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Blockade of gap junction coupling by glycyrrhetinic
acids in guinea pig cochlear artery: A whole-cell
voltage- and current-clamp study
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Background and purpose: Glycyrrhetinic acids (GAs) are widely used as gap junction blockers, but their efficacy and side
effects have not been well determined.
Experimental approach: Whole-cell electrical recordings were made from vascular smooth muscle cells (VSMCs) embedded
in or dissociated from, guinea pig cochlear artery segments.
Key results: 18b- & 18a-GA concentration-dependently increased membrane input resistance (Rin) of in situ VSMCs, with a
maximal input conductance (Gin¼1/Rin) reduction of 92% & 77% and IC50 of 2.0 & 4.4 mM, respectively. 18bGA (30 mM)
resulted in a Rin of 2.2 GO and Cin of 12 pF, comparable to those of freshly dissociated VSMCs (3.1 GO & 6.1 pF). The GAs
(Z30 mM) caused a depolarization in VSMCs in situ. In dispersed VSMCs, they both inhibited delayed rectifiers; 18bGA also
activated a non-selective cation conductance while 18aGA inactivated a voltage-independent Kþ -conductance. ACh induced
an outward current in VSMCs in situ at –40 mV, with a positive slope I/V relation and a reversal potential near EK. The ACh-
induced current was attenuated by 18b- & 18aGA with an IC50 of 4.3 & 7.8 mM, respectively.
Conclusions and Implications: 18bGA blocked the vascular gap junctions, achieving a complete electrical isolation of the
recorded VSMC at Z30 mM while causing a mild depolarization by a complex conductance alteration. 18bGA suppressed the
ACh-induced current in VSMC by blocking the myoendothelial gap junction and by a non-junctional action. 18aGA at 30-100
mM failed to fully block the gap junctions while exerting side actions.
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potential; TEA, tetraethylammonium; VSMC, vascular smooth muscle cell

Introduction

Gap junction coupling permits intercellular electrical and

certain chemical communications, and thus plays an

important role in cellular homeostasis, development and

normal function of many organs, including the inner ear

(Sabag et al., 2005). It is known that several forms of familial

hearing loss result from mutations in connexins, a family of

transmembrane proteins that form the gap junction chan-

nels (Kikuchi et al., 2000; Sabag et al., 2005; Palmada et al.,

2006). Gap junctions also play a key role in the structure,

physiology and pathology of blood vessels (Figueroa et al.,

2004; Griffith, 2004; Sandow, 2004), including the inner ear

artery (Jiang et al., 2005).

For instance, a number of endogenous vasoactive sub-

stances, such as acetylcholine, substance P and bradykinin

cause muscular hyperpolarization and vasodilation via

endothelium-derived hyperpolarizing factor (EDHF); the

nature of EDHF has been an intensive research topic in the

cardiovascular field in the last two decades (Busse et al., 2002;

Griffith, 2004; Segal, 2005). Yamamoto et al. (2001) claimed
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that myoendothelial gap junction coupling is solely respon-

sible for the transmission of a primary hyperpolarization

from endothelium to the muscle cells in guinea pig

mesenteric arterioles (MAs), whereas others identified the

EDHF as Kþ , nitric oxide (NO), prostaglandins and cyto-

chrome P450 products epoxyeicosatrienoic acids in various

vascular preparations (Busse et al., 2002). These EDHF

constituents may each play a variable role in different

vascular beds, but the gap junction appears to be the major

and universal mechanism (Griffith, 2004; Sandow, 2004).

To identify the role of gap junction electrical coupling,

many studies, including ours (Jiang et al., 2001, 2005), used

gap junction blocker(s) such as heptanol, octanol, 18a-glycyr-

rhetinic acid (18aGA), 18b-glycyrrhetinic acid (18bGA) or

carbenoxolone. Heptanol, octanol and carbenoxolone

have been found to be ineffective on gap junctions in several

arteries (Yamamoto et al., 1998; Coleman et al., 2001). The

compounds 18aGA and 18bGA have been used more widely

in blocking vascular gap junctions (Coleman et al., 2001;

Yamamoto et al., 2001; Jiang et al., 2005) but their efficacy

and specificity have not been well determined. This has

stimulated controversy in recent literature; for instance,

Coleman et al. (2001) found that in an intracellular

recording study, the GA compounds exerted only a weak

block on the gap junctions in guinea pig submucosal

arterioles and had strong non-specific actions, so they

claimed that the compounds are useless in testing gap

junction involvement in EDHF-attributed responses. On the

other hand, several whole-cell recording studies demon-

strated excellent blocking action of 18bGA (20–30 mM) on

electrical coupling in guinea pig MAs (Yamamoto et al., 1998,

1999, 2001). Moreover, using sharp electrode intracellular

recording, we found that 18bGA (25–30 mM) almost comple-

tely blocked electrical transmission of acetylcholine hyper-

polarization from the endothelial cell (EC) to the vascular

smooth muscle cell (VSMC) and the transmission of high

Kþ -induced hyperpolarization from the VSMC to the EC

(Jiang et al., 2005).

We analyzed two commonly used GA compounds regard-

ing their efficacy of gap junction blocking action and their

non-junctional membrane actions, using whole-cell record-

ing techniques on the VSMC embedded in (in situ) and

dispersed from cochlear spiral modiolar artery (SMA) seg-

ments. We found that both the GAs concentration-depen-

dently blocked both myoendothelial and intramuscular

electrical coupling, and 18bGA at X30 mM could achieve

complete electrical isolation of the recorded VSMC. Some

preliminary results have appeared as a meeting abstract

(Guan et al., 2006).

Materials and methods

Preparation of segments of the SMA

All animal procedures were approved by the Institutional

Animal Care and Use Committee of Oregon Health &

Science University. Guinea pigs (250–450 g) were killed by

exsanguination under general anesthesia induced by intra-

muscular injection of an anesthetic mixture (1 ml kg�1) of

ketamine (500 mg), xylazine (20 mg) and acepromazine

(10 mg) in 8.5 ml water. Both bullae were quickly removed

and transferred to a 100-mm Petri dish filled with Krebs

solution composed of (mM): NaCl 125, KCl 5, CaCl2 1.6,

MgCl2 1.2, NaH2PO4 1.2, NaHCO3 20 and glucose 7.5, and

saturated with 95% O2 and 5% CO2 at 351C (pH 7.4). The

whole length of the SMA was dissected from the cochlea and

cleaned of its surrounding connective tissue. Then a short

segment of the vessel (B0.4 mm long, B40 mm OD (outside

diameter), Figure 1 and Supplementary Figure S1) was

transferred to a 35-mm glass-bottomed Petri dish filled with

aerated normal external solution composed of (mM): NaCl

138, KCl 5, CaCl2 1.6, MgCl2 1.2, Na-4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (Na-HEPES) 5, HEPES 6,

glucose 7.5, with pH 7.4 and osmolarity of 300 mOsm l�1.

The preparation was secured at the bottom of the dish by the

weight of a platinum strip (B0.5�2 mm) on each end

(Figure 1), and digested with collagenase A (0.75 mg ml�1,

Roche, Basel, Switzerland) dissolved in the normal external

solution at 361C for B20 min. After completely washing out

the enzyme with the normal external solution, the vessel was

further cleaned of its adventitial tissue in certain areas with

fine tweezers under a stereoscope. Then, the Petri dish was

placed onto the stage of an inverted microscope (Zeiss,

Axiovert 35, Carl Zeiss, MicroImaging GmbH, Standort

Göttingen, Germany) equipped with DIC function, video

camera and micromanipulators (Siskiyou Design Instru-

ments, MX7600R & MX10L, Grants Pass, Oregon, USA).

The SMA segment and the electrode pipette were visualized

with 10�20 magnification with DIC on (Figure 1).

Figure 1 Microscopic view of whole-cell recording from in situ
smooth muscle cells. The DIC micrograph shows a view of whole-cell
recording of a smooth muscle cell embedded in a segment of SMA
(300mm long, and B40mm OD) with an electrode pipette (E). The
SMA segment was pre-digested with collagenase A (0.75 mg ml�1)
for 20 min at 361C and manually cleaned of its adventitial connective
tissue. The black stripe at the top is one of the two platinum chips (P)
placed on each end of the SMA for stabilizing the vessel segment.
Note that the two arrows denote a single layer of smooth muscle cell
lining on each side of the vessel.
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Dissociation of smooth muscle cells

Dissociated smooth muscle cells were prepared from the

SMA and small mesenteric arteries of guinea pigs. The

manually cleaned arteries were incubated for 20 min in a

low Ca2þ buffer solution containing (mM): NaCl 142, KCl 5,

CaCl2 0.05, MgCl2 1, Na-HEPES 4, HEPES 5 (pH 7.2) and

glucose 7.5. Then the arteries were cut into segments (1 mm

long) and digested for 20–25 min at 371C with this buffer

solution supplemented with papain 0.75 mg ml�1, collage-

nase IA 1 mg ml�1, bovine serum albumin 3.75 mg ml�1 and

dithiothreitol 0.3 mg ml�1. After centrifuging (67 g for 5 min)

and replacing the supernatant with enzyme-free buffer three

times, the preparation was triturated with a fire-polished

Pasteur pipette. The cell-rich suspension was transferred to a

35 mm Petri dish with a coverslip-bottom coated by poly-L-

lysine. Once the dispersed cells attached to the glass bottom,

the dish was mounted on the stage of an inverted micro-

scope (Zeiss, Axiovert 35) and perfused with normal extra-

cellular solution (see above) for 20 min before whole-cell

recording. The VSMC was identified by its characteristic

spindle-shape (Supplementary Figure S2, also see Quinn and

Beech, 1998; Bradley et al., 1999).

Tight-seal whole-cell recording

Using an Axopatch 200B amplifier (Axon Instruments Inc.,

Union City, CA, USA), conventional whole-cell recordings

were performed on smooth muscle cells in situ and

dissociated from the SMA. The specimen was continuously

superfused with the normal external solution (0.2 ml min�1)

at room temperature (22–251C). Recording pipettes were

made of borosilicate glass capillaries with filament (OD

1.5 mm, ID 0.84 mm; World Precision Instruments, Sarasota,

FL, USA) and pulled by a Sutter Instruments P-80 puller. The

pipette was filled with an internal solution containing (mM):

K-gluconate 130, NaCl 10, CaCl2 2.0, MgCl2 1.2, HEPES 10,

EGTA 5 (118 nM free Ca2þ ) and glucose 7.5, adjusted to pH

7.2 and to osmolarity 290 mOsm l�1. The recording pipettes

had a tip of B1 mm OD and a resistance of B5 MO. Pipette

capacitance was well compensated, while membrane input

capacitance (Cin) uncompensated to monitor access resis-

tance (Ra) and membrane parameters online. The voltage

clamping error introduced by the current (I) passing the

access resistance was corrected offline according to the

equation Vm¼VC�IRa (in which Vm is the actual clamping

membrane voltage and Vc is the apparent command

voltage), except where noted otherwise. Leak subtraction

was done offline when appropriate. Membrane current or

voltage signal was low-pass filtered at 5 or 10 kHz (�3 dB);

data were recorded on a PC computer equipped with a

Digidata 1322A AD-interface and pClamp 9.2 software (Axon

Instruments Inc.) at a sampling interval of 10, 20 or 100 ms. A

gap-free recording was simultaneously carried out by a

Minidigi digitizer and Axoscope 9.2 software (Axon Instru-

ments Inc.) at a sampling interval of 50 ms.

Drug application

Drugs were applied at room temperature by superfusion via

an array of capillary inlets near the preparation in the dish.

The solution flowing over the preparation could be switched

quickly to one that contained a drug(s) or one of different

ionic composition by shifting the inlets. Drugs used in this

study included acetylcholine, 4-aminopyridine (4AP), tetra-

ethylammonium (TEA), 18aGA (all from Sigma-Research

Biochemicals Inc., St Louis, MO, USA), and 18bGA (MP

Biomedicals, Irvine, CA, USA). The latter two compounds

were dissolved in dimethylsulfoxide (DMSO) to a 0.1–

100 mM stock solution before being further diluted with

normal external solution to final concentrations ranging

from 0.1 to 100 mM. A solution of 18aGA at 100 mM became

saturated thus no higher concentrations could be tested.

Data analysis

Results are expressed as means7s.e.m. Differences between

mean values of IC50 were assessed by Student’s t-test, after log

transformation. Values of Po0.05 were taken as showing

significant differences.

Results

General findings

Whole-cell recordings were made from in situ and dispersed

VSMCs of the SMA from 104 guinea pigs. Some Supplemen-

tary data are from dispersed VSMCs of small MAs (OD

o100 mm). Stable recording lasted from 5 min to 6 h on

in situ cells, whereas only up to 2 h in dispersed VSMCs. The

seal resistance usually reached 1–20 GO before rupture of the

membrane. The mean holding current (HC�40) of the in situ

cells at a holding potential (HP) of �40 mV was negative

(�6976.9 pA, n¼21, Figures 2a and 3A), positive

(62.6718.0 pA, n¼7, Figure 3C) or near zero (n¼4) when

the recorded cell had resting membrane potential (RP)

positive to, negative to or near the HP �40 mV, respectively.

In zero current clamp mode, the in situ cells had a RP of

�3471.7 mV (n¼54, ranged from �19 to �63 mV), an

input resistance (Rin) of B200 MO or an input conductance

(Gin¼1/Rin) of B6.7 nS (Table 1). The current transients

during the voltage steps showed a time course that fitted

poorly to a single-term exponential function (Figure 2d), but

fitted well to a double or triple term exponential function

(not shown). On the other hand, the dispersed VSMCs of the

SMA had a RP of B�20 mV, a Rin of B3.0 GO and a Cin of

B6.1 pF (Table 2) that always exhibited single exponential

current transients, and a HC of �7.871.0 pA (n¼ 52, ranged

from �23 to 2.2 pA) at �40 mV. The dispersed VSMCs of the

MA had a similar RP and a slightly smaller Rin (P40.05) but

a significantly larger Cin (Table 2); the latter appeared to

be owing to the noticeably larger size of the MA cells.

The I/V relation of whole-cell current of both in situ

and dissociated cells showed an outward rectification,

which was more marked in the latter, when the cell was

depolarized beyond �30 mV (Figures 2a, b, 3 and 4a–c). The

outward rectification was apparently owing to the delayed

rectifier potassium current (KDR), which was substantially

inhibited by 10 mM TEA or 1 mM 4AP; the latter was less

effective on the slow component (Figure 4), suggesting that

the fast and slow KDR components were largely mediated
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by Ca2þ independent (KV) and Ca2þ -activated (BKCa)

voltage-dependent Kþ channels, respectively (Jackson,

2005). About half of the in situ cells showed a significant

inward rectification when the cell was hyperpolarized

beyond �60 mV (Figures 2b and 3B), but this was less

frequently seen in dispersed VSMCs (15 of 51, data not

shown). The inward rectification of in situ VSMCs was

facilitated by high extracellular Kþ (50 mM) and blocked

by 100 mM Ba2þ (n¼3, data not shown), indicating its

mediation by an inward rectifier Kþ channel (Kir; Jackson,

2005).

GAs block the electrical coupling of in situ smooth muscle cells

Application of 30 mM 18bGA caused a significant attenuation

of the steady-state current induced by voltage steps from the

HP of �40 mV (Figure 2) in cells in situ. Table 1 and Figures 2

and 3 show the effect of 30 mM 18bGA on the membrane

input resistance and input conductance near �40 mV.

The whole-cell current I/V plots constructed by step

commands (Figure 3A and B) or by ramp command (Figure

3C and D) showed that the slope conductance was drastically

reduced by 18bGA in almost the whole range of command

(�140 to 40 mV). The 18bGA-induced net current

(Figure 3D) showed an approximately linear I/V relation

with a negative slope and a reversal potential only slightly

negative (by 2.670.6 mV, Po0.001, n¼23) to the pre-drug

RP (Figure 3A, C and D), suggesting that the conductance

reduction was mainly the blockage of electrical coupling.

This is because when the GAs blocked only the intercellular

gap junction coupling, that is, blocked only the resting

currents of surrounding cells, the reversal potential of GA-

induced current should be the same as the pre-drug RP,

assuming that the surrounding cells in the short SMA

segment were largely of equal potential. Furthermore, in

the presence of 30 mM 18bGA, the current decay became well

fitted by a single-term exponential function (Figure 2e), and

the input capacitance was thus estimated to be 1273.2 pF

(n¼7).

All these effects became noticeable in less than 1 min of

drug application and reached the maximum in 3–5 min,

whereas the stock solvent DMSO (1/1000, the dilution used)

had no such effects (n¼3). About 75% recovery of mem-

brane conductance was reached after a 15–25 min wash with

drug-free solution. In a single-term exponential fit, the time

constant and input capacitance before 18bGA application

were always significantly larger than those in 18bGA (Figure

2d and e). Considering that the voltage control over

surrounding cells was poor in this condition, no further

quantitative analysis was made.

The drastic increase in Rin or reduction in Gin by 18bGA

resulted in membrane parameters of the in situ cells very

close to those of the dispersed VSMCs (Table 2), suggesting

that 18bGA electrically isolated the recorded cell by blocking

a

b

c

d e

Figure 2 Electrical isolation of an in situ smooth muscle cell by 18bGA. (a and b) Membrane current (Im) traces induced by voltage command
steps (c) from the HP �40 mV in 20 mV increments before (a) and during (b) application of 30mM 18bGA. Note that 18bGA caused a drastic
reduction in the steady-state current (Iss) or an input resistance increase from 0.58 to 4.57 GO. (d and e) Time scale expanded presentation of
the initial part of a and b, respectively (traces alternatively omitted for clarity), showing that a single exponential function (dashed lines
between two cursors) fitted well (overlapped) with the current transients (solid thin lines) in (e) (rX0.99), but relatively poor (rp0.90) in (d).
With the single exponential fit, electrical parameters were computed according to the four equations (Armstrong and Gilly, 1992; Lindau and
Neher, 1988): (1) Ra¼Vs/I0, (2) Rin¼ (Vs�RaIss)/Iss, (3) It¼ (I0�Iss)e

(�t/t)þ Iss, (4) Cin¼ t(1/Raþ1/Rin); where Vs is the step voltage amplitude;
I0 is the amplitude of the initial peak at the voltage step onset; t is the time after voltage step onset and t is the time constant resulting from
single exponential (equation 3) fit to the current decay. The t and Cin obtained from the fitting of the bottom trace in the control were 8 ms
and 241 pF, respectively; whereas, those in 30 mM 18bGA, were 0.4 ms and 13 pF, respectively. A good fit (rX0.98) to D required a triple-term
exponential function, revealing three time constants as 18.7, 2.6 & 0.39 ms for the bottom trace (not shown).
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the gap junction coupling. However, the Rin or Gin measure-

ment in 18bGA should also include its possible non-

junctional membrane action indicated by the depolarization

(Table 1), so the non-junctional membrane action was

analyzed in dissociated VSMCs of the SMA below. The data

indicated that 18bGA caused a 17.8% decrease in single cell

Rin (Table 3). In other words, without this decrease, 18bGA

would have increased the in situ cell Rin to a higher level

(2.2 GO/(1–0.178)¼2.67 GO).

The blocking effect of 18bGA on electrical coupling

was concentration dependent. An increase in Rin or a

decrease in Gin by 18bGA was often detectable at a
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Figure 3 Effect of 18bGA on in situ whole-cell current I/V plots. (A) Steady-state I/V plots of the data of Figure 2a and b, showing that 18bGA
caused an 8 mV depolarization in the RP (or zero current membrane potential) and a significant reduction of slope conductance in the full
range of command potential. The arrow indicates an outward shift of the HC at �40 mV. (B) The same I/V curve of ‘in 18bGA’ in (A) but with
the ordinate expanded, showing significant outward and inward rectifications. Ra error was not corrected in plots (A and B). (C) Ramp voltage
command-constructed I/V curves of whole-cell currents before (a) and in the presence of 30mM 18bGA (b) of another cell. Note the inward
shift of the HC�40 (arrow) and a larger depolarization. (D) The I/V curve of 18bGA-induced net current (b–a) showed a linear relation between
�80 and �20 mV with a negative slope of �3.6 nS and a reversal potential of �48 mV. Note that 18bGA-induced net current reversed near the
pre-drug RP in both cells.

Table 1 Membrane actions of 18bGA and 18aGA on in situ VSMC

18bGA (30 mM) 18aGA (30 mM)

Membrane properties Control In treatment Change Control In treatment Change

Input resistance (MO) 184730 22007139** (n¼9) 14017255% 164726 396754** (n¼11) 160717%
Input conductance (nS) 6.771.0 0.4770.036** (n¼9) �9172.1% 9.472.9 3.370.69* (n¼11) �6072.4%
Resting potential (mV) �2971.4 �1971.8** (n¼12) 1071.8 �3272.2 �2671.0* (n¼10) 5.871.8

*Po0.05, **Po0.01, paired t-test.

Table 2 Membrane properties of VSMCs dissociated from the SMA and from the MA

Groups of cells SMA MA

Input resistance near �40 mV (MO) 30717199 (n¼55) 25807351 (n¼10)
Resting potential (mV) �19.671.21 (n¼23) �19.871.27 (n¼7)
Input capacitance (pF) 6.1370.19 (n¼55) 13.370.42** (n¼10)

**Po0.01, Student’s t-test.
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concentration of 0.1 mM (Po0.05, paired t-test, n¼13).

Figure 5 depicts the collective data from 13 to 16 cells where

the Gin was measured in increasing concentrations (0.1, 1, 3,

10, 30 and 100 mM) of 18bGA.

18aGA exerted a similar but weaker gap junction blockade

than 18bGA when tested with the same protocol (Figure 5

and Table 1). 18aGA at 30 and 100mM caused a conductance

reduction of B60% (Table 1) and 6772.4% (n¼11),

respectively, which is a significantly weaker inhibition than

that by 18bGA (Po0.05), and the voltage step-induced

current transient remained a multi-term exponential. Its

IC50 (4.4 mM) was significantly greater than that for 18bGA

inhibition of Gin (Po0.05). The residual conductance was

23% of the control (2.170.39 nS or 476788.4 MO), that is, it

would never achieve a complete electrical isolation of the

recorded VSMC even if the highest concentration were used.

The non-junctional action of 18aGA on dispersed VSMCs

(Table 3) included a 21% increase in Rin near the HP, rather

than a decrease by 18bGA, which implies that the in situ Rin

change is an overestimate of the gap junction blocking

efficacy of 18aGA. Besides, the 18aGA-induced net current

also had an approximately linear I/V relation of a negative

slope but with a reversal potential 11.471.2 mV more

negative than the pre-drug RP (Po0.001, n¼24, not shown).

Electrical transmission of acetylcholine-induced EDHF

and the blockade by GAs

Acetylcholine (3mM) induced an outward current in the

majority of the in situ VSMCs recorded (52 of 69, Figure 6).

The induced current was usually composed of two outward

waveform phases: the first one often had a fast onset, peaked

in a few seconds (9879.6 pA, n¼25), then declined and

often oscillated quickly into a notch; the second one arose

after the notch, and formed a dome or plateau (8379.1 pA,

n¼25) during the acetylcholine application (Figures 6A and

7a, b). The amplitude and time course of the first fast peak

were often variable in repeated acetylcholine applications in

the same cell, so quantitative analysis was done only on the

later slow phase.

We applied a ramp voltage command (�120 to 40 mV)

before acetylcholine application, during the second wave-

form and after washout to construct the whole-cell I/V

curves (Figure 6A and B). Subtracting the control I/V curve

a

b

c

Figure 4 The delayed rectifier current (KDR) of dissociated VSMCs of the SMA was sensitive to 4AP and TEA. (a and b) Sample recordings of
whole-cell currents elicited by step commands (from HP of �40 to �140 and þ40 mV in 20 mV increments). (c) Plots of leak-subtracted
steady-state currents normalized to control values at 40 mV. Note that 1 mM 4AP caused an inhibition (Po0.01) similar to that of 10 mM TEA at
�20 and 0 mV, but a significantly smaller inhibition than TEA at 20 and 40 mV (Po0.05). The KDR suppression was largely reversible upon
washout of the channel blockers, especially for TEA.

Table 3 Membrane actions of 18bGA and 18aGA on dispersed SMC

Membrane properties 18bGA (30 mM) 18aGA (30 mM)

Control In treatment Change Control In treatment Change

Input resistance near
�40 mV (MO)

29507345 24287313* (n¼8) �5257184* (�17.8%) 26507295 32007295* (n¼8) 5507204* (þ20.8%)

Resting potential
(mV)

�21.672.84 �17.172.66* (n¼7) 4.5771.42* �19.271.58 �17.171.1* (n¼10) 2.171.2*

Input capacitance
(pF)

7.470.46 7.070.64 (n¼5) �0.3670.38 6.770.54 6.870.52 (n¼8) 0.0870.09

*Po0.05, paired t-test.
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from that constructed during the acetylcholine response

waveform resulted in I/V curve of acetylcholine-induced

net current (Figure 6C). The latter showed an increased

conductance (positive slope) in the voltage range between

�120 and �20 mV and a reversal potential of �8372.1 mV

(n¼11), close to the calculated EK (�85 mV). In the I/V curve

of acetylcholine-induced net current, in addition to a

positive slope between �110 and �20 mV, the I/V turned to

a negative slope upon further depolarization, possibly owing

to reduction of the driving force for Ca2þ influx (Ledoux

et al., 2006). We saw this declining trend in the majority of

cases (9 of 11).

Application of 18bGA (30 mM) suppressed the amplitude

of acetylcholine-induced outward current by 9272.0%

(Po0.01, n¼10; Figure 7), which is indicative of a strong

block of myoendothelial coupling and an endothelial origin

of the current (Jiang et al., 2005; and see Discussion section).

The inhibitory effect was partially (30–80%) reversible with a

wash of 18bGA-free solution for 7–10 min, and was concen-

tration dependent with an IC50 of 4.370.19 mM (Figure 7).

The IC50 was significantly greater than that (2.0 mM) of

18bGA inhibition on the input conductance (see above

Figure 5, Po0.001, Student’s t-test).

The suppression of 18aGA on the acetylcholine-induced

current was also weaker than that of 18bGA (Figure 7).

Unlike 18bGA, up to 1mM 18aGA showed no significant

inhibition on the acetylcholine-induced current, and 30 mM

18aGA only suppressed the current by 49.674.1% (n¼11).

Its IC50 (7.871.4 mM) is significantly higher than that of

18bGA (Po0.01, Student’s t-test). A residual current as big as

44.773.8% indicates that 18aGA could not completely

suppress the acetylcholine-induced current in the VSMC

even at its highest concentration.

The non-junctional effects of GAs: a further study on dissociated

VSMCs

As in conventional intracellular recording (Jiang et al., 2005),

in the current clamp of in situ cells with whole-cell

configuration, 30 mM 18bGA caused about 10 mV depolariza-
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Figure 5 Concentration-dependent inhibition of GAs on mem-
brane input conductance. Data points were from 9 to 16 cells. The
curve was a least-squares fit to the means of normalized input
conductance of individual cells, using the modified Hill equation:
Y¼ (100�C)/(1þ (x/Ki)

h)þC. For 18aGA, the control mean input
conductance (100%) was 9.172.2 nS (n¼14); IC50¼Ki¼
4.471.1mM; Hill coefficient h¼0.61, and the residual conductance
C¼2374.3%. For 18bGA, the control mean input conductance
(100%) was 7.070.79 nS (n¼16); IC50¼2.070.27mM; Hill coeffi-
cient h¼1.2, and the residual conductance C¼7.873.5%. Note
that in the case of 18bGA, the residual conductance 7.873.5% or
B0.42 nS was very close to the actual measurements at both 30 mM

(9.1%, B0.47 nS) and 100mM (8.5%, B0.45 nS) (P40.05 in both
cases). The effects of 30 and 100mM 18bGA were not statistically
different (P40.05, Student’s t-test).
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Figure 6 Acetylcholine-induced current recorded from an in situ VSMC. (A) Representative trace of acetylcholine-induced outward current,
which was composed of a fast peak followed by a slow waveform. The two deflections (a and b) were whole-cell currents caused by ramp
voltage commands applied before (a) and during (b) the acetylcholine-induced outward current. (B) I/V curves (a and b) constructed by the
ramp commands at (a and b) in (A). (C) I/V relation of the acetylcholine-induced net current (b–a), which had largely a positive slope with a
reversal potential at �85 mV (after correction for Ra). Note that, when the clamping voltage was more positive than �20 mV, the I/V curve had
a negative slope in this case.
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tion in the majority of cells sampled, indicative of a non-

junctional action. In a small portion of cells that had a RP

more negative than �40 mV (�5172.0 mV, n¼6), 30 mM

18bGA caused B29 mV depolarization (to �2273.7 mV,

Po0.01, paired t-test). A concentration of 18bGA less than

10 mM caused no significant change in membrane potential

(nX13). 18aGA at 30 mM also caused a depolarization

(B5.8 mV, Table 1). Of note, the depolarization of in situ

cells was associated with an inward shift of the HC at

�40 mV in cells with an RP more negative than or near

�40 mV (Figure 3C and D); however, it was associated

with an outward shift of the HC�40 when the cells had a

RP substantially less negative than �40 mV or had a large

inward HC�40 (Figures 3A and 7a, b). In these cases, the

blocked inward HC from the surrounding cells (tens of pA)

overwhelmed the non-junctional depolarizing inward cur-

rent (a few pA, Figures 8 and 9) of the isolated in situ cell. We

further investigated the membrane channel mechanism(s)

of this non-junctional depolarizing action on dissociated

smooth muscle cells and described below. Application of

30 mM 18bGA caused a small but statistically significant

depolarization (B4.6 mV, Table 3 and Figure 8C), or an

inward HC�40 change (2.170.91 pA at �40 mV, n¼15,

Figure 8A) and a decrease in Rin (B525 MO, Table 3), but

induced no significant change in input capacitance of the

SMA cells. The step command-induced currents revealed that

30 mM 18bGA caused a partially reversible suppression of the

leak-subtracted KDR by 5975.6% at 20 mV (n¼10, Po0.05)

in all the cells tested (Figure 8B). The inhibition was similar

to that of TEA but different from that of 4AP (Figure 4):

effective on both fast and slow components. In the presence

of 10 mM TEA, 18bGA caused only 1572.9% inhibition of

the residual KDR at þ20 mV (Po0.01). In contrast, the

inhibition was 5473.7% in the presence of 1 mM 4AP.

In 6 of 12 cells, 18bGA also induced a net inward current

between �140 and �40 mV, with approximately linear I/V

relation with a positive slope of 154750 pS (Figure 8B–D),

but caused no current in the remaining cells in this voltage

range (not shown). The fitted line extrapolated to a reversal

potential of �1274.4 mV (ranged from �5 to �20 mV, n¼ 5),

suggesting activation of a non-selective cation conductance.

Application of 30 mM 18aGA caused a 2.1 mV depolariza-

tion of the dissociated cells and increased the input

resistance (Table 3 and Figure 9). The I/V relationship of

18aGA-induced net current showed a KDR inhibition in the

majority of cells tested (6 of 7; Figure 9), similar to that by

18bGA (Figure 8B); whereas it had a negative slope I/V

segment (�131711 pS) between �140 and �40 mV with

a reversal potential �9176.6 mV (n¼4 of 6; Figure 9),

suggesting inactivation of a Kþ channel.

Discussion

The tight-seal whole-cell/patch clamp recording technique is

a powerful method and has become widely used in almost all

fields of modern biomedical research since its invention in

1976 (Neher and Sakmann, 1976; Neher et al., 1978; Hille,

2001). This report is the first demonstration of its application

in smooth muscle cells embedded in a segment of inner ear

arteriole. It is also among the few reports showing successful

whole-cell recording from cells in an intact small artery or

arteriole (Quinn and Beech, 1998; Yamamoto et al., 1998,

2001; Guibert and Beech, 1999; Quinn et al., 2000; Yamazaki

and Kitamura, 2001).

Our study not only extended the previous observations of

18bGA and 18aGA actions on gap junctions regarding their

efficacy and gap junction-type selectivity, but also analyzed

their non-junctional membrane actions on the VSMC in situ

and in dissociated status. First, 18bGA concentration-depen-

dently blocked the gap junction coupling of in situ VSMCs in

the SMA with an IC50 of 2.0 mM. 18aGA was much less potent

a

b

c IC50

Figure 7 Concentration-dependent blockade of acetylcholine-induced outward current by GAs. (a) Continuous chart recording showing that
18bGA caused concentration-dependent inhibition of the 3mM acetylcholine-induced outward current. The concentrations used (in mM) are
indicated by the underline bar and numbers. (b) Continuous chart trace shows 18aGA inhibition of the 3 mM acetylcholine-induced outward
current. Note that 18aGA up to 100 mM caused incomplete inhibition of the acetylcholine-induced current, and at the end of the trace, 100mM

18bGA was applied for comparison. The scale bars in (a) apply also to (b). (c) A Hill equation fit to the means of the acetylcholine-induced
current (normalized) revealed an IC50 of 7.871.4mM, a residual current of 4573.8%, Hill coefficient of 1.88, for 18aGA (r¼0.9956, nX11),
but an IC50 of 4.370.19mM, a residual current near zero, Hill coefficient of 0.98 for 18bGA (r¼0.9999, n¼10).
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than 18bGA. Second, we found that the IC50 in blocking the

myoendothelial coupling was at least twofold (4.3 mM) that

for Gin blockage (see below for further discussion). Third, we

demonstrated that it is feasible to realize an electrical

isolation of arteriolar VSMC by 18bGA, instead of by

dispersion; the latter inevitably introduces greater chemical

and mechanical damage to the cells. The reversibility of such

chemical isolation offers unique opportunity to study the

role of gap junctions in intercellular communication, such as

the EDHF. Finally, we demonstrated for the first time that the

non-junctional membrane actions of the GAs commonly

involve an inhibition of voltage-dependent KDR channels,

whereas 18bGA also activates a non-selective cation con-

ductance and 18aGA inhibits a voltage-independent Kþ

conductance.

Conservation of vascular physiological property

It has been shown recently that VSMCs and ECs influence

each other as a functional unit and that the ECs rely on the

smooth muscle cells for their intracellular ionic composition

and RP (Yamamoto and Suzuki, 2005). Therefore, it is

A

B

C

D

Figure 8 18bGA caused inhibition of the delayed rectifier Kþ channels in a dissociated VSMC of the SMA. (A) The gap-free trace depicts that
18bGA produced a reversible oscillatory inward current at HP �40 mV. The vertical deflections were truncated traces caused by repeated ramp
(a, c and e) and step (b and d) voltage commands (�140 to 40 mV). (B) Step command-induced currents taken at (b and d) in (A), showing
that the delayed outward rectifier current was inhibited by 18bGA, whereas currents evoked by hyperpolarizing steps were slightly enhanced.
(C) The ramp-constructed I/V curves of the whole-cell current in the presence (c) and absence (a) of 18bGA, show the same results as in (B).
Traces in (B and C) were from averaging 3–5 repeats of commands. (D) 18bGA-induced net current obtained by subtracting the control
I/V curve (a) from that in the presence of 18bGA (c). Additionally, the 5 min washout made a full recovery of the HC but the KDR recovery
(e, I/V plot not shown) from 18bGA inhibition was partial.

a b

Figure 9 18aGA exerts non-junctional membrane actions partially different from those of 18bGA. Data of a representative cell (a and b) were
obtained by the same protocol as shown in Figure 8. The gap-free recording is not shown. Note that 18aGA caused an inhibition of outward
rectification (a, also b: a steep negative slope I/V between �20 and 40 mV in this case), and it also reduced the slope conductance between
�140 and �40 mV (a). The net current I/V in this voltage range showed a shallow negative slope with a reversal potential near calculated EK

(�85 mV).
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particularly important for a study to use in situ vascular cells

to determine the cellular and intercellular physiological

mechanisms. Our data showed that the VSMCs embedded in

the enzyme-treated SMA segment largely conserved the main

electrophysiological properties of the vessel.

First, our data showed that KDR (KV and BKCa) channels

were well preserved in cells of the enzyme-treated vessel

segment and even in dissociated VSMCs (Figures 3, 4, 8 and 9).

The large variation of the RP among the in situ cells also

indicated that the Kir-dependent bimodal RP feature (�40 vs

�75 mV, see Jiang et al., 2001) of the SMA cells was retained

in the vessel segment to a degree, which also explained the

large variation of HC�40 in the absence of the GA. In this

respect, however, we never saw a cell that had a RP more

negative than �63 mV in this whole-cell recording study, in

contrast to the conventional intracellular recording where

about half of the cells had a RP near �75 mV due to the

maximally activated Kir (Jiang et al., 2001). The dialysis of

the cell content could be partially responsible for the

difference between the RPs measured by this whole-cell

recording and our previous intracellular recording. The even

poorer conservation of Kir in dispersed cells may be owing to

a full dialysis of the cell content in addition to the

dissociation. A modification of the internal solution remains

to be tested as a means of preserving the Kir more effectively.

Second, the gap junction-mediated electrical coupling

with surrounding cells was conserved in the vessel prepara-

tion. This is supported by our data: before GA application:

(1) the input resistance was B200 MO, which was much lower

than that of the dispersed single VSMC (B3 GO, Table 2; also

3–5 GO by Gelband and Hume, 1992; Wang and Mathers,

1993); (2) the current traces during voltage steps showed a

multiple term exponential decay (Figure 2d), in contrast to

the single exponential decay always observed in dispersed

VSMCs; (3) an endothelium-dependent acetylcholine-induced

current could be recorded in the VSMC (Figures 6 and 7).

These data are consistent with those by Yamamoto et al.

(1998, 1999, 2001) who used a similar method, but contrast

with a report that HEPES buffer suppressed arterial gap

junction communication (Edwards et al., 2001) (Supplemen-

tary Figure S3). The reason for such a difference is not fully

understood at the moment, but it may be owing to prolonged

incubation (16–22 h) in HEPES buffer in the earlier study

(Edwards et al., 2001).

Gap junction blocking actions of 18bGA and 18aGA

The effect of blocking gap junction coupling by 18bGA

(30 mM) was first indicated by an increase in Rin to B2.2 GO
or a 91% decrease in Gin of in situ cells (Figures 2, 3 and 5). As

mentioned above in Results section, 30 mM 18bGA induced a

17.8% decrease in the Rin of dispersed VSMCs (Table 2).

Without such non-junctional Rin reduction, 30 mM 18bGA

would have induced a Rin of about 2.67 GO in the recorded

cell. Together with an in situ Cin of B12 pF, the values are

comparable to those of freshly dispersed single VSMCs from

the SMA (B3.0 GO and B6.1 pF; Table 2). The differences

were expected since the dispersion almost always nipped off

the long processes of VSMCs and made the VSMC rounder,

which would increase Rin and decrease Cin. Second, the

single exponential decay of a voltage step-induced current in

18bGA (Figure 2e) indicates a single RC circuit load,

suggesting full electrical isolation of the recorded cell in situ

(Lindau and Neher, 1988; de Roos et al., 1996). Our data

support the notion that 18bGA at or above 30 mM achieves an

almost full electrical isolation.

The concentration–response curve indicated that 18bGA

had an IC50 of 2.0mM for blocking the VSMC electrical

coupling, which is equal to the value (2 mM) from a metabolic

co-operation assay on human fibroblast intercellular junc-

tion communication (Davidson and Baumgarten, 1988).

This consistency may either reflect a similar molecular

structure between the gap junctions of blood vessels and

human fibroblasts cells, as both contain connexins 43 and

45 (Figueroa et al., 2004; Kohl et al., 2005), or that this

compound exhibits little specificity for the various types

of connexin. However, our data suggested otherwise because

it took at least twofold higher concentrations to block the

myoendothelial gap junction-mediated acetylcholine res-

ponse than blocking the intramuscular coupling (Figure 7).

In contrast to previous reports that 18aGA had no

significant effect on gap junction communication (Coleman

et al., 2001; Matchkov et al., 2004), we were able to

demonstrate its gap junction blocking effect (Figures 5 and

7). However, this action was significantly weaker than that of

18bGA in two aspects: the IC50 of 18aGA was over twofold

higher and the maximal conductance attenuation was 15%

less than that of 18bGA. The differences would be even

greater when the opposite actions of the two compounds on

Rin of dispersed cells are taken into consideration.

Electrical and chemical transmission of acetylcholine-induced

EDHF

This study demonstrates that 30 mM 18bGA blocked the

acetylcholine-induced electrical response by 92%, which is

obviously higher than the 84.6% observed with intracellular

experiments (Jiang et al., 2001). At present, we do not fully

understand what caused this discrepancy, but one possible

explanation is as follows. When the VSMC was voltage-

clamped at �40 mV, Kir was kept inactivated and no

regenerative hyperpolarization was permitted; this would

otherwise have generated 35% of the aceylcholine hyperpo-

larization in intracellular recordings (Jiang et al., 2005).

Moreover, the complete inhibition of the acetylcholine-

induced current by 100 mM 18bGA may not be fully explained

by a gap junction blockade, if the Kþ -release pathway

remains intact (Jiang et al., 2005); instead, it suggests that

the GA may have a non-junctional action which directly

inhibits the acetylcholine-induced KCa activation in the ECs,

as suggested previously (Coleman et al., 2001). The disso-

ciated VSMC data indicated an inhibition by the GAs of KDR,

including the BKCa (Figures 8 and 9), which raises the

possibility that the GAs could also suppress the intermediate

conductance KCa channel (IK) activation in the ECs by

interfering with Ca2þ influx or release from the Ca2þ store.

More experiments are needed to test this possibility.

Our IC50 data appear to suggest that myoendothelial

coupling is twofold less sensitive than VSMC–VSMC cou-

pling to 18bGA, but this difference could be somewhat
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underestimated. The higher IC50 for blocking acetylcho-

line-induced current means that the harder-to-block

myoendothelial coupling may have compromised the Gin

suppression, thus increasing the IC50 value for Gin. However,

this increase might be minimal. First, our previous study

demonstrated that myoendothelial coupling is weak and/or

not every VSMC contacts ECs (Jiang et al., 2001, 2005).

Second, as shown in Figures 2 and 3, 30 mM 18bGA, a

concentration that is less than 10-fold higher than the IC50

for acetylcholine-induced current inhibition actually caused

a full electrical isolation – the residual myoendothelial

coupling was undetectable. Moreover, GA effects on the

acetylcholine-induced outward current could be studied

only in VSMCs (52 of 69) that had direct or indirect electrical

coupling with ECs. The acetylcholine-induced current in the

VSMCs that had only indirect communication with ECs

would be suppressed when the VSMC–VSMC coupling was

blocked. This should have resulted in lowering the IC50 of

GA for acetylcholine-induced current inhibition.

Non-junctional membrane action of the GAs

Our data suggest that the ionic mechanism of non-junctional

action of both the GAs on the VSMC involved two

conductance changes. In dissociated VSMCs, 18bGA (30mM)

induced a current that had I/V relation with two apparent

segments: a positive slope (increase in Gin) on the left and a

negative slope (decrease in Gin) on the right of B�40mV

(Figure 8). The negative slope segment was consistent with an

inhibition of the BKCa and KV (or KDR, Figure 8; Hille, 2001),

which would cause a depolarization in cells that had a low RP.

The BKCa inhibition is consistent with an ICa inhibition by

18bGA in the VSMC reported previously (Matchkov et al.,

2004). The positive slope segment and the decrease in Rin

(Table 2) are consistent with an activation of a non-selective

cation conductance. This 18bGA-activated conductance is

expected to cause a strong depolarization when the cell had a

highly negative RP owing to a big driving force. This

depolarization could de-activate the Kir in these cells, which

would cause an amplification of the depolarization. These

mechanisms could explain why 18bGA caused a bigger

depolarization in high RP cells in the present study and the

study by others (Coleman et al., 2001).

The inhibition of KDR by 18aGA seems similar to that

induced by 18bGA. However, in a voltage range between

�140 and �40 mV, 18aGA caused a net current associated

with a decrease in slope conductance and reversed at

B�91 mV, suggesting an inactivation of Kþ conductance.

The nature of this Kþ conductance remains to be identified

although its linear I/V over a wide voltage range would

correspond to several Kþ channels that are active in

physiological background conditions and are only slightly

sensitive to voltage (Jackson, 2005).

Taken together, our findings of the junctional and non-

junctional membrane actions of the GAs are different in many

aspects from previous reports (Coleman et al., 2001; Matchkov

et al., 2004). Among several possible reasons for such a

discrepancy � the animal species, the vascular bed, the size

of the vessel and the recording method � we believe the last

two are the most relevant here. It is generally recognized that

the input resistance measurement with sharp electrode

recording is often unreliable because the high-resistance

electrode may change its resistance, especially when a current

command is applied, and the bridge circuit is difficult to keep

perfectly balanced (Purves, 1981). The thinner vessel and the

enzyme digestion currently used may have facilitated the

diffusion of the compound to its sites of action.

In summary, our data demonstrated a reasonable con-

servation of membrane properties in the enzyme-cleaned

vessel, which validates the usefulness of this in vitro

preparation for whole-cell recording study of the interaction

between endothelial and muscular layers. Moreover, our

finding that 30 mM 18bGA almost fully isolated the in situ

VSMCs with mild non-junctional actions near physiological

resting potential offers an opportunity for voltage-clamp

investigation of the ion channels in cells under non-

dispersed condition. This approach could be particularly

valuable for arterioles such as the inner ear artery where the

channel mechanisms are little known.
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