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Abbreviations: Cx40, connexin40; Cx43, connexin43; N2a, mouse Neuro2a; Vj, transjunctional voltage; G;, normalized junctional
conductance; wt, wild-type; NT, N-terminal domain; mCx30.2/hCx31.9, mouse connexin30.2/human connexin31.9; Cx45, con-
nexin45; Cx37, connexin37; Rin, renal insulinoma; RT-PCR, real-time PCR; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
Gj,max maximum normalized gj; Gj, min, mimimum normalized gj; V/,, half-inactivation voltage; I;, junctional current; gj, junctional
conductance; Tgecay» exponential decay time constant; Poen, open probability; Koy, inactivation on-rate; yj, single gap junction chan-
nel conductance; pS, picoSiemen; EDTA, Ethylenediaminetetraacetic acid; i;, single gap junction channel current; E1, first extracellu-
lar loop domain; FITC, fluorescein isothiocyante; TRITC, tetramethylrhodamine isothiocyanate; Vi and V,, command voltage clamp
potentials for cell 1 and cell 25 I; and I, whole cell currents for cell 1 and cell 2; R.j; and Ry, whole cell patch electrode resistance val-
ues for cell 1 and cell 2; Al,, change in I, in response to an applied Vj gradient produced by changing V; TBS, Tris buffered saline.

Connexin40 (Cx40) and connexin43 (Cx43) are co-expressed in the cardiovascular system, yet their ability to form
functional heterotypic Cx43/Cx40 gap junctions remains controversial. We paired Cx43 or Cx40 stably-transfected N2a
cells to examine the formation and biophysical properties of heterotypic Cx43/Cx40 gap junction channels. Dual whole
cell patch clamp recordings demonstrated that Cx43 and Cx40 form functional heterotypic gap junctions with
asymmetric transjunctional voltage (V) dependent gating properties. The heterotypic Cx43/Cx40 gap junctions
exhibited less V; gating when the Cx40 cell was positive and pronounced gating when negative. Endogenous N2a cell
connexin expression levels were 1,000-fold lower than exogenously expressed Cx40 and Cx43 levels, measured by real-
time PCR and Western blotting methods, suggestive of heterotypic gap junction formation by exogenous Cx40 and
Cx43. Imposing a [KCI] gradient across the heterotypic gap junction modestly diminished the asymmetry of the
macroscopic normalized junctional conductance - voltage (G;j-Vj) curve when [KCI] was reduced by 50% on the Cx43
side and greatly exacerbated the V; gating asymmetries when lowered on the Cx40 side. Pairing wild-type (wt) Cx43
with the Cx40 E9,13K mutant protein produced a nearly symmetrical heterotypic G;-V; curve. These studies conclusively
demonstrate the ability of Cx40 and Cx43 to form rectifying heterotypic gap junctions, owing primarily to alternate
amino-terminal (NT) domain acidic and basic amino acid differences that may play a significant role in the physiology
and/or pathology of the cardiovascular tissues including cardiac conduction properties and myoendothelial intercellular
communication.

Introduction different connexin hemichannels), or heteromeric (different con-

nexins in at least one hemichannel) gap junction channels. Hetero-

Gap junctions provide a direct pathway for passage of ions and  geneous (heterotypic or heteromeric) gap junction channel
small molecules between cells. Gap junction channels are formed  formations have been demonstrated in mammalian tissues or in
by the docking of 2 connexons from adjacent cells, with each con-  exogenous expression systems, although the functional capacity for
nexon, or connexin hemichannel, being formed by a hexamer of  connexins to heteromerically or heterotypically interact is only par-
connexin subunits. There are 21 connexin genes in the mamma- tially understood.'” The functional consequences of heterologous
lian genome and most cells express multiple connexins, resulting  gap junction formation on intercellular communication are par-
in a variety of gap junction channel configurations, including tially understood. It has been reported that heterogeneous con-
homotypic (same connexin isoform in both hemichannels), het-  nexin channel formations sometimes display disparate biophysical
erotypic (6 identical connexins in each hemichannel, but 2  and regulatory behaviors from the properties of the corresponding
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Figure 1. Bright-field (A) and epifluorescent (B) illumination of a heterotypic Cx40/Cx43 N2a cell pair after
membrane labeling with and 24 hours in culture. (C) Western blots for Cx40, Cx43, and Cx45 protein expres-
sion in parental N2a (left lane), stable rat Cx40-N2a clone (left center lane), stable rat Cx43-N2a clone (right
center lane), or transiently expressed murine Cx45 in parental N2a cells (right lane) relative to GAPDH. No
endogenous Cx40, Cx43, or Cx45 expression was detected with picomole sensitive detection kit. (D) Endog-
enous Cx40, Cx43, and Cx45 was detectable with femtomolar detection. E, Real-time PCR results for endoge-
nous murine Cx45 or exogenous rat Cx40 or Cx43 mRNA expression in parental or stable Cx N2a cell clones
relative to GAPDH. Exogenously expressed Cx43 or Cx40 mRNA levels were 0.6-1.0 times the GAPDH level
in their respective stable cell clones whereas endogenous Cx mRNA levels were <0.001 in all parental and

stable N2a cell clones.

To determine the endogenous
levels of Cx40, Cx43 or Cx45
protein expression in N2a cells,
immunoblotting procedures with
picomole or femtomole-sensitive
detection kits were performed.
N2a-Cx40, N2a-Cx43, or murine
Cx45-transiently transfected paren-

tal N2a cells were blotted as posi-

components, including voltage-dependent gating and chemical
gating, single channel conductance, selectivity and permeability,
and regulation.g'11 These functional differences suggest that heter-
ologous gap junction might participate in the physiology and/or
pathology of tissues. 1213

In the cardiovascular system, 5 different connexins (mCx30.2/
hCx31.9, Cx40, Cx43, Cx45, and Cx37) have been identified.
Some of these connexins can form functional heteromeric or het-
erotypic gap junction channels. For example, Cx45 can form het-
erotypic channels with Cx43 or Cx40;*'° Cx30.2 can form
heteromeric gap junction channels with the other cardiac connex-
ins;'* and Cx43 can form functional heteromeric channels with
Cx45 or Cx37.">1° However, whether Cx40 and Cx43 can form
functional heterogeneous channels is controversial even though
they are co-expressed throughout the cardiovascular system. Sev-
eral studies report that Cx40 and Cx43 are unable to form func-
tional heterotypic channel in Xenopus oocytes and Hela
cells;'”*® some other studies show that Cx40 and Cx43 can form
heterotypic gap junction channels in Hela or Rin (renal insuli-
noma) cells with asymmetrical voltage gating properties and
intermediate selective permeabilities.“’w'21 Rackauskas et al.
reported that Cx40 and Cx43 do not make functional hetero-
typic gap junctions and suggested that endogenous Cx45 may
mediate these supposed interactions.'® In this study, we utilized
Cx43 or Cx40 transfected mouse Neuro2a (N2a) cells, which
express ~1,000-fold lower levels of endogenous Cx45, to demon-
strate that Cx43 and Cx40 can form functional heterotypic gap
junction channels. The biophysical properties (such as voltage
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tive controls for detection of Cx40,

Cx43 and Cx45. No endogenous
Cx40, Cx43, or Cx45 expression was detected with picomole
sensitive detection in untransfected N2a cells (Fig. 1C). Endoge-
nous Cx45 protein expression was detectable only with femtomo-
lar sensitivity (Fig. 1D).

Cx40, Cx43 and Cx45 mRNA expression levels were also
examined by real-time PCR (RT-PCR) analysis in parental N2a
cells and stable N2a-Cx40 or N2a-Cx43 cell clones. Exogenously
expressed Cx43 or Cx40 mRNA levels were 0.6 -1.0 times the
GAPDH level in their respective stable cell clones, whereas the
endogenous Cx40, Cx43, and Cx45 mRNA levels were <0.001
relative to GAPDH mRNA levels in all parental and stable N2a
cell clones (Fig. 1E). Endogenous Cx45 mRNA levels did not
change with exogenous expression of Cx40 or Cx43.

Voltage-dependent gating

To determine the voltage-dependent gating properties of het-
erotypic Cx43/Cx40 gap junction channels, the steady-state
Gj-V;j relationship was examined with a 200 msec/mV continu-
ous V; staircase of 120 mV from 7 heterotypic Cx43/Cx40 cell
pairs and the averaged G;-V; curve was fitted with a Boltzmann
equation:

GJ - [Gj,max'[eXP(ZF/RT'(Vj - VI/Z))]
+ Gjminl/[1 + [exp(zF /RT-(V; = Vi 2))]]

where Gj .. is the normalized maximum G;, Gj,,,;, is the residual

I
voltage-insensitive portion of G;j achieved over the examined
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V; range, Vi, = the half-inactivation voltage, z is the valence in
elementary charge units (q), F is Faraday’s constant (in cou-
lombs/mol), R is the molar gas constant [in J/(mol - K)], 7 was
temperature (in K).

When N2a-Cx43 cells were paired with N2a-Cx40 cells, there
was a significant asymmetry in voltage gating response (Figs. 2A,
B). To pool the data from individual experiments, V; was defined
relative to the N2a-Cx40 cell. When the N2a-Cx40 cell voltage
was relative negative (Cx43 V; positive), the steady-state junc-
tional current—voltage (/j—Vj) relationships exhibited rectification,
as indicated by a near zero Gj mi, and decreased V', values in the
corresponding Gj—Vj curves. Gj min = 0.069 & 0.002 and Vy/, =
—35.5 £ 0.1 (Fig. 2B, Table 1). These values are much lower
than those of the homotypic Cx43 gap junction channels.*”
When the N2a-Cx40 cell voltage was relative positive (Cx43 V;
negative), there was an overall decrease in V; gating with Gj imin =
0.253 £ 0.009 and V;,; = +89.2 &£ 0.3, higher than the values
of homotypic Cx40 gap junctions (Fig. 2B, Table 1).”> The aver-
age g; was 1.20 &= 0.25 nS (mean £ s.d., n =7).

We previously demonstrated that asymmetrical alterations in
the transjunctional salt gradient for permeable ions results in an
electrochemical diffusion potential across a gap junction and pro-
duces a noticeable asymmetry in the Vj-dependent gating proper-
ties of a homotypic gap junction.24 Here we examined whether
asymmetric alterations in the internal [KCI] pipette solutions
could reduce or accentuate the shift in the heterotypic Cx43/
Cx40 gap junction Gj—Vj curve. Again, V; was defined relative to
the N2a-Cx40 cell in these experiments, and [KCI] was unilater-
ally lowered from 140 mM to 70 mM. When 50% [KCI] was
present on the Cx40-side, the asymmetric Vj-dependent gating
of the heterotypic Cx43/Cx40 gap junction increased relative to
symmetrical ionic conditions (Figs. 2C,D and Table 1). The
average g; was 0.51 & 0.17 nS for these experiments (n = 0).
When 50% [KCI] was present on the Cx43-side, the Vj-depen-
dent gating asymmetry diminished slightly. The average g; was
0.61 = 0.13 nS (n = 6).

The best evidence thus far in favor of Cx43/Cx40 heterotypic
gap junction formation in opposition to intermediary interac-
tions with Cx45 is the >0.1% relative Cx45 mRNA or protein
expression levels in N2a cells. To verify the formation of Cx43/
Cx40 heterotypic gap junctions, we paired wild-type (wt) Cx43
with the previously described mutant Cx40E9,13K protein that
mimicked the unilateral 2 mM spermine block of wt Cx40 gap
junctions when paired with wt Cx40, presumably by reversing
the polarity of Cx40 Vj-dependent gating.”” The V; gating prop-
erties were determined as before and the heterotypic Cx43/
Cx40E9,13K gap junctions displayed relatively symmetrical V-
gating properties when compared to their heterotypic wt Cx40/
Cx43 counterparts, under symmetrical or asymmetrical [KCI]
conditions (Fig. 2F, Table 1). The average g; was 3.90 & 1.84 nS
for these experiments (mean =+ s.d., n = 3).

Inactivation kinetics
The first order inactivation kinetics of these heterotypic Cx43/
Cx40 gap junctions were measured using V; pulses between —40

and —140 mV applied to either the N2a-Cx43 or N2a-Cx40 cell
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as previous described for homotypic wt Cx40 or Cx43 gap junc-
tions.”>?**” An example of the exponential decay time constant
(Tdecay) measurements at V; = 120 mV from one Cx43/Cx40
cell pair is displayed in Fig 3A. When V; was relatively positive
on the Cx43-side of the gap junction (negative V; pulses applied
to the Cx40-expressing cell), the Tyecay was 7 ms and the steady-
state open probability (Pypen) was 0.14. When V; was relative
positive on the Cx40-side of the junction (negative V; pulses
applied to the Cx43-expressing cell), Tgecay = 242 ms and
Popen = 0.46. As previous described, the closing rates (inactiva-
tion gate on-rate = K,,,) were determined by the equation:

Kon= (1 - Popen) /tdecay

and the Vj-dependent inactivation process was described by the
exponential function (in ms™):

Kon = (0.0000662 + 0.0000116)
e exp[(V; — 60) /(15.3344 £0.5122)]
+(0.000253 £ 0.0000922)

for the Cx40-positive and

Kon = (0.007973 +0.001193)
e exp[(V; —30)/(26.9539 £ 0.9813)]
+ (—0.01708 £ 0.004469)

for the Cx43-positive V; directions.

The K,, values were smaller (i.e. inactivation rates were
slower) when V; was relative positive on the Cx40-side of the gap
junction than when the V; gradient was reversed. The voltage-
dependent first-order on-rates for the Cx43 or Cx40 V; positive
polarities are illustrated in Figs. 3B, C and D.

Single gap junction channel conductance

To characterize the unitary conductance properties of hetero-
typic Cx43/Cx40 gap junction channels, the slope conductance
between V; = —50 mV and +50 mV was measured. Two differ-
ent representative curves of the unitary channel activity are illus-
trated in Figs. 4A and B. In Fig. 4A, the unitary channel
conductance (7;) measured 95 pS when V; was relative positive
on the Cx43 side and 122 pS when V; was relative positive on
the Cx40 side of the junction. Fig. 4B is another example of a
recording from a different Cx43/Cx40 heterotypic cell pair which
exhibited mostly 50 or 70 pS channel conductance states. The
cumulative dataset of unitary gating events, obtained from 8
Cx43/Cx40 cell pairs, is summarized in a frequency histogram
(Fig. 4C). The amplitudes of the vy; values ranged from ~40 pS
to ~130 pS, with the majority of events corresponding to ~50
and ~90 pS channels. The single-channel current-voltage (4-Vj)
relationships, shown in Fig. 4D, were linearly fitted for all chan-
nel events above or below 65 pS in amplitude. The heterotypic
Cx40/Cx43 gap junction channel slope ;s were 52 pS and
94 pS.
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Figure 2. Normalized steady-state junctional current (A) and conductance (B) - transjunctional voltage (I - V; and G; - V)) curves for 7 heterotypic Cx43/
Cx40 cell pairs. V; was defined relative to the N2a-Cx40 cell pair. Rectification is produced by the enhanced Vi-dependent gating on the Cx40 negative
(Cx43 positive) side of the gap junction and reduced gating when the V; polarities are reversed. Normalized steady-state I; - V; (C) and G; - V; (D) curves
produced under conditions of unilateral 50% reductions in [KCI] exhibited increased rectification when low [KCI] was present on the Cx40-side and
became more symmetrical when [KCI] was lowered on the Cx43-side of the gap junction (N = 6 each). Normalized steady-state I; - V; (E) and G; - V; (F)

curves produced by pairing the mutant Cx40E9,13K double mutant with Cx43 dramatically reduced the rectification by reducing both polarities of
Vj-dependent gating.
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Table 1. V; Gating Properties of Homotypic and Heterotypic Cx40-Cx43 Gap Junctions

Homotypic or Heterotypic Cx43 and Cx40 Gap Junctions

Parameter Cx43/Cx43" —V; Cx43/Cx43" +V; Cx40/Cx40" —V; Cx40/Cx40" +V; Cx43/Cx40 —V; (<+30)  Cx43/Cx40+V; (>+30)

Gjmax 1.007 £ 0.002 1.057 4 0.002 1.040 + 0.002 1.024 + 0.002 0.985 + 0.002 1111 £ 0.002

Gjmin 031240002  0.270 4 0.002 0.163 4 0.001 0.183 4 0.001 0.069 + 0.002 0.253 + 0.009

Va2 (MV) —60.1+0.1 +56.5 £ 0.1 —48.8 £ 0.1 +48.7 £ 0.1 —355+0.1 +89.2+03

Valence (z) 1.82 4+ 0.02 1.61 + 0.01 331+ 003 3.5240.03 2.10 £ 0.02 1.74 + 0.03

r 097 097 097 097 094 0.98

N 7 7 6 6 7 7
Modified Heterotypic Cx43/Cx40 Gap Junctions

Parameter  50% Cx43 —V;  50% Cx43 +V;  50% Cx40 —V; (<+70)  50% Cx40 +V; (>+70) 43/40E9,13K —V; 43/40E9,13K +V;

Gjmax 1.072 4 0.005 1.013 4 0.003 1.608 + 0.003 1.975 + 0.047 1.014 £ 0.001 1.004 + 0.001

Gjmin 0128+ 0003  0.17540.014 —0.254 + 0.022 1.185 £ 0.014 0.144 + 0.003 0.341 + 0.004

Viz2 (MV) —48.8 +0.2 +87.2+06 —07+17 +107.1 £ 04 402 £0.2 +46.5 + 0.1

Valence (z) 206 + 0.03 1.58 + 0.04 —0.50 + 0.02 523 4030 2.04+0.02 3.98 4 0.06

r 0.93 0.95 0.90 0.98 097 0.98

N 6 6 6 6 3 3

All parameter values are the fitted mean =+ s.d.
“"Homotypic Cx43 V; gating parameters are from Lin et al.*®
THomotypic Cx40 V; gating parameters are from Lin et al.*>

Spermine block

Spermine can selectively block homotypic Cx40 gap junc-
tions with positive Vj, but not Cx43 gap junctions.”® To
determine whether spermine can block heterotypic Cx43/
Cx40 gap junctions, 2 mM spermine was added unilaterally
to one cell patch pipette and the fractional block of Ij was
assessed using a A £10 mV, V; pulse sequence. Owing to the
asymmetrical transjunctional I-V curves, the fractional I;
block could only be calculated by comparing the normalized
[;-V; curves in the presence or absence of 2 mM spermine as
previous defined.** Figs. 5A and B illustrate the average nor-
malized [;-V; curves in the presence or absence of 2 mM
spermine. V; was defined, as before, relative to the N2a-Cx40
cell. When 2 mM spermine was added unilaterally to the
Cx40 expressing cell, spermine started to block heterotypic
gap junction at V; = +40 mV. When V; = +60 mV, 2 mM
spermine inhibition of I; was 52% =+ 5%, much less than the
inhibition of the homotypic Cx40 gap junction by 2 mM
spermine with maximum inhibition of 80% at V; = 50 mV
(Figs. 5A and D)**. When 2 mM spermine was added unilat-
erally to the N2a-Cx43 cell, spermine blocked the heterotypic
Cx43/Cx40 gap junction from the Cx43 positive side of the
junction (Fig. 5C), in contrast to the homotypic Cx43 gap
junction channel. Spermine began to block the heterotypic

Cx43/Cx40 gap junction at V; = —20 mV (Cx43-side
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+20 mV) and achieved a similar maximum inhibition of
53% £ 6% when V; = —50 mV (Figs. 5B and D). We
hypothesize that spermine permeates through the Cx43 hemi-
channel and inhibits the heterotypic Cx43/Cx40 g; by inter-
acting with the Cx40 hemichannel when the Cx43-side is

relative positive.

Discussion

The principal purpose of this investigation was to examine the
possible formation of heterotypic Cx43/Cx40 gap junction chan-
nel in N2a cells and their biophysical properties. Our data sup-
port the conclusions that Cx40-N2a cells can form functional
heterotypic gap junctions with Cx43-N2a cells and that their
interactions are not mediated by endogenous Cx45, i.e., the func-
tional contribution of Cx45 to heterotypic Cx43/Cx40 coupling
in N2a cells is negligible. This conclusion is based on several
observations. Firstly, the endogenous N2a cell connexin expres-
sion levels are very low. Cx40, Cx43, and Cx45 protein levels
were detectable only with femtomolar sensitivity using immuno-
blotting methods, whereas exogenously expressed Cx43 or Cx40
proteins were at least in the picomolar range. The more sensitive
RT-PCR assays further demonstrate that the relative gene expres-
sion of exogenous Cx43 or Cx40 were on par with endogenous
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Figure 3. Kinetics of inactivation for heterotypic Cx43/Cx40 gap junctions. (A) Junctional current (I;) decay time constants (t) for a Cx43/Cx40 heterotypic
cell pair when V; = 4120 mV relative to the Cx43 or Cx40 expressing cell. The inactivation rates were dramatically faster and the steady-state open prob-
abilities were significantly (Popen) lower when V; was positive on the Cx43-side of the gap junction. (B) The Vj-dependent inactivation (K, rates as deter-
mined by the equation Ky, = (1-Popen)/t when Vj was positive on the Cx43-side of the junction. (C) The same Ko, calculation when V; was positive on the
(x40 side of the heterotypic gap junction. (D) The first-order inactivation rates for the Cx43 and Cx40 V; positive heterotypic gap junction are plotted rel-
ative to each other. The numbers of experiments (n) are indicated next to the symbol.

GAPDH in their respective stable N2a cell clones whereas the
endogenous Cx40, Cx43, or Cx45 mRNA expression levels were
1,000 to 2,000 fold lower.

Secondly, electrophysiological recordings indicate that when
parental N2a cells are paired with stable Cx40-N2a or Cx43-
N2a clones, electrical coupling is completely absent (data not
shown). These negative results suggest that the low levels of
endogenous N2a cell connexin expression are not sufficient to
induce electrical coupling. Furthermore, 51% of the heterotypic
Cx43/Cx40 cell pairs were not coupled (121 of 237 cell pairs
tested, 39 experiments). In the remaining pairings of stable
Cx43-N2a cells with stable Cx40 or mutant Cx40 E9,13K N2a
cells, an average of 0.5 to 1 nS of electrical coupling developed,
forming distinctly asymmetric G;-V; relationships. This average
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gj value is approximately 4-fold lower than previously reported
for the homotypic pairing of these same stable Cx43-N2a or
Cx40-N2a cell clones.”>**?*?® Homotypic Cx40 and Cx43
pairs from these same cultures were coupled 75% and 100% of
the time (n = 8). Thus, the overall coupling efficiency between
stable Cx43 and Cx40 N2a cells is rather low. Thirdly, a simple
series arrangement of Cx43 and Cx40 hemichannels would pre-
dict a full open state vy; value for a heterotypic Cx43/Cx40
channel of ~120 pS(= (200*300)/(200+300) pS), given a v;
of 100 pS for homotypic Cx43 and 150 pS for homotypic
Cx40 gap junction channels. Unitary channel conductances
from Cx43-N2a/Cx40-N2a cell pairs ranged from ~40 pS to
~130 pS, consistent with the existence of heterotypic Cx43/
Cx40 gap junction channels.
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Figure 4. (A) Single gap junction channel currents (i)) recorded from one heterotypic Cx43/Cx40 cell pair depicting a 120 pS channel at V; = +50 mV and
95 pS channel at —50 mV relative to the Cx40 cell. (B) A different Cx43/Cx40 heterotypic cell pair exhibited mostly 50 or 70 pS channel conductance (y;)
states at 40 mV relative to the Cx40-expressing cell. (C) Summarized +y; data from 8 cell pairs in a frequency histogram and multi-gaussian curve fits
suggested 2 peaks at approximately 51 pS and 90 pS (N = 237 events). (D) The average i; - V; relationship for 4 Cx43/Cx40 cell pairs and linear curve fits
for all channel events above or below 65 pS in amplitude. These pooled channel events averaged 52 or 94 pS, indicative of Cx43 vy; values.

Previous studies have demonstrated that heterotypic Cx43/
Cx40 gap junction channels in Rin or HeLa cells possess asym-
metrical steady-state g;-V; relationships that differ from homo-
typic Cx40 or Cx43 gap junctions.''”?® The observed
rectification occurred with negative V; in the Cx43-containing
cells. This result was attributed to the opposite gating polarities
of Cx40 and Cx43, with Cx40 gating with positive polarity and
Cx43 with negative polarity.'" Opposite V; polarities do not nec-
essarily account for an asymmetric G-V; curve since both Cx45
and Cx43 were originally proposed to gate with negative polarity,
yet they form a highly asymmetric heterotypic Gj-V;
relationship.*’

There are 2 sources for rectification of a steady state I-V;
curve, channel rectification, which should be evident in the
instantaneous I; or Gj-V; relationship, and rectification due to
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asymmetric V;j gating. Both previous heterotypic Cx43/Cx40 gap
junction reports indicated either rectification of the instantaneous
G;j-V; relationship (40%) or in the observed conductance of sin-
gle channel events (20%).""" Our Gj-V; curves were produced
from slow, continuous V; ramps that result in only a steady-state
G;j-V; relationship, so no comparison is possible here. One differ-
ence between the previous and present reports is that Valiunas
et al. observed “marginal or no inactivation” on the high conduc-
tance side of the heterotypic Cx43/Cx40 gap junction.'' Using
negative V; pulses applied to the Cx40 or Cx43 cell, we routinely
observed inactivation in both directions, although larger V; gra-
dients were required to observe the time-dependent inactivation
on the higher conductance side of the junction. The variable v;
values from experiment to experiment precluded a reliable assess-
ment of any heterotypic gap junction channel rectification,
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Figure 5. (A) Average |; - V; curves for heterotypic Cx43/Cx40 gap junctions obtained with symmetrical internal patch pipette solutions (black symbols
and lines) or in the presence of 2 mM spermine (gray symbols and lines) added to the Cx40-side of the heterotypic gap junction. The lines indicate the
steady-state curve obtained with a continuous 200 ms/mV V; ramp and the symbols indicate the steady-state I; value obtained at the end of a 20 sec V;
pulse to the indicated V; value. (B) The same as in panel A except the 2 mM spermine was added to the Cx43-side of the heteroypic Cx43/Cx40 gap junc-
tion. (C) Actual current traces from 2 different experiments illustrating the effect of 2 mM spermine added to the Cx43-side of a Cx43/Cx40 heterotypic
gap junction during the —/4-/—50 mV V; pulse sequence of the cationic block V; clamp protocol. (D) The Vj-dependent spermine inhibition curves for
homotypic Cx40 (@) or Cx43 (M) gap junctions and the heterotypic Cx43/Cx40 gap junction with spermine added to either the Cx40-positive or Cx43-
positive side of the gap junction. The fraction of |; block for the heterotypic gap junction was calculated relative to the heterotypic gap junction currents

although the only true single channel recording we obtained did
reveal approximately a 20% difference in the main open channel
state y; of 120 pS (Cx40-side positive) and 95 pS (Cx43-side pos-
itive) (Fig. 4A).

The asymmetry in the resultant heterotypic Cx43/Cx40 G-V,
relationship occurs for 2 apparent reasons. One is the voltage
shift in the maximum G;, from centered around 0 mV for homo-
typic gap junctions, to the 30 mV shift observed in the
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heterotypic Cx43/Cx40 Gj-V relationship (Fig. 2B), which was
also observed for the 2 mM spermine block from the Cx40-side
of the junction (Fig. 5D). The second factor is the asymmetry in
the Vj-sensitivities for inactivation. Many studies report the Vy,
value as an indicator of the relative sensitivity of gap junctions
that vary in their connexin composition. The Vy, value actually
refers to the V; gradient required to produce the dynamic equilib-
rium between the G, (main open) and G,,;, states (presumably
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the residual subconductance state) and, therefore, is proportional
to the energy required to effect the transition between the open
and closed states in a 2-state Boltzmann distribution model. The
slope of the Boltzmann curve, which is proportional to the effec-
tive gating charge valence (z), is a truer indicator of the reliance
of the gating on the applied V; gradient.

In our previous studies, we reported that the first-order inacti-
vation voltage constants were 20 (fast) and 21 (slow) mV for
homotypic Cx43 and 17.6 mV for homotypic Cx40 gap junc-
tions.””” The voltage constants in the heterotypic Cx43/Cx40
case are 26.9 mV when V;j is relative positive on the Cx43-side
and 15.3 mV when V; was relative positive on the Cx40-side.
This indicates that a shift in the Vj-sensitivity of inactivation has
occurred upon heterotypic pairing of Cx43 with Cx40; an
increased sensitivity developing on the Cx40-positive side and
reciprocal decrease in sensitivity on the Cx43-positive side of the
gap junction (Fig. 3).

This may seem paradoxical since the rectification occurs in
Cx43-positive direction, suggestive of increased Vj-gating, but
this mostly results from the 30 mV Cx40-positive shift in the
Gj,max- This implies that Py, of the heterotypic Cx43/Cx40 gap
junction channel is reduced at V; = 0 mV.

Decreasing the [KCI] by 50% on the Cx40-side of the junc-
tion exacerbated this asymmetric V; shift in the G, whereas a
50% [KCI] reduction on the Cx43-side of the junction moder-
ated the asymmetry only slightly. Putative pore charge differences
occur at positions 9 and 13 on the cytoplasmic NT and the first
extracellular loop (E1) domains between rat Cx40 and Cx43.
Negatively charged amino acid residues, E9, E13, D51, and
D55, are favored in Cx40 (human Cx40 possesses an N9 residue)
whereas Cx43 contains positive (K9, K13) or neutral (A51, N55)
residues at these same positions. Decreasing the [KCI] by half on
the Cx40 side would increase the electrostatic negative charge in
this hemichannel and could be responsible for the observed V;
shift in the Gj ax. A similar effect on the Cx43 side of the junc-
tion is not observed owing to the electroneutral E1 charge substi-
tutions and the net charge neutrality of the Cx43 NT domain.
This hypothesis is supported by the heterotypic pairing of the
Cx40E9,13K double mutant with wild-type Cx43 which reversed
most of the apparent asymmetry in the Gj-V; relationship
(Figs. 4E-F). These results demonstrate that the NT charges are
major contributors to the Cx40 cytoplasmic gap junction channel
pore as previously reported.”’

The formation of heterotypic gap junction channels can be
affected by many different factors, such as hemichannel docking
compatibility, cell-specific connexin expression patterns, the pres-
ence of cell adhesion molecules, gap junction formation rates,
etc.”'? The functional consequences sometimes show significant
variations from that of their component connexins. In this study,
we demonstrate that Cx40 and Cx43 can form functional hetero-
typic channel in N2a cells, with different Vj-gating, unitary chan-
nel conductance, inactivation kinetic, and spermine inhibitory
properties. Heterotypic Cx40/Cx43 channels also exhibit inter-
mediate selective permeabilities relative to the 2 corresponding
homotypic forms.”' These alterations in biophysical properties of
heterotypic Cx40/Cx43 channel may influence the physiology
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and/or pathology of the cardiovascular tissues and play a critical
role in action potential propagation.

Materials and Methods

Cell cultures

Stable transfectants of mouse Neuro2a (N2a) neuroblastoma
cells with rat Cx40 or with rat Cx43 were grown as previously
described.?**” N2a-Cx40 and N2a-Cx43 cell clones were labeled
with red and green lipophilic dyes (PKH26 and PKH67 kits,
Sigma), respectively, according to manufacturer’s instructions
(Fig. 1A, B). The true color micrographs were taken with an
Olympus E-420 digital SLR camera mounted to the body of an
IX-70 microscope with FITC/TRITC epifluorescent illumina-
tion using a Lamdal0-2 filter wheel and LS 175 W Xenon arc
lamp (Sutter Instrument). In some experiments, N2a cells (80%
confluent) were transiently transfected with 1 g of
Cx40E9,13K DNA for 4 hr using the pTracer-CMV2 plasmid
and Lipofectamine2000 (Invitrogen), split into 2 35 mm culture
dishes, and incubated overnight.25 The green fluorescent pro-
tein-positive Cx40 E9,13K cells were co-cultured with red-
labeled N2a-Cx43 cells. Heterotypic red/green N2a cell pairs
were identified under epifluorescent illumination on the stage of
an Olympus IMT-2 inverted phase-contrast microscope for sub-
sequent patch clamp analysis.

Patch clamp recording

Gap junction currents were recorded in the dual whole cell
configuration using conventional bath and internal pipette solu-
tions and voltage clamp pulses or ramps as previously
described.***° Quantitative g; correction methods were used to
correct for series resistance errors during all patch clamp proce-
dures according to the equation:

B — AL
5T Vi— (I e Ra) — Vo + (L e Ryp)

where V; and V, are the command voltage potentials, I; and I,

are the whole cell currents, and R.j; and R, are the whole cell

patch electrode resistances for cell 1 and cell 2, respectively.”®
Al is the change in I, in response to a change in V; (AV))

~

and has opposite sign to the applied AV, 2= V; gradient.

Real-time PCR

Cellular RNA was extracted with TRIzol®, quantified by UV
absorption, and 500 ng total RNA was reverse-transcribed with
Superscript®III™., One tenth of the cDNA reaction mix was
combined with equal (nM) amounts of custom forward (5'-3')
and reverse (3'-5') murine primers for Cx40, Cx43, Cx45, and
GAPDH, Superscript® enzyme mix, and SYBR® GreenER™
dye in a 200 wl PCR tube (reaction volume = 25 wl) (Invitro-
gen). The samples were run for 40 cycles in a 96 well plate Bio-
Rad iCycler®. All results are expressed relative to GAPDH and a
cellular RNA sample without reverse transcription was run as a
negative control to test for genomic DNA.>"
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Immunoblot analysis

Cell homogenates were harvested by scraping in ice cold phos-
phate-buffered saline containing a Roche mini-EDTA-free prote-
ase inhibitor tablet (per 5 ml) and 1 mM phenylmethylsulfonyl
fluoride. The samples were centrifuged at 10,000 rpm for 2 min

anti-rabbit IgG secondary antibody (Jackson) (Cx43, 1:5,000

and the pellets resuspended and lysed by sonication in 25—
100 pl 50 mM Tris-HCI (pH 8.0) containing 150 mM NaCl,

1% Triton X-100, 0.02% sodium azide, 50 mM sodium fluo-
ride, 0.5 mM sodium orthovanadate, and one Roche mini

EDTA-free protease inhibitor tablet. Aliquots of 1-5 pg protein,
[protein] determined by the Bradford method (Bio-Rad), sepa-
rated by SDS-PAGE on 10% polyacrylamide gels, blotted onto

Immobilon-P membranes (Millipore), and blocked in 5% nonfat
milk Tris-buffered saline (TBS), pH 7.4, overnight at 4°C.
Membranes were incubated for 3 h at room temperature with
rabbit polyclonal antibodies directed against amino acids 363—

for

Microbiology,
thermocycler.

382 of Cx43 (Sigma, #C6219) (1:10,000 dilution) or against the
C-terminal domain of Cx40 (Invitrogen, #36-4900) (1:1000
dilution).** Blots were rinsed repeatedly in TBS and incubated

for 1 h at room temperature with a peroxidase-conjugated goat
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