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ABSTRACT The functional diversity of gap junction intercellular channels arising from the large number of connexin isoforms
is significantly increased by heterotypic interactions between members of this family. This is particularly evident in the
rectifying behavior of Cx26/Cx32 heterotypic channels (Barrio et al., 1991. Proc. Natl. Acad. Sci. USA. 88:8410-8414). The
channel properties responsible for producing the rectifying current observed for Cx26/Cx32 heterotypic gap junction
channels were determined in transfected mouse neuroblastoma 2A (N2A) cells. Transfectants revealed maximum unitary
conductances (y,) of 135 pS for Cx26 and 53 pS for Cx32 homotypic channels in 120 mM KCI. Anionic substitution of
glutamate for Cl indicated that Cx26 channels favored cations by 2.6:1, whereas Cx32 channels were relatively nonselective
with respect to charge. In Cx26/Cx32 heterotypic cell pairs, the macroscopic fast rectification of the current-voltage
relationship was fully explained at the single-channel level by a rectifying v, that increased by a factor of 2.9 as the
transjunctional voltage (V;) changed from —100 to +100 mV with the Cx26 cell as the positive pole. A model of electrodiffusion
of ions through the gap junction pore based on Nernst-Planck equations for ion concentrations and the Poisson equation for
the electrical potential within the junction is developed. Selectivity characteristics are ascribed to each hemichannel based on
either pore features (treated as uniform along the length of the hemichannel) or entrance effects unique to each connexin.
Both analytical GHK approximations and full numerical solutions predict rectifying characteristics for Cx32/Cx26 heterotypic
channels, although not to the full extent seen empirically. The model predicts that asymmetries in the conductance/
permeability properties of the hemichannels (also cast as Donnan potentials) will produce either an accumulation or a

depletion of ions within the channel, depending on voltage polarity, that will result in rectification.

INTRODUCTION

Gap junction channels are expressed in nearly every mam-
malian tissue and mediate the direct exchange of ions and
small metabolites between cells (Tsien and Weingart, 1976;
Dunlap et al., 1987; Saez et al., 1989). Gap junction chan-
nels are formed from two hemichannels provided by the
apposed cells. These hemichannels comprise subunits
termed connexins, 13 of which have been identified in
mammals alone (Yeager and Nicholson, 1996; Kumar and
Gilula, 1996). Many homotypic channels (junctional chan-
nels composed of identical subunits) have been character-
ized with respect to their sensitivity to transjunctional volt-
age (V;) and selectivity to permeant molecules. These
channels show a wide range of gating sensitivities to V;
(reviewed in Nicholson et al., 1993; Bruzzone et al., 1996).
Selectivity for permeants, which in most systems is likely to
be a more physiologically relevant attribute, has been dem-
onstrated for both ions (Veenstra, 1996) and larger dyes
(Elfgang et al., 1995; Veenstra, 1996; Cao et al., 1998) to
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vary over an order of magnitude among different homotypic
channels. The expression of multiple connexins in mamma-
lian tissues adds further complexity, as there is already
evidence for the formation of gap junction channels that are
both heterotypic (formed of two homogeneous hemichan-
nels, each composed of a different connexin) and hetero-
meric (each hemichannel contains two or more connexins)
(Barrio et al., 1991; Hennemann et al., 1992; White et al.,
1992; Jiang and Goodenough, 1996; Brink et al., 1997;
Bevans et al., 1988; Falk et al., 1997). This huge potential
for diversity has increased interest in the properties of
intercellular channels produced by the interaction between
different connexin isoforms.

Connexin subunit expression and interactions in mamma-
lian liver have been well characterized since the initial
observation that two connexins (26 and 32) could coexist in
the same junctional plaque (Nicholson et al., 1987; Traub et
al., 1989; Zhang and Nicholson, 1994). Expression of Cx26
or Cx32 cRNAs in paired Xenopus oocytes produces homo-
typic gap junction channels having essentially symmetrical
but distinct gating properties in response to V; (Barrio et al.,
1991). In contrast, asymmetrical Cx26/Cx32 oocyte pairs
produce a rectifying instantaneous conductance (increasing
as the Cx26 side becomes relatively positive) and slow
voltage sensitive closure only when the Cx26 side is rela-
tively positive. Initially, this current-voltage relationship did
not appear to reflect the homotypic properties of the com-
ponent hemichannels (Barrio et al., 1991). However, mu-
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tagenesis studies using the Xenopus oocyte expression sys-
tem have suggested that a difference in the polarity of
voltage to which Cx26 and Cx32 hemichannels respond is
responsible for the asymmetrical steady-state gating prop-
erties of the heterotypic channels (Verselis et al., 1994). In
contrast, the nature of the rectifying initial current of the
heterotypic Cx26/Cx32 gap junctions has not been ad-
dressed. Two mechanisms by which this could be achieved
are rapid, voltage-dependent changes in channel open prob-
ability (i.e., gating) or voltage-dependent changes in the
unitary conductance of each channel. The contribution of
each mechanism could be distinguished through single-
channel analyses, requiring smaller cells with low levels of
intercellular channel expression.

Here, we first determine the unitary conductance (vy;) for
Cx26 and Cx32 homotypic channels expressed by transfec-
tion into communication-deficient (Reed et al., 1993) N2A
cells that do not express endogenous connexin RNA (Veen-
stra and Brink, 1992). It is demonstrated that the voltage
gating properties of these channels expressed in N2A cells
are similar to their properties determined in Xenopus oo-
cytes. Second, it is shown that heterotypic Cx26/Cx32 chan-
nels can form between these cells, and as demonstrated in
Hela cells by Bukauskas et al. (1995), each channel dupli-
cates the rectifying properties observed macroscopically in
oocytes (Barrio et al., 1991).

We then proceed to investigate the channel properties that
give rise to the rectifying behavior of heterotypic Cx26/
Cx32 channels. Based on the size of a gap junction channel
(which has an aqueous pore diameter of 1.0—1.5 nm, allow-
ing the passage of molecules of up to 1000 Da; Flagg-
Newton et al., 1981; Brink and Dewey, 1980; Schwarzmann
et al., 1981; Makowski et al., 1984; Verselis and Brink,
1986; reviewed in Veenstra, 1996), it has generally been
assumed that it would impose little selectivity on the move-
ment of inorganic ions of differing charge. However, sev-
eral reports suggest that connexins show weak selectivity on
the basis of charge. By measuring junctional conductance
changes in response to substitution of anions in the elec-
trode solution, Veenstra et al. (Veenstra et al., 1994, 1995;
Veenstra, 1996) demonstrated that rat Cx40, human Cx37,
and chicken Cx43 and 45 form weakly cation-selective
channels (a range of ~2:1 to 10:1 cation/anion selectivity)
when expressed in mouse N2A cells. More recently, the
cation/anion selectivities of rat Cx43 and Cx40 channels
were directly determined to be ~8:1 (Wang and Veenstra,
1997; Beblo and Veenstra, 1997). In general these findings
correlate with results from larger dyes, such as variants of
fluorescein with different anionic charge distributions
(Veenstra et al., 1995). Using more qualitative assessments
of gap junction permeability to a larger variety of per-
meants, Elfgang et al. (1995) showed that, although several
mouse connexins expressed in HeLa cells are all permeable
to the negatively charged dye Lucifer yellow, Cx31 and
Cx32 channels showed a reduced ability to pass positively
charged dyes. A quantitative approach to measurement of
dye transfer in both HeLa transfectants and Xenopus oo-
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cytes by Cao et al. (1998) clearly established permeability
differences between Cx32 channels that favored the passage
of anionic Lucifer yellow, and Cx26 and Cx45 channels,
which favored the passage of cationic 4',6-diamino-2-
phenylindole dihydrochloride. This supports earlier obser-
vations of Harris et al. (1992) demonstrating anion selec-
tivity of Cx32 hemichannels.

In the current work, anionic substitution directly demon-
strates that Cx26 and Cx32 channels have opposite ionic
selectivities, with Cx26 favoring cations (~2.6:1), and
Cx32 slightly favoring anions, consistent with the results of
Cao et al. (1998). Furthermore, we have developed a novel
modification of the Poisson-Nernst-Planck (PNP) model
(derived by Chen et al. (1992) and Chen and Eisenberg
(1993), and extended by Nonner and Eisenberg (1998);
reviewed by Eisenberg (1996)) that describes ion flux
through gap junctional pores under the influence of an
electrical potential. Application of several variants of this
model (both analytical approximations and numerical solu-
tions) to the Cx26/Cx32 heterotypic case reveals that the
basic rectifying properties of this channel, at least in part,
derive simply from the in series connection of two channels
of different ionic conductances and selectivities.

MATERIALS AND METHODS
Transfection and detection of RNA transcripts

Full-length ¢cDNAs for Cx26 (2.4 kb; Zhang and Nicholson, 1994) and
Cx32 (1.5 kb; Paul, 1986) were cloned into the EcoRlI site of pSFFV-neo
(Fulbridge et al., 1988) and subsequently transfected into wt N2A cells
using lipofectin (Boehringer-Mannheim, IN). Cells that received plasmid
DNA were selected for by the addition of 0.5 pg/ul Geneticin (Sigma, St.
Louis, MO) to the medium, and the colonies picked were maintained in
0.25 pg/ul Geneticin. Approximately 24 ug of poly A+ RNA from wt and
transfected N2A cells and rat liver tissue as a positive control were run on
a 1% agarose glyoxal denaturing gel, blotted onto Hybond (Amersham, IL)
membranes, and probed with a 728-bp fragment from the Cx26 coding
region (bp 317-1045) or a 772-bp fragment from the Cx32 coding region
(bp 76—848). Fragments were labeled with [**P]dCTP by random priming
to a specific activity of 1.5 X 107> dpm/ul. Prehybridization was per-
formed by incubating blotted membranes under standard conditions (1%
sodium dodecyl sulfate (SDS), 1 M NaCl, 10% dextran sulfate, and 100
ng/ml denatured salmon sperm DNA) in a seal-a-meal bag for 2 h at 65°C.
Subsequently, enough denatured probe was added to the bag to make a
concentration of 0.75 dpm/ml and was then allowed to hybridize for 20 h at
65°C. Washes were performed in 2X standard saline citrate and 1% SDS at
room temperature. Two clonal lines, Cx26#7 and Cx32#6, were chosen from
the available pool of transfectants on the basis of cRNA expression levels and
the presence of junctional coupling determined electrophysiologically.

Identification of heterotypic Cx26/Cx32 cell pairs

Cx26#7 and Cx32#6 N2A cell clones were grown in minimum essential
medium containing 10% fetal bovine serum, 500 units/liter penicillin, and
0.5 mg/liter streptomycin. Cx32#6 cells were incubated for 10 min in
medium containing 4 uM PKH?2 fluorescent cell linker (Sigma) (Horan et
al., 1990) and washed several times with fresh medium before harvesting
by trypsinization and coculturing with Cx26#7 cells. Cx26#7/Cx32#6 cell
pairs were identified after 24 h in coculture under epifluorescent illumi-
nation (490-nm excitation filter, 515-nm barrier filter).
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Electrophysiological analysis on oocytes

cRNA transcripts to Cx26 and Cx32 cDNAs inserted into the EcoRI site of
the pGEM7z vector (Promega, WI) with attached 5’ and 3’ Xenopus
B-globin untranslated regions (described in Barrio et al., 1991) were
prepared using SP6 RNA polymerase (Promega). Eight nanograms of Cx26
cRNA or 4 ng of Cx32 cRNA was coinjected into stage V or VI Xenopus
oocytes with 8 ng of a 27-base antisense oligonucleotide complementary to
nucleotides 327-353 of the Xen. Cx38 coding region to eliminate contri-
butions from endogenous coupling. Injected oocytes were incubated for
2448 h before they were stripped of their vitelline envelopes and oocytes
were manually paired with vegetal poles apposed. After a further 1624 h,
recordings were made using a dual-electrode voltage clamp (Physiologic
Instruments, San Diego, CA) in each oocyte. Current and voltage elec-
trodes with resistances of ~1 M(Q) were filled with a 2 M KClI solution.
Current traces were recorded on VCR tape, digitized with an Instrutech
VR-100 A-D converter, and analyzed on an IBM-compatible 386 computer
using Easy Plot (Spiral Software, Brookline, MA).

Electrophysiological analysis on N2A cells

Electrophysiological analysis and recording solutions have previously been
described (Veenstra and Brink, 1992; Veenstra et al., 1994). Briefly,
junctional current (/; = —Al,) between N2A cell pairs was recorded by the
dual whole-cell voltage-clamp method (Spray et al., 1979), using two 120
mM KCI patch electrodes containing (in mM) 120 KCI, 15 CsCl, 10
tetraethylammoniumCl, 1 KH,PO,, 3 MgCl,-6H,0, 0.068 CaCl,-2H,0, 5
EGTA, 25 HEPES, 3 Na,ATP, and 3 Na, creatine phosphate (pH 7.0).
Kglutamate electrodes contained the same ionic constituents as above, with
equimolar substitution of Kglutamate for KCI. Current traces were filtered
at 100 Hz and digitized at 2 kHz, and all-points current amplitude histo-
grams were compiled from the inverse of the current from cell 2 for each
experiment and fitted with a probability density function (solid line in
histograms of Figs. 2—4).

RESULTS

Determination of connexin expression and
heterotypic pair formation

Cx26 and Cx32 cDNAs subcloned into the pSFFV-neo
vector (Fulbridge et al., 1988) under the constitutive cyto-
megalovirus promoter were transfected, via lipofection, into
N2A cells that have no detectable endogenous gap junc-
tional coupling or connexin expression (Veenstra and Brink,
1992; Reed et al., 1993). Expression of appropriate tran-
scripts in selected Cx26#7 and Cx32#6 clones is shown by
Northern blot in Fig. 1, 4 (Cx26 probe) and B (Cx32 probe).
The increase in size of the transcripts in the transfectant cell
lanes over those in the control lanes is as expected from the
addition of SV40 5’ and 3’ untranslated sequences. Junc-
tional coupling, measured by dual whole-cell voltage clamp
(Veenstra and Brink, 1992), was observed in >80% of cell
pairs from the Cx26#7 and Cx32#6 cell lines, although the
average intercellular conductances (Cx26#7 = 0.6 = 1.1 nS
and Cx32#6 = 11.3 = 3.8 nS; see Fig. 2 legend) suggest
low protein expression levels (on average 5-200 channels/
pair). In contrast, untransfected N2A cell pairs show cou-
pling <15% of the time. The coupling in these cells prob-
ably reflects incomplete cell division because intercellular
currents were usually large and insensitive to voltage or
heptanol treatment, and fluorescein isothiocyanate-dextran
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was found to move between these cells (Veenstra et al.,
1994). Cx26/Cx32 heterotypic channels could be studied by
coculturing Cx26#7 and Cx32#6 cells, where the latter were
marked by a fluorescent lipophilic dye PKH2 (Horan et al.,
1990). Cell pairs containing a “dye-marked” and “non-dye-
marked” cell were chosen for recordings (Fig. 1, C and D),
yielding an average conductance of 4.2 *= 2.7 nS. The
asymmetrical currents between these pairs further con-
firmed that the pairs were heterotypic.

Connexins expressed in different systems
produce junctions with similar macroscopic
gating properties

Junctional current recordings from homotypic pairings of
either Cx26#7 or Cx32#6 displayed time-dependent current
decays in response to increasing V; of either polarity (Fig. 2,
A and B). These closely resembled the corresponding cur-
rent recordings in Xenopus oocytes (Fig. 2, C and D, re-
spectively). This is quantitatively confirmed by comparing
the Boltzmann constants describing the voltage-dependent
decrease in conductance for Cx26 (Vo = +86 mV, 4 =
0.14) and Cx32 (V5 = 52 mV, 4 = 0.064) in N2A cells
with those determined in oocytes (V5 = +82mV, 4 = 0.14
for Cx26, and V5 = +55 mV, 4 = 0.09 for Cx32) (Barrio
et al., 1991). Heterotypic Cx26#7/Cx32#6 cell pairs also
showed currents (Fig. 2 E), which closely approximated
those observed in oocytes (Fig. 2 F). The initial conduc-
tance rectifies, increasing as the Cx26 cell becomes rela-
tively more positive with respect to the Cx32 cell (slopes of
0.0044 for N2A cells and 0.0055 V™! for oocytes; Barrio et
al., 1991). V;-sensitive closure is also evident only when the
Cx26 cell is made relatively positive and is described by
Boltzmann constants similar to those observed in oocytes
(Vo =+75mV, 4 = 0.1 for N2A cells and V5 = +73 mV,
A = 0.14 for oocytes). These data, taken together, strongly
suggest that the Cx26#7 and Cx32#6 cell lines express
exclusively the transfected connexins and that the properties
of the channels formed are unaffected by the differences
between an amphibian and a mammalian expression system.

Homotypic Cx26 and Cx32 channels show
different ionic conductances and selectivities

Single-channel currents were measured from cells express-
ing low levels of coupling (usually one or two channels).
Representative current records with single-channel events
are shown accompanied by histograms from Cx26#7 (Fig.
3, 4 and B) and Cx32#6 (Fig. 3, C and D) cell pairs. The ;
for Cx26 channels, determined from the slope conductance
of the /;-V; plot (Fig. 3 G), was 135 pS with 120 mM KCl
in both electrodes, whereas Cx32 formed channels with Y
of 53 pS under comparable conditions (Fig. 3 H). In addi-
tion, Cx32 channels commonly enter subconductance states
that occur more frequently as V; increases (Fig. 3, £ and F).
The discrepancy between these results and those reported



Suchyna et al.

Mechanism for Rectifying Gap Junctions

2971

A ©
U
@) O <
=
2.4— -
1.35—
c
FIGURE 1

Northern blot analysis and heterotypic pair identification of N2A cell clones transfected with Cx26 and Cx32. (4) Cx26 probe recognizes

specific bands in Cx26#7 (3.4 kb) and rat liver RNA (2.4 kb) lanes. (B) Stripped blot reprobed with Cx32 recognizes a 1.5-kb band in rat liver and a
2.7-kb/1.8-kb doublet in Cx32#7 lanes. The sizes of RNA bands in transfectants are ~1 kb larger because of the addition of SV40 3’ and 5’ noncoding
regions. (C) Phase-contrast micrograph of a Cx26#7/Cx32#6 cell pair after 24 h in coculture, after prelabeling of the Cx32#6 cells with PKH2 fluorescent
cell linker. (D) Epifluorescent illumination of the same cell pair allows identification of the two cell types.

previously for Cx32 in SKhepl cells, where 120—-130-pS
channels were associated with Cx32 under similar condi-
tions (Moreno et al., 1991), remains to be resolved. How-
ever, the same conductance value for both Cx26 and Cx32,
as reported here, has now been reported for independently
derived Hela transfectants by at least one other laboratory
(Bukauskas et al., 1995).

Given the recent indications that different connexin chan-
nels may vary in their permeabilities to larger solutes (Elf-
gang et al., 1995; Steinberg et al., 1994; Moreno et al.,
1991; Veenstra et al., 1995; Cao et al., 1998; Bevans et al.,
1998), we also investigated the ion selectivity of Cx26 and
Cx32 homotypic channels through a process analogous to
that used for other ion channels (for a review see Hille,
1992). However, given the comparatively large size of
junctional channels, we chose to substitute anions that were
significantly different in size. Glutamate (~10 A in length)
has only one-fifth the aqueous mobility of Cl (~3.8 A in

diameter unhydrated). Substitution of these anions in the
electrode solution created significant differences in ;.
These differences in v; could be used to define a relative
anion/cation permeability ratio (R,,) of homotypic connexin
channels, using the Goldman-Hodgkin-Katz (GHK) current
equation (Eq. 13), modified such that the permeability of
each anion is scaled by R, (Veenstra et al., 1994). This
empirical factor is equivalent to the channel anion/cation
conductance ratio for an anion and cation pair with equal
aqueous mobilities (Veenstra et al., 1995; Veenstra, 1996).
Based on the assumption that the relative mobilities of ions
within the channel are similar to those in bulk solution
(Verselis and Brink, 1986), the following values of diffu-
sion coefficients D, were used (in units of 10> cm?/s): 1.96
K", 2.06 Cs*, 1.33 Na™, 0.87 TEA™, 2.03 C1™, and 0.387
glutamate ™ (Wang and Veenstra, 1997). For Cx26 channels,
v; dropped from 135 pS to 112 pS with equimolar substi-
tution of 120 mM Kglutamate for KCI in both electrodes
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FIGURE 2 Comparison of the functional expression of homotypic Cx26 and Cx32, and heterotypic Cx26/Cx32 gap junctions in paired N2A cells and
Xenopus oocytes shows that voltage gating of these channels in the two systems is identical. Junctional currents from N2A cell pairs (4, C, and E) display
time- and Vj-dependent gating properties distinctly similar to their counterparts in Xenopus oocytes (B, D, and F, respectively). Average junctional
conductances (g;) from the transfected cell lines were Cx26#7 = 0.6 = 1.1 nS (25/29, number of coupled pairs/total number of pairs tried); Cx32#6 =
11.3 = 3.8 nS (81/98); heterotypic Cx26#7/Cx32#6 = 4.2 = 2.7 nS (65/115). (4) Ensemble averages of the currents from nine V; pulses of 20, 40, 60,
80, and 100 mV from a Cx26-transfected N2A cell pair containing four channels. (B) Junctional currents (/;) from paired Xenopus oocytes injected with
Cx26 cRNA in response to V; steps of 10, 30, 50, 70, 90, and 110 mV. (C) Macroscopic /; obtained from a Cx32-transfected N2A cell pair, with a g; of
1.9 nS, subjected to ¥; steps of 10, 30, 50, 70, and 90 mV. (D) /; traces from paired Xenopus oocytes injected with Cx32 cRNA subjected to the same V;
steps as in C. (E) Macroscopic /; traces from a Cx26#7/Cx32#6 heterotypic N2A cell pair (voltage steps applied to the Cx26 cell), with a g; of 5.8 nS at
+10 mV. Both positive and negative V; steps of 10, 30, 50, 70, and 90 mV were applied. (F) /; traces from pairings of Cx26 RNA and Cx32 RNA injected
oocytes subjected to the same voltage steps as in E. Both show time- and V;-dependent decay only for positive V; steps and rectifying initial current.

(Fig. 3 G), from which an R, of 0.38 was estimated.
Equimolar KCI/Kglu substitution experiments for Cx32 re-
duced v; from 53 pS to 35 pS (Fig. 3 H), resulting in a
calculated R, of 1.06. Thus, in contrast to Cx26 channels
that favor passage of cations, Cx32 channels are slightly
more permeable to anions. We have also observed the same
relative selectivity for charge for these two connexins, using
larger fluorescent probes of opposite charge (Cao et al.,
1998).

Heterotypic Cx26/C32 channels possess a
rectifying unitary conductance

To better understand the mechanism underlying the rectify-
ing instantaneous conductance of heterotypic Cx26/Cx32
channels, Cx26#7/Cx32#6 cell pairs that showed low inter-
cellular conductance levels were selected for single-channel
analysis. The channels recorded were unique in that the
conductance of the main state did not have a unique value.
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Rather, the v; increased as the applied voltage became
progressively more positive with respect to the Cx26 cell
(Fig. 4, A and B (positive), C and D (negative)). A plot of
the single-channel currents (Fig. 4 E, solid squares) shows
a parabolic increase with V; that exactly coincides with the
increases seen in macroscopic currents between either N2A
cells (Fig. 4 E, open squares) or Xenopus oocytes (Fig. 4 E,
dotted line) expressing Cx32/26 heterotypic channels.
Only positive V; values greater than 60 mV with respect
to the Cx26 cell produced a drop in channel P_, consistent
with the slow gating response seen at this polarity in the
macroscopic records (data not shown). Thus the rectifying
properties observed in the instantaneous macroscopic cur-
rents recorded in either oocytes or N2A cells are not due to
changes in channel open probability (gating response), but
are accounted for fully by changes in v;. In addition, at high
positive voltages in the Cx26 cell (or negative voltages in
the Cx32 cell), the slow gating response observed in the
macroscopic currents is reflected in a decrease in P, which
is superimposed on this single-channel rectifying behavior.
A transformation of these single-channel data to a plot of
conductance (;) as a function of ¥; in both 120 mM KCl
(Fig. 4 E, solid squares) and Kglutamate (Fig. 4 E, open
squares) produces linear relationships with slopes of 44
pS/100 mV and 29 pS/100 mV, respectively (Fig. 4 F). The
v; values at V; = 0 (;(0)) were 89 pS for KCI and 45 pS for
Kglutamate. A previous study of these same channels in
HeLa cells, recorded in Kaspartate (dotted line from
Bukauskas et al., 1995), yielded results almost identical to
the Kglutamate data shown here. Furthermore, the normal-
ized slope of the KCI plot (0.0052 V') closely matches the
plot of the macroscopic conductance of Cx32/26 channels
between Xenopus oocytes (0.0055 V™' in Barrio et al.,
1991). The molecular mechanism behind this rectification
remains in question and does not seem to be fully explained
by shifts in voltage gating of the channels, as has been
proposed previously (Bukauskas et al., 1995). The rapid
rectification of this and some other gap junctions is unique
among ion channels in that it occurs in an environment
where the ionic conditions at either end of the channel are
essentially equivalent. In some cases, gap junction rectifi-
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cation has been explained by rapid gating of the channel
(Jaslove and Brink, 1986). However, in the case of the
Cx26/Cx32 channel, where no change in P, is observed, a
new model must be sought to explain the rectification in ;.

A pore-scale electromigration/diffusion model of
Cx26/Cx32 rectification: general principles and
derivation of the model

A semiquantitative explanation of the observed rectifying
behavior of Cx26/Cx32 heterotypic channels can be ob-
tained using a modification of the Chen and Eisenberg
(1993) model. This represents a one-dimensional model of
ion flux through a long pore, based on the Nernst-Planck
equations for the cation and anion concentrations, and the
Poisson equation for the electrical potential.

The two hemichannels are represented as homogeneous
cylindrical pores of equal length L, (distinguished by a
superscript h (= 1 or r for “left” or “right”)) through which
ion transport occurs as a radially homogeneous (therefore
effectively one-dimensional) process in, say, the x direction.
Each hemichannel, 4, is characterized by a cross-sectional
area A" and by the values of partition coefficients K" and
diffusion coefficients D" specifying the affinity of ionic
species s for the pore and the mobility of ionic species s within
the pore, respectively. In the absence of structural information
on the gap junction channel, the pore is assumed to be devoid
of longitudinal structure, so that the parameters 4", K, and D!
are constant along the length of each, although their values can
differ between the two hemichannels. Essentially, the model
that is developed is of two independent membrane channels
connected head to head.

In the absence of ion-ion interactions, mass conservation in
the left and right hemichannels is expressed by the Nernst-
Planck equations (Chen and Eisenberg, 1993; Levitt, 1991;
Hille, 1992; Hodgkin and Katz, 1949; Goldman, 1943),

di/dx = 0,
I = —z FA'D[dC/AX + (zF/RT)(dV/dX)C'],
(la)

—L<x<0,

FIGURE 3 Unitary conductances of Cx26 and Cx32 channels expressed in N2A cells. Representative ~5-s current records (4, C, and E) show
prejunctional (cell 1) and postjunctional (cell 2 = [;) current taken from longer duration V; steps (as indicated). Accompanying histograms are shown to
the right of the corresponding current traces (B, D, and F), where the sign conventions have been reversed to maintain consistency with the convention for
I-V plots established previously (see Veenstra et al., 1994, 1995). The unitary channel current obtained from a Cx26-transfected cell pair (4) and the
accompanying histogram (B) illustrate all stable conductance states during a 2-min ¥, step produced by a hyperpolarizing cell 1 to —40 mV from a common
holding potential of 0 mV. There were two active channels in this cell pair with amplitudes of —5.9 pA (36 channel events, first peak) and —5.1 pA (47
channel events, second peak) with variances of 0.3 pA. These transitions correspond to conductances of 148 and 128 pS, respectively. Cx32-transfected
N2A cells (C and D) show one stable conductance state produced by a 2-min V; step to —40 mV with an amplitude of —2.09 pA and a variance of 0.38
pA (52 +10 pS; 35 channel events). Multiple conductance states for Cx32 are revealed at a V; of =80 mV (£ and F). Gaps in the current trace correspond
to 13.5- and 12-s intervals, which were omitted from the continuous current recording. Four distinct stable current levels of 4.0, 2.5, 1.8, and 0.7 pA and
the ground state are labeled 4—E, respectively. During the first 40 s after the step to —80 mV, distinct transitions of 4.0, 3.3, and 1.8 pA are evident,
corresponding to conductances of 50, 41, and 23 pS (F). There were a total of 22 events at level 4 and 34 events at levels B and C. Distinct transitions
between levels D and £ were not observed and are within the noise limitations of these recordings. Single-channel -V relations from Cx26 (G) and Cx32
(H) homotypic N2A cell pairs exposed to either 120 mM KCI (M) or 120 mM Kglutamate ([J) electrode solutions. Each point in the /-V; plot represents
an amplitude obtained from the histogram at each V;, where only transitions to level 4 (see E) were included for Cx32 at higher V;. The solid lines represent
current levels predicted from model 2 (pore scale convection-diffusion) described in the text and the Appendix.
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FIGURE 4 Unitary conductance and junctional current-voltage relationship of Cx26/Cx32 heterotypic channels. Representative current traces and
histograms are presented as described in Fig. 3. (4) Unitary channel currents from a Cx26/Cx32 cell pair during a 2-min V; step from 0 to +40 mV in the
Cx26 cell reveal only one conductance state. The corresponding histogram (B), fitted with a probability density function, shows a current amplitude of 3.4
PA (59 channel events) with a variance of 0.4 pA. Channel currents from the same Cx26/Cx32 cell pair showed a distinctly different current level for the
same size voltage step of opposite polarity (0 to —40 mV) in the Cx26 cell (C). With this opposite polarity V; step, the three distinct current levels (4-C)
observed in the 6-s record are apparent in the accompanying histogram (D), with amplitude levels separated by 2.45 pA and a variance of 0.24 pA. There
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dre/dx = o,

I' = —z FAD[AC/dX + (zF/RT)(dV/dX)C],
(1b)

0<x<lL,

cast in terms of the electrical currents /" carried by ionic
species s in hemichannel h. Each of these currents is the sum
of a diffusive contribution arising from gradients in the
ionic concentration C" (X) and a convective contribution
representing electromigration driven by gradients in the
electric potential W"(X). Here, z, denotes the valence of
ionic species s, and F and R denote Faraday’s constant and
the universal gas constant, respectively. The electrical po-
tential in each hemichannel is governed by the Poisson
equation, in which the charge density arises from local
deviations from electroneutrality of the solution in the pore:

PVYdX? = —(Fle) >, z,C!, —L<x<0,

and (2a,b)

dPV/dx? = —(Fle) >, z,Ch, 0<x<L,

where € is the dielectric constant of the fluid in the pore.
While the contributions of the ions to the electrical field are
accounted for here, no direct contributions of the pore lining
to the potential are included in this one-dimensional model
in the current absence of hard data on the pore structure.
However, this can readily be incorporated. In fact, pore
entrance effects (at the cytoplasmic entrance to each
hemichannel) are accommodated in the current model by
the introduction of an electrostatic surface potential E" at
the entrance of each hemichannel 4. This can be attributed
to either a local dipole or a fixed charge within the pore and
hence is equivalent, in principle, to a Donan potential at the
solution/pore interface. This induces ion concentrations to
differ from the corresponding bulk values in the cell cyto-
plasm and is one possible means of conferring connexin-
specific cation/anion selectivity (i.e., “selectivity filter”). In
addition, partition coefficients K" account for ionic affinities
that are constant along the length of a hemichannel, al-
though we will initially set these to unity.
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These parameters establish boundary conditions for the
PNP model, so that ion concentrations at the pore mouths
are related to the bulk concentrations in the two cell interi-
ors (assumed identical) by

C]s(_L) = K‘stulk-seXp(_Elst/RT)a (3a)

CZ(L) = K;Cbulk-sexp(_ErZsF/RT)s (3b)

(Hille, 1992, p. 464; Frankenhaeuser, 1960). The electrical
potential at each pore entrance is defined as

W(—L)=AV2 + E, W(L)=—-AV2+E,  (4ab)

where AV is the total drop in voltage across the cell pair
from left to right.

By considering K" as an equilibrium partition coefficient,
mass transfer effects near the pore mouths are ignored, an
assumption that has proved to be sound for long pores
(although see Chen and Eisenberg (1993) for a discussion of
this point). Ion selectivity arising from the Donnan surface
potential E” may also be expressed conveniently in terms of
a Donnan ratio /. This will appear in subsequent equations
and is defined as the concentration of ion s in the membrane
pore (C'(= L)) relative to bulk solution (as modified by any
non-E£"-derived affinity (K"C,.)), such that

- (—sthF) C(* L)
s — €X] =
P RT K?Cbulk-s (5)
A ok
a 2K‘;Cbulk-s ZK}: Cbulk-s ’

where X represents a “fixed charge” within the pore, as
defined in the original derivation of Teorell (1953). Details
of the particular molecular structure that could produce this
will have to await finer structural mapping of the pore.
There is also a need to impose certain conditions at the
juncture of the two hemichannels. Hence, the left- and
right-hand side currents for each species s must match and
the electrostatic potential and its gradient must be continu-
ous at the junction between the hemichannels, yielding

C0)K, = C(OVK;,  1,(0) = 1(0), (6a,b)

V() = W(0), dWYdX(0) = dP7/dX(0). (7ab)

were 4, 21, and 20 events for levels A-C, respectively. The normalized unitary current () determined from histogram fits to 13 different ¥; steps (2 min
in duration) for two N2A cell pairs expressing low levels of Cx26/Cx32 channels are shown in E. These unitary current points exactly superimpose on the
normalized macroscopic (multichannel) instantaneous current levels ((J) for voltage steps between =100 mV from four different N2A cell pairs (with
standard error bars shown). The dashed line through the data points in £ shows that the normalized macroscopic instantaneous currents in Xenopus oocyte
pairs expressing Cx26/Cx32 heterotypic junctions also behave identically (data from Barrio et al., 1991). This illustrates that the macroscopic rectification
of these channels seen in both oocytes and N2A cells is fully accounted for by the rectification of single channels. The single-channel conductance versus
voltage data in the presence of 120 mM KCI () or 120 mM Kglutamate ([J) from Cx26/Cx32 heterotypic cell pairs is shown in F. Each set of data contains
conductance values from two cell pairs. Linear regression fits to the conductance data (solid lines) show slope conductances and y intercepts of 0.46 pS/mV
and 88 pS for KCl, and 0.31 pS/mV and 46 pS for Kglutamate. The dashed line through Kglutamate data is the linear regression fit (0.32 pS/mV slope
conductance and 48 pS y intercept) through the unitary conductance data for Cx26/Cx32 channels expressed in Hela cells by Bukauskas et al. (1995), using
Kaspartate as the charge carrier.
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According to the preceding model, once the ionic concen-
tration and electric potential have been solved for, the total
current in the channels is calculable from

I=2L=>1I. ®)

The sum may be evaluated at any position X in either
hemichannel because all of the individual ionic contribu-
tions / are independent of X (see Egs. 1 and 6).

Our analysis focuses on the case where current is carried
by a single monovalent salt, KCl. We identify potassium
and chloride ions, respectively, with indices s = 1 and 2,
and z; = zg+ = +1, and z, = zo- = —1. Given these
valencies, the respective Donnan ratios for hemichannel %
are related by

rh 1 EhF 9
{ =CXp\ RT ( )

Also,
Cbulk 1 Cbulk 2 Cbulk» (1 0)

as required for electroneutrality of the bulk solution.

Analytical approaches—the
constant-field assumption

The basic tenet underlying the classical Goldman-Hodgkin-
Katz approach to Egs. 1-4, 6, and 7 is that the electric field
dW/dX is constant (or, equivalently, that the electric poten-
tial W varies linearly with X) (Goldman, 1943; Hodgkin and
Katz, 1949; Hille, 1992), an assumption that may or may not
be consistent with the Poisson equation (Eq. 2). This as-
sumption is removed below, but we adopt it for the moment
because it turns out to be reasonably accurate for the pur-
pose of fitting parameters, and because it leads to some
useful qualitative insights.

With the constant-field assumption, the ion transport
equation (Eq. 2) may be integrated analytically to yield the
following well-known conclusion (Goldman, 1943;
Hodgkin and Katz, 1949; Hille, 1992) used extensively
below: if at positions X, and Xj in hemichannel h the
in-pore concentrations of ion s are [S]", = C"(X,) and [S]} = 5=
Ch(XB) and the electric potential has the values W =
W(X,) and W}, = W"(Xy), then the current /¢ carried by ion
s is given by

ZFPA"PY 2L (W5 — W3)
* RT K (- X) (11)

[Tz — [STexp[ — (zF/IRT)(V} — Wh)]
1 — exp[—(st/RT)(‘I’?g —wh]

Here 2L is the total length of the channel, and A"P" denotes
the usual pore area-times-permeability factor for each ionic
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species in each hemichannel, defined as

h

K'D
h _ h S S
AP = 4 oL (12)

(Hodgkin and Katz, 1949; Hille, 1992).

Fitting of model parameters to homotypic
channel conductance data and relative
permeabilities

For a homotypic channel E' and E" are equal; hence the total
in-pore voltage drop coincides with bulk (cytoplasm-to-
cytoplasm) voltage drop AV. The total current /" passing
through such a pore (composed of two identical hemichan-
nels of type 4) is given by application of Eq. 12 with X, =
—L, Xz = L, [SIy = [SIz = CouncsKiexp(—z,E"F/RT),
Wi = AV/2 + E", and W} = —AV/2 + E", which yields

b= F Cbulk

AV E 224"Phexp(—z,E"F/RT)

s=1

F*Cy,
° "‘AV [A"P% exp(—E"F/RT) (13)

+ AP _exp(+E"F/RT)].

The exponential factors involving W in Eq. 11 cancel out
because of the equality of the left- and right-hand solution
concentrations. It is now clear that conductance data can
give a direct indication only of the lumped parameter
A"PYcexp(—E"F/RT) + APPE-exp(+E"F/RT); the data
for the homotypic Cx26 and Cx32 channels yield the nu-
merical values 2.99 X 107" m3/s and 1.18 X 107" m?/s,
respectively.

Our present estimates of relative permeabilities (R,) ap-
ply only approximately to these equations for a number of
reasons, the most important being that these equations ac-
count only for the dominant ions potassium and chloride.
Slight differences in aqueous mobilities between potassium
and chloride, and between bulk and internal pore solutions,
are also neglected in this calculation. Nevertheless, the R,
values serve to approximate the relative amounts of current
carried by cations and anions as follows:

AP exp(—E™F/RT)

26 __
A PR exp(+E°FIRT) 1 0385, 19
AP?PE exp(—E®F/RT)
= = R = 1.06. (15)

AP exp(+E**F/RT)

These values constitute the essential link between model
and experiments for homotypic channels, which forms the
foundation for our theoretical consideration of heterotypic
channels to follow.

Unique determination of the parameters requires precise
knowledge of the physical origin of ionic selectivity, which
at present we can only guess at. In the absence of informa-
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tion, it is constructive to consider the two extreme cases
where either 1) ionic selectivity arises solely from differ-
ences in the in-pore area-times-permeability factors, 4"P",
and there is no surface potential (E" = 0), or 2) ionic
selectivity arises solely from the surface potential E" at the
hemichannel-cytoplasm interface, and the area-times-per-
meability factors are equal (4"Pi+ = A"PL,-, but 42°P?¢ +
A*?P3?). Using the perm-selectivity values for Cx26 and
Cx32 derived above, these assumptions lead to the follow-
ing two sets of parameter values consistent with the homo-
typic channel conductance data and relative permeabilities:

Case 1:
A*PY =217 X 107 m’/s,

A*PE =0.82 X 107" m’/s,
E*¥=0mV,

A2PY =0.57 X 107 m’/s,
A2PE =0.61 X 107" m’/s,
E?=0mV,

(16)
Case 2:
A*PY =134 X 107" m’/s,

A*PY =134 X 107" m’/s,
F*= —124mV,

A2PE =0.59 X 107 m’/s,
APPYE =059 X 10 m¥s,
E? = +0.75mV.

amn

The surface potentials given above are equivalent to the
following Donnan ratios, as developed in Eq. 5 above:

Case 1:
=g =1, o= Urg =1, (18)

Case 2:
=18 =162, ri =1/ =097. (19)

Analytical theory for heterotypic channels

Equation 11 cannot be applied directly to the heterotypic
Cx26/Cx32 channel because the permeability Pg is not a
constant throughout the channel. We therefore apply this
equation to the left and right hemichannels individually,
using the symbol [S]yux = Cuuxs to denote the bulk con-
centration of ions s (which is the same in the two cellular
compartments, and the same for K* and C1~ in this case).
The two resulting GHK current equations,

ZngA]PIS rls[S]bulk - LSJceXp[_(ZsF/RT)(A\P)I]
L=pp 2V —CARDAY]
20

Ay S Aol -G rRD()

1 — exp[—(z,F/RT)(AW)"] ’
(21)

contain a new unknown, namely the effective ionic concen-
tration at the junction between hemichannels, | S|, = CL(0)/
K. = C*(0)/K* (cf. Eq. 6a). Here (AW)' and (AW)" denote the

Biophysical Journal

Volume 77 December 1999

voltage drops within the left and right hemichannels, which
are also unknown individually, although they must sum to
the total drop in in-pore potential across the channel:

(AD) + (AW)Y = (AW) = AV + E' — E*.  (22)

In terms of (AW)" and (AW)', the concentration LSJC at the
junction between hemichannels can be determined from the
requirement that the left- and right-hand currents match, i.e.,

L=1I (23)

(cf. Eq. 6b). The combination of Eqgs. 20 and 21 according
to the equalities expressed in Eqs. 22 and 23 tacitly assumes
that ions occupying the center in-pore “compartment’ at the
junction between the hemichannels obey the principles of
ionic independence (i.e., K* only influences K™, etc.). This
infers that ions entering from the right and left hemichan-
nels mix in the center compartment and are influenced only
by their electrochemical potentials relative to bulk solution.
At present, we do not have any knowledge of what ion-ion
and ion-site interactions occur at the hemichannel junction
nor of its molecular composition. We find

[S].
[S]bulk
A'PLAW)F — APY(AW) 7 exp[ — (z,F/RT)(AW)*]
— [A'P(AW)'r, — AP(AW) 7 Jexp — (z,F/RT)(AW)']
T AP(AY) — AP AV exp[— F/RDAV)]
— [AP(AW)" — A'P(AW) Jexp| — (z,F/RT)(AW)']

(24a)

which reduces to

[S].  A'PY, + APexpl —(F/RT)(AW)"2]
[Slu  A"P. + A'Plexp[—(z,F/RT)(AW)*/2]

(24b)

when (AW)' = (AP

This result makes it possible to calculate the total current,
using Eq. 8 together with either Eq. 20 or Eq. 21, provided
we know how much of the total in-pore voltage drop occurs
in each of the left and right hemichannels.

Calculations not shown indicate that the relative values of
(AW)' and (AW)" do not strongly affect the current. Thus the
results presented here are based on the assumption that
(AW)' = (AW)". Fig. 5 4 shows the predicted current-
voltage characteristics for cases 1 and 2, which have the
correct qualitative behavior (i.e., greater conductance when
the Cx26 side is positive relative to the Cx32 side), although
the degree of rectification seen empirically is not fully
accounted for. This is equally true for both cases 1 and 2, so
it is impossible to distinguish between the possible mecha-
nisms for ionic selectivity (differences in permeability
and/or the existence of surface potentials) with this ap-
proach. In this regard it is worth noting that pore cross-
sectional area A", the ionic diffusivities D", and the partition
coefficients K" occur only in the combination 4"P" in the



Suchyna et al.
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FIGURE 5 (4) Current-voltage characteristics resulting from the analyt-
ical solution for Cx26/Cx32 heterotypic channels (based on Eq. 7 together
with Eq. 22 or Eq. 23, assuming equal voltage drops in left (Cx26) and
right (Cx32) hemichannels). The solid and dashed curves correspond to
parameter values for cases 1 and 2, respectively, and are almost identical.
Experimental points are included for comparison. (B) Current-voltage
characteristics resulting from the complete numerical solution of the
Nernst-Planck and Poisson equations for Cx26/32 heterotypic channels
(see Appendix), with solid and dashed curves again corresponding to
parameter values for cases 1 and 2, respectively. Experimental points are
included for comparison. Case 1 shows more pronounced rectification than
case 2. The reasons for an incomplete fitting of the data in any of the
models is discussed in the text, and likely stems from the potential errors
in the estimates of R, (relative cation:anion preferences of the channels)
and a simplistic view of the channel enforced by a lack of structural data.

final equations. Thus the present analytical theory also
cannot distinguish between the possible mechanisms (pore
size, mobility within the pore, partitioning) for the observed
differences in conductance and selectivity of Cx32 and
Cx26 homotypic channels.

This analytical solution to the heterotypic channel predicts
that rectification is at least partially accounted for by differ-
ences in the ionic selectivities of the two hemichannels, attrib-
uted to either asymmetrical surface (or Donnan) potentials,
ionic permeabilities within the pore, or a combination of these
effects. However, this approach fails to account fully for the
experimentally observed rectification (Fig. 5 A4). It also does
not completely account for the increase in current obtained in
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KCI relative to Kglutamate (data not shown). This suggests
that assigning the cation/anion selectivity entirely to differ-
ences in Cx26 and Cx32 electrostatic surface charges within
the pore is likely to be an oversimplification.

The operative factor for equalizing the fluxes between the
two hemichannels is the voltage-driven ionic concentration
profiles in the center of the pore (the [‘S"]c term in Egs. 20,
21, and 24), which cannot be demonstrated experimentally.
Interpreted in terms of the “fixed charge theory” of Teorell
(1953), both sides of the membrane would establish a per-
manent Donnan equilibrium such that the excess of cations
(and reciprocal deficit of anions) on the Cx26 side exactly
matches the net electrostatic potential across the channel.
Furthermore, each hemichannel can be treated as a single
“site” within the membrane that is always in equilibrium
with the cytoplasmic bulk solution and the center (in-pore)
“solution.” This negates the need to assume inhomogene-
ities within the membrane, because any ion either exists in
aqueous phase in one of the “compartments” or resides at a
single “site” within the channel. No other structure has to be
inferred regarding the location of the electrostatic potential
and/or site within the membrane or the central compartment.
It is only necessary that cation/anion independence at all
locations is maintained. The data presented here do not
directly address the issue of the existence of a “binding site”
within the hemichannel, but it is common practice to assign
the simplest state diagram of the ionic permeation process to
a channel (i.e., single site, two barriers) for the purpose of
subsequent experimentation.

Numerical theory for heterotypic channels—
rationale and results

One limitation to the analytical solution presented above is
that it assumes a constant field within the hemichannel,
rather than deriving it from the Poisson equation (Eq. 2).
However, this assumption would not be valid in the pres-
ence of any nonzero surface potentials or unequal partition
coefficients that cause the concentrations of cations and
anions to differ (see Chen et al.,, 1992). By assuming a
Donnan equilibrium, as was done in the analytical deriva-
tion, this charge density is exactly compensated for by a
fixed charge within the pore, thereby maintaining a linear
field even in the presence of significantly different free
cation and anion concentrations within the pore. If the fixed
charge assumption is removed, the resulting nonuniform
electric field, d¥/dX, would in turn cause the ionic concen-
trations to vary with position X. This would now require a
numerical approach to solving Eqs. 1-4, 6, and 7 as they are
coupled and nonlinear and inaccessible to exact analytical
solution.

A finite-difference scheme developed to solve Eqgs. 1-4,
6, and 7 is summarized in the Appendix. This numerical
approach also predicts a local separation of charge, but in
the absence of a compensatory charge in the pore it rapidly
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decays (as a manifestation of the phenomenon that ionic
concentrations relax to a condition of electroneutrality
within a few Debye screening lengths of any charged sur-
face or interface; see, e.g., Hiemenz, 1986, Chap. 12). Thus
cationic and anionic concentrations become nearly equal
over much of the pore (data not shown), resulting in signif-
icantly less charge separation between resident ions within
the pore than is predicted by the analytical solution.

A result of this tendency toward electroneutrality is that
the electric potential is roughly linear in the middle of the
pore. The total concentration of charge carriers Cik+(X) +
Ch-(X) remains roughly constant throughout the pore.
These two facts explain why the overall channel conduc-
tance predicted by the GHK equation can be quite insensi-
tive to the predicted ion concentration profiles. Consistency
between the numerical treatments of Egs. 1-4, 6, and 7 with
the empirical homotypic channel conductance data requires
a modification of some of the area-times-permeability val-
ues for case 2. In particular, Eq. 17 must be amended as
follows:

APPY. = AP = 1.51 X 107" m¥/s. (25)

Owing to the small surface potential and the small resulting
ionic charge separation, case 2 area-times-permeability val-
ues for Cx32 hemichannels are correct to the number of
digits exhibited.

Application of the finite-difference scheme (see Appen-
dix) to a heterotypic Cx26/Cx32 channel yields the current-
voltage characteristics shown in Fig. 5 B. As in the analyt-
ical case, the model describes a rectifying property for these
heterotypic channels but falls short of predicting the full
extent of the rectification. The consistent behavior of both
analytical and numerical solutions in underestimating the
degree of rectification observed empirically is likely to be
the result of the inherently simple model of the pore that we
are forced to use in the absence of better defined structural
information on gap junctions. As discussed below, specific
binding sites or point charges on the channel wall would
significantly change the outcome of the model. Nonetheless,
it is significant that such an inherently simple model can
qualitatively account for the observed behavior. In the full
numerical solution, case 1 parameters give a somewhat
more pronounced current rectification than case 2, in better
agreement with the data (Fig. 5 B), suggesting that selec-
tivity is better explained by permeability factors than by
surface potentials.

Ionic concentration profiles along the length of these
heterotypic channels can be calculated from the numerical
model for both case 1 (Fig. 6, 4 and B) and case 2 (Fig. 6,
C and D) at transjunctional potentials of either polarity.
Consistent with the better fit of case 1 to the data, these plots
reveal a physically more reasonable picture of ion distribu-
tion involving significantly less separation of charge in this
case. Examination of these ionic concentration profiles for
case 1 (Fig. 6, 4 and B) suggests that a physical mechanism
that contributes to heterotypic channel rectification may lie
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in an accumulation (when the Cx26 cell is positive) or
depletion (when the Cx32 cell is positive) of ions within the
channel. This is discussed in detail below (also see Fig. 7).

DISCUSSION

The continuing characterization of more connexin isoforms
has generated an increasing awareness of gap junctions as a
family of diverse channels. To understand this diversity,
recent studies have investigated the degree to which differ-
ent connexins can interact and the effects of connexin
composition on the permeability of the channels. Both het-
erotypic (between cells; Barrio et al., 1991; Hennemann et
al., 1992; White et al., 1992, 1995; Elfgang et al., 1995) and
heteromeric (within the same cell; Stauffer, 1995; Koval et
al., 1995; Jiang and Goodenough, 1996) interactions be-
tween connexins have been reported. Extensive compari-
sons of heterotypic combinations reveal a complex pattern
of allowed and disallowed connexin pairings (White et al.,
1995; Yeager and Nicholson, 1996). Several of these pair-
ings have yielded channels expressing novel properties not
predicted from the parental homotypic forms.

Comparisons of gap junction permeability to both ions
and large dyes have also revealed a marked dependence on
connexin composition that includes differences in charge
selectivity for both ions (Veenstra et al., 1994, 1995; Veen-
stra, 1996) and larger molecules (Elfgang et al., 1995;
Veenstra et al., 1995; Bevans et al., 1998; Cao et al., 1998).
Given the complex patterns of connexin expression in most
tissues, it seems likely that these two aspects of junctional
diversity are superimposed in many situations. This raises
the prospect that hemichannels of different permeabilities
could be connected in series, a unique situation among
biological channels studied to date. In the current study, our
examination of homotypic and heterotypic channels formed
by Cx26 and Cx32 has provided evidence for differential
ionic selectivity as the property of gap junction hemichan-
nels that yields rectifying gap junction channels. This phe-
nomenon has been observed in several combinations of
different connexins with Cx32 (Barrio et al., 1991; White et
al., 1995; Dahl et al., 1997). Using molecular modeling of
the electrical and chemical gradients that arise from this
“biological diode,” we have described a mechanism that
contributes significantly to this rectifying behavior.

Given the demonstrated coexpression of Cx32 and Cx26
in the same junctional structures of hepatocytes, the recti-
fying nature of heterotypic junctions between these connex-
ins has always carried potential physiological significance.
Cx32 and Cx26 homotypic channels showed characteristic
and stable main states of 55 and 135 pS, respectively, with
additional substrates evident in the former. Through anion
exchange of glutamate for ClI~ (see Veenstra et al., 1995,
for a rigorous treatment), R,, values (ratios of cation to anion
permeability when both are the same size) of 1.06 and 0.38
for Cx32 and Cx26 were established. The R, model relies on
the ratios of ionic aqueous mobilities to determine the
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Cx26/Cx32 Variable Field/Numerical Approach
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FIGURE 6 Microscopic picture of dimensionless ionic concentration (upper curves in both panels) and electrical potential profiles (lower curves in both
panels) across the Cx26/32 heterotypic channels calculated from the numerical solution of the Nernst-Planck and Poisson equations (see Appendix) for
case 1 (4 and B) and case 2 (C and D). The left panels (4 and C) and right panels (B and D) show parameter values when the Cx26 side is held at —100
mV and +100 mV relative to the Cx32 side, respectively. Potassium ion concentrations (—), chloride ion concentrations (- - - - - ), and electric potentials
( ) are plotted as functions of dimensionless distance along the channel. The left (Cx26) and right (Cx32) hemichannels have mouths opening into the
cellular cytoplasms at abcissa values of —1.0 and 1.0, respectively. The abrupt changes in ionic concentrations at the mouths of the channel in case 2 result
from the jumps in electrical potential arising from the assumed surface potentials. All graphs show a significant bend in the electrical potential around the
junction between hemichannels. In case 1 the ionic concentrations are significantly lower than bulk when the Cx26 side is negative and higher than bulk
when the Cx26 side is positive with respect to the Cx32 side.

cation/anion selectivity of a channel from the unitary con- and Veenstra (1997), where the homotypic rCx43 and
ductance ratios. The limitations of this approach are re- rCx40 channels were demonstrated to have identical K™/
vealed in the work of Wang and Veenstra (1997) and Beblo Cl™ permeability ratios (Py,c,) of 8:1, despite different R,
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FIGURE 7 Illustration depicting the dif-
ferences between the electrical gradient and
ionic concentration profiles predicted by
the numerical solution of case 1 in the
model presented in the text. Both positive

CONVECTION

(4) and negative (B) 100 mV ¥ values with
respect to Cx26 in a Cx26/Cx32 heterotypic
channel are shown. (/) On initial applica-
tion of the transjunctional voltage, the cur-
rents carried by anions and cations in the
two hemichannels are mismatched because l
of the different conductances and ionic se-
lectivities of the two hemichannels. (1)
This can be partially alleviated by a distor-
tion of the potential drop across the channel
so that there is a lower electrical driving
potential across the higher conductance
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values of 0.77 for rCx43 and 0.22 for rCx40. In part, this
appears to be due to the fact that relative cation:anion and
anion:anoion permeability ratios can differ from those of
bulk solution (an assumption inherent in estimates of R,).
The actual ionic permeabilities are likely to be quantita-
tively different from the results obtained from the R, esti-
mations. More accurate values for AP, determined from
asymmetrical ionic reversal potential measurements (Wang
and Veenstra, 1997; Beblo and Veenstra, 1997) would af-
fect some of the parameters derived in the models presented
here. However, they would not change the basic rectifica-
tion that is observed. Hence, these R, values were deemed
an appropriate starting point for the modeling analyses
presented, with refinement of the quantitative conclusions
being readily accomplished at a future time.

The gating properties of the homotypic Cx26 and Cx32
channels and the Cx26/32 heterotypic channels expressed in
the N2A cells here are indistinguishable from those reported
previously in Xenopus oocytes (see Fig. 2), demonstrating
the independence of these properties from the expression
system. In agreement with the findings reported by Bukaus-
kas et al. (1995), we demonstrated that the rectification
observed at the macroscopic level was due to an increase in
channel conductance as more positive V; is applied with
respect to the Cx26 side (see Fig. 4, E and F). Specifically,
¥; was found to vary linearly with V;. The slopes and y
intercepts of the dv;/dV; relationships in Kglutamate, Kas-
partate, and KCI (data not shown) follow the same order as
the aqueous mobilities of the anions. This is a unique
property for an ion channel, yet the previous study offered
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no biophysical mechanism underlying this phenomenon.
Toward this end, we have developed, from first principles,
a one-dimensional model of electromigration of small ions
through the gap junctional channel that can be adapted to
both homotypic and heterotypic channels.

The model is developed from the Nernst-Planck equa-
tions describing ionic concentrations within a pore and the
Poisson equation describing the electrical field arising from
both the applied voltage and the contribution of the ions
within the pore. The basic formulation has been described
previously (e.g., by Chen and Eisenberg, 1993) and applied
with remarkable success to other channels such as Ca**
channels (Nonner and Eisenberg, 1998). Here we have
applied this model to the unique situation of two channels,
each with its own properties (at least in the case of hetero-
typic junctions), connected in series. This provides a de-
scription of ion flux through gap junctions that both predicts
the general rectifying trend observed empirically and pro-
vides insights into the underlying molecular mechanisms.

The model as presented takes a remarkably simplistic
view of the channel, treating it as a somewhat featureless
permeation pathway. Permeability characteristics in each
hemichannel are simply derived from a combination of
partitioning coefficients for each ionic species (K"), reflect-
ing the affinity of that particular ion for the pore; diffusion
constants for each ionic species (D"), reflecting the mobility
of that ion along the length of the pore; and a surface
(Donnan) potential at the cytoplasmic entrance to the
hemichannel (E") that allows for charge-selective mouth
effects. This approach seems the only reasonable one at this
point, given the absence of structural information on, or
energetic profiles of, the gap junction pore. Specific features
can be readily incorporated into future iterations of the
model as the information becomes available. In our current
treatment, two extreme cases are considered wherein the
demonstrated cation/anion selectivities of Cx26 and Cx32
are incorporated entirely into differences in the pore perme-
ability parameters (defined by K" and DP; case 1), or en-
trance effects through a surface potential £" (analogous to a
Donnan potential; case 2).

Cast in a somewhat different format, Teorell (1953) had
previously presented the equivalent of case 2 in terms of the
effects of asymmetrical Donnan ratios (+ and 7*) on unidi-
rectional fluxes across a homogeneous membrane where
A'P' = A"P". 1t is valuable to compare these insights to those
obtained here. He found that

= —( )(i) exp[(AV' — AV")F/RT]

and

MJ; CLulk ’,.\'
o <> (rJ)exp[—(A‘PI — AV")F/RT].

The (*/rYexp[z(y! — Y")F/RT] term was defined as the
“rectification ratio.” It is apparent from the derivations of
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Egs. 26a,b from Eqs. 22 and 23 that under the conditions of
asymmetrical mobilities within the membrane (i.e., A'P' #
A"P"), the “rectification ratio” becomes equal to (A'PY
APy exp[z(AY — AYDF/RT). In case 1, the Donnan
ratios are incorporated into the 42°P*® and 4°2P3? terms,
and in case 2 they remain separate from the 4°°P*° and
A*?P*? terms, which are slightly altered in value from case
1, as all ion selectivity is attributed to the Donnan equilibrium.

Both an analytical approximation (based on a modified
GHK equation) and a full numerical solution of the PNP
model presented here predict rectification of heterotypic gap
junction channels if formed between two connexins with
different ionic selectivities, whether attributed to permeabil-
ity properties of the hemichannel pore (case 1) or to Donnan
ratios (7,) describing ion entrance into the channel (case 2).
Using the R, values derived empirically from Cx26 and
Cx32 homotypic channels, the predicted degree of rectifi-
cation of Cx26/32 channels is significantly less than that
observed empirically. Better fits at one or other polarity of
V. can be achieved with more extreme R, values, but the
overall fit to the data is not improved over that presented in
Fig. 5. The inadequacies of the current model to fully
predict the behavior of Cx26/Cx32 channels is not surpris-
ing, given the complete lack of knowledge of the structure
of the pore, or the basis of the selectivity properties of gap
junctions. In fact, as stated recently by Richard Horn in a
commentary on the analogous PNP2 model of Nonner and
Eisenberg (1998) applied to the Ca?* channel, “the suc-
cesses . .. are stunning,” given the “rather featureless per-
meation pathway” utilized by the model. This lack of mo-
lecular detail on the pore is certain to produce inaccuracies
in determining the basis for ion selective permeability.
Asymmetrical salt reversal potential experiments on rCx40
and rCx43 channels suggest that at least one site of cation-
anion interaction exists in each of these hemichannels
(Veenstra, personal observation). Ultimately, such informa-
tion can be incorporated into a full three-dimensional form
of the model that can account for substructure within the
pore. However, this must await higher resolution structural
information on the channel itself so that the locations of
fixed charges, physical constrictions (Levitt, 1991), and
other selectivity filters within the pore are known and not
speculated on. Further complications to this modeling
would also be introduced if hemichannels do not behave
independently. Currently we have assumed that hemichan-
nels retain the properties they display in homotypic pair-
ings, yet voltage gating properties of hemichannels have
already been shown to be modified in heterotypic docking
of connexins (Hennemann et al., 1992; White et al., 1995).
Thus it remains possible that perm-selectivity features could
be modified as well.

Despite the simplistic premise of the model presented
here, it allows us to go beyond phenomenological observa-
tions by offering a plausible molecular mechanism to ex-
plain the rectifying characteristics of these heterotypic chan-
nels that does not require invoking novel gating
mechanisms or specific ion binding sites in the channel. The
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analytical solution we present proposes a fixed charge
within the pore to maintain the constant-field assumption
inherent in GHK. However, removal of this assumption still
allows for a numerical solution that predicts the same de-
gree of rectification. In short, the model predicts that the
difference in permeability (i.e., selectivity and conductance)
between left and right hemichannels in a heterotypic gap
junction produces a mismatch in the current at the junction
between them when the ionic concentrations C, are uniform
and the electric field dW/dx is linear, as expected at the
initial application of a transjunctional voltage gradient. This
mismatch is alleviated through a nonlinearity in the electric
field and a nonuniformity in the concentration profile of the
resident anions and cations in the pore. The resulting broad
maximum or minimum in C, that develops at the center of
the channel creates a diffusive gradient that serves to equal-
ize the differences in the electrically driven ion fluxes.

The interplay of these two different effects is summarized
in Fig. 7, where the case 1 scenario is presented by way of
illustration. In the case where the Cx26-expressing cell is
relatively positive (Fig. 7 A4), if the electric potential were
linear across the channel, CI~ would leave the Cx26
hemichannel faster than it entered the Cx32 hemichannel.
The reverse is true for K™, where an even greater mismatch
in the mobility of the cations between hemichannels is
evident (Fig. 7 A-I). This creates a small separation of
charge leading to a nonlinear electric potential in the whole
channel (Fig. 7 A-II). A significant charge separation is
avoided, but the influx of both cations and anions continues
to exceed efflux. This causes an accumulation of ions that
produces a diffusive gradient that would reduce the net
influx through the more permeant hemichannel and increase
net efflux through the less permeant hemichannel (Fig. 7
A-III). This diffusive gradient has the largest effect on the
major monovalent cation currents, as this ion encounters the
highest permeability change while passing from the Cx26 to
the Cx32 hemichannel.

Overall, the combined effect of differential AW in each
hemichannel and the diffusive gradients of anions and cat-
ions serves to equalize the currents of anions and cations in
each hemichannel. The asymmetry of the current-voltage
characteristics is now readily explainable. When the left
(Cx26) side is relatively positive, the average concentration
of ions in the channel is higher than bulk, and thus conduc-
tance is high. When the Cx26 side is relatively negative, the
average concentration in the channel is lower than bulk, and
thus conductance is low. It is important to note that, while
the PNP interprets ionic profiles within the pore in terms of
local concentrations, ion occupancy of the pore is actually a
probabilistic event (i.e., higher concentration means higher
probability of an ion occupying that site). Overall, this result
demonstrates that any apposition of channels of differing
ionic permeability in series must produce rectification sim-
ilar to that documented in this specific case, as a natural
consequence of microscopic conservation principles.

It is notable that Cx32 has been the common factor in all
of the documented cases of rectifying heterotypic junctions
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of known composition reported to date (with Cx26—Barrio
et al., 1991; with Cx46 and C50—White et al., 1995; and
with Cx30—Dahl et al., 1997). Consistent with differential
ion selectivities of connexins as the underlying cause of
rectification in heterotypic gap junctions, Cx32 is the only
connexin described to date that shows little or no preference
for anions over cations (based on the R, value reported here)
or a relative selectivity for passing anionic dyes (Cao et al.,
1998). This stands in direct contrast to the cation selectivity
present in other connexins studied to date (Veenstra et al.,
1995; Veenstra, 1996; Cao et al., 1998). Nonetheless, the
modeling studies presented here would predict that any
heterotypic combination of connexins that show differing
ionic selectivities and conductances (even differing degrees
of cation selectivity) should produce rectifying channels.
There is still a minimal database on the relative ionic
selectivities of gap junctions composed of different connex-
ins (see Veenstra et al., 1994, 1995; Veenstra, 1996). Fur-
thermore, not all of those that have been tested are derived
from the same species, and it is already clear that one cannot
reliably assume that homologous connexins from different
species have the same selectivities (Veenstra et al., 1994).
Thus few useful predictions can be made at this time re-
garding other heterotypic connexin combinations. Although
both chickCx45 and Cx43 favor cations, they show signif-
icantly different R, values (Veenstra et al., 1994) and thus
might be expected to form rectifying heterotypic channels.
Some cross-species heterotypic combinations, such as hu-
manCx37 or ratCx26 with chick Cx45 or rat Cx40, might
also be predicted to show some rectification, although to a
significantly lesser degree. Data from these combinations
would provide a good test of the strength of the model’s
predictions, but what is really needed is a significant ex-
pansion of reliable measures of ionic selectivity among the
diverse family of connexins.

There is a growing recognition of the significance of
connexin diversity in defining the varying roles of gap
junctional coupling in biological systems. The current study
describes a molecular mechanism that contributes to one of
the most striking consequences of interactions between con-
nexin isotypes—the production of rectifying communica-
tion between cells. While the degree of rectification is
limited, analogous to the mild selectivity shown by gap
junction channels, this may be of considerable significance
for creating favored routes for the passage of labile metab-
olites between cells, at least when electrical gradients are in
evidence. The model itself also provides novel insights into
understanding ion fluxes through nonuniform pores. The
PNP model has already produced valuable insights into
selectivity mechanisms and behavior of other channels (e.g.,
Nonner and Eisenberg, 1998), the most important of which
is that ion concentrations within the pore significantly in-
fluence the free energy profile. However, for most channels
the PNP model is hampered, as it does not account for
single-file movement of ions through the channel or the
removal of the hydration shell that occurs in most ion-
selective channels (although this could be accounted for by
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the “excess chemical potential” term of PNP theory [see
Nonner and Eisenberg, 1998]). The gap junction pore, be-
cause of its diameter, does not include these effects and thus
may be the ideal candidate for application of the PNP
model.

APPENDIX: DETAILS OF THE
NUMERICAL CALCULATIONS

Equations 1-4, 6, and 7 are cast in a convenient dimensionless form in
which all concentration fields are continuous across the junction between
hemichannels. We introduce

x=X/L,

C}s1 = C}sl/Kgcbulk-sz ‘/’h =W/ Vo,

Av =AVIV,, e"=EYV,,

with L = 5.25 nm, Cy .« = 120 mM, and V, = 100 mV. The first two
values represent our estimate for the length of a hemichannel and the bulk
concentration of KCI (s = 1 for K", s = 2 for CI7) utilized in the
experiments; the last value indicates the order of magnitude of the maxi-
mum voltage drop used. In terms of these variables, the preceding equa-
tions become

difdx = 0, i = —[dc"/dx + az(dy/dv)cl],

-1 <x<0,
(AT)
ditfdx =0 i = —[dc/dx + az(dy/dx)c],
0<x<lI,
PP = —B X Kze, —1<x<0,
’ (A2)
AYdd = —B D Kz, 0<x<I,
d(—1) =exp(—aze), ci(1) = exp(—aze), (A3)
P(—1)=Av2+ ¢, ¢(1)=—-Av2+¢, (A4
(0) = c(0), (4'PYAP)i(0) = iy(0), (A5)
$/(0) = ¢7(0), dy!/dx(0) = dy/dx(0), (A6)
where
. KDy
P="y

denotes the ionic permeability (Hodgkin and Katz, 1949; Hille, 1992). The
dimensionless groups « and B appearing in Eqs. A1-A3 have the numerical
values

—Fm—38 A

a—RT—.9 (A7)
FL*Coiis

——7irf—4w, (A8)

the former was computed at room temperature and the latter is based on the
dielectric constant of bulk water. The total dimensional voltage drop across
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the channel is ¥ Av. The dimensional current in each hemichannel carried
by ionic species s is given by

I = 2FCpypez(APYL, (A9)
and the total electric current /" is just the sum 3", The ratios 4'P}/4"P" of
area times permeability of left to right hemichannels and the electrostatic
surface potentials £' and E” play a key role in determining the concentration
and electric potential profiles and thereby the current-voltage characteris-
tics of the whole channel (see Eqs. A4 and AS). Equations A1-A6 are
coupled and generally inaccessible to analytical solution; in particular,
calculation of the ionic concentrations requires knowledge of the electric
potential, which in turn is influenced by the concentrations of ionic species
in the pore (cf. Chen and Eisenberg, 1993). We have therefore developed
a general numerical approximation to the solution of Eqs. A1-A6 via the
method of finite differences. Upon introducing as unknowns the values of
the ionic concentrations ¢, and ¢!, and the electric potential /' and ¢/, at
2N + 1 discrete node points x_ = —1, x_,, = —(N — 1N, ...,
Xn_1 = (N — 1)/N, xy = 1, and approximating derivatives using central or
one-sided finite-difference formulas accurate to O(1/N?) as appropriate, we
arrive at a system of 6N + 3 coupled nonlinear algebraic equations. (The
values c}(0) = ¢4(0), c5(0) = ¢5(0), and ¢*(0) = (0) collectively represent
only three unknowns, as all dimensionless dependent variables are contin-
uous across the junction between hemichannels.) These equations are
solved by Newton iteration for various values of the voltage drop Av.
Satisfactory accuracy is obtained with N = 100. The total current can be
computed via finite difference approximation at any node point (say x_ =
—1 for definiteness), because it must turn out to be independent of x.
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