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Aims Remodelling and regional gradients in expression of connexins (Cx) are thought to contribute to atrial electrical dys-
function and atrial fibrillation. We assessed the effect of interaction between Cx43, Cx40, and Cx45 on atrial cell-to-
cell coupling and inward Na current (INa) in engineered pairs of atrial myocytes derived from wild-type mice
(Cx43+/+) and mice with genetic ablation of Cx43 (Cx432/2).

Methods
and results

Cell pairs were engineered by microcontact printing from atrial Cx43+/+ and Cx432/2 murine myocytes (1 day
before birth, 3–5 days in culture). Dual and single voltage clamp were used to measure intercellular electrical
conductance, gj, and its dependence on transjunctional voltage, Vj, single gap junction channel conductances, and
INa. 3D reconstructions of Cx43, Cx40, and Cx45 immunosignals in gap junctions were made from confocal
slices.

Full genetic Cx43 ablation produced a decrease in immunosignals of Cx40 to 62+10% (mean+ SE; n ¼ 17)
and Cx45 to 66+ 8% (n ¼ 16). Gj decreased from 80+ 9 nS (Cx43+/+, n ¼ 17) to 24+2 nS (Cx432/2,
n ¼ 35). Single channel analysis showed a shift in the main peak of the channel histogram from 49+ 1.7 nS
(Cx43+/+) to 67+ 1.8 nS (Cx432/2) with a second minor peak appearing at 27+1.5 pS. The dependence
of gj on Vj decreased with Cx43 ablation. Importantly, peak INa decreased from 2350+44 pA/pF (Cx43+/+)
to 2154+28 pA/pF (Cx432/2).

Conclusions The dependence of Cx40, Cx45, and INa on Cx43 expression indicates a complex interaction between connexins and
INa in the atrial intercalated discs that is likely to be of relevance for arrhythmogenesis.
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1. Introduction
Normal cardiac function requires coordinated and rapid electrical ex-
citation and contraction. It involves a complex interface machinery
between myocytes consisting of fascia adherens junctions and desmo-
somes linking the micro- and intermediate filaments between cells,
and the gap junctions that provide low-resistance pathways for elec-
trical current and pores for molecular cross-talk. Na+ channels con-
tributing to electrical excitation are clustered, at least in part, in the
cellular interface and are affected by desmosomal mutations.1– 4

Connexins that form the protein subunits of gap junction channels
are known to be specifically distributed in cardiac regions.5 In atrial
myocardium, connexin43 (Cx43) and Cx40 are the prominent con-
nexins. Moreover, Cx45 has been described in small amounts in
atria of mice, rats, and humans.6– 9 The distribution of these connexins
seems to be non-uniform in atrial tissue, with a more prominent pres-
ence of Cx40 in the right than in the left atrium. In pathological set-
tings, remodelling of atrial connexins has been described that varies
according to the experimental model and species used. Moreover,
inhomogeneity of connexin expression with local gradients in Cx43

* Corresponding author. Department of Pathology, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, 02215 MA, USA. Tel: +1 617 599 8222; fax: +1 617 677 2943,
Email: akleber@bidmc.harvard.edu

Published on behalf of the European Society of Cardiology. All rights reserved. & The Author 2012. For permissions please email: journals.permissions@oup.com.

Cardiovascular Research (2012) 94, 58–65
doi:10.1093/cvr/cvs025



and Cx40 distribution has been implicated in arrhythmogenesis.5,10,11

The importance of Cx43 as an atrial connexin has recently been
underlined by the description of lone atrial fibrillation associated
with a somatic Cx43 mutation.12

In previous work, using engineered strands of atrial myocytes in
culture, we have shown that genetic Cx43 ablation decreases and
Cx40 ablation increases atrial propagation velocity. These electrical
changes were not only attributed to the genetic deletion of a given
atrial connexin per se, but also to the observation that the expression
of Cx40 in atrial gap junctions was decreased with Cx43 ablation, and
inversely, Cx43 expression in atrial gap junctions was increased with
Cx40 ablation.13 These findings suggested a complex mechanism of
atrial remodelling with genetic deletion of Cx43 or Cx40, involving
mutual feedback interactions between gap junctional Cx40 and
Cx43 expression on the one hand, and a potential role of a change
in the Cx mixture and electrical conductances of gap junction chan-
nels on the other. Characterization of heterotypic and heteromeric
gap junction channels composed of Cx43, Cx40, and Cx45 thus far
has been investigated in heterologous expression systems (see14– 16

for review). In general, it is known that Cx45 can form heteromeric
connexons and heterotypic gap junction channels with Cx43 or
Cx40. The formation of heteromeric Cx43/Cx40 connexons may
occur, but the resulting gap junction channels are of low electrical
conductance and density.17,18

In this work, our goal was to define the change in the electrical
properties of atrial cell junctions with genetic Cx43 ablation and
analyse the changes of the partner connexins, Cx40 and Cx45. To
enable stable dual voltage clamp recordings of the gating behaviour
of gap junctions and single channel openings, we used engineered
pairs of atrial cells. Engineering also produced accurately defined
cell junctions that enabled high-resolution imaging and quantification
of Cx immunosignals in gap junctions.

2. Methods

2.1. Culture and engineering of atrial cell pairs
Before removal of the hearts at 1 day before birth (D-1), animals were
deeply anaesthetized with CO2 and rapidly decapitated. All animal experi-
ments and procedures were approved by the Swiss Federal and Bernese
Veterinary Offices and conform to the Guide for the Care and Use of
Laboratory Animals published by the US national institute of Health (NIH
Publication No. 85–23, revised 1996). The excision of atrial tissue was
strictly limited to the right and left auricles. This excludes contamination
by tissue from the sino-atrial or atrio-ventricular nodes. The procedure to
harvest murine atrial myocytes and the preplating procedure has been
described in detail.13 Also, we have previously shown that there is no dif-
ference in electrical phenotype between Cx43+/+ murine myocytes har-
vested at D-1 or D1 after 3–4 days in culture.13 Coverslips were covered
with a fibronectin pattern of predefined geometry using soft-
microlithography.19 In brief, PDMS (polydimethylsiloxane) stamps were
prepared in such a way that the profile on the stamps formed rectangular
islands. PDMS stamps were coated with 25 mg/mL fibronectin, and the
fibronectin was transferred from the fibronectin-coated stamps to the
PDMS-coated coverslips. After cell seeding, cell-to-cell contacts estab-
lished gap junctions within 24 h, as verified by dual voltage clamp. As illu-
strated in Figure 1, the atrial pairs showed a longitudinal shape and a
well-defined cell-to-cell interface located at the fibronectin-free gap
(width 2 mm) between two fibronectin rectangles. The height of the
atrial cell pairs varied from 5 to 7 mm (see Supplementary material
online).

2.2. Immunohistochemistry and confocal laser
scanning microscopy
Immunofluorescence staining was performed for Cx43, Cx40, and Cx45.
In a small number of experiments, immunofluorescence signals for N-
cadherin (a protein of the fascia adherens junctions) were obtained.

Figure 1 Engineered atrial cell pair. (A) Wide Field image of engineered murine atrial cell Cx431/1 pair overlaid with the immunofluorescence of
N-Cadherin (green) and Cx40 (red). Note the sharply defined interface between the two myocytes (x/z plane). (B) 3D surface rendering of
N-Cadherin (green) and Cx40 (red) immunofluorescence signals shown in the y/z plane. (C) 3D surface rendering of Cx40 immunofluorescence
signal alone showing plaque-like arrangement of Cx40. Image deconvolution was applied to confocal signals before reconstruction.
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Immunostained cells were imaged with a Zeiss LSM 510 META confocal
laser scanning microscope at ×100 magnification. Individual confocal
slices were deconvolved using Huygens Essential (Scientific Volume
Imaging). Images were analysed using Imaris (Bitplane, Inc., Switzerland).
Junctional Cx43, Cx40, and Cx45 were determined from 3D reconstruc-
tions of the immunosignals (Figure 1). As shown in Figure 1, the cell
junctions formed clearly circumscribed interfaces between the rectangular
cells, where connexins were closely associated with N-cadherin (see Sup-
plementary material online for details).

2.3. Whole-cell dual and single voltage
Cells were superfused at room temperature (238C) in modified Krebs–
Ringer solution containing (in mmol/L): 140 NaCl, 4 KCl, 2 CaCl2,
1 MgCl2, 5 HEPES (pH 7.4) 5 glucose, 2 Na-pyruvate. Patch pipettes
were filled with internal solution containing (in mmol/L): 130 K-aspartate,
10 NaCl, 1 CaCl2, 10 EGTA (pCa 8.1), 3 MgATP, 5 HEPES (pH 7.2).20 For
whole-cell recordings, pipettes were mounted on a micromanipulator
(MP-258, Sutter Instruments, USA) and connected to an amplifier
(EPC-10, HEKA Elektronic, Germany). ‘Pulse’ and ‘PulseFit’ software
(HEKA Elektronik) were used for data acquisition and analysis; SigmaPlot
and SigmaStat (Jandel Scientific, Germany) were used for curve fitting and
statistics.

Na current, INa, was recorded from single isolated atrial myocytes in the
whole-cell configuration (depolarizing pulses of 100 ms duration, holding
potential 290, 10 mV increments), and normalized to cell membrane
capacitance, cm.

Dual whole-cell voltage clamp was applied to patterned cell pairs as
previously described.20,21 Gap junctional conductance was determined
by application of small junctional pulses (Vj ¼ 10 mV) and corrected for
access resistance.22 To determine the dependence of gj on Vj, gap junction
current, Ij, was determined at the beginning (Ij,inst) and end (Ij,ss) of con-
junctional pulses of increasing amplitude, and the conductances gj,ss/gj,inst

were plotted as gj,ss/gj,inst ¼ f(Vj). Curve fitting was done with a modified
Boltzmann equation applied separately to the data recorded at negative
and positive Vj.

20,23 From this fit Vj,0 (Vj at which gj,ss/gj,inst is half-maximally
inactivated), gj,max (maximal normalized conductance) and gj,min (normal-
ized conductance at large Vj) were calculated. To study single channel cur-
rents elicited at different Vj gradients of either polarity, a very low degree
of cell-to-cell coupling was produced during washout of heptanol
(2.5 mmol/L). Unitary conductance of single gap junction channels,
gj ¼ ij/Vj, was calculated from Vj and the discrete current levels, ij, (see
Supplementary material online).

2.4. Statistics
For comparison of data sets, ANOVA or the non-paired Student’s test
were used were appropriate. All data are given in means+ SEM.

3. Results

3.1. Effects of atrial germline Cx43
ablation on intercellular conductance
and biophysical properties of atrial
gap junctions
Atrial cell pairs seeded on micro-patterned coverslips were used for
determination of the effect of genetic Cx43 ablation on macroscopic
junctional conductance, gj, the overall voltage dependence of the gap
junction channels, and the spectrum of unitary conductances of gap
junction channels. As illustrated in Figure 2A, gj decreased from
80+ 9 nS (n ¼ 17) in Cx43+/+ atrial cell pairs to 53+ 7 nS (n ¼ 32)
in Cx43+/2 pairs and 23+2 nS (n ¼ 35) in Cx432/2 pairs

(Cx43+/+ vs. Cx43+/2, Cx43+/+ vs. Cx432/2, and Cx43+/2 vs.
Cx432/2; P , 0.05).

The dependence of gj,ss on Vj varied considerably among the differ-
ent cell pairs and genotypes. The average dependence of gj, on Vj is
depicted on Figure 2B–D. The parameters obtained from the fit to
the modified Boltzman equation23 are given in Table 1. They indicate
that gj became less rectifying with Cx43 ablation. Thus, Vj,0 amounted
to 236.6/65.4 mV (Cx43+/+, n ¼ 13), to 268.6/83.1 mV (Cx43+/2,
n ¼ 13), and to 261.5/72.3 mV (Cx432/2, n ¼ 14).

The frequency distribution of single channel conductances is illu-
strated in Figure 3A, C and E. In general, ablation of Cx43 produced
a shift of the peak unitary conductance from 49+ 1.7 pS (Cx43+/+,
n ¼ 649) to 53+1.4 pS (Cx43+/2, n ¼ 335), and 67+ 1.8 pS
(Cx432/2, n ¼ 481) with a second minor peak appearing at 27.1+
1.5 nS with full Cx43 ablation. This latter smaller peak is very close
to the conductance of homomeric/homotypic Cx45 channels mea-
sured in heterologous expression systems.24 Studies in heterogeneous
expression system characterizing the biophysical properties of cardiac
connexins indicate that this shift is probably explained by the increas-
ing dominance of Cx40 with Cx43 ablation.24 To detect the likely
presence of homomeric/homotypic gap junction channels, we ana-
lysed sweeps in which only one open channel could be detected, as
illustrated in Figure 3A–E (see Supplementary material online for
methodological details). The presence of homomeric/homotypic
channels is usually indicated by an absence of a change in gj upon a
change in polarity in Vj, and by the value for gj considered typical
for a given connexin. This is illustrated on the lower trace of
Figure 3D, which depicts a channel with a gj of 29–31 pS, typical for
Cx45. This analysis suggested that channel openings characteristic
for homomeric/homotypic Cx43 channels were observed in
13.5% (Cx43+/+) and 7.3% (Cx43+/2), for homomeric/homotypic
Cx40 channels in 4.9% (Cx43+/+), 4.5% (Cx43+/2), and 14.9%
(Cx432/2), and for homomeric/homotypic Cx45 in 8.7%
(Cx43+/+), 10.1 (Cx43+/2), and 8.6% (Cx432/2), the majority of
the channels being of mixed composition. Whereas mixed channels
in Cx43+/+ and Cx43+/2 genotypes might theoretically be composed
of all three connexins, the results indicate the domination of mixed
Cx40/Cx45 channels in the Cx432/2 pairs.

3.2. Total atrial germline Cx43 ablation
decreases Na1 inward current
In ventricular myocardium, it has been shown that a significant fraction
of Na+ channels is expressed in intercalated discs.1 –4 Very recently, it
has been shown that conditional ablation of Cx43 in ventricular tissue
is associated with a decrease in INa.

25 In the present experiments, we
tested the hypothesis that genetic ablation of Cx43 in atrial tissue
could be associated with a change in inward Na+ current. Therefore,
we performed whole-cell single voltage clamp on cells growing on the
fibronectin patches as single cell neighbours of the cell pairs. Cell cap-
acitance, which is usually taken as a measure of cell size, was not dif-
ferent between the groups (Cx43+/+, 12.2+2.5 pF; n ¼ 12;
Cx432/2, 12.9+ 3.1pF; n ¼ 12) and indicated that cell size was
small, �25% of adult rat ventricular cardiomyocytes.4

The comparison of INa between a Cx43+/+ cell, a Cx43+/2 cell,
and a Cx432/2 cell is shown in Figure 4A; the collected data are sum-
marized in Figure 4B. Peak INa decreased from 2324, 7+ 47.4 pA/pF
(Cx43+/+, n ¼ 17) to 2239.6+ 51.6 pA/pF (Cx43+/2; n ¼ 10), and
2146.5+ 26.4 pA/pF (Cx432/2, n ¼ 11). The decrease of INa with
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full Cx43 ablation was statistically significant with respect to both INa

in Cx43+/+ and Cx43+/2 cells (P , 0.05). The average decrease of
INa with full Cx43 ablation amounted to 55%.

3.3. Effects of atrial germline Cx43 ablation
on Cx40 and Cx45 immunofluorescence
signals in atrial gap junctions
Cx43+/+, Cx43+/2, and Cx432/2 cell pairs were immunostained for
Cx43 and Cx45 or for Cx40 and Cx45. DAPI staining for visualization

of nuclei was performed in all series. Figure 5 illustrates the stainings
for Cx43 (red) and Cx45 (green) in the left panels and the stainings
for Cx40 (red) and Cx45 (green) in the right panels. The upper
two panels depict stainings from pairs of Cx43+/+ genotype, the
lower panels from pairs of Cx432/2 genotype. A cell pair with
the well-defined cell-to-cell boundary is shown in each panel on the
top in the X/Y plane, the green cytoplasmic staining represents amp-
lified background fluorescence. The lower parts of the panels depict
the 3D surface plots of Cx43, Cx40, and Cx45 immunofluorescence
reconstructed after image deconvolution in the Y/Z (sagittal) plane.
The surface plots are presented in a semi-transparent mode to
enable the detection of co-localization of Cx43 with Cx45, or corres-
pondingly, Cx40 with Cx45. Typically Cx43 and Cx40 are co-localized
in large gap junctions. However, smaller junctions often contain Cx43,
Cx40, or Cx45 without partner connexin. Genetic ablation of Cx43 is
demonstrated by the absence of the respective immunosignals in
Figure 5C. These data confirm the observation of heterogeneous Cx
composition of atrial gap junctions made in the dual voltage clamp
experiments (Figure 3). The analysis of total gap junction immuno-
signals is illustrated in Figure 6, showing a decrease in both Cx40
and Cx45 immunosignal with Cx43 ablation. In the Cx43+/2 cell
pairs, Cx43, Cx40, and Cx45 decreased to 46+7% (n ¼ 23), 58+
13% (n ¼ 17), and 66+7% (n ¼ 16) compared with Cx43+/+ pairs,
respectively. In Cx432/2 pairs, Cx40 and Cx45 decreased to 62+
10% (n ¼ 17) and 66+ 8% (n ¼ 16), respectively. The decrease in

Figure 2 Change in atrial intercellular electrical conductance, gj,0 and voltage gating with germline Cx43 ablation. (A) Germline ablation of Cx43
decreased intercellular electrical conductance in atrial cell pairs from 80+9 nS (n ¼ 17) to 53+ 7 nS (heterozygous deletion; n ¼ 32) and to
23+2 nS (homozygous deletion; n ¼ 35). Asterisks denote statistical difference (P , 0.01). (B–C ) Relative gap junctional conductance (gj,ss/gj,inst)
in atrial cell pairs [Cx43+/+: (B); Cx43+/2: (C); Cx432/2: (D)]. With ablation of Cx43, the decrease in gj at steady state with increasing transjunctional
voltage, Vj, occurs at higher Vj, indicating dominance of Cx40 (for numerical analysis, see Table 1).
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Table 1 Gating parameters of Cx431/1, Cx431/1, and
Cx431/1 gap junctions obtained from the fit of the
Boltzmann equation to the relationship between relative
intercellular conductance (gj,ss/gj,inst) and transjunctional
voltage, Vj, at steady state

Vj,0 (mV) gj,min (norm) gj,max (norm)

Cx43+/+ 236.6/65.4 0.2 1.07

Cx43+/2 268.6/83.1 0.38 1.05

Cx432/2 261.5/72.3 0.42 0.99

Vj,0 (mV), Vj at which 50% of the channels are in the residual state.
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Cx43, Cx40, and Cx45 immunofluorescence signals in the Cx43+/2

and Cx432/2 pairs with respect Cx43+/+ was statistically significant
(P , 0.05), whereas no significant differences were observed
between Cx40 and Cx45 signals between the Cx43+/2 and
Cx432/2 pairs. A similar decrease of overall Cx40 immunosignal
was described in engineered atrial strands with Cx43 ablation.13

4. Discussion
The present study was undertaken with the aim to define the effect of
genetic Cx43 ablation on electrical cell-to-cell conductance in atrial
cell pairs, to analyse the change in biophysical properties of the gap
junctions and to define potential changes in the partner connexins
Cx40 and Cx45. Moreover, our goal was to assess the possibility

that other factors contributing to atrial depolarization and propaga-
tion, such Na+ inward current, might be remodelled by changes in
connexin expression. Our study shows three main findings: First,
genetic ablation of Cx43 decreases the electrical conductance
between atrial myocytes. Secondly, ablation of Cx43 is associated
with a decrease in the immunofluorescence signals of the partner con-
nexins Cx40 and Cx45 in gap junctions, and thirdly, Cx43 ablation is
associated with a marked decrease in Na+ inward current.

The presence of three different connexins in atrial myocardium
offers a large variety of connexin combinations forming single gap
junction channels. Both our high-resolution immunofluorescence ana-
lysis and measurements of single channel conductances demonstrate
that the Cx43, Cx40, and Cx45 immunosignals in Cx43+/+ atrial
cell pairs and Cx40 and Cx45 signals in Cx432/2 pairs reflect the

Figure 3 Change in atrial unitary single gap junction channel conductances, gj, with germline Cx43 ablation. (A, C, and D) Frequency histograms of
single channel conductances, gj,main in Cx43+/+ (A), Cx43+/2 (C), and Cx432/2 (E) atrial pairs, showing main peaks (Gaussian fit) at 49+1.7 pS
(Cx43+/+, n ¼ 649) to 53+ 1.4 pS (Cx43+/2, n ¼ 335), and 67+ 1.8 pS (Cx432/2, n ¼ 481) with a second minor peak appearing at 27.1+1.5 pS.
Bin width 5 pS. (B, D, and F ) Examples of unitary currents recorded in atrial cell pairs. Vertical dotted line indicates switch of polarity of Vj.
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formation of mixed gap junction channels in .70%. In only ,30%,
homomeric/homotypic channels were identified from voltage clamp
sweeps, in which only a single channel opening was observed. This cri-
terion for identification is not fully rigid because even in such a case,
the unambiguous attribution of sequential single channel openings to
one physical channel is not possible. The electrophysiological mea-
surements were in accordance with the observation that single gap
junction plaques were occasionally showing only one distinct con-
nexin immunosignal (Figure 5). A very similar large diversity in the
spectrum of single channel conductances was observed in atrial cell
pairs from canine26 and rabbit myocardium.27 Theoretically, different
phosphorylation states could also explain the variety in gj values. Al-
though this possibility cannot be ruled out, the previous observation
of distinct gj peaks in Cx43+/+ and Cx432/2 pairs of ventricular myo-
cytes makes this possibility unlikely.28 Although the cells were har-
vested 24 h before birth, we have previously shown that these
myocytes mature during 2–4 days in culture and are functionally
not distinct from neonatal myocytes after an identical culture
period.13,29 Overall, our measurements of single channel currents in-
dicate the dominating presence of mixed gap junctions channels in
Cx43+/+ cell pairs.

Genetic ablation of atrial Cx43 produced changes in electrical
intercellular conductance, which reveal multiple complexities of
atrial intercellular coupling (i) at the level of the connexin content
of single gap junction channels, (ii) connexin regulation and inter-
action, and (iii) interaction of Cx43 with Na+ channels.

At the level of the gap junctions, Cx43 ablation produced the
expected decrease in intercellular conductance, a shift in the peak

gj of the single channel histogram from 49pS to 68pS, and a decrease
in the voltage gating (increase of Vj,0), indicating increasing dominance
of Cx40. In heterologous expression systems, it has been shown that
homomeric/homotypic gap junction channels have a gj of 30–40pS
(Cx45), 60–120pS (Cx43), and ..120 (Cx40), with a
Vj-dependence of voltage gating most expressed in Cx45 channels,
being significantly less in Cx43 and even less in Cx40 channels.24

Whereas it is not possible to discern the composition of the
various mixed gap junction channels from the measurements in
Cx43+/+ and Cx43+/2 pairs, the results obtained from the
Cx432/2 pairs, in which only Cx40 and Cx45 are present, suggest
the largest population being composed of mixed Cx40/Cx45 channels
and a smaller but significant population of homomeric/homotypic
Cx45 channels (peak at 29pS). The appearance of this smaller popu-
lation of Cx45 channels with Cx43 ablation and the shift of the main
population towards higher gj values may unmask a fraction of channels
that also present in the Cx43+/+ and Cx43+/2 genotypes, and/or
which were forming mixed Cx43/Cx45 channels in the genotypes
expressing Cx43. Trafficking of mixed Cx43/Cx45 and Cx40/Cx45
heteromeric connexons would be in line with findings in heterologous
expression systems,24 whereas the formation of heteromeric Cx43/
Cx40 connexons is disputed. In one study, Cx43/Cx40 connexons
were functional but of significantly lower conductance; in another
study, such complexes were identified by co-precipitation but
showed no functional correlate.16,18 Harvesting of cells in our study
was strictly limited to the right and the left atrial appendages. This
excludes contamination by Cx45 stemming from the sino-atrial or
the atrio-ventricular nodes. However, the possibility that the physio-
logical heterogeneity of connexin expression in atrial myocardium6,30

might have affected our results should be considered.
In accordance with our previous results in synthetic murine

strands,13 the immunofluorescence signal of Cx40 was reduced in
gap junctions with Cx43 ablation. In these experiments, we have
shown that Cx43 ablation produced a decrease in Cx40, and Cx40
ablation produced an increase in Cx43 in gap junctions. In contrast
to junctional connexins, total atrial Cx43 and Cx40 remained un-
changed in these experiments. In the present experimental model,
it was not possible to fractionate the pools of Cx’s into subcellular
components due to the limited cell mass provided by the engineered
cell pairs. As a new finding, we show that the decrease in Cx45 is
closely related to the decrease in Cx40. This finding may have two
possible explanations: First, it would confirm that the majority of
Cx45 is contained in Cx40/Cx45 hemichannels in a fixed average pro-
portion; secondly; it might reflect the fact that Cx immunfluorescent
signals in gap junctions are related to gap junction size,21 a parameter
that is likely to decrease with Cx43 ablation. Currently, we have no
explanation why the decrease in Cx40 and Cx45 immunofluores-
cence was prominent with heterozygous Cx43 ablation and did not
further occur with full ablation (Figure 6). In summary, both our pre-
vious and the present study suggest that regulation of the atrial con-
nexins embedded into gap junctions is interactive, although the exact
mechanisms remain to be elucidated. Trafficking interaction between
atrial Cx43 and Cx40 was also suggested from co-expression of
mutant Cx43 with normal Cx40 in HeLa cells, where mutant Cx43
produced a decrease in electrical cell-to-cell coupling and internaliza-
tion of both mutant Cx43 and normal Cx40.12

Our finding of an �50% decrease of inward Na+ current with
germline ablation of Cx43 points to a further complex interaction
between multiple proteins expressed in myocardial cell-to-cell

Figure 4 Change in inward Na current INa with germline Cx43
ablation. (A) Original recordings of INa recorded in Cx43+/+ (left),
Cx43+/2 (middle), and Cx432/2 (right) atrial myocytes. (B) Peak
INa density in Cx43+/+, Cx43+/2, and Cx432/2 atrial myocytes.
Asterisk denotes statistical significance (P , 0.05).
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junctions belonging to the groups of mechanical junctions, gap junc-
tions, and ion channels, and has implications for arrhythmogenesis.
Cardiac sodium channels are located in two distinct compartments
with �50% of channels being located at the intercalated disc.1,3,4

Very recently, it has been shown that a reduction of Cx43 in rat ven-
tricular myocytes is associated with a loss in Na+ current amplitude.25

The lack of change in kinetic parameters of Na+ flow indicated that
this change was due to a reduction in channel density. In the
present study, which was carried out in atrial myocytes, total ablation
of Cx43 reduced Na+ current by �50%. These studies and our
results suggest that the fraction of Na+ channels expressed in the
intercalated disc in both ventricle and atrium is modulated by Cx43
expression. At present, it is not possible to provide an exact mechan-
ism for this interaction. However, the observation that different types
of connexins and connexins and ion channels interact suggest that
regulation of proteins trafficking to the gap junctions share
common, yet unknown regulatory principles. Several other studies in-
volving regulation and effects of proteins of mechanical junctions
point to such interactions. Thus, human desmosomal mutations de-
crease both the immunosignal of plakoglobin and Cx43 in gap junc-
tions independently of the type of the mutated desmosomal

Figure 5 Changes in Cx43, Cx40, and Cx45 immunosignals in atrial gap junctions with germline Cx43 ablation: Atrial Cx43+/+ cell pair (A and B),
Atrial Cx432/2 cell pair (C and D). The top parts of A–D depict a shadow projection view on engineered atrial cell pairs with enhanced cytoplasmic
background fluorescence (green) and nuclei (blue). The lower quadrangles of the panels show 3D surface renderings of the immunofluorescence
signals in a semi-transparent mode in the z/y (sagittal) plane of the junctions. (A) and (C) show Cx43 immunofluorescence (red) and Cx45 immuno-
fluorescence (green); (B) and (D) show Cx40 immunofluorescence (red) and Cx45 immunofluorescence (green). Scale bars: 10 mm.

Figure 6 Changes in Cx43, Cx40, and Cx45 immunosignals in
atrial gap junctions with germline Cx43 ablation. The bars with an
asterisk denote statistical significance among a given connexin
(P , 0.05). The Cx43, Cx45, and Cx40 signals are expressed in rela-
tive volume, normalized to the respective wild-type. The numbers
above the columns denote the number of cell pairs analysed.
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protein,31 and a close association exists at the level of trafficking
between an integral chain of protein–protein interactions at the
fascia adherens junction and integration of Cx43 into intercalated
discs.32 Genetic ablation of the desmosomal protein plakophilin-2
has been reported to decrease Na+ inward current,33 although in
this study the decrease in Na+ current was attributed to a change
in kinetics of the Na+ channels, in contrast to the findings with
Cx43 ablation (this study and Ref.25).

In conclusion, it is suggested that atrial germline ablation of Cx43
decreases INa and electrical intercellular conductance via complex
interactions involving trafficking of proteins to the gap junctions.
Such a hypothesis is especially interesting because large changes in
electrical cell-to-cell coupling alone are required to produce a
degree of slow conduction observed in ventricular and atrial arrhyth-
mias. In contrast, theory predicts a high sensitivity of propagation vel-
ocity on changes in Na+ current.34,35 Thus, changes in atrial connexin
expression with associated modulation of Na+ channel expression
may contribute to both, the large range of physiological velocities
observed in normal atrium myocardium36,37 and to propagation
slowing in atrial arrhythmias, such as atrial fibrillation. Further
studies assessing the molecular mechanisms of cross-talk between
mechanical junction proteins, connexins, and ion channel proteins
will be required to elucidate this complex behaviour.
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