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ABSTRACT The unitary conductances and permeability sequences of the rat connexin40 (rCx40) gap junction
channels to seven monovalent cations and anions were studied in rCx40-transfected neuroblastoma 2A (N2A) cell
pairs using the dual whole cell recording technique. Chloride salt cation substitutions (115 mM principal salt) re-
sulted in the following junctional maximal single channel current-voltage relationship slope conductances (y; in
pS): CsCl (153), RbCl (148), KCl (142), NaCl (115), LiCl (86), TMACI (71), TEACI (63). Reversible block of the
rCx40 channel was observed with TBA. Potassium anion salt y; are: Kglutamate (160), Kacetate (160), Kaspartate
(158), KNOs (157), KF (148), KCI (142), and KBr (132). Ion selectivity was verified by measuring reversal poten-
tials for current in rCx40 gap junction channels with asymmetric salt solutions in the two electrodes and using the
Goldman-Hodgkin-Katz equation to calculate relative permeabilities. The permeabilities relative to Li* are: Cs*
(1.38), Rb* (1.32), K* (1.31), Na* (1.16), TMA* (0.53), TEA* (0.45), TBA* (0.03), CI~ (0.19), glutamate~ (0.04),
and NOs— (0.14), assuming that the monovalent anions permeate the channel by forming ion pairs with per-
meant monovalent cations within the pore thereby causing proportionate decreases in the channel conductance.
This hypothesis can account for why the predicted increasing conductances with increasing ion mobilities in an
essentially aqueous channel were not observed for anions in the rCx40 channel. The rCx40 effective channel ra-

dius is estimated to be 6.6 A from a theoretical fit of the relationship of relative permeability and cation radius.
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INTRODUCTION

Gap junction channels are formed by twelve connexin
protein subunits, six in each cell membrane (Peracchia,
1973; Caspar et al., 1977; Makowski et al., 1977), which
allow the cell-to-cell passage of ions and small mole-
cules (Bennett and Spray, 1965; Loewenstein, 1981;
Hertzberg and Johnson, 1988; Beyer, 1993). Connexins
contain highly conserved transmembrane and extracel-
lular domains, but unique cytoplasmic regions (Beyer
and Veenstra, 1994). To date at least 16 different con-
nexin channels have been identified which are classi-
fied according to their molecular mass. What little is
known about their functional differences is limited pri-
marily to a comparison of their unitary conductances,
voltage-dependent gating properties, or regulation by
intracellular kinases, protons, and calcium. These unique
physiological properties are attributed to the connexin-
specific differences in primary amino acid sequences
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(Spray and Burt, 1990). In this study, the conductance
and selectivity sequences of rat connexin40 (rCx40,
molecular mass =40 kD)! gap junction channels are in-
vestigated. Cx40 was chosen because it is highly ex-
pressed in Purkinje fibers, atrial myocardium, sinoatrial
node, and cardiac atrioventricular conduction system
in relative abundance while connexin43 (Cx43), an-
other cardiovascular connexin, is highly expressed in
ventricular myocardium and coexpressed with Cx40 in
Purkinje fibers, atrial myocardium, and vascular endo-
thelium and smooth muscle (Gourdie et al., 1993;
Davis et al.,, 1994). These expression patterns are of
particular physiological relevance since the conduction
properties of these tissues vary, and it is known that
Cx40 and Cx43 are not capable of forming hetero-
meric or heterologous gap junction channels (Bruz-
zone et al., 1993; Davis et al., 1994). What role the dis-
tinct channel properties of Cx40 and Cx43 play in the
conduction properties of the respective tissues is not
understood since relatively little is known about the dis-

L Abbreviations used in this paper: N2A, neuroblastoma 2A; rCx40, rat
connexin40.
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tinct permeability properties of these two major cardio-
vascular connexins.

While ion selectivity and permeation have been stud-
ied extensively in a variety of membrane channels (My-
ers and Haydon, 1972; Hille, 1975; Eisenman et al.,
1978; Adams et al., 1980; Dwyer et al., 1980; Blatz et al.,
1984; Hess et al., 1986; Bormann et al., 1987; Francio-
lini and Nonner, 1987, 1994), the ionic permeabilities
of connexin channels remain relatively unknown. Typi-
cally, much less is known about ion transfer in channels
permeable to both cations and anions relative to cation-
selective or anion-selective channels. The anion-to-cation
selectivity of these channels as determined by asymmet-
ric salt reversal potential measurements is usually not
high, which may lead to the conclusion that the ability
of these channels to transport ions of any valence is due
to the relatively large diameter of the pores, although
accounts of more complex ion-ion and ion-site inter-
actions do exist (Franciolini and Nonner, 1994; Boris-
ova et al., 1986). Gap junction channels with estimated
pore radii =5 A fall into this class. Experimental mea-
surements of the relative ionic permeabilities from re-
versal potential measurements provide a theoretical
method for determining the mechanism of selectivity
or lack thereof. These measurements provide func-
tional information necessary for structure-function anal-
ysis of the channel and the mechanisms that account
for its selective permeability.

In this study, as in the preceding manuscript on the
rat Cx43 channel (Wang and Veenstra, 1997, appear-
ing in this issue), we used the dual whole cell recording
technique to obtain single rCx40 gap junction channel
currents. Using asymmetric ionic electrode solutions in
each cell of an attached pair, we determined the rela-
tive permeability from the change in reversal potential
measured with LiCl as the major salt in one electrode
and with each of the seven cations, Cs*, Rb*, K™, Na™*,
TMA™", TEA*', and TBA™" as the test cation (as the CI™
salt) in the second electrode. The ionic permeabilities
were compared to the conductance ratios measured
with symmetric solutions. We estimated the limiting
pore radius of the rCx40 channels from the relation-
ship between the relative ionic permeabilities and the
effective ionic radii for the monovalent alkali cations
and the organic alkylammonium ions TMA", TEA®,
and TBA*. Only minor differences were noted in the
cation conductance and permeability ratios of the
rCx40 channel relative to the rCx43 channel, however,
the estimates of pore radii and anionic permeability se-
quences suggest different mechanisms of counterion
transport could be involved for these two connexin
channels. These data indicate that the molecular com-
position and macromolecular permeability of the con-
nexin pores could be more variable than previously
thought.

METHODS

Cell Culture and Transfection

Genomic DNA containing the coding sequence of rat Cx40 was
cloned into the EcoRI site of the eukaryotic expression vector
pSFFV-neo and transfected into mouse Neuro2A (N2A) neuro-
blastoma cells as described previously (Beblo et al., 1995). N2A
cell cultures were maintained as in the preceding manuscript
(Wang and Veenstra, 1997).

Electrophysiological Recordings and Solutions

rCx40 connexin-transfected N2A cell cultures were plated at low
density (2 X 10° cells/35 mm dish) for 24 h, washed with HEPES-
buffered saline (in mM: 142 NaCl, 1.3 KCl, 0.8 MgSO,, 0.9
NaH,PO,, 1.8 CaCl,, 5 CsCl, 2 TEACI, 5.5 dextrose, and 10
HEPES, pH 7.4) and examined electrophysiologically on the
stage of an inverted phase-contrast light microscope (IMT-2;
Olympus Corp., Lake Success, NY). The compositions of the IPSs
and bath solution are listed in Table I. The osmolarity of all IPS
and bath solutions (310 = 5 mosm) were measured before each
experiment (Model 3W2 osmometer; Advanced Instruments
Inc., Needham Heights, MA), and all experiments were per-
formed at room temperature (20-22°C). The manufacture of the
patch electrodes and analysis of junctional currents were per-
formed following the same procedures described in the preced-
ing manuscript (Wang and Veenstra, 1997). Double whole cell
patch clamp recordings were obtained using two Axopatch-1D
amplifiers (Axon Instruments, Inc., Foster City, CA). All current
and voltage records were stored on VCR tape using a 4-channel
digitizing unit (DR-484 Neuro-corder; Neuro Data Instruments
Corp., NY) and VCR tape recorder (JVC HR-D600U) for off-line
analysis.

Channel Current Analysis

Junctional channel currents were displayed as paired whole cell
currents or as individual Al, traces. All points current amplitude
histograms were compiled from the —Al, (=1;) trace for each ex-
periment (Veenstra and Brink, 1992). Off-line analysis was com-
pleted following the same procedures described in the preceding
manuscript (Wang and Veenstra, 1997) using the DOSTAT anal-
ysis software (Brink and Fan, 1989; Manivannan et al., 1992; Ra-
manan and Brink, 1993).

Cation and Anion Selective Permeability Calculations

To measure ionic selectivity reversal potentials for junctional cur-
rents in rCx40 gap junction channels were determined with 10
different asymmetric salt solution sets. Since each solution con-
tained several ions (Table I), E,., is a function of all ion permeabili-
ties according to the Goldman-Hodgkin-Katz voltage equation
(see Wang and Veenstra, 1997). The ionic permeability ratios
(Pion/Pyr;, see Table V) were calculated simultaneously using a
matrix which contained the concentrations and ionic reversal po-
tentials for all asymmetric solutions. The set of permeability ra-
tios satisfied all of the E,., data listed in Table IV. Divalent cat-
ions, Mg?* and Ca?*, which constituted <3% of the IPS ijonic
concentration (Table I), were constant in all IPSs with the excep-
tion of IPS KF due to precipitation and were neglected in all cal-
culations.
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TABLE I
Tonic Composition of Bath and Internal Pipette Solutions (IPS, mM)

Cation chloride salt IPSs

Potassium anion salt IPSs

Component

(mM) CsCl  RbCl KClI NaCl LiCl TMACI TEACI

TBACI  KF KBr

KNO; Kacetate Kaspartate Kglutamate  Bath

CsCl 120 5 5 5 5 5 5
RbCl — 115 — — — — —
KCl1 — — 115 — — — —
NaCl — — — 115 — _ —
LiCl — — — — 115 _ —
TMACI — — — — — 115 —
TEACI 2 2 2 2 2 2 117
TBACI — — — — — _ —
KF — _ _ _ _ _ —
KBr — — — — — — —
KNO; —_ — — — — — —
Kacetate — — — — — — —
Kaspartate — — — — — — —
Kglutamate — — — — — — —
BAPTA
MgCl,-6H,O
CaCl,-2H,0O
KH,OPO, —
MgSO,-7H,O — — — — — — —
NaH,PO,-H,O — — — — — — —
Dextrose — — — — — — —
CaCl, — — — — — — —
25 25 25 25 25 25
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RESULTS

Single Channel Cation Chloride Salt Conductances

The single channel current amplitudes of the rCx40
channel were measured under symmetric salt condi-
tions for all test monovalent cations. Fig. 1 A shows a
segment of a double whole cell recording of a rCx40
channel in IPS KCI during a 2-min, —40-mV transjunc-
tional voltage (V;) pulse. The current amplitude of
each channel recording is obtained by fitting the all
points (real time) histogram of the —Al, trace with a
probability density function (pdf) as illustrated in Fig. 1
B. To illustrate the symmetry of the rCx40 channel cur-
rent amplitude with respect to Vj, the current record-
ing and histogram of the same rCx40 channel obtained
at +40 mV are also illustrated in Fig. 1, C and D. Junc-
tional channel current amplitudes (i) for each V; are
plotted in Fig. 1 E, and the linear regression fit of the
single rCx40 channel currentvoltage relationship
yielded a single channel slope conductance (v;) for this
cell pair of 139 pS (r = 0.99).

511 BEBLO AND VEENSTRA

The IPS KCI single channel current-voltage relation-
ships from six different cell pairs were pooled together
and a linear regression analysis of the composite ii-V; re-
lation produced a slope conductance of 141.5 pS (Fig.
2 (). This is comparable to the mean value ; of 141.2 *
4.4 pS calculated from the independent slope conduc-
tances of the six IPS KCl rCx40 cell pairs (137.8, 137.5,
147.4, 146.2, 138.7, 139.3). These procedures were re-
peated for the other test cations and the i;-V; relation-
ships for each test solution are illustrated in Fig. 2. The
number of cell pairs, slope conductance of the compos-
ite ij-Vj relations, and the mean conductance obtained
from the linear slopes of the individual i-V; relations
are summarized in Table II.

TBA rCx40 Channel Block

In six cell pairs during more than 44 min of recording
currents at various transjunctional voltages with 115
mM TBACI in both cell pipettes, junctional coupling
was absent with the exception of two short duration
(<50 ms) channel openings in one cell pair. To verify
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that TBA was blocking the rCx40 channel rather than
affecting the recordings through nonspecific junc-
tional or nonjunctional effects (i.e., seal breakdown),
TBACI was added to only one pipette in decreasing
concentrations until the presence or absence of junc-
tional current activity could be verified using IPS KCI.
With 115 mM TBA in one pipette and 115 mM KCI in
the other, nonjunctional currents (as indicated by the
lack of equal and opposite polarity currents in both
cells) were observed in the TBACI cell when a V; was ap-
plied such that TBA was driven into the channel This
occurred in conjunction with TBA cell swelling and
KCI cell shrinkage.

In the presence of 5 mM TBACI, V; polarity was var-

ied in a stepwise manner, and the resultant junctional
current activity was recorded. Fig. 3 A demonstrates the
presence of junctional current activity during +V;
pulses and disappearance of the same channel activity
during —V;, pulses. The V; transitions from +35 to —40
mV and from —40 to +25 mV are illustrated at higher
time resolution in Fig. 3, B and C, which indicates the
disappearance of and recovery of discrete channel
openings. The i-V; relationship for this experiment is
shown in Fig. 3 D The v; of 141 pS is equal to the mean
conductance obtained with symmetric IPS KCI which is
consistent with an insignificant TBA current. The Vi-de-
pendent kinetics of the onset and removal of apparent
TBA block were not examined in this investigation.

A . Ficure 1. Rat connexin4( sin-
soo0 PSKA Vy=-d0my L rCx40 gle channel activity with IPS KCI
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§ -20 I v N 50 rents appear as opposite polarity
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include four channels each with
a single channel current of 6.1
PA (152.5 pS), 0.32 open proba-
bility, and closed and open state
current variances of 0.5 pA. (C)
Whole cell currents from the
same cell pair as A during a +40-
mV step applied to cell 1. This
current trace also shows four
open channels, each with a single
channel current of 5 pA (125
pS). (D) All points histogram of
the cell 2 current trace shown in
C. Each channel had an open
probability of 0.27 and current
variance of 0.4 pA. The closed
state current variance was 0.55

Junctional Current (pA)

PA. (E) Single channel current-voltage relationship for the same cell pair illustrated in A and C. Each dot represents the junctional current
amplitude of an observed channel for an applied V; pulse. The single channel slope conductance (;) of 139 pS was determined from the

linear regression fit (solid line) of the data (r > 0. 99)
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Single Channel Potassium Anion Salt Conductances

Equimolar ion substitution of seven different anions
(CI7, Br~, glutamate™ plus F~, NO;~, acetate”, and
aspartate”, all 115 mM K* salts) were also performed
using identical procedures to those described above for
cations. The single channel currents were analyzed as

presented above, and the i-V; relationships for each test
solution are illustrated in Fig. 4. The number of cell
pairs, slope conductance of the composite i-V; rela-
tions, and mean slope conductance of the individual
linear i-V; relations are summarized in Table III. The
divalent cations Mg?" and Ca?" and phosphate anion

>
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TABLE II

Slope Conductances for Monovalent Cation Solutions

IPS Composite v; (pS) Mean v; = SE (pS) n cell pairs
GCsCl 152.5 158.7 = 6.3 5
RbC1 148.4 1479 £ 1.0 3
KC1 141.5 1412 £ 1.8 6
NaCl 115.1 1158 £ 1.8 4
LiC1 86.1 86.5 + 1.5 7
TMACI 71.0 70.6 = 0.9 6
TEACI 63.1 61.4 + 4.5 4

(monobasic Kphosphate) were omitted from the potas-
sium fluoride IPS (Table I) due to problems with co-
precipitation. A 6.5% reduction in total conductance
was expected by these alterations. A composite slope of
148.0 pS was obtained with IPS KF. However, account-
ing for the reduction in osmolarity, a slope conduc-
tance of 158.3 pS was used for comparison with other
test anion IPS. Phosphate also caused Cs* to precipitate
and was omitted from IPS CsCl (Table I). This was esti-
mated to reduce the IPS CsCl total conductance by
<0.4% and was therefore neglected.

Relationship between Channel Conductance
and Aqueous Mobility

The monovalent cation and anion channel conduc-
tances were plotted as a function of their aqueous mo-

bilities in Fig. 5, A and B, respectively. For the test cat-
ions, the channel conductance-mobility plot (Fig. 5 A,
solid line and open circles) approximates a straight line
with a slope of 18.1 pS and y-intercept of 5.0 pS (r =
0.96). The y-intercept predicts the conductance of the
rCx40 channel in the presence of an impermeable (in-
ert) cation and 136 mM CI-, although it should be
noted that 12 mM Na*, 5 mM Cs*, and 2 mM TEA™ are
always present in each IPS. Hence, a surprisingly low
Cl™ conductance is estimated from this approach. Based
on the aqueous diffusion coefficients for the test cat-
ions and ClI~ alone (i.e., no channel ionic selectivity) a
line with a slope of 7.9 pS and y-intercept of 81.8 pS is
predicted (dashed lines and filled circles). Clearly the dif-
ference in the two lines suggests that ions are not dif-
fusing through the pore with the same mobility they
possess in bulk solution. Even though the rCx40 chan-
nel cation conductance sequence (Table II) qualita-
tively matches the aqueous mobility sequence, the dif-
ferences in the ionic conductance-mobility plots are in-
dicative of a reduction of mobility created either by
solvent drag within a restricted space or weak electro-
static interactions which alter the aqueous state of the
ion in the pore (e.g., partial dehydration by another
ion or site within the pore).

An entirely different result was obtained when the
test anion channel conductances (Table III) were plot-
ted as a function of their aqueous mobilities (Fig. 5 B).

A B
& 0

g il V; (mV) ‘ ,
:,:; -8 5 1 55 Q +35 I 0 I -40 FiGure 3. Experiments with IPS
S 24! pulsed Cell 1: IPS KCI & 9 TBACI. (A) thle cell'curre.nts
3 16 ~ during an experiment in which
: 8 M—J anl one electrode (cell 1) was filled
E 0 -4 F with IPS KCI and the other (cell
2 .8 ! 3 7} s 2) was filled with IPS KCl in which
S 60, 45 25 TBACI was dissolved to yield a
T 9 h ™~ -80 p 0‘ 5 1' 5 1' P 1‘ 8 s final concentration of 5 mM
;— t \_fm_[ 4 6s : : : : TBACI. A significantly greater
-60 - -35 number of open channel current
transitions is shown during posi-
C D tive relative to negative polarity
8 - 8 : V; pulses applied to cell 1. (B) Ex-
Cell 2: IPS KCI with panded view of A illustrating the
5 mM TBACI Yj = 141.1 pS disappearance of discrete chan-
4 V. (mV) :/. nel opening from +35 to —40
- _40| 3 0 |+25 PR mV. (C) Expanded view of A
< < showing the recovery of discrete
&0 & channel opening from —40 to
- - 4 +25 mV. (D) The i;V; relation-
4+ / ship for this experiment. The ;
of 141 pS is equal to the mean
conductance obtained with sym-
-8 . ! L ! 2 ? metric IPS KCl which is consis-
2.8 3.1 3.4 3.7 4.0 10 20 30 40 50 tent with an insignificant TBA

Vj (mV) current.
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Again, the predicted anion conductance-mobility plot
for the test anions, based on their respective aqueous
diffusion coefficients (and no channel ionic selectivity,
dashed line and filled circles), is shown for comparison to
the experimental results (open circles). The experimen-
tal data do not approximate a straight line with a posi-

>

tive slope as predicted by independent electrodiffusion
theory. In fact, channel conductance remains essen-
tially constant over a wide range of anionic aqueous
mobilities with the exception of CI~ and Br~, where the
conductance unexpectedly decreases. In a relatively
nonselective pore with weak cation-anion and ion-site
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etate, y; = 159.8 pS, 4 cell pairs.
(C) TIPS Kaspartate, vy; = 158.0 pS,
2 cell pairs. (D) IPS KNOg, vy; =
157.2 pS, 3 cell pairs. (E) IPS KF,
¥; = 148.0 pS, 5 cell pairs. (F) IPS
K(l, Y = 141.5 pS, 6 cell pairs.
(G) IPS KBr, v; = 131.5 pS, 5 cell
pairs. The slope conductances
listed here are not statistically dif-
ferent from the mean calculated
from the individual single chan-
nel junctional current-voltage re-
lationships for each cell pair (see
RESULTS). Correlation coefficients
were >0.99 for all graphs.
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interactions as expected from the cation conductance
sequence, C1~ and Br~ should be more permeable than
the other anions and, thus, produce a larger unitary
current and channel conductance. Because of these
initial rCx40 channel conductance measurements with
r~, Cl7, acetate™, and glutamate™, we also tested F~,
nitrate”, and aspartate” which yielded identical results.
Since the anion conductance mobility plot produced
an inverse relation to the aqueous mobility sequence,
the Levitt approximation for estimating the reduction
in ionic mobilities within the pore relative to bulk solu-
tion, as applied to the rCx43 channel (Wang and Veen-
stra, 1997), was not attempted for the rCx40 channel.

Relative Ion Permeability Ratios and Estimation of Pore Size

The monovalent cation and anion conductance ratios
suggest that there are weak cation interactions within
the rCx40 pore. Yet some highly selective mechanism
which paradoxically reduces channel conductance for
Cl™ and Br~ and permits an essentially constant (and
higher) conductance in the presence of larger organic
anions or F~ (a more hydrated anion) also exists. To
determine whether the rCx40 channel’s relative ionic
permeabilities actually correlate with the relative chan-
nel conductance measurements, reversal potentials were
measured from i-V; relationships in cell pairs that were
dialyzed with dlfferent IPSs on each side of the junc-
tion. In a series of experiments, the asymmetric salt re-
versal potentials were obtained for all of the test cation-
(Cl salt solutions relative to 115 mM LiCl (IPS LiCl, Ta-
ble I). Fig. 6 A illustrates the i-V; relationship obtained
from four cell pairs using asymmetrlc IPS KCl/LiCl salt
gradients. V; was defined as the voltage of the IPS KCl
cell relative to the LiCl cell (V; = Vka — Vi) even
though both cells were pulsed at different times during
the course of each experiment. This convention is nec-
essary to avoid transposing the measured channel cur-
rent amplitudes on the voltage axis when using asym-
metric salt solutions (see Wang and Veenstra, 1997).

The zero current intercept of the composite linear iV,
relationship equals the reversal potential (E,.,) for the
cell pairs with opposing K* and Li* concentration gra-

TABLE III

Slope Conductances for Monovalent Anion Solutions

IPS Composite v; (pS) Mean v; = SE (pS) n cell pairs
Kglutamate 160.4 160.4 = 2.4 4
Kacetate 159.8 159.8 + 6.2 4
Kaspartate 158.0 158.0 = 0.0 2
KNOg 157.2 155.1 £ 2.3 3
KF 148.0 149.5 + 3.7 5
KC1 141.5 1412+ 1.8 6
KBr 131.5 131.2 = 2.5 5

dients and is in close agreement with the mean E ., of
+5.0 = 0.9 mV (mean * SE) determined from the E_,
of each of the four experiments. E ., was determined
with each asymmetric solution set using the identical
protocol illustrated in Fig. 6 A; the results are summa-
rized in Table IV.

To determine the permeability ratio P¢/Py;, E,., was
also obtained with different concentrations of LiCl on
each side of the junction. One pipette contained 115
mM LiCl (IPS LiCl) and the other pipette a solution with

A rCx40 115 mM XCl
180 : : :

150
120 ;
90

60
30+

Conductance (pS)

| . i
00 2 4 6 8 10

Cation n [10'4 (cm/s)(V/cm)]

B rCx40 115 mM KY
180 ‘ : ‘

150 - o
120 il
90 ¢ o-"

60

Conductance (pS)

30

0L —
0 2 4 6 8 10

Anion p [10 (ecm/s)(V/em)]

FiGure 5. Comparison of theoretical aqueous and junctional
rCx40 single channel conductances. The theoretical linear rela-
tionships (dashed lines) of the conductance with mobility were cal-
culated from the Goldman-Hodgkin-Katz current equation assum-
ing ion permeabilities directly proportional to their diffusion coef-
ficients. (A) Junctional (open circles) and theoretical (filled circles)
aqueous relative single channel conductance are plotted versus
cation mobility. The relationship of junctional conductance with
cation mobility was fit by linear regression (solid line, r = 0.96). The
conductance sequence Cs* > Rb* > K* > Na* > Li* > TMA* >
TEA™* resulted from the cation-Cl substitutions. (B) Junctional
(open circles) and theoretical (filled circles) aqueous relative single
channel conductance are plotted versus anion mobility. The rela-
tionship of junctional conductance ratios with anion mobility de-
creased only slightly up to a mobility of 7.4 X 10~* cm?/V-s but de-
clined sharply for greater mobilities. This was in marked contrast
to the linearly increasing conductance ratios predicted for an
aqueous channel (dashed line).
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FIGURE 6. (A) Single channel currentvoltage relationships ob-
tained for the purpose of determining reversal potentials to con-
firm the relative conductances measured with the symmetric salt
solutions. I-V; relationships from four cell pairs using asymmetrical
115 mM KCI/LiCl IPSs. The linear regression fit (solid line, r =
0.99) of all channel current amplitudes indicates a reversal poten-
tial (Ij = 0) of 9.9 mV. (B) Single channel junctional current-volt-
age relationships obtained for the purpose of determining the
rCx40 relative permeabilities of Li* and CI™. The i;-V; relationships
(n = 4) were determined when one cell of a rCx40 transfected
N2A cell pair was dialyzed with IPS LiCl (115 mM LiCl) and the
other cell of the pair with a lower LiCl concentration (30 mM) and
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TABLE IV

Reversal Potentials
E... = SE Composite
IPS sets n (mV) Ee
IPS CsCl/LiCl 3 —-6.1*13 -=5.9
IPS RbCl/LiCl 3 —51*23 =5.1
IPS KCl/LiCl 4 —=5.0 0.9 =5.0
IPS NaCl/LiCl 3 —22*09 —2.8
IPS TMACI/LiCl 3 10.6 = 0.7 10.2
IPS TEACI/LiCl 2 12.8 £ 0.9 12.5
IPS KCI/KCl with 5 mM TBACI 2 3.1*0.1 2.9
IPS LiCl/30 mM LiCl and mannitol 4 16.1 = 0.2 15.8
IPS KG/KCl 10.3 = 1.0 9.9
IPS KNO;/KCl 2 1.1 £0.2 0.9

the LiCl reduced to 30 mM and mannitol (145 mM)
added to maintain osmotic balance with IPS LiCl. All
other ionic components of the IPS remained unaltered.

Fig. 6 Billustrates the composite i-V; relationship ob-
tained from six cell pairs with asymmetric LiCl solu-
tions. The E,s for each set of asymmetric solution ex-
periments are listed in Table IV. To test whether man-
nitol permeates the rCx40 channel, one additional
experiment was performed in which stachyose, a tet-
rasaccharide, replaced mannitol as the IPS osmotic bal-
ancing agent. The reversal potential of 16.3 mV with
stachyose compared well with the average reversal po-
tential measured with mannitol of 16.1 mV as listed in
Table IV.

Asymmetric salt reversal potential experiments were
also performed on two of the organic anions with the
highest and lowest aqueous diffusion coefficients ([l aque-
ous mobilities), nitrate” and glutamate™, to determine
their permeabilities relative to CI™. Fig. 6 C illustrates
the composite ii-V; relationship obtained from five cell
pairs with asymmetric IPS Kglutamate/KCl gradients
across the junction.

Ionic relative permeabilities were determined using
the Goldman-Hodgkin-Katz voltage equation (see Eq. 3
of Wang and Veenstra, 1997). For comparison, the junc-
tional conductance ratios, theoretical aqueous perme-
abilities, and ionic permeability coefficients relative to Li*
are all listed in Table V. The permeability and conduc-
tance ratios both agree qualitatively with the relative
cation mobility sequence of Cs* > Rb* > K* > Na* >
Li* > TMA™* > TEA*. This permeability sequence cor-

mannitol (145 mM) for osmotic balancing. The linear regression
fit (solid line, r = 0.99) of all channel current amplitudes indicates a
reversal potential (Ij = 0) of 15.8 mV. (C) I;'V; relationships from
four cell pairs using asymmetrical 115 mM Kglutamate/KCI IPSs.
The linear regression fit (solid line, r = 0.99) of all channel current
amplitudes indicates a reversal potential (I; = 0) of 9.9 mV.
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TABLE V
Comparison of rCx40 Gap Junction Relative Ion Permeability, rCx40 Conductance, and Aqueous Diffusion Coefficient Ratios

X (Y) Px orv/Pri (Py/Pc)) Yxa/Yria (Yev/ Yxcr) Dx ory/Dyi (Dy/De)
Cs* 1.38 1.77 2.00

Rb* 1.32 1.72 2.01

K* 1.31 1.64 1.90

Na* 1.16 1.34 1.29

Lit 1.00 1.00 1.00
TMA* 0.53 0.82 1.16

TEA* 0.45 0.73 0.84

TBA* 0.03 — —
(Cl") 0.19 (1.00) (1.00) 1.97 (1.00)
(NOy™) 0.25 (1.32) (1.11) 1.84 (0.94)
(Glutamate ™) 1.02 (5.28) (1.13) 0.38 (0.19)

responds to an Eisenman I sequence. The observation
that the permeability and conductance ratios calcu-
lated are significantly lower than the aqueous diffusion
coefficient ratios suggests that there is some finite inter-
action (e.g., partial dehydration or steric hindrance)
occurring between the monovalent cations and the
pore of the rCx40 gap junction channel.

Channel radii have been estimated previously from
permeability ratios (Renkin, 1954; Levitt, 1975, 1991;
Dwyer et al., 1980) assuming a cylindrical mechanical
pore model with radius . The permeability ratios are
described as a function of the radii ratio «, which is de-
fined as a/7, where a is the ion spherical radius. Drag
factors as a function of a or a have also been consid-
ered. We have applied the following function which is
a solution to the hydrodynamic continuum equation
(Dwyer et al., 1980) assuming that the ion travels along
the axis in an infinite uniform cylinder:

P,/P, = C(1-a)’ [1-2.1050 + 2.08650° — 1.70680°
+0.726030°/ (1-0.758570a°) ] ,

for a chi-squared fit of Py/Py; as shown in Fig. 7. The
quantity G(1 — a)? represents a volume displacement
term which estimates the effective target areas for ion
entry into the pore relative to their respective cross-sec-
tional areas. The best fit of the permeability data was
obtained with C = 32.6 and an estimated pore radius of
6.6 = 0.7 A (mean * standard error of pore radius de-
termined by chi-squared fit of the data).

DISCUSSION

The purpose of this investigation was to determine the
monovalent cation and anion selectivity of the rCx40
gap junction channel. In addition to electrostatic inter-
actions at specific pore sites where the ion could be
temporarily bound or be repulsed by like charges,
other factors affecting ion permeability include increas-
ing binding affinity (decreasing hydration) and pore

size. Jon diffusion in a pore is classically described as
being inversely related to frictional drag which de-
pends on the ratio of the effective ion radius to the lim-
iting pore radius (Anderson and Quinn, 1974; Levitt,
1975). If current is forced to flow by an applied voltage,
electro-osmosis occurs whereby moving ions drag water
molecules. Removal of water molecules from permeant
ions (hydration-dehydration rates) and channel trans-
formation (e.g., conductance state and kinetics) during
ion transit may also affect permeability (Hille, 1992).
For many ion channels, ion permeation deviates
from classical electrodiffusion theory due to loss of in-
dependence (ion-ion interactions) and binding or re-
pulsion from specific sites within the pore (ion-site in-
teractions). These interactions are enhanced by re-
stricted space at the site of these interactions. As a
consequence, the single channel conductance sequences

’ ' rC)§40
Pore Radius = 6.6+ 0.7 A
1.5}
.5
& 1
mx
0.5¢+ :
03 3.5 4 4.5 5

Effective Radius (A)

FIGURE 7. Relationship between rCx40 gap junction channel rela-
tive ion permeability (Px/P;;) as listed in Table V and hydrated ra-
dius (Nightingale, 1959) for the monovalent cations studied. The
theoretical fit of the hydrodynamic equation suggests a pore radius
of 6.6 = 0.7 A,
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and permeability sequences for a series of ions are not
necessarily correlated. The lack of correspondence can
occur in saturating systems because two coefficients, a
binding constant and a rate constant, are necessary to
define conductance. In contrast, only one constant
(the product of the binding constant and rate con-
stant) is needed to define permeability (Eisenman et
al., 1978). Hess et al. (1988) reported that the monova-
lent cation sequence from E, ., measurements stands in
contrast to single channel conductance for Ca%** chan-
nels in isolated guinea pig cardiac ventricular myocytes.
Thus, it is necessary to obtain an independent measure
of relative permeability, by measuring reversal poten-
tials under asymmetric salt conditions, and/or by di-
rectly testing for independence (e.g., saturation etc.).
These circumstances might be relevant to gap junctions
because their limiting channel radii of =5 A are pre-
sumed to accommodate both anions and cations simul-
taneously. Furthermore, the gap junction channel is a
long pore with a length =150 A. Flux coupling, a result
of crowded conditions in a long, narrow pore, can re-
duce the effective mobility of each permeant ion, al-
though this concept has not been generally applied to
gap junctions. The permeability and conductance be-
havior produced by ion—-ion interactions can manifest
themselves as concentration-dependent permeability
ratios (Sandblom et al., 1977; Eisenman et al., 1978)
and “anomalous molefraction dependent” conduc-
tances (Andersen, 1975; Neher, 1975).

The two methods applied in this study are commonly
used to determine ionic selectivity from voltage clamp
measurements. The first method, comparing the con-
ductance in a test and control solution, requires that
the conductance measured with each solution corre-
sponds to the same conductance state of each channel,
and that there is no saturation or block of open chan-
nels by any ion in solution. In this investigation we used
maximum single channel conductances. The second
method uses the asymmetric salt reversal potential, ob-
tained from plots of single channel peak current versus
voltage, and the Goldman-Hodgkin-Katz voltage equa-
tion. Reversal potential measurements are not affected
by the number of conducting channels, block, or sim-
ple saturation. Diffusion potential errors were mini-
mized for all cation reversal potential experiments by
keeping Cl~ constant (136 mM) in the Ag/AgCl half-
cell reactions. Any offset potentials between the record-
ing electrodes and ground were compensated by the
junction potential potentiometer of the patch clamp
amplifier before G() seal formation. Larger electrode
offset potentials resulting from anion substitution,
since Cl~ was reduced to 21 mM in these cases, were
similarly compensated before G() seal formation and
subsequent whole cell recording (see Wang and Veen-
stra, 1997). Hence, the asymmetric salt reversal poten-
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tial of the corresponding i-V; relationship reflects the
differences in ionic permeabilities across the rCx40
junction.

These results demonstrate that the conductance and
permeability sequences for monovalent cations and an-
ions are identical (Cst > Rb* > K* > Na® > Li* >
TMA" > TEA*" > TBA* and glutamate™ = acetate™ =
aspartate” = nitrate” > F~ > ClI~ > Br™). The cation
sequence also follows the aqueous mobility sequence
for the test cations with the exception of TMA™ being
less permeable than Li*. This is equivalent to the Eisen-
man I sequence and suggests only weak electrostatic in-
teractions with other ions with charged sites within the
rCx40 pore. This is in slight contrast to the Eisenman II
sequence observed for the rCx43 pore (Wang and
Veenstra, 1997), although neither pore possesses a pro-
nounced affinity for the monovalent cations as evi-
denced by their conductance and permeability se-
quences. The most notable difference between the
rCx40 and rCx43 channels is in the relative conduc-
tance and permeability ratios for Li* and Na™. In the
rCx40 channel the conductance and permeability ra-
tios of Li* were less than those of Na't, but both were
approximately equal for Na* and Li* in the rCx43
channel. However, in neither case do the differences in
conductance mimic the differences in the respective
ionic aqueous mobilities. The cation conductance-
mobility (Vi-Mcaion) Plots for the rCx40 channel suggests
that channel conductance is predominantly dependent
on cationic flux with =5 pS of total channel conduc-
tance being attributed to 136 mM C1~ (Fig. 5 A). The
slope of the rCx40 Yjphon relationship (18 pS) is
nearly double that of the rCx43 channel, indicative of a
more cation selective channel. However, the rCx40 P,/
P;; = 0.19 determined from the asymmetric 115/30
mM LiCl experiments with mannitol is nearly identical
to the Pg/Py; of 0.18 determined for the rCx43 chan-
nel using the same 115/30 mM LiCl gradient with raffi-
nose. P /Py, ratios were also determined using stachy-
ose for both rCx40 and rCx43 channels with identical
results to those mentioned above.

The anion conductance and permeability sequences
for the rCx40 channel are in sharp contrast to the
aqueous mobility sequence. As opposed to the Eisen-
man I permeability sequence observed for the rCx43
channel, the rCx40 channel conductance remains es-
sentially constant at 158-160 pS for all of the non-
atomic anions (glutamate~, aspartate”, acetate”, and
nitrate”). Only the halide anions Br~, CI~, and F~ ex-
hibited lower Y values, and their values were also the
reverse of what is expected from their aqueous mobili-
ties. It should be noted that the IPS solution composi-
tion with potassium fluoride differed slightly compared
to the other salts due to precipitation (Table I). The
necessary conductance scaling for comparison with
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other salt conductances may have affected the place-
ment of fluoride in the overall monovalent anion se-
quence. The relative permeability of two oxy anions
with the highest and lowest mobilities (nitrate™ and
glutamate™) relative to C1~ was determined to test this
phenomenon based on the conductance ratio determi-
nations. Again, the permeability coefficients determined
from the asymmetric salt reversal potential experi-
ments (Table V and Fig. 6 C) confirmed the findings of
the conductance ratio experiments.

From these observations, two possible mechanisms
could account for the observed effects of anion substi-
tution upon rCx40 channel conductance. First, higher
channel conductances were observed for the oxy an-
ions (O = C-O~ or O = N-O~ groups) which suggests
that these groups are preferentially conducted as indi-
cated by the permeability coefficient calculations (Ta-
ble V). However, this explanation also requires that any
oxy anion has a similar conductance irrespective of the
size of the entire molecule. This is not likely to occur in
a partially hydrated pore and is more consistent with
the general characteristics of a facilitated anion trans-
port mechanism. An attempt was made to address the
issue of oxy anion versus halide anion by performing
conductance measurements with F~ since its aqueous
mobility is between that of nitrate™ and glutamate ™, but
the results were inconclusive due to differences in the
solubility of the various anions.

The second possible explanation is that the higher
mobility anions actually do permeate through the pore
of the rCx40 channel more readily than their lower mo-
bility counterparts (nitrate through glutamate), but as
a neutral ion pair associated with a permeant potas-
sium ion, not as a counterion flow of opposite direction
to the cation flux as is generally assumed for a nonse-
lective aqueous pore. Hence, the more permeant anion
reduces the total current rather than contributing to it
as in the rCx43 channel. As we have proposed in the
companion paper (Wang and Veenstra, 1997), the
rCx43 channel exhibits a cation-dependent anion per-
meability where the anion transiently binds to a cation
as it encounters a cation at a fixed anionic site in the
pore. However, the anion in the rCx43 pore is moving
in the opposite direction to the cationic flux in a man-
ner analogous to the model proposed by Borisova et al.
(1986). As an example, extrapolating the Yo plot
(Fig. 5 B) to the y-intercept provides a maximum con-
ductance estimate of 160.7 pS. Using the relative per-
meability coefficients for K*, Cs*, Na*, TEA*, and Cl~
and their respective ionic concentrations in the IPS,
Cl~ would be expected to contribute about 19.7 pS to
the total conductance. Assuming glutamate™ is 5.28
times less permeable than Cl~, which is the reciprocal
of the Pyyumae/Pa value in Table V, then glutamate™
would be expected to contribute about 3.2 pS to the to-

tal conductance of the rCx40 channel. By assuming
that the anion is forming anion-cation complexes in
the pore, ClI~ and glutamate™ should be reducing the
channel conductance by this equivalent amount, which
gives a predicted conductance of 141 and 157 pS re-
spectively. These theoretical calculations are very close
to the corresponding experimental vy; values of 142 and
160 pS. This proposed mechanism is similar to one de-
scribed by Franciolini and Nonner (1994) for an anion
channel where cation permeation was dependent on
the formation of transient cation-anion complexes over
the entire length of the channel, and reducing the total
charge flux below that sustainable by anions alone.
Since net current is reduced by anion permeation, this
interpretation is consistent with the reversal potentials
obtained under asymmetric anion salt conditions and
translates into Py/P coefficients which are the recipro-
cal of those listed in Table V. This is a testable hypothe-
sis since anion permeability ratios will vary depending
on salt concentration and on which permeant cation is
present. Furthermore, there should be no anion con-
ductance in the presence of an impermeant cation for
the rCx40 pore and the maximum conductance should
be achieved in the presence of an impermeant anion.
However, such ions have yet to be identified for gap
junction channels.

Specific ionic block of a connexin channel also has
not been demonstrated previously. Experiments with
TBACI strongly suggest that TBA* is capable of enter-
ing, but not traversing the rCx40 pore. Findings are
presented (Fig. 3) which suggest that unilateral addi-
tion of only 2 or 5 mM TBACI leads to a block of rCx40
channel activity when the V; polarity is net positive for
the TBA*-containing cell. This process is slowly revers-
ible upon switching the V; polarity to net negative with
respect to the TBA*-containing cell. This occurs with-
out alteration of the single channel conductance for
the events observed prior to or after removal of block.
The concentration-dependence, kinetics (e.g., time to
first opening after block), and V-dependence of TBA*
block were not examined in detail in this investigation.
The data presented demonstrate the reproducibility
and reversibility of the observed phenomenon and are
consistent with the proposed mechanism of action.

The results with TBA* and mannitol suggest that
these two molecules are not permeable through the
rCx40 pore. This is in contrast to the results with rCx43
where mannitol did not produce a sustained reversal
potential in asymmetrical 115/30 mM LiCl. Brief
records with symmetrical 115 mM TBACI also indicated
the presence of rCx43 junctional channel activity al-
though the nonjunctional membrane noise increased
during the course of the experiments and eventually
precluded the resolution of unitary junctional currents
(Wang and Veenstra, 1997). TBA* has an effective ra-
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dius of 4.94 A and mannitol, being more linear and
containing fewer carbon atoms, should be even smaller.
Taken together, these results suggest that the higher
conductance rCx40 channel has a smaller limiting pore
radius than the rCx43 channel. Estimates of pore ra-
dius for rCx43 were 6.3 = 0.4 A (Wang and Veenstra,
1997), and the same approach (i.e., cation permeability
ratios and the hydrodynamic equation) gives an esti-
mate of 6.6 = 0.7 A for the rCx40 pore. These values
are essentially indistinguishable from each other. Iden-
tification of the largest permeant and smallest imper-
meant cations for the rCx40 channel will ultimately
provide the best estimate of pore size and allow direct
comparison to other connexin channels. In the present
investigations, the largest permeant monovalent cation
used in the conductance and permeability measure-
ments had a relative ion/pore radius of =0.65 accord-
ing to the estimates of pore radius. As modeled in the
rCx43 channel (Wang and Veenstra, 1997), the limit-
ing radius of ~6.6 A for the rCx40 pore is sufficient to
produce a greater reduction in the mobility of TMA*
relative to the more hydrated Li*, resulting in a switch

of positions in the conductance ratio sequences (Li* =
TMA) for both channels.

In summary, our investigation of monovalent cation
and anion permeability and conductance ratios leads
to the conclusion that the rCx40 channel is not a sim-
ple aqueous pore. Monovalent cations apparently per-
meate through the pore in a partially hydrated state
with reduced mobilities determined by the effective
ionic radius relative to the limiting pore radius of =6.6
A. The rCx40 channel appears to have a low anionic
permeability which could be due to one or more fixed
anionic sites within the pore. The mechanism of anion
permeation remains to be definitively determined al-
though all results suggest that formation of cation-anion
complexes is probable. The differences in cation, an-
ion, and molecular (mono-, tri-, and tetrasaccharide)
permeabilities suggest that differences exist in charge
composition and pore size for rCx40 and rCx43 chan-
nels. These results should provide a framework for fu-
ture examination of structure-function differences
among connexin channels in the pore-lining amino
acid sequences.
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