently high

external electric field, which permeabilizes the membrane,

a process referred to as ‘‘electropermeabilization’’ or

‘‘electroporation’’ (Hamilton and Sale 1967; Rols and

Teissie 1990). Within a few nanoseconds of applying such

a field, increases in membrane electrical conductance can

be detected (Benz and Zimmermann 1980), and normally

impermeant molecules which were previously excluded

from the cell are able to penetrate the membrane (Neumann

et al. 1982; Rols et al. 1992; Mir et al. 1999). Fluorescent

dyes which interact only with intracellular material can be

used as indicators of the extent of permeabilization, but the

mechanisms and physical structures associated with

electropermeabilization are far from being completely

understood and not easily accessible by experiment

(Teissie et al. 2005). Since the first reports of reversible and

irreversible modifications of membrane conductance by

electric fields (Stampfli and Willi 1957; Coster 1965;

Hamilton and Sale 1967), steady progress has been made

toward a phenomenological understanding of the nature of

the permeabilized membrane and the processes that

restructure the phospholipid bilayer in an externally

applied electric field (Zimmerman et al. 1974; Abidor et al.

1979; Chizmadzhev and Abidor 1980). Observational

studies have been enhanced and guided by the development
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of continuum electrophysical models of electroporation

(Sugar and Neumann 1984; Popescu et al. 1991; Weaver

and Chizmadzhev 1996; DeBruin and Krassowska 1998;

Neu and Krassowska 1999; Weaver 2003; Vasilkoski et al.

2006), which in turn have contributed to experimental

designs and perspectives.

Furthermore, many biological processes are significantly

affected by small changes in the local energy landscape, as

is the case when an asymmetric distribution of charge is

present; thus, a mechanistic understanding of electroper-

meabilization cannot be restricted to simple, homogeneous

lipid bilayer systems. It becomes necessary then to take

into account also the effects of inorganic ions which may,

for instance, cause membrane lipids to aggregate (Ziegler

and Vernier 2008; Boettcher et al. 2011), possibly modi-

fying local surface tensions. Similarly, the behavior of

heterogeneous phospholipid bilayers, which may have not

only zwitterionic but also anionic and cationic headgroups,

must be considered since these additions further perturb the

electrochemical landscape and greatly increase the required

complexity of analytical models.

Recent advances in high-performance computing have

enhanced studies of electropermeabilization using molec-

ular dynamics (MD) simulations of phospholipid bilayers.

These simulations suggest that electropermeabilization

results at least in part from the formation of discrete,

nanoscale electropores that develop in a characteristic

sequence: (1) appearance of an electric field–driven water

column across the bilayer interior, a process dominated by

the energy minimization of interfacial water molecules

under an applied electric field (Tieleman 2004; Ziegler and

Vernier 2008); (2) construction of a bridge of hydrophilic

lipid headgroups and additional hydrating water molecules;

and (3) expansion of the pore while the external field

continues to be applied (Tieleman et al. 2003; Tieleman

2004; Tarek 2005; Bockmann et al. 2008). Previously, we

proposed definitions for these individual stages in pore

formation, which we called ‘‘pore initiation,’’ ‘‘pore con-

struction’’ and ‘‘pore maturation,’’ respectively (Levine and

Vernier 2010). In this article we refine the nomenclature

for these steps.

We have also observed that homogeneous, zwitterionic

(containing phosphatidylcholine [PC]) bilayers with vary-

ing degrees of hydrocarbon saturation require different

‘‘minimum’’ external electric fields to form pores within a

finite period of time (Ziegler and Vernier 2008), which

indicates, not surprisingly, that pore formation is affected

by lipid properties. Because anionic lipids such as phos-

phatidylserine (PS) can form complexes in the presence of

calcium ions (Vernier et al. 2009), it is reasonable to expect

that the incorporation of PS into phospholipid bilayers and

the inclusion of Ca2? in the system will also affect pore

formation and annihilation. We present here a description

of the electropore life cycles of PC:PS bilayers with and

without calcium, extending the analysis we developed for

homogeneous PC bilayers (Levine and Vernier 2010).

MD simulations of electropermeabilization must be

verified by alignment with existing continuum theories

(Weaver and Chizmadzhev 1996) and experiments (Sinn

et al. 2006). For validating MD representations of calcium

binding to phospholipid bilayers, stoichiometric or coor-

dination complex measurements have been used as a metric

(Bockmann and Grubmuller 2004; Vernier et al. 2009;

Porasso and Cascales 2009). Here, we propose using

binding isotherms as an additional metric to describe the

concentration of adsorbed ions at an interface relative to

the total ion concentration. At low calcium concentrations

one would expect to see linear 1:1 binding, implying that

every added calcium ion binds to the interface. At higher

calcium concentrations, however, one expects to observe a

Langmuir binding isotherm, which is characterized by a

transition from linear ion binding to a fixed amount of ion

binding when the interface becomes saturated, as others

have reported (Bockmann and Grubmuller 2004; Sinn et al.

2006). We compare our simulated calcium binding iso-

therms with existing experimental and theoretical binding

constants for PC:PS bilayers and Ca2?.

Materials and Methods

Simulation Conditions

All simulations were performed using the GROMACS set

of programs, version 4.0.5 (Hess et al. 2008), on the Uni-

versity of Southern California High Performance Com-

puting and Communications Linux cluster (http://www.usc.

edu/hpcc/). Lipid topologies were derived from OPLS

united-atom parameters (Berger et al. 1997), and the simple

point charge water model was implemented (Berendsen

et al. 1981). Each system was coupled to a temperature

bath at 310 K with a relaxation time of 0.1 ps and a

pressure bath at 1 bar with a relaxation time of 1 ps, each

using a weak coupling algorithm (Berendsen et al. 1984).

Pressure was coupled semi-isotropically (using a com-

pressibility of 4.5 9 10-5 bar-1) normal to and in the

plane of the membrane. Bond lengths were constrained

using the LINCS algorithm (Hess et al. 1997) for lipids and

SETTLE (Miyamoto and Kollman, 1992) for water. Short-

range electrostatic and Lennard-Jones interactions were cut

off at 1.0 nm. Long-range electrostatics were calculated by

the PME algorithm (Essmann et al. 1995) using fast Fourier

transforms and conductive boundary conditions. Recipro-

cal-space interactions were evaluated on a 0.12-nm grid

with fourth-order B-spline interpolation. Periodic boundary

conditions were employed to mitigate system size effects.
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Systems and Structures

All systems contain a total of 128 lipids—either 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) or 1-pal-

mitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine (POPS)—

and about 9,000 water molecules (*70 waters/lipid),

which resulted in an initial system box size of approxi-

mately 7 9 7 9 10 nm. Homogeneous bilayers consist

only of POPC. Heterogeneous bilayers were obtained by

replacing 20 POPC molecules on a single leaflet with 20

(anionic) POPS molecules and 20 sodium counterions in the

bulk water, followed by equilibration until the total area per

lipid became constant. Simulations with multiple trials

were run in parallel, starting from the same initial positions.

To ensure that each trial was independent, every atom was

assigned a randomized velocity with a Maxwell distribution

at the beginning of the simulation (a built-in function of

GROMACS). All systems were equilibrated for a constant

area per lipid. Pore creation times were measured for three

values of applied external electric field—400, 500 and

600 MV/m—with three independent trials at each electric

field strength. Note that 600 MV/m in vacuum corresponds

to an effective electric field in aqueous media of about

8 MV/m due to their relative dielectric permittivities.

Following pore formation, the external field was removed

from a randomly selected simulation, and three indepen-

dent trials were run to track the annihilation of that single

pore. Additionally, we extracted calcium binding coeffi-

cients and pore creation times in the presence of calcium

from systems where the GROMACS function ‘‘genion’’

was used to replace bulk water molecules with one calcium

ion and two chloride counterions. Calcium binding coeffi-

cients were extracted after 150 ns, to allow the system to

reach equilibrium after calcium addition. Binding coeffi-

cients were determined using a 1:2 Langmuir isotherm.

Pore radius measurements were obtained by first identify-

ing a pore axis which passes directly through the pore in the

z dimension (based on perpendicular x and y water density

profiles). Then, bins were assigned between mean lipid

phosphorus planes where, for each bin, maximally distant

water molecules were identified relative to the pore axis in

x and y to obtain local semimajor and semiminor pore

diameters. Following this, the semimajor and semiminor

pore diameters were averaged together in each bin, and

finally all local pore diameters were averaged together to

obtain an average pore diameter or pore radius. Pore crea-

tion times for systems with calcium present were observed

after an electric field was applied to the equilibrated system.

Electropore Life Cycle

The life cycle of an electropore can be divided broadly into

a pore creation step and a pore annihilation step, as

described previously (Levine and Vernier 2010). Pore

creation (Fig. 1) consists of three stages: initiation, con-

struction and expansion (defined below). Pore annihilation

begins when the external electric field is removed from an

expanded pore and proceeds through settling, stabilization,

deconstruction and dissolution.

Pore Creation

Pore initiation begins with the application of an external

electric field and ends when the two groups of water mole-

cules initially separated by the bilayer merge to become a

single group (nonzero water density in every 0.1-nm slice

between the two mean planes of phosphorus atoms). In some

simulations the combined water groups split again\400 ps

after the joining. These transient events are not counted

as mergers. Pore construction begins with formation of

the membrane-spanning water column (hydrophobic pore

[Abidor et al. 1979]), which marks the merger of the water

groups and ends when the phosphorus groups that are ini-

tially found on the two leaflets of the bilayer follow the water

into the membrane interior and merge into a single phos-

phorus group. (A phosphorus group is defined as a set of

atoms, each separated by a maximum distance of 1.2 nm

[Sengupta et al. 2008].) Because water and the charged

phospholipid headgroups now bridge the membrane interior,

this structure is comparable to what is sometimes called a

hydrophilic pore (Weaver and Mintzer 1981; Glaser et al.

1988; Leontiadou et al. 2004). Continued application of the

porating electric field results in an evolution, or expansion, of

the hydrophilic pore. We define an expanded pore arbitrarily

as a hydrophilic pore in which at least 10 phosphorus atoms

from the initial anodic leaflet are found within 1.2 nm of

phosphorus atoms from the cathodic leaflet.

Pore Annihilation

Pore settling, the first stage of pore annihilation, is the quasi-

stable period after the field is removed during which the

number of anode-to-cathode phosphorus connections fluc-

tuates around the expanded pore criterion (10 connections).

Pore stabilization begins when the number of anode-to-

cathode phosphorus connections drops below 10 and ends

when there is only one anode-to-cathode phosphorus con-

nection. The pore radius decreases around this time to a

minimum, about 0.4–0.6 nm. We note that these so-called

minimal pores remain hydrophilic and facilitate the con-

duction of sodium ions when very small external electric

fields remain, consistent with theoretical models such as the

asymptotic model of electroporation (Neu and Krassowska

1999) which also identify a minimum hydrophilic pore

radius of about 0.5 nm. Pore deconstruction, another quasi-

stable period, terminates when the single phosphorus group
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of the porated bilayer splits into two groups, which remain

separate for the remainder of the simulation. At the end of

pore deconstruction only the water column remains. We call

the disassembly of the water column ‘‘pore dissolution.’’

Individual pore life cycle times were calculated using a

custom Perl program, which codifies the stage boundaries

described above. The average value of the electric field at

the bilayer midplane (membrane internal electric field) was

extracted using the GROMACS function ‘‘g potential’’

over the period from 100 ps after the external electric field

was applied to 100 ps before pore construction began. As

in our previous work, ‘‘internal electric field’’ was used as a

normalizing term (Levine and Vernier 2010).

Images

Molecular graphics images were generated with visual MD

(Humphrey et al. 1996).

Results

A complete summary of the pore life cycle results reported

here can be found in Figs. 2 and 3 and in Tables 1, 2, 3, 4,

5, 6, 7 and 8. Details are described below.

Pore Creation—Pure POPC and POPC:POPS

At smaller external electric fields, POPC:POPS bilayers

have pore creation times that are, on average, slightly

longer than homogeneous POPC bilayers (Fig. 2), pri-

marily because of an increase in the pore initiation time,

the time it takes water to bridge the membrane interior. The

area per lipid, which is strongly correlated with membrane

permeability (Mathai et al. 2007), in POPC:POPS systems

was about 0.60 compared to 0.66 nm2 for POPC bilayers.

At higher applied electric fields the differences in pore

creation time become minimal and mixed bilayers have

pore creation times which are not significantly different

from those for homogenous bilayers. Pore initiation times

for POPC:POPS are inversely related to the externally

applied electric field, and pore construction times remain

constant over all electric fields sampled, similar to what we

previously reported for homogeneous POPC bilayers

(Levine and Vernier 2010). Pore expansion times decrease

slightly as higher external electric fields are applied.

Pore Creation—Calcium and POPC

POPC bilayer systems containing calcium ions have, at

small external electric fields, pore creation times which are

Fig. 1 Phospholipid

electropore life cycle.

Structurally distinct steps in

pore creation and annihilation as

observed in molecular dynamics

simulations. Details in

‘‘Materials and Methods’’

section
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about twice as long as systems without calcium and about

one and a half times as long as those in mixed (POPC:-

POPS) bilayers (Fig. 2). As with systems containing PS,

when the external electric field is increased, pore creation

times of pure POPC systems with calcium and those

without calcium are not significantly different. The con-

vergent area per lipid of POPC bilayers with calcium is

about 0.56 nm2, a value significantly smaller than the area

per lipid without calcium reported above. Again, as with

systems containing PS, we observed an inverse relationship

between externally applied electric field and pore initiation

time and pore expansion time for POPC bilayer systems

containing calcium. Pore construction times remain con-

stant at all electric fields applied.

Pore Creation—Calcium and POPC:POPS

POPC:POPS bilayers containing calcium have pore creation

times which are significantly longer than those for pure POPC

systems, with or without calcium, and longer than POPC:-

POPS systems without calcium (Fig. 2). This is true for all

electric fields applied, even very high fields where for all of the

systems described above the pore creation times were not

significantly different. The average area per lipid of POPC:-

POPS bilayers with calcium was about 0.55 nm2 before a field

was applied, slightly smaller than the area per lipid of POPC

bilayers with calcium. As with all other systems reported here,

both pore initiation times and pore expansion times decrease

Fig. 2 Pore creation times for three different porating electric fields

(400, 500, 600 MV/m) for bilayers consisting of 128 POPC

(0PS:0Ca), 128 POPC saturated with calcium (0PS:100Ca), 108

POPC and 20 POPS on a single leaflet without calcium present

(20PS:0Ca), and bilayers containing both PS and Ca2? (20PS:100Ca).

Systems containing 20 PS also contain 20 Na? as counter ions, and

systems containing Ca2? contain two chloride counter ions for every

calcium ion. Systems which contain both PS and Ca2? have both

sodium and chloride counter ions present. Ca2? and POPS in the

bilayer increase the pore initiation time

Fig. 3 Pore annihilation times after pore formation in the same

systems shown in Fig. 2. Ca2? and POPS in the bilayer decrease the

pore annihilation time
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as the external electric field increases, while pore construction

times are similar for all values of electric field applied in these

simulations.

Pore Annihilation—Pure POPC and POPC:POPS

POPC:POPS bilayers have pore annihilation times about

three times smaller than pure POPC bilayers (Fig. 3). All

pore annihilation stages except stabilization are shortened

relative to pure POPC, and this is true regardless of the

value of the electric field used to create the pore. The

average pore radius at the start of the annihilation step

was about 2.3 nm for POPC:POPS systems, similar to

the average pore radius for pure PC bilayers, 2.2 nm.

Also, pure POPC bilayer pore annihilation times are

dominated by pore settling and pore deconstruction.

Table 1 POPC pore creation times without PS and without Ca2? Levine and Vernier (2010)

Applied field

(MV/m)

Average internal

field (MV/m)

Initiation Construction Expansion Creation

Time (ns) Mean (ns) Time (ns) Mean (ns) Time (ns) Mean (ns) Time (ns) Mean (ns)

2.8 0.0 0.5 3.3

400 1,630 2.3 2.0 ± 1.0 0.3 0.2 ± 0.2 1.1 0.8 ± 0.3 3.7 2.9 ± 1.1

0.8 0.2 0.7 1.7

0.9 0.1 1.0 2.0

500 2,180 0.6 0.6 ± 0.3 0.2 0.2 ± 0.1 0.5 0.8 ± 0.3 1.3 1.6 ± 0.4

0.4 0.3 0.9 1.6

0.5 0.1 0.1 0.7

600 2,347 0.5 0.4 ± 0.2 0.0 0.1 ± 0.1 0.3 0.2 ± 0.1 0.8 0.7 ± 0.1

0.2 0.2 0.2 0.6

Table 2 POPC pore creation times without PS and with 100 Ca2?

Applied field

(MV/m)

Average internal field

(MV/m)

Initiation Construction Expansion Creation

Time (ns) Mean (ns) Time (ns) Mean (ns) Time (ns) Mean (ns) Time (ns) Mean (ns)

6.2 0.1 0.5 6.8

400 1,373 4.6 5.0 ± 1.0 0.1 0.2 ± 0.1 0.4 0.4 ± 0.2 5.1 5.6 ± 1.1

4.3 0.3 0.2 4.8

0.9 0.1 0.2 1.2

500 1,837 0.8 0.8 ± 0.2 0.1 0.1 ± 0.0 0.2 0.3 ± 0.1 1.1 1.1 ± 0.1

0.6 0.1 0.4 1.1

0.4 0.2 0.2 0.8

600 2,292 0.4 0.4 ± 0.0 0.1 0.1 ± 0.1 0.2 0.2 ± 0.0 0.7 0.7 ± 0.1

0.4 0.1 0.2 0.7

Table 3 POPC pore creation times with PS and without Ca2?

Applied field

(MV/m)

Average internal field

(MV/m)

Initiation Construction Expansion Creation

Time (ns) Mean (ns) Time (ns) Mean (ns) Time (ns) Mean (ns) Time (ns) Mean (ns)

2.2 0.3 0.4 2.9

400 1,707 3.2 3.1 ± 0.9 0.1 0.2 ± 0.1 0.4 0.4 ± 0.0 3.7 3.7 ± 0.8

3.9 0.2 0.4 4.5

0.5 0.2 0.2 0.9

500 1,930 1.4 0.9 ± 0.5 0.1 0.1 ± 0.1 0.5 0.4 ± 0.2 2.0 1.4 ± 0.6

0.9 0.1 0.4 1.4

0.2 0.2 0.2 0.6

600 2,197 0.3 0.4 ± 0.3 0.1 0.1 ± 0.1 0.1 0.1 ± 0.1 0.5 0.7 ± 0.2

0.7 0.1 0.1 0.9
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POPC:POPS bilayers exhibit very short pore settling

times and significantly reduced pore deconstruction times

compared to POPC systems, reducing the overall time

required to annihilate POPC:POPS electropores. An ini-

tial decrease in pore radius occurs immediately after the

field is removed in both POPC and POPC:POPS bilayers,

from about 2.3 to about 0.5 nm over the first few

nanoseconds. This initial reduction of the pore radius

does not appear to be correlated with pore settling time

(Fig. 4).

Table 4 POPC pore creation times with PS and with 100 Ca2?

Applied field

(MV/m)

Average internal field

(MV/m)

Initiation Construction Expansion Creation

Time

(ns)

Mean (ns) Time

(ns)

Mean

(ns)

Time

(ns)

Mean

(ns)

Time

(ns)

Mean (ns)

8.9 0.0 0.6 9.5

400 1,417 5.1 17.7 ± 18.6 0.1 0.1 ± 0.1 0.9 0.7 ± 0.2 6.0 18.4 ± 18.5

39.0 0.0 0.6 39.6

1.5 0.1 0.3 1.9

500 1,833 1.8 1.7 ± 0.1 0.2 0.1 ± 0.1 0.3 0.4 ± 0.1 2.3 2.2 ± 0.2

1.7 0.1 0.5 2.3

1.0 0.4 0.4 1.8

600 2,230 0.8 0.9 ± 0.1 0.0 0.2 ± 0.2 0.1 0.3 ± 0.2 0.9 1.3 ± 0.5

0.8 0.1 0.3 1.2

Table 5 POPC pore annihilation times without PS and without Ca2? Levine and Vernier (2010)

Field During Poration

(MV/m)

Settling Stabilization Deconstruction Dissolution Annihilation

Time

(ns)

Mean (ns) Time

(ns)

Mean (ns) Time

(ns)

Mean (ns) Time

(ns)

Mean (ns) Time

(ns)

Mean (ns)

7.3 3.0 24.6 2.9 37.8

400 29.2 19.4 ± 11.1 3.7 2.5 ± 1.5 25.9 25.0 ± 0.8 1.1 1.7 ± 1.0 59.9 48.6 ± 11.1

21.6 0.8 24.6 1.1 48.1

84.4 7.5 17.3 1.4 110.6

500 17.3 53.7 ± 33.9 4.0 4.7 ± 2.5 49.8 29.3 ± 17.8 4.2 2.9 ± 1.4 75.3 90.7 ± 18.1

59.5 2.7 20.9 3.0 86.1

11.4 1.0 8.1 1.5 22.0

600 3.8 7.1 ± 3.9 6.4 5.4 ± 4.0 28.5 25.1 ± 15.5 0.7 0.9 ± 0.6 39.4 38.4 ± 16.0

6.2 8.7 38.6 0.4 53.9

Table 6 POPC pore annihilation times without PS and with 100 Ca2?

Field during poration

(MV/m)

Settling Stabilization Deconstruction Dissolution Annihilation

Time

(ns)

Mean (ns) Time

(ns)

Mean (ns) Time

(ns)

Mean (ns) Time

(ns)

Mean (ns) Time

(ns)

Mean (ns)

0.0 0.4 4.6 1.0 6.0

400 0.0 0.6 ± 1.0 2.3 1.4 ± 1.0 3.3 3.3 ± 1.3 0.7 1.0 ± 0.3 6.3 6.3 ± 0.3

1.7 1.6 2.1 1.2 6.6

0.1 0.1 1.2 0.5 1.9

500 0.0 0.1 ± 0.1 0.1 0.1 ± 0.0 0.1 0.5 ± 0.6 0.2 0.9 ± 0.9 0.4 1.5 ± 0.9

0.0 0.1 0.1 1.9 2.1

0.0 0.5 2.3 2.7 5.5

600 9.0 3.0 ± 5.2 5.4 2.4 ± 2.6 28.8 10.6 ± 15.8 4.4 2.4 ± 2.1 47.6 18.5 ± 25.3

0.0 1.3 0.8 0.2 2.3
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Pore Annihilation—Calcium and POPC

Pure POPC systems containing calcium have dramatically

reduced pore annihilation times compared to POPC systems

without calcium (Fig. 3). For pores created at 400 and

500 MV/m, POPC–Ca2? systems exhibit virtually no pore

settling, while all remaining stages take no more than a few

nanoseconds to complete. For pores created at 600 MV/m,

calcium still significantly reduces the pore annihilation time

but the variation from simulation to simulation is large. As

with POPC:POPS and pure POPC bilayers without calcium,

the pore radius is reduced in POPC systems containing cal-

cium to 0.5 nm after only a few nanoseconds but with cal-

cium present the initial pore radius immediately after the

external field is removed is 1.7 nm, about 0.6 nm smaller than

the pores in the annihilation simulations without calcium.

Pore Annihilation—Calcium and POPC:POPS

POPC:POPS systems with calcium have pore annihilation

times which are also significantly shorter than those for

pure POPC bilayers and POPC:POPS systems without

calcium. POPC:POPS–Ca2? annihilation times are com-

parable to those for POPC–Ca2? and POPC:POPS (no

Table 7 POPC pore annihilation times with PS and without Ca2?

Field during poration

(MV/m)

Settling Stabilization Deconstruction Dissolution Annihilation

Time

(ns)

Mean (ns) Time

(ns)

Mean (ns) Time

(ns)

Mean (ns) Time

(ns)

Mean (ns) Time

(ns)

Mean (ns)

0.8 2.8 4.9 0.1 8.6

400 0.3 0.6 ± 0.3 3.7 2.7 ± 1.1 16.7 11.6 ± 6.0 0.7 0.3 ± 0.3 21.4 15.2 ± 6.4

0.8 1.6 13.1 0.1 15.6

3.2 0.6 2.4 3.1 9.3

500 0.9 1.5 ± 1.5 1.8 6.1 ± 8.5 8.7 14.2 ± 15.3 0.1 1.6 ± 1.5 11.5 23.4 ± 22.5

0.3 15.9 31.4 1.7 49.3

1.1 1.5 13.8 3.6 20.0

600 1.0 1.7 ± 1.1 1.2 2.3 ± 1.7 7.2 8.3 ± 5.1 9.5 4.7 ± 4.4 18.9 16.9 ± 4.5

2.9 4.2 3.8 0.9 11.8

Table 8 POPC pore annihilation times with PS and with 100 Ca2?

Field during poration

(MV/m)

Settling Stabilization Deconstruction Dissolution Annihilation

Time

(ns)

Mean (ns) Time

(ns)

Mean (ns) Time

(ns)

Mean (ns) Time

(ns)

Mean (ns) Time

(ns)

Mean (ns)

0.0 7.1 2.5 0.2 9.8

400 0.1 0.1 ± 0.1 2.3 4.7 ± 2.4 2.0 1.7 ± 1.0 0.6 0.8 ± 0.7 5.0 7.2 ± 2.4

0.0 4.8 0.5 1.5 6.8

0.0 1.7 1.5 1.6 4.8

500 0.1 0.1 ± 0.1 1.9 2.2 ± 0.8 0.4 2.3 ± 2.4 1.0 1.5 ± 0.4 3.4 6.1 ± 3.5

0.1 3.1 5.0 1.8 10.0

0.1 4.5 1.2 3.7 9.5

600 0.2 0.1 ± 0.1 3.0 2.8 ± 1.8 0.2 0.8 ± 0.5 1.1 1.9 ± 1.6 4.5 5.6 ± 3.5

0.0 0.9 0.9 0.9 2.7

Fig. 4 Evolution of pore radius after removal of the porating electric

field for the same systems shown in Fig. 2. This example, from a

simulation in which Eporating = 500 MV/m, is representative of pore

annihilation behavior for all values of Eporating examined in this work.

Average initial pore radii are 2.2 nm for 0PS:0Ca systems, 2.4 nm for

20PS:0Ca systems, 1.7 nm for 0PS:100Ca systems, and 1.9 nm for

20PS:100Ca systems
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calcium) systems. For pores created at the highest electric

field, POPC:POPS–Ca2? systems have the shortest pore

annihilation times of all systems sampled. Pore settling

time for these systems is too short to measure in about half

of the trials; the longest settling time measured for

POPC:POPS–Ca2? is 200 ps. Stabilization is the dominant

step in pore annihilation for these systems, and the variance

in pore annihilation time is much smaller than for pure

POPC systems without calcium. As with POPC–Ca2?

systems, the initial pore radius for POPC:POPS–Ca2?

systems after the porating field is removed is about 1.8 nm.

As soon as the pore radius decreases to about 0.5 nm in the

POPC:POPS–Ca2? systems, the pores dissipate quickly, in

contrast with pure POPC bilayers without calcium, where

pores remain open with a radius around 0.5 nm for many

tens of nanoseconds.

Calcium Binding

To assess the validity of our calcium ion models in

POPC:POPS systems, we constructed a binding isotherm

(Fig. 5), which plots the amount of bound calcium ions

against the bulk calcium ion concentration. Our data can be

described by a 1:2 Langmuir binding isotherm between

calcium and phospholipid (Altenbach and Seelig 1984) and

with binding isotherms taken from experiments with pure

and mixed vesicles (Sinn et al. 2006). Additionally, for

small calcium concentrations we see linear 1:1 binding.

Calcium appears to bind preferentially to PS carboxyl and

PC:PS phosphoryl oxygens. From systems equilibrated for

150 ns (Vernier et al. 2009) we extracted a calcium binding

coefficient, K = 2.56 M-1.

Discussion

Electropore Life Cycle for POPC:POPS Bilayers

We have shown that incorporation of the anionic

phospholipid POPS into a POPC (zwitterionic) bilayer

slightly increases the time required for pore creation at

lower external electric fields and drastically decreases the

time required for pore annihilation for electropores cre-

ated at all external electric fields. PS bilayers have a

smaller area per lipid (Mukhopadhyay et al. 2004)

compared to PC bilayers, and changes in surface tension,

which may be affected by locally varying area per lipid,

have been shown to affect pore formation (Lewis 2003;

Tieleman et al. 2003; Tieleman 2004).

At higher electric fields pore creation times for

POPC:POPS bilayers are similar to those for pure POPC

bilayers. As previous studies have shown, interfacial water

is a dominant component of pore formation (Tieleman

2004; Tarek 2005; Ziegler and Vernier 2008), and we can

speculate that the formation of bilayer-spanning water

bridges in the strong interfacial electric field gradients that

result from application of large external electric fields is

only weakly influenced by PS or PC interactions. This is

consistent with the stochastic pore hypothesis for electr-

opermeabilization (Sugar and Neumann 1984; Popescu

et al. 1991; Neu and Krassowska 1999; Weaver 2003) and

previous observations (Levine and Vernier 2010), in which

pore creation time was inversely correlated with the mag-

nitude of the applied electric field. In this scheme our

highest external electric field, 600 MV/m, is at or near a

saturating value for porating fields for POPC and POPC:-

POPS bilayers. In this saturation range electropores are

created in similar, asymptotically convergent times. We

also observe comparable pore radii for POPC:POPS and

pure POPC bilayers at the end of the pore creation step,

despite small differences in area per lipid, suggesting that

the radius of an electropore is only partially dependent on

phospholipid areal density.

Effects of Calcium on Pore Life Cycle

Calcium in pure POPC bilayer systems delays pore creation at

lower external electric fields and greatly reduces the time

required for pore annihilation. POPC:POPS systems con-

taining calcium have even longer pore creation times at lower

electric fields. The pore radius after creation is lower in both

POPC and POPC:POPS systems containing calcium than for

systems without calcium. As indicated above, this may be

partially associated with significantly smaller area per lipid

values found both experimentally (Mattai et al. 1989) and in

Fig. 5 Calcium binding curves show rough correspondence between

experimental and simulated results. The data can be described by a

1:2 Langmuir binding isotherm, consistent with formation of Ca:PS2

complexes
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simulations (Bockmann and Grubmuller 2004) when calcium

is present.

Even though the area per lipid is similar for POPC–Ca2?

and POPC:POPS–Ca2? systems, it has been shown

experimentally and in MD simulations that calcium binds

with more affinity to PC:PS vesicles than to pure PC ves-

icles (Sinn et al. 2006; Vernier et al. 2009), forming Ca2?–

PS complexes involving PS carboxyl and phosphoryl

oxygens. By increasing the total number of calcium-lipid

complexes, we are effectively decreasing the area per lipid

of our system and thus increasing membrane surface ten-

sion. Until the molecular-level details of water intrusion

and bridge construction across the bilayer have been fully

explained, we can only presume that increases in surface

tension associated with the presence of Ca2? and PS lead to

increases in the energy barrier for interfacial water entry

into the bilayer interior and an associated increase in pore

creation times. Alternatively, when the external field is

removed, a change in surface tension would result in a

change in the pore edge tension since the two quantities are

related (Ryham et al. 2011); thus, we would expect to see

modified pore annihilation times for systems with PS and/

or Ca2? present compared to systems without PS and Ca2?.

In addition, POPC:POPS–Ca2? systems exhibit very

short pore annihilation times (a few nanoseconds), similar

to the time scale of pore creation. This is an order of

magnitude faster than pure POPC systems, which have

pore annihilation times that are tens of nanoseconds or

even more than 100 ns in simulations (Levine and Vernier

2010). These timescales are similar to the resealing time-

scales reported in other MD simulations (Tarek 2005);

however, a large discrepancy still exists between simulated

pore annihilation times and experimental resealing times,

which occur on timescales of milliseconds (Melikov et al.

2001) to hundreds of seconds (Koronkiewicz et al. 2002).

These long-lasting pores occur in living cell membranes,

not simple phospholipid bilayers, suggesting that some

membrane restructuring beyond lipid nanopore formation

occurs and that the permeabilizing structures in cell

membranes have significantly stabilizing features.

Molecular and Continuum Models of Lipid

Electropores

Our results agree (Fig. 6) with numerical models which pre-

dict an exponential relationship between transmembrane

potential and pore creation (Neu and Krassowska 1999) for all

configurations tested. (Note that there is a direct relationship

between the internal electric field and the transmembrane

potential.) The electric field is the dominant term for pore

creation, and although we see variations in pore creation time

at smaller fields for POPC versus POPC:POPS or with the

introduction of calcium ions, pore creation occurs at similar

times for very high electric fields. Pore annihilation is a sto-

chastic process in some models (Weaver and Chizmadzhev

1996), and indeed we see large variances in the pore annihi-

lation time, which suggests that local fluctuations and

dynamics strongly influence restructuring of the bilayer.

Our simulations of calcium binding to POPC and

POPC:POPS bilayers provide support for the validity of the

calcium ion model we are using. Our binding isotherm for

POPC:POPS bilayers is similar to experimental data for

dioleoyl-phosphatidycholine:phosphosphatidylserine

(DOPC:DOPS) vesicles (Sinn et al. 2006) using a 1:2 Lang-

muir isotherm. The binding coefficient extracted from our

simulations is 2.56 M-1, in the range of the measured value

of 13.8 M-1 (Altenbach and Seelig 1984), although experi-

ments at different NaCl and Ca2? concentrations are difficult

to compare directly. Better models may lead to increased

accuracy in determining proper binding coefficients.

Although our simple, largely intuitive characterization

of the stages in the lipid electropore life cycle provides a

useful scheme for analysis of pore creation and pore

annihilation, a more sophisticated approach will build on

this foundation to incorporate systematic measurements of

the pore radius and pore energies (Neu and Krassowska

1999) and to include the atomic-scale electric field land-

scape and the interactions of water oxygen and hydrogen

with the electron-dense acyl oxygens deep in the

phospholipid bilayer interface. Once these key components

of the molecular structure of electropores are accurately

represented, the additional complexities of lipid heteroge-

neity, membrane proteins and cytoskeletal and glycocalyx

attachments can be added to the model one by one, until we

approach a useful representation of the living cell mem-

brane in a porating electric field.
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Abstract We investigated the effects of nanosecond

pulse electric fields (nsPEFs) on Jurkat and PANC1 cells,

which are human carcinoma cell lines, in the presence of

Tween 80 (T80) at a concentration of 0.18 % and dem-

onstarted an enhanced killing effect. We used two bio-

logical assays to determine cell viability after exposing

cells to nsPEFs in the presence of T80 and observed a

significant increase in the killing effect of nsPEFs. We did

not see a toxic effect of T80 when cells were exposed to

surfactant alone. However, we saw a synergistic effect

when cells exposed to T80 were combined with the

nsPEFs. Increasing the time of exposure for up to 8 h in

T80 led to a significant decrease in cell viability when

nsPEFs were applied to cells compared to control cells. We

also observed cell type–specific swelling in the presence of

T80. We suggest that T80 acts as an adjuvant in facilitating

the effects of nsPEFs on the cell membrane; however, the

limitations of the viability assays were addressed. We

conclude that T80 may increase the fragility of the cell

membrane, which makes it more susceptible to nsPEF-

mediated killing.

Keywords Nanosecond pulse electric field � Tween 80 �
PANC1 cell � Jurkat cell

Introduction

The use of nanosecond pulse electric fields (nsPEFs) for

the treatment of tumors is a relatively new and exciting

field which is being explored by a number of groups around

the world. The charging time constant for a typical mam-

malian cell (of 10 lm diameter) is in the order of 100 ns

(Schwan et al. 1985). PEF exposures with durations of

\100 ns can effectively penetrate into a mammalian cell.

These ultrashort electric pulses are known as nsPEFs and

have been shown to induce apoptosis in HCT116 human

colon carcinoma cells, Jurkat cells, B10-2 fibrosarcoma

tumors (Beebe et al. 2003a, b) and calcium bursts in Jurkat

cells (Vernier et al. 2003). It has been observed that when

high-voltage electric pulses of short time intervals (12 kV/

cm, 60 ns) were applied to Jurkat, GH3 and PC-12 cells,

there was a significant decrease in the membrane potential

and increased cell death (Pakhomov et al. 2007). The major

advantage of nsPEFs is their unique ability to noninva-

sively induce apoptosis without generating any huge ther-

mal effect (Nuccitelli et al. 2006). Although nsPEFs

significantly decrease tumor volume by 80 % in mice,

histological results have shown significant damage to the

healthy peripheral skin due to application of high electric

fields (Chen et al. 2009). Increases in heart and respiratory

rates were also observed when nsPEFs were applied to treat

melanomas in mice (Chen et al. 2009). Keeping these

characteristics in mind, nsPEFs provide a new approach to

physically target tumor cells.

Polysorbate 80 is a nonionic surfactant which is com-

mercially known as Tween 80 (T80) (Zheng and Obbard

2002) and has been used as an adjuvant along with dif-

ferent cancer-treating drugs (Tsujino et al. 1999). The

killing effect shown by actinomycin-D and daunomycin

on drug-resistant Chinese hamster cells was directly
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proportional to the concentration of adjuvant (T80) used

(Riehm and Biedler 1972). T80 also enhances the chemo-

therapeutic efficiency of drugs such as doxorubicin (Adri-

amycin) (Chitnis et al. 1984; Parris et al. 1987), VP16

(Tsujino et al. 1999), ethoglucid (Epodyl), mitomycin-C

and thiotepa (Parris et al. 1987) by altering the perme-

ability of the plasma membranes of cancer cells in vitro

(Riehm and Biedler 1972). These studies show the signif-

icance of T80 as an adjuvant in effectively killing cancer

cells.

Our present work focuses on enhancing the killing

efficiency of nsPEFs by (using T80 as an adjuvant)

exposing PANC1 and Jurkat cells to T80. We believe that

exposure of cells to T80 compromises the integrity of the

plasma membrane of cells, thereby increasing the effect of

nsPEFs on intracellular structures of cells (as discussed

above). The use of two separate viability assays confirms

increased cell killing; however, the limitations of these

viability assays will be addressed.

Materials and Methods

Cells and Cell Culture

The PANC1 and Jurkat cells used in the study were pur-

chased from American Type Culture Collection (Manassas,

VA). PANC1 (human pancreatic carcinoma cell line) was

chosen as an adherent cell line, whereas Jurkat (human

T-lymphocyte cell line) was chosen as a nonadherent cell

line. Cells were maintained at 5 % CO2 and 37 �C in a

humidified cell culture incubator. Dulbecco’s modified

Eagle medium (DMEM, American Type Culture Collec-

tion) supplemented with 10 % fetal calf serum, 2 mM

L-glutamine and 2 % penicillin and streptomycin was used

for culturing PANC1 cells, while Roswell Park Memorial

Institute medium (RPMI, American Type Culture

Collection) supplemented with 10 % fetal calf serum,

2 mM L-glutamine and 2 % penicillin and streptomycin

was used for culturing Jurkat cells. Exponentially growing

cells were used for all experiments.

Nanosecond Pulse Generator

A transmission line pulse generator was used to deliver

electric pulses of 60-ns duration (as shown in Fig. 1) (Kolb

et al. 2006). The pulse amplitude could be adjusted by

varying the gap distance of any spark gap operated in open

(atmospheric pressure) air.

Experimental Setup for Exposure to Ultrashort Electric

Pulses

An optimal amount of T80 at 0.18 % was used for good

dispersion, which had the least toxic effect on PANC1 and

Jurkat cells (Sabuncu et al. 2010). Cell concentration was

adjusted to 1 9 106/ml, and 900 ll of medium with sus-

pended cells was used for experiments. To these cells,

200 ll of 1 % T80 was added, to bring the final concen-

tration to 0.18 %; 400 ll of sample was exposed to 12

pulses of 30 kV/cm (60 ns, 3.2 joules) using electropora-

tion cuvettes (BioSmith Biotech, San Diego, CA). After

exposure, cell viability was analyzed using the trypan blue

exclusion method (Tennant 1964) and WST-1 cell viability

assay (Peskin and Winterbourn 2000) immediately after

exposure to nsPEFs and after 8 h.

Cell Viability Assays

Cells exposed to nsPEFs were diluted at a concentration of

1:1 with 0.4 % trypan blue solution (Sigma, St. Louis,

MO). Viable cells were counted using a hemacytometer

(Hausser Scientific, Horsham, PA). The trypan blue assay

is based on uptake of the dye by the cell membrane of dead

Fig. 1 Experimental setup for nsPEF treatment. a Sixty-nanosecond pulse generator. b The delivery chamber where electroporation cuvettes are

inserted (arrow). c The 0.2-cm-wide cuvette with cell culture media
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cells; however, it is not able to differentiate between

apoptotic and necrotic cells. For the WST-1 cell viability

assay 100 ll of each sample (8 x 104 cells) was transferred

into each well of a 96-well plate and 10 ll of WST-1

(Roche Applied Sciences, Indianapolis, IA) reagent was

added to each well and incubated for 1 h. After incubation,

the 96-well plate was read using a microplate reader at

450 nm. The WST-1 cell viability assay is based on

cleavage of the water-soluble tetrazolium salt WST-1 into a

soluble formazan dye by a complex cell surface mechanism

of metabolically active and live cells. The optical density

of the formazan dye is measured to obtain an estimate of

live cells.

Cell Size Measurement Using Microscopy

PANC1 and Jurkat cells were viewed under a bright field

microscope (Olympus, Center Valley, PA) before and after

exposure (5 min) to nsPEFs. Images were captured using a

DP71 CCD camera with DP controller software. Cell sizes

were measured and analyzed using Image J software (NIH,

Bethesda, MD).

Statistical Analysis

Cell viability assays were performed in triplicate, and

results are shown as mean ± standard error of the mean

(SEM). Statistical analysis was performed using GraphPad

PrismTM (GraphPad Software, La Jolla, CA). Two-way

ANOVA was used to demonstrate the significance among

triplicate samples, and a two-tailed paired t test (95 %

confidence interval) was used to detect significant differ-

ences between any two different samples. For all statistical

analyses, P \ 0.05 was considered significant.

Results

Viability of Jurkat and PANC1 cells was analyzed imme-

diately after exposure to nsPEFs and 8 h postexposure. Cell

viability after exposure was compared to cells that were not

exposed to T80 or nsPEFs (control) and cells exposed to

nsPEF only (control exposure).

The viability of Jurkat cells which were exposed to

nsPEFs in the presence of 0.18 % T80 was assessed by

trypan blue exclusion and WST-1 cell viability assay

(Fig. 2). The results of trypan blue exclusion (Fig. 2a) and

the WST-1 viability assay (Fig. 2b) immediately after

exposure to nsPEFs demonstrate that there was no toxic

effect of T80 on Jurkat cells compared to control cells. The

trypan blue exclusion results also indicate that the cell

viability decreased by 73 % in Jurkat cells that were

exposed to nsPEFs in the presence of T80, which was highly

significant compared to control exposed cells without T80

(P \ 0.01, respectively), whereas WST-1 viability assay

results of Jurkat cells (Fig. 2b) indicated that there was no

significant difference in cell viability after exposure to T80

alone compared to control cells. Also, there was a signifi-

cant decrease in cell viability by 68 % after exposure to

nsPEFs in the presence of T80 compared to control exposed

cells (P \ 0.01). When exposed to nsPEFs for longer

periods (8 h) Jurkat cells (Fig. 2c) demonstarted a signifi-

cant effect of T80 alone on cell viability (without exposure

to nsPEFs) (P \ 0.05). These results also demonstrate that

cell viability decreased significantly by 88 % in Jurkat cells

that were exposed to nsPEFs in the presence of T80 com-

pared to control exposed cells (P \ 0.001). The WST-1 cell

viability assay results of Jurkat cells 8 h after exposure to

nsPEFs (Fig. 2d) demonstrate that there was no significant

toxic effect of T80 on Jurkat cells compared to control cells

in the absence of T80. It can be inferred from the results that

there was a significant decrease in cell viability by 60 % in

cells exposed to nsPEFs in the presence of T80 compared to

control exposed cells (P \ 0.01).

PANC1 cells that were exposed to nsPEFs in the pres-

ence of T80 were assessed just after exposure to nsPEFs

(0 h) and after 8 h by trypan blue exclusion (Fig. 3a, c) and

WST-1 cell viability assay (Fig. 3b, d). Trypan blue

exclusion demonstrated that cell viability decreased sig-

nificantly by 40 % in PANC1 cells which were exposed to

nsPEFs in the presence of T80 compared to control exposed

cells (P \ 0.01). There was no significant toxic effect of

T80 alone on PANC1 cells (Fig. 3a). WST-1 cell viability

assay results demonstrate that there was a significant

decrease in cell viability by 42 % in cells exposed to

nsPEFs in the presence of T80 (Fig. 3b) compared to con-

trol exposed cells (P \ 0.01). Analyzing 8 h after exposure

to nsPEFs, trypan blue exclusion method results indicate

that there was a highly significant decrease in cell viability

by 95 % in cells exposed to nsPEFs in the presence of T80

(Fig. 3c) compared to control exposed cells (P \ 0.001).

The WST-1 cell viability results of PANC1 (Fig. 3d) indi-

cate that there was no significant toxic effect of T80 alone.

There was a very significant decrease in the cell viability by

50 % in cells that were exposed to nsPEFs in the presence of

T80 compared to control exposed cells (P \ 0.001).

We also measured the size of Jurkat and PANC1 cells

(Fig. 4) prior to and postexposure to nsPEFs (5 min). We

observed that the size of Jurkat cells (Fig. 4a) increased

significantly in the presence of 0.18 % T80 (P \ 0.05).

There was a significant change in the size of Jurkat cells in

the presence of 0.18 % T80 before compared to after

exposure to nsPEFs (P \ 0.05). There was no significant

difference in PANC1 cell size postexposure to nsPEFs in

the presence of 0.18 % T80 or cell culture medium

(Fig. 4b).
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Discussion

Our results clearly indicate that there was no immediate

significant toxic effect of 0.18 % T80 on the viability of

Jurkat and PANC1 cells; however, after 8-h exposure

Jurkat cells showed increased sensitivity. There was a

significant reduction in the viability of PANC1 and Jurkat

cells when exposed to nsPEFs in the presence of 0.18 %

T80 (Figs. 2a, b, 3a, b). The decrease in cell viability was

even higher 8 h after exposure to nsPEFs in the presence of

0.18 % T80 (Figs. 2c, d, 3c, d). It has been shown in the

past that T80 has similar adjuvant activity with regard to

drugs such as doxorubicin, ethoglucid, mitomycin-C and

thiotepa in treating superficial bladder cancer (Parris et al.

1987) and increasing the antitumor efficiency of hyper-

thermia in treating B16 melanoma cells in BALB/C mice

(Yaoqin et al. 1996). It has also been shown that T80

decreases drug resistance in actinomycin-D and dauno-

mycin-resistant Chinese hamster cells (Riehm and Biedler

1972) and daunorubicin-resistant Ehrlich ascites cells

Fig. 2 Viability results of

Jurkat cells after exposure to

nsPEFs. a trypan blue assay

results of Jurkat cells

immeadiately after exposure to

nsPEFs. b WST-1 cell viability

assay results of Jurkat cells

immeadiately after exposure to

nsPEFs. c trypan blue assay

results of Jurkat cells 8 h after

exposure to nsPEF pulses.

d WST-1 cell viability assay

results of Jurkat cells 8 h after

exposure to nsPEF pulses.

*P \ 0.05, **P \ 0.01,

***P \ 0.001

Fig. 3 Viability results of

PANC1 cells (trypan blue assay

and WST-1 cell viability assay)

after exposure to nsPEFs.

a trypan blue assay results of

PANC1 cells immediately after

exposure to nsPEFs. b WST-1

cell viability assay of PANC1

cells soon after exposure to

nsPEFs. c trypan blue assay

results of PANC1 cells 8 h after

pulsing. d WST-1 cell viability

assay results of PANC1 cells

(8 h after pulsing). *P \ 0.05,

**P \ 0.01, ***P \ 0.001
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(Sehested et al. 1989). In all of these cases, T80 acted as a

solubilizing agent to the plasma membrane of cells (Jones

1999) as well as in increasing membrane fluidity (Basrur

et al. 1983; Chitnis et al. 1984; Tsujino et al. 1999; Coors

et al. 2005). This increase in membrane fluidity could have

significantly enhanced the poration (nano) effect of nsPEFs

where stable poration is seen for minutes (Bowman et al.

2010). Better formulation of the possible effects of

increased membrane fluidity in nsPEFs according to the

reported effects in microsecond pulses is necessary (Kan-

dušer et al. 2006). Another possible mechanism could be

pore-induced changes in the osmotic pressure of cells,

leading to an increase in the size of cells (Fig. 4), by the

presence of T80. This effect, however, appeared to be cell

type-specific, with Jurkat cells showing significant swell-

ing. Jurkat cells are nonadherant and have reduced sup-

porting cytoskeletal networks compared to adherent cells.

The nsPEF-induced cytoskeletal damage (Stacey et al.

2011) along with T80-induced membrane fluidity may

disrupt electrolyte balance, followed by water uptake, thus

making Jurkat cells more susceptible to osmotic swelling.

Even though trypan blue and WST-1 cell viability assay

results measured a significant killing effect of nsPEFs in

the presence of 0.18 % T80, the difference in the cell

viability results of these assays is primarily dependent on

the cell component involved with the assay. The trypan

blue exclusion assay is based on uptake of the dye by dead

cells only, whereas the WST-1 cell viability assay is based

on cleavage of WST-1 into a soluble formazan dye by

mitochondrial dehydrogenase of metabolically active and

live cells. T80 (0.5 %) (Wallace et al. 1968) has been

implicated in mitochondrial and membrane biogenesis in

yeast, a factor that was not investigated in these studies but

which may influence both assay outcomes through different

mechanisms. The plasma membrane is significantly affec-

ted after exposure to nsPEFs (André et al. 2010) measured

by propidium iodide uptake across the cell membrane. The

trypan blue assay is an assay based on the integrity of the

plasma membrane. Therefore, with viability assays that

may be compromised by T80 or membrane permeability,

the results of WST-1 cell viability and trypan blue assays

may be expected to differ from each other.

Conclusion

Based on our results, it can be concluded that T80 plays a

major role in enhancing the killing effect of nsPEFs, which

could be due to an adjuvant effect on PANC1 and Jurkat

cells. We believe that T80 may increase the cell membrane

permeability/fluidity, leading to increased fragility of the

cell membrane. Further investigation is necessary to

understand the mechanism of T80 as an adjuvant in

enhancing the killing effect of nsPEFs. We also conclude

that cell viability depends upon the protocol employed and

may be indicative of different biological mechanisms that

respective cell viability assays measure as a means to

determine cell viability.
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Abstract In situ electroporation of adherent cells pro-

vides significant advantages with respect to electroporation

systems for suspension cells, such as causing minimal

stress to cultured cells and simplifying and saving several

steps within the process. In this study, a new electrode

assembly design is shown and applied to in situ electro-

porate adherent cell lines growing in standard multiwell

plates. We designed an interdigitated array of electrodes

patterned on copper with printed circuit board technology

and covered with nickel/gold. Small interelectrode dis-

tances were used to achieve effective electroporation with

low voltages. Epoxy-based microseparators were con-

structed to avoid direct contact with the cells and to create

more uniform electric fields. The device was successful in

the electropermeabilization of two different adherent cell

lines, C2C12 and HEK 293, as assessed by the intracellular

delivery of the fluorescent dextran FD20S. Additionally, as

a collateral effect, we observed cell electrofusion in HEK

293 cells, thus making this device also useful for per-

forming cell fusion. In summary, we show the effectiveness

of this minimally invasive device for electroporation of

adherent cells cultured in standard multiwell plates. The

cheap technologies used in the fabrication process of the

electrode assembly indicate potential use as a low-cost,

disposable device.

Keywords In situ electroporation � Noncontact �
Microelectrode � Adherent cell

Introduction

Nowadays, electroporation, also known as ‘‘electroper-

meabilization,’’ is a useful technique to introduce foreign

impermeable material into the cell cytoplasm. A state of

high permeability to ions and macromolecules is achieved

by exposing cell membranes to short (microsecond–

millisecond) high-electric field pulses (Neumann et al. 1982;

Weaver and Chizmadzhev 1996; Teissie et al. 2005). This

state can be either temporary (reversible electroporation) or

permanent (irreversible electroporation) as a function of the

electric field parameters (Wolf et al. 1994; Rols and Teissié

1998; Hui 1995; Lebar et al. 2002). Typical reversible

applications comprise drug delivery (Dev et al. 2000), gene

therapy (Wolf et al. 1994; Zheng and Chang 1991; Stopper

et al. 1987) and introduction of fluorescent probes used in

research and functional proteomic treatment (Lambert et al.

1990) as the main representative examples.

The technique can be applied to a wide spectrum of

biological preparations, ranging from single cells (Wang

et al. 2010) up to whole tissues such as liver, lung and

muscle (Dev et al. 2000) and both in vitro and in vivo.

Traditional in vitro equipment performs electroporation in

cuvettes where cells are suspended in order to apply elec-

tric field pulses (Raptis and Firth 2008). Particularly, when

adherent cells are electroporated a previous trypsinization

process needs to be carried out. However, trypsinizing

adherent cells causes an additional stress to the cells that
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may affect both the electroporation efficiency and the

invasiveness of the operation (Zheng and Chang 1991). As

explained in Chang et al. (1992), there are several reasons

to believe that in situ electroporation is more suitable for

high-efficacy transfection in adherent cells maintaining a

reasonable viability.

Some microfabricated devices have been designed to

apply electric field pulses directly to the adherent cell

monolayer, where cells commonly grow onto the micro-

electrode surface (Raptis and Firth 2008; Olbrich et al.

2008; Wegener et al. 2002). Some approaches make use of

interdigitated microelectrodes deposited into planar glass

surfaces with microfabrication techniques to apply the

pulses (Huang et al. 2011; Lin et al. 2003). These devices

allow lowering of the required voltages to reach the high-

intensity electric fields (1–10 kV/cm) due to the small

interelectrode distance. For example, in Lin et al. (2003) an

electroporation microchip successfully transfected adherent

cells using \2 V. The reduction in the required amplitude

to create membrane poration reduces the complexity and

cost of pulse generators used in traditional systems as well

as the requirements for electrical safety of the devices.

There are also reports of many single-cell devices that

introduce silicon fabrication technology (Braeken et al.

2010) or microfluidics (Geng et al. 2010). However, all the

devices described above are custom-built setups and are

not suitable for direct use in standard multiwell plates. In

addition, in most of them, cells are not attached to a

standard cell growing surface; on the contrary, they are in

contact with the electrodes or other nonstandard surfaces

that may interfere with normal development. Some other

commercially available devices have been designed to

apply electroporation pulses to cells growing in standard

culture plates; these approaches make use of big, flat or

wire electrodes positioned above the monolayer very sim-

ilarly to a cell suspension with relatively high electrode

distances (Deora et al. 2007; Raptis and Firth 2008).

In the present report a new electroporation device is

described. The electrode assembly proposed was initially

designed to monitor the state of cell monolayers with a min-

imally invasive method by means of electrical bioimpedance

spectroscopic measurements. We show the functionality of

this electrode system also for in situ electroporation of C2C12

and HEK 293 adherent cells cultured in standard multiwell

plates, making use of low voltages.

Materials and Methods

Electrode Assembly

The electrodes were conceived and designed taking into

account the principle of in situ use with adherent cell

monolayers growing in standard multiwell plates. The main

goal was to reduce the invasiveness of the operation in

order not to interfere in the regular behavior of cultured

cells.

The electrode geometric design was based on an inter-

digitated structure consisting of six independent lines

forming three arrays of electrodes. This design enables

bioimpedance measurements in different configurations

and, in the case of electroporation, configures three active

areas. Each line in the active pairs connected alternately to

?V or -V terminals of the pulse generator. Some different

designs were tested using different electrode width and

spacing (see Fig. 1). In this study the final dimensions were

75 and 150 lm width and spacing, respectively. Electrodes

were patterned on copper with printed circuit board tech-

nology using as substrate 1-mm-thick FR4 discs with

diameter compatible with the dimensions of standard

24-multiwell plates. Due to the toxicity of copper (Cu),

once the electrode structure was patterned, a final nickel

(Ni)/hold (Au) plating was deposited using the electroless

nickel immersion gold technique.

Following the idea of in situ application to cell mono-

layers, small microseparations were created, to avoid direct

contact between the electrodes and the monolayer which

could cause mechanical stress or damage to the cells.

Noncontact electroporation allows us to minimize the

invasiveness of the operation. These separations were

constructed using a final photosensible epoxy layer with

thickness of 10 lm deposited on the border areas of the

surface of the electrodes. Six circular microseparators were

patterned on the surface of the electrodes that were equally

distributed along the perimeter of the discs. The thickness

of cell monolayers is usually 3–8 lm in most cell lines

attached to a surface (Durante et al. 1993; Bettega et al.

1998); consequently, 10 lm is enough to avoid direct

Fig. 1 Interdigitated geometry of the electrodes and detailed view.

Six different lines are connected to the stimulator terminals. Different

separations between electrodes (S) and different electrode widths

(W) were tested
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contact with the electrodes. Figure 2a depicts the in situ

placement of the electrode assembly above the bottom

surface of a culture well, and Fig. 2b is a detailed view of

the microseparations described above.

In addition, considerably higher and irregular electric

fields are presented in the border areas of microelectrodes

that could irreversibly damage cell membranes near these

areas. More uniform electric fields are created a short

distance from the electrode surface (Lin et al. 2003; Lisen

et al. 2007). A 2D simplification of the structure was

simulated to study the electric field distribution. Simula-

tions were made using commercial software (COMSOL

Multiphysics 3.5; COMSOL, Burlington, MA). The con-

ductivity values used for the different parts were r = 0.004

S/m for the FR4 substrate, r = 5.998e7 S/m for copper

electrodes and r = 0.16 S/m for poration media. Boundary

conditions in the electrodes were set to fixed current ports

or ground alternatively. In Fig. 3a the current density dis-

tribution is shown. As pointed out above, more uniform

distribution is present a short distance from the surface of

the electrodes. In Fig. 3b and c cross-sectional plots are

shown. Figure 3b depicts the electric field values along a

horizontal line separated 15 lm from the electrodes. From

this plot it can be stated that cells under the center of the

electrodes will not be electroporated because the electric

field intensity in these areas will not be high enough. On

the other hand, the effect in the areas where the electric

field is over the threshold will be very uniform, only 4 % of

variation as indicated in the plot. In Fig. 3c the electric

field values along a vertical line are plotted. As shown in

the figure, there is an electric field reduction in the vertical

direction with a maximum decrease of 10 % between the

highest and lowest points of the line. From these simula-

tions it can be concluded that the use of microseparations

has the advantage of applying more uniform electric fields

but that, due to the relative distance between the electrodes

and the cell surface, higher voltages need to be applied to

obtain suitable electric field intensities for electroporation.

Once the microelectrodes were fabricated and tested, the

next step was to adapt them for in situ application. A

biocompatible acrylic adhesive (LOCTITE 3555TM; Hen-

kel, Dusseldorf, Germany) was used to seal the soldering

areas between the pads and the connector. Connection

wires were introduced in a biomedical silicone tube whose

flexibility allowed the discs to be settled uniformly parallel

to the bottom surface of the multiwell plates when the

assembly was leaned against the surface, and consequently,

the electrodes were uniformly parallel to the cell mono-

layer. The electrode assembly is automatically positioned

using a self-constructed positioner which ensures that the

same vertical force was applied in all experiments. In

addition, using this automatic system, the displacement

speed can be controlled, ensuring that with slow enough

speed fluid displacement does not harm the monolayer.

This electrode assembly is in the patent process.

Electric Field Pulse Delivery

Electric field pulses were delivered using a biphasic stim-

ulator developed in our laboratory and first conceived for

long-term contraction of cultured muscle cells. The stim-

ulator generates bipolar pulses acting as a fixed current

source with intensities (A) ranging from 1 to 800 mA,

minimal duration (D) of each part of the bipolar signal of

100 ls and minimal period (T) of 1 ms. There is an addi-

tional parameter (Tt) that allows one to set the time sepa-

ration between the positive and negative parts of the pulse

(minimum value 100 ls). The device is fully programma-

ble by an RS-232 connection to a PC. As previously

studied by other authors, the use of bipolar pulses enhances

transfection efficiency (De Vuyst et al. 2008; Ephrem Te-

kle and Bonn Chock 1991) and reduces electrolytic gas

bubble formation in metal electrodes (Ziv et al. 2009).

Cells and Chemicals

The C2C12 mouse myogenic cell line and the HEK 293

human embryonic kidney cell line were cultured as a

Fig. 2 Illustration of the electrode setup. a Representation of the

principle of operation, showing how electrodes are placed in the bottom

surface of the multiwell plates. b Detailed view of the microseparations

used to avoid contact between electrodes and cells

T. Garcı́a-Sánchez et al.: A Microelectrode Assembly for Cell Electroporation 619

123



monolayer in Dulbecco’s modified Eagle medium (DMEM)

supplemented with 10 % fetal bovine serum and supple-

mented with penicillin, streptomycin and fungizone.

Low-conductivity electroporation buffer (LCEB) was

used in the experiments. LCEB consisted of 10 mM

Na2HPO4 (pH 7.4), 1 mM MgCl2 and 250 mM sucrose.

Conductivity was 1.6 mS/cm. When started, 2.5 mg/ml

fluorescein isothiocyanate-dextran, average molecular

weight 20,000 Da (FD20S; Sigma-Aldrich, Madrid, Spain)

was added to the LCEB as a fluorescence electropermea-

bilization probe.

Electroporation Procedure

Both C2C12 and HEK 293 cell lines were plated in

24-multiwell plates at cell concentrations of 5 9 104/well

and 7 9 104/well, respectively. Plates were cultured at

37 �C in a humidified 5 % CO2 incubator for approxi-

mately 24 h, to reach 50–60 % confluence.

Before application of electric pulses, cells were rinsed

with phosphate-buffered saline (PBS); and then 150 ll of

LCEB were added to each well. The electrode assembly

was sterilized with a 70 % ethanol solution, rinsed with

sterile distilled water and finally immersed in LCEB before

use. Immediately, the electrode assembly was placed above

the cell monolayer and electric field pulses were applied,

configuring the biphasic stimulator via RS-232. Eight

biphasic pulses, with duration (D) of 100 ls, time separa-

tion between the positive and negative parts of the pulse

(Tt) of 100 ls and frequency repetition of 1 Hz were

applied with different current intensities (A) to create

electric fields of 1.2, 1.6, 2 and 2.2 kV/cm in the surface of

the electrodes, taking into consideration that the electric

field affecting cell membranes is lowered about 10 %

because of the relative distance between electrodes and

cells. In control cells, no electric pulses were applied, but

the electrode was positioned above the cell monolayer for

an equivalent period of time. After the electroporation

procedure, cells were incubated for an additional 30-min

period in the incubator. After this period, the electropora-

tion buffer was removed and cells were rinsed twice with

PBS, medium was replaced with fresh culture medium and

Fig. 3 Electric field simulations run on COMSOL Multiphysics 3.5.

a The 2D simplification simulated is shown and the total current density

is plotted. b A cross-sectional plot of the electric field distribution along

a horizontal line 15 lm from the surface of the electrodes (red line in a).

c A cross-sectional plot of the electric field distribution along a vertical

line (yellow line in a) (Color figure online)
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cells were left for 2 h in the incubator for complete

resealing. Then, cells were examined under a Leica

(Wetzlar, Germany) DMI 4000B inverted microscope for

fluorescence, to detect FD20S, which has an excitation

wavelength of 485 nm and emission at 510 nm. Images

were taken with a digital camera (Leica DFC 300x).

Results and Discussion

The objective of this study was to test the use of an elec-

trode assembly for in situ electropermeabilization of

adherent cells growing in standard multiwell plates with

minimal invasiveness of the operation. For that purpose

two different cell lines, C2C12 myoblasts and HEK 293

epithelial cells, were subjected to electroporation with this

system for intracellular delivery of fluorescent dextran

FD20S, which has a molecular radius of 3.2 nm (Ambati

et al. 2000). We first performed several tests, in which the

duration and amplitude of pulses were varied, to find the

optimal electric field parameters that caused effective

reversible electroporation. Among the conditions tested for

the bipolar pulses, we determined that a fixed, short-dura-

tion pulse of 100 ls avoided bubble gas formation caused

by electrolysis of water. In addition, we observed that, due

to the small distance between cells and electrodes, the cell

monolayer detached when bubbles appeared, caused by

both pH changes and mechanical stress of the bubbles

themselves. In consequence, in the following experiments,

we varied the amplitude of pulses at this fixed duration.

Fig. 4 Micrograph of C2C12

cells after electroporation. Cells

were electroporated in the

presence of FD20S at different

electric field intensities:

a 1.2 kV/cm, b 1.6 kV/cm,

c 2 kV/cm and d 2.2 kV/cm.

After cell electroporation and

recovery, as described in

‘‘Materials and Methods’’

section, images of cell

monolayers were taken at

910 magnification. A

representative image is shown.

e Quantitative analysis of the

results calculated as the

percentage of fluorescent cells.

Results are expressed in

mean ± SD of at least five

measurements

T. Garcı́a-Sánchez et al.: A Microelectrode Assembly for Cell Electroporation 621

123



In Fig. 4, we show an electric field-dependent fluores-

cent label of C2C12 myoblasts. Very few fluorescent

cells were observed after application of electric fields of

1.2 kV/cm (Fig. 4a). Data also reveal that the permeabili-

zation yield increased with increasing electric field

amplitude and reached a maximum when the electric field

at the electrode surface was 2.2 kV/cm. Figure 4e shows

the quantification of the results as a percentage of fluo-

rescent cells calculated with respect to the total number of

cells 2 h after application of the treatment. Thus, these

results indicate uptake of FD20S into adhered C2C12

electroporated cells, with up to 50 % efficiency for the best

case. C2C12 is a hard-to-transfect cell line with DNA

plasmids and usually resistant to chemical methods. These

results indicate the potential utility of electroporation as a

feasible option when other methods are not suitable.

In Fig. 5 the effect of treatment of cell line HEK 293

with four different electric field amplitudes, 1.2, 1.6, 2 and

2.2 kV/cm, is shown. The micrographs also show, as

expected, an increase in the number of fluorescent cells as a

function of electric field intensity. On the other hand, in

electroporated HEK 293 cells (see Fig. 5c, d) we observed

giant cells, which suggests that cell fusion took place with

the highest electric fields applied. As also known to those

skilled in the field, the application of high electric field

pulses can induce fusion of a wide variety of cells under

certain conditions. One of the main conditions to achieve

cell electrofusion is the establishment of contact between

cell membranes. In our case, adherence of cells to the

culture plate facilitated cell contact for fusion. Other

methods classically forced cell–cell contact by dielectro-

phoresis, chemicals or centrifugation. The observation of

cell fusion in HEK 293 cells but not in C2C12 cells may be

due to the fact that the extent of cell electrofusion in vitro

and in vivo is cell line-dependent and involves cell type-

specific membrane properties and/or secretion of proteases

(Salomskaite-Davalgiene et al. 2009). In contrast, in our

study conditions for electropermeabilization of both

adherent cell lines were very similar. Likewise, relatively

little difference in electropermeabilization of plated CHO

and B16F1 cells was reported, whereas significant differ-

ences were observed between the two cell lines in a sus-

pension (Marjanovič et al. 2010).

In C2C12 or HEK 293 cells, we observed no alteration

of the characteristics of the cell monolayer in the course of

24 h after positioning of electrodes in control cells (data

not shown), indicating that the device does not cause a

major mechanical stress or toxicity that affects cell

viability.

Our observations reinforce the principle of minimal

invasiveness of the device. An advantage of the system is

its in situ application to multiwell plates where cells had

Fig. 5 Micrograph of HEK 293 cells after electroporation. Cells

were electroporated in the presence of FD20S at different voltages:

a 1.2 kV/cm, b 1.6 kV/cm, c 2 kV/cm and d 2.2 kV/cm. After cell

electroporation and recovery, as described in ‘‘Materials and Methods’’

section, images of cell monolayers were taken at 910 magnification.

A representative image is shown
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been initially grown, avoiding additional stress to the cell

culture by trypsinization or other posttreatment steps.

Conclusions

In this study we tested a new electrode assembly design,

based on the principle of in situ electroporation of adherent

cell monolayers growing in standard multiwell plates.

Using microelectrodes with small distances between adja-

cent lines, we achieved effective electroporation making

use of low voltages. The use of microseparations between

the electrodes and the bottom surface of the growing plates

provided a significant advantage, avoiding contact with the

cell monolayer, thus causing minimal stress to the cell

culture. Furthermore, in situ treatment of cells simplified

the process and saved several harvesting and processing

steps, usually necessary in traditional systems, which may

have contributed to improving the yield of the process.

This device was successful in introducing FD20S into

two different cell lines with minimal invasiveness of the

operation. The success in the electroporation of C2C12 cells,

usually resistant to chemical gene transfer methods, suggests

it may be valuable to deliver other macromolecules such as

drugs, DNA or antibodies. Additionally, as a collateral

effect, we observed electrofusion in HEK 293 cells, thus

making this device also useful to induce cell fusion.

When compared to the available commercial electro-

poration equipment, this device has the advantages of

simpler cell culturing and preparation processes because of

the use of standard culturing plates. Additionally, the cheap

technology used in the fabrication of the electrodes and the

low voltages needed implies a significant reduction in costs

both of the electrodes and of the pulse generator. Once the

initial concept has been demonstrated to be feasible, future

work will deal with the introduction of active molecules

such as DNA plasmids, siRNAs and proteins, and several

different cell lines will be tested.
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Analysis and comparison of electrical pulse parameters for gene

electrotransfer of two different cell lines. J Membr Biol 236:

97–105

Neumann E, Schaefer-Ridder M et al (1982) Gene transfer into mouse

lyoma cells by electroporation in high electric fields. EMBO J

1(7):841–845

Olbrich M, Rebollar E et al (2008) Electroporation chip for adherent

cells on photochemically modified polymer surfaces. Appl Phys

Lett 92(1):013901–013903

Raptis L, Firth KL (2008) Electrode assemblies used for electropor-

ation of cultured cells. Methods Mol Biol 423:61–76
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Abstract We present a system for measuring planar lipid

bilayer properties. The system is composed of a control unit,

an output stage, an LCR meter, pumps for filling reservoirs, a

bath with temperature regulation and a measurement chamber

with four electrodes. The planar lipid bilayer is automatically

formed using a folding method on apertures of different sizes.

The automatization is assured by two syringes, which are

clamped in actuators. Actuators are driven and controlled by a

control unit via RS-232 communication. The temperature of

the planar lipid bilayer can be regulated between 15 and

55 �C. The regulation is assured by insertion of the mea-

surement chamber into the temperature-regulated bath. Dif-

ferent shapes of voltage- or current-clamp signals can be

applied to the planar lipid bilayer. By measuring the response

of the planar lipid bilayer to the applied signal, the capacitance

and breakdown voltage of the planar lipid bilayer can be

determined. The cutoff frequencies of the system output stage

for voltage- and current-clamp methods are 11 and 17 kHz,

respectively.

Keywords Electroporation � Capacitance � Breakdown

voltage � Temperature regulation

Introduction

Electroporation is a phenomenon that describes the occur-

rence of structural changes in biological membranes as a

consequence of applied electric pulses (Chen et al. 2006;

Kotnik et al. 1997; Weaver and Chizmadzhev 1996). These

structural changes are most often named ‘‘pores’’ and present

an increase in cell membrane permeability. Electroporation is

nowadays used in different fields like biology, medicine and

biotechnology. Electroporation is divided into two different

fields: irreversible electroporation and reversible electropor-

ation. In irreversible electroporation, the cell membrane does

not reseal pores after applied voltage and the cell dies. Irre-

versible electroporation is used in food production and pres-

ervation (Golberg et al. 2010), water cleaning (Vernhes et al.

2002) and tissue ablation (Davalos et al. 2005; Maor et al.

2009). In reversible electroporation, the cell membrane pores

are resealed after application of electric pulses. It can be used

to introduce substances into the cell. The best-known appli-

cations of reversible electroporation are electrochemotherapy

(Sersa et al. 2008), transdermal drug delivery (Denet et al.

2004; Prausnitz 1999), gene therapy (Daud et al. 2008), cell

fusion (Mekid and Mir 2000; Ogura et al. 1994) and insertion

of proteins into membranes (Ouagari et al. 1995; Teissié

1998). The principles of pore formation are not yet fully elu-

cidated. Recently, studies based on molecular dynamics

proved that pores are formed in a lipid bilayer (Tieleman et al.

2003). When a lipid bilayer is exposed to an electric field,

water wires are formed across the membrane. Then, the water

wires expand into the water-filled pores, which are stabilized

by reorganization of lipid molecules in the lipid bilayer

(Levine and Vernier 2010). It is believed that the general

picture of electroporation is the same for the planar lipid

bilayer and biological cell membrane (Tarek 2005). There-

fore, the lipid bilayer is considered the most important part of

the cell membrane for studying pore formation.

Synthetic liposomes and vesicles are the simplest model

of the biological cell membrane. They mimic the geometry

of the biological cell membrane, but they do not have inner
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structures (Tekle et al. 2001). In comparison to synthetic

liposomes and vesicles, planar lipid bilayers can have

trapped solvent between the two bilayer leaflets. These can

lead to differences in measured electrical properties and

influences on pore formation in the lipid bilayer (White

1974, 1978). The planar lipid bilayer formed between two

liquid solutions mimics a small fraction of the cell mem-

brane, and it is accessible from both sides; therefore, the

experiments are simpler than experiments on synthetic

liposomes and vesicles (Benz et al. 1975; Huang et al.

1964; Mueller et al. 1963; Ottova and Tien 2002). More-

over, due to similar geometry usually modeled in molec-

ular dynamic simulations, the results of both research

methods can be combined and compared. Electroporation

on small vesicles can also be performed using the molec-

ular dynamic simulation.

Through the years, many planar lipid bilayer formation

techniques between two liquid solutions have been devel-

oped: the tip-dip method (Coronado and Latorre 1983), the

double-well chip method (Funakoshi et al. 2006), the cross-

channel chip method (Funakoshi et al. 2006), the painting

method (Mueller et al. 1963) and the folding method

(Montal and Mueller 1972). The folding method is faster

than other methods and can be easily automated. In the

folding method, the lipid solution is spread on the liquid

solution surface at each reservoir. In a few minutes, mon-

olayers on the liquid solution surfaces are formed. After

monolayer formation, the liquid solution levels in both

reservoirs are raised. When the liquid solution surfaces

cross the aperture between the reservoirs, the planar lipid

bilayer is formed. This method is simple and quick and

formation can be automated by computer-controlled syr-

inge pumps.

From the electrical point of view, the planar lipid bilayer

is considered a capacitor and resistor in parallel configu-

ration. The capacitance and resistance are the most fre-

quently measured electrical properties of a planar lipid

bilayer. An additional electrical property of a planar lipid

bilayer is breakdown voltage. It is one of the most

important properties of a lipid bilayer when electroporation

is under consideration. The capacitance is also a reference

that the planar lipid bilayer is formed. If the capacitance of

the planar lipid bilayer is lower than the expected value,

then either multiple layers are formed or the planar lipid

bilayer is not formed at all. Electrical properties of planar

lipid bilayers are usually measured by two types of meth-

ods: voltage clamp and current clamp (Kramar et al. 2010).

In the voltage-clamp method, a voltage signal is applied to

the planar lipid bilayer and current, which flows through

planar lipid bilayer, is measured. In the current-clamp

method, a current signal is applied to the planar lipid

bilayer and the voltage across the planar lipid bilayer is

measured. The two methods use different-shaped signals

like pulses, linear rising signals, sinusoids or triangular

signals. Planar lipid bilayer capacitance, for example, is

mostly measured using a discharge method (Kramar et al.

2010), a capacitance to period conversion method (Kali-

nowski and Figaszewski 1995) or an LCR meter (Pun-

namaraju and Steckl 2010).

Lipid bilayers can exist in a gel or liquid phase. The

phase is defined by the mobility of the lipid molecules,

which changes with temperature. The mobility of lipid

molecules is higher in the liquid phase than in the gel

phase; therefore, a lipid bilayer is in liquid phase at higher

temperatures and in gel phase at lower temperatures. At a

given temperature, a lipid bilayer can exist in either a liquid

or a gel phase. With the phase transition also the thickness

of the lipid bilayer is changed (Katsaras and Gutberlet

2010; Luckey 2008; Tokumasu et al. 2002). Because the

capacitance of the planar lipid bilayer is inversely pro-

portional to its thickness, also changes of the planar lipid

bilayer capacitance have been observed (Antonov et al.

2003; Boheim et al. 1980). Moreover, Basu et al. (2001)

showed that the conductance of the planar lipid bilayer is

temperature-dependent.

To study the phenomenon of electroporation at various

temperatures and provoked by various electrical signals,

we developed a new system for measuring the properties of

planar lipid bilayers. In the system, the folding method for

forming planar lipid bilayers is implemented. The folding

method is automated by two syringes, which raise and

lower liquid solution levels in the measurement chamber.

The temperature in the measurement chamber can be

maintained at a constant value, which can be changed

during the experiment. The system can be used to deter-

mine the planar lipid bilayer capacitance and breakdown

voltage. The breakdown voltage can be measured by the

voltage- or current-clamp method using a broad spectrum

of signal shapes.

System Architecture

The system is composed of a control unit, an output stage,

an LCR meter, pumps for filling reservoirs, a bath with

temperature regulation and a measurement chamber with

four electrodes. The control unit consists of an embedded

PC, a control circuit, a digital to analog converter and an

analog to digital converter (Figs. 1, 2).

Control Unit

The control unit consists of an embedded PC, a control

circuit, an analog to digital converter and a digital to analog

converter. This part of the system controls all switches,

actuators and generators and acquires signals from sensors.
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An embedded PC (Windows CE) is used as an interface

between the human and the device. It has a graphical user

interface, which allows setting of measurement method

parameters and temperature. It also displays measured data

and temperatures in both reservoirs and the bath. All

acquired data are saved on a disc and can be accessible

through Ethernet. By the press of a button, we can form

planar lipid bilayers and start the measurement with the

selected method.

The converters are a bridge between the analog and

digital parts of the system. The digital to analog converter

converts a digital signal from the control circuit to an

analog signal, which is used by the output stage. The

conversion is made at a frequency of 48 MHz with 14-bit

resolution. It generates a bipolar signal between -2 and

2 V. These properties show that the generated signal is

smooth and can contain high frequencies. The analog to

digital converter converts an analog signal from the output

stage to a digital signal, which is acquired by the control

circuit. The conversion is made at a frequency of 150 kHz

with 12-bit resolution. The analog voltage input can vary

between -2 and 2 V. Both analog signals range between

-2 and 2 V because the breakdown voltages of already

measured planar lipid bilayers from the literature are in this

range.

LCR Meter

The capacitance of a planar lipid bilayer is measured by an

Agilent (Santa Clara, CA, USA) LCR meter 4284A. The

LCR meter is connected directly to electrodes in the

measurement chamber. The Agilent LCR meter 4284A can

measure capacitance and resistance in different formations

(parallel and serial). The LCR meter applies the sinus

signal to the load and measures the response. We can set

the parameters of the agitating sinus signal like frequency

from 20 Hz to 1 MHz and the effective value from 0.005 to

2 V.

Output Stage

The output stage is a circuit, which combines the voltage-

and current-clamp measuring circuits. The output stage has

an input and an output that are connected to converters and

four connectors for electrodes. Two of them are current

electrodes (CE1 and CE2) and other two are reference

electrodes (RE1 and RE2).

The voltage- and current-clamp methods that are

implemented in our system are designed similarly. Both

circuits have a current source and differential amplifier.

The voltage-clamp method has closed-loop regulation, and

the current-clamp method has open-loop regulation. The

idea for the circuits was found in the literature (Kalinowski

and Figaszewski 1995); our system has an additional

resistor connected to the current electrodes for current

source stabilization. The current source in our system

generates current, which flows through an added resistor

and planar lipid bilayer.

In the voltage-clamp method (Fig. 3a), the voltage is

applied to the planar lipid bilayer and the current through

the planar lipid bilayer and parallel resistor is measured.

The differential amplifier measures the transmembrane

voltage. The single-ended output of the differential

amplifier is compared to the input voltage. The difference

between the signals drives the current source, which forces

Fig. 1 The photography of the system for measuring the properties of

planar lipid bilayers. On the left are two pumps for filling reservoirs

and the bath with temperature regulation. The measurement chamber

with four electrodes is inserted into the bath. The cables from the

electrodes lead to the control unit, which is on the right. Below the

control unit is the LCR meter

Fig. 2 The system for measuring the properties of planar lipid bilayer

consists of the control unit, the LCR meter, the output stage, the

pumps for filling reservoirs, the measurement chamber with four

electrodes and the bath with temperature regulation. The control unit

consists of the embedded PC, the control circuit, the digital to analog

converter and the analog to digital converter
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current through the planar lipid membrane and resistor RI2.

The voltage at the output of the operational amplifier,

which drives the current source, is proportional to the

current which is forced through the planar lipid bilayer and

resistor RI2. The generated current is equal to the quotient

between the driving voltage and resistor RI1. The resistors

RI1 and RI2 have a value of 100 kX. Capacitors CI1 and CI2

and resistor RI2 are added to the circuit to stabilize the

current source and prevent oscillations. Capacitors CI1 and

CI2 have a capacity of 33 and 100 pF, respectively.

The current-clamp method (Fig. 3b) is used to observe

the transmembrane voltage response caused by forced

current. The input voltage drives a current source, which

forces current through the current electrodes and resistor

RI2. The voltage response on the planar lipid bilayer is

measured by reference electrodes.

In both methods, different shapes of signals can be used,

e.g., pulse, step change, linear rising signal or arbitrarily

shaped signal. In the voltage-clamp method the output

voltage range is between -1.5 and 1.5 V, with accuracy of

1 mV; the measured current ranges from -15 to 15 lA,

with accuracy of 0.05 lA. In the current-clamp method, the

output current range is between -15 and 15 lA, with

accuracy 0.02 lA; the measured voltage ranges from -1.5

to 1.5 V, with accuracy 4 mV.

Pumps for Filling Reservoirs

The measurement chamber has two channels for filling

reservoirs. Into each channel, a pipeline is inserted. Pipe-

lines connect the reservoirs with the syringe filled with

liquid solution. The syringes are clamped into actuators

(Aladin-1000; World Precision Instruments, Sarasota, FL,

USA). The Aladin-1000 is a syringe pump that can be

driven via RS-232 communication. The syringe pumps are

driven by an embedded PC, where we can set the volume

which will be pumped into each reservoir. Each pump can

be driven separately; therefore, we can avoid errors of

liquid solution levels caused by asymmetry of the reser-

voirs. On the other hand, if asymmetric filing of the res-

ervoirs is needed, the system allows setting this condition.

Our system enables us to form planar lipid bilayers by the

folding method by one press of a button.

Measurement Chamber

The measurement chamber is made of Teflon because it is

highly resistant to chemicals and has a hydrophobic sur-

face. The hydrophobic surface favors contact with lipid

hydrophobic tails (Montal and Mueller 1972); therefore,

the boundaries of the planar lipid bilayer can be linked to

the edge of the aperture on the measurement chamber. The

measurement chamber has two cubed reservoirs, which are

connected with a round aperture. Each reservoir is made of

a separate piece of Teflon. The round hole with a diameter

of 3 mm connects the two reservoirs. Between the two

reservoirs is a 25.40 lm-thin Teflon sheet with a round

aperture of different sizes. The aperture is placed in the

center of the connecting hole between the two reservoirs.

The measurement chamber has two channels to each res-

ervoir (Fig. 4a). In one channel the temperature probe is

inserted, and in the other channel the pipe for filling the

reservoir is inserted. The pipes are connected to the pumps,

which fill or empty reservoirs.

Four electrodes made from Ag–AgCl (E255; IVM, He-

aldsburg, CA, USA) are inserted into the measurement

chamber as shown in Fig. 4b. Two are current electrodes

Fig. 3 The scheme of the circuit for the voltage-clamp method

(a) and the scheme of the circuit for the current-clamp method (b).

Both circuits consist of a differential amplifier and current source.

The difference is only in the realization of the feedback loop. In the

voltage-clamp method, the voltage is applied to the planar lipid

bilayer and the current, which flows through the planar lipid bilayer

and the resistor, is measured. In the current-clamp method, the current

through the planar lipid bilayer and the resistor RI2 is forced and the

voltage difference on the planar lipid bilayer is measured
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(CE1 and CE2), and the other two are reference electrodes

(RE1 and RE2).

Temperature Regulation

The temperature of a planar lipid bilayer is ensured by a

temperature-regulated bath. The bath is constructed of

stainless steel. The inside dimensions of the bath are

150 9 150 9 100 mm. The bath is surrounded with

40-mm-thick insulation, and the bath cover has 20 mm of

insulation. The coil, which is inserted into the bath, is used

to heat or cool the medium and air in the bath. Through the

coil flows medium with precisely regulated temperature.

Regulation of the medium temperature is made by a Solid

State (Wappingers Falls, NY, USA) ThermoCube 300. This

device can regulate medium temperature between 5 and

65 �C. The liquid solution that is in contact with the planar

lipid bilayer can, however, achieve a temperature of

15–55 �C, which can be measured with an accuracy of

0.5 �C.

The measurement chamber is inserted in the tempera-

ture-regulated bath (Fig. 5). The temperature of the planar

lipid bilayer is measured by two K-type thermocouple

probes. They are inserted as close as possible to the planar

lipid bilayer; therefore, the probes are inserted into reser-

voirs through the channels. One additional thermocouple

probe is inserted into the bath. On the user interface, we set

the temperature of the coil and measure the temperatures in

the bath and both reservoirs.

System Evaluation

The system for measuring the properties of a planar lipid

bilayer was evaluated using the frequency characteristic of

the output stage, comparison of the measurement chambers

with two sizes of the aperture and comparison of the

voltage- and current-clamp measurement methods.

Chemicals

Lipids were prepared from 60 % lecithin (Fluka Analytical,

Seelze, Germany), which was dissolved in a solution of

hexane and ethanol at a ratio of 9:1. The mixture of

hexadecane and pentane at a ratio of 3:7 was used for torus

formation. The liquid solution consisted of 0.1 M KCl and

0.01 M HEPES in the same proportion. NaOH was added

to obtain pH 7.4.

Fig. 4 The measurement chamber for formation of the planar lipid

bilayer by the folding method. Perspective view reveals the

construction of the measurement chamber (a). The Teflon sheet with

aperture is inserted between the reservoirs. Lateral cut of the

measurement chamber (b) reveals details and dimensions of the

measurement chamber. CE1, RE1, RE2 and CE2 are Ag–AgCl

electrodes. Chamber dimensions and electrode positions are in

millimeters. The dimension of the reservoir perpendicular to the

sketch is 17.8 mm. The hole, which connects the reservoirs, has a

diameter of 3 mm

Fig. 5 The temperature-regulated bath with the measurement cham-

ber. The bath is constructed of stainless steel and insolation. The

heating coil and the measurement chamber are inserted into the bath
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Methods

To evaluate the output stage, the electrode outputs, which

lead into the same reservoir, were connected together

(Fig. 4); the CE1 and RE1 outputs were connected together

and the CE2 and RE2 outputs were connected together. On

the input of the output stage, we applied the sinus signal

with amplitude 1 V and frequencies from 1 Hz to 18 kHz

generated by the Function/Arbitrary Waveform Generator

33250A. The input and output signals of the output stage

were measured by a Tektronix (Beaverton, OR, USA)

MSO4104 oscilloscope. We calculated gain and phase

between output and input signals. Acquired data were

analyzed using MATLAB software (Mathworks, Natick,

MA, USA).

The parallel capacitance of the measurement chamber

with and without formed lecithin planar lipid bilayers on

two apertures with diameters of 126 and 197 lm was

measured by the Agilent LCR meter 4284A. Measurements

were done at 50 mV effective voltage, 1 kHz frequency

and 25 �C temperature. The lecithin planar lipid bilayer is

in liquid phase due to its mixture of unsaturated lipids,

which have phase transition at low temperatures. At each

aperture diameter, we performed 100 measurements. The

difference between capacitances when the lecithin planar

lipid bilayer was formed and when it was not present is

the capacitance of the planar lipid bilayer. This value of the

capacitance was divided by the area of the aperture. The

result is specific capacitance of the lecithin planar lipid

bilayer. At this point, it is not considered that the planar

lipid bilayer has the Plateau-Gibbs border; therefore, the

specific capacitance can be loaded with an error.

Voltage- and current-clamp methods to measure planar

lipid bilayer breakdown voltage were tested on lecithin

planar lipid bilayers formed on an aperture with a diameter

of 126 lm at temperature 25 �C. During this test, we

measured also the capacitance of each planar lipid bilayer

to prove its correct formation. In the voltage-clamp

method, we used linear rising voltage with slope 20 V/s. In

the current-clamp method, we used a linear rising current

with slope 150 lA/s. In each method, we performed three

measurements. The mean values of breakdown voltage

were calculated. Finally, the breakdown voltages obtained

by the two methods were compared.

Results

Evaluation of the output stage has shown that, in the

voltage-clamp and current-clamp methods, gain and phase

between the output and input signals are close to 0 dB and

0� for frequencies from 1 Hz to 1 kHz. At higher fre-

quencies, the gain and phase start to increase in the

voltage-clamp method and decrease in the current-clamp

method. This is expected because these two methods have

inverted inputs and outputs. The voltage-clamp circuit

reaches 3 dB gain at 11.0 kHz. The current-clamp circuit

has -3 dB gain at 17 kHz. The phase of the circuits never

reaches values of -45� or 45�. The frequency when the

gain reaches -3 dB is called a ‘‘cutoff frequency.’’ In our

system, the voltage-clamp method has a lower cutoff fre-

quency. The frequency characteristics for voltage and

current clamp are shown in Fig. 6.

The lecithin planar lipid bilayer-specific capacitances

were measured at 0.386 ± 0.027 and 0.381 ± 0.021 lF/

cm2 for apertures with diameters of 126 and 197 lm,

respectively. The values are similar to the data reported in

the literature (Naumowicz et al. 2003). The results also

show that aperture size does not affect the specific

capacitance.

The breakdown voltage was measured by applying lin-

early rising current or linearly rising voltage on the planar

lipid bilayer. In the voltage-clamp method (Fig. 7a), planar

lipid bilayer breakdown is detected by a dramatic increase

of the current, while in the current-clamp method (Fig. 7b),

planar lipid bilayer breakdown is detected by a sudden

voltage drop. The breakdown voltage detected using the

voltage-clamp method was 480.0 ± 5.0 mV. The break-

down voltage measured using the current-clamp method

was 480.50 ± 6.5 mV. The specific capacitances of all

formed planar lipid bilayers were 0.38 ± 0.01 lF/cm2. The

predominant species in lecithin is 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC). It was determined that

the breakdown voltage of the POPC planar lipid membrane

is 400 ± 6 mV in 100 mM KCl surrounding medium and

use of voltage pulses (Meier et al. 2000). Using a linear

rising signal to determine breakdown voltage can avoid

multiple exposures to an applied signal. Kramar et al.

Fig. 6 Frequency characteristics for the voltage- and current-clamp

circuits. The gain and phase for both circuits are shown for

frequencies from 1 Hz to 18 kHz

630 A. Polak et al.: System for Measuring Planar Lipid Bilayer Properties

123



(2007) found that breakdown voltage increases with

increasing slope of the linear rising voltage signal. These

measurements were performed using linear rising voltage

signals with slopes from 4.8 to 48 kV/s. The minimum

breakdown voltage of POPC in this study was 490 mV. In

our experiment, we used a linear rising signal with slope of

20 V/s, due to expected lower values of the breakdown

voltages. The measured breakdown voltages of the lecithin

planar lipid bilayer using our new system are in the same

range as the breakdown voltages of planar lipid bilayers

using the other systems.

Discussion

We developed a system for formation of planar lipid

bilayers and measuring planar lipid bilayer properties. The

system allows the formation of planar lipid bilayers by the

folding method. The electrical properties of a planar lipid

bilayer which can be measured by this system are capaci-

tance and breakdown voltage. Breakdown voltage can be

determined by the voltage- and current-clamp methods.

Using the voltage-clamp method we can generate voltage

signals with 1 mV accuracy, while in the current-clamp

method the system is able to measure voltage with 4 mV

accuracy. The voltage and current signals can be generated

as pulse, step change, linear rising signal or arbitrarily

shaped signals. The cutoff frequencies of the system output

stage are 11 and 17 kHz for the voltage-clamp and current-

clamp methods, respectively. These two values show the

dynamics of our system with open connectors. The voltage-

and current-clamp methods were compared by measuring

the breakdown voltage of lecithin planar lipid bilayers. In

both cases, a linear raising signal was used to determine the

breakdown voltage (Kramar et al. 2007). The results show

that the two methods give similar breakdown voltages in

similar conditions.

Planar lipid bilayers are automatically formed by the

folding method. The automation is implemented by precise

regulation of the liquid level in each reservoir. In this way,

we are able to have the same hydrostatic pressure on both

sides of the planar lipid bilayer, and each planar lipid

bilayer is exposed to the same pressure conditions. This

automation allows reproducible planar lipid bilayer for-

mation and measurements at constant conditions. The

measurement of planar lipid bilayer capacitance was tested

on lecithin planar lipid bilayers at 25 �C. They were

formed on apertures with diameters of 126 and 197 lm.

The specific capacitances were 0.386 ± 0.027 and

0.381 ± 0.021 lF/cm2, respectively. These values are

similar to the literature data (Naumowicz et al. 2003). The

results show that aperture size has no effect on measured

specific capacitance.

The measurement chamber in our system is designed to

form planar lipid bilayers by the folding method. The size

of the aperture between the reservoirs, where the planar

lipid bilayer is formed, is defined by the size of the aperture

in the thin Teflon sheet which is inserted between the two

parts of the chamber before experiments. Therefore, the

size of the aperture can be easily changed by changing the

Teflon sheet. The planar lipid bilayer can be formed on

the aperture automatically. Moreover, we are able to have

Fig. 7 The voltage and current signals acquired from the voltage-

(a) and current- (b) clamp methods. In the voltage-clamp method, the

rising voltage signal is applied. The current response is measured. At

the beginning, the current rises proportionally to the applied voltage.

When the current starts to increase more than before and goes out of

the measured range, the planar lipid bilayer is broken. The value of

voltage when this happens is voltage breakdown. In the current-clamp

method the rising current signal is applied. The voltage response is

measured, and it is proportional to the applied current. The planar

lipid bilayer is broken when the measured voltage drops. The voltage

value before the planar lipid bilayer is broken is breakdown voltage
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the same pressure condition on a planar lipid bilayer at

each formation by precisely regulating the liquid level in

each reservoir.

Preliminary results confirm that the measuring system

allows a broad spectrum of measurements. In particular,

the temperature regulation can give new insights into pla-

nar lipid bilayer electroporation studies.
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Benz R, Fröhlich O, Läuger P, Montal M (1975) Electrical capacity of

black lipid films and of lipid bilayers made from monolayers.

Biochim Biophys Acta 394:323–334

Boheim G, Hanke W, Eibl H (1980) Lipid phase transition in planar

bilayer membrane and its effect on carrier- and pore-mediated

ion transport. Proc Natl Acad Sci USA 77:3403–3407

Chen C, Smye SW, Robinson MP, Evans JA (2006) Membrane

electroporation theories: a review. Med Biol Eng Comput

44:5–14

Coronado R, Latorre R (1983) Phospholipid bilayers made from

monolayers on patch-clamp pipettes. Biophys J 43:231–236

Daud AI, DeConti RC, Andrews S et al (2008) Phase I trial of

interleukin-12 plasmid electroporation in patients with meta-

static melanoma. J Clin Oncol 26:5896–5903

Davalos RV, Mir LM, Rubinsky B (2005) Tissue ablation with

irreversible electroporation. Ann Biomed Eng 33:223–231
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Abstract This study investigated whether molecules

spontaneously transported inside cells, like glucose deriv-

atives, can also be used as electropermeabilization markers.

Uptake of a fluorescent deoxyglucose derivative (2-NBDG)

by normal and electropermeabilized cells in culture was

analyzed. 2-NBDG was added to DC-3F cell suspensions

and cells, exposed or not to eight square-wave electric

pulses of 100-ls duration and of appropriate field ampli-

tude at a repetition frequency of 1 Hz or 5 kHz, were

incubated at 37 �C. 2-NBDG uptake was temperature-,

concentration- and time-dependent in cells submitted or not

to the electric pulses. In spite of significant uptake of

2-NBDG mediated by GLUT transporters into nonper-

meabilized cells, the electric pulses significantly increased

about ten to hundred times the 2-NBDG uptake into the

cells. The increase in the field amplitude from 900 to

1,500 V/cm resulted in a progressive increase of 2-NDBG.

Our results show that under the conditions of in vivo

exposure duration to FDG and the physiological concen-

tration of D-glucose, electric pulses increased 2-NBDG

uptake into electropermeabilized cells. Under our experi-

mental conditions, the percentage of permeabilized cells

within the population of cells exposed to electric pulses

remained at the same level regardless of the pulse fre-

quency used, 1 Hz or 5 kHz. The findings showed that

glucose derivatives can also be used to detect electroper-

meabilized cells exposed to electric pulses.

Keywords 2-NBDG � FDG � PET scan �
Electropermeabilization � Flow cytometry � Tumor cell

Introduction

Cell electropermeabilization or electroporation is a physical

method that uses short and intense electric pulses to increase

cell membrane permeability (Neumann et al. 1982) and,

therefore, increase the uptake of molecules such as DNA,

antibodies and oligonucleotides into the cells (Mir 2001).

Electroporation can also facilitate the crossing of the

cell membrane and the cellular uptake of drugs, for mol-

ecules that are hydrophilic and lack transport systems or for

low-permeant molecules that poorly cross the plasma

membrane (Orlowski et al. 1988; Sersa et al. 2003; Silve

and Mir 2011). Several chemotherapeutic drugs were tested

in vitro for potential application in combination with cell

electroporation, and an increase of thousands of times was

demonstrated for bleomycin and one of several times for

cisplatin (Melvik et al. 1986; Orlowski et al. 1988; Sersa

et al. 1995; Kambe et al. 1996; Cemazar et al. 1998, 2001;
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Gehl et al. 1998; Jaroszeski et al. 2000; Kuriyama et al.

2000; Breton and Mir 2012). Therefore, the selection is

limited to those drugs that are hydrophilic and lack trans-

port systems in the membrane.

To monitor in vitro the permeability of cells, classical

approaches rely on the uptake of fluorescence markers such

as Lucifer yellow (Mir et al. 1988) and propidium iodide

(Djuzenova et al. 1996) or on the release of previously

loaded fluorescent markers, all of them being nonpermeant

molecules that cannot diffuse through the membrane of

intact cells (Silve and Mir 2011).

Glucose is a permeant molecule taken up by cells

through different glucose transporters that specifically

internalize the glucose molecules. Once in the cells, glu-

cose is phosphorylated by the hexose kinases and the

phosphorylated molecules cannot be transported back to

the extracellular medium. We analyzed whether glucose

derivatives can be used to detect cell electropermeabiliza-

tion. Indeed, our final purpose was to evaluate whether
18F-fluorodeoxyglucose (FDG), a radioactive glucose

derivative used for clinical investigations and for diagnosis,

staging and monitoring of the treatment of cancers by

positron emission tomography (PET) (Hoh et al. 1993;

Bomanji et al. 2001; Reske and Kotzerke 2001; Chin and

Chang 2006), could have the potential for imaging per-

meabilized cells and mapping electropermeabilized tissues

in vivo by PET. To survey the ability of FDG PET for

monitoring the efficacy of electric pulses in experiments in

vivo, the first mandatory step was to establish the feasi-

bility of this approach in in vitro studies.

Because of limitations to the use of FDG in vitro, like

the very short half-time of 18Fluor, the need for protection

in wet labs and the high cost, the use of this molecule is not

easy to implement. Fluorescence-labeled deoxyglucose

molecules (like 2-NDBG) can replace radioactive glucose

derivatives (Nitin et al. 2009). 2-NBDG has been used to

evaluate glucose metabolism in different model systems

like Escherichia coli (Natarajan and Srienc 1999), yeast

(Oh and Matsuoka 2002), pancreatic islet cells and neurons

(Itoh et al. 2004) as well as in various cancer cell lines

(O’Neil et al. 2005; Cheng et al. 2006). As 2-NBDG is a

fluorescent analogue of D-glucose, it is transported like

FDG into cells by glucose transporters (GLUTs), which are

located at the cell membrane and cause facilitated transport

of glucose across the membrane (Yoshioka et al. 1996a,

1996b, 1996c; Lloyd et al. 1999; Yamada et al. 2000;

Zhang et al. 2004; Cheng et al. 2006; Iori et al. 2006; Nitin

et al. 2009). Although six isoforms (GLUT1–GLUT5 and

GLUT7) of these transporters have been identified

(Pauwels et al. 2000), 2-NBDG is incorporated into the

pancreatic ß-cells through GLUT1 and GLUT2 (Yamada

et al. 2000). GLUT1 is widely expressed in cancer cells

(Younes et al. 1996) such as MCF-7 and HepG2 cells

(Chen et al. 2002). Consequently, 2-NBDG uptake in

tumor cells should be facilitated by this glucose trans-

porter (O’Neil et al. 2005). Therefore, there is spontaneous

uptake of 2-NBDG in the absence of any cell membrane

permeabilization. As electroporation-based therapies, like

electrochemotherapy (ECT), are based on the increase of

drug uptake into tumor cells caused by transient perme-

abilization of the cell membrane, we studied the effect of

electric pulses on the uptake of 2-NBDG in DC-3F cells. In

particular, we explored whether the uptake by transiently

electropermeabilized cells could be larger than the spon-

taneous uptake for a period of time compatible with those

of the usual PET investigations.

Materials and Methods

Cells

DC-3F cells are spontaneously transformed Chinese ham-

ster fibroblasts (Biedler and Riehm 1970). They were

grown in minimum essential medium (SMEM) supplement

with 10 % fetal bovine serum (FBS) and 1 % penicillin/

streptomycin solution (all from Life Technologies, Carls-

bad, CA). Cells were detached with trypsin/EDTA (life

technologies), counted and seeded in new flasks using

standard protocols.

Cell Electropermeabilization

After trypsinization, cells were centrifuged for 10 min at

1,000 rpm at 4 �C and suspended in phosphate-buffered

saline (PBS) to obtain 5 9 105 cells per 45 ll (*107 cells/

ml). For each experiment, 5 ll of NBDG (MW 342.26)

(Molecular Probes, Eugene, OR) were added to the 45 ll of

cell suspension. Immediately after, the 50 ll of cells in the

presence of NBDG were placed in a sterile electroporation

cuvette (Cell Projects, Kent UK; with a 1-mm gap between

the electrodes). Eight square-wave electric pulses of

appropriate voltage and of 100-ls duration were delivered

at a repetition frequency of 1 Hz or 5 kHz using a Clini-

porator (IGEA, Carpi, Italy).

In competition experiments, after trypsinization, cells

were suspended in PBS containing 5.5, 11 or 27.5 mM

D-glucose (Merck, Darmstadt, Germany). All experiments

were performed at 22 or 37 �C as explained in the text.

Flow Cytometry

In all experiments, 2-NBDG uptake was stopped by dilut-

ing the cells with 15 ml of precooled PBS. Cells were

subsequently resuspended in 500 ll precooled PBS and

maintained at 4 �C before flow cytometric analysis.
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For each measurement, fluorescence was measured with

a FACScan flow cytometer (Becton Dickinson Immuno-

cytometry Systems, San Jose, CA). Cells were excited at

488 nm, and the emitted 2-NBDG fluorescence was col-

lected at 640 nm. Data from each flow cytometric mea-

surement (relative scatter light or fluorescence intensity of

each event) were stored under flow cytometry standard

format. Controls (no 2-NBDG and no pulse in the presence

of 2-NBDG) were included in all experiments.

Data Processing

All experiments were repeated at least three times on dif-

ferent days. Results are presented as the relative difference

in the peak channel of the fluorescence intensity between

each group and the corresponding control performed in the

same experiment. Results are also presented as the per-

centage of events in the most fluorescent part of the cell

population exposed to 2-NBDG and to the electric pulses

(which should correspond to the percentage of reversibly

permeabilized cells detected by 2-NBDG uptake). ANOVA

and paired Student’s t-test were used to evaluate the sta-

tistical significance of differences between the experimental

and control groups. p \ 0.05 was considered significant.

Results

Temperature Dependence of 2-NBDG Uptake

As spontaneous uptake is mediated by the activity of glucose

transporters, we first analyzed the uptake temperature

dependence with and without pulses, using typical electrical

parameters for the reversible electropermeabilization of

DC-3F cells (eight electric pulses of 1,200 V/cm and 100-ls

duration delivered at a repetition frequency of 1 Hz). Cells

were put in the presence of 300 lM 2-NBDG, immediately

subjected to electric pulses (or not in the controls) and

incubated for 5 more min at 22 or 37 �C (Table 1). Uptake of

2-NBDG was sensitive to temperature. In nonelectroporated

cells, 2-NBDG uptake was larger at 37 �C than at 22 �C

(Table 1). This difference was significant (p \ 0.01). In

samples treated with electric pulses a large increase in

2-NBDG uptake was observed for incubations of just 5 min,

the time for the cells to reseal according to previous expe-

rience with these cells (Orlowski et al. 1988). Actually, a

biphasic distribution was found, corresponding to the fluo-

rescence of the transiently permeabilized cells and of the

nonpermeabilized cells (in spite of their exposure to the

electric pulses). Uptake in permeabilized cells was much

more important than that in nonpermeabilized cells. More-

over, fluorescence was significantly (p \ 0.001) higher at

37 �C with respect to uptake at 22 �C (mean peak channel

increased from 2,951 to 3,918). Because in all cases uptake at

37 �C was higher than at 22 �C and since 37 �C is close to the

physiological body temperature in most mammals, it was

decided that all further experiments would be performed at

37 �C.

It must also be noted that at 22 �C 2-NBDG uptake was

very low as there was almost no increase in cell fluores-

cence compared to the autofluorescence of those cells

(Table 1, Fig. 1). At 37 �C, a net increase in fluorescence

was found, which was the consequence of the increase in

the cell basal metabolism as a result of exposure of cells at

37 �C physiological temperature.

2-NBDG Uptake Dependence on Its Concentration

To assess the optimal 2-NBDG concentration to be used in

further experiments, cells were incubated in the presence of

10, 20, 40, 80, 160, 240 and 300 lM of 2-NBDG for 10 min

after applying electric pulses at zero (controls no pulse),

1,000 or 1,200 V/cm (Fig. 2). In all cases, cell fluorescence

increased with respect to the controls incubated in the

absence of 2-NBDG (p \ 0.001). In samples exposed to

electric pulses, there was a large increase in uptake

(p \ 0.001), by two orders of magnitude, in electroper-

meabilized cells (Fig. 2). The highest 2-NBDG uptake was

obtained at 300 lM, but the working concentration of

240 lM was chosen because the percentage of events in the

part of the cell population that was electropermeabilized

was higher in the presence of 240 lM 2-NBDG (data not

Table 1 Effect of electric pulses on uptake of 2-NBDG at an external concentration of 300 lM

Group Peak channel of M1 or M2 region (means ± SD)

22 (�C) 37 (�C) 37/22 (�C)

No 2-NBDG (Autofluorescence) 18 ± 8 18 ± 8 1.0

2-NBDG alone 47 ± 30 76 ± 1.5a 1.6

2-NBDG ? electric pulses 2,952 ± 501 3,918 ± 104a 1.3

The changes in the value of the peak channel of the high-fluorescence cell population (M2) are reported in the table. Cells were incubated with

300 lM 2-NBDG for 5 min at room temperature (22 �C) or at 37 �C and exposed to eight pulses of 100 ls and 1,000 V/cm at a repetition

frequency of 1 Hz
a Difference statistically significant for 2-NBDG uptake at 37 �C with respect to 22 �C, p \ 0.05
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shown). This could mean that uptake in the presence of

300 lM 2-NBDG is toxic to electropermeabilized cells, and

therefore, this high concentration was not used in sub-

sequent experiments, to avoid such potentially toxic effects.

It can also be noted that uptake with pulses of 1,200 V/cm

was higher than uptake with pulses of 1,000 V/cm and that

at the lowest concentration tested (10 lM 2-NBDG) spon-

taneous uptake by transporters was equally intense as

uptake by electroporation (data not shown). Interestingly, at

concentrations as low as 20 lM, the fluorescence intensity

in samples with pulses was already higher than that in the

corresponding controls: the electric pulses caused an

increased of fluorescence from 12 to 79 and from 8.5 to

117.5 at 1,000 and 1,200 V/cm, respectively (p \ 0.001).

Therefore, the electric pulses moderately enhanced uptake

of 2-NDBG at low concentration (20 lM) and highly

increased it at higher concentrations.

2-NBDG Uptake as a Function of Pulse Amplitude

In the analysis of 2-NBDG uptake as a function of pulse

amplitude, electric pulses with amplitudes of 900; 1,000;

1,100; 1,200; 1,300; 1,400 or 1,500 V/cm were delivered.

Cells were pulsed immediately after the addition of the

fluorescent marker and after the pulses; they were incu-

bated at 37 �C for 10 min in a water bath to ensure that

they were incubated at 37 �C. Two values were considered:

the percentage of actually permeabilized cells and the peak

channel of their fluorescence, which indicates the level of

2-NBDG uptake by these cells. 2-NBDG uptake increased

with the field amplitude applied (Fig. 3a). Field amplitudes

higher than 1,500 V/cm were not tested as it was known

that they were highly toxic for the cells (induction of

irreversible permeabilization and, thus, of cell death). As

expected, the percentage of events in the population of

cells permeabilized due to electric pulses started to

decrease below this field amplitude (Fig. 3b). The highest

convenient uptake was obtained using electric pulses of

1,200 V/cm, but the maximum percentage of highly fluo-

rescent cells was reached at 1,000 V/cm (p \ 0.01). Thus,

1,000 V/cm was considered to be the optimal electric field

amplitude for the next part of this study.

2-NBDG Uptake in the Presence of D-Glucose

The previous experiments were performed in the absence

of external glucose competing with 2-NBDG uptake. The

effect of the presence of different concentrations of normal

D-glucose on 2-NBDG uptake in DC-3F cells was

Fig. 1 Flow cytometric histograms of DC-3F cells: autofluorescence

(a, b), 2-NBDG alone (c, d) and 2-NBDG together with electric

pulses (e, f) of cells incubated at 22 �C (a, c and e) or at 37 �C (b,

d and f) during incubation with 2-NBDG (c–f) or without 2-NBDG (a,

b, autofluorescence, control). The effect of eight electric pulses of

100 ls, 1 Hz at 1,200 V/cm on uptake of 2-NBDG was studied (at an

external concentration of 300 lM) into DC-3F cells exposed or not to

the electric pulses

Fig. 2 Changes in the peak channel of monodistributed fluorescent

cells not exposed to the electric pulses or changes in the value of the

peak channel of the high-fluorescence cell population exposed after

electric pulses (eight pulses of 100 ls, 1 Hz at 1,000 or 1,200 V/cm)

in cells. Cells were incubated for 10 min at 37 �C. Data are

means ± SD of at least three independent experiments. filled square,

filled circle no electric pulses; filled diamond electric pulses at

1,000 V/cm; filled triangle electric pulses at 1,200 V/cm
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examined to evaluate the potential reduction of fluores-

cence accumulation in the cells, particularly in the presence

of the physiological external concentration of glucose

(5.5 mM). Cells were thus incubated with 240 lM

2-NBDG or with 2-NBDG and 5.5, 11 or 27.5 mM glu-

cose, together with the delivery or not of eight electric

pulses of 100 ls and 1,000 V/cm at a repetition frequency

of 1 Hz. Cells were incubated for 10 min at 37 �C after

pulse delivery. Glucose, at all concentrations, affected

2-NBDG uptake by cells that were not exposed to electric

pulses. However, only partial competition was found at

5.5 mM as the fluorescence of only a fraction of the cells

decreased (creating a shoulder in the cell distribution, see

Fig. 4c). However, the peak channel value was not affected

(Fig. 4). At 11 mM, a small majority of the cells showed

reduced fluorescence uptake, while the ‘‘fluorescent’’ cells

remained at the control level. At 27 mM, competition was

complete as even the more ‘‘fluorescent’’ fraction of the

cells showed a decrease in individual fluorescence (peak

channel at a value of 118, significantly different [p \ 0.05]

from the peak channel values of the other groups, at about a

value of 150).

In cells that were treated with the electric pulses in the

presence of different concentrations of external D-glucose,

again there was an increase in uptake by two orders of

magnitude in the part of the cell population exposed to

electric pulses (Fig. 4) (p \ 0.001).

When cells were exposed to electric pulses, the peak

channel value of the highly fluorescent cell population did

not significantly increase in the presence of additional

external D-glucose (p = 0.659 with respect to the control

with no added D-glucose). In addition, the percentage of

events displaying high fluorescence values decreased at

the highest concentrations of D-glucose, 11 or 27.5 mM

(Fig. 5). This could reflect partial competition between

2-NBDG and D-glucose to enter the cells, but the difference

was not statistically significant (p = 0.126).

Time Course of 2-NBDG Uptake

To analyze the time dependence of 2-NBDG uptake, cells

were incubated with 240 lM of 2-NBDG at 37 �C for 0,

2, 5, 10, 20, 40 or 60 min in PBS (no D-glucose) after

applying (or not) electric pulses at 1,000 V/cm. In the

absence of D-glucose and in the absence of pulse delivery,

uptake of 2-NBDG increased in a time-dependent manner

(Fig. 6). It reached a maximum after 60 min of incuba-

tion. In samples exposed to the electric pulses, an increase

in uptake by two orders of magnitude in the part of the

cell population permeabilized by electric pulses was again

observed, even at the maximum incubation time of

60 min (longer times were not tested as cells did not

support longer incubations in the PBS buffer) (Fig. 6).

Changes in fluorescence intensity showed significant dif-

ferences during the different incubation times after the

application of electric pulses (p \ 0.001). At 60 min

electroporation-based uptake (which does not seem to be

modified during the incubation) is completed by the

transport-mediated uptake (which increases during this

time). In addition, there was always a significant differ-

ence in fluorescence intensity between the two experi-

mental groups and between each of the experimental

groups and the control without 2-NBDG (p \ 0.001). This

difference remained significant for up to 60 min of incu-

bation (p \ 0.05).

Time-dependence experiments were also performed in

the presence of 5.5 mM of D-glucose (Fig. 6). Cells were

manipulated under the same conditions except that after

trypsinization they were suspended in modified PBS that

contained 5.5 mM of D-glucose. In the absence of electric

pulses, fluorescence increased regularly with time. Statis-

tical analysis revealed no significant differences between

the uptake of 2-NBDG alone in the presence or in the

absence of D-glucose in all periods examined (2–60 min) in

the absence of electric pulses.

Fig. 3 a Changes in the value of the peak channel of the high-

fluorescence cell population as a function of the pulse field amplitude,

E (in V/cm). b Percentage of highly fluorescent (permeabilized) cells

after incubation with 240 lM 2-NBDG for 10 min at 37 �C. Data are

means ± SD of at least three independent experiments
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In the presence of the electric pulses and 5.5 mM

D-glucose, a significant increase in uptake in electroper-

meabilized cells, by about two orders of magnitude, was

again observed, even at 60 min (Fig. 6). Values of fluo-

rescence intensity were similar in the presence and in the

absence of D-glucose, except at 20 or 60 min, when sig-

nificantly higher uptake was recorded in the presence of

D-glucose (p \ 0.05).

2-NBDG Uptake as a Function of Electric Pulses

at 1 Hz and 5 kHz Repetition Frequencies

Finally, the effect of a 5-kHz repetition frequency during

the delivery of the eight electric pulses on 2-NBDG uptake

into electropermeabilized cells was evaluated in compari-

son to the effects of pulses delivered at the usual 1-Hz

repetition frequency. Cells were incubated with 240 lM

2-NBDG for 10 min after applying eight (or no) electric

pulses of 100 ls and 1,000 or 1,200 V/cm at repetition

frequencies of 1 Hz or 5 kHz. In the absence of D-glucose a

difference in uptake by electropermeabilized cells was

indeed found (Fig. 7a). Fluorescence intensity was signif-

icantly higher when pulses were delivered at a repetition

frequency of 1 Hz (p \ 0.001). However, the same data

showed no significant change in the percentage of perme-

abilized cells (p = 0.898) (Fig. 7b).

Fig. 4 Flow cytometric

histograms of DC-3F cells

treated a with no 2-NBDG

(absolute control); b–e with

2-NBDG alone in the presence

of 0, 5.5, 11 or 27.5 mM

D-glucose; and f–i with

2-NBDG and electric pulses

(eight pulses of 100 ls, 1 Hz at

1,000 V/cm) in the presence of

0, 5.5, 11 or 27.5 mM D-

glucose, respectively

Fig. 5 Percentage of highly fluorescent (permeabilized) cells after

exposure of cells to eight pulses of 100 ls and 1,000 V/cm and

incubation with 240 lM 2-NBDG for 10 min at 37 �C in the presence

of 0, 5.5, 11 or 27.5 mM of D-glucose. Data are means ± SD of at

least three independent experiments
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As the data also show, there was no significant differ-

ence between 2-NBDG uptake in the absence or the pres-

ence of 5.5 mM D-glucose. Thus, a significant difference

was also found in 2-NBDG uptake after application of

electric pulses at 1-Hz or 5-kHz repetition frequencies in

the presence of 5.5 mM D-glucose (p \ 0.001) (Fig. 7a),

while no significant change was observed in the percentage

of cells permeabilized due to the delivery of electric pulses

at either 1 Hz or 5 kHz (p \ 0.007) (Fig. 7b).

Discussion

We have described for the first time the effect of electric

pulses on the uptake of 2-NBDG (2-[N-(7-nitrobenz-2-oxa-

1,3-diazol-4-yl)amino]-2-deoxy-D-glucose), a fluorescent

derivative of D-glucose.

As stated in the Introduction, 2-NBDG is a marker of

glucose uptake in cells of various origins and should have

characteristics similar to those of FDG, which has been

widely used in PET. In spite of high uptake of 2-NBDG by

GLUT transporters into tumor cells, electroporation sig-

nificantly increases 2-NBDG uptake into the tumor cells

used in this study (DC-3F).

Indeed, in the present study, we show that 2-NBDG is

rapidly taken up by, and accumulated in, DC-3F tumor

cells in the absence of electric pulses. Our results are

consistent with previous investigations that have used this

molecule as a fluorescent marker for monitoring glucose

uptake into malignant tumor cells (O’Neil et al. 2005;

Cheng et al. 2006). Because of the aggressive growth

patterns of the tumor cells, uptake of 2-NBDG by tumor

cells is high. However, enhanced accumulation or trapping

of 2-NBDG phosphorylated forms as a result of an increase

of hexokinase activity has also been reported (Flier et al.

1987; Aloj et al. 1999).

Our study demonstrates that, after application of per-

meabilizing electric pulses, uptake of 2-NBDG is actually

increased in the fraction of cells that are electropermeabi-

lized by the electric pulses. The fluorescence of these cells

is about 10–100 times larger than that of cells not exposed

to electric pulses, whatever the experimental conditions

used (with external glucose added or not, for example),

resulting in the reversible electropermeabilization of a

fraction of the treated cells.

In the initial experiments, we determined the experi-

mental conditions. Uptake of 2-NBDG was higher at

37 �C, with or without pulses, than at room temperature

Fig. 6 Changes in the peak channel of monodistributed fluorescent

cells not exposed to the electric pulses or changes in the value of the

peak channel of the high-fluorescent cell population after electric

pulse delivery. Cells were incubated in the absence or presence of a

physiological glucose concentration (5.5 mM) for 2–60 min, always

in the presence of 240 lM 2-NBDG and with or without the delivery

of electric pulses (eight pulses of 100 ls, 1 Hz at 1,000 V/cm). Data

are means ± SD of at least three independent experiments. Stars
denote the only values in which a statistically significant difference

was recorded between the absence and the presence of the external

5.5 mM D-glucose. filled square 2-NBDG, filled diamond
2-NBDG ? 5.5 mM D-glucose, filled triangle electric pulses, filled
circle electric pulses ? 5.5 mM D-glucose

Fig. 7 a Changes in the value of the peak channel of the high-

fluorescence cell population. b Percentage of highly fluorescent

(permeabilized) cells after application of electric pulses (eight pulses

of 100 ls, 1 Hz or 5 kHz at 1,000 or 1,200 V/cm). Cells were

incubated for 10 min at 37 �C in the absence or presence of

physiological glucose solution (5.5 mM). 1 1,000 V/cm, 2 1,000 V/

cm ? 5.5 mM D-glucose, 3 1,200 V/cm, 4 1,200 V/cm ? 5.5 mM

D-glucose, filled square electric pulses 1 Hz, filled circle electric

pulses 5 kHz
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(22 �C). Our results are in agreement with previous studies

showing that in the absence of electric pulses and in the

presence of 600 lM 2-NBDG, uptake into MIN6 cells was

temperature-dependent, the initial velocity of 2-NBDG

uptake at 37 �C being twice that at 25 �C (Yamada et al.

2000). We then determined that 240 lM 2-NBDG seemed

to be a convenient concentration that results in reproduc-

ible experimental results with the cells used in the present

study. It can be seen in Fig. 2 that the uptake of 2-NBDG

remarkably increased by exposing cells to electric pulses at

all concentrations examined except at the lowest one,

10 lM. Membrane electropermeabilization opened new

ways for the penetration of 2-NBDG inside cells, aside

from its general uptake by the GLUT transporters descri-

bed in the Introduction. This is the reason for the increased

2-NBDG accumulation inside electroporated cells. Con-

trary to facilitated transport, the rate of which is driven

mainly by the number and activity of the transporters

located at the cell surface, uptake through the electropo-

rated membrane is proportional to the external concentra-

tion as clearly shown with typical nonpermeant molecules

(Orlowski et al. 1988; Silve and Mir 2011). The same rule

has been observed with 2-NBDG, the electroporation of the

cell membrane leading to the highest uptake per cell at the

highest concentrations tested, 240 and 300 lM. However,

at 300 lM the percentage of cells in the electropermeabi-

lized fraction slightly decreased, reflecting a potential

toxicity on the electroporated cells of 2-NBDG at the high

internalized concentration in the presence of 300 lM

external 2-NBDG.

As 2-NBDG is normally transported into cells by the

glucose transporters, this uptake should be inhibited by a

high external concentration of unlabeled D-glucose com-

peting with 2-NBDG to interact with the transporters.

Previous studies demonstrated that 2-NBDG uptake was

indeed inhibited in the presence of D-glucose. There is

competition between 2-NBDG and D-glucose for the

facilitated transporters to enter the cell in single vascular

smooth muscle cells (Lloyd et al. 1999), E. coli cells

(Yoshioka et al. 1996a), yeast Candida albicans (Oh et al.

2002) and tumor cells (MCF-7, HepG2, M-1 and U87MG)

(O’Neil et al. 2005; Cheng et al. 2006). Moreover, other

studies have reported that a high external concentration of

D-glucose partially blocks uptake of 2-NBDG in other cells

(Iori et al. 2006). For example, 2-NBDG uptake is inhibited

about 70 % in the presence of 22 mM D-glucose in pan-

creatic ß-cells and 37 and 52 % in the presence of 5.6 and

11.2 mM of D-glucose, respectively (neurons, human

erythrocytes) (Yamada et al. 2000). However, the exact

mechanism of 2-NBDG transport is not known as it has not

been determined whether all six types of glucose trans-

porter can facilitate 2-NBDG uptake or not.

We analyzed the effect of the presence in the medium of

D-glucose on 2-NBDG uptake by DC-3F cells, with or

without electric pulses. Four different concentrations of

D-glucose (0, 5.5, 11 or 27.5 mM) were tested. Competitive

inhibition, increasing with the increased concentration of

the added glucose, was found; but at 5.5 and 11 mM it

affected only some of the cells in the absence of electric

pulses. This result is consistent with previous studies that

reported partial blocking of 2-NBDG uptake at high con-

centrations of D-glucose (Yamada et al. 2000; Iori et al.

2006). Nevertheless, our results are extremely relevant as

the final aim of the study was to analyze whether, by

studying NDBG uptake in vitro, we could determine

whether FDG could be used to image electropermeabilized

tissues in vivo by a technique like PET. Indeed, we show

here that competition between 2-NBDG and glucose is

minimal under physiological conditions (that is, with the

5.5 mM concentration) in the absence of electric pulses and

that in the presence of the electric pulses there is, as

expected, no detectable competition (which is in agreement

with the mechanism of diffusion through the electroper-

meabilized membrane, which is not saturable like transport

through transporters). Moreover, at the different concen-

tration of D-glucose, there was increasing 2-NBDG uptake

into electroporated cells.

The time course of 2-NBDG uptake into DC-3F cells, in

the presence or absence of glucose and with or without

pulse application, was also analyzed. Indeed, in PET

analysis images are taken some minutes after the injection

of FDG into the body. Therefore, it was necessary to

ascertain that the differences observed after 10 min of

incubation (most of the experiments reported) were also

observed for longer incubation times. In the absence of the

electric pulses, our results are in agreement with a study

that measured 10 lM 2-NBDG uptake at 37 �C for 0, 15,

30, 60, 120 or 180 min in HepG2 human hepatocarcinoma

cells and L6 rat skeletal muscle cells (Zou et al. 2005).

According to these results, the highest uptake increases

were observed from 0 to 60 min after the beginning of

incubation. Interestingly, the results of this experiment

confirm that in electropermeabilized cells there is no

competition between 2-NBDG and glucose at the physio-

logical concentration (5.5 mM). Moreover, the fluores-

cence taken up by electropermeabilized cells a short time

after the pulse delivery (before the cells reseal) is not lost

during the prolonged incubation of cells, and the difference

from nonpermeabilized cells remains high for all of the

times. As some more uptake can also occur in these cells

after their resealing by the GLUT transporters, as in the

cells not exposed to electric pulses, it is understandable

that the difference is relatively maintained with respect

to nonpermeabilized cells, at least during the 60 min of
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incubation during which changes were followed in the

experiments reported here.

In this study, the effect of the 1-Hz and 5-kHz pulse

frequencies on 2-NBDG uptake into electropermeabilized

cells was also examined. Indeed, the clinical protocols for

electrochemotherapy (Marty et al. 2006; Mir 2006) often

use trains of eight pulses delivered at a repetition frequency

of 5 kHz. This repetition frequency has several advantages.

When pulses are delivered close to muscles, a single

muscle contraction is provoked at 5 kHz instead of eight

muscle contractions when pulses are delivered at 1 Hz.

Moreover, treatment is much faster: the train of pulses

between a pair of electrodes is delivered in 1.5 ms instead

of about 8 s. The results reported here show that, in the

absence of externally added D-glucose, the application of

electric pulses highly increased 2-NBDG uptake with

noticeable differences as a function of the repetition fre-

quency of the electric pulses. Indeed, if the percentage of

electropermeabilized cells is the same at 1-Hz and 5-kHz

pulse frequencies, the fluorescence intensity of the per-

meabilized cells was significantly lower at 5 kHz than at

1 Hz. A study by Pucihar et al. (2002) showed that Lucifer

yellow uptake into the same type of cells (DC-3F) followed

the same trend. Indeed, to maintain the uptake of Lucifer

yellow at the same level, the increase of the repetition

frequency (from 1 Hz to 8.3 kHz) imposed an increase in

the amplitude of the electric pulses applied, which means

that the pulses at the highest repetition frequency were less

efficient at permeabilizing the cells. If we consider that in

our study the effect of the 1-Hz and 5-kHz pulse fre-

quencies was tested at the same amplitude in the absence or

presence of physiological D-glucose, our results are indeed

in agreement with these previous results. It is interesting

that these two markers give the same result as the Lucifer

yellow is a completely nonpermeant molecule, while

2-NBDG would also be a nonpermeant molecule if no

GLUT transporters actively transported it inside the cells.

The reduced effectiveness of the 5-kHz pulses is thus

corroborated by molecules with different behaviors, con-

sidering their ability to cross the plasma membrane.

Simultaneously, these similarities also confirm that the

mechanism of drug uptake in electropermeabilized cells is

diffusion across the permeabilized membranes.

The results of our in vitro studies highlight the ability of

glucose derivatives as markers for monitoring the electrop-

ermeabilization of cells exposed to adequate electric pulses.

Until now, only strictly nonpermeant molecules like Lucifer

Yellow or bleomycin were used as cell electropermeabili-

zation markers (Mir et al. 1998; Pron et al. 1999; Pucihar

et al. 2002; Silve and Mir 2011). As FDG is a radioactive

glucose derivative used for clinical investigations, the

results reported here with 2-NBDG provide a preliminary

step toward in vivo studies of FDG PET imaging in

combination with electroporation. Considering the common

applications of FDG, PET could be a useful means to probe

electroporated cells in vivo, which provides a noninvasive

way to monitor tissue electropermeabilization in living

laboratory animals. FDG PET could then become a very

attractive technique for the accurate detection of electrop-

ermeabilization efficacy in vivo. Further in vivo studies are

thus necessary to assess the potential of this technique.

Conclusions

We investigated the potential of 2-NBDG, a fluorescent

analogue of glucose, to reveal the electropermeabilization

of cells after delivery of electric pulses in vitro. Based on

the results, it can be suggested that FDG PET imaging

could have potential to measure the electropermeabiliza-

tion of cells in vivo.
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Abstract Inactivation of microorganisms with pulsed

electric fields is one of the nonthermal methods most

commonly used in biotechnological applications such as

liquid food pasteurization and water treatment. In this

study, the effects of microsecond and nanosecond pulses on

inactivation of Escherichia coli in distilled water were

investigated. Bacterial colonies were counted on agar

plates, and the count was expressed as colony-forming

units per milliliter of bacterial suspension. Inactivation of

bacterial cells was shown as the reduction of colony-

forming units per milliliter of treated samples compared to

untreated control. According to our results, when using

microsecond pulses the level of inactivation increases with

application of more intense electric field strengths and with

number of pulses delivered. Almost 2-log reductions in

bacterial counts were achieved at a field strength of 30 kV/

cm with eight pulses and a 4.5-log reduction was observed

at the same field strength using 48 pulses. Extending the

duration of microsecond pulses from 100 to 250 ls showed

no improvement in inactivation. Nanosecond pulses alone

did not have any detectable effect on inactivation of E. coli

regardless of the treatment time, but a significant 3-log

reduction was achieved in combination with microsecond

pulses.

Keywords Inactivation � Bacteria � Nanosecond �
Microsecond � Electric pulse � Pulsed electric field

treatment � Electroporation � E. coli � Water

Introduction

Electroporation is a method for cell membrane permeabi-

lization. Its effect is a significant increase in electrical

conductivity and permeability of the membrane, caused by

externally applied electrical pulses. When cells are exposed

to an external electric field of sufficient amplitude and

duration, the cell membrane is electroporated. Aqueous

pores are assumed to be induced in the cell membrane, and

they increase in size and number with pulse duration

(Neumann and Rosenheck 1972; Chang and Reese 1990;

Weaver 2003; Saulis 2010). This is just one of various

theoretical models that have been proposed to explain

electroporation, with structural reorganization and creation

of hydrophilic pores remaining directly unobserved (Rols

2006). Depending on the parameters of the electric pulses,

the membrane can become either transiently or perma-

nently permeable, thus making electroporation either

reversible or irreversible. When electric pulse parameters

are below the threshold of electroporation, the pores in the

cell membrane can reseal and the cell survives. With

electric pulse parameters exceeding critical threshold, the

size and number of the induced pores achieve a critical

value. Through these pores, the cell loses internal compo-

nents, which leads to its death (Gusbeth et al. 2009; Saulis

2010).

Reversible electroporation requires the cell to survive

exposure to an external electric field and return to its nat-

ural state afterward. It is most widely used in biotechnol-

ogy and medicine for electrofusion and electrotransfer of

drugs, genes and other large molecules to cells, both as a

research tool and as a clinical technique. One such clinical

technique is electrochemotherapy, where cancer cells are

treated by permeabilizing the cell membrane and allowing

chemotherapeutic agents to enter at greater concentrations
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and kill the targeted cells (Marty et al. 2006; Bertacchini

et al. 2007; Sersa et al. 2008). A new and developing field

of research is the application of drugs and genes to brain

tissue in humans (Agerholm-Larsen et al. 2011), where the

blood–brain barrier could theoretically be overcome with

the use of reversible electroporation.

In addition to reversible electroporation, electric pulses

can be used for inactivation of microorganisms, where all

biological activities in the cell are terminated. This has

been extensively studied since the beginning of the electric

power industry, with the first studies dating as far back as

the nineteenth century (Fuller 1898). Irreversible electro-

poration uses an electric field to directly destroy cells. The

pores created by the applied electric field are unable

to reseal, which prevents maintenance of homeostasis

(Rubinsky 2007). In medicine, the effects of irreversible

electroporation are being clinically used as a method for

tissue ablation (Davalos et al. 2005). This has the potential

to become an alternative method of ablation for solid

tumors (Lee et al. 2010). However, irreversible electro-

poration reaches far beyond medical purposes. It has found

its way into the food industry, where it is used as a non-

thermal method for inactivating microorganisms in liquid

food products (pasteurization). Pulsed electric field (PEF)

technology utilizes short electric pulses to preserve the

food. The main advantage over other methods is that food

products are treated at lower temperatures, so they retain

nutritional and organoleptic characteristics. Irreversible

electroporation is also more cost-effective than conven-

tional systems (Barbosa-Cánovas et al. 1999). In industry it

is also used to treat different water samples, for example,

hospital wastewaters (Rieder et al. 2008; Gusbeth et al.

2009) that are usually contaminated with pathogenic

bacteria (Kümmerer 2001). The main advantages of PEF

technology in water treatment are less unwanted by-

products compared to other inactivation techniques such as

chlorination, ozonation and UV irradiation (Rook 1977;

Paraskeva and Graham 2002; Schwartz et al. 2003) and no

developed adaptation to electric field by the descendants of

treated bacteria (Gusbeth et al. 2009).

Several studies have investigated the inactivation of

bacteria predominantly in relation to microbial inactivation

in liquid food (Calderon-Miranda et al. 1999; Heinz et al.

2002; Wu et al. 2005) and wastewater (Rieder et al. 2008).

Results of those studies showed significant inactivation but

with variable results depending on the microorganisms, the

medium in which they were treated and the different

electrical parameters that were used. Electrical field

strengths ranged from 10 to 40 kV/cm, with pulse duration

from 1 ls to 100 ms (Hamilton and Sale 1967; Teissié

et al. 2002; Mosqueda-Melgar et al. 2007). Besides

microsecond and millisecond electric pulses used for

electroporation of cell membranes, Schoenbach et al.

(2000) reported that nanosecond pulse durations can be

used to efficiently eradicate bacteria from liquid samples.

However, reduction of pulse duration from micro- to

nanoseconds must be compensated by an increase in the

electric field intensity (Schoenbach et al. 2000; Kotnik and

Miklavcic 2006; Saulis 2010). When exposing bacterial

cells to nanosecond pulses, electric field strength is around

100 kV/cm and pulse duration is in the range of tens of

nanoseconds (Schoenbach et al. 2000; Perni et al. 2007).

The mechanism of inactivation with nanosecond pulses is

different from that caused by reversible and irreversible

electroporation with micro- and millisecond pulses

(Schoenbach et al. 2000; Weaver 2003). Micro- and mil-

lisecond pulse durations induce a voltage on the cell

plasma membrane which reduces the energy necessary for

membrane lipid rearrangements, leading to cell membrane

permeabilization. Exposure of the cell to an external

electric field also induces voltage on cell organelles that is

several orders of magnitude smaller than the voltage on the

cell membrane. Such voltage is too low to induce organelle

membrane permeabilization. In nanosecond pulse applica-

tion, the pulse duration is shorter than the charging time of

the outer membrane, for bacteria typically less than 10 ns;

besides the effects on cell membrane integrity, additional

disruption of internal cell organization is observed

(Schoenbach et al. 2000; Perni et al. 2007). Theoretical

evaluation of such effects of nanosecond electric pulses

was presented for mammalian cells containing organelles

by Kotnik and Miklavcic (2006); however, it cannot be

directly applied to bacteria due to different internal orga-

nization of eukaryotic and prokaryotic cells.

Our study concentrated on inactivation of bacteria in

water samples. The aim was to investigate how different

electrical pulse parameters affect the inactivation effi-

ciency. We used different protocols, applying microsecond

and nanosecond pulses and systematically changing only

one parameter at a time, to ascertain the parameters that

crucially contribute to the best inactivation results.

Microsecond and nanosecond pulses were also used in

combination for a potential synergistic effect between the

two different pulse protocols.

Materials and Methods

Preparation of Water Samples with Bacterial Culture

The Escherichia coli K12 ER1821 strain (New England

BioLabs, Frankfurt am Main, Germany) was used as a test

microorganism. Luria broth (Sigma-Aldrich, Munich,

Germany) was inoculated with E. coli cells in an

Erlenmeyer flask and incubated for 16–18 h with contin-

uous shaking at 37 �C. In order to prepare samples for the
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experiments, a given volume of broth was centrifuged at

4,200 RCF for 30 min at 4 �C. Supernatant was carefully

removed, and the cell pellet was resuspended in distilled

water, to obtain a final concentration of about 2 9 109

CFU/ml, from which serial dilutions ranging from 10-1 to

10-7 were prepared. The negative control was the

untreated suspension of bacteria. Samples for treatment

were diluted suspensions (10-1) of bacterial culture.

Electroporation Protocols

Suspension of bacteria in water was electroporated in

cuvettes with integrated aluminum electrodes (Eppendorf,

Hamburg, Germany) with a 1- or 2-mm gap. For our

experiment, we used different pulsing protocols, which

consisted of microsecond, nanosecond and a combination

of these pulses. To generate different sequences of

microsecond pulses, we used the electric pulse generator

HVP-VG (Igea, Carpi, Italy). Nanosecond pulses were

generated by a custom-designed high-voltage nanosecond

generator built in the Laboratory of Biocybernetics at the

Faculty of Electrical Engineering of the University of

Ljubljana. The nanosecond generator was built as a diode

opening switch generator (Reberšek and Miklavčič 2011)

with air-core inductors (Sanders et al. 2009). The electrical

field strength (E) was evaluated as

E ¼ U

d
ð1Þ

where U is the applied voltage of the pulses (1,500 and

3,000 V) and d is the gap between electrodes in the cuv-

ettes (1 and 2 mm).

For electroporation with microsecond pulses at different

electrical field strengths (7.5, 15, 30 kV/cm) we used eight

rectangular unipolar pulses with pulse duration of 100 ls

and repetition frequency 1 Hz (Fig. 1a). The correlation

between the number of pulses and inactivation was deter-

mined by using 8-, 24- and 48-ls pulses at 15 and 30 kV/

cm, with pulse duration of 100 ls. The effect of two dif-

ferent pulse durations was determined by comparison of

100 and 250 ls at 30 kV/cm.

Nanosecond pulses were delivered in trains ranging

from 10 to 1,000 pulses at 10-Hz frequency, with pulse

duration of 10 ns and electrical field strength of 80 kV/cm

(Fig. 1b).

The combination of microsecond and nanosecond pulses

started with application of 8 9 100-ls pulses (E = 30 kV/

cm, 1-Hz repetition frequency) followed by 1,000 9 10-ns

pulses at 10-Hz repetition frequency, with pulse duration of

10 ns and electrical field strength of 80 kV/cm (Fig. 1c).

We also studied the possible effect of the time gap between

applying microsecond and nanosecond pulses. In the first

set of experiments, there was a 5-s time gap between sets of

pulses. A second set of experiments had a time gap of

1 min. All experiments were repeated with pulses delivered

in reverse order, applying first nanosecond and then

microsecond pulses (Fig. 1d).

Viable Cell Count

The plate count method (Reasoner 2004) was used to

determine cell viability in negative controls (untreated

samples) and treated samples. Serial dilutions of each

sample were evenly spread using a spread plate technique

on Luria agar (Sigma-Aldrich). Plates were incubated for

24 h at 37 �C. Bacterial colonies were counted manually,

and the count was expressed as colony-forming units per

milliliter of sample. To test the possible toxic effect of

Fig. 1 Schematic representation of different pulsing protocols used

in our experiments. Microsecond pulses (a), nanosecond pulses (b),

combination of microsecond and nanosecond pulses (c) and combi-

nation of nanosecond and microsecond pulses (d)
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treatment medium on bacteria at chosen electrical param-

eters, we electroporated the distilled water in cuvettes

without bacterial cells and added it to untreated bacterial

suspension at a ratio of 1:1, while we did a parallel

experiment with untreated distilled water.

The inactivation level of bacterial cells was determined

by calculating the log10 of the survival fraction (S = N/N0).

N is the number of colony-forming units per milliliter of

treated sample, and N0 is the number of colony-forming

units per milliliter of untreated sample. The results are

mean values from at least three experiments, with standard

deviations shown by error bars. The number of experiments

was higher for the most crucial pulse parameters:

8 9 100 ls, 30 kV/cm, where ten experiments were per-

formed; 1,000 9 10-ns pulses, where five experiments

were performed; and combination of 8 9 100 ls, 30 kV/

cm and 1,000 9 10 ns pulses, where five experiments were

performed.

Statistics

Statistical tests were performed on all results (SigmaPlot

11.0; Systat Software, Richmond, CA). A paired t-test was

performed on results obtained from the same sample and

on normalized results if they were obtained from different

samples. Respectively, if the normality test (Shapiro-Wilk)

failed, the Wilcoxon signed rank test and Mann–Whitney

rank sum test were used instead. Results were considered

statistically different at P [ 0.05.

Results

Microsecond Pulses

The effect of different electrical field strengths on the

inactivation curve of E. coli is shown in Fig. 2a. Electrical

field strengths were 7.5, 15 and 30 kV/cm. The inactivation

level increased with applied electrical field strengths, for

7.5 (P = 0.039), 15 (P = 0.041) and 30 (P \ 0.001)

kV/cm compared to control samples not exposed to electric

pulses.

Increasing the pulse number from eight to 48 at elec-

trical field strengths of 15 kV/cm, we achieved an almost

2.5-log reduction, which was not statistically significant

(P [ 0.05). For electric field amplitude 30 kV/cm,

increasing the pulse number from eight to 24 resulted in

significant inactivation (P = 0.014), and a similar effect

was obtained when comparing eight and 48 pulses

(P = 0.014). With 48 pulses and 30 kV/cm, a more than

4.5-log reduction was observed.

With eight microsecond pulses of 100 ls we were able

to achieve an almost 2-log reduction of E. coli (P \ 0.001).

Fig. 2 Inactivation curve of E. coli cells by microsecond electric pulses at

different electrical field strengths (7.5, 15, 30 kV/cm) with eight pulses of

100 ls (a), with different numbers of 100-ls pulses at 15 kV/cm (filled
circle) and 30 kV/cm (open circle) (b) and with two different pulse

durations, 100 and 250 ls. A train of eight pulses with a repetition

frequency of 1 Hz and electrical field strength of 30 kV/cm was applied (c).

Inactivation is presented as a log N/N0, where N is the number of colony-

forming units per milliliter of treated sample and N0 is the number of

colony-forming units per milliliter of untreated sample. Results are means

from at least three experiments, with standard deviations shown by error
bars
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Increasing pulse duration to 250 ls achieved the same

inactivation as 100-ls pulses (P = 0.353), as shown in

Fig. 2c.

Nanosecond Pulses

The results obtained by treating cell suspensions of E. coli

with a train ranging from 10 to 1,000 pulses at 10-Hz

repetition frequency (10 ns, E = 80 kV/cm) are shown in

Fig. 3. Nanosecond pulses with these parameters did not

have any effect (P [ 0.05) on inactivation of E. coli

regardless of the number of pulses delivered.

Combination of Microsecond and Nanosecond Pulses

Using a combination of microsecond and nanosecond

pulses resulted in a pronounced reduction (three log) in the

bacterial count compared to using only microsecond

(P = 0.003) or nanosecond (P = 0.008) pulses (Fig. 4).

Extending the time gap between electroporation from 5 s to

1 min did not seem to have any effect on inactivation of

cells. Changing the order in which the microsecond and

nanosecond pulses were delivered also had no effect on

inactivation (P [ 0.05) (Fig. 5).

Discussion

Based on experimental work, this study presents inactiva-

tion of bacteria in water samples with microsecond pulses,

nanosecond pulses and a combination of both protocols.

We investigated how various field amplitudes, increasing

number of pulses and different pulse durations affected the

inactivation of E. coli.

Inactivation of bacteria with microsecond pulses increa-

ses with higher electric field amplitudes (Fig. 2a). These

results are in agreement with the findings of other authors

(Hülsheger et al. 1981; Schoenbach et al. 2000; Álvarez et al.

Fig. 3 Inactivation curve of E. coli with nanosecond pulses for

different numbers of pulses (10, 100, 1,000). Pulse duration was 10 ns

and electrical field strength was 80 kV/cm at 10-Hz frequency.

Inactivation is presented as a log N/N0, where N is the number of

colony-forming units per milliliter of treated sample and N0 is the

number of colony-forming units per milliliter of untreated sample.

Results are means from at least three experiments with standard

deviations shown by error bars

Fig. 4 Comparison of inactivation of E. coli using a combination of

nano- and microsecond pulses. The pulsing protocol consisted of

1,000 pulses of 10 ns (E = 80 kV/cm), eight pulses of 100 ls

(E = 30 kV/cm) and a combination of eight pulses of 100 ls

(E = 30 kV/cm) followed by 1,000 pulses of 10 ns (E = 80 kV/

cm). Inactivation is presented as a log N/N0, where N is the number of

colony-forming units per milliliter of treated sample and N0 is the

number of colony-forming units per milliliter of untreated sample.

Results are means from at least three experiments, with standard

deviations shown by error bars

Fig. 5 Effect of the time gap and order of application of nanosecond

and microsecond pulses on the inactivation of E. coli. Nanosecond

pulses consisted of 1,000 pulses of 10 ns (E = 80 kV/cm), while

microsecond pulses were applied as a train of eight pulses of 100 ls

(E = 30 kV/cm). The time gap between nanosecond and microsecond

pulses was 5 s and 1 min, respectively. Nanosecond pulses were

delivered in two different sequences: microsecond pulses, followed

by nanosecond pulses or in the reverse order. Inactivation is presented

as a log N/N0, where N is the number of colony-forming units per

milliliter of treated sample and N0 is the number of colony-forming

units per milliliter of untreated sample. Results are means from at

least three experiments, with standard deviations shown by error bars
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2003; Pataro et al. 2011). A theoretical explanation is

available for the effects of microsecond pulses on bacterial

inactivation. Transmembrane potential induced on the cell

membrane by external electric pulses leads to creation of

small, metastable, hydrophilic pores and pore evolution in

terms of pore size enlargement and increase in the number of

pores. The rate of pore formation depends strongly on

transmembrane potential and electric field amplitude. It is

important to note that for bacterial inactivation postpulse

events in the cell are also important. Namely, cell viability is

strongly related to the pore resealing process and to leaking

of material out of the cell as the majority of transport occurs

after electric pulse application (Saulis 2010). Even though

electric pulse duration is one of the factors affecting cell

survival, in our study extending the duration of microsecond

pulses from 100 to 250 ls did not affect the inactivation of

E. coli, which is consistent with the theory of electroporation

that indicates that increasing electric pulse amplitude is more

effective than lengthening treatment time (Saulis 2010).

However, results show that microbial inactivation rate

increased with increasing number of pulses (Fig. 2b).

Authors working with different microorganisms report

similar results (Hülsheger et al. 1981; Jayaram et al. 1992;

Martı́n-Belloso et al. 1997; Calderon-Miranda et al. 1999).

Regarding pulse parameters affecting bacterial inactivation

caused by micro- and millisecond pulse duration, lipid

rearrangements leading to cell membrane permeabilization

(Kotnik and Miklavcic 2006) and postpulse resealing (Saulis

2010) are the main factors involved in the process. Besides,

when a large number of or long pulses are applied, PEF

treatment can produce toxic side products due to electro-

chemical reactions such as electrolysis of the media, release

of the ions from electrodes and generation of free radicals.

Bacterial inactivation could be caused by those toxic prod-

ucts, which was not the case in our study as additional

experiments were performed. Only the electroporation

medium was exposed to PEF treatment and added to intact

bacteria, which then grew just as well as bacteria exposed to

untreated electroporation medium. No effect on bacterial

viability was detected, indicating that in our case no toxic

products which would affect bacterial inactivation were

formed.

In case of nanosecond pulse application the microbial

inactivation observed could not be due only to the effects

caused on the cell membrane level (Schoenbach et al.

2000; Perni et al. 2007). In our study, when nanosecond

pulses were used to inactivate E. coli, no effect was

observed regardless of the number of pulses (ranging

10–1,000) to which the samples were exposed (Fig. 3).

However, Perni et al. (2007) reported an almost 2-log

reduction for E. coli. The electric pulse parameters used for

this effect were 32-ns pulses at field strength of 100 kV/cm

and 30-Hz frequency. Samples were treated for 300 s,

receiving 9,000 pulses in total (Perni et al. 2007). The

differences between our results and those reported by Perni

and coworkers can be attributed to the different electric

pulse protocols used. In our study lower field strength

(80 kV/cm), shorter pulse duration (10 ns) applied at lower

frequencies (10 Hz) and lower number of pulses (maximal

1,000) were used. It is therefore possible that the overall

treatment with our nanosecond pulse parameters was not

severe enough to reduce the viability of treated bacteria

(Fig. 3). Perni et al. (2007) observed that at the end of the

treatment only approximately 1 % of the surviving popu-

lations remained uninjured. They assumed that the mech-

anism of bacterial inactivation with such short pulses may

have affected the internal structures of bacterial cells (Perni

et al. 2007), as proposed earlier by Schoenbach et al.

(2000). Theoretical evaluation of the effect of microsecond

and nanosecond electroporation of mammalian cells con-

taining organelles showed that the cell membrane is

affected by nanosecond electric pulses and that organelles

are permeabilized if the electric properties of the cytosol

and the organelle interior are different (Kotnik and

Miklavcic 2006). However, the theoretical findings on

mammalian cells cannot be directly applied to bacteria due

to the different internal organization of eukaryotic and

prokaryotic cells, and currently only experimental evidence

on the effect of nanosecond pulses on bacteria is available.

A large majority of theoretical studies are devoted to

explaining the mechanism involved in the electroporation

of eukaryotic cells, while the pathways leading to micro-

bial inactivation remain obscure (Saulis 2010). Neverthe-

less, some experimental evidence is available. Effects of

PEF treatment on internal cell structures were observed

when bacteria were exposed to microsecond pulses. Elec-

tron microscopy revealed that approximately 25 % of the

E. coli cells exposed to PEF treatment at 30 kV/cm, 20

pulses and 4-ls duration had an altered internal organiza-

tion, while rupture of cell membranes could not be con-

firmed by use of transmission electronic microscopy

(Aronsson et al. 2001). The critical pulse duration that

results in intracellular effects is for bacteria in the range of

tens of nanoseconds (Schoenbach et al. 2000). From this

point of view it is interesting that Aronsson et al. (2001)

observed alterations in intracellular structures with longer

microsecond pulses that should have had a main effect at

the cell membrane level. From the data available in the

literature (Schoenbach et al. 2000; Weaver 2003; Kotnik

and Miklavcic 2006; Perni et al. 2007; Saulis 2010) we can

expect that microsecond pulses affect cell membrane

integrity, while nanosecond pulses additionally affect

internal organization. Since a wide variety of microbial

inactivation processes are known to cause death through

injury accumulation (Perni et al. 2007), we decided to

combine microsecond and nanosecond pulses. Our results
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suggest a great synergistic effect between microsecond and

nanosecond pulses, with a more than 3-log reduction for E.

coli. According to our results (Figs. 2b, 4), using only

microsecond pulses, 20 9 100-ls pulses would be needed

to achieve the same level of inactivation as eight micro-

second pulses in combination with 1,000 nanosecond pul-

ses. The combination of nanosecond and microsecond

pulses is a unique method of inactivation and has two main

advantages, energy efficiency and less joule heating,

compared to microsecond pulses. We roughly estimated the

electrical energy needed for each type of electric pulse.

Supposing that the electrical pulses are rectangular and that

the electric field in cuvettes is homogeneous allows us to

use the following equation to estimate the pulse energy,

Wp ¼ E2 � r� V � tp ð2Þ

where Wp is the pulse energy, E is the electric field

intensity between the electrodes, r is the electrical con-

ductivity of cell suspension, V is the volume of suspension

and tp is the pulse duration. The ratio between the energy of

one 100-ls pulse (Wl) and the energy of one 10-ns pulse

(Wn) is 1,400. One 100-ls pulse equals 1,400 9 10-ns

pulses from the pulse energy point of view.

Although nanosecond pulses alone have no effect on

inactivation, the results of combining them with micro-

second pulses suggest that there clearly is some mechanism

involved in which nanosecond pulses contribute to inacti-

vation. The effect of the time gap from 5 s up to 1 min

between applying microsecond and nanosecond pulses as

well as the order in which the pulses were delivered

showed no difference in inactivation.

In conclusion, our results confirm that bacterial inacti-

vation is affected by electric pulse parameters such as pulse

amplitude and number of pulses when we applied only

microsecond pulses. A synergistic effect was observed

when nanosecond and microsecond pulses were combined

even though nanosecond pulses alone did not affect bac-

terial inactivation. Further studies are needed to determine

the exact mechanisms of action of such a pulse combina-

tion on bacteria.
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Álvarez I, Pagán R, Condón S, Raso J (2003) The influence of process

parameters for the inactivation of Listeria monocytogenes by

pulsed electric fields. Int J Food Microbiol 87:87–95

Aronsson K, Lindgren M, Johansson BR, Rönner U (2001) Inacti-

vation of microorganisms using pulsed electric fields: the

influence of process parameters on Escherichia coli, Listeria
innocua, Leuconostoc mesenteroides and Saccharomyces cere-
visiae. Innov Food Sci Emerg Technol 2:41–54
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Received: 19 December 2011 / Accepted: 5 July 2012 / Published online: 11 August 2012

� Springer Science+Business Media, LLC 2012

Abstract We present experimental and theoretical results

of electroporation of small patches of planar lipid bilayers

by means of linearly rising current. The experiments

were conducted on *120-lm-diameter patches of planar

phospholipid bilayers. The steadily increasing voltage

across the bilayer imposed by linearly increasing current

led to electroporation of the membrane for voltages above a

few hundred millivolts. This method shows new molecular

mechanisms of electroporation. We recorded small voltage

drops preceding the breakdown of the bilayer due to irre-

versible electroporation. These voltage drops were often

followed by a voltage re-rise within a fraction of a second.

Modeling the observed phenomenon by equivalent electric

circuits showed that these events relate to opening and

closing of conducting pores through the bilayer. Molecular

dynamics simulations performed under similar conditions

indicate that each event is likely to correspond to the

opening and closing of a single pore of about 5 nm in

diameter, the conductance of which ranges in the 100-nS

scale. This combined experimental and theoretical inves-

tigation provides a better quantitative characterization of

the size, conductance and lifetime of pores created during

lipid bilayer electroporation. Such a molecular insight

should enable better control and tuning of electroporation

parameters for a wide range of biomedical and biotech-

nological applications.

Keywords Planar lipid bilayer � Linear rising current �
Molecular dynamics simulation

Introduction

Electroporation is a process in which lipid membranes, the

cell envelopes, are permeabilized when subjected to high

electric fields (Neumann and Rosenheck 1972). Under

specific conditions, Electroporation may be reversible, in

which case membranes and cells recover their initial state

when the applied field is turned off (Zimmermann et al.

1976; Glaser et al. 1988). Electroporation is widely used in

biomedicine and biotechnology to enhance the transport of

molecules across the plasma membrane (Prausnitz et al.

1993), a technique also known as electropermeabilization

(Mir et al. 1988; Teissie et al. 1999). Applications range

from in vitro DNA plasmids and siRNA cell delivery

(Golzio et al. 2002; Villemejane and Mir 2009) to clinical

electrochemotherapy (Marty et al. 2006), where delivery of

drugs, e.g., bleomycin and cisplatinum, to cancer cells is

enhanced (Mir et al. 1995; Sersa et al. 1995; Heller et al.

1999). It is now well established that the efficiency of such

applications depends on the intensity, duration and number

of electric pulses applied (Rols and Teissie 1998; Pucihar

et al. 2002; Teissie et al. 2008). Better control and tuning of

the method require full understanding and quantitative

characterization of the molecular-level processes taking

place during and after electroporation.
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Low-intensity electric fields normal to the membrane

induce, through Maxwell-Wagner polarization (Kotnik et al.

1997), a transmembrane voltage. When the voltage reaches a

certain value characteristic of the membrane composition,

water wires form within the bilayer. This is followed by the

appearance of hydrophilic pores that disrupt the membrane

integrity, as suggested by early molecular dynamics (MD)

simulations (Tieleman et al. 2003; Tarek 2005). Electro-

poration voltage thresholds are most often determined in

experiments where electric pulses or linearly increasing

voltage signal is applied to planar lipid bilayers (Kramar

et al. 2007) or on cells in vitro using fluorescent dyes (Teissie

and Rols 1993) or cytotoxic drugs (Kotnik et al. 2000).

However, most often, such techniques do not allow charac-

terization of structural and dynamic properties of the putative

pores formed during the membrane electroporation, such as

pore size, conductance and lifetime. As an alternative, elec-

troporation under constant current conditions has been pro-

posed (Genco et al. 1993; Kalinowski et al. 1998). This method

allows the maintenance of long-lived fluctuating pores, as

shown for planar membranes of lecithin (Koronkiewicz and

Kalinowski 2004; Kotulska et al. 2004, 2007).

Here, we report on electroporation of planar lipid bilayer

patches by another experimental protocol, based on exposure

to linearly rising current (Koronkiewicz et al. 2002). We

studied the appearance of pores and investigated the

molecular mechanism of electroporation. Exposing lipid

bilayers to a linearly increasing current builds voltage across

the membrane and induces events indicative of poration and

subsequent resealing of the bilayer. In order to characterize

these changes on a molecular scale, we carried out MD

simulations under similar conditions. Combined together,

the theoretical and experimental investigations allowed a

quantitative estimation of the properties of the created pores.

Materials and Methods

Experiments on Planar Lipid Bilayer

Experiments under current-controlled conditions (i.e.,

current clamp) were performed using a measuring system

(Fig. 1), as described by Kalinowski and Figaszewski

(1995a, b) and Kalinowski et al. (1998), with four Ag–AgCl

electrodes (two current electrodes and two reference elec-

trodes). The measuring system consisted of two modules.

The first one was a capacity to period converter, used for

measuring the bilayer’s capacitance; the second was a

potentiostat-galvanostat for current-controlled planar lipid

bilayer studies.

The chamber where planar lipid bilayers are formed

consists of two 5.3-cm3 reservoirs made of Teflon.

Between the two compartments, a thin Teflon sheet with a

117-lm diameter, round aperture was inserted (Kramar

et al. 2009). Planar lipid bilayers were formed by the

Montal–Mueller method (Montal and Mueller 1972).

We studied bilayers prepared from 1-pamitoyl 2-oleoyl

phosphatidylcholine (POPC) (Avanti Polar-Lipids, Alabaster,

AL). Lipid powder was dissolved in a 9:1 hexane/ethanol

solution. A 3:7 mixture of hexadecane and pentane was used

for torus formation. The salt solution consisted of 0.1 M KCl

and 0.01 M HEPES in the same proportion. We added

1 M NaOH to obtain a neutral pH (7.4).

Measuring protocols consisted of two parts: capacitance

measurement and lipid bilayer breakdown voltage mea-

surement. Membrane capacitance was measured with the

capacitance to period converting principle described in

detail by Kalinowski and Figaszewski (1995a) and then

normalized to the surface area of the bilayer to calculate

the specific capacitance (CBLM). We then determined the

breakdown voltage (Ubr) of each lipid bilayer by applying

linear rising current signals (of slope k). Nine different

slopes were selected: 0.03, 0.05, 0.1, 0.2, 0.5, 4, 8, 10 and

20 lA/s. Ubr was defined as the voltage at tbr, when an

abrupt voltage drop due to lipid bilayer rupture was

detected (Fig. 2).

Electrical Model of Experimental Setup

The whole measuring system was modeled by an equiva-

lent electrical circuit (Fig. 3). We used Spiceopus software

(http://www.spiceopus.com/) to simulate the equivalent

electrical circuit behavior under our specific experimental

conditions (Tuma and Buermen 2009). In the Spiceopus

model (Fig. 3) current was applied by current generator I0.

In Fig. 3, CBLM is the capacitance of the planar lipid

bilayer, RBLM is the resistance of the planar lipid bilayer,

Fig. 1 Measurement system with a programmable galvanostat and a

voltameter with four Ag–AgCl electrodes, two current electrodes

(CE) and two reference electrodes (RE) plunged into the Teflon

chamber compartments
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Csys is the capacitance of the chamber, Rsys is the resistance

of the chamber and RP is resistance of the pores.

Spiceopus software uses node-voltage analysis. To

measure the currents flowing through various parallel

branches of the circuit, an independent voltage source

(V = 0) was added in series with the element of the branch

(Fig. 3) according to recommendations. The appearance of

pores (RP) in the planar lipid bilayer was simulated by

introducing a voltage-controlled switch in the RP branch.

An intact planar lipid bilayer was represented by an open

switch, while a porated planar lipid bilayer was represented

by a closed switch.

The value of RBLM was set to 108 X, which is the typical

value found in the literature (Tien 1974). The value of

membrane capacitance was estimated to be 0.51 lF/cm2 as

an average of the experimentally measured values. Values

for Csys and Rsys were obtained by optimization in Spice-

opus software. The values that gave the best fit are

Csys = 105 ± 54 nF and Rsys = 100 ± 5 kX. Finally, RP,

i.e., the conductance of pores (1/RP) value in the model,

was adjusted to each of 44 experimentally obtained voltage

drops.

MD Simulations

The membrane model used for this study is an equilibrated

fully hydrated POPC bilayer and was built by replication of

a previous well-equilibrated smaller system (Delemotte

et al. 2008). It consists of 1,152 lipid units and 58,304

water molecules organized in two lamellae above and

below the lipids. At the temperature set for the study, i.e.,

300 K, the bilayer was in the biologically relevant liquid

crystal La phase. The solvent contained 560 Na? and 560

Cl– ions. The final dimensions of the system before

extending it in the z direction were 168 9 183 9 110 Å3

and the total number of atoms was 261,280.

The MD simulation was carried out using the program

NAMD targeted for massively parallel architectures (Kale

et al. 1999; Phillips et al. 2005). The systems were

examined at constant pressure and constant temperature (1

atm and 300 K) or at constant volume and constant tem-

perature (300 K) employing Langevin dynamics and the

Langevin piston method. The equations of motion were

integrated using the multiple time-step algorithm. A time

step of 2.0 fs was employed. Short- and long-range forces

were calculated every two and four time steps, respec-

tively. Chemical bonds between hydrogen and heavy atoms

were constrained to their equilibrium value. Long-range,

Fig. 2 Breakdown voltage Ubr determination by means of linear

rising current signal

Fig. 3 Equivalent electrical circuit representing the measurement

chamber (Rsys, Csys) and the planar lipid bilayer (RBLM, CBLM) used

for the SPICE model. The current source I0 was used to simulate

current-clamp conditions. A voltage control switch (VP) was used to

simulate a pore on the planar lipid bilayer. Voltage generators VG,

Vrsys, VRBLM, Vcsys and VCBLM with voltage set to zero were

introduced to measure the current trough in each branch
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electrostatic forces were taken into account using a fast

implementation of the particle mesh Ewald (PME) method

(Darden et al. 1993; Essmann et al. 1995), with a direct

space sum tolerance of 10-6 and a spherical truncation of

11 Å. Water molecules were described using the TIP3P

model (Jorgensen et al. 1983), and a united-atom repre-

sentation was adopted for the acyl chains of the POPC lipid

molecules (Henin et al. 2008).

The system was first equilibrated for tens of nanosec-

onds at constant temperature (300 K) and constant pressure

(1 atm), as in the simulations of multilamellar stacks of

lipids. Following this equilibration, the initial salt con-

centration (*530 mM, counting only the fraction of ions)

went down in the bulk, because of accumulation of charges

near the zwitterionic lipid headgroup interface, to 490 mM.

The system size was then extended in the z direction

(Lz = 200 Å), creating therefore an air–water interface.

Subsequent simulations were run at constant volume, using

3D periodic boundary conditions, the thickness of the

vacuum slab created above and below the solvent ([40 Å

each) being large enough to prevent significant interactions

between the original cell and its replicas in the z direction,

i.e., perpendicular to the bilayer (Fig. 4).

Further simulations were performed using the standard

‘‘electric field method’’ for which a constant electric field,

E
*

, normal to the bilayer, was applied on the ‘‘nonextended’’

systems (i.e., original MD cell) using 3D periodic boundary

conditions. Under E * 0.2 V Å-1, the applied voltage is

U = E�Lz, where Lz is the length of the simulation box

along the normal to the bilayer and amounts here to *2 V.

For an MD simulation under such conditions lasting about

2 ns, the diameter of the hydrophilic pore increased to

*50 Å.

The one-dimensional electrostatic potential profile along

the membrane normal was derived directly from the MD

simulations as a double integral of the charge distribution

of all atoms averaged over the membrane planes, q zð Þ, as

UðzÞ � Uð0Þ ¼ �e�1
0

Z Z
q z00ð Þdz00dz0

As a reference, U(z) was set to zero in the upper

electrolyte. Considering the present protocol, U(z) showed

plateau values in the aqueous regions. The difference

between the plateau values at the two electrolytes

corresponds to the transmembrane potential, DV.

Results

We performed 63 experiments at nine different slopes of

linearly rising current (0.03, 0.05, 0.1, 0.2, 0.5, 4, 8, 10 and

20 lA/s) during which the transmembrane voltage, U,

across the planar lipid bilayer was monitored. For each

bilayer, the capacitance was first estimated from mea-

surements of the whole system capacitance with and

without bilayer formed (Kramar et al. 2009; Benz and

Janko 1976), using the capacitance to period converter

method (Kalinowski and Figaszewski 1995b).

A typical trace of the voltage measured across the

bilayer, corresponding to the applied current, is presented

in Fig. 5a. As expected, at a certain Ubr, high enough

transmembrane voltage, the voltage collapses, indicating a

breakdown of the planar lipid bilayer. In about half of the

experiments, at some voltage level Ud below Ubr, the

transmembrane voltage suddenly drops for a few millivolts

(within the experimental time resolution of either 1 or 10

ms). Afterwards, the voltage either continues rising with

the same slope as previously before reaching Ubr and col-

lapsing to *0 mV or, after increasing steadily for a while,

jumps back to a higher value and then exhibits the same

rise as before Ud (Fig. 5a). Interestingly, as opposed to the

constant current-clamp method for which we previously

observed only fluctuations in the transmembrane voltage

(Kotulska et al. 2004, 2007, 2010), this new linearly rising

current excitation enables observation of well-defined and

reproducible events.

Fig. 4 MD simulation setup: configuration of a hydrated POPC lipid

bilayer embedded in a *500-mM NaCl electrolyte solution. Lipid

tails are depicted as purple sticks, and headgroup atoms are

represented as large spheres (cyan choline, blue phosphate). Water

molecules are represented as gray and Cl– and Na? ions as,

respectively, cyan and yellow small spheres. The extension of the

simulation cell (from purple to blue box) creates air–water interfaces

that permit induction of a transmembrane voltage by imposing a net

charge imbalance across the bilayer (Color figure online)
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Out of these 63 experiments, small voltage drops (as

examples indicated by arrows in Fig. 6) were observed in

31 experiments. Mostly we observed a single voltage drop,

but even up to three separate drops were observed in these

experiments. All together, we recorded 44 small voltage

drops. According to their shape, they were divided into two

categories: (1) drop only and (2) drop and reseal (Table 1).

At drop only (Fig. 6a) the voltage drops to a finite value of

Ud and does not rise back. At drop and reseal (Fig. 6b) the

voltage drops for a finite value of Ud; after a certain time

interval t event, the voltage rises back to a value of Urise,

continuing on the same slope as before the drop.

In order to quantify these voltage drop events and to

discriminate between the contribution of the measurement

chamber and that of the bilayer, it was necessary to model

the whole system using an equivalent electrical circuit.

A SPICE model including five parallel branches connected

to a current generator (Fig. 3) was used to model the

changes in the recorded voltage of all 63 performed

experiments. Two branches of the circuit describe the

measurement system, as a capacitor Csys in parallel with a

resistor Rsys. The values for Csys and Rsys were iteratively

optimized to fit the experimental curves obtained in the

experiments, where poration events occurred at Ud and

equalled 105 ± 54 nF and 100 ± 5 kX, respectively. The

three other branches were introduced to describe the

membrane as (1) a capacitor (CBLM), (2) a resistor (RBLM)

and (3) a resistor (RP) and a switch in series. This last

branch models the bilayer in either an intact or porated

state, which corresponds to the switch being opened or

closed, respectively. An average value of *0.51 lF/cm2

obtained from all measurements on the lipid membrane

was considered for the membrane capacitance (CBLM), and

the membrane resistance (RBLM) was *108 X, a value

commonly used in the literature to describe membranes

(Tien 1974). Finally, the RP values were adjusted to model

the voltage drops occurring at Ud (Table 2; Fig. 7). Using

the traces of the recorded voltages, the spice model allowed

us to estimate the conductance (GP = 1/RP) of the pores

created at Ud, the distribution of which is reported in

Fig. 8.

Quite interestingly, the conductances recorded for pla-

nar lipid membranes are much larger than those reported

using other protocols, such as current clamp or rising

voltage, which range from a fraction of a nanoSiemens

(Kotulska et al. 2010; Melikov et al. 2001) to a few tens of

nanoSiemens (Kalinowski et al. 1998).

In order to gain insight into the corresponding process

taking place at the molecular level, we carried out fully

atomistic MD simulations under conditions similar to the

experiment. We considered a POPC planar lipid bilayer

embedded in a 150 mM NaCl solution. Overall, the system

consisted of 1,152 lipids, 58,304 water molecules, 560

sodium ions and 560 chloride ions (a total of 261,280

atoms). The bilayer was first replicated in 3D and equili-

brated at a constant pressure (1 atm) and temperature (300

K). Then, it was extended in the z direction (16.8 9 18.3 9

20.1 nm3) in order to create air (vacuum)–water interfaces

(Fig. 4). This setup (Delemotte et al. 2008) enables the

generation of a transmembrane voltage by imposing a

charge imbalance between the solutions on either side of

the membrane. MD simulations performed at different

transmembrane voltages (charge imbalances, Qs) showed

that, as such, the POPC membrane behaves as a capacitor

(Delemotte et al. 2008). Its capacitance, estimated by V =

Qs/C amounts to 0.85 lF/cm2.

a b

Fig. 5 a Trace of the measured transmembrane voltage (U) under

linearly rising current (I) conditions. Ubr is the voltage at which

bilayer breakdown occurs, and the arrow points at a transient voltage

drop. After this event, the bilayer appears to recover completely

within a fraction of the second. b MD simulation snapshot of the

hydrophilic pore created in the POPC bilayer subject to high

transmembrane voltages induced by ionic imbalance. Same color

code as Fig. 4
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Discussion

As we were mainly interested in characterizing the voltage

drop events (Fig. 6, 7), the MD simulations were carried

out in order to follow the dynamics of pore creation.

Accordingly, we generated systems at transmembrane

voltages (DV) high enough to induce electroporation,

mimicking therefore the experimental event starting at Ud.

Using the SPICE model, the intensity of the current applied

to the membrane was estimated to be in the order of a few

picoamperes (Table 2). Considering the ratio between the

sizes of the simulation and experimental membrane pat-

ches, this is equivalent to charging the MD patch at a rate

of *10-7 elementary charges per picosecond. On the

simulation time scale (tens of nanoseconds), one should

therefore not expect a voltage buildup. Accordingly, the

initial charge imbalance imposed to create DV was not

modified during the simulation run.

Comparison of capacitances estimated in MD simula-

tions (0.85 lF/cm2) to the experimental values (0.51 lF/cm2)

indicates that the setup and the MD force field we used

yielded good agreement with the experiment.

For DV above a threshold of 1.5 V, the bilayer under-

goes a drastic change in terms of its molecular structure,

which is comparable to what was observed when applying

an electric field to MD bilayer setups (Tarek 2005;

A

B

C

D

Fig. 6 Experimentally obtained voltage traces (light lines) and best fits (bold lines) obtained with the SPICE model. The entire voltage traces are

presented in the left column and a zoom on the event(s) on the right
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Tieleman 2004; Bockmann et al. 2008; Ziegler and Vernier

2008) or with the charge imbalance method (Gurtovenko

and Vattulainen 2005; Kandasamy and Larson 2006; Tarek

and Delemotte 2010). See Gurtovenko et al. (2010) for a

review. Indeed, within a few nanoseconds, water fingers

started protruding from both sides of the membrane, until a

water wire connected the two baths. During the next step,

lipid headgroups dived along the sides of these water wires,

thus forming a hydrophilic pore. The diameter of the cre-

ated hydrophilic pore (*20 Å) was large enough to enable

conduction of Na? and Cl– ions from one side of the

bilayer to the other, releasing the electrical stress imposed

by the ionic imbalance. Accordingly, the initial charge

imbalance decreased, leading to a decrease of the trans-

membrane voltage. When the latter reached values of a few

hundred millivolts, the pore stopped conducting ions and

the water within the pore retracted toward the external

baths, leading to a collapse of the hydrophilic pore. The

final topology of the pore toward the end of the simulations

remained stable for time spans exceeding 10 ns. It was

probably because, as reported in previous simulations,

complete recovery of the membrane requires a much longer

time scale. We estimated the conductance of the pore,

GpMD = I/U, where I is the total number of ion translo-

cations over the time elapsed during the simulation. Here,

20 elementary charges were conducted over 10 ns, leading

to a value of I *320 pA. During these translocations, the

voltage dropped from 2 V to 200 mV, leading to values of

GpMD ranging from *160 pS to 1.6 nS in the case of the

higher estimate.

Now, what is the most likely explanation, based on the

simulation results, for what happens to the bilayer patch at

and above the voltage Ud in the experiment? The estimated

pore conductance values, obtained in experiments, are in

the 100-nS range (Fig. 8). This leads to two hypotheses that

may rationalize the observed voltage drops. (1) Multiple

pores, such as those observed in MD, are created. The ratio

Fig. 7 Example of fit to the recorded traces of voltage (V) as a

function of time (s) for event 2 in Fig. 6c

Fig. 8 Distributions of pores conductance GP = 1/Rp extracted from

the SPICE model

Table 1 Voltage drops as a function of the linearly rising current

slopes

I slopes

(k) (lA/s)

Experiments Total drop

events

Drop

only

Drop and

reseal

0.03 4 4 6 0

0.05 9 6 3 5

0.1 5 1 0 1

0.2 8 3 2 3

0.5 13 10 6 8

4 5 4 5 1

8 5 3 2 2

10 6 0 0 0

20 8 0 0 0

The number of measurements for each current slope, the number of

experiments that exhibit voltage drops, including the number of drop-

only events and the number of drop-and-reseal events are presented

Table 2 Parameters of the trace (fit) shown in Fig. 7

t1 t2 t3 t4 t5 t6

t (s) 5.40 5.42 5.57 5.72 5.74 5.84

U (mV) 265.96 264.92 271.65 279.23 282.30 287.91

I (lA) 2.70 2.71 2.78 2.86 2.87 2.92

IRSYS (lA) 2.69 2.68 2.75 2.83 2.86 2.92

IRBLM (pA) 2.66 2.65 2.72 2.79 2.82 2.88

ICSYS (nA) 6.20 2.49 6.14 6.14 13.00 6.20

ICBLM (pA) 2.71 1.09 2.68 2.68 5.68 2.71

IP (nA) 0.00 26.49 27.17 27.92 0.00 0.00
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between experimental and simulation conductance values

yields numbers ranging between *60 and *600 pores in

the experimental patch, which corresponds to pore densi-

ties of *600 9 108 pore/m2. Interestingly, a similar pore

density was estimated from earlier measurements assuming

the formation of hydrophilic pores of 1-nm diameter

(Glaser et al. 1988). (2) At each drop event, a single pore is

created in the experimental patch, the topology of which is

different from the one obtained in the simulation. Its size

allows for a conductance 60–600 times larger than that of

the MD simulations. The single pore would then enable

conduction of 120 elementary charges over 1 ns. In order to

see if this is merely within the realm of what is conceiv-

able, we carried out additional simulations, trying to

characterize the conductance of larger pores. These were

generated by performing simulations under a constant

electric field, E
*

, perpendicular to the membrane patch,

inducing a voltage of 2 V. For an MD run lasting about 2

ns, the diameter of the hydrophilic pore increased to *5

nm, enabling the conduction of *100 ions. This shows that

it is indeed possible that the voltage drop events we

observed in the experimental setup were due to the for-

mation of a single pore, provided the latter has a diameter

of a few nanometers.

Considering the experimental recordings (Fig. 5a) and

given the shape of the voltage drops (and subsequent

resealing), it seems more likely, however, that only a single

pore is involved. The other alternative (hundreds of small

pores within the experimental patch) would require that

multiple pores would all open at the same time (on the

millisecond time scale). There is even less rationale for the

multiple pores to close all at the same time (millisecond

time scale) while the transmembrane voltage keeps rising,

i.e., as the electrical stress is becoming greater. On the

contrary, if the events are due to a single pore, when the

stress is relieved due to local ionic conduction in the region

around the pore, the latter would close while the voltage

keeps rising in the rest of the membrane. Such a scenario

would lead eventually to breakdown of the planar lipid

bilayer at Ubr.

Electroporation is herein induced in the MD simulations

by ionic salt concentration gradients between the two sides

of the lipid bilayer patch, i.e., imposing a charge imbalance

across the bilayer. One way of doing so is to consider in the

MD simulation cell three salt baths separated by two

bilayers and the use of 3D periodic boundary conditions at

constant pressure. Accordingly, the overall lateral pressure

on the system is zero. However, only one bilayer undergoes

electroporation in such setups, and the influence of such

asymmetry on the exact tension of the latter is not clear.

Here, we performed a simulation considering a single

bilayer and the air–water interface. In such a setup the

simulation is carried out at constant volume, and therefore,

a surface tension builds as the bilayer undergoes electro-

poration. We should note, however, that while this may be

considered more appropriate for comparison to the planar

lipid bilayer experimental setup, it is very difficult to

estimate the lateral tension that builds up in the much

larger bilayer patch.

In summary, we applied linear rising currents on planar

POPC bilayers to observe well-defined voltage drops due to

poration of the membrane. The use of theoretical tools,

such as SPICE modeling and MD simulations, helped us to

understand and characterize the phenomena occurring on a

molecular scale and indicate that the observed voltage

drops in bilayer patches are likely due to the opening and

resealing of a single pore, a few tens of angstroms wide and

of *100 nS conductance. Such a molecular understanding

should enable better control and tuning of electroporation

parameters to a wide range of biomedical and biotechno-

logical applications.
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Abstract Electropermeabilization is a biological physical

process in response to the presence of an applied electric

field that is used for the transfer of hydrophilic molecules

such as anticancer drugs or DNA across the plasma

membranes of living cells. The molecular processes that

support the transfer are poorly known. The aim of our study

was to investigate the effect of high-voltage and low-

voltage (HVLV) pulses in vitro with different orientations

on cell permeabilization, viability and gene transfection.

We monitored the permeabilization with unipolar and

bipolar HVLV pulses with different train repetition pulses,

showing that HVLV pulses increase cell permeabilization

and cell viability. Gene transfer was also observed by

measuring green fluorescent protein (GFP) expression. The

expression was the same for HVLV pulses and electro-

genotherapy pulses for in vitro experimentation. As the

viability was better preserved for HVLV-pulsed cells, we

managed to increase the number of GFP-expressing cells

by up to 65 % under this condition. The use of bipolar

HVLV train pulses increased gene expression to a higher

extent, probably by affecting a larger part of the cell

surface.

Keywords High-voltage and low-voltage pulses �
Electropermeabilization � CHO cell � Electrotransfection �
Field orientation � Gene transfer

Introduction

The cell membrane represents a physical barrier which

isolates the cell content from the external medium. A cal-

ibrated electric field pulse (electropulsation) can be applied

to cells in suspension to induce a permeabilization of the

cell membrane (electropermeabilization). This permeabi-

lized state is obtained when the field strength is higher than

a threshold function to the cell size, shape and orientation

(Bellard and Teissie 2009; Valic et al. 2003).

Plasmid electrotransfer and resulting expression (elec-

trotransfection) was first described 30 years ago (Neumann

et al. 1982). Because electropermeabilization represents an

efficient and safe method for transmembrane transfer, it is

now a routine technique for the delivery of various types of

molecules (RNA, DNA, drugs, etc.). Gene delivery is a

complex phenomenon which is still poorly understood,

with pertinent studies performed in the 1990s (Neumann

et al. 1999; Smith et al. 2004; Sukharev et al. 1992).

Intense activity is still present, combining biophysical and

cellular approaches (Pavlin et al. 2010, 2012; Wu and Yuan

2011; Yu et al. 2012). Gene delivery is not the result of

direct plasmid diffusion into the cytoplasm. DNA mole-

cules are accumulated by electrophoretic forces at the

membrane level, where they remain trapped after pulse

application and then are slowly translocated into the

cytoplasm. Due to the electrophoretic drift of DNA, this

accumulation is present only on the cell side facing the

cathode (Escoffre et al. 2011; Golzio et al. 2002). Chang-

ing the orientation of the electric field was indeed described

to increase the interaction surface between DNA and the

membrane (Faurie et al. 2004). As a consequence, a higher

level of expression was observed.

Several studies have shown the crucial role of electro-

phoretic forces in gene transfer, but alone those forces do
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not provide any transfection (Cepurniene et al. 2010):

electropermeabilization must be present. For a given

electrode width, using high-voltage, short pulses followed

by a low-voltage, long pulse (HVLV), gene expression is

observed in vivo (Andre et al. 2008). After an HV pulse, all

cells are permeabilized and the LV pulse brings plasmids

into contact with cells due to electrophoretic forces. This

double-pulse method was shown to be valid in vitro when

using suboptimal plasmid concentration (Kandušer et al.

2009). In the present study we observed the effect of

electric field orientation using HVLV pulse trains with

different modulations of the pulse polarities.

Materials and Methods

Cell Culture

Chinese hamster ovary (CHO) cells in early passage were

used. The WTT clone was selected for its ability to grow in

suspension or plated. Cells were grown in minimum

Eagle’s medium (MEM) supplemented with 8 % fetal calf

serum. Cells were mycoplasma-free.

Plasmid

A 4.7-kbp plasmid (pEGFP-C1; Clontech, Mountain View,

CA) carrying the gene of the green fluorescent protein

(GFP) controlled by the CMV promoter was used. It was

prepared from transfected Escherichia coli cells using the

Maxiprep DNA purification system according to the man-

ufacturer’s instructions (Qiagen, Valencia City, CA).

Electropulsation Device

A S20b pulse generator was used (Betatech, L’Union,

France). The output was connected to a pulse polarity

inverter, which was controlled by the pulse generator

through a TTL signal. The double pulse from the S20b kept

the same polarity as for the classical HVLV protocol. But

in a train of pulses, an inversion can be obtained between

each (HVLV) pulse couple (Fig. 1).This was called

‘‘bipolar’’ HVLV pulses. The output was controlled at two

levels: either directly on the internal monitor of the S20b or

by a current follower (Chauvin Arnoux, Paris, France) on a

laptop using a Picoscope (Pico Technology, St. Neots, UK)

to follow the polarity.

Electropermeabilization

Cells were cultured by plating in a flask (Easy Flask; Nunc,

Rochester, NY), and just before the experiment cells were

trypsinized and counted with a Neubauer chamber. Cells

were centrifugated at 8009g for 5 min at room temperature.

Culture medium was removed. Cells were resuspended in an

electropulsation buffer (10 mM phosphate, 1 mM MgCl2,

250 mM sucrose, pH 7.4) complemented with propidium

iodide (100 lM) (Sigma-Aldrich, St. Louis, MO) at 5 9 106

cells/ml. Penetration of the propidium iodide was used to

monitor cell permeability (Kennedy et al. 2008). This sus-

pension (100 ll) was poured between two plated parallel

stainless-steel electrodes (distance between electrodes

4 mm). After electropulsation, this suspension was trans-

ferred in a culture chamber (Lab-Tek I system, Nunc) and

observed under an inverted digitized video fluorescence

microscope (DMIRB; Leica, Wetzlar, Germany). Several

images of each condition were taken and treated with ImageJ

(ImageJ 1.4n; Wayne Rasband, NIH, Bethesda, MD).

Electrotransfection

The same protocol was applied for the electrotransfection

test. Cells were resuspended in a pulsation buffer comple-

mented with 5 lg/ml of plasmid pEGFP-C1. After pulse

delivery, 1 ml of complete culture medium was added, and

the cells were incubated for 24 h in an incubator at 37 �C,

5 % CO2. Cells were trypsinized and analyzed by flow

cytometry (BD Biosciences, San Jose, CA; FACScalibur) to

determine the percentage of transfected cells and the

fluorescence intensity (average value) of the expression of

GFP.

Viability

For viability experiments, cells were imaged 24 h after

treatment by bright field illumination under an inverted

digitized video microscope (DMIRB). We acquired six

random images. Adherent and morphologically nonaffected

cells were counted for each condition and expressed as the

relative percentage to the counting of nonpulsated cells.

Statistical Analysis

Statistical analysis was carried out using statistical software

(Prism 4.01; GraphPad Software, San Diego, CA). Each

experiment under the different pulsing conditions was per-

formed three times. Errors bars represent the standard error

of the mean. The statistical significance of differences

between the means was evaluated by two-sided, unpaired

Student’s t test (NS = nonspecific, *P \ 0.05, **P \ 0.01).

Results and Discussion

Pulse parameters were selected by taking into account

previous data (Faurie et al. 2010). This reference was our
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guideline for the choice in the delay between successive

pulses in a train for the pulse polarity inversion. We

therefore selected 1-s delay. For technical reasons (the

present specifications of the S20b pulsator), the LV

(150 V/cm) pulse duration remained limited to 50 ms, but

this second pulse was nevertheless delivered only 50 ms

after the HV (1,300 V/cm, duration 0.1 ms) one. Pulse

parameters were therefore slightly different from in pre-

vious reports (Cepurniene et al. 2010; Kandušer et al.

2009). We compared the effect of the polarity inversion in

trains of HVLV pulses, bipolar (Fig. 1c) and unipolar

trains (Fig. 1d), to a train of electrogenotherapy (EGT)

‘‘classical’’ pulses (long-lasting pulse with a medium

voltage, 700 V/cm) on the permeabilization, viability and

transfection.

Permeabilization was quantified by monitoring propi-

dium iodide uptake in CHO cells (Kennedy et al. 2008).

We observed a higher rate of permeabilized cells with

HVLV pulses when compared to classical pulses (EGT)

(Fig. 2a). Fluorescence intensity was also measured

(Fig. 2b). Whatever the number of train repetitions, HVLV

pulses provided a higher fluorescence level (‘‘higher’’

permeabilization). Using HVLV pulses increased the per-

centage of propidium iodide-positive cells and the entry of

small molecules. The EGT conditions were selected to

preserve the viability, so the field strength was reduced.

The consequence was permeabilization of only a subpop-

ulation, due to the size selectivity by the electric field

strength, which affected only the largest cells. The HV

pulse affected all cells (whatever their size) and the LV

electrophoretically accumulated the dye (Pucihar et al.

2008).

When the viability 24 h after electric pulses (Fig. 3) was

observed, as already known, classical electric pulses (EGT)

reduced the number of viable cells. Furthermore, HVLV

pulses (with and without polarity inversion) do not affect

the viability of CHO cells even for an eight-repetition train.

As after the electric pulse, cells have to keep their integrity

to express the transfected gene. This is a clear advantage of

using HVLV pulses.

Taking into account previous results, a suboptimal

concentration of plasmid was used (Kandušer et al. 2009).

Cells electropulsated with eight HVLV pulses with no

polarity inversion provide a more efficient transfer of

Fig. 1 Multipolarity pulse generator. A bipolar Betatech S20b was

coupled to a homemade automatic pulse inverter (gray box on the

stage below the pulse generator) (a). The output (black and grey
banana plugs) was connected to plate parallel electrodes (not shown).

View on the picoscope of one single HVLV pulse current (one HV,

E = 1,300 V/cm, t = 0.1 ms, followed by one LV of E = 150 V/cm,

t = 50 ms after a delay of 50 ms) (b). A train of two pulses (each was

as displayed in b) in a bipolar sequence. A polarity inversion is

present. The delay was 1 s (c). A train of two pulses (each was as

displayed in b) in a unipolar sequence. The pulse polarity is

conserved. The delay was 0.5 s (d)
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plasmid than classical (EGT) pulses (Fig. 4a) as reported

(Cepurniene et al. 2010; Kandušer et al. 2009; Pavlin et al.

2010). But the pulse duration, sequence and shape

(a sharper voltage rise time [200 ns], a delay of 50 ms is

delivered by the S20b) were different from these published

data (several microseconds with a Cliniporator used by

Kandušer et al., the delay between HV and LV pulses was

1 s in Cepurniene et al.’s experiments). This is strongly

illustrative of the flexibility of the approach. Taking into

account the key role of the electric field pulse-induced

electrophoretic drift of DNA in electrotransfection, this

was tentatively explained in the 2009 study by the

hypothesis that LV pulses could bring the plasmid in the

neighborhood of the membrane due to electric forces

(Pavlin et al. 2010). This effect was masked by an excess of

plasmid in the cell suspension (Kandušer et al. 2009) but

detected with a suboptimal concentration.

Our technology (giving a polarity inversion in the

HVLV train delivery) (Fig. 1) allows us to show that

bipolar HVLV pulses bring a higher level of plasmid

expression than unipolar HVLV pulses (Fig. 4b). Under

EGT conditions, polarity inversion was previously shown

to provide DNA–membrane interaction on a larger part of

the cell surface (Faurie et al. 2004) and more plasmid

transfer to the cytoplasm. This was proposed to explain the

higher expression of GFP. Again, under the bipolar train

condition, DNA would interact on both sides of the cell

membrane, facing the electrodes. A larger part of the cell

surface acts in the DNA transfer across the plasma mem-

brane to the cytoplasm. As expected, the number of GFP-

positive cells increased with the number of pulse couples

and was larger under the bipolar condition.

The mean GFP fluorescence level was only slightly

lower than under the EGT conditions (in a nonstatistically

significant way). Nevertheless, the computed electropho-

retic DNA accumulation at the cell surface was always

larger under the HVLV conditions. It is proportional to

ETN (E = field strength, t = pulse duration, n = cumu-

lated number of pulses). In all HVLV conditions, mean

fluorescence was observed to fairly increase linearly with

the number of pulses, in agreement with a key role of the

electrophoretic DNA drift in the control of expression.

Another key feature of the HVLV train is that cell viability

appears not to be affected by the electrical treatment. From

the initial population, EGT conditions bring a 17 % value

Fig. 2 Effect of high- and low-voltage pulses on cell permeabiliza-

tion. CHO cells were pulsed with electric pulses of E = 700 V/cm,

t = 5 ms, n = 8, F = 1 Hz (P); with bipolar trains of two, four or

eight HVLV pulses (BP); or with unipolar trains of two, four or eight

HVLV pulses (UP) in the presence of propidium iodide to monitor the

permeabilization. We observed the percentage of permeabilized cells

(a) and the associated mean fluorescence level of propidium iodide-

positive cells (b) by microscopy

Fig. 3 Viability of CHO cells after electropulsation. CHO cells were

pulsed with electric pulses of E = 700 V/cm, t = 5 ms, n = 8,

F = 1 Hz (P); with bipolar trains of two, four or eight HVLV pulses

(BP); or with unipolar trains of two, four or eight HVLV pulses (UP).

Cells were counted 24 h after electropulsation under the microscope
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of GFP-positive cells (from Figs. 3, 4), while eight-train

bipolar HVLV conditions give 28 % (i.e., a 65 % increase).

As a final conclusion, the LV pulse in the HVLV couple

acts on the DNA–membrane interaction under nonper-

meabilizing conditions (Rols and Teissie 1990). Under our

conditions, the interaction can occur up to 100 ms after the

permeabilizing HV pulse (50-ms delay and 50-ms dura-

tion). The use of bipolar conditions brings this interaction

to a larger part of the cell surface and results in higher

expression. This improvement is associated with preserv-

ing the viability of the pulsed population.
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Abstract The slack (slo2.2) gene codes for a potassium-

channel a-subunit of the 6TM voltage-gated channel fam-

ily. Expression of slack results in Na?-activated potassium

channel activity in various cell types. We describe the

purification and reconstitution of Slack protein and show

that the Slack a-subunit alone is sufficient for potassium

channel activity activated by sodium ions as assayed in

planar bilayer membranes and in membrane vesicles.

Keywords Artificial planar membrane �
Ion channel expression and reconstitution �
Patch clamp � Potassium ion channel

Introduction

First identified by Kameyama et al. (1984) in cardiac

myocytes, sodium-activated potassium channels have been

found in many cell types. In neurons (Bhattacharjee and

Kaczmarek 2005; Budelli et al. 2009; Yang et al. 2007)

they control bursting and the adaptation of firing rates of

action potentials; they may also be involved in protection

from ischemia (Ruffin et al. 2008). Na?-activated K?

channels are found as well in diverse tissues such as

kidney (Paulais et al. 2006) and smooth muscle (Kim

et al. 2007; Zhang and Paterson 2007). Na?-activated K?

channels can be formed from Slack (also called Slo2.2)

subunits (Joiner et al. 1998; Yuan et al. 2003) and from

the related gene product Slick (Slo2.1) (Bhattacharjee

et al. 2003). Slack and Slick are expressed widely and in

varying proportions in the central nervous system (Bhat-

tacharjee et al. 2002, 2005). The longer splice variant of

Slack, Slack-B (Brown et al. 2008) forms heteromeric

channels with distinct properties when coexpressed with

Slick (Chen et al. 2009). Slack-A, on the other hand, has a

shorter N-terminal sequence and does not coassemble with

Slick subunits.

The structure and function of Slack channels are

gradually becoming clear. A site of Na? sensing has been

identified in the large intracellular C-terminal region of

Slack (Zhang et al. 2010). The C-terminal region forms a

‘‘gating ring’’ whose X-ray structure, solved at low res-

olution, is quite similar to that of the gating ring of the

BK (Slo1) Ca2?-activated K? channel. This similarity

was sufficient to allow the molecular replacement pro-

cedure to be employed in deducing the quaternary

structure of the BK gating ring (Yuan et al. 2010). Slack

channels are modulated by phosphorylation (Santi et al.

2006) and participate in protein–protein interactions

(Uchino et al. 2003) including the RNA-binding protein

FMRP and others which depend on the state of activation

of the channel (Brown et al. 2010; Fleming and Kacz-

marek 2009). A goal in our laboratory is to study Slack

channels and their protein complexes by cryo-EM

methods (Cong and Ludtke 2010; Wang and Sigworth

2009). We therefore sought to establish a system for the

expression, purification and reconstitution of Slack pro-

tein. Here, we describe these methods as well as the

results from functional assays of reconstituted Na?-acti-

vated K? channels.
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Experimental Procedures

Molecular Biology

The Slack-B cDNA sequence (1,237 amino acids) has a

short, alternatively spliced N-terminal region. A FLAG

epitope tag was inserted at the C terminus through ligation

of a construct in the pcDNA3 vector (Joiner et al. 1998).

Another construct was made in the pEGFP-C1 vector

(Clontech, Mountain View, CA) so that the EGFP sequence

was fused to the N terminus of Slack-B. All constructs

were confirmed by restriction digestion and sequencing.

Establishing Slack Stable Cell Lines

Constructs were transfected into HEK293 cells using Su-

perfect (Qiagen, Valencia, CA) or Lipofectamine 2000

(Invitrogen, Carlsbad, CA). Cells were cultured in a low-

sodium medium containing 500 ml DMEM (GIBCO,

Grand Island, NY) plus 250 ml Leibovitz’s L-15, 15 ml

0.5 M HEPES and 235 ml H2O, pH 7.3. Stable cell lines

were selected by G418 sulfate (GIBCO) at 600 lg/ml.

Anti-FLAG Western blotting was used to confirm the

presence of Slack protein in monoclonal stable cell lines,

and patch-clamp recordings were made from these lines.

Protein Purification

Cells were harvested from 10–20 dishes (150 mm diame-

ter, approximately 0.1 g cells per dish) in cell storage

buffer (10 ml/g cells) containing (in mM) 10 Tris, 5 KCl, 1

MgCl2, 1 EGTA, 1:100 diluted protease inhibitor cocktail

(PI; P 8340; Sigma, St. Louis, MO) and 5 EDTA. All

buffers and recording solutions were titrated to pH 7.4.

Cells were stored at -80 �C and, upon thawing, broken

using a Dounce tissue grinder on ice. After centrifugation

at 2,0009g for 15 min at 4 �C, the supernatant was col-

lected; then after centrifugation at 141,0009g for 1 h at

4 �C, the membrane pellet was collected and resuspended

in membrane storage buffer (0.5 ml/g cells) containing (in

mM) 250 sucrose, 5 KCl, 10 Tris, 1:100 diluted PI and 5

EDTA. The membrane preparation was stored at -80 �C.

Membranes were incubated in solubilization buffer

(1.5 ml/g cells) containing 150 KCl, 50 Tris, 5 EDTA,

1:100 PI and either 16 mM Cymal-5 (Anatrace, Maumee,

OH) or 10–16 mM dodecylmaltoside (Calbiochem, San

Diego, CA) for 2 h at 4 �C with rotation. After removing

the insoluble material by centrifugation (16,0009g for

20 min at 4 �C), an equal volume of the solubilization

buffer but without detergent was added and subsequently

anti-FLAG affinity beads (0.3 ml beads/g cells, Sigma

A2220). The mixture was rotated at 4 �C for 2 h; beads

were collected in a 10 ml column and washed three times

with equal volumes of wash buffer (same as the solubili-

zation buffer but with only 5 mM detergent), and protein

was eluted with three 150 ll applications at 20 min inter-

vals of wash buffer with 500 lg/ml FLAG peptide added.

A spin column (Bio-Rad, Hercules, CA; 732-6204) was

used to extract the eluate. The final protein concentration

was approximately 70 ng/ll, as quantified by fluorescence

of the GFP-fusion protein; kept at 4 �C; and used imme-

diately for assays or reconstitution. For gel electrophoresis,

protein was incubated in 8 M urea buffer overnight at room

temperature and run on 8 % polyacrylamide gels.

Slack Channel Reconstitution

Slack protein was reconstituted into liposomes containing

POPC, POPE and POPS. The final protein to lipid ratio was

about 0.3 Slack tetramer per 50,000 lipid molecules in a

40 nm liposome.

Mixed lipids, 3.6, 1 and 0.8 mg of POPC, POPE and

POPS, respectively, were dried by argon and vortexed with

450 ll of reconstitution buffer (150 KCl, 30 TRIS, 5

EGTA, pH 7.4) for 15 min, followed by 10 freeze–thaw

cycles using liquid nitrogen and a 40 �C water bath and

60 s sonication. Detergent (Cymal-5 or DM) was added to

a 3:1 detergent to lipid ratio, vortexed for 30 min and

sonicated for 30 s, then left on ice for about 3 h. The final

lipid concentration was 12.8 mM.

Of the protein solution, 100 ll was mixed with 100 ll of

solubilized lipids with a rotator at 4 �C for 3 h. The mix-

ture was then loaded into dialysis tubing Spectra/Por

Dialysis Membrane (MWCO: 25 kDa; Spectrum, Rancho

Dominguez, CA), followed by 36 h of dialysis at 4 �C in

buffer (450 KCl, 4 N-methyl D-glucamine [NMDG], 20

TRIS, pH 7.4) to form lipid vesicles. A Nycodenz (NYC;

Progen Biotechnik, Heidelberg, Germany) discontinuous

gradient was used to collect vesicles containing protein.

Initial gradient layers were 100 ll 40 % NYC, 200 ll

30 % (containing 100 ll protein liposomes) and 200 ll

each for 20, 15, 3 and 1 % NYC concentrations. After 3 h

at 214,0009g, a liposome band was visible at the top of the

15 % NYC layer and collected. The presence of Slack

protein in vesicles was confirmed by Western blotting with

the anti-Flag M2 antibody (Sigma).

Patch-Clamp and Bilayer Experiments

Inside–out patch-clamp recordings were carried out with

the EPC-9 patch-clamp amplifier and PULSE acquisition

program (HEKA Instruments, Lambrecht, Germany). The

SF-77B step perfusion system (Warner Instruments,

Hamden, CT) controlled by PULSE was used for fast

internal solution perfusion. For Na? dose-response mea-

surements the pipette solution contained (in mM) 160 KCl,
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1 MgCl2, 140 NMG aspartate, 1 EGTA and 10 HEPES,

while the bath (internal) solution contained 50 K?, 100

Cl-, 200 aspartate-, 10 HEPES and variable concentrations

of Na? and NMDG? summing to 250 mM.

Bilayer experiments were carried out using reconstituted

vesicles obtained as above with a bilayer recording system

(Warner Instruments). Lipids (Avanti, Birmingham,

AL; 25 mg/ml) POPE:POPG = 18 ll:6 ll and POPE:-

POPC = 16 ll:4 ll were dried by argon and washed with

an equal volume of pentane. Hexadecane (Sigma) was then

added to yield a final lipid concentration of 10 lg/ll. Two

different initial solution configurations were used for our

experiments. Cis and trans buffers were 350 KCl, 30 NaCl,

10 MOPS and 100 KCl, 6 HEPES and 0.6 EGTA or

alternatively 100 KCl, 150 NaCl, 5 MOPS and 20 KCl, 30

NaCl and 5 MOPS, respectively. After formation of the

bilayer, Slack protein vesicles were added to the cis

chamber; then after the appearance of channel events, the

cis solution was exchanged to one with lower osmolarity.

An EPC-9 patch amplifier and PULSE software were used

for recording.

JC-1 Fluorescence Measurements

The fluorescent dye JC-1 (Molecular Probes, Eugene, OR)

was used for monitoring changes in vesicle membrane

potential. Slack protein was purified in the presence of

Cymal-5 and reconstituted into liposomes with dialysis

against 1,000 ml of reconstitution buffer (150 KCl, 30

TRIS, 5 EGTA, pH 7.4) for 36 h at 4 �C with one buffer

exchange. Vesicles were collected after centrifugation at

214,0009g, and 10 ll of vesicles were resuspended in 1 ml

buffer containing 3 mM K? (150 NMG-Cl, 10 HEPES, 1

EGTA, 3 KOH, pH 7.4). After taking baseline spectra with

Fig. 1 HEK 293 stable cell lines express functional Slack protein.

a Fluorescence of HEK cells expressing the N-terminal EGFP-Slack

fusion construct. b-1 Whole-cell recording made from a cell

expressing wt-Slack with 30 mM Na? in the pipette [pipette solution

(in mM): 30 NaCl, 100 KCl, 5 EGTA, 10 HEPES; bath solution: 160

KCl, 1 EGTA, 10 HEPES, 1 MgCl2]. Shown are 22 current traces

evoked by voltage ramps from -100 to ?120 mV recorded

immediately after establishing the whole-cell recording configuration;

currents increased as Na? diffused from the pipette into the cell. b-2
Time course of the development of inward currents from the cell

shown in b-1, measured at -60 mV. The time constant is about 6 s.

c An inside–out patch was perfused with various Na? concentrations

(0, 5, 10, 50, 100, 250 mM) while keeping the potassium and chloride

gradients constant. The calculated equilibrium potential, EK, was

?30 mV and ECl was -12 mV, while ENa varied from 0 (at 5 mM

internal Na?) to -100 mV (at 250 mM internal Na?). The measured

reversal potential of the currents was near ?30 mV, indicating that

K? conductance was predominant. Pipette solution (in mM):

160 KCl, 1 MgCl2, 140 NMG-aspartate, 1 EGTA, 10 HEPES;

perfused solution (cytoplasmic side): 50 K?, 100 Cl-, 200 aspartate-,

[Na?] ? [NMG?] = 250
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a FluoroMax-3 spectrofluorimeter (Horiba Scientific, Edi-

son, NJ), 3 lM JC-1 was added to the cuvette. The excitation

wavelength was 465 nm, and emission at wavelengths of

530 nm (JC-1 monomer) and 590 nm (JC-1 aggregate) was

recorded. The emission ratio at 590 and 530 nm was used as

an indicator of membrane potential.

Cryo-EM Imaging

Reconstituted vesicle suspension, 3–4 ll having an

approximate concentration of 1.9 mg/ml lipid, was applied

to a home-made holey carbon film (Chester et al. 2007);

blotted manually; and plunge-frozen in liquid ethane.

Imaging was performed at liquid N2 temperature in a

Tecnai F20 microscope (FEI, Hillsboro, OR).

Results

Making Stable Cell Lines Expressing Slack-GFP

and Slack

Transient transfection of a SlackB construct with an

N-terminal GFP fusion into HEK293 cells yielded clear

membrane-associated fluorescence (Fig. 1a) as well as

Na?-activated K? currents as measured in whole-cell and

inside–out patch recordings. However, when we attempted

to grow these cells either in normal medium or with

selection, the cells survived for no more than 3–4 days

after transfection. We noticed in whole-cell recordings

from transfected cells the activation of K? current by

extracellular Na? and reasoned that either an intrinsic

external Na? sensitivity or an Na? leak that increases

internal Na? was allowing Slack channels to be activated,

yielding excessive K? conductance. We modified the

growth medium, which is based on DMEM, to reduce the

Na? concentration from 155 to 112 mM and found that this

medium allowed growth even under selection with G-418.

After successfully establishing the SlackB-GFP stable cell

line, we also made stable cell lines expressing SlackB

alone. Data shown in the rest of this article were obtained

from these ‘‘native’’ SlackB channels.

Stabilized Slack on HEK293 Cells Preserves Its Na?

Gating Properties

In a whole-cell recording, rupture of the patch membrane

allows Na? to diffuse into the cell, yielding an increase in

current as Na? equilibrates in a few seconds (Fig. 1b).

To evaluate the sodium dependence of the expressed

channels, we used inside–out patches with a fixed gra-

dient for potassium ([K]i = 50 mM, [K]o = 160 mM)

and chloride ([Cl]i = 100 mM, [Cl]o = 162 mM), with

equilibrium potentials EK = ?30 mV and ECl = -12 mV.

The bath (intracellular) Na? concentration was varied

while keeping the sum of Na? and N-methylglucamine

(NMG?) concentrations equal to 250 mM. Figure 1c

shows the currents evoked by voltage ramps as the bath

Na? concentration was changed with a rapid perfusion

system. The currents increased steeply with Na? concen-

tration, but the reversal potentials remained very close to

EK, regardless of the Na? concentration.
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Fig. 2 Dose-response of ion activation of Slack channels. a Inward

currents activated by internal Na? and Li? were measured from an

inside–out patch at -80 mV while keeping potassium and chloride

gradients unchanged. Kd for Na? was about 54 mM and the Hill

coefficient, nH = 2.4 (pipette: 160 KCl, 1 MgCl2, 140 NMG-aspartate,

1 EGTA, 10 HEPES; perfused [internal] solution: 50 K?, 100 Cl-, 200

aspartate-, Na? ? NMG? = 250). Saturation was not attained in the

lithium dose response, but the dashed curve shows the same function as

fitted for Na? but with Kd = 295 mM. Cs?, NH4
? and K? did not

measurably open Slack channels at concentrations up to 1 M. b Very

similar current traces are evoked by 50 mM Na? (solid curve) or

250 mM Li? (dotted curve). A voltage ramp from -100 to ?100 mV

was applied to an inside–out patch with intracellular solutions

containing 50 mM K?, 100 Cl-, 200 aspartate- and either 200

NMG? ? 50 Na? or 250 Li?, respectively. The pipette contained

160 mM K? (160 KCl, 1 MgCl2, 140 NMG-aspartate, 1 EGTA, 10

HEPES)
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Lithium Opens Slack Channels But Is About Six Times

Less Potent than Sodium

Zhang et al. (2010) have shown that, unlike larger ions, Li?

is able to activate Slack channels expressed in Xenopus

oocytes, although at lower potency. We obtained dose-

response relationships with internal potassium, lithium,

cesium and ammonium ions in inside–out patches from our

cells. Responses at -80 mV are plotted in Fig. 2a, with the

responses from each patch normalized to the response of the

same patch to 250 mM internal Na?. At a concentration of

1 M, cesium and ammonium produced\0.6 % of maximal

activation. Li? (1 M) was capable of inducing a nearly

saturating current, but its affinity was about six times lower

than that of Na?. The sodium dose response was fitted with

K1/2 = 54 mM with the Hill slope nH = 2.4. When the Li?

data were fitted with the constraint nH = 2.4, the estimated

K1/2 was 294 mM. Figure 2b shows the nearly identical

currents evoked by a voltage ramp in the presence of

50 mM Na? or 250 mM Li? in the internal solution.

Purification and Reconstitution

Expression of Slack protein is only a few micrograms per

150 mm dish of cells; however, for some purposes, such as

single-particle cryo-EM studies, quantities of *10 lg

protein are sufficient. The membrane fraction isolated from

cells was solubilized in dodecylmaltoside or Cymal-5.

Purification made use of the C-terminal FLAG tag on the

expressed protein, with an anti-FLAG affinity column and

elution with FLAG peptide. The resulting protein ran at the

expected size of 136 kDa on an SDS-PAGE gel (Fig. 3a).

The protein was reconstituted into membranes by first

mixing with detergent-solubilized lipids and then removing

the detergent by dialysis. The vesicle fraction was enriched

by density-gradient centrifugation, and cryo-EM revealed

that the resulting vesicles were unilamellar and 25–50 nm

in size (Fig. 3b). Successful reconstitution of the protein

was assayed by resolubilizing the vesicles and running an

SDS-PAGE gel. Western blotting with anti-FLAG showed

recovery of the 136 kDa protein band (Fig. 3c).

Assay for Functional Channels after Reconstitution

Reconstituted vesicles were fused with planar bilayers for

single-channel recordings. No channel currents were seen in

the absence of Na? on the cis side (from which the vesicles

were added), but channel activity was reversibly seen when a

solution containing 100 mM Na? was perfused (Fig. 4a).

Under the recording conditions (100 mM K? on the trans

side), the single-channel conductance was 270 pS.
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Fig. 3 Slack protein purification and liposome reconstitution.

a Coomassie-stained protein gel made with 8 % polyacrylamide.

Lane 1, cell lysate; lane 2, affinity-purified Slack protein; lane 3,

protein molecular-weight markers. The purification yield was about

2 lg protein per 150 mm dish from 0.1 g cells. The *70 kDa

contaminant was not always present and appears to come from the

antibody beads. b Examination of the reconstituted preparation by

cryo-EM shows overwhelmingly unilamellar vesicles. The image

shows the edge of a hole in the carbon film. The image was recorded

with 2 lm underfocus at 200 keV. c Western blot probed with anti-

FLAG antibody. Lane 1, Slack protein (monomer 136 kDa) as

solubilized with Cymal-5 and purified; lane 2, protein extracted from

liposomes after reconstitution. A 70 kDa band is again present in lane
1. It appears in control Western blots and appears to come from the

antibody beads; note that it is absent from lane 2
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Figure 4c shows another bilayer recording with

100 mM K? in the cis solution and 20 mM K? trans. The

recording from a voltage ramp (bottom trace) shows a

reversal potential of -45 mV, while the theoretical EK was

-42 mV. The single-channel conductance was 244 pS

under these conditions.

Bilayer experiments demonstrate the presence of indi-

vidual Na?-activated channels but do not assay the popu-

lation of reconstituted channels. We used the fluorescent

dye JC-1 to measure Na?-activated membrane potential

changes driven by a K? diffusion potential. JC-1 in its

monomeric form emits at 530 nm, but at high concentra-

tion it forms aggregates with a red-shifted fluorescence at

590 nm. As JC-1 is positively charged and membrane-

permeable, it serves as a ‘‘slow’’ voltage indicator. Based

on quantitative fluorometry of the Slack-GFP fusion con-

struct, we were able to define a protein-to-lipid ratio in the

reconstitution process of approximately one Slack tetramer

to 50,000 lipid molecules. This ratio corresponds to

approximately 0.3 tetrameric channels per 40 nm lipid

vesicle, typical for the vesicle sizes we observed (Fig. 3b).

Vesicles containing 160 mM K? were diluted into a solu-

tion with 3 mM K?. Addition of 30 mM NaCl to the out-

side solution resulted in a 6 % increase in the ratio of

intensity at 590 nm relative to 530 nm (Fig. 4d). This

change reflects the establishment of a negative membrane

Fig. 4 Reconstituted Slack forms Na?-activated K? channels.

a Slack-containing vesicles formed from Cymal-5 solution were

fused with a POPE:POPC = 4:1 bilayer membrane. Each sweep

shows a recording at -40 mV followed by a step to -50 mV. After

vesicles were added to the cis side and channel events were first

observed, the hypertonic solution on the cis side (1 ml volume) was

replaced by perfusion of 10 ml K buffer: 160 KCl, 10 HEPES, 1

EGTA (top trace), followed by 10 ml Na buffer, 100 mM NaCl, 10

HEPES, 1 EGTA (middle trace) and then another 10 ml K buffer

(bottom trace). Solution on the trans side was 100 KCl, 6 HEPES and

0.6 EGTA. b The single-channel conductance was calculated to be

270 pS from a linear fit of unitary current amplitudes from the

experiment in a, with a reversal potential of ?10 mV. This reversal

potential differs from the theoretical EK consistent with the possibility

that the 160 K? on the cis side was not completely replaced by

perfusion. c Recording from a POPE:POPG = 3:1 bilayer in which

the ion concentrations on both sides were fixed. Cis side: 100 KCl,

150 NaCl, 5 MOPS; trans side: 20 KCl, 30 NaCl, 5 MOPS. Vesicles

were formed from the same lipid mixture using DM. Recordings at

?20 and ?60 mV show two active channels (openings are upward).

Unitary current values (black dots) are plotted along with the current

from a voltage ramp. The fitted line corresponds to a single-channel

conductance of 244 pS and reversal potential of -45 mV; dashed line
and filled squares indicate twice the conductance when two channels

are active. The theoretical EK was -42 mV under these conditions.

d Flux assay for potassium transport. Reconstituted vesicles loaded

with 150 mM K? were diluted into a solution containing 3 K? and

150 NMG?. Addition of 30 mM Na? evoked a 5 % increase in the

ratio of fluorescence at 595 and 540 nm. Subsequent addition of 5 lM

valinomycin caused a further 36 % increase in the ratio, consistent

with about 15 % of the liposomes containing channels that were

activated by external Na?
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potential in a fraction of vesicles. Subsequent addition of

5 lM valinomycin, which is expected to produce a K?

diffusion potential in every vesicle, yielded a peak increase

of 36 % in the ratio. These results show that a substantial

fraction of vesicles, roughly 16 %, have a K? permeability

that is activated by external Na?, presumably from inside–

out Slack channels.

If we assume that channel reconstitution has no bias for

orientation and assume a reconstituted density of roughly

0.3 tetrameric channels per vesicle, then the total yield of

inside–out channels should be about 15 %, consistent with

the result from the JC-1 fluorescence measurement and

implying a high specific activity of reconstituted channels.

Discussion

The Slack Na?-activated potassium channel is a member of

the six-transmembrane-segment ion channel superfamily,

which also includes the voltage-gated channels. Voltage

gating of Slack channels is very weak (Yuan et al. 2003), as

seen in Fig. 2, which would be expected from the absence of

charged residues in the primary voltage-sensing S4 helix

(Joiner et al. 1998). However, Slack activity is very sensitive

to Na? concentrations in the range of tens of millimoles. This

sensitivity is appropriate for a channel that responds to action

potential–induced fluxes in neurons and muscle cells as well

as providing Na?-activated fluxes in other cells. Here, we

describe the establishment of a stable cell line expressing

Slack and show that the Slack protein can be purified on an

antibody-affinity column. The purified protein can be

reconstituted to form Na?-activated and K?-selective

channels as detected in a planar lipid bilayer assay. Also,

using a flux assay based on a potential-sensitive dye, we

found that the fraction of vesicle-enclosed volume that par-

ticipated in Na?-activated K? flux was essentially equal to

the number of vesicles containing inside–out Slack channels,

assuming random orientation. Thus, the size of the flux signal

was consistent with a high specific activity of the channel

protein.
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Abstract The chronic mild stress (CMS) protocol is

widely used to evoke depression-like behaviors in the

laboratory. Some animals exposed to CMS are resistant to

the development of anhedonia, whereas the remaining are

responsive, CMS-resilient and CMS-sensitive, respec-

tively. The aim of this study was to examine the effects of

chronic stress on oxidative parameters in the rat brain. The

consumption of sweet food, protein and lipid oxidation

levels and superoxide dismutase and catalase activities in

the rat hippocampus, cortex and cerebellum were assessed.

We found a significant increase in protein peroxidation

(hippocampus and cortex), a significant increase in catalase

activity (cortex, hippocampus and cerebellum) and a

decrease in superoxide dismutase activity (cortex, hippo-

campus and cerebellum) in the CMS-sensitive group

compared to the CMS-resilient group and normal controls

as well as an increase in lipid peroxidation (cerebellum) in

the CMS-sensitive and CMS-resilient groups compared to

normal controls. However, there was no significant dif-

ference in protein peroxidation (cerebellum) and lipid

peroxidation (cortex and hippocampus) among the three

groups. In conclusion, our results indicate that the segre-

gation into CMS-sensitive and -resilient groups based on

sucrose intake is paralleled by significant differences in

oxidative parameters. CMS induces oxidative damage and

alterations in the activity of antioxidants which may lead to

increased oxidative damage, irrespective of the anhedonia-

like status of the stressed animals.

Keywords Anhedonia � Oxidative parameter � Stress �
Anhedonia-like response

Introduction

Chronic stress is an etiological factor in anxiety disorder

and depression, and therefore, based on this observation,

the chronic mild stress (CMS) animal model has been

developed to mimic the development and progress of

clinical depression. In the CMS model, one of the main

symptoms of major depression, anhedonia, is mimicked

(Willner et al. 1992). Anhedonia has been widely measured

as decreased consumption of and preference for palatable

sweet solutions, indicating decreased responsiveness to

rewarding stimuli as a consequence of sequential exposure

to a variety of mild stressors (Henningsen et al. 2009;

Moreau et al. 1995; Papp et al. 1991; Willner 1997). The

decrease in sweet consumption does not occur in all ani-

mals exposed to CMS; i.e., a group of rats are stress-

resistant or -resilient (Bergstrom et al. 2007; Bisgaard et al.

2007; Jayatissa et al. 2006; Strekalova et al. 2004). Pre-

vious studies have shown that rats subjected to CMS seg-

regate into two subgroups: a group that develops

anhedonia-like symptoms (CMS-sensitive) and a group that

appears to be resilient to the influence of chronic stress on

hedonic status (CMS-resilient) as assessed by sucrose-

intake profiles (Bergstrom et al. 2008). This segregation

was confirmed by a place preference conditioning test and

on the molecular level by global gene and protein expres-

sion analysis (Bisgaard et al. 2007). Additionally, studies

have implied that the HPA axis is activated in both
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CMS-sensitive and CMS-resilient animals, hence indicat-

ing other processes as responsible for the development of,

and resistance to, anhedonia. In particular, this would argue

for some protective mechanism only in CMS-resilient

animals (Bergstrom et al. 2008).

The brain metabolizes 20 % of total-body oxygen and

has a limited amount of antioxidant capacity, so it is very

vulnerable to reactive oxygen species (ROS) production. In

the CMS model, the generation of free radicals can exceed

the capacity of antioxidant defense in the brain. And oxi-

dative stress, which results from increased production of

ROS, decreased antioxidant defense or failure to repair

oxidative damage, may lead to membrane degradation,

cellular dysfunction and apoptosis. Recent studies have

consistently reported increased ROS in plasma of patients

with major depression, especially with melancholia asso-

ciated (Bilici et al. 2001). Recent studies also have shown

the effects of the CMS paradigm on lipid and protein

oxidation levels (markers of oxidative stress) and on

superoxide dismutase (SOD) and catalase (CAT) activities

(the major antioxidant enzymes) in the rat brain, and it is

believed that stress produces oxidants and an imbalance

between SOD and CAT activities that contributes to stress-

related diseases such as depression (Lucca et al. 2009a).

But the relationship between oxidative parameters and an

anhedonia-like state remains unknown.

In the present study, we analyzed possible differences in

the oxidative parameters among CMS-resilient, CMS-sen-

sitive and normal control rats in the cortex, hippocampus

and cerebellum to investigate if any alteration of oxidative

stress was specific for the anhedonia-like state and the

relationship between them.

Materials and Methods

Subjects

We used adequate measures to minimize pain or discom-

fort of the rats. The research was conducted in accordance

with the guidelines published in the NIH Guide for the

Care and Use of Laboratory Animals and the principles

presented in the ‘‘Guidelines for the Use of Animals in

Neuroscience Research’’ by the Society for Neuroscience.

All experimental protocols were approved by the Review

Committee for the Use of Human or Animal subjects of the

Fourth Military Medical University.

Male Wistar rats were purchased from the animal center

of the Fourth Military Medical University. Animal weight

was approximately 220 g when adaptation for sucrose

consumption was initiated and approximately 340 g at the

start of the stress regime. Animals were singly housed,

except when grouping was applied as a stress parameter.

Food and water were available ad libitum except when

food and/or water deprivation was applied as a stress

parameter. The standard 12-h light/dark cycle, with lights

on from 6:00 a.m. to 6:00 p.m., was changed only in the

course of the stress regime.

Sucrose-Consumption Test

Animals were first trained to consume a palatable sucrose

solution (1.5 %). Training lasted 5 weeks. In this period,

the sucrose test was made twice a week during the first

3 weeks and once a week during the last 2 weeks. Animals

were food- and water-deprived 14 h before the test. The

test consisted of 1-h exposure to a bottle with sucrose

solution. During the stress period the sucrose-consumption

test was performed once a week.

CMS Protocol and Study Design

On the basis of sucrose intake in the three final baseline

tests, animals were divided into two matched groups and

placed in separate rooms. One group was exposed to an

initial 2 weeks of chronic mild stressors and the other was

left undisturbed. The unchallenged group was food- and

water-deprived 14 h before the sucrose-consumption test;

otherwise, food and water were freely available. The stress

procedure is a slight modification of the protocol developed

by Papp (Garcia et al. 2008; Sanchez et al. 2003). It con-

sisted of seven different stressors: one period of intermit-

tent illumination, stroboscopic light, grouping and food or

water deprivation; two periods of soiled cage and no stress;

and three periods of 45� cage tilting. All stressors lasted

from 10 to 14 h. Stress was continued during the entire

period of treatment. Based on end-point sucrose intake,

animals were finally subdivided in three groups: normal

controls (n = 7), CMS-sensitive (n = 7) and CMS-resil-

ient (n = 10). At the end of the experiment, all rats were

handled and accustomed to the environment where the

killing was to be performed. All subjects were removed

from their home cages and killed by decapitation. The

hippocampus, cortex and cerebellum were immediately

isolated and stored at -80 �C for posterior analyses for

oxidative parameters.

Oxidative Stress Parameters

In order to assess oxidative damage, the formation of

thiobarbituric acid-reactive species (TBARS) was mea-

sured during an acid-heating reaction (Esterbauer and

Cheeseman 1990; Lucca et al. 2009a). Samples were mixed

with 1 ml of trichloroacetic acid (TCA) 10 % and 1 ml of

thiobarbituric acid 0.67 % and then heated in a boiling

water bath for 15 min. TBARS were determined by
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absorbance at 535 nm. Oxidative damage to proteins was

measured by quantification of carbonyl groups based on the

reaction with dinitrophenylhydrazine (DNPH), as previ-

ously described (Levine et al. 1994). Proteins were pre-

cipitated by the addition of 20 % TCA and redissolved in

DNPH; absorbance was read at 370 nm. To determine

CAT activity, brain tissue was sonicated in 50 mmol/l

phosphate buffer (pH 7.0), and the resulting suspension

was centrifuged at 3,0009g for 10 min. The supernatant

was used for enzyme assay. CAT activity was measured by

the rate of decrease in hydrogen peroxide absorbance at

240 nm (Aebi 1984). SOD activity was assayed by mea-

suring the inhibition of adrenaline auto-oxidation, as pre-

viously described (Bannister and Calabrese 1987). All

biochemical measures were normalized to the protein

content, with bovine albumin as standard (Lowry et al.

1951).

Statistical Analysis

Results were presented as mean ± SEM. Statistical anal-

ysis of data was performed with SPSS 11.0 (SPSS, Inc.,

Chicago, IL). Data were analyzed by one-way ANOVA

followed by a pairwise multiple comparison test (Student–

Newman–Keul). The significance level was set at p \ 0.05.

Results

CMS: Sucrose Intake as a Measure of Anhedonia

Sucrose consumption was monitored once a week through-

out the experiments, and the results are shown in Table 1.

Based on end-point sucrose intake, animals were subdivided

into three groups: normal controls (n = 7), CMS-sensitive

(n = 7) and CMS-resilient (n = 10). This segregation las-

ted throughout the experiment. An anhedonia-like state

(CMS-sensitive) was defined as a minimum of 40 %

reduction in sucrose intake in response to stress. CMS

resilience was defined as remaining on a sucrose-intake level

corresponding to the baseline level. Normal control animals

did not decrease sucrose intake. No significant difference

among the three groups was present at baseline. The segre-

gation was significant through the entire period (p \ 0.05).

The normal control group was significantly different from

the CMS-sensitive (p \ 0.05), but not from the CMS-resil-

ient, animals (p [ 0.05). The segregation was evident

already after 7 days of exposure to CMS and persistent after

14 days.

Effects of CMS on Oxidative Stress Variables in Rat

Brain

As shown in Fig. 1, protein peroxidation and carbonyl in the

cortex and hippocampus were significantly higher in the

CMS-sensitive group compared to the CMS-resilient group

(cortex F2,21 = 179.244, p = 0.000; hippocampus F2,21 =

234.557, p = 0.000) and to normal controls (cortex F2,21 =

179.244, p = 0.000; hippocampus F2,21 = 234.557, p = 0.000).

Compared with normal controls, protein peroxidation and

carbonyl in the cortex and hippocampus were also signifi-

cantly higher in the CMS-resilient group (cortex F2,21 =

179.244, p = 0.000; hippocampus F2,21 = 234.557, p =

0.000). In the cerebellum, there was no significant main

effect of groups for protein peroxidation and carbonyl

(F2,21 = 4.588, p = 0.055).

We also measured the lipid peroxidation–TBARS varia-

tion (Fig. 2). No significant differences were found for lipid

peroxidation–TBARS in the cortex (F2,21 = 0.966, p =

0.403) and hippocampus (F2,21 = 0.966, p = 0.095). In the

cerebellum, lipid peroxidation–TBARS was significantly

increased in CMS-sensitive (F2,21 = 50.867, p = 0.000)

and CMS-resilient (F2,21 = 50.867, p = 0.000) compared

to normal controls. No differences were found between

CMS-sensitive and CMS-resilient animals (F2,21 = 50.867,

p = 0.127).

Effects of CMS on Antioxidant Variables in Rat Brain

As shown in Fig. 3, SOD activity in the cortex and hippo-

campus was significantly higher in normal controls com-

pared to the CMS-sensitive group (cortex F2,21 = 47.175,

p = 0.001; hippocampus F2,21 = 39.527, p = 0.001) and to

the CMS-resilient group (cortex F2,21 = 47.175, p = 0.007;

Table 1 Sucrose consumption (mean ± SD) in the chronic mild stress model in three groups: CMS-sensitive (n = 7), CMS-resilient (n = 10)

and normal control (n = 7)

Baseline 1 week 2 weeks 3 weeks 4 weeks 5 weeks

Normal control 10.53 ± 1.29 12.38 ± 2.03 13.78 ± 2.95 14.45 ± 2.38 14.92 ± 3.41 14.73 ± 2.55

CMS-resilient 10.12 ± 1.37 11.47 ± 2.56 12.41 ± 2.12 13.87 ± 2.54 13.68 ± 2.49 14.21 ± 2.37

CMS-sensitive 10.92 ± 1.45 9.14 ± 1.12a,b 7.34 ± 0.86a,b 6.02 ± 0.93a,b 5.32 ± 0.74a,b 5.45 ± 0.83a,b

a Significant difference between normal control and CMS-sensitive (p \ 0.05)
b Significant difference between CMS-sensitive and CMS-resilient (p \ 0.05)
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hippocampus F2,21 = 39.527, p = 0.007). Compared with

the CMS-sensitive group, protein SOD activity in the cortex

and hippocampus was also significantly higher in the CMS-

resilient group (cortex F2,21 = 47.175, p = 0.000; hippo-

campus F2,21 = 39.527, p = 0.002). Compared with the

CMS-sensitive group, SOD activity in the cerebellum was

significantly higher in normal controls (F2,21 = 12.776,

p = 0.005) and the CMS-resilient group (F2,21 = 12.776,

p = 0.032). No differences were found between normal

controls and the CMS-resilient group (F2,21 = 12.776,

p = 0.110).

In Fig. 4, CAT activity in the hippocampus and cerebel-

lum was significantly higher in the CMS-sensitive group

compared to the CMS-resilient group (hippocampus

F2,21 = 50.967, p = 0.001; cerebellum F2,21 = 55.264, p =

0.001) and to normal controls (hippocampus F2,21 = 50.967,

p = 0.000; cerebellum F2,21 = 55.264, p = 0.000). Com-

pared with normal controls, CAT activity in the hippocam-

pus and cerebellum was also significantly higher in the CMS-

resilient group (hippocampus F2,21 = 50.967, p = 0.000;

cerebellum F2,21 = 55.264, p = 0.000). In the cortex, CAT

activity was significantly increased in the CMS-sensitive

group compared to the CMS-resilient group (F2,21 =

20.841, p = 0.000) and compared to normal controls

(F2,21 = 20.841, p = 0.001). No differences were found

between the CMS-resilient group and normal controls

(F2,21 = 20.841, p = 0.499).

Fig. 1 Effect of the CMS paradigm on protein peroxidation in brain

of normal control, CMS-sensitive and CMS-resilient rats. Bars
represent mean ± SEM. Vertical lines above bars indicate standard

deviation. *p \ 0.05

Fig. 2 Effect of the CMS paradigm on lipid peroxidation in brain of

normal control, CMS-sensitive and CMS-resilient rats. Bars represent

mean ± SEM. Vertical lines above bars indicate standard deviation.

*p \ 0.05

Fig. 3 Effect of the CMS paradigm on superoxide dismutase activity

in brain of normal control, CMS-sensitive and CMS-resilient rats.

Bars represent mean ± SEM. Vertical lines above bars indicate

standard deviation. *p \ 0.05

Fig. 4 Effect of the CMS paradigm on catalase activity in brain of

normal control, CMS-sensitive and CMS-resilient rats. Bars represent

mean ± SEM. Vertical lines above bars indicate standard deviation.

*p \ 0.05
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Discussion

The CMS model, originally described by Willner et al.

(1992), is a model of depression that employs chronic

unpredictable mild stressors. Most of the symptoms of

depression have been modeled and mimicked in the CMS

rats. In this model reduced consumption of sucrose solution

as well as decreased intracranial self-stimulation behavior

serve as markers of a decrease in reward sensitivity and

may simulate anhedonia (Bekris et al. 2005; Bergstrom

et al. 2008; Gamaro et al. 2003).

This is the first study to demonstrate a clear difference in

distinct oxidative parameters between CMS-resilient and

CMS-sensitive animals, which could be involved in the

pathogenesis of depression. We segregated animals exposed

to CMS into the above two groups, decreasing and not

decreasing sucrose intake, respectively. This was paralleled

by significant differences in oxidative parameters. We found

a significant increase of protein peroxidation in the hippo-

campus and cortex in the CMS-sensitive group compared to

the CMS-resilient group and normal controls. Increased

lipid peroxidation in the cerebellum was also observed in the

CMS-sensitive and CMS-resilient groups compared to nor-

mal controls. Moreover, we found a significant increase of

CAT activity and a decrease of SOD activity in the cortex,

hippocampus and cerebellum in the CMS-sensitive group

compared to the CMS-resilient group and normal controls.

However, there was no difference in protein peroxidation in

the cerebellum and lipid peroxidation in the cortex and

hippocampus among the three groups.

In a previous study an animal model of repeated

restraint stress showed that this kind of model induced an

increase in TBARS levels in the hippocampus (Fontella

et al. 2005). In another study it was demonstrated that,

compared to unstressed controls, an animal model of

immobilization stress caused significant increases in lipid

peroxidation in the cerebral cortex, cerebellum and hip-

pocampus and significant increases in levels of protein

oxidation in the cortex, hypothalamus and striatum (Liu

et al. 1996). In humans, it was demonstrated that ROS was

elevated in the plasma of patients with major depression,

especially in those with melancholic type (Bilici et al.

2001). Moreover, in a previous study it was demonstrated

that CMS induced an increase in protein peroxidation

(prefrontal, hippocampus, striatum and cortex) and lipid

peroxidation (cerebellum and striatum) and an increase in

CAT (cerebellum, hippocampus, striatum and cortex) and a

decrease in SOD (prefrontal, hippocampus, striatum and

cortex) activities in stressed rats compared with normal

controls (Lucca et al. 2009a). Therefore, our findings in this

study are consistent with previous results suggesting that

oxidative stress is crucially involved in the pathophysiol-

ogy of depression.

There are four major sources of ROS: (1) oxidative burst,

(2) oxidative processes, (3) lipid peroxidation and (4) oxi-

dative stress. Studies have reported numerous oxidative

disturbance parameters in patients with major depression,

including oxidative damage in erythrocytic membranes

(Peet et al. 1998) as well we elevated superoxide anion

generation and lipid peroxidation products (Sarandol et al.

2007). And it is believed that stress in adult male rats which

were immobilized for 6 h per day over 21 days inhibits the

activities of the first complexes of the mitochondrial respi-

ratory chain, which may potentiate the formation of perox-

ynitrite, leading to depletion of antioxidant defenses and

increased lipid peroxidation (Darley-Usmar et al. 1992).

Lipid peroxidation can cause structural damage to mem-

branes, including those which form the mitochondria, fur-

ther potentiating their dysfunction (Darley-Usmar et al.

1992; Lucca et al. 2009b). Our results also demonstrated

increased protein peroxidation in the cortex and hippo-

campus, but not in the cerebellum, of CMS rats compared to

controls. An increase in lipid peroxidation was also detected

in the cerebellum, but not in the hippocampus and cortex, of

CMS rats. These discrepancies may reflect the fact that basal

activities of diverse antioxidant enzymes, such as SOD,

CAT, and glutathione reductase, are highly variable across

brain regions (Carvalho et al. 2001). However, since repe-

ated restraint stress showed an increase in TBARS levels in

the hippocampus and immobilization stress caused signifi-

cant increases in lipid peroxidation in the cerebral cortex and

hippocampus (Fontella et al. 2005; Liu et al. 1996), this may

reflect that the stressors in our setting were too mild to cause

changes in lipid peroxidation in the cortex and hippocampus.

There was also significantly higher lipid peroxidation (cor-

tex and hippocampus) in CMS-sensitive than in CMS-

resilient rats. This demonstrated that the CMS-resilient

group experienced lower oxidative stress than the CMS-

sensitive group. The CMS-resilient group may be prone to

neuroprotective support of the neurons in the brain and the

CMS-sensitive group may be more prone to brain damage.

SOD is an enzyme that uses the superoxide anion as

substrate and produces hydrogen peroxide. This molecule

is a substrate to the peroxidases, such as CAT, which is one

of the most important peroxidases in the organs. In situa-

tions of SOD overactivation without a compensatory

increase in the peroxidases, the excess of hydrogen per-

oxide could react with metal ions and generate hydroxyl

radicals, which are thought to be the most dangerous rad-

icals. CAT metabolizes the excess of H2O2, producing

O2 ? H2O and then decreasing the intracellular redox

status. The brain is particularly prone to oxidative damage

due to its relatively high content of peroxidizable fatty

acids and limited antioxidant capacity (Floyd 1999).

Recently, studies have demonstrated in patients that

major depression, especially with melancholia, is associated
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with elevated CAT and SOD (antioxidative enzyme) activ-

ities in the plasma. And there was a significant positive

correlation between SOD activity and Hamilton Depression

Rating Scale score (Bilici et al. 2001). In this study, CMS

had a marked effect on CAT and SOD activities, with both

CMS-sensitive and resilient rats showing significant

increases of CAT activity in the cortex and hippocampus and

decreased SOD activity in the hippocampus and cerebellum

compared with normal controls. In situations where SOD

levels are increased without a concomitant CAT increase,

the intermediate product hydrogen peroxide may accumu-

late and generate hydroxyl radicals, which may lead to lipid

and protein oxidation (oxidative damage). This effect was

evident for both CMS-sensitive and CMS-resilient rats,

suggesting that chronic unpredictable stress has a detri-

mental effect on generating dangerous radicals, regardless of

whether the stressed animals developed anhedonia-like

responses. And the differences are also paralleled with the

segregation of CMS. Hence, the CMS-resilient group may in

fact be stressed, as the presence of different oxidative

parameters would argue, which may be induced by some

protective responses in the brain. But this kind of protective

response does not occur in the CMS-sensitive group.

In conclusion, this study has shown that segregation of

animals exposed to CMS into sensitive and resilient groups

is paralleled by significant differences in oxidative param-

eters in the hippocampus, cortex and cerebellum. CMS

induces oxidative damage and alterations in the activity of

antioxidants, which may lead to increased oxidative dam-

age, irrespective of the anhedonia-like status of the stressed

animals. Further investigation of essential mechanisms

underlying the development of oxidative damage during

CMS administration will be necessary for a better under-

standing of the relationship between oxidative stress and

anhedonia-like.
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Abstract Recent discovery of the role of nuclear pores in

transcription, predicted by our early DNA-membrane

complex (DMC) model, makes membrane-bound DNA

(MBD) isolation from the cell nucleus and analysis of the

MBD actual. The method of MBD isolation proposed by us

retains DMC integrity during isolation. We used HeLa cells

for DMC extraction. Changing the ionic composition of the

isolation medium and replacing DNase I, used commonly

for chromatin destruction, with a set of restriction enzymes

allowed us to isolate the MBD. Treatment of a nuclear

membrane with proteinase K and ultrasound has been used

to increase the yield of MBD. Electron microscopic anal-

ysis of the purified fraction of isolated DMC supports our

previous model of nuclear envelope lipid–chromatin

interaction in the nuclear pore assembly.

Keywords Lipid–protein interaction � Membrane

assembly � Membrane biophysics � Membrane fusion

Introduction

The question about chromatin DNA binding with the nuclear

envelope (NE) has been discussed for more than 40 years

(Moyer 1980). Comings (1968) suggested that DNA attaches

to the nuclear membrane at the site of pore complexes. Later

investigations confirmed that DNA binds with a nuclear pore

(Riley and Keller 1978; Arlucea et al. 1998; Ishii et al. 2002)

and that nuclear pores participate in transcriptional activity

(Akhtar and Gasser 2007; Capelson et al. 2010; Van de Vosse

et al. 2011; Mendjan et al. 2006). Nevertheless, many details

of DNA interaction with the NE remain unclear.

In the past 40 years, attempts to isolate the DNA-

membrane complex (DMC) from eukaryotic cells have

been undertaken. The DMC fraction obtained contained all

nascent DNA. As a result, it was concluded that DNA

replication initiation also occurs at sites of DNA contact

with a membrane (Crabb et al. 1980; Leno 1992; Infante

et al. 1976; Sinha and Mizuno 1977; Kaufman et al. 1983).

However, many methods used for DMC isolation had an

essential fault, namely, the possibility of artifact attach-

ment of total-genome DNA to the DMC. Isolation from the

cells of the nuclear matrix fraction (NM) has shifted the

attention of researchers to a search for points of contact of

chromatin DNA with NM. Later, the existence of NM in

the nucleus was questioned (Cook 1988).

Several authors continued to try to isolate DMC; but no

differences between DNA from this fraction and total DNA

were revealed, or these differences were insignificant

(Dvorkin et al. 1977; Prusov et al. 1980, 1982). Shabarina

et al. (2006) found a unique DNA sequence in DMC, but in

our opinion the method used for the isolation of this

sequence is not applicable to membrane-bound DNA

(MBD) isolation.

We have made one other attempt to isolate DMC from

HeLa cells based on current data on structure and the

possible functions of DNA–lipid interactions (Manzoli

et al. 1974; Shabarshina et al. 1979; Sukhorukov et al.

1980; Kuvichkin and Sukhomudrenko 1987; Kuvichhkin

2002, 1983, 2010, 2011; Kuvichkin et al. 1999).
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According to the biophysical data available, the DMC

model (a nuclear pore) has been proposed based on direct

interactions between DNA and zwitterionic lipids in the

presence of bivalent metal cations (Kuvichhkin 2002,

2009, 2010, 2011).

Four Principles of DMC Isolation

It should be noted that factors that destroy ternary

complexes: DNA–phosphatidylcholine liposomes–Mg2?

(Kuvichkin and Sukhomudrenko 1987) also influence the

stability and structure of the NE. Agutter (1972) showed

the necessity of a small percent of DNA to the structural

integrity of the NE. The presence of a minimal amount of

DNA in a nuclear membrane protects the NE from disin-

tegration into membrane vesicles, maintaining a constant

number of nuclear pores (Agutter 1972).

The main conditions necessary for NE isolation, at

which DNA–lipid interactions and ‘‘membrane’’ DNA are

kept, have been suggested as follows:

1. The absence of large concentrations of univalent

cations (K? B0.1 M, Na? B0.2 M)

2. The presence of at least insignificant concentrations of

bivalent metal cations (C1 mM Ca2?, Mg2?) and the

complete lack of chelating agents (EDTA, etc.)

3. The absence of enzymes able to destroy single-

stranded DNA

4. The absence of ionic or non-ionic detergents that are

capable of destroying the lipid bilayer; accordingly,

DNA–lipid interactions are also desirable

Having analyzed methods for isolating MBD and the NE

from the cell nucleus (Prusov et al. 1980, 1982; Shabarina

et al. 2006; Matunis 2006), we came to the conclusion that

in almost all techniques most of the conditions mentioned

above were not taken into consideration. DNase I was used

as the basic enzyme for destruction of chromatin DNA.

DNase I is known to destroy double-stranded DNA as well

as single-stranded DNA, resulting in detachment of MBD

from the NE. In many techniques, EDTA, high NaCl and

KCl concentrations and detergents were also used. None of

these researchers discussed the maintenance of DNA–lipid

interactions during the isolation procedure. As a result, the

DNA had already detached from the membrane at the stage

of NE isolation, and the nuclear membrane was composed

only of proteins of lamina and intramembrane proteins.

Nucleoporins, linked to each other and to nuclear mem-

branes by protein–protein and protein–lipid interactions,

likely retain the shape of DNA-free nuclear pores.

According to our DMC model (Kuvichkin 1983), DNA is

an important structural element of the nuclear pore and

participates in both transcription and replication. We

assume that the DMC structure is more complex and

includes DNA–RNA hybrids and single-stranded DNA

arising at the unwinding of the triple-stranded DNA–RNA

hybrid (Fig. 1) (Kuvichhkin 2002, 2010, 2011).

With the aim of isolating MBD, the new isolation method

must be in agreement with the four principles stated above. It

is rather easy to lower the concentration of univalent cations,

add a little Mg2? and not use EDTA and detergents. What

can be substituted for DNase I, if all known DNases that are

able to destroy double-stranded DNA digest single-stranded

DNA in a nonspecific manner too? Therefore, we had to use

a specific enzyme in this work—to be more precise, a set of

four restriction enzymes, typically used in genetic engi-

neering. Four enzymes digested double-stranded DNA as

effectively as DNase I did and did not disturb single-stran-

ded DNA. As a result, we first isolated the fragments of the

MBD-containing NE from the nucleus of HeLa cells and

then separately isolated the MBD.

Methods and Results

Reagents

Calf thymus DNA, deoxyribonuclease I from bovine pan-

creas, ribonuclease H (RNase H) from Escherichia coli H

560 pol A1, proteinase K from Tritirachium album, pro-

tease inhibitor cocktail, HEPES, sucrose (SigmaUltra),

Triton X-100, DL-dithiothreitol, chloroform and magnesium

chloride hexahydrate were from Sigma-Aldrich (St. Louis,

MO). Restriction enzymes BamHI, NcoI, NheI and PstI

were from New England Biolabs (Hitchin, UK).

Equipment

We used the 5402 Eppendorf (Hamburg, Germany) Vacu-

fuge Concentrator and the Thermo Scientific (Waltham, MA)

Sorvall ST 40. Equipment for agarose gel electrophore-

sis included a Midi horizontal electrophoresis unit

Fig. 1 Model DMC (nuclear pore complex). DNA–RNA hybrids

located on chromatin fuse two membrane vesicles and form nuclear

pores at the intersection of fused vesicles with the NE. The triple-

stranded hybrid of DNA—l.m.w. RNA untwists at DMC formation up

to hybrid DNA–RNA and single-stranded DNA (Kuvichkin 2010)
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(Sigma-Aldrich, St. Louis, MO), the Micro-Volume UV-Vis

Spectrophotometer NanoDrop 2000 (NanoDrop, Wilming-

ton, DE) and ultrasonic disintegrator Dailymag Magnetic

Technology (Ningbo, Zhejiang, China). We also used the

CKX31 compact inverted microscope (Olympus, Tokyo,

Japan), the FEI (Hillsboro, OR) Tecnai T12 and the JEOL

(Tokyo, Japan) JEM 1220 transmission electron microscopes

as well as the JEOL JSM-5200 scanning electron microscope

(JEOL, Tokyo, Japan).

MBD Isolation

The isolation of MBD consists of three stages: (1) isolation

of nuclei from HeLa cells, (2) isolation of DMC from nuclei

and (3) isolation of MBD from DMC. Nuclei were isolated

from HeLa cells by the technique developed by the Collas

lab (Department of Biochemistry, Institute of Basic Medical

Sciences, University of Oslo, Norway; http://www.

collaslab.com/UserFiles/File/Isolation%20of%20somatic%20

cell%20nuclei.pdf). The isolation procedure was controlled

by means of an inverted microscope for cells in culture.

Isolated nuclei were frozen in the presence of 50 % glycerol

and stored at -80 �C. The DMC was isolated according to a

considerably modified version of the procedure of NE iso-

lation using animal cells. First, DNase I was replaced by a

set of four restriction enzymes. This set may include dif-

ferent restriction enzymes, provided that each of the

enzymes works well in the buffer used for isolation,

maintaining at least 75 % of its maximal activity. The

buffer for restriction enzymes (NEB 2) also was selected to

conform with the four principles set forth above. Thus, the

procedure for NE isolation from HeLa cells was as follows.

Preparation of NEs from Somatic Nuclei

This protocol was adapted from the procedure developed

by Dwyer and Blobel (1976). This procedure entails only

one digestion step. ‘‘Classical’’ protocols include two

digestion steps.

Working Solutions

Prepare the following solutions before starting isolation or

washing nuclei. Alternatively, thaw these solutions outside

of the freezer. All solutions should contain 1 mM PMSF

(10 ll/ml solution) and 1 mM DTT (1 ll/ml solution),

added to an aliquot just prior to use. Solutions should be

kept on ice at all times.

1. TKM buffer (pH 7.9) at 25 �C

2. Tris–HCl (pH 7.5, 2.5 ml of 1 M stock), KCl 25 mM

(0.4 ml of 3 M stock), MgCl2 5 mM (0.25 ml of 1 M

stock), H2O 47 ml

3. MgCl2 solution: 1 mM (10 ll of 1 M MgCl2 stock into

10 ml H2O)

4. Digestion solution (50 ml): NeB buffer 2 (right row in

Table 1) instead of the Collas lab digestion solution

(left row)

5. Restriction enzyme mixture prepared by mixing 10 ll

of each enzyme in the next step

6. BamHI, EcoRI, NcoI and NheI, keeping 100 %

enzyme activity, and PstI, 75 %, in NEB 2 buffer

7. Sucrose cushion (50 ml): 25 % sucrose, 19.5 ml of

2 M stock; 20 mM Tris (pH 7.5), 1 ml of 1 M stock;

H2O 29.5 ml

Procedure

– Start with 1–2 ml of packed purified nuclei.

– Wash nuclei in 5 ml of TKM buffer at 1,000 rpm

(2009g), 10 min, 4 �C.

– Decant supernatant.

– While vortexing, add 4 ml of 1 mM MgCl2 solution. It is

important to vortex or else nuclei cannot be resuspended.

– Add 12 ml of digestion solution (NEB 2) and mix by

inversion.

– Add 10 ll of each of restriction enzyme and mix well

by inversion at room temperature.

– Incubate for 20 min at room temperature, then make 50

strokes with a glass Dounce pestle B in a sterile

environment. The nuclear suspension becomes very

viscous at first but clarifies over time as the DNA is

digested. Repeat these steps two to three times, if

necessary, until the solution turns clear. After this step,

cool samples on ice and work subsequently at ?4 �C.

– Transfer the solution into two 10-ml clean plastic

centrifuge tubes (2 9 6 ml).

– Underlay solution with a 3-ml sucrose cushion.

– Centrifuge at 10,0009g in a Sorvall or Beckman

centrifuge for 15 min. The NE pellet will be concen-

trated at the bottom of the tube.

– Remove the supernatant, wash the walls of the tube and

remove all supernatant.

– Resuspend the NE pellet in 500 ll of TKM buffer.

– Keep on ice until use or freeze in TKM buffer.

Table 1 Comparison of two types of digestion solutions

Collas lab solution (50 ml) NeB buf2

10 % sucrose, 7.8 ml of 2 M stock 50 mM NaCl

20 mM Tris (pH 7.5), 1 ml

1 M stock Tris–HCl (pH 7.5)

10 mM Tris–HCl

H2O 41.2 ml 10 mM MgCl2

1 mM DTT, PMSF 1 mM DTT

pH 7.5 pH 7.9 at 25 �C
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For MBD isolation from the NE, it is possible to use

standard techniques, but we conducted several experiments

to increase the yield of DNA and DNA purity on the basis

of our DMC model and interphase chromosome structure.

Model of Interphase Chromatin Organization

in the Nucleus

To formulate a research program and understand the results,

it is necessary to choose one of two possible ways to

characterize DNA interaction with the nuclear membrane:

the standard mode, in which the interaction occurs by means

of proteins, or the mode developed by this study’s author, in

which DNA directly interacts with membrane lipids as the

DNA simultaneously unwinds. The latter does not exclude

but assumes that MBD interacts with nucleoporins. Since

we work with cells but not with DNA in vitro, we suppose

that not double-stranded DNA but rather the triple-stranded

hybrid of DNA and low-molecular weight RNA interacts

with the nuclear membrane (Fig. 1).

The temperature of this transition is considerably lower

than the temperature of DNA melting, which results in the

preferential attachment of triple-stranded hybrids to the

NE. Acceptance of this precondition allows us to formulate

a research program and to explain the results obtained. We

would propose the real arrangement of chromatin DNA in

an interphase nucleus as represented in Fig. 2.

Here, DNA is attached to nuclear pores not as a double

helix but in the form of hybrid DNA–RNA and single-

stranded DNA located on the periphery of a nuclear pore

annulus. As can be seen, several nuclear pores close

located on one DNA chain form linear clusters (the long

black arrows).

Nucleases as a Tool for Study of MBD and Interphase

Chromatin Structure in the Nucleus

Based on this structure of the cellular nucleus and with a

set of restriction enzymes instead of DNase I during DMC

isolation, it is possible to isolate a real MBD and ‘‘tails’’ of

genome DNA not removed by restriction enzymes. After

isolation of a fraction of the NE with DMC, the following

nucleases were added to equal volumes of the fraction:

S1-endonuclease, RNase H, RNase H ? nuclease S1 and

DNase I. After reaction with the enzymes for 20 min (in

the buffer recommended by the nuclease manufacturer),

MBD was isolated from each fraction and then analyzed by

horizontal agarose electrophoresis (Fig. 3).

Figure 3 shows that the molecular weight of DNA iso-

lated from DMC is abnormally large, about 12 kDa,

instead of the expected 500–1,000 Da. We can assume that

the rest of the genome DNA, which is present at the ends of

‘‘membrane’’ DNA after genome treatment by restriction

enzymes, is too long. Nevertheless, the nuclease action on

‘‘membrane’’ DNA needs to be explained. S1 nuclease

(lane 2) and DNase I (lane 5) destroy MBD completely.

RNase H (lane 3) also strongly disturbs MBD. At the same

time that DMC is treated with RNase H and nuclease S1

sequentially, a portion of ‘‘membrane’’ DNA remains

undamaged. DNase I was observed by completely remov-

ing DNA from the nuclear membrane. Therefore, when

techniques for NE isolation are used for DNase I treatment,

nuclear membranes can be isolated but without MBD. The

fact that the effect of nuclease S1 is similar shows that in

the area of DNA attachment to the NE, sites where the

double helix opens exist. These sites keep DNA in contact

with the nuclear membrane.

Fig. 2 DNA structure in an interphase nucleus. DNA is attached to

the nuclear pores, forming big intranuclear loops of DNA (white
arrow). In addition to single pores (npc) there exist pore clusters

12 kbp in length (long black arrows). Crosses indicate where genome

DNA is cut by restriction enzyme

Fig. 3 Electrophoresis of MBD after treatment of NE by nucleases:

lane 1 NE without nucleases, lane 2 NE treated by nuclease S1, lane 3
NE after treatment with RNase H, lane 4 NE treated RNase

H ? nuclease S1, lane 5 NE treatment with DNase I
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The ability of RNase H to destroy DMC is observed due

to the presence of the DNA–RNA hybrid in the area where

DNA is attached to the nuclear membrane. Destruction of

this hybrid can lead to recovery of the DNA double helix

and its detachment from a membrane (Fig. 1). Partial

recovery of the DNA double helix with the action of RNase

H in combination with nuclease S1 may result in a weak-

ened destructive effect of nuclease S1 on DMC (lane 5).

Thus, it is possible to conclude that double-stranded

DNA or the DNA–RNA hybrid easily detaches from DMC.

Apparently, double-stranded DNA after replication also

detaches from nuclear pores, although pores keep their

shapes because of interaction between nucleoporins. Pore

complexes lose any matrix activity and keep only their

transport functions. Pore complexes without DNA are most

likely unstable and quickly disassembled. This assumption

is supported by their full disappearance from the NE in the

beginning of mitosis (Chatel and Fahrenkrog 2011).

MBD and Linear Pore Clusters

The above-mentioned data on the structure and sensitivity

of DMC to nucleases give us the basis to consider our DMC

model to be true (Figs. 1, 2), taking into account the fol-

lowing remarks. We assume that usually DNA is attached to

a membrane at one site (single nuclear pore), with the for-

mation of big loops of DNA between these pores. In rare

instances linear pore clusters exist (Fig. 2, long black

arrows). These clusters are formed when pores are too

closely located to each other along one DNA thread. In this

case, the DNA segment that connects these pores is so short

that it is located in the perinuclear space (Fig. 2).

The occurrence of such pore clusters can be explained

by the presence of highly repeated sequences in DNA that

have enhanced affinity to the membrane vesicles from

which the NE is formed. The DNA-induced fusion mem-

brane of these vesicles leads to formation of ‘‘string of

pearls’’—type structures on a DNA thread (Shaulov and

Harel 2012) and then nuclear pore clusters, according to

the model described earlier (Kuvichkin 2011). Electron

microscopic data about the existence of linear pore clusters

at the NE are available (Fiserova et al. 2009).

Provided that the size of the DNA site connected with

one pore is 400–500 bp and the length of DNA between

pores in the cluster is the same, to obtain a DNA cluster

size around 10 kbp, the average number of pores in the

cluster should be equal to 10, as observed in previous

experiments (Fiserova et al. 2009).

Our technique is also used while isolating ‘‘membrane’’

DNA from a single pore, but it is accompanied by big

losses. If the fragment of the membrane connected with a

pore is insignificant, because of insignificant density, it can

be lost at the last stage of isolation through a sucrose

gradient. Therefore, the band of 10 kbp observed in our

experiments is connected with a large fragment of an NE

and belongs to nuclear pore clusters where interpore DNA

sites are located in the perinuclear space. Our task is to find

a way of isolating the ‘‘membrane’’ or ‘‘pore’’ DNA from

these clusters. For this purpose, we studied how to increase

the yield of cluster DNA by treatment of DMC with vari-

ous enzymes and ultrasound for MBD isolation.

Furthermore, we compared the isolation of cluster and

‘‘membrane’’ DNA, in which phenol and a mix of chlo-

roform-isoamyl alcohol (24:1) were used as extracting

substances at the last stage of isolation. The DMC fraction

was exposed to ultrasound or treated with proteinase K or a

combination of these two factors (Fig. 4).

As seen in Fig. 4, phenol or chloroform cannot extract

DNA from membrane fractions (lanes 1, 2). Ultrasound

also fails to detach DNA from DMC (lanes 5, 6). However,

proteinase K and subsequent treatment with phenol or

chloroform greatly increased the yield of cluster DNA

(lanes 7, 8). Proteinase K action and the subsequent

ultrasound led to the appearance of a fraction of MBD

500 bp in length. This was most likely a consequence of

destruction of the cluster DNA band (10–12 kbp), the

residues of which are visible in Fig. 4 (lanes 3, 4).

Electron Microscopic View of the NE with DMC

We tried to observe DMC isolated with our method by

electronic microscopy (a method of negative contrast). In

Fig. 5, it is possible to see nuclear pores in the DMC frac-

tion, which still have a hole; however, annuli and edges of

Fig. 4 Effect of NE treatment with chloroform and phenol. Lanes 1
extraction by chloroform, 2 extraction by phenol, 3 proteinase

K ? ultrasound 5 min (extraction chloroform), 4 same as lane 3 with

phenol extraction, 5 ultrasound 5 min with chloroform extraction, 6
same as lane 5 with phenol extraction, 7 proteinase K with chloroform

extraction, 8 same as lane 7 with phenol extraction. The 100-bp and

1-kbp DNA ladders are the same as in Fig. 3
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pores are smooth. Octagonal symmetry and other structural

peculiarities of pore complexes were not observed. Appar-

ently, this is the result of proteinase K action. Annuli of

pores are connected to each other by the threads of DNA

that branch from the annuli in opposite directions.

The elements of a double nuclear membrane and MBD

connected with it are more clearly shown in Fig. 6. In Fig. 6,

we can see the inner and outer nuclear membranes (white

arrows). The density of a nuclear pore on fragments of the

NE is very high, which confirms that DMC remains in the

course of isolation of the nuclear membranes by our method.

At the same time, several areas were observed where the NE

split into two membranes. The increased fragment of the NE

with sharply visible MBD is shown in Fig. 7.

Based on the thickness of fibrils in Figs. 6, 7, the DNA

is presented in a complex with lipids and proteins partially

destroyed by proteinase K. Numerous zones of the DNA–

RNA hybrids opening (R-loops) in the area of nuclear

pores are observed (arrows).

Scanning electron microscopic data showed high pack-

aging of nuclear pores in our samples of NE prepared after

ultrasonic and proteinase K treatment of NE (Fig. 8).

MBD Extraction

Thus, the final stage of MBD isolation, taking into account

the investigations performed, is as follows. The DNA

extraction protocol utilized the fresh, native NE containing

membrane DNA. Preparation was started with 50–500 ll

of an NE sample.

We added 1–10 ll of proteinase K (10 mg/ml) to

50–500 ll of NE, held for 30 min on ice, then sonicated for

5 min at 0 �C. DNA was extracted with an equal volume of

chloroform/isoamyl alcohol (Sigma, 24:1) and centrifuged

for 15 min at 12,8009g (eppendorf centrifuge) at 4 �C.

The aqueous phase was transferred into a new eppendorf

Fig. 5 Nuclear pore structure after NE isolation with restriction

enzymes and 30 min proteinase K treatment. Bar = 50 nm

Fig. 6 NE fragments isolated with restriction nuclease enzymes and

proteinase K (arrows show the double membrane of NE).

Bar = 50 nm

Fig. 7 NE fragment with two nuclear membranes (arrows) and

MBD. Bar = 50 nm
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tube and extracted repeatedly with chloroform/isoamyl

alcohol (24:1).

The clear supernatant was concentrated to two times less

volume in a vacuum concentrator. During this procedure,

most of the chloroform-isoamyl alcohol removed from

DNA samples. DNA concentrations were measured by UV

spectroscopy (NanoDrop), and their concentrations were

20–30 ng/ll (optimal for agarose electrophoresis).

Conclusion

A variety of factors—DNase I, high ionic force, the pres-

ence of EDTA, detergents, etc.—can destroy a complex of

DNA with lipids. Based on our DMC model (Fig. 1), we

selected the conditions that protect MBD and the DNA

complex with membrane lipids from destruction in the

course of isolation.

The isolation techniques of nucleoid (Risley et al. 1986)

and nuclear matrix (Nickerson 2001) should be reconsidered

because none of the authors who described such techniques

for the NE (Agutter 1972; Rout and Blobel 1993; Matunis

2006) or MBD (Prusov et al. 1980, 1982; Shabarina et al.

2006) took lipid–nucleic acid interactions into account.
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Abstract Spherical phospholipid bilayers, or vesicles,

were prepared layer by layer using a double-emulsion

technique, which allows the outer layer of the vesicles to be

formed with two phospholipids that have different head

groups: phosphatidylcholine (PC) and phosphatidyletha-

nolamine. At the outer layer of the vesicles, the phospho-

lipase D (PLD) catalyzed for the conversion of PC to

phosphatidic acid. The reaction caused by PLD induced the

curvature change of the vesicles, which eventually led to

the rupture of the vesicles. Before the investigation, the

ratio of dioleoylphosphatidylethanolamine to oleoylhy-

droxyphosphatidylethanolamine was found as a condition

such that the vesicles made with the mixed lipids were as

stable as those made with pure dioleoylphosphatidylcho-

line. Response time from the PLD injection to vesicle

rupture was monitored by the composition of the outer

layer by the fluorescence intensity change of pH-sensitive

dye encapsulated in the vesicles. The response time began

to be slowed at approximately 30 % PC. The response

times for the compositions were associated with the surface

density of PC at the outer layer. These results also seem to

be determined by the size of PLD, specifically the PLD

active site.

Keywords Biophysics � Fluorescence techniques �
Lipid protein interactions � Measurement �
Membrane biophysics � Membrane vesicles

Phospholipase D (PLD) is membrane-active enzyme

involved in a variety of cellular function, including mem-

brane/vesicle trafficking, actin cytoskeleton rearrange-

ments, glucose transport, superoxide production, secretion,

cellular proliferation, and apoptosis (McDermott et al.

2004; Exton 2002). As a result, PLD is implicated in a

range of diseases, including cancer, inflammation, and

myocardial disease (Huang and Frohman 2007; Tappia

et al. 2006; Scott et al. 2009; Brown et al. 2007). By PLD

action upon phosphatidylcholine (PC), PC is cleaved into

alcohol and phosphatidic acid (PA, a potent mitogen),

which may be essential for the formation of certain types of

transport vesicles or which may be constitutive vesicular

transport-to-signal transduction pathways. This hydrolysis

leads to changes in the lipid content of membranes that

could also play a role. PLD may have a physiological

function through the further metabolism of PA to diacyl-

glycerol and lysophosphatidic acid (McDermott et al. 2004;

Brown et al. 2007).

Lipid layers are widely used models for cell-surface

analyses and for investigating molecular events in mem-

branes because the preparation methodology for the layers

has been well established, and sensitive analytical tech-

niques can be applied to investigate the events (New 1990;

McConnell et al. 1986; Sackmann 1996; Brian and

McConnell 1984). The lipid layers have been applied to

many areas of biomedical research, such as cell recognition,

membrane-mediated catalysis, effects of anesthetics, and

antimicrobial peptides (Giesen et al. 1991; Mou et al. 1994;

Miszta et al. 2008; Fang et al. 2000; Cheow and Hadinoto

2011). This layer has been used to investigate the phos-

pholipases, i.e., the effect of the enzymes on the wetting

properties of the lipid layers and the configuration of the

layers, as well as the activity of the enzymes (Jurak and

Chibowski 2010; Chen et al. 2009; Chemburu et al. 2008).
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Hydrolysis triggered by PLD is a critical step for

the fusion essential for the cellular processes. This hydro-

lysis is found to induce a change in the composition of

the membranes that eventually induces the rupture of the

vesicles. The change in composition means that the

geometry of the vesicle components is changed: the head

groups of the components become smaller. Therefore,

hydrolysis leads to a decrease in curvature, and rupture is

finally reached. Recently, it has been found how the PLD-

induced-vesicle rupture occurred with respect to the phase

of the vesicle layers (Park 2011). However, little is known

about how the composition of the outer layer affects the

properties of the biological membranes caused by hydro-

lysis. Investigating this effect may contribute to an

understanding of the physical behavior of these enzymes in

terms of quantitative analysis. In this work, we aim to

investigate the effect of the composition of the lipid outer

layer on vesicle rupture.

Experiments

Dioleoylphosphatidylethanolamine (DOPE), oleoylhy-

droxyphosphatidylethanolamine (OHPE), dioleoylpho-

sphatidylcholine (DOPC), and dipalmitoylphosphatidic

acid (DPPA) were purchased from Avanti Polar Lipids

(Alabaster, AL) and used without further purification. The

DPPA was dissolved in 10 ml of tert-butyl methyl ether at

10 mg/ml, followed by adding 100 ll DI water of

5 mM pyranine, 50 mM NaCl, and 1 mM CaCl2 at pH 9.0.

Therefore, the micelles with DPPA were prepared by

extrusion through the 50 nm pores of 78-mm diameter

PTFE membranes above the transition temperature of the

DPPA. Several drops (\10 ll) of the micelle solution and

the 10 mg/ml tert-butyl methyl ether solution of a desired

ratio of DOPC, DOPE, or OHPE were continuously added

through a 22-gauge needle inserted into 10 ml aqueous

solutions of 50 mM NaCl and 1 mM CaCl2 at pH 9.0.

The final lipid concentration of the aqueous solution was

1 mg/ml. During the addition, the aqueous solution was

magnetically stirred, and a nitrogen stream was injected

into the aqueous solution. The solution was centrifuged

(37009g) to remove the phospholipids that did not form the

vesicles. The liposome solution was acquired from the

supernatant of the solution. These procedures are well known

as a methodology to prepare vesicles (New 1990). For the

confirmation of the vesicle formation, the diameter of the

micelles was measured (ELS-8000; Otsuka Electronics,

Osaka, Japan) before the micelles were transferred to the

aqueous solution. For the measurement, the viscosity and the

refractive index of the tert-butyl methyl ether were 0.23 cP

and 1.3686, respectively (Lide 2005). After the transfer of

the micelles into the aqueous solution, the diameter of the

vesicles was measured. The diameters of the micelles and the

vesicles were 75 ± 10 and 80 ± 10 nm, respectively. These

results were consistent with the expectation that the lipid

layer formed on the micelle surface. Besides the change in

the diameter, no leakage of the pyranine molecules indicated

that each layer was not disturbed. Otherwise, the fluores-

cence intensity at 510 nm would be changed tremendously

when several drops of aqueous solutions of 50 mM NaCl and

1 mM CaCl2 at pH 3.0 were added to the vesicle solution.

Phospholipiase D (PLD) was purchased from Sigma

Aldrich (St. Louis, MO). One nanomole was selected as a

PLD concentration because recent results indicated that

more than 1 nM of PLD concentration had little effect on

the rupture’s response time (Park 2011). Because it was

known that the reaction causes the rupture of the vesicles

and the pyranine (pH-sensitive fluorescence dye) was

encapsulated inside the vesicles, the fluorescence intensity

was monitored in real time with a Wallac Victor3 multi-

well fluorometer (Perkin Elmer, Waltham, MA). Because

the pyranine molecules have different fluorescence inten-

sities when they are exposed to the different pH solutions

within the rupture, the tremendous change in the intensity

difference between the vesicle solution with the PLD

injection and with only the buffer solution injection means

that the vesicles rupture. Therefore, the intensity was

observed to investigate the effect of the composition on the

vesicle rupture on the PLD reaction. For each phospholipid

ratio, we measured when the rupture occurred from the

injection of the PLD molecules.

The high-performance liquid chromatography (HPLC)

analyzer consisted of a Gel Silica 60 column (particle size

5 ll; inner diameter 47 mm; length 15 cm; Tosoh, Tokyo,

Japan) and an HPLC system (Waters Associates, Milford,

MA) containing a type 600 solvent delivery system, a type

U6K injector, a type 490 variable wavelength detector, and

a type 740 data module. Elution was performed with a

solution of acetonitrile–methanol–85 % phosphoric acid

(130:5:1.7, v/v/v) at a flow rate of 1 ml/min at room tem-

perature. Phospholipid solutions were dissolved in 100 ll

of methylene chloride, and 10 ll of the solution was

injected into the HPLC system.

Results and Discussion

For the investigation of the PLD reaction on the lipid layer,

the pyranine molecules were dissolved only inside of the

vesicles. The encapsulation of the molecules was con-

firmed via fluorometry (Perkin Elmer, Boston, MA) with

460 nm excitation and 520 nm emission wavelengths. The

fluorescence intensity was changed with Tween-20 treat-

ment. Without the treatment, the intensity was not changed

after the addition of pH 3 DI water drops. The results are
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provided in Fig. 1. Encapsulation was successfully

achieved.

The desired ratio of the phospholipids at the outer layer

was confirmed by HPLC. The peak area of each component

was compared for the solution before centrifugation and for

the supernatant after centrifugation (Fig. 2). Although the

areas for every component after the centrifugation were

reduced except PA, the degree of the decrease was pro-

portional. The proportional decrease means that the ratio of

the phospholipids at the outer layer are still almost iden-

tical with that of the DOPC, DOPE, and OHPE solution

added for liposome preparation. As expected, the retention

time for OHPE was longest, the result of its molecular

weight. It was also expected that the more negative com-

ponent would correspond to the shorter retention as a result

of the surface interaction with the silica spheres, the sur-

faces of which had inherently negative dipoles. The order

of the peak for each component was consistent with that

previously described (Kurumi et al. 1991; Singleton and

Stikeleather 1995). PA peak after centrifugation varied

little. From this invariance, we found that the inner layer

made with PAs remained during the centrifugation. This

result is consistent with a confirmation of encapsulation.

Apart from the composition, there are other factors that

influence the reaction—for example, the vesicle number,

the PLD concentration, the ionic concentration of the

vesicle solution, the phase of the inner layer, the vesicle

radius, and the vesicle stability. Therefore, these factors

were determined before the composition experiments. The

concentration of the phospholipids and the radius of the

vesicles were constant in this research, and it is known that

10 mg/ml of the phospholipids correspond to the 107–108

quantity of the vesicles (Park 2007). Previous research

found effects of the other factors (Park 2011). At the

1 mg/ml solution of phospholipids, 1–10 nM PLD concen-

tration led to little change in the reactivity. Fifty micromoles

of NaCl and 1 mM CaCl2, one of the biomimetic conditions,

were selected for the ionic concentration because the reac-

tivity was dependent on a concentration less than that

(Brown et al. 2007; Webb et al. 2010; Cheow et al. 2010; Furt

and Moreau 2009). Under the conditions described above, it

was found that the reactivity was independent of the inner-

layer phase. Because the solid phase is known to be more

stable, DPPA was used instead of DOPA at room tempera-

ture (Park 2010a). The phase of the lipid layers was made

with the phospholipids whose transition temperature was

considered (Park and Ahn 2008). Dioleoyl lipids were used

for the liquid phase because their transition temperature was

much lower than room temperature. However, dipalmitoyl

lipids were solid at room temperature. The stability was

adjusted identically for the vesicle of each composition.

Stability depended on the composition of the vesicles.

Except for the composition of the outer layer, all the factors

were decided.

As components for the outer layer, PC and phosphati-

dylethanolamine (PE) were selected because only PC was
Fig. 1 Fluorescence intensity change after the addition of pH 3 DI

water drops

Fig. 2 HPLC peaks for each component: lipid solution before

centrifugation (top) and supernatant of solution after centrifugation

(bottom)
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reacted by PLD. However, if DOPC was replaced with

DOPE only, the radius of the vesicles would be increased

as a result of the difference in the geometries between

DOPC and DOPE. Therefore, OHPE, lyso-PE, was utilized

for the vesicle preparation with DOPC and DOPE so that

the radius could be kept constant. The schematic diagrams

for the vesicles made with different components are pre-

sented in Fig. 3. Because the PLD reaction was based on

the curvature change of the vesicles, it was essential that

the radius remain constant. The introduction of OHPE

allowed only the composition effect on the PLD reaction

found. In terms of the PE:PC ratio that was important for

the PLD reaction, 11 conditions (pure PE to pure PC by

10 %) were considered. However, at a specific PE, it was

also necessary to determine the amounts of DOPE and

OHPE that might influence the stability of the vesicles.

Therefore, the composition of the mixed outer layer was

adjusted because the vesicles of each composition were

necessarily found to be as stable as the vesicles made with

pure DOPC. To find out the composition resulting in

identical stability, we observed permeability at 5:1, 10:1,

and 15:1 ratios of DOPE to OHPE for each PE condi-

tion, measuring the fluorescence intensity change with

respect to time (Fig. 4). The ratio of PE to PC at a

specific ratio of DOPE to OHPE had little effect on the

stability. It was found that the stability of the vesicles at

15:1 of DOPE to OHPE was almost identical with that of

the vesicles made with pure DOPC. This result was con-

sistent with the expectation from the geometries of the

lipids in that the ratios of lipid volume to head group area

and lipid length were 0.5–1, 1, and less than 0.33333 for

DOPC, DOPE, and OHPE, respectively (Cevc and Marsh

1987).

Reactivity was monitored at the various composition

conditions by fluorescence response time. The time of pure

DOPC vesicles was consistent with the previous result

(Park 2011). A 30 % PC to non-PC condition led to a

gradual increase in the response time (Table 1), which

means that the reactivity was decreased gradually from a

30 % PC to a non-PC condition. Because the vesicles of the

outer layer made with only PE included OHPE of less than

7 %, the mean molecular area of the outer layer was pre-

sumably *0.8 nm2 (Park and Ahn 2008; Park 2010b).

Therefore, the density of PC on the outer layer made with

30 % PC was one PC molecule per 2.7 nm2. Considering

that the PLD gyration radius is known to be approximately

4 nm, the value of the PLD area calculated with the radius

is much higher than the area necessary to find one PC

molecule in the case where the outer layer of the vesicles

was made with even 10 % PC (Brown et al. 1995). The

density of PC on the outer layer made with 10 % PC was

one PC molecule per 8 nm2. Therefore, it was expected

Fig. 3 Schematic diagram for the vesicles made with different

components. a Vesicles of the outer layer made with pure DOPC.

b Vesicles made with mixture of DOPC, DOPE, and OHPE

Fig. 4 Fluorescence intensity change with respect to time for the

vesicles of the outer layer made with pure DOPC (top) and made with

a mixture of DOPC, DOPE, and OHPE at different DOPE:OHPE

ratios (bottom)

Table 1 Response time from PLD injection to vesicle rupturea

DOPC and PE Response time (s)

Pure DOPC 0.7

90 % DOPC, 10 % PE 0.7

80 % DOPC, 20 % PE 0.7

70 % DOPC, 30 % PE 0.7

60 % DOPC, 40 % PE 0.7

50 % DOPC, 50 % PE 0.7

40 % DOPC, 60 % PE 0.7

30 % DOPC, 70 % PE 0.9

20 % DOPC, 80 % PE 1.3

10 % DOPC, 90 % PE 2.7

Pure PE 50

a PE consisted of DOPE:OHPE at a 15:1 ratio
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that the response time would be little changed from the

vesicles of the outer layer made with 10 % PC. This dis-

crepancy might be due to the size of the PLD active site.

Leiros et al. (2000) noted that PLD had a PC hydrolysis site

with an area of 1.5–2 nm2. Therefore, if the average area to

find one PC molecule was decreased to less than 2 nm2, the

reactivity remained. From 30 % PC to non-PC, the reac-

tivity began to be reduced.

In conclusion, in this study, the effect of mixed lipid

layer on the PLD-induced hydrolysis was investigated by

fluorescence intensity change. Before the investigation,

the ratio of DOPE to OHPE was found to be a condition

such that the vesicles made with the mixed lipids were as

stable as those made with pure DOPC. Monitoring

revealed that the rupture caused by the PLD reaction

could be interpreted with respect to the composition of

each layer, especially the PC density on the outer layer of

the vesicles. It was observed that the vesicles made with

more than 30 % PC at the layer showed identical reac-

tivity as to PLD reaction. However, from 30 % PC to non-

PC at the layer, the reactivity of the vesicles was reduced.

These results seem to be caused by not only the density of

PC on the layer, but also the size of PLD, specifically the

PLD active site.
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Received: 7 October 2011 / Accepted: 1 June 2012 / Published online: 16 June 2012

� Springer Science+Business Media, LLC 2012

Abstract The statins, most commonly used in the treat-

ment of hyperlipidemia, have certain beneficial effects

including improved endothelial function, plaque stability

and decreased oxidative stress and inflammation, beyond

their lipid-lowering effect in plasma. We evaluated the

pleiotropic impact of atorvastatin on erythrocyte structural/

mechanical properties and lipid peroxidation in dyslipi-

demics. The study group included 44 patients with dysli-

pidemia and was divided into subgroups according to

triglyceride and cholesterol levels as hypercholesterolemic

(n = 29) and mixed-type hyperlipidemic (n = 15). Sub-

jects were given 10 mg atorvastatin per day for 12 weeks.

Changes in serum lipid composition, lipid contents, Na?/

K?-ATPase activity and osmotic fragility in erythrocytes

and oxidative stress parameters of erythrocytes and plasma

were studied. Atorvastatin therapy improved the serum

lipid profile of both subgroups. This alteration was

accompanied by a decreased level of cholesterol in eryth-

rocyte membranes. Moreover, enhanced activity of Na?/

K?-ATPase in erythrocytes reflected the improvements in

membrane lipids of both subgroups. However, a significant

change was observed in osmotic fragility values of the

mixed-typed dyslipidemic group. This treatment lowered

the lipid peroxidation in plasma and erythrocytes and

increased plasma total antioxidant capacity in all groups.

The present study shows that the use of atorvastatin

reversed the structural and functional features of erythro-

cyte membranes in dyslipidemic subjects. Also, hypolipi-

demic therapy had a beneficial impact on a balance

between oxidant and antioxidant systems.

Keywords Atorvastatin � Dyslipidemia �
Erythrocyte lipid � Na?/K?-ATPase �
Osmotic fragility � TBARS � TAS

Introduction

Dyslipidemia is one of the most common and important

risk factors for developing of atherosclerosis and the

resulting cardiovascular diseases. This lipid disorder,

viewed as a lipid triad, is characterized by increased tri-

glyceride (TG) and low-density lipoprotein cholesterol

(LDL-C) and decreased high-density lipoprotein choles-

terol (HDL-C) (Austin et al. 2000; Orem et al. 2002).

Hypercholesterolemia and mixed-type hyperlipidemia are

the most common forms of atherogenic dyslipidemia.

Numerous clinical trials have focused on the effect of

atherogenic lipids on hemorheological factors associated

with cardiovascular diseases (Kanakaraj and Singh 1989;

Koter et al. 2004; Saklamaz et al. 2005; De Queiroz Mello

et al. 2010). Cholesterol is an essential and functional
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component of cell membranes, and any change in eryth-

rocyte membrane cholesterol levels reflects substantial

modification of the serum lipid profile because of not

having de novo cholesterol synthesis in the cell (Dwight

et al. 1996; Calişkan et al. 2000; Uyuklu et al. 2007).

Cholesterol enrichment in erythrocytes results in decreased

deformability and fluidity of these cells. This may cause

impairment of functional properties including membrane-

bound enzymes and rheological behaviors such as osmotic

fragility that can promote atherosclerotic lesions (Rama-

nadham and Kaplay 1982; Kanakaraj and Singh 1989;

Koter et al. 2004; Vayá et al. 2008). Besides the effect of

hypercholesterolemia on erythrocyte rheological charac-

teristics, recent studies have indicated that the free cho-

lesterol in erythrocyte membrane could structurally

contribute to plaque formation as well as serum lipoprotein

fractions (Mason et al. 2006; Vayá et al. 2008). On the

other hand, oxidative stress is the underlying cause of many

diseases and closely associated with cardiovascular risk

factor (Koter et al. 2004). Free radicals, the mediators of

oxidative stress, primarily attack membrane lipids and lead

to irreversible functional and structural disorders including

membrane-bound ion transport proteins and other proteins

involved in signal-transduction pathways (Koter et al.

2004; Mason et al. 2006). As a result of lipid peroxidation,

the crystallized cholesterol formed in the extracellular

milieu of the plasma membrane contributes directly to the

pathogenesis of cardiovascular diseases by leading to cell

death and inflammation. Free cholesterol exchange

between erythrocytes and lipoprotein fractions can easily

occur despite the crystallized form being insensitive to

pharmacologic intervention or reverse cholesterol transport

mechanisms (Mason et al. 2006).

Statins are commonly used to lower high blood cho-

lesterol levels. They are competitive inhibitors of

3-hydroxy-3-methylglutaryl coenzyme A (3-HMG-CoA)

reductase, which catalyzes the conversion of HMG-CoA to

mevalonate, the early rate-limiting step in the biosynthesis

of cholesterol (Dwight et al. 1996; Calişkan et al. 2000;

Koter et al. 2002). A number of clinical studies have

demonstrated that treatment of dyslipidemic patients with

HMG-CoA reductase inhibitors such as lovastatin and

simvastatin caused a decrement in serum and cellular

cholesterol levels, despite some reports showing no sig-

nificance (Levy et al. 1992; Rabini et al. 1993; Martinez

et al. 1996; Lijnen et al. 1996; Dwight et al. 1996; Uyuklu

et al. 2007). Evidence concerning the hypolipidemic effect

of statin-derived agents indicates that this therapy can lead

to plaque stabilization, decreased platelet aggregation

(Koter et al. 2002) and improvement in erythrocyte he-

morheological action (Martinez et al. 1996) as well as

antioxidant (Mason et al. 2006; Bełtowski et al. 2009;

Chopra and Flanders 2009). Among statin-derived drugs,

atorvastatin is a synthetic inhibitor of HMG-CoA and more

effective than other statins. Experimental studies on the

pleiotropic effects of atorvastatin have increased in recent

years.

In the present study, the efficiency of atorvastatin ther-

apy concerning the serum lipid profile and the structural

and functional properties of erythrocyte membranes in

individuals with dyslipidemia were researched. Also, the

antioxidative potency of the therapy on erythrocytes and

serum was examined.

Materials and Methods

Patients and Treatment Organization

The study involved 44 patients (23 men and 21 women,

aged 30–76 years, average 54) with dyslipidemia. They

were recruited via the Cardiology Department of the

Medical Faculty at Karadeniz Technical University in

Turkey. The research was approved by the local ethics

committee at the Medical Faculty, and all patients gave

informed consent before entering the study. Because of the

strong interrelationships between elevated TG and LDL-C

and reduced HDL-C, patients were classified into two

groups according to their serum total cholesterol (TC)

levels as 29 hypercholesterolemic (with cholesterol levels

[240 mg/dl) and serum TC and TG levels as 15 mixed-

type hyperlipidemic (with cholesterol and TG above 240

and 200 mg/dl, respectively). Patients were eligible to take

part in the study if they met the criteria of the National

Cholesterol Education Program-Adult Treatment Panel 2

(NCEP-ATP2) and were not receiving lipid-lowering

therapy before entry into the study. All undertook a

screening program consisting of medical history, exami-

nation and full hematologic and biochemical profiles.

Patients with any of the following conditions were

excluded: hypothyroidism, diabetes mellitus, nephrotic

syndrome, renal insufficiency, hepatic dysfunction,

malignant diseases, immune disorders, uncontrolled

hypertension and coronary artery disease; also, cigarette

smokers were excluded. The study lasted 16 weeks.

Patients were started on atorvastatin (10 mg/day) and

evaluated at 6–12 weeks to assess therapeutic efficacy.

Patients were also assigned to a hypolipidemic diet regi-

men according to NCEP step 1 during the treatment. This

diet limits cholesterol intake to\300 mg/day and total fats

to 30 % of total calories, with \10 % of total calories

from saturated fats, 10 % from polyunsaturated fats and

10–15 % from monounsaturated fats. All manual mea-

surements were made in triplicate.
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Measurement of Serum Lipids and Lipoproteins

Blood samples were drawn after an overnight fast of 12 h,

and sera were separated by low-speed (2,5009g) centri-

fugation for 15 min. Levels of TC and TG were estimated

with enzymatic methods using a Hitachi (Tokyo, Japan)

917 autoanalyzer with Boehringer Mannheim (Mannheim,

Germany) original reagents. HDL-C was measured by the

dextran sulfate-Mg2? precipitation method. LDL-C was

calculated by Friedewald’s formula. Apolipoprotein A-I

(Apo A-I) and apoprotein B (Apo B) levels were assessed

by immunonephelometry using Date Behring (BN II,

Marburg, Germany) and its original reagent. Results were

expressed as milligrams per deciliter of serum.

Erythrocyte Preparation, Extraction and Measurement

of Membrane Lipids

Erythrocytes were separated from blood plasma and leu-

kocytes by means of centrifugation (3,0009g, 10 min) at

4 �C and washed three times with phosphate-buffered

saline (PBS). Membrane lipids were extracted using the

procedure of Rose and Oklander (1965), in which lipids are

extracted from an aliquot of erythrocyte membrane sus-

pension with chloroform-isopropanol (7:11, v/v) using a

single extraction tube. Membrane cholesterol was assayed

by the cholesterol oxidase method with a high-performance

Monotest kit (Boehringer Mannheim) (Ott et al. 1982).

Membrane total phospholipid phosphorus was estimated

according to Findlay and Evans (1987). To prevent auto-

oxidation, butylated hydroxytoluene (0.001 %, w/v) as

antioxidant was added to all solvents.

Measurement of Na?/K?-ATPase Activity

For ATPase activity, erythrocyte membranes were pre-

pared according to Dodge et al. (1963). The method

described by Charalambous and Mir (1982) was used to

assay Na?/K?-ATPase activity. It is based on the mea-

surement of orthophosphate released from ATP during

incubation of membrane suspensions with a medium con-

taining (in mM) 2 ATP, 10 MgCl2, 30 Tris-EGTA buffer

(pH 7.4, 0.1 mM EGTA), 10 NaCN and 0.1 ouabain.

Enzyme activity was expressed as the difference in the

inorganic phosphate (Pi) released in the presence and

absence of ouabain. Na?/K?-ATPase activity was expres-

sed as micromoles Pi per hour per milligram membrane

protein.

Measurement of Osmotic Fragility

The test was performed by the method of Parpart et al.

(1947). Calibration for percentage hemolysis was performed

with the same groups by mixing 0.1 % saline solution with

0.02 ml packed cells. This reading was treated as 100 %

hemolysis, and distilled water was used as a blank for

calibration.

Measurements of Lipid Peroxidation in Plasma

and Erythrocytes

Plasma concentrations of thiobarbituric acid reactive sub-

stances (TBARS) were measured according to method of

Yagi (1994). Lipids and proteins were precipitated using

10 % phosphotungstic acid and 0.04 M sulfuric acid (w/v).

The sediment was resuspended in distilled water, and

thiobarbituric acid (TBA) was added to the mixture. The

reaction mixture was heated to 95 �C for 60 min. TBARS

were extracted with n-butanol. After centrifugation, the

butanol layer was taken for fluorometric measurements at

515 nm excitation and 553 nm emission.

Erythrocyte TBARS was estimated according to the

method described by Stocks and Dormandy (1971). Cell

suspension (3 ml) was added to trichloroacetic acid-arse-

nite solution (2 ml). Supernatant (3 ml) was transferred to

TBA solution (1 ml) following centrifugation of the mix-

ture for 10 min. An air condenser was fitted to the tube, and

the mixture was incubated for exactly 15 min in a boiling

water bath. The tube was cooled. The absorption spectrum

of the mixture between 500 and 600 nm was plotted by a

recording spectrophotometer. The formula (OD532 -

OD600) 9 900 gave the TBARS concentration in nano-

moles per gram Hb. Mean hemoglobin concentration was

measured by a Coulter (Hialeah, FL) analyzer.

Measurement of Total Antioxidant Status in Plasma

Total antioxidant status (TAS) was assayed using the

method of Miller et al (1993). In this method, metmyo-

globin reacts with hydrogen peroxide to form ferrylmyo-

globin, a free radical species. All reagent and calibrator/

control materials were supplied by Randox Laboratories

(Antrim, UK). The within-run coefficient of variance (CV)

for the control was 4.8 % (n = 10).

Statistical Analysis

All results are expressed as means ± SD. Comparisons for

serum lipids, lipoproteins, membrane lipids, ATPase

activity, osmotic fragility, TBARS and TAS levels before

and after lipid-lowering therapy were performed with the

paired t-test for normally distributed data or Wilcoxon’s

signed-rank test for non-normally distributed data. The

unpaired t-test or Mann–Whitney U-test was used to

compare parameters between subgroups. Relationships

among variables were assessed by Spearman’s rank or
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Pearson’s correlation coefficient. p \ 0.05 was considered

significantly different. The SPSS 16.0 software package

(SPSS, Inc., Chicago, IL) was used in all statistical

analyses.

Results

The demographic, clinical and treatment data of the dy-

slipidemic groups are given in Table 1. In our study pop-

ulation 29 (66 %) were hypercholesterolemic and 15

(34 %) were mixed-type hyperlipidemic subjects. Of the

participants, 21 (48 %) were hypertensive, 13 (30 %) were

current smokers, 10 (23 %) had obesity and 16 (36 %) had

a family history of dyslipidemia. There was no statistically

significant difference among experimental groups in

demographic features (Table 1). Higher TG and lower

LDL-C and HDL-C levels of mixed-type hyperlipidemics

compared to hypercholesterolemics were found in the

pretreatment period, but no difference was observed in

other parameters. The dyslipidemic subgroups showed

similar responses to atorvastatin treatment concerning

the studied parameters. As expected, atherogenic lipid

components (TC, LDL-C and TG) and Apo B level sig-

nificantly decreased, while HDL-C and Apo A-I levels

increased in both groups after treatment. No significant

change was found in Lp (a) level in all groups after the

therapy. Table 2 presents membrane cholesterol, phos-

pholipids levels, C/P ratio, Na?/K?-ATPase activity and

osmotic fragility before and after treatment with atorva-

statin in the two groups. Erythrocyte membranes from the

atorvastatin-treated group contained lower concentrations

of cholesterol and a lower C/P ratio than those of the

untreated group (p \ 0.001, p \ 0.01 in hypercholesterol-

emic group and p \ 0.05, p \ 0.05 in mixed-type dyslip-

idemic group, respectively). Following the therapy, there

was a significant increase in phospholipid level in eryth-

rocytes of subjects with dyslipidemia. Erythrocyte Na?/

K?-ATPase activity was also enhanced during the lipid-

lowering therapy in hypercholesterolemics and mixed-type

dyslipidemics (p \ 0.001 and p \ 0.05, respectively).

Following the treatment, the osmotic fragility of erythro-

cytes showed a significant increasing trend in the mixed-

type hyperlipidemic group, while there was an insignificant

rise in the hypercholesterolemic group. Our finding showed

that the balance between the oxidant and antioxidant

Table 1 Distribution of demographic features in patients with hypercholesterolemia and mixed-type hyperlipidemia and lipid profiles in the

dyslipidemic groups before and after lipid-lowering therapy

Parameters Patients with hypercholesterolemia

(n = 29, mean ± SD)

Patients with mixed-typed

hyperlipidemia (n = 15, mean ± SD)

Gender, male, n (%) 18 (62) 5 (33)

Hypertension, n (%) 13 (45) 8 (53)

Smoking, n (%) 10 (35) 3 (20)

Obesity, n (%) 6 (21) 4 (27)

Familiy history, n (%) 12 (41) 4 (27)

Age (years) 54 ± 12 54 ± 9

BMI (kg/m2) 29 ± 5 27 ± 3

Treatment dosage (mg/day) 10 10

Parameters Patients with hypercholesterolemia

(n = 29, mean ± SD)

Patients with mixed-typed hyperlipidemia

(n = 15, mean ± SD)

Before treatment After treatment Before treatment After treatment

TG (mg/dl) 132 ± 39 112 ± 39a,*** 311 ± 84c,*** 199 ± 79a,***

TC (mg/dl) 282 ± 33 205 ± 37a,*** 290 ± 26 209 ± 36a,***

LDL-C (mg/dl) 210 ± 30 134 ± 34a,*** 190 ± 33c,* 129 ± 39a,***

HDL-C (mg/dl) 43 ± 8 47 ± 9a,*** 38 ± 5c,* 41 ± 6a,**

Apo A-I (mg/dl) 122 ± 20 136 ± 17a,*** 123 ± 11 134 ± 14a,**

Apo B (mg/dl) 132 ± 16 101 ± 12b,*** 142 ± 27 108 ± 21b,***

Lp (a) (mg/dl) 21 ± 31 19 ± 29 21 ± 22 17 ± 24

TC total cholesterol, TG triglyceride, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, Apo apoprotein
a,b According to paired t-testa and Wilcoxon testb for comparison of plasma lipid parameters before and after treatment with atorvastatin
c According to paired t-test for comparison of plasma lipid parameters between hypercholesterolemic and mixed-type hyperlipidemic groups

* p \ 0.05, ** p \ 0.01, *** p \ 0.001
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systems was affected by atorvastatin therapy. In all study

groups, the lower TBARS levels in erythrocytes and

plasma were obviously estimated after this treatment. Also,

plasma TAS values of the two subgroups compared to

baseline were higher after the therapy (Table 3). The per-

centage changes in serum lipid profile and in erythrocyte

lipid composition, Na?/K?-ATPase activity, osmotic fra-

gility and components of the oxidant and antioxidant sys-

tems are given in Figs. 1 and 2. As can be seen in these

figures, the degree of change in all of these parameters,

except for triglyceride, was similar in both subgroups. In

addition, Fig. 3 indicates the relationship between the

percentage changes of C/P ratio and Na?/K?-ATPase

activity in erythrocytes of hypercholesterolemics (r =

-0.786, p \ 0.02). The enzyme activity of erythrocyte

membranes was enhanced according to the decrease in

Table 2 Na?/K?-ATPase activity, osmotic fragility and levels of plasma membrane lipid in patients with hypercholesterolemia and mixed-type

hyperlipidemia before and after lipid-lowering therapy

Parameters Patients with hypercholesterolemia

(n = 29, mean ± SD)

Patients with mixed-typed hyperlipidemia

(n = 15, mean ± SD)

Before treatment After treatment Before treatment After treatment

Cholesterol (lmol/mg Prt) 0.33 ± 0.12 0.22 ± 0.06*** 0.31 ± 0.12 0.24 ± 0.05*

Phospholipid (lmol/mg Prt) 0.55 ± 0.17 0.75 ± 0.30* 0.58 ± 0.21 0.83 ± 0.33*

Cholesterol/phospholipid 0.64 ± 0.33 0.34 ± 0.13** 0.62 ± 0.37 0.32 ± 0.10*

Na?/K?-ATPase activity (lmol Pi/h/mg Prt) 0.79 ± 0.30 0.93 ± 0.36*** 0.61 ± 0.18 0.81 ± 0.14*

Osmotic fragilitya (g/l) 4.03 ± 0.27 4.14 ± 0.34 3.96 ± 0.18 4.26 ± 0.26*

a NaCl concentration giving 50 % hemolysis

* p \ 0.05, ** p \ 0.01, *** p \ 0.001, according to paired t-test

Table 3 Lipid peroxidation intensity of erythrocyte and plasma and plasma TAS values in patients with hypercholesterolemia and mixed-type

hyperlipidemia before and after lipid-lowering therapy

Parameters Patients with hypercholesterolemia

(n = 29, mean ± SD)

Patients with mixed-typed hyperlipidemia

(n = 15, mean ± SD)

Before treatment After treatment Before treatment After treatment

TBARS in the whole erythrocyte (nmol/g hemoglobin) 276 ± 94 233 ± 82* 265 ± 79 191 ± 42**

TBARS in plasma (nmol/ml) 5.63 ± 1.81 3.69 ± 0.80*** 6.64 ± 3.32 4.02 ± 1.28***

TAS (mmol/l) 1.41 ± 0.09 1.51 ± 0.09*** 1.38 ± 0.11 1.49 ± 0.09**

TBARS thiobarbituric acid reactive substances, TAS total antioxidant status

* p \ 0.05, ** p \ 0.01, *** p \ 0.001, according to paired t-test
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membrane C/P ratio of both groups. Also, it was estimated

that there was a negative correlation between the percent-

age change of erythrocyte TBARS amount and the C/P

ratio and plasma TAS level in subjects with dyslipidemia

(r = -0.714, p \ 0.047 and r = -0.424, p \ 0.022,

respectively).

Discussion

Our findings show that short-term therapy with low-dose

atorvastatin in subjects with dyslipidemia was efficient at

reducing the serum concentration of TC, LDL-C, TG and

Apo B and at increasing HDL-C and Apo AI, while the Lp

(a) level was not changed. All these changes were inde-

pendent of possible cofounders such as gender, family

history, obesity, smoking and hypertension. The changes in

these parameters were similar to the results obtained by

many studies (Koter et al. 2002; Uyuklu et al. 2007; Koh

et al. 2010; Jones et al. 2010, Arsenault et al. 2011;

Thongtang et al. 2011; Athyros et al. 2011). Also, we

demonstrated that there was no statistical difference

between baseline lipid and apolipoprotein characteristics of

the dyslipidemic groups except for TG and HDL-C. This

indicated that the study groups had the proper demographic

characteristics. The effects of statins on HDL-C levels have

been controversial. Some studies have shown a marked

elevation in levels of serum HDL-C during atorvastatin

treatment (Barter et al. 2010; Arsenault et al. 2011) and

others no change (Rabini et al. 1993; Lijnen et al. 1996;

Koter et al. 2002; Arsenault et al. 2011). The lipid-lower-

ing effect of atorvastatin, as for other statins on serum lipid,

is due to a competitive inhibition of the rate-limiting

enzyme 3-HMG CoA reductase in the intracellular

biosynthesis of cholesterol, subsequently leading to

induction of receptor production and catabolic rate of

LDL-C (Rubenfire et al. 1991; Lijnen et al. 1996). In both

dyslipidemic groups, there were close correlations between

reduced Apo B levels, increased Apo A-I levels and plasma

levels of LDL-C and HDL-C. In general, an unchanged

serum Lp (a) level has been reported during statin-derived

drug treatment of hypercholesterolemic patients (Miller

et al. 1993; Bełtowski et al. 2009). A number of studies

have shown that alterations in the serum lipid composition

were accompanied by changes in erythrocyte lipid content

(Lijnen et al. 1996; Martinez et al. 1996; Koter et al. 2002),

but not all agree (Dwight et al. 1996; Tziakas et al. 2008).

In the present study, a significant decrement in erythrocyte

membrane cholesterol in subjects with hypercholesterol-

emia and mixed-type hyperlipidemia after atorvastatin

therapy was clearly observed. After a 12-week therapy,

serum concentrations of TC and LDL-C in the subgroups

were similarly lowered. Also, the percent change of

erythrocyte C/P ratio was positively correlated with that of

serum LDL-C. There are some reports that conflict with our

finding. Of these, Dwight et al. (1996) indicated that

8-week treatment with simvastatin in low doses altered

membrane acyl chain composition and serum cholesterol

but had no effect on erythrocyte cholesterol content. In

contrast to the mentioned studies, there are many more

studies showing that the short- and long-term statin thera-

pies resulted in decreased erythrocyte cholesterol and C/P

ratio (Rabini et al. 1993; Martinez et al. 1996; Koter et al.

2004; Vayá et al. 2008). The lipid-lowering impact of

atorvastatin as well other statins was thought to result from

an influence on cholesterol exchange by binding to the

plasma membrane and displacing cholesterol between the

lipoproteins and the erythrocytes in which the rate of

y = -1,8438x + 52,212
R2 = 0,1603 P< 0,05
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cholesterol synthesis is relatively insignificant (Garnier

et al. 1988; Lijnen et al. 1996; Martinez et al. 1996). One of

the most important determinants of erythrocyte function

and survival throughout the blood circulation is its defor-

mability property, which is determined by some factors:

membrane viscoelasticity, intracellular viscosity and area

to volume ratio of the cell surface causing the membrane

C/P ratio and a younger cell population. Na?/K? pump

activity and osmotic fragility are perfect indices of cell age

(Ramanadham and Kaplay 1982). The reduction in C/P

ratio of the erythrocyte membrane was associated with a

significant enhancement of erythrocyte membrane Na?/K?

pump activity. This was obviously shown by our study.

Recently, many reports have demonstrated that erythrocyte

Na?/K? pump activity is inversely related to its membrane

contents of cholesterol, polyunsaturated fatty acid and

particularly phospholipid subclasses (Uyuklu et al. 2007).

Increased Na?/K?-ATPase activity in both dyslipidemic

groups may be evident only in the presence of an elevation

in membrane fluidity, depending on the reduction of

erythrocyte C/P ratio after atorvastatin treatment. This is

consistent with previous reports suggesting that the

improved membrane fluidity by hypolipidemic therapy

enhanced pump activity in subjects with dyslipidemia

(Rabini et al. 1993; Lijnen et al. 1996; Martinez et al. 1996;

Koter et al. 2004).

Serum lipid composition could change the osmotic fra-

gility of erythrocytes by disrupting phospholipid com-

pounds and the cholesterol content of cell membranes

(Kanakaraj and Singh 1989). Even though the erythrocyte

Na?/K? pump activity and C/P ratio altered in both groups

after treatment, increased osmotic resistance to hypotonic

hemolysis was significant only in the mixed-type hyper-

lipidemic group. This behavior in the mixed-type group

only may be a consequence of the small size of the pop-

ulation. There have been a number of studies showing that

the erythrocytes of hypercholesterolemics were osmotically

more resistant to lysis in a hypotonic medium (Kanakaraj

and Singh 1989; Özdemirler et al. 2001). In the present

study, the unaltered osmotic fragility values of the hyper-

cholesterolemic group after treatment are, however, con-

sistent with the finding that Dwight and colleagues (1996)

obtained in 2-month simvastatin therapy of individuals

with a clinical history of atherosclerosis. After atorvastatin

treatment, the increment in osmotic fragility may be due to

lost cholesterol or acquired phospholipid content of

erythrocytes, particularly phosphatidylcholine.

On the basis of the literature data, clinical trials have

shown that dyslipidemia contributes to the development of

cardiovascular diseases and that this course is amplified by

oxidative stress, resulting in the formation of atheromatous

plaque (Koter et al. 2004; De Freitas et al. 2010; Barter

et al. 2010). Erythrocytes are more susceptible to the free

radicals which cause structural and functional disorders in

the cell membrane, including reduced enzyme activities,

essential fatty acid content and membrane rigidity, thus

decreasing the cell’s ability to deform (Koter et al. 2004).

As a measurement of oxidative stress, TBARS level in the

erythrocyte and plasma of the study groups was estimated

during pre- and posttreatment periods. There was a highly

significant decrease in TBARS values in both erythrocyte

and plasma of subgroups compared to baseline. Our results

were confirmed by the report of Koter et al. (2004),

showing that TBARS concentrations in erythrocyte and

plasma of hypercholesterolemic subjects were notably

lowered after 12 weeks of atorvastatin treatment. Given the

fact that statins indicate pleiotropic effects, their antioxi-

dant activity may be to bind to the phospholipids of

erythrocyte membranes and lipoprotein fractions, thereby

preventing the diffusion of free radicals generated under

oxidative stress (Bellosta et al. 2000). In addition, Mason

and colleagues (2006) propounded that when comparing

other statins the higher antioxidant potency of atorvastatin

resulted from the o-hydroxy metabolite form, about 70 %

presented in serum. The metabolite protects the lipid

moiety against free radical attack. This protective mecha-

nism is due to electron donation and proton stabilization

associated with its phenoxy group located in the membrane

lipid core. Correlatively, total plasma antioxidant status, an

indication of antioxidant capacity, was higher in both dy-

slipidemic groups after treatment; and all these data clearly

confirm the antioxidative action of this antilipidemic agent.

In the present research study, we have shown that

treating dyslipidemic patients with atorvastatin not only

causes favorable changes in serum, erythrocyte lipid profile

and some aspects of cell deformability related to membrane

components but also leads to an antioxidative impact

against oxidative stress beyond cholesterol lowering.

However, further studies are needed to elucidate the

molecular mechanisms underlying the changes in lipid

composition of erythrocyte membrane and the balance

between oxidant and antioxidant status changed by ator-

vastatin therapy.
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Abstract Collagen (Col)–chitosan (Chi) membrane was

modified by a hot dehydrogenation cross-linking method.

Carbodiimide was added for further crossing modification.

Chondroitin sulfate (CS) was added so that Col–Chi sulfate

composite membranes were prepared. The structure of the

composite membranes was characterized by Fourier

transform infrared spectroscopy and X-ray photoelectron

spectroscopy, and its mechanical properties, degradation,

and cytotoxicity were characterized. The composite mem-

brane was applied to a full-thickness skin injury in animal

experiments performed in rabbits. Strong interactions and

good compatibility among Col, Chi, and CS in the com-

posite membrane were present. The good mechanical

properties, biocompatibility, digestion resistance, and

wound healing promotion of the composite membrane

make it a potential wound dressing or skin scaffold for

tissue engineering.

Keywords Chitosan � Chondroitin sulfate � Collagen �
Medical composite membrane � Wound repair

Biomedical membrane is an important kind of biomedical

material for tissue-engineering scaffolds, wound dressings,

and hemostatic products, and it has been a high-priority

research topic for the past few decades (Wang et al. 2011).

Wound healing comprises a complicated sequence of cel-

lular and biochemical events involving inflammation,

migration, and proliferation of a variety of cell types;

production of extracellular matrix (ECM) and proteins; and

neovascularization (Chen et al. 2006).

It has been demonstrated that the ECM, including such

elements as collagen (Col) and glycosaminoglycans

(GAGs), plays an important role in the process of injury

repair. In particular, Col has been demonstrated to be a

good ECM substitute in injury repair (Bissell 2001; Mid-

wood 2004). Col can identify the specific molecular signal

and mediate cell adhesion and migration. It also has low

immunogenicity and good histocompatibility. In addition,

its small-chain polypeptide of protein and amino acid in the

catabolite could be used as the nutrient component of tis-

sue-engineered cells. However, Col has several negative

effects when extracted, including overall structure change,

diminished intensity, and degradation of collagenase in

vivo. Wound repair materials that use Col as a membrane

have been extensively studied during the past few years

(Braga-Vilela et al. 2008; Rho et al. 2006). Various tech-

nologies and methods have been applied to increase the

intensity of Col and to control its degradation in vivo. In

particular, Col may be mixed with chitosan (Chi) and

GAGs.

Chi is a natural polysaccharide that is structurally sim-

ilar to GAGs. It consists of b-(1-4) linked D-glucosa-

mine residues with a variable number of randomly located

N-acetyl-glucosamine groups. It has been reported to be

nontoxic and biocompatible, and it promotes wound heal-

ing (Francis and Howard 2000). Furthermore, the incor-

poration of Chi into a Col scaffold is known to increase its

mechanical strength, as it forms an ionic complex between

the positively charged Chi and the negatively charged Col

(Taravel and Domard 1996). In addition, the biodegradable
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Chi itself provides bacteriostatic and fungistatic activities

(Tomihata and Ikada 1997). For these reasons, Chi has

been an important biomaterial for wound management. A

novel asymmetric Chi membrane has been prepared by an

immersion–precipitation phase-inversion method and

evaluated as a wound covering (Mi et al. 2001).

GAGs, including hyaluronan and chondroitin sulfate

(CS), are amino-sugar-containing polysaccharides in the

ECM of all vertebrates. CS is composed of alternating units

of b-1,3-linked glucuronic acid and (b-1,4)-N-acetyl-

galactosamine (GalNAc), and it is sulfated in either the 4 or

6 position of the GalNAc residues (Kirker et al. 2002).

Furthermore, CS has biocharacteristics that include the

binding and modulation of growth factors and cytokines,

and CS is involved in the adhesion, migration, prolifera-

tion, and differentiation of cells (Pieper et al. 2000; Lee

et al. 2004).

By dehydrothermal treatment (DHT) modification and

an EDC (1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide)

cross-linking method (Ma et al. 2004), following the Col–

Chi preparation technology, CS was introduced to combine

with the composite membrane in order to provide the

biological activity of polysaccharides and to further

improve its stability and biocompatibility (Ye et al. 2007a,

b). The purpose of this study was to develop a composite

membrane for tissue-engineered skin scaffolding or wound

dressing.

Experimental Materials

Materials and Reagents

The following chemicals, all of analytical grade and used

as received without any further purification, were pur-

chased: 2-N-morpholino ethanesulfonic acid (Amresco,

Dallas, TX); carbodiimide (EDC, Yanchang Biochemistry

Company, Shang Hai, China); N-hydroxysuccinimide

(NHS; Yanchang Biochemistry Company); Chi (degree of

deacetylation [87 %, Cheng Du Kelong Chemical Rea-

gents, Chengdu, China); cartilage (CS, Sigma, St. Louis,

MO); ninhydrin (Merck, Darmstadt, Germany); lysozyme

(Cheng Du Tian Tai Life Sciences, Chengdu, China);

glycine (Amresco); and recombinant human basic fibro-

blast growth factor (bFGF; Sigma). Col was obtained in our

laboratory (molecular weight 300,000 Da).

The following experimental apparatuses were used:

lyophilizer (Freeze 6; Labconco, Kansas City, MO); CO2

cell incubator (Sanyo, Tokyo, Japan); inverted phase con-

trast microscope (Olympus IX70; Olympus, Tokyo, Japan);

centrifuge (Varifuge 3.0RS; Thermo Scientific Heraeus,

Hanau, Germany); and scanning electron microscope

(SEM; JSM-5900LV; JEOL, Tokyo, Japan).

Methods

Preparation of DHT-EDC-Modified Col–Chi–CS

Membrane

The membrane was prepared by blending 0.5 mol/L

aqueous HAc at a given ratio (Col/Chi = 1:1). After

freeze-drying, the unmodified membrane was vacuumed at

room temperature, then treated for 2 h after increasing the

temperature to 110 �C. The resulting membrane was

soaked for 30 min in 40 ml 40 % ethanol solution (pH

5.0–6.0) containing 50 mM 2-N-morpholino ethanesulfo-

nic acid, then soaked for 4 h at room temperature in

40 % ethanol solution that contained 50 mM 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide, EDC, 20 mM

N-hydroxysuccinimide, NHS, and 1 % CS. Next 0.1 M

Na2HPO4 solution (pH 9.1) was introduced to wash the

composite scaffold for 4 h. The material was washed

overnight in different concentrations of NaCl (aq) and

neutralized to pH 7.0 via freeze-drying. This process

completed the preparation of the DHT-EDC composite

modified membrane.

After EDC modification, the Col–Chi–CS membrane

was washed thoroughly with 0.1–1.0 M Na2HPO4 (aq) (pH

8.0–9.1), 1–2 M NaCl (aq), 5–50 mM glycine, and double-

distilled water. The self-made bFGF controlled micro-

sphere dispersed with phosphate-buffered saline (PBS) was

evenly sprayed onto the surface of the membrane. After

drying, the wound healing membrane based on Col was

obtained. It was stored it in a medical package that was

irradiation-sterilized by a 60Co irradiation apparatus with

25 kGy before further evaluation.

Structure Characterization of Modified Col–Chi–CS

Membrane

X-ray Photoelectron Spectroscopy X-ray photoelectron

spectroscopy (XPS) was performed regulated with a stan-

dard sample by the XSAM800 ESCA system Au (Au4f =

84.0 eV) and Ag (Ag3d = 386.3 eV).

Determination of Free Amino Groups and Modification

Index We drew standard curves with the ninhydrin col-

orimetry method. We then calculated the modification

index by the equation [(M0 - M1)/M0], where M0 is the

free amino group amount before modification and M1 is the

free amino group amount after modification.

Fourier Transform Infrared Spectroscopy The modified

Col–Chi–CS membrane was analyzed by Fourier transform

infrared spectroscopy (FTIR) with the KBr pellet pressing

method. The accompanying scanning wave number was
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450*4,000 cm-1 and the resolving power was 2 cm-1.

Each scan was repeated 15 times.

Properties of Modified Col–Chi–CS Membrane

Tensile Strength Dumbbell-shaped membrane was pre-

pared and put in the condition (temperature 20 ± 2 �C,

relative humidity 65 ± 2 %) for 48 h. The tensile strength

was determined on a tensile testing machine with a velocity

of 10 mm/min; each sample was tested five times and the

average value calculated.

Degradation Test Vacuum-dried membrane samples

(10 9 25 mm) were stored in test tubes after being precisely

weighed. The samples were then soaked with 5 ml lysozyme

degradation solution (1.0 mg/ml PBS). After putting the

sealed test tubes in a bath rotator (fixed rotation speed

80 rpm), samples were withdrawn for testing at 1, 2, 3, 5, 8, 12,

and 15 days. The degradation solution was replaced every

72 h to maintain enzyme activity. Samples were washed with

deionized water and dried to a constant weight. The degree of

degradation was characterized by the decrease in weight.

Cytotoxic Test The membrane samples were cut into

small samples of 1 cm2. Extracted fluid was withdrawn

daily after soaking the samples in 4 ml of culture medium

at 37 �C for 3 days. Fibroblast cells were cultured in

extracted fluid for 3 days, then tested by MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)

and observed via optical microscope.

Cell Culture The Col–Chi–CS membrane was cut and

placed into a 24-well culture plate. Fibroblast suspen-

sion (5 9 104 cells/ml) was then placed on the mem-

brane and cultured under 37 �C 5 % CO2 for 2 h. Three

milliliters of culture medium was added, and it was

allowed to sit for another 3 days. The results were

observed by SEM.

Wound Healing Test Twenty New Zealand rabbits were

selected, 10 each male and female, weighing 1.5–2.0 kg.

General anesthetized rabbits were dehaired and sterilized

on two sides of their backs to permit full-layer wounds

3 9 4 cm in size. In the experimental group, the wounds

on the left side were covered with Col–Chi–CS mem-

brane; in the control group, they were not. Then all the

wounds were swabbed with oil and stitched. After

1 week, the dressing was removed. Each rabbit was

injected with veterinary-quality ampicillin trihydrate

0.25 g for 3 days. We then recorded the amount of

bleeding, the duration of the healing period, and the

appearance of the wounds.

Results and Discussion

XPS Analysis

The composite membrane was prepared by introducing CS

during EDC modification. To find out whether the CS had

combined with the membrane or whether it was easily

washed away during the follow-up processes (to ensure that

the Col–Chi–CS membrane was firmly formed), XPS was

performed to analyze elements of the membrane surface

(Fig. 1). There was an S-element peak at 167.8 eV in the

Col–Chi–CS membrane, while there was only a signal peak

in the Col–Chi membrane (Fig. 2). We speculate that CS

bonded with the Col–Chi membrane. The element content

of the two different membranes is listed in Table 1.

Although there was 0.2 % S in the Col–Chi–CS membrane,

there was none detected in the Col–Chi membrane; in

addition, an increase in O and a decrease in N and C were

also measured. CS belongs to the polysaccharides, which

contain large amount of SO4 and –OH, leading to the

appearance of S and the increase in O detected in the Col–

Chi–CS membrane. This element change further clarified

the existence of CS.

The C1s peak was fitted and separated into several

peaks: C–H, C–OH, C–NH2, and C=O (Fig. 3; Table 2).

The Col–Chi–CS membrane has more C–OH and C–NH2

polar groups and fewer C–H nonpolar groups than the Col–

Chi membrane. The change in the content of the polar and

nonpolar groups indicated a change in the hydrophilic and

hydrophobic abilities of the membrane surface. Compared

with the Col–Chi membrane, the Col–Chi–CS membrane

maintained a higher hydrophilic but a lower hydrophobic

performance, which simultaneously affected the cell

adhesion and biocompatibility, resulting in a marked

application difference.

Free Amino and Modification Index Analysis

CS contains large amounts of hydroxide radicals, carboxyl

groups, sulfate radicals, and so on. During EDC modifi-

cation, an amino link or ester bond was generated by the

reaction of the carboxyl group from CS with a hydroxide

radical or an amino group from the composite membrane,

respectively. A hydrogen or ester bond was generated by

the reaction of the hydroxide radical of CS with the amino

group or the carboxyl group from the composite mem-

brane, respectively. As a bridge, not only were the active

groups of the binary membrane (Col–Chi) cross-linked

with CS, but also the distant nonactive groups, thus

improving its performance. The ternary membrane (Col–

Chi–CS) cross-link reaction degree was determined by the

analysis of free amino content. At the same condition of
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EDC modification compared with two-component mem-

brane, the cross-linking index of the three-component

membrane was larger, which, as a result of the bridge

function of CS combined the distant active groups,

accordingly improved the degree of the cross-link reaction

(Fig. 4).

FTIR Analysis

Figure 5 shows the FTIR curves of the Col–Chi and Col–

Chi–CS membranes. A blueshift occurred in the Col–Chi–

CS membrane (amide 1,658.80 cm-1) compared to that of

Col–Chi membrane (1,658.62 cm-1). The peak at around

Fig. 1 XPS of composite

membrane. a Col–Chi

membrane. b Col–Chi–CS

membrane
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620 cm-1 was attributed to an out-of-plane deformation

vibration of the primary amine. The D value between

intensities of deformation vibration and amide to some

extent reflects the content of the primary amine in these

materials. According to our calculations, the D values of

Fig. 2 S energy spectra of XPS.

a Col–Chi membrane. b Col–

Chi–CS membrane

Table 1 Content of surface element of Col-based membrane

C O N S

Col–Chi 66.9 22.8 10.3 0

Col–Chi–CS 65.2 25.9 8.7 0.2
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the Col–Chi and Col–Chi–CS membranes were 30.89 and

36.60, respectively. Compared to the Col–Chi membrane,

the higher D value of the Col–Chi–CS membrane indicated

a lower content of primary amine. It was thus clear that the

number of unreacted amino groups of the Col–Chi–CS

membrane was less than that of the Col–Chi membrane,

which suggested that the degree of cross-linking of the

former was much higher than that of the latter. This finding

was in agreement with the measured results of the free

amino group.

Tensile Strength

The tensile strength of EDC modified Col–Chi membrane

was 1.06 MPa, while that of the EDC modified Col–Chi–

CS membrane was 1.19 MPa, which can account for the

higher mechanical strength of three-component membrane.

This result was related to the modification index.

Degradation Test

Figure 6 shows the degradation of modified membrane in

lysozyme solution. When modified and unmodified mem-

brane are compared, the modified one performed better in

degradation. After soaking in the solution for 15 days, the

remaining quality of EDC-modified two- and three-com-

ponent membrane was 89.74 and 93.02 %, respectively, of

the initial weight, while it was less than 60 % of that of the

unmodified one. These indicate the capability of improving

the cross-link degree and the antizymohydrolysis ability of

the EDC modification technology. EDC-modified mem-

brane has a superior performance. By introducing CS, the

antizymohydrolysis ability of this composite membrane

was improved.

Fig. 3 Fitting curves of C1s energy spectrum of blended membrane surfaces. a Col–Chi membrane. b Col–Chi–CS membrane

Table 2 Content of C1s energy spectra (%)

C–H C–OH, C–NH2 C=O

Col–Chi 45.20 40.36 14.44

Col–Chi–CS 41.68 44.51 13.81

Fig. 4 Contrast of cross-linking index of modified Col-based

membrane

Fig. 5 FTIR spectra of Col-based membrane
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Cytotoxic Test

The cytotoxic test was carried out by culturing fibroblast

cells in the fluid extracted from Col–Chi–CS membrane,

which contained sustained-release bFGF microspheres, for

1, 2, and 3 days, and a control group; the experimental and

control cells were then tested by MTT. More cells were

reproduced in the three experimental groups than in the

control group (Fig. 7). The cell amount increased with the

duration of the extraction period. The extracted fluid was

noncytotoxic and promoted cell proliferation. Figure 8

illustrates control and experimental fibroblast cells culti-

vated for 3 days; cells in the experimental groups grew

faster than controls and covered almost the whole culture

plate. The reason cell proliferation was promoted may be

related to the sustained-release bFGF microspheres. With

longer extraction periods, the bFGF amount was enhanced

and the cell proliferation rate increased.

Cell Culture

SEM results are shown in Fig. 9 for the self-made bFGF-

controlled microsphere-containing Col–Chi–CS membrane

cultured for 3 days. The bFGF-controlled microspheres,

which were of uniform size, were evenly distributed on the

membrane. The three-dimensional structure of membrane

was preserved even after soaking for 3 days, which per-

mitted cell proliferation. Figure 10 shows the adhesion

growth of the fibroblasts on the membrane, which indicated

that the membrane worked well for cell adhesion and

growth.

Wound Healing Test

As a holder for cells, membrane based on Col can induce

cell proliferation, differentiation, and migration. This

membrane is an effective wound healing material that can

absorb tissue exudate and adhere to the wound to maintain

certain humidity and to avoid mechanical injury and

resulting bacterial infection. A novel dressing was created

by combining bFGF-controlled microspheres with Col

membrane and applied to a rabbit model to observe the

wound healing process.

Figure 11 shows the wound reconstruction process.

Figure 12 shows the wound covered by composite
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Fig. 6 Degradation of Col-based membrane in lysozyme solution

Fig. 7 MTT results of fibroblast culture in extracted solution of Col–

Chi–CS membrane

Fig. 8 Fibroblast. a Culture medium. b Extracted solution of Col–Chi–CS membrane
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membrane and an oil swab. After being covered by the

composite membrane, tissue exudate and blood were

absorbed, and the membrane smoothly adhered to the

wound, creating a good microenvironment for the wound

healing process. Three days after the wounds were inflic-

ted, the experimental group wound was dry. The wound

adhered closely to the membrane, with no adhesion to the

paraffin gauze dressings and with no erythema; in addition,

no allergy occurred. In the wounds in the control group, on

the other hand, tissue exudate and adhesion to the paraffin

gauze dressings were observed. Figure 13 illustrates the

wound healing of a rabbit 3 weeks after surgery.

Wound healing status and healing are listed in Table 3.

There were six cases of bleeding (30 %) in the control

group, whereas in the experimental group, there was only

one (5 %). There was one case of wound infection in the

control group but none in the experimental group. It took

20.76 days of the control group for wound healed but only

18.00 days compared to experimental one. The wounds in

the experimental group clearly healed better and faster, and

for less cost.

Fig. 9 SEM of Col–Chi–CS

membrane impregnated

microsphere after 3 days in

culture medium

Fig. 10 SEM of fibroblast culture on the Col-based membrane

(original magnification, 93,000)

Fig. 11 Establishment of whole-layer skin wound
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The membrane based on Col that we prepared was

bonded with histocompatible and biodegradable CS and

Chi. Along with cross-linking modified by EDC, the sta-

bility and biocompatibility of this composite membrane

were improved. We found the novel healing material to be

bacteriostatic, hemostatic, and analgesic, and it accelerated

the tissue’s wound healing abilities.

In this study of Col membrane combined with sustained-

release bFGF microspheres, we found that the composite

membrane can be used to cover the wound, thus creating a

scaffold to assist the migration and proliferation of epi-

dermal cells and granulation tissue. In addition, the wound

healing period was markedly shortened, and we found

excellent sustained-release function of bFGF microspheres.

The primary benefits of this novel composite membrane

include protecting the wound, decreasing the amount of

exudates, and permitting water-spreading properties. The

animal defect model experiment indicated that the mem-

brane based on Col combined with sustained-release bFGF

microspheres performs well in terms of wound healing,

skin regeneration, hemostasis, antiadhesion, and distinctive

knitting abilities.

Conclusions

(1) XPS observation revealed that after EDC modifica-

tion, CS was firmly bonded in the Col–Chi mem-

brane. Col–Chi–CS membrane of a different polarity

was collected.

(2) The modification index of DHT-EDC-modified Col–

Chi–CS membrane was higher than that of the Col–

Chi membrane, and the tensile strength and degrada-

tion of the modified Col–Chi–CS membrane were

distinctly higher. The EDC modification technology

and the introduction of CS improved the antienzym-

olysis ability of the composite membrane.

(3) Fibroblast culture experiments indicated the mem-

brane was nontoxic and good for cell proliferation

and adhesion.

(4) Wound healing tests suggest the feasibility of

promoting the wound healing process and tissue

regeneration, as well as promoting hemostasis and

preventing postoperative adhesion abilities.
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Abstract We combined systematic bioinformatics analyses

and molecular dynamics simulations to assess the conserva-

tion patterns of Ser and Thr motifs in membrane proteins, and

the effect of such motifs on the structure and dynamics of

a-helical transmembrane (TM) segments. We find that Ser/

Thr motifs are often present in b-barrel TM proteins. At least

one Ser/Thr motif is present in almost half of the sequences of

a-helical proteins analyzed here. The extensive bioinformat-

ics analyses and inspection of protein structures led to the

identification of molecular transporters with noticeable

numbers of Ser/Thr motifs within the TM region. Given the

energetic penalty for burying multiple Ser/Thr groups in the

membrane hydrophobic core, the observation of transporters

with multiple membrane-embedded Ser/Thr is intriguing and

raises the question of how the presence of multiple Ser/Thr

affects protein local structure and dynamics. Molecular

dynamics simulations of four different Ser-containing model

TM peptides indicate that backbone hydrogen bonding of

membrane-buried Ser/Thr hydroxyl groups can significantly

change the local structure and dynamics of the helix. Ser

groups located close to the membrane interface can hydrogen

bond to solvent water instead of protein backbone, leading to

an enhanced local solvation of the peptide.

Keywords Bioinformatics � Molecular dynamics �
Molecular transporters and receptors � Ser/Thr motifs �
Transmembrane proteins

Hydrophilic amino acids of transmembrane (TM) proteins

can have important structural and functional roles. For

example, hydrophilic amino acids can contribute to the

association of TM segments via hydrogen-bonding or salt-

bridging interactions (Hermansson and von Heijne 2003;

Zhou et al. 2000, 2001), influence the boundary of the

insertion of membrane proteins into the lipid bilayer

(Krishnakumar and London 2007), reduce (via salt bridg-

ing) the free energy of membrane partitioning of a helix

(Chin and von Heijne 2000), and can influence ligand

binding (Junne et al. 2007) or participate in chemical

reactions of the TM protein (Metz et al. 1991). Ser and Thr

groups are distinguished from other polar side chains by

their ability to compete with the backbone groups for

intrahelical hydrogen bonding. Such hydrogen bonding may

have important consequences for the structure and function

of the membrane protein. To understand the conservation

patterns of Ser/Thr groups in membrane proteins, and the

effect of Ser/Thr groups on the local protein structure and
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dynamics, here we combined extensive bioinformatics

analyses with molecular dynamics simulations.

Regardless of whether the residue is buried or solvent-

accessible, the side chains of the polar amino acids Ser and

Thr have a high propensity for intrahelical hydrogen

bonding (Gray and Matthews 1984); this intrahelical

hydrogen bonding can be either with a backbone amide or

with a backbone carbonyl group (Gray and Matthews 1984;

Presta and Rose 1988; Richardson and Richardson 1988).

Hydrogen bonding to the backbone amide is observed

when Ser/Thr are located in the position immediately

preceding the N terminus of a-helices (N-cap) (Doig et al.

1997; Kumar and Bansal 1998; Vijayakumar et al. 1999)

and in membrane proteins (Eilers et al. 2000).

The interior location preferred by Ser/Thr in membrane

proteins (Pilpel et al. 1999) was associated with the high

packing values of these amino acids (Eilers et al. 2000);

statistical analysis suggested that Ser/Thr whose hydroxyl

groups hydrogen bond to the backbone of the TM helix can

induce a small local bending of the helix (Ballesteros et al.

2000). When associated with Pro in the TM segment

sequence, a Ser/Thr can modulate significantly the struc-

tural deformation of the helix induced by Pro (Deupi et al.

2004). The preference of Ser/Thr amino acids for intrahe-

lical hydrogen bonding with the backbone could also be

responsible for the lack of a significant contribution of Ser/

Thr to the association of TM segments (Zhou et al. 2001).

But, when specific Ser/Thr motifs are present at the inter-

face of TM helices, they can drive oligomerization of

the helices via interhelical hydrogen bonding (Dawson

et al. 2002).

The competition with backbone groups for hydrogen

bonding may be related to the low propensity of these

amino acids in the middle of a-helices (Vijayakumar et al.

1999). Nevertheless, the frequency of occurrence of Thr/

Ser at buried sites within TM segments of helical is higher

than that of other polar and charged amino acids (Grat-

kowski et al. 2001). At buried sites in proteins, Ser/Thr

tend to hydrogen bond (Worth and Blundel 2008).

Given the expectation that Ser/Thr are relatively infre-

quent in a TM a-helical segment, we were intrigued by our

observations that multiple Ser/Thr are present within TM

segments of membrane proteins with different function,

particularly in functionally important regions of several

molecular transporters and receptors. In what follows we

discuss briefly several such examples.

The analysis of sequences of retinal proteins indicates

the presence of a TT motif at the heart of the protein; the

TT motif is largely conserved as TT, ST, or TC (Nack et al.

2012). In the bacteriorhodopsin proton pump the two Thr

are present at position 89 and 90 (i.e., close to the primary

proton acceptor D85), and the Thr90Ala mutation has

profound effects on the reaction cycle (Perálvarez et al.

2001). G-protein-coupled receptors squid and bovine

rhodopsin contain several Ser/Thr motifs along the TM

segments—for example, S79DFT82, S122IMT125 and

S263IVIVSQFLSWS275 in squid rhodopsin (pdb 2Z73,

Murakami and Kouyama 2008), and T58LIVT62,

T92TTLYTS98, and T297S298 in bovine rhodopsin (pdb

1U19, Okada et al. 2004). S122 of squid rhodopsin is part

of the hydrogen-bonded network that may be involved in

signal relay (Murakami and Kouyama 2008, Jardon-Vala-

dez et al. 2010), and bovine rhodopsin T94 is involved in

controlling the protonation state of the retinal Schiff base

(Buss et al. 2003). The conserved squid rhodopsin Y315

makes potentially important hydrogen bonds with water

(Sugihara et al. 2011); Y315 is located on the cytoplasmic

side of a TM helix, near the loop segment S316VS318.

In the GlpG intramembrane protease, helix TM3 that

interconnects distant hydrogen-bonding clusters contains the

sequence S171GKLIVITLISALS185 (Bondar et al. 2009);

another intramembrane protease, FlaK, also has a TM helix

that contains three closely spaced Thr/Ser groups

(T710LSYLVT716) (pdb 3S0X, Hu et al. 2011). In the Ther-

motoga maritima SecY TM7, a helix thought to be critical for

the translocon function (Plath et al. 1998; van den Berg et al.

2004; Du Plessis et al. 2009), contains the sequence

S277AIVSIPSAIASIT290; the hydroxyl groups of the four Ser

amino acids and of the Thr hydrogen bond to backbone car-

bonyl groups of other TM7 amino acids (Bondar et al. 2010).

The corresponding region of the Escherichia coli translocon

contains three Ser and one Thr groups in the sequence

S281S282IILFPAT288IAS291 (Bondar et al. 2010). Mutation of

the E. coli S282 to Arg leads to the prlA401 phenotype

(Osborne and Silhawy 1993) thought to be characterized by

the destabilization of the closed state of the translocon (Smith

et al. 2005); adding one more Thr that replaces I290 reduced

export of staphylokinase by the translocon (Sako 1991;

Osborne and Silhavy 1993). Arrangements of Ser/Thr sepa-

rated by two or three residues, with the Ser/Thr side chains

largely on one side of the TM helix, are also observed in the

P-type proton pump AHA2 from Arabidopsis thaliana—

T686IMT689, S762IIS765, or S827IVT830 (pdb 3B8C, Pedersen

et al. 2007); the T686IMT689 segment within TM6 is very

close to the primary proton donor/acceptor D684. The

membrane-embedded region of the a subunit of the nicotinic

acethylcholine receptor consists of four helices, each with at

least one Ser/Thr motif; helix M2 contains three Thr and six

Ser groups (Unwin 2005). Finally, the TM segment of the

amyloid precursor protein has two Thr amino acids separated

by two VI pairs, the N-terminal Thr being at the c42 cleavage

site (see e.g., Munter et al. 2007).

Because Thr/Ser have positive free energies of insertion in

the membrane hydrophobic core (Hessa et al. 2005; Moon and

Fleming 2011), and weakly inhibit membrane insertion (Xie

et al. 2007)—although the context of the amino acid in the
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TM segment is also very important for its recognition by the

protein translocon (Hessa et al. 2005), it is indeed plausible, as

some of the examples above may suggest, that the presence of

Ser/Thr motifs in TM segments may be important for the

structural and/or functional role of the protein.

We revisit here the presence of Ser/Thr amino acids in

TM proteins and their effect on the local structure and

dynamics of model TM protein segments. We performed

systematic bioinformatics analyses of a data set consisting

of 339 unique sequences of protein chains that contain a-

helical and b-barrel TM segments. We find that, within the

data sets analyzed here, about half of the sequences of the

a-helical membrane proteins have at least one Ser/Thr

motif, although sequences containing a large number of

motifs are a minority. In the a-helical membrane proteins,

Ser/Thr motifs can be present not only along the TM

helices, but also in solvent-exposed regions of the pro-

tein—which may contain b-strands. On the basis of the

bioinformatics analyses and visual inspection of protein

structures we could identify membrane transporters that

have a remarkable number of Ser/Thr groups along TM

helices (see examples in Fig. S1). To assess how various

Ser/Thr motifs affect the local structure and dynamics of

a-helical TM segments, we carried out molecular dynamics

(MD) simulations of four model single-spanning a-helical

TM segments, including TM7 of T. maritima SecY. The

MD simulations indicate that presence of Ser/Thr motifs

can affect the local structure, dynamics, and solvation of

TM helices. We thus conclude that the presence of multiple

Ser/Thr motifs along the TM helices of a protein, although

a relatively infrequent event, likely has significant impli-

cations for the structure and dynamics of the protein.

Methods

Bioinformatics Analyses

TM protein sequence chains were selected from the Protein

Data Bank of Transmembrane Proteins (PDB_TM, Tus-

nády et al. 2005a), which is based on scanning all PDB

entries with the TMDET algorithm (Tusnády et al. 2005b).

Only nonredundant sequences were selected from the

complete PDB_TM data set. The sequences are classified

into two subsets: chains containing a-helical TM segments,

and chains containing b-barrel TM segments; these two

data sets are denoted here as, respectively, data-a (291

unique sequences) and data-b (48 unique sequences).

For the protein sequences in the both data-a and data-b
sets, we analyzed the presence of the following specific

motifs (denoted in what follows as Signatures) containing

Ser/Thr amino acids: SS, ST, TT, SxxS, SxxxS, SxxT,

SxxxT, TxxT, and TxxxT, where ‘‘x’’ denotes any amino

acid. For the Signature analysis of the protein sequences,

we used the program Preg (Rice et al. 2000). The search for

Signatures included the entire protein chain—that is,

regions of the protein that may not be within the lipid

membrane region are also included in the search.

The statistical analysis of the sequences was performed

using the R software (R Development Core Team 2010).

Using R, we first tested the normality of the data-a and data-

b samples using the Shapiro–Wilk normality test (Shapiro

and Wilk 1965; Royston and Remark 1995). To compare the

results for the different Signatures in data-a and data-b, we

used the nonparametric (i.e., distribution-free) statistical

hypothesis Mann–Whitney U-test, also called the Wilcoxon

rank-sum test (Mann and Whitney 1947).

To cluster the data-a and data-b Sequences according to

the number and type of Signatures, we proceeded as fol-

lows. The results of the Signature analysis described above

were used to derive the Signature number information per

sequence (that is, the number of SS, ST, TT, SxxS, SxxS,

TxxT, TxxxT, SxxT and SxxxT per sequence) for each data

set. For each Signature, all counts were normalized

between 0 (no Signature) and 1 (the highest number of

Signatures in each column). The Signature data were

analyzed using unsupervised cluster learning methods. We

used two distinct clustering methods: hierarchical cluster-

ing (Mitchell 1997; Jain et al. 1999), and k-means clus-

tering (MacQueen 1967). The hierarchical clustering was

performed using the Euclidean distance and the complete

linkage approach. The number of clusters was calculated

using the inconsistency threshold and coefficient (Bezdek

and Pal 1998) as validity indices. The Euclidian space was

used for the k-means clustering. In order to reduce the

sensitivity of the algorithm to the initial random cluster

centroids, we repeated each of the k-means runs 10 times

and chose the best solution. We used the silhouette method

(Rousseeuw 1987) to estimate the number of clusters. The

potentially optimal number of k-means clusters was then

chosen in order to maximize the average distance between

silhouette means. Unless indicated otherwise, all functions

used are part of the Matlab Statistics Toolbox (Jones 1993).

Molecular Dynamics Simulations

We investigated the structure and dynamics of four model

peptides that contain different types and numbers of Ser/Thr

Signatures (Table 1). The peptide in Sim1 consists of the

seventh TM helix of the SecYEG protein translocon from

T. maritima (Zimmer et al. 2008), and a fragment of the loop

that connects the seventh and eighth TM helices of the

T. maritima translocon (for a total of 27 amino acids); there

are four Ser groups and one Thr in this peptide, separated by

one, two, or three amino acids that are hydrophobic (Ile,

Phe, or Val), or mildly hydrophobic (Ala). Sim2 and Sim3
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are on peptides that contain two (Sim2) or four (Sim3)

SerLeu stretches. In Sim4 we consider a model peptide that

has four Ser groups within three SLLS repeats. The

sequences of all peptides used in the MD simulations are

given in Table 1. The simulation systems contained the TM

peptide embedded in the center of hydrated palmitoyloleoyl

phosphatidylethanolamine (POPE) hydrated lipid mem-

brane, for a total of *72,600 atoms (*280 lipid molecules,

and *12670 water molecules).

Coordinates for the peptide in Sim1 were taken from the

crystal structure of Zimmer et al. (2008). The helical model

peptides investigated in Sim2–Sim4 were constructed using

the CHARMM software (Brooks et al. 1983). The pro-

tonatable amino acid residues in Sim1 were considered in

their standard protonation states (Glu—negatively charged,

and Lys—positively charged).

MD simulations were performed using the NAMD

software (Kalé et al. 1999; Phillips et al. 2005) with

the CHARMM22 force field for the protein atoms

(MacKerell et al. 1998), CHARMM27 for lipids (Feller

and MacKerell 2000), and the TIP3P model for the water

molecules (Jorgensen et al. 1983). We cut off the short-

range real-space interactions at 12 Å using a switching

function between 8 and 12 Å. The smooth particle mesh

Ewald summation (Darden et al. 1993; Essmann et al.

1995) was used to compute the Coulombic interactions.

To maintain a constant temperature of 310 K and the

pressure at 1 barr we used a Langevin dynamics scheme

and a Nosé-Hoover Langevin piston (Feller et al. 1995;

Martyna et al. 1994).

In the initial stages of the MD simulation the system was

subject to weak harmonic constraints, as follows. During

minimization, heating, and the first 1.5 ns of the equili-

bration, we used harmonic constraints of 5 kcal mol-1 Å-2

for the peptide atoms, and 2 kcal mol-1 Å-2 for the lipid

and water molecule atoms. The constraints on the lipid

atoms were then switched off, and we continued with 1 ns

of equilibration with the constraints on the peptide and

water atoms unchanged. The constraints on the peptide

atoms were set to 2 kcal mol-1 Å-2 for the subsequent

1 ns of the equilibration. We then switched off the con-

straints on the peptide, and continued the equilibration with

a constraint of 2 kcal mol-1 Å-2 on the water atoms only.

All harmonic constraints were switched off for the

remaining part of the simulations.

During the equilibration with harmonic constraints, and

for the first 1 ns of the MD simulation without constraints,

we used an integration step of 1 fs. For the remaining part

of the simulation we used the reversible multiple time-step

algorithm (Grubmüller et al. 1991; Tuckerman and Berne

1992) with time steps of 1 fs for the bonded forces, 2 fs for

the short-range nonbonded forces, and 4 fs for the long-

range electrostatic forces. The lengths of the bonds to

hydrogen atoms were constrained using SHAKE (Ryckaert

et al. 1977).

We used VMD (Humphrey et al. 1996) for molecular

graphics, inspection of selected structures (e.g., Fig. S1),

and trajectory analysis.

Results

Bioinformatics Analysis of the Sequences of TM

Proteins

The statistical analysis of the sequences showed that they

mostly did not follow a normal distribution; this made nec-

essary the use of nonparametric tests to address the differ-

ences in the number of Signatures in data-a and data-b. The

nonparametric tests showed significant differences in the

number of Signatures appearing in data-a and data-b when

using the Wilcoxon rank-sum test (Table 2, Figs. 1, S2–S4).

The meaning of the box plots is illustrated in Fig. 1a. A

summary of the statistical analyses of the sequences is given

in Fig. S4. The Shapiro test is summarized in Fig. S5.

On average, most proteins from data-b contain Ser/Thr

Signatures (Table 2, Figs. S2 and S3). Only 15–25 % of

these sequences do not have any Signature (Table 2). We

Table 1 Summary of the MD simulations performed

Simulation Peptide sequence Simulation length (ns)a Average RMSD (Å)b

Sim1 VIPIIPAS277AIVS281IPS284A 34 2.7 ± 0.1c

IAS288IT290AAET294LK

Sim2 (L)3-(SL)2-(L)13 49 2.0 ± 0.1

Sim3 (L)3-(SL)4-(L)9 34 1.8 ± 0.1

Sim4 L-(SLL)4-(L)7 34 1.8 ± 0.1

a The simulation length denotes the length of the trajectory without any constraints
b The average RMSD and standard deviation values were computed from the last 20 ns of the trajectory without constraints (2000 frames). Time

series of the RMSD values computed from Sim1–Sim4 are provided in Fig. S10
c For the TM helical segment of the peptide in Sim1, the average RMSD is 1.3 ± 0.2 Å (see also Fig. S2A)
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note significant differences between the distributions of

Ser/Thr Signatures separated by two amino acids. Two

SxxS Signatures are present in a large part of the sample

(35 %), whereas TxxT is present in just 6 %; the presence

of SxxT has an intermediate value of 17 % (Table 2; Fig.

S3B, E, H).

The number of Signatures in data-a is significantly

smaller than in data-b (Fig. 1). In data-a SxxxS (55 %) and

SxxT (51 %) remain prevalent, although most often just

one Signature is present (Fig. S2C, E); TxxT, SxxxT,

TxxxT, and SxxS are found in, respectively, 47, 42, 43, and

45 % of the sequences (Table 2; Fig. S2H, F, I, B).

For a certain Signature, the amino acid sequence

encompassed by Ser/Thr can be different for the two

classes of TM proteins sequences considered here.

Whereas in data-a SxxxS appears most often as SLxxS or

SVxxS—that is, with a bulky hydrophobic amino acid (Fig.

S6g–i), in data-b the preferred SxxxS sequences are SYxxS

and SAxxS (Fig. S7b). Leu and Val are also associated

with most of the TxxxT Signatures in data-a (Fig. S6p–s);

in data-b, most common TxxxT motifs are TGxxT and

TSxxT (Fig. S7e). Signatures SxxxT, SxxT, and SxxS have

the same motifs in the both data sets, respectively, SAxxT

and SLxxT, SVxT and SGxT, and SSxS and STxS (Figs.

S6d–f, j–e, a–c, S7a, c, f) (Fig. 2).

Our preliminary analysis of a possible relationship

between noticeable numbers of Signatures and the molec-

ular function of the protein indicates that, within the data

sets considered here, the proteins with large numbers of

Signatures tend to be transporters or receptors. Below we

discuss briefly several such examples.

Identification of Molecular Transporters and Receptors

with Significant Numbers of Ser/Thr Motifs

Visual inspection of data-a molecular transporters with a large

number of Signatures (Fig. S8) indicates that the Signatures

can be present not only in the membrane-embedded region of

the protein, but also on solvent-exposed regions—loops, or

larger soluble domains. The inclusion in the analysis of sol-

vent-exposed parts of TM proteins is a limitation of the data

sets used for the current analysis that leads to an over-esti-

mation of the number of Ser/Thr Signatures. Below we discuss

briefly examples of molecular transporters that contain large

numbers of Signatures in the TM and/or solvent-exposed

domains. In the discussion and in the Supplementary Infor-

mation files the proteins are identified by the Protein Data

Bank (PDB, Berman et al. 2003) chain used in the bioinfor-

matics analysis; for example, 1f6g_A indicates that we used

chain A from PDB 1f6g.

Table 2 Summary of the percentage of data-a and data-b sequences that contain given numbers of specific Signatures a

Motif No. of Signatures

0 1 2 3 4 5

Data-a

SS 47.4 23 13.4 8.9 1.7 3.1

SxxS 55 22 9 8 4 1

SxxxS 45 29 13 7 3 1

ST 52.9 25.1 12 4.8 3.1 0.7

SxxT 49 22 17 7 3 1

SxxxT 58 23 12 4 2 1

TT 55.3 25.1 13.1 3.8 0.3 0.7

TxxT 53 30 11 4 1 1

TxxxT 57 25 9 6 2 0

Data-b

SS 5 16 11 23 23 9

SxxS 20 25 35 12 2 4

SxxxS 23 21 15 9 8 8

ST 7 21 16 12 21 15

SxxT 19 25 17 21 14 2

SxxxT 15 21 29 6 13 8

TT 12 12 19 14 11 14

TxxT 25 31 6 15 11 4

TxxxT 19 21 13 21 8 6

a For a graphical representation of the Signature analysis here summarized, and for further details, see Figs. S2 and S3

C. del Val et al.: Ser/Thr Motifs 721

123



Fig. 1 Box-and-whisker plots illustrating the distribution of Signa-

tures in data-a and data-b. Box-and-whisker plots are nonparametric

representations of the distribution of the data within the sample

assessed. The principles of a box plot are illustrated in (a). For

example, the yellow box in (b) (for SS Signatures in data-a) indicates

that (1) the median number of SS Signatures in the data-a set is 1; (2)

approximately half of the sequences have no Signature; (3) about a

quarter of the sequences have one SS Signature; and (4) outliers more

than 5 SS Signatures are not normal within the data-a set. For

information about the number of specific Signatures for each of the

data-a and data-b sets, see Figs. S2–S5. Details of the statistical

analyses and the results of the Shapiro test are given in Figs. S6 and

S7
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The AMPA subtype ionotropic glutamate receptor

(Sobolevsky et al. 2009) has numerous Ser/Thr groups

that give rise to sixteen SxxxS Signatures, nine SxxT,

and smaller numbers of other Signatures—although most

of the groups are solvent exposed (3kg2_A, Fig. S1A).

The full-length potassium channel KcsA (1f6g_A; Cortes

et al. 2001) (Fig. S1B), and the P-type ATPases AHA2–

proton pump (3b8c_A, Pedersen et al. 2007) (Fig. S1C),

sarcoplasmic reticulum Ca2? pump (Obara et al. 2005)

(2agv_A, Fig. S1D), and the Neurospora proton pump

(1mhs_A; Kühlbrandt et al. 2002) (Fig. S1E) have Ser/

Thr Signatures in the both TM and solvent-exposed

regions.

Solvent-exposed domains of the TM protein may con-

tain b-strand domains where most of the Ser/Thr Signatures

are found, such as entry 3h9v_A, corresponding to the

ATP-gated P2X4 ion channel from Kawate et al. 2009)

(Fig. S1F). The structure of the KirBac3.4 potassium

channel from Gulbis et al. (n.d.) (pdb entry 1XL4) has

Signatures in the both TM helices and solvent-exposed

b-strands (Fig. S1G). The polysaccharides translocon Wza

(2j58_A; Dong et al. 2006) has 12 Signatures, of which

three (two TxT and one SxxxT) are within the C-terminal

D4 helical segment thought to be embedded in the outer

membrane, and the remaining Signatures are in solvent-

exposed a-helical or b-strand segments (Fig. S1H). A

stunning example of a molecular transporter with solvent-

exposed helical and b-strand segments and a large number

of Signatures is mouse P-glycoprotein (3g5u_A; Aller et al.

2009), which has numerous SxxxS and ST Signatures, and

at least one from each of the other Signatures (Figs. S1I,

S8–J).

There are other examples of data-a transporters con-

taining a remarkable number of Signatures within the TM

region. In the putative ammonium channel Nitrosomonas

europaea Rh50 (data-a entry 3b9w_A; Lupo et al. 2007),

some of the Ser/Thr amino acid residues are part of TT

(4), SxxS (2), TxxT (16), or TxxxT (1) Signatures, and a

Fig. 2 Schematic

representations of Sims1–4.

Coordinate snapshots from the

end of Sim1 (a), Sim2 (b), Sim3

(c), and Sim4 (d) are shown as

cutaway views with heavy

atoms of lipid glycerol,

phosphate, and choline groups

depicted as van der Waals

spheres scaled down by 40 %,

and solvent water oxygen atoms

depicted as transparent van der

Waals spheres (also scaled

down by 40 %). Water oxygen

atoms within 6 of any Ser/Thr

atom are shown as large spheres

(van der Waals spheres enlarged

by 20 %). The Ser/Thr side

chains are shown as bonds.

VMD (Humphrey et al. 1996)

was used to prepare molecular

graphics images
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single TM helix can have up to five Ser/Thr groups (Fig.

S1R). Alignment of the sequences of N. europaea Rh50

and the E. coli ammonium transporter AmtB (Lupo et al.

2007) indicates that some of the Ser/Thr Signatures are

conserved, whereas others are present only in N. europaea

Rh 50. For example, the S44AT46T47GT49YLV Rh50

segment of TM2 corresponds to S43MLT46QVT49VT51 in

AmtB. In Rh50, F86 and F194 are thought to form a gate

in the substrate transport path (Lupo et al. 2007). F194 is

part of a SF194AT segment in TM6, and this sequence is

present as SFNS in human Rhesus RhD and RhAG—two

membrane proteins whose molecular function is not

entirely clear, though RhAG may participate in ammo-

nium transport (van Kim et al. 2006). TM6 of Rh50 also

contains the SxxxS Signature S180MLGS184 (Lupo et al.

2007) S180 being part of the pore-lining amino acid resi-

dues (Hub et al. 2010). The arginine-agmatine antiporter

(AdiC, data-a entry 3hqk_A; Fang et al. 2009) has a total

of 14 Signatures, of which four are SS, and the remaining

are one or two of the ST, TT, T/SxxxT/S or SxxT Sig-

natures (Fig. S1J). Aquaporin AQP1 (data-a entry

1J4N_A; Sui et al. 2001) has Ser/Thr Signatures (mostly

with Ser) both along TM helices and solvent-exposed

loops (Fig. S1K).

We also identified membrane proteins with signal-

transducing activities that have Ser/Thr Signatures in

regions of the protein known to be critical for function, or

have numerous Signatures. Thus, we found that bovine

rhodopsin has 14 Signatures, four of which TT (Fig. S1L;

3cgl_A, Stenkamp 2008). The muscarinic M3 receptor

(2amk_A, Han et al. 2005; Li et al. 2005), has numerous

Ser/Thr along the TM helices (Fig. S1M).

From the data-b set, the outer membrane heme trans-

porter ShuA (data-b entry 3fhh_A, Brillet et al. n.d.) is

loaded with Ser and Thr groups: the structure depicted in

Fig. S1N has 111 Ser/Thr groups, which is approximately

18 % of the 621 amino acids. This significant number of

Ser/Thr gives rise to 11 SS Signatures and 29 other Sig-

natures, SxxT being the least represented—just one Sig-

nature. Another example of a data-b protein with

numerous Signatures is the hemophore receptor (and

transporter) HasR (Krieg et al. 2009) (data-b entry

3csl_A, Figs. S1O, S9); this protein structure has 115 Ser/

Thr groups, accounting for 15 % of the total amino acids.

The protein has seven SS Signatures, eight SxxS, and

between three and six from each of the other Signatures.

At the other extreme in terms of number of Signatures for

a data-b protein we mention the outer membrane porin

OmpG (data-b entry 2f1c_X; Subbarao and van der Berg

2006). Out of the 286 amino acids, 27 (*9 %) are Ser/

Thr (Fig. S1P), but there are only six Signatures: one ST,

one TT, two TxxxT, one SxxxT, and one TxxT Signature

(Fig. S9).

Structure and Dynamics of Model TM Peptides

The root mean squared differences (RMSD) relative to the

starting coordinates has reached plateau values for all four

model peptides considered here (Table 1; Fig. S10). The

MD simulations (Sim1-Sim4) indicate that the presence of

Ser/Thr amino acids within the membrane-embedded

peptide segment has a significant effect on the structure and

dynamics of the TM helix.

In Sim1, T290 and each of the four Ser amino acids

hydrogen bond to the carbonyl group of the fourth amino

acid downstream the sequence; in addition to the stable i-4

hydrogen bond, each of the two central Ser groups have a

transient hydrogen bond with the carbonyl group of amino

acid i-3 (Fig. 3a, c–e, g). Competition of the Ser hydroxyls

with the amide groups for hydrogen bonding to the car-

bonyl groups (Fig. 3d, g) induces local kinks in the helix

(Fig. 3b, d), and an enhanced dynamics of this region.

Indeed, the root-mean-squared-fluctuation (rmsf) profile

indicates high mobility for the groups close to S281 and

S284, in particular upstream the sequence where the

backbone hydrogen bonding is most perturbed (Fig. 3d–f).

SecY-TM7, the TM peptide investigated in Sim1, con-

tains four Ser/Thr Signatures in which Ser/Thr are sepa-

rated by 1, 2, or 3 amino acid residues (Table 1; Fig. 3a);

of the amino acids that separate Ser/Thr in these four

Signatures, Ile and Ala are each present in three Signatures

(Ile: S273xxxS277, S281xxS284, S284xxxS288, and S288

xS290; Ala: S273xxxS277, S284xxxS288, and T290xxx

T294) (Table 1; Fig. 3a). The presence of Ile in the Ser

Signatures of SecY-TM7 is consistent with the observation

from the bioinformatics analysis above that in data-a; these

Signatures are often associated with a bulky hydrophobic

amino acid. In Sim2–Sim4 we explore further the structure

and dynamics of Ser-containing TM segments by consid-

ering peptides with different numbers of Ser amino acid

residues, and with different numbers of Leu separating the

Ser groups (Table 1).

The results on the three Ser-containing poly-Leu model

peptides tested in Sim2–Sim4 indicate that the dynamics

and hydrogen-bonding interactions of the peptides depend

on the number and location of the Ser groups. In Sim2, the

two Ser at positions 4 and 6 in the sequence (Table 1;

Fig. 4a) hydrogen bond to, respectively, the i-3 and i-4

backbone carbonyls (Fig. 4f, g); S4 can also interact with

water (Fig. 4a).

Compared to Sim2, the peptide in Sim3 has two addi-

tional Ser groups at positions 8 and 10 in the sequence

(Table 1; Fig. 4b). Hydrogen bond dynamics of S4 is

similar in Sim2 and Sim3—during the first *30 ns of the

simulations the S4 hydroxyl: L1 backbone hydrogen bond

breaks and reforms, and then stabilizes to *3.4 Å. S10,

located deep in the membrane core, is mostly hydrogen
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bonded to the S6 backbone carbonyl (Fig. 4g); S8 hydro-

gen bonds to the S4 carbonyl (Fig. 4b). The presence of S8

and S10 in Sim3 is associated with the middle segment of

the peptide being more flexible than in Sim2 (Fig. 4e).

The 4 Ser groups of peptide in Sim4 are separated by

short LL stretches (Table 1; Fig. 4c, d). That is, unlike in

Sims 2 and 3, where the Ser side chains are distributed

approximately symmetrically around the helix (Fig. 4a, b),

Fig. 3 Intrahelical hydrogen bonding in Sim1. a Each of the Ser

amino acids from the TM helical part of peptide 1 (Table 1) engages

in at least 1 intrahelical hydrogen bond. Ser/Thr groups are shown as

bonds, and Leu backbone groups that hydrogen bond with Ser/Thr are

shown with atoms as small spheres. b Overlap of 10 snapshots of the

last 10 ns of Sim1 taken at every 1 ns. Ca atoms of the Ser/Thr amino

acid residues at the end of Sim1 are shown as Van der Waals spheres.

c Average distances between Ser/Thr hydroxyl oxygen atoms and

their interaction partners. Average and standard deviation values were

computed from the last 10 ns of Sim1 (1000 coordinate sets). d Close

view of hydrogen bonding in the middle segment of peptide 1. Thin

lines with numbers indicate hydrogen bonding and the corresponding

distances in Å. The standard deviations for the side chain distances

are given in (c); for the backbone S281-N:S277-O, and S284-N:V280-

O distances, the standard deviations are ±0.3 Å and ±0.5 Å,

respectively. e Ca-rmsf profile of peptide 1, computed from the last

10 ns segment of Sim1. The rmsf profile and the overlap of structural

snapshots in (b) would suggest an enhanced flexibility of the Ser/Thr-

rich TM helix. f Time series of the S284-N:V280-O distance.

g Examples of distances (in Å) between Ser/Thr hydroxyl groups and

backbone carbonyl groups monitored during Sim1. For all time series

presented here and in Fig. 4, the origin of the time axis corresponds to

all harmonic constraints being switched off
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Fig. 4 Dynamics and hydrogen bonding of Ser-containing poly-Leu

peptides. a, b Coordinate snapshots from Sim2–Sim4 showing the

peptide and specific amino acids at the end of the Sims. Ser side

chains are shown as bonds; atoms of backbone groups involved in Ser

hydrogen bonding are shown as small spheres. Oxygen atoms of

water molecules within 6 Å from Ser groups are shown as van der

Waals spheres for the snapshot at the of the Sims, and as small

transparent spheres for 2 coordinate snapshots taken 2 and 1 ns before

the end of the Sims, respectively. For simplicity, in panels a-c hydrogen

are not shown. In Sim4, water molecules penetrate into the lipid

bilayer, forming hydrogen bonds with S8 and/or S5. d Snapshots from

the last *1 ns segment of Sim4 illustrating hydrogen bonding

between Ser side chains and water molecules; selected hydrogen

atoms are depicted for examples of hydrogen bonding. e Rmsf (Å)

computed from the last 10 ns of Sim2–Sim4. f Selected Ser hydrogen-

bond distances measured during the last 10 ns segments of Sim2–

Sim4. g Examples of time series of Ser hydrogen-bond distances in

Sim2–Sim4
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in Sim4 the Ser side chains are roughly on the same side of

the helix turns, leading to an imbalanced polarity of the

helix (Fig. 4c, d). Toward the end of Sim4, we observe

water molecules penetrating the lipid bilayer, where they

hydrogen bond with S5 and S8 (Fig. 4d, c). That water

molecules enter the lipid membrane to solvate the Ser

groups in a peptide containing SLLS Signatures (Fig. 4c) is

compatible with previous experiments on synthetic

(LSSLLSL)3 peptides in diphytanol phosphatodylcholine

lipid membranes: such peptides oligomerized and gave rise

to ionic currents (Lear et al. 1998).

Upon hydrogen bonding to water S8 no longer hydrogen

bonds to the backbone carbonyls of L4 and S5 (Fig. 4d, g);

we also observe geometries in which the side chains of S5

and S8 are bridged via a water molecule (Fig. 4d). Back-

bone hydrogen bonding of S11 is largely stable (Fig. 4c, g).

The presence in Sim4 of more Ser side chains that can

interact with backbone or water molecules is associated

with the flexibility of the middle segment of the peptide

being larger than that observed for the peptides in Sim2 and

Sim3 (Fig. 4e).

Discussion

We have revisited the conservation patterns of Ser/Thr

motifs in a-helical and b-barrel TM proteins using a data

set of 339 unique chain sequences. The bioinformatics

analyses indicate the noticeable presence of Ser/Thr Sig-

natures in both b-barrel and a-helical membrane proteins

(Table 2, Figs. S1–S3). There is, however, a significant

difference between these two classes of proteins: whereas

just *20 % of the b-barrel protein sequences analyzed

here do not have any Ser/Thr Signature, in the a-helical

TM proteins set the percentage of such sequences is

45–58 % (Table 2, Figs. S2, S3). The finding that within

the data sets used here, proteins having more than two Ser/

Thr Signatures are a minority (Table 2; Fig. 1) is consistent

with Ser/Thr being relatively little represented in the single

transmembrane helices analyzed in (Landolt-Marticorena

et al. 1993), and with the expectation from the kPROT

analysis that the probability of finding multiple Ser groups

within the same TM segment degreases rapidly from

*20 % for two Ser groups, to *0 for 5–6 groups (Pilpel

et al. 1999). It is important to note here that the results on

the frequency of Ser/Thr motifs depend on the protein

sequences included in the data sets for bioinformatics

analyses. Further work is necessary to understand whether

the number and identity of Ser/Thr motifs within the TM

domain of a TM protein depend on the structural details of

the protein—e.g., on the number of TM helices or b-sheets.

Although multiple Ser/Thr motifs are relatively rare in

TM proteins, we identified intriguing examples of a-helical

TM proteins that contain multiple Ser/Thr groups within

their TM helices (Fig. S1), including in regions that are

important for function (Fig. S1R). The bioinformatics

analysis further indicates that some Signatures are clearly

preferred: compared to other Ser/Thr Signatures, the SxxS

Signatures are disfavored in the b-barrel TM proteins set;

such Signatures are also infrequent in the a-helical TM

proteins. The SxxxS Signature, present in 55 % of the data-

a TM proteins analyzed here, is often associated with a

bulky hydrophobic side chain (e.g., SLxxS or SVxxS).

The MD simulations on model Ser-containing a-helical

TM segments suggest that SxxS motifs may be disfavored

because the energetic cost for hydrogen bonding to the

helix backbone such buried Ser hydroxyl groups may be

too high. In the simulation on the model peptide that

contains four Ser groups each separated by two Leu

(Sim4), water molecules enter the lipid bilayer and solvate

all except for the deepest buried Ser (Fig. 4c, d). Penetra-

tion of water molecules into the hydrophobic core of the

lipid bilayer had been observed in previous MD simula-

tions on the partitioning of charged and polar amino acid

models (MacCallum et al. 2008).

The side chains of all five Ser/Thr groups of the seventh

TM helix of the T. maritima translocon hydrogen bond to

the carbonyl group of the i-4 amino acid (Fig. 4a, c). In

addition to the i-4 hydrogen bond, the two central Ser

hydroxyl groups hydrogen bond transiently to the i-3

backbone carbonyls (Fig. 4a, g). Rh50 was identified here

as a transporter with Ser/Thr Signatures within the TM

region. In the 1.3 Å resolution structure of Rh50 (Lupo

et al. 2007), T46 and T47 of the T46T47xT49 motif have the

side chains on the membrane-facing side of a TM helix,

whereas T49 faces the protein interior. Each of the three

threonine hydroxyl groups is hydrogen bonded to backbone

carbonyls from the same TM helix: T47 and T49 hydrogen

bond to the i-4 carbonyl, whereas T46 has two hydrogen

bonds, with the i-4 (2.9 Å) and i-3 (3.2 Å) carbonyl groups.

Hydrogen bonding of Ser/Thr hydroxyl groups with the

backbone carbonyl of the i-4 amino acid was also observed

in previous MD simulations on model GGPG-flanked

a-helical TM peptides in hydrated DMPC lipid bilayers

(Johansson and Lindahl 2006). Hydrogen bonding to the

backbone stabilizes the Ser/Thr hydroxyl groups within the

hydrophobic membrane environment without the need of

water entering the bilayer. That is, whether or not water

molecules penetrate into the membrane to solvate buried

hydroxyl groups depends on the sequence context.

The hydroxyl groups of Ser/Thr compete with backbone

amide groups for hydrogen bonding to the carbonyls, and

their backbone amide groups can hydrogen bond to the i-4

carbonyls (Fig. 3d). In the case of the peptide in Sim1, the

maximum perturbation of the backbone amide:carbonyl

hydrogen bond is observed for the central S284:V280
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interaction (Fig. 3d, f). Perturbation of the backbone

hydrogen bonding appears associated with an enhanced

flexibility of the peptide (Fig. 4e). Although the details are

expected to depend somewhat on how many motifs are

present and where these motifs are located within the

sequence, the computations on the model peptides con-

sidered here support a model in which Ser/Thr intrahelical

hydrogen bonding can have significant effects on the local

structure, dynamics, and water interactions of a TM

a-helix.

The influence of the Ser/Thr Signatures on the local

structure, dynamics, and solvation of the TM helices could

be interpreted to suggest that such Signatures may have

important functional roles. For example, Ser/Thr motifs

may be used by the protein to shape the local structure by

inducing local kinks (Fig. 3d), to enhance solvation

(Fig. 4a–d) or flexibility (Fig. 4e). Within the data set

considered here, proteins having significant numbers of

Ser/Thr Signatures include molecular transporters and

receptors. Examples of transporters and receptors con-

taining Ser/Thr groups that are part of Signatures and

known as functionally important include squid rhodopsin—

S122, part of a SxxT motif, which contributes to a hydro-

gen-bonded network along the signal relay path (Jardon-

Valadez et al. 2010); bacteriorhodopsin—the Thr90Ala

mutation in the T89T90 Signature has drastic effects on the

kinetics of the reaction cycle (Perálvarez et al. 2001); and

SecY—the E. coli S282R mutation in the S281S282II-

LFPAT288IAS291 sequence destabilizes the translocon

(Smith et al. 2005).

As another implication of the results here on the Ser/Thr

motifs, we suggest the possibility that the interpretation of

serine scanning mutagenesis as tool for assessing the

structure–function relationship in membrane proteins may

be complicated by the introduction, through mutation, of

Ser/Thr Signatures. A recent example of a serine-scanning

investigation in which Ser/Thr Signatures have been

introduced is the investigation by Miranda et al. (2011) of

the structure–function relationship in TM6 of the yeast H?

ATPase Pma1. The yeast Pma1 has a Thr at position 733;

the A732S and A735S mutations, which introduce ST and,

respectively, TxS Signatures, led to a reduction in the

proton pumping activity (Miranda et al. 2011). In the

absence of detailed information about the structure,

dynamics, and water interactions of the mutant proteins,

the molecular origin of the mutation effect is unclear. But

the consequences of removing from or inserting a Signa-

ture-related Ser/Thr group are likely due to a complex set

of factors that would include not only the loss/addition of a

hydrogen-bonding hydroxyl group, but also modification of

the structure (e.g., releasing/promoting a kink), changes in

the local dynamics, and reducing/enhancing the local

hydration. In multipass TM proteins, Ser/Thr groups could

also be involved in interhelical hydrogen bonds (Adamian

and Liang 2002; Dawson et al. 2002); changes in the in-

terhelical hydrogen bonds via mutation could affect sig-

nificantly the conformational dynamics of the protein.

Acknowledgements This research was supported in part by Grant

GM-74637 from the National Institute of General Medical Sciences

(to S.H.W), the Spanish Ministerio de Ciencia e Innovación (project

TIN-2009-13950), the Consejerı́a de Innovación, Investigación y

Ciencia de la Junta de Andalucı́a (project TIC-02788) (to C.M.D.V.),

the Marie Curie International Reintegration Award IRG276920/Biol-

Transp-Comput (to A.-N.B), and an allocation of computer time from

the National Science Foundation through the TeraGrid resources.

References

Adamian L, Liang J (2002) Interhelical hydrogen bonds and spatial

motifs in membrane proteins: polar clamps and serine zippers.

Prot Struct Funct Gen 47:209–218

Aller SG, Yu J, Ward A, Weng Y, Chittaboina S, Zhuo R, Harrel PM,

Trinh YT, Zhang Q, Urbatsch IL, Chang G (2009) Structure of

P-glycoprotein reveals a molecular basis for poly-specific drug

binding. Science 323:1718–1722

Ballesteros JA, Deupi X, Olivella M, Haaksma EEJ, Pardo L (2000)

Serine and threonine residues bend a-helices in the v1 = g-

conformation. Biophys J 79:2754–2760

Berman HM, Heinrick K, Nakamura H (2003) Announcing the

worldwide Protein Data Bank. Nat Struct Biol 10:980

Bezdek JC, Pal NR (1998) Some new indexes of cluster validity.

IEEE Trans Syst Man Cybern B Cybern 28:301–315

Bondar A-N, del Val C, White SH (2009) Rhomboid protease

dynamics and lipid interactions. Structure 17:395–405

Bondar A-N, del Val C, Freites JA, Tobias JA, White SH (2010)

Dynamics of SecY translocons with translocation-defective

mutations. Structure 18:847–857

Brillet K, Meksem A, Cobessi D (n.d.) Crystal structure of the heme/

hemoglobin outer membrane transporter ShuA from Shigella
dysenteriae. Protein Data Bank. doi:10.2210/pdb3fhh/pdb

Brooks BR, Bruccoleri RE, Olafson BD, States DJ, Swaminathan S,

Karplus M (1983) CHARMM: a program for macromolecular

energy, minimization, and dynamics. J Comput Chem 4:187–217

Buss V, Sugihara M, Entel P, Hafner J (2003) Thr94 and wat2b effect

protonation on the retinal chromophore in rhodopsin. Angew

Chem Int Ed 42:3245–3247

Chin CN, von Heijne G (2000) Charge pair interactions in a model

transmembrane helix in the ER membrane. J Mol Biol 303:1–5

Cortes DM, Cuello LG, Perozo E (2001) Molecular architecture of

full-length KcsA: role of cytoplasmic domains in ion permeation

and activation gating. J Gen Physiol 117:165–180

Darden T, York D, Pedersen L (1993) Particle mesh Ewald: an

N.log(N) method for Ewald sums in large systems. J Chem Phys

98:10089–10092

Dawson JP, Weinger JS, Engelman DM (2002) Motifs of serine and

threonine can drive association of transmembrane helices. J Mol

Biol 316:799–805

Deupi X, Olivella M, Govaerts C, Ballesteros JA, Campillo M, Pardo

L (2004) Ser and Thr residues modulate the conformation of Pro-

kinked transmembrane a-helices. Biophys J 86:105–115

Doig AJ, Malcolm WM, Stapley BJ, Thornton JM (1997) Structures

of N-termini of helices in proteins. Prot Sci 6:147–155

Dong C, Beis K, Nesper J, Brunkan-LaMontagne AL, Clarke BR,

Whitfiled C, Naismith JH (2006) Wza the translocon for E. coli

728 C. del Val et al.: Ser/Thr Motifs

123

http://dx.doi.org/10.2210/pdb3fhh/pdb


capsular polysaccharides defines a new class of membrane

protein. Nature 444:226–229

Du Plessis DJF, Berrelkamp G, Nouwen N, Driessen AJM (2009) The

lateral gate of SecYEG opens during protein translocation. J Biol

Chem 284:15805–15814

Eilers M, Shekar SC, Shieh T, Smith SO, Fleming PJ (2000) Internal

packing of helical membrane proteins. Proc Natl Acad Sci U S A

97:5796–5801

Essmann U, Perera L, Berkowitz ML, Darden T, Lee H, Pedersen LG

(1995) A smooth particle mesh Ewald method. J Chem Phys

103:8577–8593

Fang Y, Jayaram H, Shane T, Kolmakova-Partensky L, Wu F,

Williams C, Xiong Y, Miller C (2009) Structure of a prokaryotic
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Abstract Vitamin A has diverse biological functions and

is essential for human survival. STRA6 is the high-affinity

membrane receptor for plasma retinol binding protein

(RBP), the principle and specific carrier of vitamin A

(retinol) in the blood. It was previously shown that STRA6

couples to lecithin retinol acyltransferase (LRAT) and

cellular retinol binding protein I (CRBP-I), but poorly to

CRBP-II, for retinol uptake from holo-RBP. STRA6 cata-

lyzes both retinol release from holo-RBP, which is

responsible for its retinol uptake activity, and the loading

of free retinol into apo-RBP, which can cause retinol

efflux. Although STRA6-catalyzed retinol efflux into apo-

RBP can theoretically deplete cells of retinoid, it is unclear

to what extent this efflux happens and in what context. We

show here that STRA6 can couple strongly to both CRBP-I

and CRBP-II for retinol efflux to apo-RBP. Strikingly, pure

apo-RBP can cause almost complete depletion of retinol

taken up by CRBP-I in a STRA6-dependent manner.

However, if STRA6 encounters both holo-RBP and apo-

RBP (as in blood), holo-RBP blocks STRA6-mediated

retinol efflux by competing with apo-RBP’s binding to

STRA6 and by counteracting retinol efflux with influx. We

also found that STRA6 catalyzes efficient retinol exchange

between intracellular CRBP-I and extracellular RBP, even

in the presence of holo-RBP. STRA6’s retinol exchange

activity may serve to refresh the intracellular retinoid pool.

This exchange is also a previously unknown function of

CRBP-I and distinguishes CRBP-I from LRAT.

Keywords Membrane receptor � Membrane transport �
Retinoid � Vitamin A transport

Vitamin A performs diverse physiological functions

including its essential roles in vision (Crouch et al. 1996;

Dowling 1966; Travis et al. 2007; Wald 1968), embryonic

development (Niederreither and Dolle 2008), immune cell

maturation (Stephensen 2001), and the adult nervous sys-

tem (Drager 2006; Maden 2007). Vitamin A mediates these

physiological functions through its derivatives called reti-

noids (Evans 1994; Mark et al. 2006; Napoli 1999).

Despite the ability of free vitamin A and most of its

derivatives to diffuse systemically, virtually all vitamin A

in the blood under physiological conditions is bound to

plasma retinol binding protein (RBP), the principle and

specific high-affinity carrier of vitamin A (Blomhoff et al.

1990; Goodman 1984; Newcomer and Ong 2000; Quadro

et al. 2003, 2005; Zanotti and Berni 2004). RBP mediates

vitamin A transport from sites of storage (especially the

liver) to target organs. Unlike other retinoids in the

blood, which fluctuate depending on dietary intake, vitamin

A–bound RBP (holo-RBP) is maintained stably at micro-

molar concentrations and serves as a buffer for fluctuations

in dietary intake of retinoids to maintain a stable supply for

tissues that depend on vitamin A (Blomhoff et al. 1990).

Although free vitamin A can diffuse through membranes as

a result of its hydrophobic nature, vitamin A bound to RBP

becomes membrane impermeable. It was first proposed in the

1970s that there exists an RBP receptor that mediates cellular

vitamin A uptake (Heller 1975; Heller and Bok 1976; Rask and

Electronic supplementary material The online version of this
article (doi:10.1007/s00232-012-9463-1) contains supplementary
material, which is available to authorized users.

R. Kawaguchi � M. Zhong � M. Kassai � M. Ter-Stepanian �
H. Sun (&)

Department of Physiology, Jules Stein Eye Institute and Howard

Hughes Medical Institute, David Geffen School of Medicine,

University of California, Los Angeles, CA, USA

e-mail: hsun@mednet.ucla.edu

123

J Membrane Biol (2012) 245:731–745

DOI 10.1007/s00232-012-9463-1

http://dx.doi.org/10.1007/s00232-012-9463-1


Peterson 1976). Despite strong evidence accumulated over

three decades for the existence of this receptor, this hypothesis

was heatedly debated as a result of a belief that RBP can freely

release retinol, which can pass through membrane without a

receptor (Noy 2000). This belief that supports the nonexis-

tence of the RBP receptor suggests that retinol acutely mixed

with RBP is identical to holo-RBP. Because free retinol can

diffuse through membranes, there is indeed no need for the

RBP receptor to exist if this belief is true.

The RBP receptor was recently identified as a multi-

transmembrane domain protein called STRA6 through

unbiased biochemical purification and mass spectrometry

(Kawaguchi et al. 2007). The fact that STRA6 promotes

cellular vitamin A uptake from holo-RBP (Golczak et al.

2008; Isken et al. 2008; Kawaguchi et al. 2007) strongly

argues against the belief that the RBP receptor does not

exist and that retinol can freely be released by RBP. STRA6

was originally known as a retinoic acid-stimulated cell-

surface protein in cancer cells (Bouillet et al. 1997; Szeto

et al. 2001). STRA6 has nine transmembrane domains

(Kawaguchi et al. 2008b) and an essential RBP binding

domain on an extracellular loop (Kawaguchi et al. 2008a).

In addition to RBP binding, STRA6 catalyzes both retinol

release from holo-RBP, which is responsible for its retinol

uptake activity, and the highly efficient loading of free

retinol into apo-RBP in the absence of LRAT or CRBP-I

(Kawaguchi et al. 2011). STRA6-mediated retinol uptake is

perhaps most similar to Scavenger Receptor Class B Type I

(SR-BI)-mediated cholesterol uptake from high-density

lipoprotein (HDL) (Acton et al. 1996) because both mem-

brane proteins take up molecules bound to extracellular

carrier proteins while the carrier proteins remain outside of

the cell after uptake. STRA6 and SR-BI have no similarity

in sequence, and STRA6 has nine transmembrane domains

(Kawaguchi et al. 2008b), while SR-BI has two (Babitt et al.

1997; Connelly et al. 2001). Although a few possible

mechanisms have been proposed for SR-BI (Connelly 2009;

Connelly and Williams 2004), STRA6’s vitamin A uptake

mechanism is different from these mechanisms.

LRAT is known to enhance STRA6’s vitamin A uptake

activity (Golczak et al. 2008; Isken et al. 2008; Kawaguchi

et al. 2007). However, it has been shown that the reverse

reaction of vitamin A loading into apo-RBP still happens in

cells that express both STRA6 and LRAT to lead to cellular

retinol loss (Isken et al. 2008). This suggests the possibility

that STRA6 can cause retinol efflux (Isken et al. 2008). It

was also found that apo-RBP efficiently takes up retinol in

a STRA6-dependent manner in the absence of LRAT

(Kawaguchi et al. 2011). This activity is consistent with the

hypothesis that STRA6 might mediate cellular retinol

efflux by loading retinol into extracellular apo-RBP. SR-

BI, the HDL receptor, is known to mediate cellular cho-

lesterol loss (Connelly and Williams 2004). Can the RBP

receptor STRA6 mediate cellular retinol loss, in analogy to

HDL receptor-mediated cholesterol loss?

Although apo-RBP in the blood is removed by kidney

filtration, blood still contains a small fraction of apo-RBP

in addition to holo-RBP (Mills et al. 2008). If STRA6

encounters both holo-RBP and apo-RBP, does it mediate

cellular vitamin A uptake or loss? Does retinol efflux

mediated by apo-RBP happen in human blood? If STRA6

mediates cellular vitamin A loss when it is exposed to the

blood, how does it function as the RBP receptor to mediate

cellular vitamin A uptake?

Excessive RBP in the blood has also been found to be a

signal in insulin resistance (Yang et al. 2005). The average

RBP level in healthy people is 2.67 lM (Mills et al. 2008), and

this level does not cause insulin resistance. What is the sig-

naling receptor that senses RBP levels in excess of 2.67 lM to

cause insulin resistance? It was hypothesized that STRA6, the

nanomolar affinity RBP receptor that mediates vitamin A

uptake (Kawaguchi et al. 2007), is also the signaling receptor

that mediates insulin resistance, and that holo-RBP, but not

apo-RBP, binds to STRA6 to initiate the signaling (Berry

et al. 2011). This study was based on a commercial antibody

that does not correctly recognize STRA6 (Supplementary

Fig. 1) and the belief that retinol acutely mixed with RBP is

identical to holo-RBP. A subsequent report reached the

opposite conclusion that apo-RBP, not holo-RBP, binds to

STRA6 to initiate signal transduction (Chen et al. 2012).

Does STRA6 bind only holo-RBP or only apo-RBP or both?

If it binds both, can its interaction with holo-RBP influence its

interaction with apo-RBP?

We show here that both holo-RBP and apo-RBP bind to

STRA6. Holo-RBP inhibits STRA6-catalyzed retinol load-

ing into apo-RBP. Although STRA6 couples to CRBP-I and

LRAT (but poorly to CRBP-II) in retinol uptake from holo-

RBP, STRA6 couples to both CRBP-I and CRBP-II (but

poorly to LRAT) in retinol efflux to pure apo-RBP. Despite

the ability of pure apo-RBP to cause retinol efflux, STRA6

mediates retinol uptake, not retinol loss, when exposed to the

blood, which contains both holo-RBP and apo-RBP. We also

found that STRA6 catalyzes retinol exchange between

intracellular holo-CRBP-I and extracellular holo-RBP and

between RBP molecules. These findings reveal new bio-

chemical activities of STRA6, in addition to its role as the

RBP receptor to mediate retinol uptake.

Materials and Methods

Production of Holo-RBP, Apo-RBP,

and 3H-retinol/RBP

Holo-RBP was produced, refolded, and purified as described

(Kawaguchi et al. 2007). It is necessary to use high-
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performance liquid chromatography (HPLC) in order to

remove imperfectly folded RBP, and to purify holo-RBP

100 % loaded with retinol. High quality holo-RBP is essen-

tial because poorly folded holo-RBP has low affinity for

retinol and can release retinol easily. Apo-RBP was prepared

from holo-RBP by extracting retinol as described (Heller and

Horwitz 1973). For production of 3H-retinol/RBP, 3H-retinol

(PerkinElmer) was incubated with apo-RBP (with 6XHis tag

at the N-terminus) overnight at 4 �C. 3H-retinol/RBP was

incubated with Ni-NTA resin (Qiagen) for 3 h. After three

washes with phosphate-buffered saline (PBS), the complex

was eluted by 100 mM imidazole in PBS. The eluted 3H-

retinol/RBP was used immediately for cellular uptake assays.

Assays for 3H-retinol Uptake or Efflux Using
3H-retinol/RBP

The COS-1 cell is chosen for this assay because it adheres to

the cell culture dish strongly and does not detach during

repeated washes and media changes in this live cell assay. The

other commonly used cell type HEK293 cell is not useful for

this assay because of its weak adherence that can cause

complete cell loss after a few washes. Transfected COS-1

cells or untransfected control cells were washed once with

Hanks balanced salt solution (HBSS) and incubated in serum-

free medium (SFM) 24 h after transfection. Cellular 3H-ret-

inol uptake assay from 3H-retinol/RBP was performed 48 h

after transfection. Cells were incubated with 3H-retinol/RBP

diluted in SFM for 1 h at 37 �C. To assay for retinol efflux

into apo-RBP or normal human serum (NHS) (Innovative

Research), the cells were then washed with HBSS and incu-

bated with SFM for 2 h to dissociate cell-surface-bound RBP.

Apo-RBP or NHS diluted in SFM was then added to the cells

for an additional 2 h of incubation. Bovine serum albumin

(BSA), a nonspecific retinol binding protein, was used as a

control. After a further HBSS wash, the cells were solubilized

in 1 % Triton X-100 in PBS. 3H-retinol remaining in the cells

was measured with a scintillation counter. All experiments

were done in triplicate. Conditions specific to each experi-

ment are described in the figure captions.

Assays for 3H-retinol Efflux into Apo-RBP

or Human Serum Using Free 3H-retinol

For experiments involving cells that cannot effectively take

up retinol from holo-RBP due to the absence of STRA6 (e.g.,

CRBP-I-only cells or CRBP-II-only cells), free 3H-retinol

was loaded to the cells instead of 3H-retinol/RBP. Loading

cells with free 3H-retinol makes it possible to demonstrate

STRA6-independent 3H-retinol efflux. After cells were

loaded with free 3H-retinol for 2 h, the cells were washed

with HBSS before apo-RBP or NHS was added to cause 3H-

retinol efflux. BSA was used as a negative control. After a

further HBSS wash, the cells were solubilized in 1 % Triton

X-100 in PBS. 3H-retinol remaining in cells was measured

with a scintillation counter. All experiments were done in

triplicate. Conditions specific to each experiment are

described in the figure captions.

HPLC-based Assay for Retinol Uptake from Human

Serum and Efflux into Extracellular Apo-RBP

For retinol uptake assay using human serum as the source

of holo-RBP, we first incubated COS-1 cells transfected

with STRA6/CRBP-I or STRA6/LRAT with 25 % NHS

diluted in SFM for 4 h. To assess the ability of apo-RBP to

extract retinol taken up by cells, 1 lM of apo-RBP in SFM,

25 % NHS in SFM or SFM alone was added to HBSS-

washed cells and incubated for another 4 h. At the end of

each experiment, cells were washed once with HBSS and

collected for HPLC analysis, as described below.

Production and Purification of Enhanced Green

Fluorescent Protein-RBP Fusion Protein (EGFP-RBP)

It was known previously that N-terminal tagging of RBP

does not interfere with its binding to its receptor (Kawag-

uchi et al. 2007). To create EGFP-tagged RBP, EGFP was

tagged to the N-terminus of RBP right after the secretion

signal (EGFP is connected to RBP through a 3-glycine

linker). A 6XHis tag was also added to the protein to allow

nickel affinity purification. Six hours after transfection with

the expression plasmid, COS-1 cells were washed with

HBSS, and the culture medium was changed to SFM. The

medium containing secreted EGFP-RBP was collected

24 h later. After concentrating the medium, EGFP-RBP

was purified using Ni-NTA resin (Qiagen).

HPLC Analysis of Vitamin A Uptake

from Human Serum

Retinol from cells was extracted using hexane containing

1 mM 2,6-Di-tert-butyl-4-methylphenol (BHT). Retinol

was dried under nitrogen and resolubilized in 100 %

methanol. Before HPLC analysis, 10 % water was added to

the solution. Samples were analyzed on the Agilent 1100

series liquid chromatography system with a photo-diode

array detector. Retinol was separated using a Zorbax Rx-

SIL column (Agilent) and using 90 % methanol as the

mobile phase. Retinyl ester was extracted by adding

methanol containing 1 mM BHT. Retinyl ester was sepa-

rated using a Zorbax Eclipse EDB-C18 column (Agilent).

The isopropanol concentration was increased from 0 to

100 % against methanol during the 10 min run, followed

by a 5 min wash with 100 % isopropanol. Both retinol and

retinyl esters were detected by absorbance at 325 nm.
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Fluorescence Assay for STRA6-Catalyzed Retinol

Loading into Apo-RBP and Retinol Release

from Holo-RBP

Real-time monitoring of retinol fluorescence was measured

using POLARstar Omega (BMG Labtech) with the exci-

tation filter 320ex and the emission filter 460–10. The

black Microfluor-2 plate (Thermo) was coated with

Blocker Casein (Pierce) overnight at 4 �C and was washed

once with PBS before addition of membrane suspension to

prevent nonspecific sticking of holo-RBP to the plastic

wall. Membranes resuspended in PBS and mixed with

various proteins were transferred to the plate for fluores-

cent measurement. The signal from each time points is the

average of 10 measurements. Samples were shaken for 10 s

at 500 rpm using double-orbital shaking before each

measurement. The fluorescent signals before the addition

of retinol or holo-RBP at 0 min are considered background

signals and were subtracted from the final fluorescence

signals at each time point.

Fluorescence Resonance Transfer Assay for STRA6-

Catalyzed Retinol Transfer between RBP Molecules

To study retinol transfer between RBP molecules, we

tagged EGFP to the N-terminus of RBP right after its

natural secretion signal to create N-EGFP-RBP. The fluo-

rescence resonance transfer (FRET) between retinol and

EGFP has been demonstrated previously (Kawaguchi et al.

2011). The transfer reaction was initiated by adding holo-

RBP to N-EGFP-RBP premixed with membrane purified

from STRA6 expressing COS-1 cells. Membranes from

COS-1 cells expressing both STRA6 and LRAT and cells

that express neither STRA6 nor LRAT were used as con-

trols. Real-time retinol-EGFP FRET was measured with

the excitation filter 320ex and the emission filters 460–10

and 510–10 using simultaneous duel emission optics in

POLARstar Omega. The signal from each time point of

each reaction was the average of 10 measurements. The

fluorescence of each reaction was measured before holo-

RBP was added at 0 min to initiate the reaction. The

Fig. 1 Both holo-RBP and apo-

RBP bind to STRA6.

a Absorption spectra of HPLC-

purified holo-RBP fully loaded

with retinol and apo-RBP

produced from fully loaded

RBP. The absorption at 280 nm

is defined as 1. Statistical

analysis of the difference

between holo-RBP and apo-

RBP in 330/280 nm ratio is

shown on the right. Error bars
indicates standard deviation

(n = 3) for the ratio of

absorption at 330 and 280 nm.

Statistical significance is

determined by Student’s t test

with equal variance. b Both

holo-RBP and apo-RBP bind to

STRA6. Holo-RBP (0.2 lM) or

apo-RBP (0.2 lM) was

incubated with STRA6-

expressing cells or control cells

that do not express STRA6.

After 1 h binding, the cells were

washed twice to remove

unbound proteins. RBP

associated with cells was

detected by Western blot

analysis. Western blot was

recorded using Fujifilm

LAS3000 Luminescent Image

Analyzer and analyzed by

Multi-Gauge software.

Statistical analysis (n = 3) was

conducted by Tukey’s multiple

comparison test (**p \ 0.01;

NS not significant)
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equation to calculate this ratio is [(510t - 510b)/(460t -

460b)], where 510t, 510b, 460t, and 460b represent emis-

sions at 510 nm after initiation of the reaction (t = time

point), at 510 nm before holo-RBP is added (b = back-

ground), at 460 nm after initiation of the reaction (t = time

point), and at 460 nm before holo-RBP is added

(b = background), respectively.

Statistical Analysis of Experimental Results

All statistical analysis was performed by Minitab 15 soft-

ware. Student’s t test was used for a single set of com-

parison. The data sets containing multiple data points were

analyzed by one-way ANOVA followed by Tukey’s mul-

tiple comparison (1 and 5 % error rate were used).

Results

Both Holo-RBP and Apo-RBP Bind STRA6

Because both retinol influx and retinol efflux mediated by

STRA6 theoretically depend on STRA6 interacting with

holo-RBP and apo-RBP, it is imperative to confirm these

interactions. Two previous reports reached opposite con-

clusions on the interactions of holo-RBP and apo-RBP with

STRA6 (Berry et al. 2011; Chen et al. 2012). To resolve

the issue of STRA6’s interaction with RBP, we used HPLC

to purify correctly folded and fully loaded holo-RBP (as

demonstrated by the retinol peak similar in height as the

protein peak in the absorption spectrum), and produced

apo-RBP from this correctly folded RBP (Fig. 1a). These

reagents are different from the previous reports, which used

either free retinol mixed with apo-RBP in solution (not

holo-RBP) (Berry et al. 2011) or urine RBP combined with

retinoic acid as holo-RBP (Chen et al. 2012). Using these

reagents, we compared the binding of holo-RBP and apo-

RBP to STRA6 and found that they both bind to STRA6

(Fig. 1b).

STRA6 Catalyzes Retinol Transport from CRBP-I

to Apo-RBP

It was previously shown that STRA6 couples to CRBP-I

for retinol uptake from holo-RBP. Can STRA6 also

mediate retinol efflux into apo-RBP if retinol is bound to

CRBP-I intracellularly? To test this possibility, we first

incubated STRA6/CRBP-I cells with holo-RBP to allow

retinol uptake by CRBP-I and then incubated the cells with

pure apo-RBP. Interestingly, apo-RBP did cause retinol

efflux and an almost complete loss of retinol taken up by

CRBP-I (Fig. 2). This effect is apo-RBP dependent

because BSA, a nonspecific retinol binding protein, did not

have this effect. As a control, apo-RBP removed little

retinol from STRA6/LRAT cells. This result revealed a

difference in retinol uptake mediated by CRBP-I from

retinol uptake mediated by LRAT in that retinol taken up

through CRBP-I can be much more readily lost to extra-

cellular apo-RBP.

Comparison of STRA6 Catalyzed Retinol Efflux

from Retinol/CRBP-I and Retinol/CRBP-II

In contrast to CRBP-I, CRBP-II couples poorly to STRA6

in mediating cellular retinol uptake from holo-RBP

(Kawaguchi et al. 2011). Can STRA6 mediate retinol

efflux to extracellular apo-RBP from retinol taken up by

CRBP-II? To compare CRBP-I and CRBP-II in retinol

efflux, we first loaded cells with free 3H-retinol as has been

done to study STRA6/LRAT in efflux previously (Isken

et al. 2008) and then compared the ability of apo-RBP to

cause retinol efflux from different cells. This method

effectively loads cells with retinol in the absence of STRA6

and overcomes the difficulty of CRBP-II’s ineffectiveness

in coupling to STRA6 to take up retinol from 3H-retinol/

RBP and CRBP-I’s dependence on STRA6 to efficiently

take up retinol from 3H-retinol/RBP. This method of

loading retinol makes it possible to study STRA6 depen-

dence of retinol efflux. Interestingly, STRA6 mediates

retinol efflux from both STRA6/CRBP-I cells and STRA6/

CRBP-II cells (Fig. 3). In addition, CRBP-II cells lose

retinol to extracellular apo-RBP more readily than CRBP-I

in the absence of STRA6. These experiments offer unique

insight into the relationship between cellular retinol bind-

ing proteins and STRA6-mediated retinol efflux and the

difference in STRA6-mediated retinol influx and efflux.

Apo-RBP to Holo-RBP Ratio Affects STRA6-mediated

Retinol Efflux from Retinol/CRBP-I

It was also shown previously that pure apo-RBP can cause

a fraction of retinol to be lost from STRA6/LRAT cells

(Isken et al. 2008). The above experiments showed that

STRA6 can cause strong retinol efflux from retinol/CRBP-I

to pure apo-RBP and an almost complete loss of retinol

taken up by CRBP-I. However, the blood is known to

contain only a small fraction of apo-RBP compared to

holo-RBP. Whether apo-RBP causes retinol efflux in the

presence of holo-RBP has not been studied. When we

added holo-RBP in apo-RBP-dependent retinol efflux

reactions, net flux depended on the ratio of holo-RBP to

apo-RBP (Fig. 4). Retinol efflux only happened when there

was an overwhelming amount of apo-RBP relative to holo-

RBP. When the holo-RPB concentration was similar to or

higher than the apo-RBP concentration, retinol influx

instead of efflux happened. The effect of holo-RBP on
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STRA6-catalyzed retinol efflux is likely the combined

result of holo-RBP’s competition with apo-RBP in binding

to STRA6 and the counteracting effect of STRA6-mediated

retinol influx.

STRA6-Catalyzed Retinol Loading Is Inhibited

by Holo-RBP and STRA6-Catalyzed Retinol Release

Is Inhibited by Apo-RBP

It was previously known that STRA6 catalyzes efficient

loading of retinol into apo-RBP in the absence of LRAT or

CRBP-I. How is this loading reaction affected by holo-

RBP? Using a retinol fluorescence assay established pre-

viously (Kawaguchi et al. 2011), we found that holo-RBP

inhibits STRA6-catalyzed retinol loading into apo-RBP,

although STRA6 catalyzes retinol loading into pure apo-

RBP (Fig. 5a). This is consistent with results above using

radioactive assays. When STRA6 is exposed to a mixture

of RBP with a holo-RBP to apo-RBP ratio similar to that of

the blood, STRA6 catalyzes net retinol release not loading.

Conversely, apo-RBP inhibits STRA6-catalyzed retinol

release from holo-RBP (Fig. 5b). In this experiment, we

also examined a long time course of STRA6-catalyzed

retinol loading and STRA6-catalyzed retinol release

involving the same concentrations of retinol and RBP.

STRA6-catalyzed retinol loading is not simply a mirror

image of STRA6-catalyzed retinol release. These funda-

mental properties of STRA6’s interactions with holo-RBP

and apo-RBP determine STRA6-mediated retinol release

and loading in the presence of a mixture of holo-RBP and

apo-RBP. These experiments are consistent with the pre-

vious experiment (Fig. 1b) showing that both holo-RBP

and apo-RBP bind to STRA6.

STRA6 Catalyzes Retinol Exchange Between

Intracellular Holo-CRBP-I and Extracellular Holo-RBP

There are two possible mechanisms to explain the lack of

net retinol efflux caused by apo-RBP in the presence of

holo-RBP. It is possible that retinol efflux does not happen

Fig. 2 Preferential loss of retinol taken up by STRA6/CRBP-I cells

in an apo-RBP-dependent manner. After cells take up 3H-retinol from
3H-retinol/RBP for 1 h, incubation with apo-RBP for 1 h can remove

more 3H-retinol from STRA6/CRBP-I than STRA6/LRAT or

STRA6-only cells. BSA and SFM were used as controls for apo-

RBP. 3H-retinol extracted during the 1 h incubation with apo-RBP,

BSA, or SFM is shown in the white column. 3H-retinol remaining in

the cells after extraction is shown in the gray column. The total

amount of 3H-retinol taken up by cells after the first 1 h incubation is

represented by combining the white column and blue column for each

reaction. The highest activity by STRA6/LRAT cells is defined as

100 %. Statistical significance of the comparison of the extracted 3H-

retinol is shown on the top of the graph (n = 3). Statistical

significance was determined by Tukey’s multiple comparison test

(*p \ 0.05; **p \ 0.01; NS not significant)
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in the presence of holo-RBP, but it is more likely that

retinol influx counteracts retinol efflux to prevent net reti-

nol loss in the presence of holo-RBP. To test the second

possibility, we distinguished intracellular retinol from the

extracellular retinol by preloading STRA6/CRBP-I cells

with 3H-retinol from 3H-retinol/RBP and then incubating

cells with cold holo-RBP or apo-RBP (Fig. 6a). Amaz-

ingly, intracellular retinol clearly still gets out of the cell in

a STRA6- and RBP-dependent manner in the presence of

holo-RBP. Cold holo-RBP is as effective as apo-RBP in

causing retinol efflux from STRA6/CRBP-I cells (Fig. 6a).

This experiment demonstrates that retinol efflux still hap-

pens in the presence of holo-RBP. Although retinol influx

in the presence of holo-RBP prevents net retinol efflux, the

efflux reaction can exchange retinol between intracellular

CRBP-I and extracellular RBP. The existence of the retinol

exchange activity suggests that cold holo-RBP causes 3H-

retinol loss from STRA6 expressing cells not only by

removing 3H-retinol/RBP bound to cell-surface STRA6 but

also through retinol exchange between 3H-retinol and cold

retinol. To further demonstrate the existence of retinol

exchange, we added unlabeled retinol before addition of

holo-RBP but after STRA6 cells were incubated with 3H-

retinol/RBP. Indeed, unlabeled retinol blocked the ability

of holo-RBP to remove 3H-retinol from STRA6 cells

(Fig. 6b). This result is consistent with the occurrence of

retinol exchange.

STRA6 Catalyzes Net Retinol Influx, Not Efflux

in the Presence of Human Serum

Human serum contains RBP in the form of holo-RBP/

Transthyretin (TTR) complex and a fraction of apo-RBP

(Mills et al. 2008; Zanotti and Berni 2004). Does the apo-

RBP in human serum cause retinol efflux from STRA6/

LRAT or STRA6/CRBP-I cells? Using HPLC assays, we

found that strong retinol efflux to pure extracellular apo-

RBP did happen for STRA6/CRBP-I cells that have taken

retinol from human serum (Fig. 7a). However, human

serum, which contains both holo-RBP and apo-RBP,

caused net retinol influx, not retinol efflux for either

STRA6/LRAT cells or STRA6/CRBP-I cells that have

previously taken up retinol (Fig. 7a, b). This result is

consistent with the inhibitory effect of holo-RBP on

apo-RBP-mediated retinol efflux from STRA6-expressing

cells.

Fig. 3 Comparison of CRBP-I and CRBP-II in STRA6-mediated

retinol efflux. After cells were loaded with free 3H-retinol for 2 h,

1 lM of apo-RBP was added to cause 3H-retinol depletion for 2 h.

BSA (1 lM) of was used as a control. 3H-retinol extracted during the

2-h incubation with apo-RBP or BSA is shown in the white column.
3H-retinol remaining in the cells after extraction is shown in the dark
gray column. The total amount of 3H-retinol taken up by cells before

the extraction is represented by combining the white column and dark

gray column and is defined as 100 % for each reaction. Apo-RBP

caused strong 3H-retinol depletion of both STRA6/CRBP-I cells (#)

and STRA6/CRBP-II cells (##). In contrast to CRBP-I, CRBP-II loses

retinol more readily to extracellular apo-RBP independently of

STRA6 (###). Statistical significance of the comparison of the

extracted 3H-retinol is shown on the top of the graph (n = 3).

Statistical significance was determined by Tukey’s multiple compar-

ison test (**p \ 0.01; NS not significant)
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STRA6 Catalyzes Retinol Exchange between CRBP-I

and Human Serum

Given the retinol exchange reaction mentioned above, is it

possible that intracellular retinol exchanges with retinol in

human serum despite the ability of serum to cause net

retinol influx in STRA6-expressing cells? To study retinol

exchange, we preloaded cells with 3H-retinol and found

that human serum does cause strong STRA6-dependent
3H-retinol efflux from STRA6/CRBP-I cells (Fig. 8a),

consistent with STRA6-catalyzed retinol exchange

between intracellular CRBP-I and extracellular RBP. This

STRA6-dependent 3H-retinol efflux is much more effi-

cient from STRA6/CRBP-I cells than STRA6/LRAT

cells. This experiment demonstrates that STRA6 mediates

retinol exchange between intracellular CRBP-I and the

serum, although holo-RBP in the serum prevents net

retinol efflux from cells. We also compared the ability of

serum in causing 3H-retinol efflux from intracellular

CRBP-I and CRBP-II. Although STRA6 promotes
3H-retinol efflux from both CRBP-I and CRBP-II cells,
3H-retinol efflux caused by human serum is much less

STRA6-dependent for CRBP-II cells than CRBP-I cells

(Fig. 8b).

STRA6 Catalyzes Retinol Exchange between RBP

Molecules

Given the mechanism of STRA6’s action, its abilities to

catalyze retinol release from RBP and loading into RBP

should be responsible for its ability to catalyze retinol

exchange between RBP and CRBP-I. If that is the case, the

exchange reaction should also apply to RBP molecules. To

test this possibility, we used fluorescence resonance

transfer (FRET) between retinol and EGFP by tagging RBP

with EGFP. The FRET pair of retinol and EGFP has been

demonstrated previously (Kawaguchi et al. 2011). We

tagged EGFP at the N-terminus of RBP because we found

previously that N-terminus tag does not interfere with

RBP’s binding to STRA6 (Kawaguchi et al. 2007). By

incubating untagged holo-RBP with EGFP-RBP, we found

that STRA6 indeed catalyzes retinol transport between

RBP molecules as shown by the time-dependent and

STRA6-dependent increase in retinol-EGFP FRET signals

Fig. 4 The ratio of holo-RBP and apo-RBP determines the ability of

apo-RBP to cause net retinol efflux from STRA6/CRBP-I cells.

a Diagram of experimental design. After taking up 3H-retinol from
3H-retinol/RBP for 2 h, the cells were washed with HBSS and

incubated with SFM for 2 h to dissociate cell-surface bound RBP.

Apo-RBP with different amounts of 3H-retinol/RBP was incubated

with the cells for 2 h. After a further HBSS wash, the 3H-retinol

remaining in cells was counted. b Effect of different ratios of holo-

RBP to apo-RBP on the ability of apo-RBP to cause retinol efflux.

Holo-RBP to apo-RBP ratio is shown on the X-axis. For all reactions

in which apo-RBP was added (‘‘8:2,’’ ‘‘6:4,’’ ‘‘4:6,’’ ‘‘2:8,’’ ‘‘0:1’’

reactions), the same amount of apo-RBP (0.12 lM) was used.

Reaction ‘‘0:0’’ means neither holo-RBP nor apo-RBP was added,

while ‘‘1:0’’ means only holo-RBP was added and ‘‘0:1’’ means only

apo-RBP was added. The dashed line indicates basal level of 3H-

retinol uptake without efflux or influx after the 2-h uptake (no

additional apo-RBP or holo-RBP added). This basal level of 3H-

retinol uptake is defined as 1. The downward arrow indicates net

retinol efflux. The upward arrow indicates net retinol influx.

Statistical analysis (n = 3) was determined by Tukey’s multiple

comparison test against the control reaction without holo-RBP/apo-

RBP added in the last 2 h as indicated by ‘‘0:0’’ (**p \ 0.01; NS not

significant)
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(Fig. 9). LRAT suppresses this retinol transfer. This

experiment revealed another perspective of STRA6’s

function in vitamin A uptake. STRA6 constantly catalyzes

retinol exchange between holo-RBP and apo-RBP. During

this exchange reaction, holo-RBP becomes apo-RBP and

apo-RBP becomes holo-RBP. LRAT couples to STRA6 for

vitamin A uptake by stopping this exchange reaction. This

retinol exchange activity is a further support of the pro-

posed mechanism of STRA6 (Kawaguchi et al. 2011) and

argues against the absolute dependence of STRA6 for

LRAT or CRBP-I for its activity.

Discussion

LRAT was the first protein shown to enhance STRA6’s

vitamin A uptake activity (Golczak et al. 2008; Isken et al.

2008; Kawaguchi et al. 2007). It was also shown that the

Fig. 5 Inhibition of STRA6-catalyzed retinol loading into apo-RBP

by holo-RBP and inhibition of STRA6-catalyzed retinol release from

holo-RBP by apo-RBP. a Although STRA6-catalyzed retinol loading

into pure apo-RBP and caused an increase in retinol fluorescence

(reaction A), the presence of holo-RBP inhibited net retinol loading

(reactions B and C). When holo-RBP to apo-RBP ratio approached

that of blood (reaction C), STRA6 catalyzed net retinol release, not

retinol loading. To visualize and compare time-dependent changes,

retinol fluorescence at time 0 min is defined as 0 for all reactions, and

the highest retinol fluorescence change achieved in the retinol loading

reaction (red reaction) is defined as 100 %. Statistical significance of

the 10 min and 30 min data points (n = 3) was determined by

Tukey’s multiple comparison test (**p \ 0.01). b Apo-RBP inhibits

STRA6-catalyzed retinol release. STRA6 catalyzed retinol release

from 1 lM holo-RBP (reaction A) is strongly inhibited by the

presence of 4 lM apo-RBP (reaction B). STRA6-catalyzed retinol

loading (reaction C) is not a mirror image of STRA6-catalyzed retinol

release (reaction B), although they contain the same concentration of

retinol and RBP. For all reactions, fluorescence before the addition

of holo-RBP or apo-RBP is defined as 0. Retinol fluorescence of

1 lM holo-RBP is defined as 100 %. Statistical significance of the 10

and 100 min data points (n = 3) was determined by Tukey’s multiple

comparison test (**p \ 0.01)
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reverse reaction of vitamin A loading into apo-RBP still

happens in cells that express both STRA6 and LRAT to

lead to cellular retinol loss (Isken et al. 2008). This finding

suggests that STRA6’s action can lead to retinol efflux

(Isken et al. 2008). The activity of STRA6-catalyzed reti-

nol loading into apo-RBP is much stronger without LRAT

(Kawaguchi et al. 2011). Can STRA6 mediate both retinol

uptake and retinol efflux, analogous to the role of HDL

receptor SR-BI’s role in cholesterol uptake and efflux

(Connelly and Williams 2004)? If STRA6 can do both,

what are the factors that determine these activities? If

STRA6 mediates retinol efflux to cause vitamin A loss,

how does it function to take up vitamin A?

To answer these questions, we systematically examined

the roles of individual components involved in these

activities to dissect STRA6’s mechanism (Table 1). For

example, natural blood contains both holo-RBP and apo-

RBP. If only natural blood is used as a source of RBP (no

purified component), it is not possible to evaluate apo-

RBP’s binding to STRA6, to study apo-RBP’s role in ret-

inol efflux, to compare STRA6’s binding to holo-RBP and

apo-RBP, or to reveal their mutual competition during

STRA6-mediated retinol influx and efflux. Using this

strategy, we found that STRA6’s ability to mediate retinol

efflux is determined by both RBP species (apo-RBP to

holo-RBP ratio) and intracellular retinol storage mecha-

nisms (CRBP-I or LRAT) (Table 1; Fig. 10). Holo-RBP

inhibits STRA6-mediated retinol efflux by apo-RBP.

Similarly, apo-RBP inhibits STRA6-mediated retinol

influx from holo-RBP. However, holo-RBP permits retinol

exchange between intracellular CRBP and extracellular

RBP (Table 1). In addition, experiments presented here

(e.g., STRA6-catalyzed retinol exchange between RBP

molecules) provide further support for the proposed

mechanism of STRA6 (Kawaguchi et al. 2011) and argue

against the alternative models. For example, they argue

against the models that propose a strict dependence of

STRA6 on CRBP-I or LRAT for its activity. Lastly, this

study also helps to explain the opposite conclusions of

STRA6’s interaction with holo-RBP and apo-RBP from

two previous reports (Berry et al. 2011; Chen et al. 2012)

(Supplementary Discussion and Supplementary Fig. 1).

Fig. 6 STRA6-catalyzed retinol exchange. a Holo-RBP and apo-

RBP are similarly effective in their abilities to remove 3H-retinol

from STRA6/CRBP-I cells. Both apo-RBP and cold holo-RBP extract

much more 3H-retinol from STRA6/CRBP-I cells than from STRA6/

LRAT cells. After cells took up 3H-retinol from 3H-retinol/RBP for

1 h, unlabeled holo-RBP and apo-RBP were sequentially added to

cells (1 h incubation each) to extract 3H-retinol. The amounts of 3H-

retinol extracted by holo-RBP (yellow column), 3H-retinol extracted

by apo-RBP (white column), or 3H-retinol remaining in cells (blue
column) are shown for each reaction. The sequence of addition is

indicated on the bottom of each reaction. The total amount of 3H-

retinol taken up by cells after the first 1 h incubation is represented by

combining the white, yellow, and blue columns for each reaction. The

highest total activity by STRA6/LRAT cells is defined as 100 %.

Statistical significance (n = 3) of the comparison between the first

extraction by holo-RBP or apo-RBP was determined by Tukey’s

multiple comparison test (**p \ 0.01; NS not significant). b Unla-

beled retinol suppressed the ability of unlabeled holo-RBP to extract
3H-retinol. After cells took up 3H-retinol from 3H-retinol/RBP for 1 h,

they were washed with SFM. Different amounts of cold retinol were

added to cells incubated in SFM for 10 min. After removal of

medium, unlabeled holo-RBP or apo-RBP was added to cells (1 h

incubation) to extract 3H-retinol. The amount of 3H-retinol extracted

by holo-RBP (yellow column), 3H-retinol extracted by apo-RBP

(white column), or 3H-retinol remaining in cells (blue column) are

shown. The total amount of 3H-retinol taken up by cells after the first

1 h incubation is represented by combining extracted amount (yellow
or white column) with cellular uptake after extraction (blue column)

for each reaction. The highest activity by STRA6 cells is defined as

100 %. Statistical significance of the comparison between the retinol

addition reactions and the control reaction with no retinol added

(n = 3) was determined by Tukey’s multiple comparison test

(**p \ 0.01; NS not significant)

b
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There are three major findings of this study. First, pure

extracellular apo-RBP can effectively cause retinol efflux

from STRA6/CRBP-I cells and can deplete almost all ret-

inol taken up by STRA6/CRBP-I cells. A simple hypoth-

esis to explain the previous finding that CRBP-I effectively

couples to STRA6 for retinol uptake from holo-RBP is that

CRBP-I’s affinity for retinol is higher (or much higher)

than that of RBP bound to STRA6. This hypothesis is

consistent with STRA6’s ability to catalyze retinol release

from holo-RBP and suggests that STRA6 may simply

functions like a ‘‘bottle opener’’ (if RBP is analogous to a

‘‘bottle’’ that holds vitamin A) to let retinol out. However,

STRA6’s ability to catalyze retinol efflux from CRBP-I to

apo-RBP, as shown in the study, argues against this

hypothesis and suggests that CRBP-I’s affinity for retinol is

similar to that of RBP bound to STRA6. The structural

basis of STRA6’s ability to fine-tune the transport of reti-

nol into and out of RBP so that it catalyzes both retinol

Fig. 7 HPLC analyses demonstrating that STRA6 mediates net

vitamin A influx not efflux when exposed to serum. a HPLC assays

for retinol efflux from STRA6/CRBP-I cells. After STRA6/CRBP-I

cells took up retinol from NHS for 4 h, they are further incubated with

SFM, NHS, or 1 lM apo-RBP for another 4 h. Although apo-RBP

caused significant retinol loss compared to the SFM control, NHS

caused further retinol uptake, not loss. Left representative retinol

peaks from the HPLC analyses. Right average data from 3 indepen-

dent experiments. Statistical significance (n = 3) of the comparison

between SFM incubation with apo-RBP incubation (efflux) or with

NHS incubation (influx) was determined by Tukey’s multiple

comparison test (**p \ 0.01). The retinol level in the SFM control

is defined as 100 %. b HPLC assays for retinol efflux from STRA6/

LRAT cells. After STRA6/LRAT cells took up retinol from NHS for

4 h, they are further incubated with SFM, NHS, or 1 lM apo-RBP for

another 4 h. Left panel shows representative retinyl ester peaks from

the HPLC analyses. Right panel shows the average data from three

independent experiments. The level of retinyl ester in the SFM

control is defined as 100 %. Statistical significance (n = 3) of the

comparison between SFM incubation with apo-RBP incubation

(efflux) or with NHS incubation (influx) was determined by Tukey’s

multiple comparison test (*p \ 0.05; NS not significant)
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influx from RBP to CRBP-I and retinol efflux from CRBP-I

to RBP is still unknown.

CRBP-I’s behavior is certainly not the only possible

scenario of how cellular retinol binding proteins may

couple to STRA6. Unlike the more widely expressed

CRBP-I, CRBP-II is most highly expressed in the small

intestine and functions to facilitate the uptake of free ret-

inol by enterocytes (Harrison 2005). Because both CRBP-I

and CRBP-II are cellular retinol binding proteins and

CRBP-II binds retinol with lower affinity (Ong 1994), we

included CRBP-II here and in a previous study (Kawaguchi

et al. 2011) as a control for CRBP-I. CRBP-II couples

poorly with STRA6 in taking up retinol from holo-RBP,

but it can couple to STRA6 for retinol efflux into apo-RBP.

The effective coupling of LRAT and CRBP-I to STRA6

for retinol influx distinguishes them from CRBP-II, but the

effective coupling of CRBP-I and CRBP-II to STRA6 for

retinol efflux distinguishes them from LRAT and the

degree of dependence on STRA6 distinguishes CRBP-I

from CRBP-II in retinol efflux (CRBP-II depends less on

STRA6 for retinol efflux). Although retinyl ester formation

by LRAT prevents STRA6-catalyzed retinol efflux into

apo-RBP, it is possible that there exist a still unidentified

complex regulatory mechanism that promotes retinol efflux

into apo-RBP by native cells that express both STRA6 and

LRAT. This mechanism needs to balance retinyl ester

formation, which prevents retinol efflux, and retinyl ester

hydrolysis, which prevents vitamin A storage as retinyl

esters.

Second, holo-RBP inhibits STRA6-mediated retinol

efflux into apo-RBP. Holo-RBP promotes STRA6-medi-

ated retinol release, which counteracts retinol loading. For

healthy individuals, the blood contains on average

2.67 lM RBP, which includes about 90 % holo-RBP and

10 % apo-RBP (Mills et al. 2008). It was also known

previously that the residence time for RBP uncom-

plexed with TTR is only 1.2–1.3 h in the blood (Vahlquist

et al. 1973). We have shown that holo-RBP inhibits

Fig. 8 STRA6 catalyzes retinol exchange between intracellular

CRBP and the serum. To study retinol exchange, intracellular retinol

is distinguished from extracellular retinol using 3H-retinol. a After

cells were loaded with free 3H-retinol for 2 h, NHS or BSA was

added to cause 3H-retinol depletion. NHS caused strong 3H-retinol

depletion of STRA6/CRBP-I cells (#), as compared to STRA6/LRAT

cells. The strong 3H-retinol depletion from CRBP-I expression cells is

both STRA6 dependent and NHS dependent (the control is 5 mg/ml

BSA). b Comparison of CRBP-I and CRBP-II in retinol efflux. After

cells were loaded with free 3H-retinol (2 h), NHS or BSA was added

to cause 3H-retinol depletion (2 h). Although NHS-mediated deple-

tion of CRBP-I cells is dependent on STRA6 (compare the 2 reactions

marked with #), NHS can strongly deplete 3H-retinol from CRBP-II

cells with or without STRA6 (compare the 2 reactions marked with

##). Even BSA (5 mg/ml) is sufficient to cause large 3H-retinol efflux

from CRBP-II-expressing cells. In both (a) and (b), 3H-retinol

extracted by NHS or BSA is shown in the white column and 3H-

retinol remaining in the cells after extraction is shown in the dark
gray column. The total activity of each reaction before extraction is

defined as 100 %. Statistical significance (n = 3) of the extracted 3H-

retinol was determined by Tukey’s multiple comparison test.

Comparison is shown on the top of each figure (**p \ 0.01; NS not

significant)
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STRA6-catalyzed retinol loading into apo-RBP. At the

ratio of holo-RBP to apo-RBP found in the blood, STRA6

mediates net retinol release from RBP, not retinol loading

into RBP. In the presence of human serum, STRA6

mediates net vitamin A uptake (not loss), despite the

presence of a small fraction of apo-RBP in serum.

Consistent with STRA6’s function in vitamin A uptake,

retinoid analyses have shown that STRA6 knockdown in

zebrafish (Isken et al. 2008) or STRA6 knockout in mice

(Ruiz et al. 2012) both lead to loss of tissue vitamin A

uptake, not excessive vitamin A accumulation. If STRA6’s

primary function is retinol efflux, excessive vitamin A

accumulation is expected. STRA6 knockout in mice leads

to a loss of more than 90 % of retinyl ester, the major form

of stored vitamin A, in the retinal pigment epithelium

(RPE), the primary cell type responsible for vitamin A

uptake for vision (Ruiz et al. 2012). Because RPE-specific

knockout of LRAT leads to a similar decrease in retinyl

ester levels in the RPE (LRAT-independent retinyl ester in

the RPE is a result of cellular uptake of retinyl ester

directly) (Ruiz et al. 2007), STRA6 is responsible for vir-

tually all retinol from the blood that is accessible to LRAT

in the RPE. To prevent excessive accumulation of cellular

retinoid, it is possible that there exist unknown cellular

proteins that might mediate retinol efflux into extracellular

apo-RBP with or without STRA6’s involvement.

Third, STRA6 catalyzes efficient retinol exchange

between extracellular RBP molecules and between extra-

cellular RBP and intracellular CRBP-I. Unlike apo-RBP-

dependent retinol efflux, STRA6-catalyzed retinol

exchange between intracellular CRBP-I and extracellular

RBP applies to holo-RBP and is not inhibited by holo-RBP.

We have demonstrated that the exchange happens in

human serum, which consists largely of holo-RBP. It is

likely that this retinol exchange between extracellular and

intracellular binding proteins functions to ‘‘refresh’’ the

intracellular stores of retinol to guard against depletion due

to gradual oxidation occurring during long-term storage.

The CRBP-I and STRA6-dependent retinol exchange is a

newly identified role of CRBP-I in retinol homeostasis and

distinguishes CRBP-I from LRAT although both proteins

can couple to STRA6 for retinol uptake.

This finding may also help to explain a few interesting

and puzzling earlier findings on vitamin A transport.

Kinetic models of vitamin A metabolism predicted that

50–70 % of the total input of retinol into the circulation

comes from extrahepatic tissues (Blomhoff et al. 1991).

This result is seemingly counterintuitive given the role of

the liver as the major site of holo-RBP secretion. Another

interesting puzzle is that muscle-expressed human RBP can

rescue RBP null mice’s vision defect (Quadro et al. 2002),

although muscle-expressed human RBP cannot mobilize

Table 1 Summary of key experimental conditions to dissect STRA6-

dependent retinol influx, efflux, and exchange

Extracellular Intracellular STRA6-

dependent

retinol

transport

Holo-

RBP

Apo-

RBP

Holo-

CRBP-I

Apo-

CRBP-I

LRAT

? - - ? - Influx

- ? ? - - Efflux

? - ? - - Exchange

? - - - ? Influx

?a ? - ? - Influx

?a ? - - ? Influx

?a ? ? - - Exchange

? ? - - - Exchange

a Holo-RBP to apo-RBP ratio similar to that of blood

Fig. 9 Retinol-EGFP FRET demonstrating STRA6-catalyzed retinol

exchange between RBP molecules. a Schematic diagram of the

proposed mechanism of STRA6-catalyzed retinol exchange between

RBP molecules. To demonstrate STRA6-catalyzed exchange between

RBP molecules, apo-RBP is tagged with EGFP. Retinol binding to

EGFP-RBP would lead to fluorescence resonance energy transfer

between retinol and EGFP. b STRA6 catalyzes the transfer of retinol

from untagged holo-RBP to EGFP-apo-RBP in a time-dependent

manner (dark green), as shown by the increase in retinol-EGFP

FRET. This transfer reaction does not happen in the absence of

STRA6 (black) and is suppressed by LRAT (light green). Statistical

significance (n = 3) was determined by Tukey’s multiple comparison

test (**p \ 0.01)
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liver stored vitamin A (Quadro et al. 2004). STRA6’s

potent retinol exchange activity between RBP and CRBP-I

discovered in this study is a likely source of retinol input

from extrahepatic tissues and may contribute to the retinol

in human RBP that rescues the vision defect.
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Abstract We have developed a sensitive method to

detect the opening of SecA-dependent, protein-conducting

channels in Xenopus oocytes. In this study, we determined

the ionic current activities of the SecA-dependent channel

from membrane vesicles depleted of SecYEG. We found

that these SecYEG-depleted membranes produced SecA-

dependent ionic currents in the oocytes, as did membranes

containing SecYEG. However, reconstituted membranes

depleted of SecYEG required higher concentrations of

SecA to elicit ionic currents like those in membranes

containing SecYEG. In contrast to membranes containing

SecYEG, the proofreading capacity of signal peptides was

lost for those membranes lacking SecYEG. These findings

are consistent with loss of signal peptide specificity in

channel activity from membranes of SecY suppressor or

SecY plug domain mutants. The signal peptide specificity

of the reconstituted membranes, like SecA-liposomes, can

be restored by the addition of SecYEG proteoliposomes.

On the other hand, the channel activity efficiency of

reconstituted membranes was fully restored, while SecA-

liposomes could only be partially enhanced by the addition

of SecYEG, indicating that, in addition to SecYEG, other

membrane proteins contribute to the efficiency of channel

activity. The SecA-dependent channels in membranes that

lacked SecYEG also lost ion selectivity to monovalent

cations but retained selective permeability to large anions.

Thus, the electrophysiological evidence presented here

indicates that SecYEG is not obligatory for the channel

activity of Escherichia coli membranes, as previously

shown for protein translocation, and that SecYEG is

important for maintenance of the efficiency and specificity

of SecA-dependent channels.

Keywords Electrophysiology � Ion channel � Mechanism

of transport protein � Biochemistry/Molec. Biology

Introduction

The characteristics of the SecA and SecYEG complex

involved in Escherichia coli protein translocation have

been studied extensively over the last few decades. SecA

has been widely viewed as a peripheral ATPase protein that

is able to cycle on and off the membranes during protein

translocation. By hydrolyzing ATP as the energy source, it

has been shown that SecA inserts part of its domain into the

SecYEG protein-conducting channel and thereby drives

precursors across the translocase complex (Manting and

Driessen 2000; Mori and Ito 2001; Veenendaal et al. 2004).

However, the centrality of the SecYEG complex as the

only protein-conducting channel has also been brought into

question. It has been found that certain precursor proteins

can be translocated in vitro with membranes depleted of

either SecY or SecE (Watanabe et al. 1990; Yang et al.

1997a, b) or reconstituted membranes with the removal of

SecYEG (Hsieh et al. 2011). Moreover, the SecYEG

complex may not form a pore large enough for protein

translocation (Van den Berg et al. 2004).
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The roles of SecA in protein-conducting channels have

been evaluated by different research groups. Studies have

shown that SecA is permanently embedded in E. coli

cytoplasmic membranes (Chen et al. 1996) and capable of

forming ring-like pore structures in the presence of anionic

phospholipids (Wang et al. 2003). Through the in vivo use

of sulfhydryl domain-specific labeling, the membrane-

embedded SecA has been shown to possess multiple

domains that are oriented toward, and exposed to, the

periplasmic side of the membrane (Jilaveanu and Oliver

2007). It has also been demonstrated that the concentration

of SecA is increased in cells to compensate for several

defects in protein translocation (Cabelli et al. 1988; Fandl

et al. 1988; Fandl and Tai 1987; Kusters et al. 1992). More

recent in vitro studies have shown that SecA may function

as a dimer for protein translocation (Jilaveanu and Oliver

2006; Jilaveanu et al. 2005; Wang et al. 2008). Recently,

we reported that SecA liposomes alone without SecYEG

participate in ion-channel activity (and protein transloca-

tion), indicating that SecA is essential and sufficient for

channel activity (Hsieh et al. 2011). However, this channel

activity is less efficient than that of E. coli membranes with

SecYEG and requires more SecA and additional ATP,

suggesting that other membrane components may contrib-

ute to the SecA/liposomal protein-conducting channel.

We have recently developed a sensitive method to

measure the activity of protein-conducting channels in

E. coli membranes by injecting inverted bacterial mem-

brane vesicles into Xenopus oocytes (Lin et al. 2006). In so

doing, we have found that ionic currents through such

membranes were strictly SecA-dependent and could be

blocked by SecA inhibitors such as sodium azide and

nonhydrolyzable ATP analogs. Using this electrophysio-

logical method, we were able to examine the central

components of protein-conducting channels in bacterial

membranes and determine the function of Sec proteins at

various steps in protein translocation.

In this study, we provide new evidence for the SecA-

mediated, protein-conducting channel in the absence of the

SecYEG complex using similar electrophysiological mea-

surements. Ionic currents were recorded from oocytes

injected with E. coli membrane vesicles in which SecYEG

were depleted or removed. The currents were inhibited by

puromycin, which removed nascent peptides in the

oocytes, and subsequently restored by addition of either

wild-type LamB signal peptides or proOmpA precursor

proteins. Defective LamB signal peptides or unfolded

mature OmpA protein were also capable of producing the

ionic currents in membranes lacking SecYEG. The obser-

vations are consistent with our previous findings in mem-

branes containing SecY mutants (Hsieh et al. 2011),

suggesting a loss of proofreading function for signal

sequences in the absence of SecY. Moreover, such

proofreading capability can be fully restored by supple-

menting purified SecYEG. Taken together, the electro-

physiological studies presented here, when combined with

previous biochemical and physical evidence (Chen et al.

1996, 2007; Wang et al. 2003; Yang et al. 1997a, b),

indicate that SecYEG is not obligatory for SecA-dependent

ionic currents. The data further suggest an important role of

SecYEG in the maintenance of protein channel efficiency

and specificity.

Materials and Methods

Bacterial Strains E. coli

K12 strain MC4100 was from J. Beckwith (Silhavy and

Beckwith 1983), and BA13, a derivative of MC4100, was

from D. Oliver (Oliver and Beckwith 1982a). MC1000 was

from J. Beckwith (Chen et al. 1996). BL21(DE3)/pT7-

SecA, for overproducing the SecA protein by the T7 pro-

moter expression system, was from D. Oliver (Cabelli et al.

1988). E. coli strains D10-1 and D10-3 are lab stocks as

described (Fandl et al. 1988). PrlA665 was a gift from T.

Silhavy (Emr et al. 1981). All cells were grown in a buf-

fered Luria–Bertani medium LinA with 0.5 % glucose with

aeration (Tai et al. 1991).

Reagents and Chemicals

All chemicals are of reagent grade and were obtained from

Sigma-Aldrich (St. Louis, MO) or other commercial

sources.

Purification of SecA, proOmpA and LamB Signal

Peptides

SecA was purified from BL21 (DE3)/pT7-SecA as descri-

bed (Cabelli et al. 1988). Purified proOmpA and OmpA

were prepared as described (Chen et al. 1987, 1996). Pro-

tein amounts were determined using a Bio-Rad (Richmond,

CA, USA) assay kit with bovine serum albumin as stan-

dard. Wild-type LamB signal peptide (MMITLRKLPLA

VAVAAGVMSAQAMA) and LamB deletion mutant sig-

nal peptide (MMITLRKLP—VAAGVMSAQAMA) were

gifts from Lila Gierasch (Lin et al. 2006).

Preparation of SecYEG-Depleted Membranes

Membranes from wild-type E. coli MC1000, MC4100

(Oliver and Beckwith 1982b) and D10-3 lacking F1Fo-

ATPase and OmpT were prepared as described (Tai et al.

1991). SecA-depleted membrane vesicles from the secA

amber mutant strain BA13 were prepared as described (Tai
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et al. 1991). SecYEG- membrane vesicles were prepared

from strain PS289 according to the procedures described by

Yang et al. (1997b). The residual amount of SecYEG used

in this study is \1 %.

Removal of SecYEG from Reconstituted Membranes

Reconstituted membranes were prepared as described

previously, which resulted in the removal of[99 % of the

SecY (Nicchitta and Blobel 1990; Watanabe et al. 1990)

with modifications. Cytoplasmic membranes were obtained

from either the E. coli strain D10-3 or BA13 by two layers

of sucrose gradients (Tai et al. 1991), washed by high-salt

buffer (0.4 M sucrose, 1 M potassium acetate, 20 mM

triethanolamine hydrochloride [pH 7.5], 1.5 M magnesium

acetate and 1 mM EDTA) and resuspended at a final

concentration of 3–4 mg/ml. Sodium cholate was added at

a final concentration of 1 %. The mixture was incubated on

ice for 1 h and then centrifuged in a Beckman (Fullerton,

CA, USA) TLA-100.3 rotor at 90,000 rpm for 30 min. The

supernatant was collected and treated with 0.75 % sodium

cholate in at least double volume of high-salt buffer and

then placed on ice for 1 h, followed by centrifugation in the

TLA-100.3 rotor at 90,000 rpm for 30 min. The superna-

tant was collected and dialyzed with a Spectra-Por 1 dial-

ysis membrane (Spectrum Medical Industries, Houston,

TX) at room temperature against 500–1,000 volumes of

dialysis buffer (0.25 M sucrose, 0.4 M potassium acetate,

20 mM triethanolamine hydrochloride [pH 7.5], 1.5 mM

magnesium acetate and 1 mM EDTA) overnight. The

dialysis membrane was first boiled for 10 min in 1 %

NaHCO3 and 1 mM EDTA, then boiled in deionized H2O

for 10 min and cooled on ice before use. After dialysis,

reconstituted membrane vesicles were collected by centri-

fugation in the TLA-100.3 rotor at 90,000 rpm for 15 min.

Pellets were suspended with stirring in DTK buffer (1 mM

dithiothreitol, 10 mM Tris–HCl [pH 7.6], 50 mM KCl),

and the concentration was determined by measuring the

OD280/OD260 ratio with the Bio-Rad SmartSpec 3000.

Such reconstituted membranes contained \1 % SecYEG.

Xenopus Oocyte Preparation and Injection

Oocytes were obtained from Xenopus laevis (Mao et al.

2004; Xu et al. 2001). Frog surgery and sample injection

were performed as described previously (Lin et al. 2006).

Samples containing E. coli membranes, SecA and precur-

sors were premixed together and then injected into the dark

side of oocytes by the Nanojector II microinjection system

(Drummond Scientific, Broomall, PA, USA). Injected

oocytes were incubated at 23 �C for 2.5–3.0 h, and out-

ward currents were recorded at room temperature with the

two-electrode voltage-clamp technique using KCl as the

major conducting ion in the bath solution, unless indicated

otherwise. The final amounts or concentrations of sample

injected were membranes (60 ng), wild-type and defective

LamB signal peptides (1 pmol) and puromycin (4 mM) as

standardized concentrations unless otherwise indicated.

Estimates of injected sample concentrations in oocytes

were made based on the average volume of oocytes at 500-

and 50-nl injection volumes (Lin et al. 2006).

Voltage-Clamp Measurements

Ionic currents were recorded using the two-electrode voltage-

clamp technique, as previously described (Lin et al. 2006). In

brief, whole-cell currents were studied on oocytes 3 h after

injection. Two-electrode voltage-clamp measurements were

performed using an amplifier (Geneclamp 500; Axon

Instruments, Foster City, CA) at room temperature (*24 �C).

Cells were impaled using electrodes filled with 3 M KCl. One

of the electrodes (1.0–2.0 MX) served as a voltage recorder

and was connected to the HS-2 x1L headstage, while the other

electrode (0.3–0.6 MX) was used for current recording and

connected to the HS-2 x10MG headstage. Oocytes were

accepted for further experimentation only if they did not show

leakage in membrane currents. Current records were low

pass-filtered (Bessel, 4-pole filter, 3 dB at 5 kHz), digitized at

5 kHz (12-bit resolution) and stored on a computer disk for

later analysis (pClamp 6.0.3, Axon Instruments). Junction

potentials between bath and pipette solutions were appropri-

ately nulled before impaling the cell.

Data Analysis

Data are presented as mean ± SE. Differences in means

were tested with Student’s t test for a pair of data and

ANOVA for three groups or more. Differences were

accepted as significant at p B 0.05.

Results

Detection of Ionic Currents from Injection

of Membranes Depleted of SecYEG

Ionic currents were studied with and without SecYEG-

depleted membranes. In these membranes, SecYEG pro-

teins were below detectable levels and SecA was elevated

by sixfold as determined immunologically (Yang et al.

1997b; Yi et al. 2003). Concentration-dependent increases

in ionic currents were produced with increased amount of

membranes under the condition of SecYEG depletion

(Fig. 1a). In comparison with wild-type membranes, these

currents saturated at 6.6 ± 0.8 lA (n = 10) remained

blocked by AMP-PCP, a nonhydrolyzable ATP analog for
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inhibition of SecA activity (Fig. 1a), and were enhanced

with the additional SecA (Fig. 1b). Indeed, the SecYEG-

membranes showed even higher current activity compared

to wild-type MC1000 membranes (Fandl et al. 1988).

We found that oocyte-endogenous signal peptides can

open protein-conducting channels in E. coli membranes

and that such activity can be inhibited by puromycin,

which functions to block the synthesis of oocyte-endoge-

nous precursor proteins bearing signal peptides (Lin et al.

2006). Similarly, there were no detectable ionic currents in

the presence of puromycin (Fig. 1c). In our previous

finding, 20 ng of SecA was sufficient to recover the ionic

currents with wild-type LamB signal peptides in wild-type

E. coli membranes (Lin et al. 2006). However, higher

concentrations of exogenous SecA were needed to restore

ionic currents in SecYEG- membranes with either LamB

signal peptides or OmpA precursor proteins (Fig. 1c).

SecA Stimulates Ionic Currents on Reconstituted

Membranes with SecYEG Removed In Vitro

Although SecYEG- membranes are good for studying

channel activity without SecYEG, it is likely that stress

components were induced during their depletion in cells

(Ruiz and Silhavy 2005). Thus, we reconstituted SecYEG-

membranes from E. coli D10-3, which was an OmpT- strain,

and SecY was removed by sodium cholate precipitation

(Watanabe et al. 1990; Zhong et al. 1996). The reconstituted

membranes contained a negligible amount (\1 %) of Sec-

YEG, while other Sec proteins, SecD, SecF and YidC, were

all retained (Fig. 2a). To determine the role of SecA in the

reconstituted membranes, we prepared reconstituted mem-

branes lacking SecA as well as those lacking SecYEG (RE-

BA13). We were able to detect ionic currents from these

membranes only in the presence of additional exogenous

SecA (Fig. 2b). The recording of currents from SecYEG-

reconstituted membranes (RE-BA13) required higher

amounts of SecA (at least 60 ng) than those SecYEG-

membranes, suggesting that these ionic currents are strictly

SecA-dependent and that the SecA-dependent currents are

less efficient in the absence of SecYEG (Hsieh et al. 2011).

The sharp rise of channel activity with increasing SecA

further suggested a cooperative aspect to the ability of SecA

to conduct current at critical concentrations.

Loss of Channel Proofreading and Efficiency

in the Absence of SecYEG

SecY is suggested to provide the proofreading function

for the signal peptides (Osborne and Silhavy 1993). We
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type LamB signal peptides or pOmpA in the presence of puromycin,

which acts to block the oocyte-endogenous signal peptides

b

750 B.-R. Lin et al.: SecA-Dependent Channels Without SecYEG

123



investigated whether removal of SecYEG in the mem-

branes had any effect upon the proofreading function of the

ion channel activity in the oocyte system. In our previous

study, neither mature OmpA protein nor defective LamB

signal peptides were capable of stimulating channel

activity from wild-type membranes containing SecYEG

(Lin et al. 2006). Here, we find that the ionic currents

elicited by proOmpA or wild-type LamB signal peptides

were almost as effective in both the SecYEG-depleted

membranes (Fig. 3a) and reconstituted BA13 membranes

(Fig. 3b) as they were in wild-type MC4100 membranes.

Moreover, membranes lacking SecYEG also produced

ionic currents that responded to unfolded mature OmpA as

well as defective Lam B signal peptide stimulation to

remove oocyte endogenous nascent peptides, even in the

presence of puromycin (Fig. 3a, b). These results suggest

that the proofreading function in these membranes had

been lost. Similar results were also observed in SecY

suppressor mutant PrlA665 membranes (Supplemental

Fig. 1) and the SecY plug mutant (Hsieh et al. 2011). The

increased channel activity that was induced by the mature

OmpA protein or LamB defective mutant is in accordance

with previous in vitro translocation assay results (Emr et al.

1981) and with SecA-liposomal assays (Hsieh et al. 2011).

SecYEG Fully Restored Channel Specificity

and Efficiency

Having shown that membranes without SecYEG lost their

ability to proofread signal peptides, the next question was

whether this proofreading function could be restored in

either SecYEG-depleted membranes or reconstituted BA13

membranes by coinjection of purified SecYEG proteo-

liposomes. In addressing this question, we found that such

reconstituted membranes when coinjected with SecYEG

proteoliposomes in the presence of puromycin (Fig. 4a, b)

failed to produce ionic currents unless SecA was also

added, along with the wild-type precursors (pOmpA) or

wild-type LamB signal peptide (LamB WT). Moreover,

there were no detectable ionic currents when mature OmpA

or LamB defective mutant (LamB DM) was added, indi-

cating that these reconstituted membranes had regained

their signal peptide specificity following the addition of

SecYEG.

We also used reconstituted PrlA665 membranes

(RE-PrlA665) or reconstituted SecY plug mutant mem-

branes (RE-SecY plug mutant) in which the SecY variants

had been removed to investigate if the proofreading func-

tion of these membranes could be restored by exogenous

SecYEG proteoliposomes. Both unfolded mature OmpA

and defective LamB signal peptides elicited ionic currents

from these membranes (Fig. 5a, b), which proved to be as

active as proOmpA or wild-type LamB signal peptides.

Addition of SecYEG proteoliposomes with SecA to the

RE-PrlA665 membranes or RE-SecY plug mutant mem-

branes restored their proofreading ability to discriminate

between proOmpA and mature OmpA as well as wild-type

and defective LamB signal peptides (Fig. 5a, b), indicating

that such membranes were no longer responsive to mature

OmpA or defective signal peptide.

Furthermore, the addition of SecYEG proteoliposomes

was also shown to increase ionic currents in reconstituted

BA13 membranes (Fig. 6). Indeed, the presence of SecA

RE-BA13 membranes with added SecYEG proteoliposomes

was able to restore channel activity almost to the same level

as wild-type BA13 membranes containing intrinsic Sec-

YEG. Similarly, addition of SecYEG proteoliposomes elic-

ited higher ionic currents to RE-BA13 membranes (Fig. 6).
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b Different amounts of SecA were injected with SecYEG- reconsti-
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These results suggest that the proofreading function of

membranes lacking SecYEG can be restored by exogenous

SecYEG proteoliposomes and that SecYEG is not only

responsible for proofreading ability but also important for

the efficiency of channel activity. Similar results were found

when SecA liposomes were coinjected with SecYEG pro-

teoliposomes, although more SecA was needed for active

ionic currents and the restoration of activity was not nearly to

the same extent (Fig. 6). These findings indicate that mem-

brane proteins other than SecA/SecYEG also contribute to

the higher efficiency of channel activity.

The Protein-Conducting Channel without SecYEG

Loses Selectivity for Monovalent Cations

We have previously shown that the protein-conducting

channels of wild-type membranes have the capability to

discriminate ions according to size (Lin et al. 2006). To

examine the effect of SecYEG on ion selectivity, we per-

formed experiments in which the K? or Cl- in the extracel-

lular solution was replaced with Na?, N-methyl-D-glucamine

(NMDG?), glutamate- or gluconate-. The molecular

weights of these cations and anions were K? (39.1 Da), Na?

(23.0 Da), NMDG? (195.2 Da), Cl- (35.5 Da), glutamate-

(147.1 Da) and gluconate- (198.8 Da). Membranes depleted

of SecYEG- or reconstituted membranes without SecYEG

were injected with SecA and wild-type LamB signal peptides,

and the reversal potentials and current amplitude were mea-

sured for each conductive ion in the bath solution 2–3 h after

injection. According to the direction of ionic movements,

inward currents were studied for cations, while outward

currents were examined for anions.

Complete replacement of K? in the extracellular solution

with Na? demonstrated only moderate changes in both
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Fig. 4 Restoration of proofreading function of SecYEG- membranes

or reconstituted BA13 membranes by SecYEG proteoliposomes.

SecYEG proteoliposomes (30 ng) were coinjected with (a) SecYEG-

or (b) reconstituted BA13 membranes (RE-BA13) and SecA,

proOmpA, OmpA, wild-type LamB or defective mutant of LamB

signal peptides where indicated in the presence of puromycin

Fig. 5 Restoration of proofreading function in reconstituted mem-

branes of SecY mutants. SecYEG proteoliposomes (30 ng) were

coinjected with SecA, precursors or signal peptides with reconstituted

membranes of a SecY suppressor mutant PrlA665 or b SecY plug-

deletion mutant in the presence of puromycin
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reversal potentials and current amplitudes in either the

SecYEG- membranes or the reconstituted SecYEG-

membranes (Table 1; Supplemental Fig. 2a, b), suggesting

that all the channels are about equally permeable to K? and

Na?. A clear shift in the reversal potential and a reduction in

the current amplitude occurred in wild-type membranes

when NMDG? was substituted for K? (Table 1). However,

no major change in reversal potentials and current amplitude

were observed in SecYEG- membranes or in reconstituted

SecYEG- membranes under similar ion substitution con-

ditions (Table 1; Supplemental Fig. 2a, b). Since the extra-

cellular Cl- concentration remained the same, these results

indicate that, in the absence of SecYEG, the SecA-depen-

dent channels lost selective permeability to the tested cat-

ions. Similar ion substitution experiments were performed

for other anions. The results showed that the SecA-depen-

dent, protein-conducting channels without SecYEG showed

a clear shift in reversal potentials when Cl- was replaced by

glutamate- or gluconate- (Table 1).

Based on these reversal potentials, we calculated the

relative ion permeability of each of the different cations and

anions that were tested (Table 2). The relative permeability

of NMDG? to K? is close to 1 for the SecYEG-depleted

membranes and reconstituted SecYEG membranes, sug-

gesting that both these membranes become less selective for

cations. In contrast, the SecYEG-depleted membranes and

reconstituted SecYEG membranes remained selectively

permeable to Cl- over glutamate- or gluconate- (Table 2).

Discussion

We have shown that ionic currents can be observed

through membranes in the absence of detectable SecYEG
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using electrophysiological studies with Xenopus oocytes.

In our previous report, as little as 5 ng of SecA could

stimulate ionic currents in E. coli wild-type membranes

with or without coinjected proOmpA (Lin et al. 2006).

However, in membranes depleted of SecYEG from cells

or by cholate precipitation, higher amounts of SecA

(60–120 ng of current saturation) were needed to stimulate

the ionic currents in the oocytes (Fig. 2). LamB signal

peptides or precursor proteins can induce the opening of

SecA-dependent channels in SecYEG- membranes in the

presence of puromycin, albeit requiring additional SecA,

indicating that SecA is sufficient for ion channel activities,

even in the absence of detectable SecYEG. This conclusion

is further supported by similar findings that SecA lipo-

somes alone can promote protein translocation and channel

activity (Hsieh et al. 2011). These data together indicate

that SecY is not essential for protein translocation, as

determined in both biochemical and electrophysiological

studies. Compared to the simpler SecA-liposomal systems

(Hsieh et al. 2011), the channel activity of reconstituted

membranes is higher and does not require additional ATP

(other than those already present in the oocytes). This

observation suggests that some other Sec components (e.g.,

SecDF) or other factors in the membrane can contribute to

maintaining the higher channel activity than SecA lipo-

somes alone (Fig. 6). Interestingly, we noted that more

SecA was required to recover the ionic currents without

SecYEG in either reconstituted membranes or SecA lipo-

somes. It has been reported that SecY contains a high-

affinity binding site for SecA (Kim et al. 1994) and a ‘‘plug

domain’’ to gate the channel (Li et al. 2007; Tam et al.

2005; Dalal and Duong 2009). The sharp increase in

channel activity following the addition of increasing

amounts of SecA (Figs. 1c, 2b) suggests a critical

concentration for SecA to function in the absence of Sec-

YEG, presumably to form the ‘‘low-affinity’’ SecA channel

at higher concentrations (Wang et al. 2003; Hsieh et al.

2011). Such higher SecA concentrations are still within the

physiological ranges observed in the cells (as discussed in

Hsieh et al. 2011).

Our results show that the SecYEG complex is not

essential for the opening of the SecA-dependent channel

but is required for efficiency and signal peptide specificity.

Proofreading of signal sequences is one of the functions

that SecY fulfills in the early stage of protein translocation

(Maillard et al. 2007). Wild-type membranes having

functional SecYEG rejected the mature precursors’ or

defective LamB signal peptides’ ability to open the protein-

conducting channel. Defective LamB signal peptides and

OmpA can bypass such recognition and were able to

induce the opening of protein-conducting channels without

SecYEG. The crystal structure of SecY from Methano-

coccus jannaschii (Bostina et al. 2005; Van den Berg et al.

2004) suggests that SecY possesses a plug domain that is

not essential for cell viability in either E. coli (Li et al.

2007; Maillard et al. 2007) or yeast (Junne et al. 2006).

This SecY plug might be involved in channel gating and

specificity of signal peptides (Li et al. 2007; Maillard et al.

2007). Indeed, studies have shown that removal of half or

the complete plug domain suppresses the effects of a

defective signal sequence of alkaline phosphatase (Li et al.

2007). We have also shown that the channels of these plug

mutant membranes lose channel signal peptide specificity

(Hsieh et al. 2011). However, in our studies, the proof-

reading function of the protein-conducting channel cannot

be bypassed by a folded OmpA or PhoA or nonspecific

unfolded protein (data not shown), indicating that these

channels in the absence of SecYEG retain some degree of

specificity for secretory proteins. These observations indi-

cate that the gating mechanism is not totally dependent on

SecY and may engage other accessory proteins (e.g., Sec-

DFYajC and YidC, which are still present in the mem-

branes we used here). Alternatively, a global structural

discrimination by the channel of secretory proteins might

be involved. Taken together, our results suggest that SecY

does represent a checkpoint for signal sequences or

precursor proteins and selects the entrance of the protein-

conducting channel proficiently before protein transloca-

tion is initiated.

The conductance and ion selectivity of the E. coli pro-

tein-conducting channels have previously been revealed in

several studies (Dalal and Duong 2009; Park and Rapoport

2011; Saparov et al. 2007; Schiebel and Wickner 1992).

We have shown that SecA-dependent ion channels in

E. coli wild-type membrane exhibit selective permeability

to monovalent cations and anions. They are more perme-

able to K? and Na? than to NMDG? (Lin et al. 2006). Our

Table 2 Relative permeability of cations to K? or anions to Cl-

MC4100

mbsa
SecYEG-

mbs

Recon. SecYEG-

mbs

Na?/K? 0.96 0.96 0.99

NMDG?/K? 0.76 0.89 0.92

Glutamate-/

Cl-
0.77 0.74 0.81

Gluconate-/

Cl-
0.63 0.71 0.79

The relative permeability ratio PA/PB was calculated according to the

Nernst equation: Erev ¼ RT
zF ln

PA ½A�0
PB ½B�0

, where the gas constant

R = 8.3145 J mol-1 K-1, T is absolute temperature = 297 K

(24 �C), z is the charge of the ion, F (Faraday con-

stant) = 96,500 C mol-1. Ion concentrations: K? (90 mM), Na?

(90 mM), NMDG? (90 mM), Cl
¯

(90 mM), glutamate¯ (80 mM),

gluconate¯ (80 mM). When the extracellular solution was replaced by

glutamate¯ or gluconate¯, the 10 mM Cl
¯

remained in the bath solution
a The data were adapted from Lin et al. (2006)
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present study shows that the cationic selectivity of the

SecA-dependent channels is lost in membranes without

SecYEG, suggesting that SecYEG is likely involved in the

maintenance of pore sizes or the recognition of ion charges.

Interestingly, the anionic permeability is maintained in

membranes with or without SecYEG (Tables 1, 2). These

data suggest that the SecA protein-conducting channel in

the absence of SecYEG may constitute an aqueous envi-

ronment that is more sensitive to anions than cations during

the channel opening, which is similar to SecY plug mutants

(Dalal et al. 2010; Dalal and Duong 2009). In addition, the

selective ion permeability of the SecA-dependent protein-

conducting channels suggests that the interaction of the

secretory proteins and the conducting pore could be dis-

rupted in the absence of SecYEG and that SecYEG may

play a role in such interaction or in the maintenance of the

pore conformations necessary for ion selectivity.

In this report, we provide additional evidence that

membranes in the absence of SecYEG are active for the

SecA-dependent ion channel but lose the efficiency and

specificity of the proofreading function of signal peptides,

similar to the SecA-liposome system. However, compared

to the SecA liposomes which require additional ATP to

function, the channel activity in reconstituted membranes

can be fully restored by addition of the SecYEG complex,

suggesting that other membrane proteins may contribute to

the efficiency of the channel. SecD-SecF-YajC or other

membrane proteins may be involved in this apparatus,

supporting the basic SecA channel structure for active

protein translocation. The use of sensitive assays of elec-

trophysiological voltage-clamping techniques on reconsti-

tuted proteoliposomes provides another perspective for

studying this dynamic system.
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To the Editor,

Endocytosis and exocytosis are named for the fact that

vesicle action (-osis) is movement into (endo-) or out of

(exo-) the cell (-cyt-). Vesicle budding and fusion of

extracellular vesicles to cells are also commonplace pro-

cesses in biology (Mause and Weber 2010; Nabhan et al.

2012) but lack formal names. For instance, budding occurs

from cells infected by enveloped viruses or undergoing

apoptosis and from apocrine glands and megakaryocytes.

The products of budding are sometimes referred to as

‘‘exosomes’’ (Keller et al. 2006). Fusion of external vesi-

cles to a cell is exemplified by HIV fusion to natural killer

cells. Budding and subsequent fusion of exosomal vesicles

containing fibroblast growth factor-2 may illustrate both

processes (Taverna et al. 2003).

Topologically, these processes are distinct from endo-

cytosis and exocytosis. They are not inversely related or

mirror images, as they would be if the cell membrane were

simply a plane, because the cell membrane is closed,

encompassing the cell contents, so prefixation based on the

inverse (in-) or opposite (anti-) nature of the processes

would not be appropriate. They could be referred to jointly

as the converse (con-) of endocytosis and exocytosis in the

sense that the processes are reversed: they involve outward

rather than inward bending of the cell membrane.

Alternatively, names could be based on vesicles moving

away from (ab-) or toward (ad-) the plasmalemma or as

external instead of internal processes. However, each of

these leads to cumbersome terminology.

Instead ‘‘budding’’ could be called ‘‘exosis’’ and

‘‘fusion’’ ‘‘endosis’’ (see Fig. 1). These terms are memo-

rable and simultaneously convey symmetry and contrast

with the terms endocytosis and exocytosis. They lack the

root that refers to the cell, which is appropriate because

these processes are extracellular actions of vesicles rather

than intracellular. Furthermore, they complement the

established nomenclature that endocytosis leads to endo-

somes and budding to exosomes. The complementation

would be perfect if endosomes were instead called

‘‘endocytosomes.’’
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Fig. 1 Proposed terms for budding (exosis) and fusion (endosis)
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