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ABSTRACT 

Cell transplantation of skeletal myoblasts (SMs) is one possible treatment for repairing cardiac 
tissue after myocardial injury. However, inappropriate electrical coupling between grafted SMs 
and host cardiomyocytes may be responsible for the arrhythmias observed in clinical trials of SM 
transplantation. Whether functional gap junctions occur between the two cell types remains 
controversial. We have studied the ability of SMs to electrically couple with isolated adult rat 
cardiomyocytes (CMs) and assessed whether connexin43 (Cx43) overexpression enhanced gap 
junctional conductance (Gj). C2C12 myoblast lines overexpressing Cx43 were generated by gene 
transfection and clonal selection. CMs were cocultured with either SMs overexpressing Cx43 
(CM-SMCx43) or control SMs (CM-SMWT) in vitro. Gj between pairs of SMs and CMs was 
quantified with dual whole cell patch clamping. Formation of Gj occurred between 22% of CM-
SMWT pairs (n=73) and 48% of CM-SMCx43 pairs (n=71, P<0.001). The Gj of CM-SMCx43 pairs 
(29.7±4.3 nS, n=21) was greater than that of CM-SMWT pairs (14.8±2.0 nS, n=12, P<0.05). The 
overexpression of Cx43 in SMs increased the formation of electrical communication and the 
steady-state conductance between SMs and CMs. Enhanced gap junctional conductance may be 
useful to promote the integration of transplanted SMs into the myocardium. 
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ell transplantation is a possible strategy for repairing cardiac tissue after myocardial 
injury. The original objective for cell transplantation was replacing damaged and scarred 
regions of the myocardium after ischemic damage (1). However, a global functional 

improvement of left ventricular systolic function in nonischemic hearts after cell transplantation 
has also been demonstrated, suggesting a wide application of such strategies in cardiac disease 
(2). Skeletal myoblasts (SMs) have been widely investigated as a donor for this strategy because 
of their ability to naturally generate a contractile phenotype, their availability as an autologous 
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source, and their proliferation ability. Recent clinical trials have found that autologous 
transplantation of SMs improved global heart function and thus have provided preliminary but 
favorable results (3, 4). However, there is concern about the reported increased arrhythmia and 
sudden death after SMs transplantation (3). The need for the association with a drastic anti-
arrhythmic therapy has seriously compromised the future for such a strategy in clinical practice 
(3, 5). The cause of these arrhythmias remains unknown, although one possibility is a lack of 
connecting gap junctions This is supported by the elegant work of Abraham et al. (6) who show 
that increased Cx43 levels attenuated arrhythmia in a novel in vitro model of SM transplantation 
in cardiomyocyte monolayers . Arrhythmias during cell transplantation are likely to be the 
consequence of absence or inappropriate intercellular communication between the host 
cardiomyocytes and transplanted cells. In addition, the lack of transdifferentiation (7) with 
transplanted cells remaining isolated from the host tissue (8) can play a role in the generation of 
arrhythmias. 

Survival, proliferation, integration, and transdifferentiation are considered essential prerequisites 
for the success of SM transplantation (1), and they are likely to be influenced by the ability of 
transplanted cells to establish electrical communication with the host tissue via gap junctions. 
The possible formation of functional gap junctions, clusters of transmembrane channels that 
directly link the cytoplasmic compartments of neighboring cells, between SMs and myocardium 
itself remains controversial (8–10). 

Increasing evidence has found that in coculture in vitro, SMs seem to form gap junctions with 
adult cardiomyocytes (11, 12). We and others have previously shown in vivo staining of gap 
junction formation between grafted SMs and host cardiomyocytes (13, 14). On the other hand, 
some reports demonstrated that there is no functional communication between these cells in vivo 
(8, 15, 16). We hypothesize that this controversy may result from the insufficient ability of gap 
junction formation of SMs with cardiomyocytes. 

The gap junction channels are composed of connexins (17) of which three isoforms are 
expressed by cardiac myocytes (connexins 43, 40, and 45) with connexin43 (Cx43) the dominant 
isoform in cardiac tissue and SMs. The expression and properties of the channels formed are 
highly regulated, giving rise to variation according to their localization within the myocardium 
(18). Overexpression of connexins may be a route for improving the intracellular communication 
between the transplanted cells and the myocardium (10) and are likely to be important in the 
successful integration and of the transplanted SM grafts (9, 10, 12). A recent study that modeled 
SM transplantation has investigated two-dimensional arrhythmic generation and propagation in a 
cocultured system and elucidated these mechanisms in vitro (6). The authors showed that 
overexpression of Cx43 decreased arrhythmogenicity in cocultures, thus increasing the safety 
and, possibly, the efficacy of this strategy (6). However, the molecular and electrophysiological 
features of the overexpression of connexin 43 and gap junction formation between 
cardiomyocytes and SMs remained unexplored. 

In this study, we tested the hypothesis that the overexpression of Cx43 in SMs directly enhanced 
intercellular communication with CMs. SMs stably overexpressing Cx43 were generated by 
using gene transfer and clonal selection. These modified SMs were then cocultured with isolated 
adult rat cardiomyocytes (CMs). We found that overexpression of Cx43 enhanced the frequency 
of gap junction formation and the amplitude of gap junctional conductance between SMs and 
CMs. These findings suggest that overexpressing Cx43 in SMs leads to enhanced cell-to-cell 



 

 

communication with CMs and should be considered as a possible strategy to improve cell 
integration in the myocardium during cell transplantation. 

MATERIALS AND METHODS 

Cell culture 

The mouse skeletal muscle cell line, C2C12 (European Collection of Cell Cultures), was cultured 
in DMEM (Gibco, Paisley, UK) supplemented with 20% fetal bovine serum (FBS), 2 mM L-
glutamine and penicillin/streptomycin at 5% CO2 atmosphere at 37°C. Cells were passaged until 
they reached 50% confluence. 

Gene transfer and selection 

The full-length cDNA of rat Cx43 (10, 19) (a gift from Professor Naus, Western Ontario 
University, Canada) was subcloned into the bicistronic expression vector pIRES2-EGFP 
(Clontech, UK). C2C12 cells, which stably express both Cx43 and green fluorescence protein 
(SMCx43), were generated by transfection using lipofectamine 2000 (Invitrogen, UK) followed by 
clonal selection in the presence of G418. Transfected cells were cultured in 500 mg/ml G418 to 
maintain selection pressure. Because of the internal ribosome entry site (IRES), cells that exhibit 
green fluorescence protein (GFP) also express Cx43. Control cells were either wild-type SMs 
(SMWT) or cells transfected by pIRES2-EGFP subcloned with cDNA of GFP (SMGFP). Cx43 
overexpression was confirmed by Western blot analysis and immunofluorescence. GFP 
expression enabled clear identification of these SMs when cocultured with other cell types by 
fluorescent microscopy. 

Western blot analysis 

Total cell homogenates were prepared by lysing washed cell monolayers in SB20 (20% SDS, 
0.15 M Tris, pH 6.8), assaying total protein (Bio-Rad DC protein assay) and running on 12.5% 
gels as described previously (20). Proteins were transferred overnight to PVDF membrane and 
probed using 1:250 anti-Cx43 monoclonal antibody (Chemicon International, Temecula, CA). 
Detection of alkaline phosphatase-conjugated secondary antibodies (Chemicon International) 
was done by reaction with freshly prepared NBT/BCIP substrate solution (Perbio). Blots were 
scanned and analyzed using ImageJ software (21). 

Adult rat ventricular myocyte isolation 

All animal procedures were performed under license and in accordance with the U.K. Animal 
(Scientific Procedures) Act of 1986. Male adult Sprague-Dawley rats (Charles River, 
Wilmington, MA) were killed. Cardiomyocytes from the left ventricle (CM) were isolated 
following a previously described enzymatic dissociation method using collagenase (1.3 mg/ml, 
Worthington Biochemical, Freehold, NJ) and hyaluronidase (0.6 mg/ml, Sigma, St. Louis, MO) 
(22). CMs were stored in coculture medium (DMEM with 10% Medium199, 10% horse serum, 
5% FCS, 25 mM HEPES, 2 mM L-glutamine and penicillin/streptomycin) at room temperature 
and plated on to petri culture dishes within 1–2 h of isolation. 



 

 

Coculture of cardiomyocytes and skeletal myoblasts 

CMs were cultured with wild-type C2C12 (SMWT), C2C12 expressing only eGFP (SMGFP) or C2C12 
overexpressing both Cx43 and eGFP (SMCx43) on 35-mm glass-bottomed microwell dishes 
(MatTek Corporation, Ashland, MA) for electrophysiological measurements or on two-well glass 
chamber slides (Nunc, Fisher Scientific, Leicestershire, UK) for immunofluorescence 
microscopy. Electrophysiological experiments were set up with seeding 40,000 CMs and 20,000 
SMs. Immunofluorescence experiments were set up with seeding 50,000 CMs and 10,000 SMs. 
The culture surfaces were first coated with laminin to aid attachment of the CMs. CMs and SMs 
were then plated simultaneously and cultured in coculture medium at 37°C for 48 h. 

Immunofluorescence 

Cell layers were washed twice with PBS, fixed with 4% paraformaldehyde with 0.05% Triton X-
100 for 15 min at room temperature, and washed a further three times with PBS. After blocking 
for 1 h with 1% bovine serum albumin (BSA)/PBS, cells were labeled with 1:250 anti-Cx43 
antibody (Chemicon, UK) in 1% BSA/PBS for 2 h. The slides were then washed 5 times with 
PBS before incubation with Texas red-conjugated anti-mouse IgG secondary antibody (Santa 
Cruz Biotech, Santa Cruz, CA) for 1 h. Slides were then washed, counter-stained with 4',6-
diamidino-2-phenylindole (DAPI) to show the nuclei (1 μg/ml in PBS for 5 min), washed and 
coverslips applied using fluorescent mounting medium (DAKO Cytomation, Cambridgeshire, 
UK). Slides were observed and images recorded using a Leica TCS SP confocal system equipped 
for the detection of eGFP, Texas red, and DAPI. 

Dye transfer 

For qualitative assessment of gap junction function in monolayers of the different SM lines, the 
transfer of Lucifer yellow was recorded by scrape loading (23). Cells were grown to confluence 
in 35-mm dishes, washed with PBS containing calcium to maintain gap junction integrity and 
then covered with a 0.2% solution of Lucifer yellow in PBS. The monolayers were then 
scored/scraped with a scalpel, incubated for 5 min at 37°C, washed 3 times with PBS and 
observed immediately by fluorescence microscopy. Images recording the extent of dye transfer 
were captured by digital camera (Nikon, UK). 

Electrophysiology 

Electrophysiological parameters were measured using a MultiClamp 700A system with 
experimental protocols controlled using pCLAMP 8 software (Axon Instruments, Union City, NJ). 
All experiments were conducted at 37°C. Gap junctional conductances (Gj) were recorded using 
the dual whole-cell patch-clamp technique (24, 25). Microwell dishes were mounted on the stage 
of a Nikon TE2000 microscope with a low-profile perfusion chamber-insert for Petri dishes 
(Bioscience Tools, San Diego, CA). Macroscopic transjunctional conductance was determined as 
previously reported (11, 25). Briefly, two independent whole-cell patch-clamped cells were held 
at 0 mV (cell 1, V1 and cell 2, V2, Fig. 1A). The membrane potential of V1 was stepped to test 
voltages from –100 to +100 mV in 10-mV increments for 5 s with an interpulse interval of 10 s. 
This established a transjunctional voltage, Vj = V2 – V1. Vj is influenced by the series resistance 
of both cell electrodes (r1 and r2) and the currents through them (Fig. 1B). After tight patch seals 
were established for both cells, r1 and r2 were compensated electronically (50 to 90%). The 



 

 

remaining uncompensated series resistance was determined from the capacitance transient 
currents using series resistance, Rs=τ/Cm, where τ is the time constant for the decaying phase of 
the capacitive transient and Cm is the cell membrane capacitance. Vj was corrected for 
uncompensated Rs with the following equation as provided by Yao et al. (25). Vj = V1 – (r1·I1 + 
r2·I2). In our experiments r1 and r2 were 4.08 ± 0.40 MΩ (n=70), which gave a corrected Vj of 
8.99 ± 0.35 mV (n=43) at a V1 of +10 mV. To determine the voltage-dependent gating behavior 
of the gap junction channels, Gj was assessed with Boltzmann fit (25–28). Steady-state 
conductance (Gj,ss) was normalized to instantaneous conductance (Gj,in) and the Gj,ss−Vj was 
fitted to a nonlinear two-way Boltzmann function (25, 26): 

Gj,ss = (Gmax – Gmin)/{1+exp[A(Vj – V0)]} + Gmin, 

where Gmax is the maximum conductance, Gmin is steady-state conductance at the end of the 
voltage protocol, V0 is the transjunctional voltage at half-way between Gmin and Gmax, and A is a 
constant that defines the voltage sensitivity. To minimize errors in gap junctional conductance 
measurements, low-resistance microelectrodes were used (29). Microelectrodes were pulled from 
borosilicate glass (Clark Electromedical Instruments, Reading, UK) and had resistances between 
0.8 and 2.2 MΩ. The pipette solution contained (in mM): 115 Cs-aspartate, 20 TEA-Cl, 10 
EGTA, 10 HEPES, 5 MgATP, pH adjusted to 7.3 with CsOH. Microwell dishes containing 
cocultures were initially superfused in Normal Tyrode solution (in mM): 140 NaCl, 6 KCl, 1 
MgCl2, 2 CaCl2, 10 glucose, 10 HEPES, pH adjusted to 7.4 with 2 M NaOH. The bathing 
solution used for measuring transjunctional conductance was designed to minimize currents 
through nonjunctional ion channels. Na+ current and L-type Ca2+ current were inactivated by 
using a holding potential of 0 mV. The bathing solution was also Ca2+- and K+-free (in mM): 146 
NaCl, 2 CsCl, 0.5 MgCl2, 1 BaCl2 1, 6 NiCl2, 5.5 glucose, 5 HEPES, pH adjusted to 7.4 with 2 
M NaOH. 

Statistical analysis 

Statistical differences between means were calculated using Student’s t test for two groups of 
data, one-way ANOVA with Bonferroni post hoc test for data groups of three or more and Chi-
square test for assessing the significance of data represented as proportions. The two-way 
Boltzmann curves were fitted with a nonlinear curve fitting function in Prism 4 (GraphPad 
Software, San Diego, CA). Values are expressed as means ± SE, with P < 0.05 considered to be 
significant. 

RESULTS 

Cx43 overexpression 

Selected clones of transfected SMs were screened by Western blot analysis to determine the level 
of Cx43 overexpression. One of the SMCx43 clones obtained was found to have approximately 5 
times the amount of Cx43 compared with SMWT cells (Fig. 2A) and was selected for use in this 
study. There was the same degree of Cx43 expression in SMGFP and SMWT. Monocultures of the 
SMCx43 were labeled for Cx43 for immunofluorescence examination and were found to exhibit 
extensive vesicular labeling for Cx43 in the cytoplasm in addition to increased gap junction 
labeling between the cells compared with SMWT and SMGFP (Fig. 2B). 



 

 

Gap junctional conductance in mono-cultures 

Transfer of the fluorescent dye, Lucifer yellow, between the SMCx43 was found to be more 
extensive than SMWT or SMGFP, indicating increased functional gap junction communication 
between SMCx43 cells (Fig. 3A–C). The steady-state gap junctional conductance, Gj, was 
determined in a group of experiments to assess any possible contribution of the cellular GFP 
marker used in our SMCx43 clonal cell line. We compared the Gj of SMWT cell line with a SMGFP 
and SMCx43 in monoculture. Gj was unaffected by GFP expression alone, with a Gj in SMWT of 
35.4 ± 7.7 nS (n=11) and SMGFP of 29.7 ± 7.5 nS (n=16) compared with 184.0 ± 68.0 nS (n=9, 
P<0.01) in the SMCx43 (Fig. 3D). 

Gap junctions by immunofluorescence 

Cx43-labeled cocultures of the different SMs (SMWT, SMCx43, and SMGFP) with CMs were 
examined by confocal microscopy to determine whether gap junctions were formed between the 
two cell types (Fig. 4). Such junctions were found, albeit infrequently, in the cocultures of CMs 
and SMCx43 (CM-SMCx43) but were never detected in the coculture of CMs and SMWT (CM-
SMWT). Gap junctions consisting of very few channels would not be easily detected by 
immunofluorescence but would allow electrical coupling to occur and could be detected by the 
more sensitive electrophysiological method of assessing Gj in the cocultures. 

Measuring gap junctional formation in cocultures 

Formation of gap junctional conductance, detected by recording currents with the dual whole cell 
patch clamp method, occurred in 22% of CM-SMWT (n=73) and was significantly more frequent 
in CM-SMCx43 (48% n=71, P<0.001) (Fig. 5). The increased level of Cx43 in the SMs therefore 
enhanced the formation of gap junctional conductance in vitro. 

Gap junctional conductance measurements in cocultures 

In the cell pairs, which had demonstrated Gj, the steady-state Gj determined at V1 of +10 mV was 
significantly greater in CM-SMCx43 compared with CM-SMWT (Fig. 6B). Gj was 14.8 ± 2.0 nS in 
CM-SMWT (n=12) compared with 29.7 ± 4.3 nS in CM-SMCx43 (n=21, P<0.05). Macroscopic gap 
junctional conductances ranged from 3.8 to 32.0 nS in CM-SMWT and 5.8 to 94.1 nS in CM-
SMCx43. A larger variability in the measured Gj of the CM-SMCx43 group compared with the CM-
SMWT may represent the variability in functional availability of the overexpressed Cx43 protein 
for gap junction formation. 

The current-voltage relationship of gap junction channels in coculture 

The Ij-Vj relationship was determined by 10 mV voltage steps from –100 to +100 mV in V1 for 
both CM-SMWT and CM-SMCx43. At any given voltage, both the instantaneous and steady-state 
current was greater in CM-SMCx43 compared with CM-SMWT (Fig. 7). Instantaneous currents 
(Ij,in, current amplitude at the beginning of the Vj step) showed a linear relationship to voltage. 
Steady-state currents (Ij,ss, current amplitude at the end of the Vj step) only displayed a linear 
relationship for the voltage range of –50 mV < Vj < +50 mV. 



 

 

Voltage-dependent properties of gap junction channels in coculture 

A two-way Boltzmann function was used to fit the steady-state conductance vs. transjunctional 
voltage relationship (Gj,ss−Vj, Table 1). We observed a good degree of symmetry in the shape of 
the Boltzmann curves fitted to both CM-SMWT and CM-SMCx43 which may indicate homotypic 
gap junction channel formation (30). This is likely to be the pairing of Cx43 gap junctions from 
the CMs with native Cx43 in the case of CM-SMWT and to both native and overexpressed Cx43 
in the case of CM-SMCx43 cell-cell pairs (Fig. 8). 

DISCUSSION 

In the present study, we have generated a SM cell line stably overexpressing Cx43 and quantified 
the gap junctional conductance between SMs and CMs in vitro. We have shown that the 
overexpression of Cx43 enhanced the formation of active electrical communication and the 
steady-state conductance between these two cell types. There was a significant increase in gap 
junction formation and increases in both instantaneous and steady-state gap junctional 
conductance measured using dual whole-cell patch-clamp technique when Cx43 overexpressing 
SMs were used. The previous observation that connexin 43 overexpression has antiarrhythmic 
effects in cocultures (6) can therefore be explained by changes at the molecular and functional 
level leading to increased gap junctional conductance. 

Advantages of the present in vitro coculture system 

The in vitro model we have used in these experiments employs a relevant combination of cells to 
investigate the gap junctional formation and conductance. The use of adult cardiomyocytes in 
this coculture system is important because of the ability of differentiated adult cardiomyocytes to 
form gap junctions with SMs, rather than neonatal cells, is of relevance for practical applications. 
By using adult cardiomyocytes, we could also minimize the possible contamination of the cell 
preparations with fibroblasts, which are often found in neonatal cardiomyocyte cultures. 
Fibroblasts have been shown to form gap junctions with cardiomyocytes and allow for active 
conduction of electrical activity (31, 32). It has been shown that genetically modified fibroblasts 
can be excitable and capable of coupling with cardiomyocytes (33). For this purpose, the C2C12 
cell line, which does not contain fibroblasts from a primary skeletal source, was also used. 
Although the C2C12 cell line is not a viable candidate for cell transplantation, the cell line has 
been instrumental in allowing the tighter regulation of certain parameters in the experimental 
design. An accurate and known expression of Cx43 was important in our series of experiments. 
We were able to achieve this by stably overexpressing Cx43 using gene transfection and clonal 
selection. The choice of using myoblasts was lead by previous work in our lab that detailed the 
retrograde coronary infusion of skeletal myoblasts in vivo as a successful strategy to introduce 
cells into the myocardium (14). The transition and development of myoblasts into myotubes and 
their function in vivo after transplantation remains an important area of future research. 

Formation of gap junctions 

Previous studies using immunofluorescence techniques could not detect connectivity between 
CMs and SMs in vivo (8, 16). Similarly, in our experiments we were unable to detect gap 
junctions by immunofluorescence in CM-SMWT in vitro. Nonetheless, there were gap junctions 
present as the dual whole-cell patch-clamp technique determined a 22% connectivity between 



 

 

CM-SMWT in vitro. This could be explained by the more sensitive and quantitative assessment of 
gap junction formation using electrophysiological recording compared with imaging techniques 
alone. This finding is important when considering previously published data comparing in vivo 
and in vitro assessment of gap junction formation between SMs and CMs (8, 12). 

We have used the C2C12 cell line to establish a clonal cell line stably overexpressing Cx43 as this 
can provide a clear proof of principle. The Cx43-overexpressing cell line was found to have 
extensive vesicular Cx43 in the cytoplasm, indicating that the majority of the Cx43 was not 
forming gap junctions. However, the cells should have an increased capacity to form junctions 
when required. The overexpression is also likely to increase the amount of Cx43 in aggregates 
and in the degradation pathway, which accounts for the increased level of background on the 
Western blot of the Cx43-transfected cells. 

CMs were much larger in the z-plane than the SMs, which grew flat and beneath the CMs while 
in coculture. We were still able to achieve Gj measurements with electrophysiology and 
demonstrate gap junction labeling with immunoconfocal microscopy despite these different cell 
morphologies. This was observed even though the CMs and SMs were not aligned at the 
intercalated disk. 

Another observation from this study elucidated the isoform composition of the gap junctions 
between CMs and SMs by studying the current-voltage relationship of gap junctional 
conductance. Gap junction channels can close in response to changes in the voltage potential 
between cells. The voltage-dependent gating behavior can be associated with a unique 
“signature” for each type of gap junction channel (30, 34). In homotypic gap junction channel 
formation between cells, the current-voltage relationship is symmetric and S-shaped (35). For 
Cx43 homotypic gap junctions, there is a half-inactivation (V0) of about +55 mV (36). In our 
experiments, we have observed symmetry and a similar value for V0 (Table 1) indicating Cx43 
homotypic gap junction formation. 

Integration of skeletal myoblasts into host myocardium 

The ability of SMs to transdifferentiate into cardiomyocytes is controversial. Ott et al. (37) 
investigated the channel function of SMs in a cardiac environment. They found a down-
regulation of sodium, calcium, and potassium channels and concluded that the environment 
affected expression of the ion channels, they but were unable to find evidence of characteristic 
cardiac ion channels (37). In contrast, Horackova et al. (38) have shown that transplanted SMs 
can differentiate into myotubes that eventually form a cardiac phenotype. Whether the labeling 
of the cardiac-like cells is a result of fusion events or true transdifferentiation is questioned by 
Reinecke et al. (39) who found a fused skeletal-cardiac hybrid subpopulation. This subpopulation 
of cells expressed cardiac markers but has not been thoroughly investigated for function. 

Importantly, it has been proposed that direct cell-to-cell communication is necessary for the 
transdifferentiation of SMs into cells with a cardiac-like phenotype (40). In the study by Iijima et 
al. (40), coculture with spontaneously beating neonatal rat myocytes was essential for this 
differentiation to occur. It would be interesting to investigate whether increasing gap junction 
communication can result in an increase in transdifferentiation. 



 

 

There is a suggestion that the SMs need to differentiate into myotubes before they are able to 
integrate into the host myocardium (38) but there is evidence that transplanted SMs, when 
differentiated into excitable contractile myotubes, are functionally isolated from the host 
myocardium (8). Myotube expression of Cx43 is lower when compared with SMs, thus 
overexpression of Cx43 may be essential to promote gap junction channel formation (12). The 
timing of the overexpression of Cx43 may also be relevant for survival of SMs and 
differentiation into myotubes and the integration into the myocardium (9). 

Implications of overexpressing connexin43 in cell transplantation 

Increasing the gap junctional intercellular communication by Cx43 overexpression may be a 
useful strategy to improve the therapeutic effects of cell transplantation. With gene therapy able 
to provide enhanced gap junctional conductance between transplanted SMs and CMs, there is 
scope to further investigate the proposed benefits of this increased cell-to-cell communication. In 
the present study, we have shown that overexpressing Cx43 brings about enhanced gap junction 
formation and function in pairs of SMs and CMs. The gap junctions formed have normal 
properties. However, before these findings can find a practical application in cell transplantation 
to treat heart disease, a number of aspects require further investigation: first, more studies are 
required using primary SMs. Further, the electrical communication needs to be determined in 
multicellular preparations other than cell pairs; studies using multielectrode arrays or optical 
mapping should assess the tissue conductance at different levels of Cx43 overexpression. N-
cadherin, an important structural junction protein, could be modified with gene therapy in 
combination with Cx43 to further enhance intercellular connections. Gap junctional formation 
should also be assessed at different stages of differentiation, particularly involving skeletal 
myotubes. Finally, there is the need to establish whether using SMs overexpressing Cx43 can 
ameliorate arrhythmias or have a role in the transdifferentiation of SMs to a cardiac-like 
phenotype, and further studies in vivo are warranted. 

In conclusion, we have shown that it is possible to obtain functional enhancement of cell-to-cell 
communication between SMs and CMs by overexpressing Cx43. This finding can have 
important consequences for the future use of SMs in cell transplantation for the treatment of 
cardiac disease. 
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Table 1 
 
Boltzmann parameters for gap junction channels recorded in cell-cell pairs in coculture between CMs 
and either CM-SMWT or CM-SMCx43  
 
 CM-SMWT (n=12)  CM-SMCx43 (n=21) 

Parameter Vj (+) Vj (–)  Vj (+) Vj (–) 

V0 (mV) 69.0  ± 4.6  –76.0  ± 12.1   63.2  ± 9.6  –59.5  ± 9.3  

A (V-1) 0.133  ± 0.067  –0.089  ± 0.073   0.071  ± 0.034  –0.076  ± 0.058  

Gmin 0.38  ± 0.085  0.53  ± 0.186   0.45  ± 0.113  0.60  ± 0.099  

Gmax 0.95  ±  0.024  0.99  ± 0.050   0.95  ± 0.022  1.02  ± 0.076  

 
Voltage-dependent gap junction behavior was obtained by fitting the steady-state Gj at a range of activation voltages from –100 to +100 mV (Gj,ss–
Vj) with a two-way Boltzmann function. CMs, cardiomyocytes; CM-SMWT, wild-type skeletal myoblasts; CM-SMCx43, skeletal myoblasts 
overexpressing Cx43. Gmax, maximum conductance; Gmin, steady-state conductance at the end of the voltage protocol; V0 indicates Vj at halfway 
between Gmax and Gmin; A, voltage sensitivity. 

 
 
 
 



Fig. 1 
 

                                
Figure 1. A) Electrodes positioned above skeletal myoblasts (SM; left) and cardiomyocytes (CM; right) before dual whole 
cell patch clamp measurements to determine gap junctional conductance (Gj). B) Schematic of how Gj was determined: V1 
and V2 command voltages; Re1 and Re2 electrode resistances; Rs1 and Rs2 series resistances; Rm1 and Rm2 membrane 
resistances; Vm1 and Vm2 membrane voltages for cell 1 and cell 2, respectively, Vo voltage reference to ground [modified 
from Veenstra (28)]. 



Fig. 2 
 

 
 
Figure 2. A) Western blot showing the increased expression of Cx43 in the Cx43-transfected cell line (SMCx43) compared 
with the wild-type SMs (SMWT) and SMs overexpressing GFP (SMGFP). Cx43 is detected as three bands corresponding to 
the three different phosphorylation states of this connexin. Analysis gives at least a fivefold increase in expression of Cx43 
in skeletal myoblasts (SMCx43). B) Confocal micrograph showing Cx43 labeling (red) between neighboring SMCx43 cells, 
which also express eGFP (green). Arrows indicate substantial Cx43 labeling which is in contrast to the SMGFP (C) and 
SMWT (D) cells, which show very little Cx43 labeling occurring at the cell-cell borders. The gain on the red channel was 
increased to show the SMWT cells. The nuclei, stained with DAPI, show up as blue in the SMWT cells. Scale bars = 50 µm. 


