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Abstract
Cardiac connexin 43 (Cx43), Cx40 and Cx45 are co-expressed at distinct ratios in myocytes. This pattern is considered a key factor in regulating the gap junction channels composition, properties and function and remains poorly understood. 
This work aims to correlate gap junction function with the connexin composition of the channels at accurate ratios Cx43:Cx40 and Cx43:Cx45.
Rat Liver Epithelial cells that endogenously express Cx43 were stably transfected to induce expression of accurate levels of Cx40 or Cx45 that may be present in various areas of the heart (e.g. atria and ventricular conduction system). Induction of Cx40 does not increase the amounts of junctional connexins (Cx43 and Cx40) , whereas induction of Cx45 increases the amounts of junctional connexins (Cx43 and Cx45). Interestingly, the non-junctional fraction of Cx43 remains unaffected upon induction of Cx40 and Cx45. Co-immunoprecipitation studies show low level of Cx40/Cx43 heteromerisation and undetectable Cx45/Cx43 heteromerisation. Functional characterisation shows that induction of Cx40 and Cx45 decreases Lucifer Yellow transfer. Electrical coupling is decreased by Cx45 induction, whereas it is decreased at low induction of Cx40 and increased at high induction.
These data indicate a fine regulation of the gap junction channel make-up in function of the type and the ratio of co-expressed Cxs that specifically regulates chemical and electrical coupling. This reflects specific gap junction function in regulating impulse propagation in the healthy heart, and a pro-arrhythmic potential of connexin remodelling in the diseased heart.  
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Non-standard Abbreviations and Acronyms
Rat Liver Epithelial : RLE
Stable transfected cells for Cx40: ind40
Stable transfected cells for Cx45: ind45
Stable transfected cells for Green Fluorescent Protein: indGFP
Ponasterone A: PonA
Lucifer Yellow: LY
Connexins: Cxs
Connexin 43: Cx43
Connexin 45: Cx45
Connexin 40: Cx40
Gap junction channels: GJCs



1. Introduction
Gap junction channels (GJCs) directly link neighbouring cells enabling intercellular chemical and electrical coupling. A GJC consists of two docked hexameric connexons 1,2 composed of connexins (Cxs). In human, 21 Cxs genes have been identified and most tissues co-express more than one Cx type 3. Consequently different GJCs would be possible 4: connexons composed of one Cx isotype are referred to homomeric, and heteromeric when composed of different Cxs. When identical connexons pair, GJCs are termed homotypic while GJC formed by different connexons are called heterotypic. If two Cxs can freely assemble, 12 heteromeric and 2 homomeric connexons, and potentially 196 types of GJCs could be formed 4,5. This would predict a probability of 2/196 homomeric homotypic GJCs in a cell co-expressing two types of Cxs  4,5.
Cardiomyocytes co-express connexin 43 (Cx43), Cx40 and Cx45 in developmental and tissue specific patterns 6, which is hypothesized to determine the conduction patterns that govern the normal heart rhythm 7. In the diseased human heart and animal models of heart disease, alterations of Cxs localisation and expression (termed remodelling) is recognized as a major pro-arrhythmic contributor 6. For example, in the failing left ventricle Cx43 is heterogeneously reduced 6,8 whereas Cx45 is up-regulated 9, and in ischemic cardiomyopathy endocardial Cx40 is up-regulated 8. Similarly in atrial fibrillation alterations of Cx43 and Cx40 co-expression and distribution has been reported, however with inconsistent results (reviewed in 6,10,11). These changes are postulated to alter action potential propagation. 
To examine the compatibility of connexons made of Cx43, Cx45 and Cx40, transfected cell models have been studied. Whereas evidence of heterotypic Cx43/Cx45 GJCs was found 4,12–16, ambiguous results have been obtained for Cx43/Cx40 GJCs 7,13,14,16–19. Functional studies by double patch clamp suggest that the majority of GJCs are of mixed composition and that homomeric-homotypic GJCs are rare 4,12,13,15,20, which is in agreement with the theoretical considerations 4,5.  A limit of these cell models is the lack of control over the ratios of the co-expressed Cxs which likely affect the GJCs make-up. Furthermore double patch clamp on cell pairs represents a setting that does not exist in vivo or in cultured monolayers.
To gain more insight into the structural and functional consequences of Cx co-expression ratios, we engineered a rat liver epithelial cell line (RLE) with endogenous Cx43 expression that upon addition of ponasterone A expresses inducible levels of Cx45 or Cx40 21,22. With this system different accurate co-expression levels and ratios of Cx45:Cx43 and Cx40:Cx43 have been quantified and functional studies (dye transfer, electrical coupling) performed. At similar expression level of co-expressed Cx43/Cx40 and Cx43/Cx45, distinct junctional and non-junctional levels were found, and heteromeric connexons are formed in low (Cx43/Cx40) and undetectable amounts (Cx45/Cx43). Distinct electrical cell-cell coupling were observed: Cx43/Cx45 co-expression leads to a lower electrical coupling than non-induced cells, similar at each Cx45:Cx43 ratio, whereas the electrical coupling in Cx43/Cx40 co-expression depends on the level of induction of Cx40. Altogether our data suggest a distinct GJCs make-up in function of the type and the ratio of co-expressed Cxs. 


2. Materials and Methods

As suggested in the instructions for authors, a detailed materials and methods are described in the online supplement.

2.1. Culture and transfection
Rat Liver Eptihelial cells (RLE) were stably transfected to express the ecdysone transcription factors and to express a bi-cistronic mRNA coding for the native mouse Cx40 or Cx45 and the Hygromycin resistance. Detailed protocols for transfection and culture of RLE and the criteria used to select the clones (ind40, ind45 and indGFP) can be found in the online supplement. HL1-6 culture conditions are the same as described in 23,24. 
2.2. siRNA transfection
Transfection of siRNA to Cx43 (2 µM) was done by electroporation. The sequence used and electroporation parameters are detailed in the online supplement.
2.3. Sample preparation, western blotting and relative comparison of connexin expression 
Sample preparation, separation of the junctional from the non-junctional fraction using Triton X-100, immunoprecipitation are described in detail in the online supplement. 
To compare the relative amounts of Cx40, Cx43 and Cx45 we used lysates of HeLa cells transfected with the native Cxs and with our V5/6-His tagged Cxs 21,25,26. First, the tagged Cxs lysates were diluted to give equivalent reactivity with the anti-V5 antibody. Then the native Cx lysates were diluted to give equivalent reactivity to the tagged Cxs lysates with the specific anti Cxs antibodies directed against internal sequences of each Cx, anti Cx40 S15C (R83) 27, anti-Cx43  MAB3068, Chemicon and anti Cx45 Q14E (mab19-11-5) 28. These native Cxs lysates containing the same relative amounts of Cx40, Cx43 and Cx45 were then loaded into the gels used for relative quantification thereby allowing us to compare Cxs to each other, 100% representing the relative expression of Cx43 in ind40, ind45 and indGFP transfectants without induction. Although, the anti Cx40 S15C (R83) against the internal site was about 5 to 10 time less sensitive than the anti Cx40 (C20, Santa Cruz) that we used in our experiments, it was useful to calibrate the Cx40 lysate since, as expected, binding of the anti Cx40 (C20, Santa Cruz) directed against the C-terminus of Cx40 is affected by the presence of the C-terminal V5/6-His tag. 
2.4. Immunofluorescence labelling
Single and double labelling protocols and the antibodies used for these experiments are detailed in the on line supplement. 
2.5. Lucifer yellow dye transfer
Dye transfer experiments with Lucifer Yellow were done by scrape loading. Detailed procedure and quantification methods are described in the online supplement
2.6. Double patch clamp experiments
Electrical recordings were performed by applying the dual voltage clamp method on cell pairs as described in 4. Briefly a gradient of membrane potential Vj = 10 mV was applied between adjacent cells which permits to record the junctional current Ij that diffuses through the GJCs. The amplitude of Ij was measured and the junctional conductance Gj,0 was calculated in each experimental condition (non-induced and induced connexin expression). Details of the procedures, solution used and analysis are described in the online supplement.
2.7. Satistical analysis
Comparison of the quantities of total, junctional and non-junctional fraction for each Cx was done by one way ANOVA.


3. Results

3.1. Specific Cxs distribution  
RLE cells endogenously expressing Cx43 were maximally induced to express Cx40 or C45. Immunolabelling experiments show that Cx43 was homogenously distributed along the cell-cell interfaces (Figure 1A) as in the non-induced cells (not shown). Upon induction of Cx45 (ind45 cells; Figure 1A, top panels) and Cx40 (ind40 cells; Figure 1A, bottom panels) we observed a junctional co-localisation of the two Cxs, and a non-junctional Cx40 and Cx43 co-localisation consistent with the Golgi apparatus where Cx43 oligomerises before transfer to the plasma membrane 29 while the cytoplasmic Cx45 appears diffuse around the nuclei. This diffuse distribution is also observed in the co-culture ind45/indGFP experiment (Figure 1B, top left panel) and has never been observed without Cx45 induction (data not shown) or in the other transfectants (e.g. indGFP or ind40 cells – Fig1B) indicating a specific labelling of Cx45 accumulating in an undefined cytoplasmic compartment before transfer to the plasma membrane.
The compatibility between cells expressing only Cx43 (i.e. indGFP cells) and cells co-expressing Cx43+Cx45 or Cx43+Cx40 was examined by co-culturing both types of cells (Figure 1B). As seen on Figure 1B, Cx45 was present at the junctional membrane between the ind45 and indGFP (Figure 1B; top left panels) suggesting that, as already reported, Cx43 and Cx45 form heterotypic GJCs 4,7. However, Cx40 remains undetectable between ind40 cells and indGFP cell (Figure 1B; left bottom panels). This finding, in agreement with the studies of Elfgang et al 14,18, indicates that Cx40 even co-expressed with Cx43 docks poorly if at all with homomeric Cx43 GJCs. Conversely ind45 and ind40 display abundant Cx43 labelling between the two cell types (Figure 1B right panels). These data suggest that homomeric and/or heteromeric connexons made of Cx45 can dock with homomeric Cx43 connexons, but that homomeric or heteromeric connexons composed of Cx40 have a low affinity for homomeric Cx43 connexons and are undetectable by immunofluorescence 30. Therefore, the majority of GJCs between ind40 and indGFP cells are likely homomeric-homotypic Cx43. 

Figure 1 near here

3.2. Quantification of Cx co-expression 
To get more insight into the Cxs co-expression pattern in the inducible cells lines, we performed Triton X-100 solubilisation assay 31. Non-junctional Cxs that are not docked in gap junctions are Triton X-100 soluble, whereas the tightly packed junctional channels in the plasma membrane are resistant to the detergent.
Figure 2 illustrates the quantitative analysis 31 of Cx43+Cx45 and Cx43+Cx40 co-expression levels in ind45 and ind40 cell lines. The expression level of Cx43, Cx45 and Cx40 could be compared to each other and quantified using HeLa cells that contains equal amounts of Cx40, Cx43 and Cx45 verified using lysates of HeLa that express a V5 tagged version of these connexins (see detailed explanation of the procedure in the Materials and Methods section).  Upon increased induction (Figure 2A and 2B), the levels of Cx40 and Cx45 increase in a dose dependant manner with varying junctional and non-junctional fractions (Figure 2 C and D). Cx45 in ind45 was undetectable at 0.1µM PonA induction therefore the dose response curve does not start at 0. However, the ecdysone promoter was slightly “leaky” in ind40 and we could just detect some Cx40 without any induction.
At maximum induction, Cx45 reaches almost 150% of the endogenous Cx43 while Cx40 is about the same level (100%) as Cx43 in non-induced cells. However, the total level of Cx43 displays distinct changes in function of the type of Cxs co-expressed and the level of induction. In the ind45 cell line (Figure 2E), at low induction of Cx45, Cx43 displays a statistically non-significant (p> 0.05) but reproducible 25% increase that returned to control levels at high induction of Cx45. Interestingly, this affects only the junctional fraction while the non-junctional fraction remains unaffected. In the ind40 cell line (Figure 2F) induction of Cx40 leads to a statistically significant (p< 0.05) decrease of the level of Cx43 at each level of induction reaching about 25% reduction at maximum induction. Similarly to the ind45 cell line, these changes affect only the junctional fraction. 
The total Cx43 and Cx45 content increases ~2.4 fold at maximum induction while the total of Cx43 and Cx40 content increases ~1.8 fold (Figure 2 G and H, respectively). Both cell lines show a higher non-junctional fraction caused by the presence of the induced Cxs since the endogenous non-junctional Cx43 stay constant in both cell lines (Figure 2 G and H). However, while in ind45 the junctional fraction increases (Figure 2G), in ind40 the junctional fraction remains constant with a different ratio of Cx40:Cx43 for each level of induction owing to the reduced amounts of Cx43 in the junctional fraction upon increased induction and expression of Cx40. Taken together, these data indicate a specific regulation of Cxs co-expression levels and gap junction channel content in Cx43+Cx40 and Cx43+Cx45 expressing cells.  

Figure 2 near here

3.3. Quantification of Cxs heteromerization 
Next, we wanted to investigate how the differences in Cx expression pattern are translated into the molecular make-up of gap junction channels. Heteromerisation of Cx43 with Cx45 and Cx43 with Cx40 was quantified by co-immunoprecipitation of non-junctional and junctional fractions of ind45 and ind40 cell lysates. We observed that Cx43 is not pulled out by the Cx45 antibody, neither in the non-junctional nor in the junctional fractions (Figure 3A), suggesting that Cx43 and Cx45 do not form heteromeric connexons or at a level below the threshold of detection 30. However, the Cx40 antibody pulls out Cx43 both in the non-junctional and junctional fractions at 6±2.5% (SD, n=3) and 12.5±3.5% (SD, n=3), respectively (Figure 3B), indicative of the formation of Cx43/Cx40 heteromeric connexons. Experiments with the HL1-6 cell line 24 that derives from the original atrial myocytes cell line 23 and that expresses similar level of Cx40, Cx43 and low levels of Cx45 show the same pattern of co-immunoprecipitation as in ind40 and ind45 cell lines (Figure 3C) with a heteromerisation of 7±2.5% (SD, n=3) and 19±2% (SD, n=3) in the non-junctional and junctional fractions respectively and no detectable amount of heteromerisation with Cx45. It should be noted however that the level of Cx45 in these cells is below the detection by western blotting (in our hand therefore at least 20 times lower than Cx40 or Cx43) and heteromerisation between Cx45 and Cx43 and between Cx45 and Cx40 may have remained undetectable. As a control, immunoprecipitation of mixed HeLa cells lysates (Cx43+Cx40 and Cx43+Cx45) singly transfected with Cx43, Cx40 or Cx45 did not show co-immunoprecipitation of either Cx43 with Cx45 or Cx43 with Cx40, indicating that there is no exchange of Cxs between connexons in solution in our experimental condition (not shown). 

Figure 3 near here

3.4. Specific permeability in ind45 and ind40 cell lines 
In order to study the functional consequences of different Cxs expression patterns which suggest distinct makeup of the gap junction channels in co-expressing cells, we performed scrape loading Lucifer Yellow (LY) dye transfer to characterize the chemical intercellular communication (Figure 4). We observed that induction of both Cx40 and Cx45 lowers the dye transfer in a dose-dependent manner (Figure 4A, 4B and 4D). The reduction of dye spread in ind40 cells correlates with the decrease of endogenous Cx43 upon Cx40 induction (r2 =0.97), but not in the ind45 cells. This indicates distinct GJCs make-up after induction of Cxs. To test whether homomeric/homotypic Cx43 channels are the key determinant for the Lucifer Yellow dye transfer we reduced the endogenous Cx43 expression using siRNA resulting in about 70% inhibition of expression while levels of induced expression of Cx45 and Cx40 were not changed (Figure 4C). We observed that the LY transfer decreases ≈8 fold compared to non-induced cells (Figure 4D, lower panels), and stays constant at each level of induction (Figure 4A and 4B; dotted line). This indicates that mainly homomeric/homotypic Cx43 GJCs ensure LY transfer whereas the lower permeability of Cx45 or Cx40 GJC to LY 32,33 resulted in  undetectable dye transfer comparable to inhibition of junctional coupling by heptanol 34 using the low sensitivity scrape loading technique. 

Figure 4 near here

3.5. [bookmark: _Toc252087220][bookmark: _Toc257448928]Specific electrical cell-cell coupling with distinct Cxs expression patterns

In the heart, the main function of gap junctions is to mediate a direct electrical coupling that regulates the impulse propagation. We examined the consequences of different connexin expression patterns by double patch clamp electrical recordings on cell pairs (Figure 5A).  
Before induction ind45 (Figure 5B) and ind40 (Figure 5C) cell lines display a similar junctional conductance (Gj,0 - Table 1). Induction of Cx45 expression lowers Gj,0 similarly at each level of induction (Figure 5B), whereas low induction of Cx40 expression (Figure 5C) leads to lower Gj,0 and higher inductions increase it (Table 1). These distinct changes indicate that GJCs make-up is a function of the types and the ratio of co-expressed Cxs, which fits our biochemical characterization and LY dye transfer data. Such findings are determinant to the safe impulse propagation where different type and level of co-expressed Cxs in term of have been observed in the healthy and diseased heart 6.

Figure 5 near here


4. Discussion 
This study describes the biochemical and functional characterisation of transfected ind40 and ind45 Rat Liver Epithelial (RLE) cell lines that express accurate and homogeneous levels of co-expressed Cx43 + Cx40 and Cx43 + Cx45, respectively. Our data indicate that distinct Cxs co-expression results in distinct GJCs make-up and functional properties. This study provides useful insights in understanding the contribution of cardiac Cxs in regulating cardiac impulse propagation and the pro-arrhythmic substrates brought by changes of Cx sub-types expression levels.

Our co-culture experiments show a junctional co-localisation of Cx40 and Cx45 with Cx43 indicating normal trafficking of the transfected connexins. Co-expression of Cx40 and Cx43 does not increase compatibility of Cx40 connexons (homomeric or heteromeric) with homomeric Cx43 connexons as previously reported 14,18 although we occasionally observed very low levels of labelling for Cx40 at these interfaces when cells co-expressing Cx40 and Cx43 were surrounded by indGFP cells expressing Cx43 only. This likely explains why heterotypic Cx40/Cx43 GJCs can be poorly detected by double patch clamp 14,18 albeit in much lower amounts than their homomeric/homotypic counterparts 16,17,19. Taken together this indicates that in condition where Cx40 is abundantly expressed and has only Cx43 to dock with, some heterotypes may form. 

The 3 cell lines (ind40, ind45 and indGFP) were derived from a monoclonal RLE that expressed the ecdysone transcription factors, as a monoclonal cell line, Cx43 expression was very homogeneously expressed in both cell lines and with various culture densities (not shown). Since we were using a bi-cistronic mRNA that contain, in addition to Cx40 or Cx45 the hygromycin resistance and since cultures were maintained in selection medium constantly apart from just before the experiments to eliminate the cell that lose inducibility, our dose curve response and immunoprecipitation were virtually identical. Therefore, only 3 determinations were sufficient to quantify both the junctional Vs non-junctional fraction of the 3 Cxs and our immunoprecipitations. This is shown by the very small SD we obtained in both types of experiments indicating a very small dispersion of the data, and by the same intensity of GFP fluorescence observed in the indGFP cells (figure 1 D). Furthermore, even using only 3 determinations the ANOVA test indicated highly significant differences between each determinations obtained at various concentrations of PonA presented in figure 2 C, D, and the loss of junctional Cx43 presented in graph F. Other determination performed without the calibrated HeLa cell lysates were also found to be extremely reproducible but those did not permit comparison of Cxs quantities with each other and would not have permitted to produce graphs G and H. However we found that the 25% increase of Cx43 at low levels of Cx45 induction was not significant.

We found that Cx43 heteromerizes with Cx40 in about 12% in the junctional fraction and about 6% in the non-junctional fraction indicating likely that both proteins follow a similar trafficking pathway and that heteromerization occurs late in the trans Golgi network as shown for homomeric Cx43 connexons 35. The similar results obtained using the atrial myocyte cell line HL1-6 indicate that this heteromerisation does not depend on the RLE cell system but is rather an intrinsic properties of the Cxs subtype and is most likely the same in native atrial myocytes. However, even when Cx43 and Cx45 are co-expressed at similar levels no heteromerization can be detected either in the junctional or in the non-junctional fractions. Oligomerisation of Cxs is a highly regulated process that occurs during trafficking and that is specific for Cxs sub-classes (reviewed in 35). Indeed only two reports indicate convincingly that Cx43/Cx45 heteromers may form in cell model, i) 4 using HeLa cells co-transfected with Cx43 and Cx45 but no immunoprecipitation were performed and heteromerisation was infered from channels properties examined by double patch clamp and ii) 15 that uses transfected HeLa cells with 6His-tag Cxs to perform their precipitation. The presence of a 6His tag in C-terminal position may have affected this result.

In ind45 cells the junctional Cx43+Cx45 amounts increase about two fold and decrease the gap junction size at high level of induction 21. Interestingly, LY dye transfer diminishes in a dose dependant manner while electrical coupling is lowered to similar extent at all levels of induction. This confirms the functional contribution of Cx45 characterized by a lower unitary conductance and lower permeability to LY than Cx43 15,19,25,33,38, which seem to form larger amount of homomeric Cx45 connexons than heteromeric Cx45/Cx43 connexons as shown by our co-immunoprecipitation study. We speculate that homomeric Cx45 connexons have higher affinity for homomeric Cx43 connexons formed in indGFP cell line than for themselves favouring the formation of homomeric-heterotypic GJCs, which correlates with our dye transfer experiments. The identical lower electrical coupling at all levels of induction also fits this speculation since even at 0.5 PonA induction Cx45 expression is about 30 to 40% of the endogenous Cx43 and is likely large enough to form mostly heterotypes at the single cell-cell interface. 
On-going double patch clamp experiments at the single channel level should help resolve these speculations 36.

A different regulation occurs in ind40 cells where expression of Cx40 diminishes the junctional fraction of Cx43 only and therefore the junctional ratio Cx43:Cx40, without altering the gap junction size 21 and the amount of Cxs involved in gap junctions. The decrease of LY dye transfer by induction of Cx40 and after Cx43 siRNA knockdown, and the linear relationship between LY dye transfer and the amount of junctional Cx43 indicate that heteromeric Cx43/Cx40 GJCs do not seem to play an important role in the dye permeability and that homomeric-homotypic Cx43 GJCs mediate the dye transfer.
 
The low levels of heteromeric Cx40/Cx43 connexons do not seem to favour the compatibility with Cx43 homomers as seen in our co-culture experiments although our system is homogeneous in term of expression. This situation differs to the specialised areas of cardiac tissues where gradient of expression of Cx40, Cx45 and Cx43 are present that may favour the formation of heteromers when one Cxs is expressed at higher levels than the other.
The lower electrical coupling Gj,0 at low levels of Cx40 expression suggests either a lower contribution of homomeric-homotypic Cx43 GJCs while Cx40 GJCs are not – or poorly - contributing to the electrical coupling, or that Cx40/Cx43 heteromers GJCs of low junctional conductance and unitary conductance dominate the coupling 16,17,20 despite significantly higher amounts of junctional Cx43 than Cx40 (50% and 20%, respectively). Both hypothesises would mean that, at low levels of Cx40 expression homomeric-homotypic Cx40 GJCs of higher unitary conductance 25,39 do not play a significant role in the electrical coupling as their formation would favour an increase of Gj,0. In contrast, at higher induction of Cx40 the increase of Gj,0 but not LY dye transfer suggests either a higher formation of homomeric-homotypic Cx40 and Cx43 GJCs and/or lower amounts of heteromeric GJCs. This suggests that Cx40 regulates the amount and the type of GJCs in function of its own level of expression and that the heteromeric Cx40/Cx43 GJCs are functional but limit the coupling. On-going patch clamp experiments 37 and further experiments inhibiting Cx43 using siRNA will help assessing if different ratios Cx43:Cx40 favour the formation of heteromeric GJCs with low junctional conductance or if our findings are an intrinsic property of Cx40.

A curious finding is that any level of expression of Cx45 and Cx40 does not influence the level of non-junctional Cx43. This may be related to the numerous function of non-junctional Cx43 in regulating for example cell death and growth 40, migration 41 or its presence in the nucleus 42 suggestive of its involvement in gene regulation.  

5. Conclusion
Altogether our findings may reveal important implications in the regulation of the impulse propagation between cardiac regions that express different Cxs patterns, such as the sino-atrial node (Cx45 expression) and the atrial myocardium (Cx43≈Cx40>>Cx45 co-expression). Interestingly previous dual voltage clamp studies on primary culture of ventricular myocytes 12,43 that express high amount of Cx43 and low levels of Cx45 6,44 and atrial myocytes 13 that express high level of Cx40 and Cx43 and traces of Cx45 are mostly electrically coupled by mixed GJCs.
Our study allows a better understanding of the GJCs make-up, cell-cell coupling and function in cells that co-express precise Cx43 + Cx45 and Cx43 + Cx40 levels. 
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Figures Legends
Figure 1. Localisation of Cxs
A- Localisation of Cx43+Cx40 (top panels) and Cx43+Cx45 (bottom panels). Cx43 (green signal, left panels) is colocalised with Cx40 and Cx45 (red signal; middle panels) at the cell membrane (right panel: merged signals). Scale bar: 25 µm. B- Mixed cultures of ind40 (Cx40: red signal; Cx43: blue signal; top panels) and ind45 (Cx45: red signal; Cx43: blue signal; bottom panels) cell lines with indGFP cell line (green signal). The white boxes indicate representative examples for membrane interfaces. See text for more details. Scale bar: 50 µm. 
Figure 2. Junctional and non-junctional levels of co-expressed Cxs
A - B Characteristic Western blots of junctional (J; ), non-junctional (NJ; ) and total (T; ) Cxs levels in ind45 (A, Cx45 top panel; Cx43 bottom panel) and ind40 (B, Cx40 top panel; Cx43 bottom panel) cell lines. The levels of induction are indicated above the blots as concentration of PonA (µmol/L). C - H Quantitative analysis of the total level of Cx45 (C) and Cx43 (E) in ind45 cell line, of Cx40 (D) and Cx43 (F) in ind40 cell line, and of Cx45 + Cx43 (G) and Cx40 + Cx43 (H). Each graph shows the T, NJ and J fractions at different levels of induction. The 100% indicate the average level of Cx43 in the non-induced ind40, ind45 and indGFP (n=3, error bars=SD).
Figure 3. Quantification of heteromerization 
A - B Representative Western blot of co-immunoprecipitation study of Cx43 and Cx45 in ind45 cell line (A) and Cx43 and Cx40 in ind40 cell line (B). Total (T), unbound (UB) and bound (B) Cxs levels have been quantified for the non-junctional (NJ) and junctional (J) fractions. C- Co-immunoprecipitation study of Cx43, Cx40 and Cx45 in HL-1-6. Similar results to ind45 and ind40 cell lines are obtained (see text for more details). The lane Total Cx40 or Cx45 (T) was cut for presentation purposes but are coming from the same immunoreplica.
Figure 4. Lucifer yellow dye transfer
A - B Average dye transfer at different levels of induction in ind45 (A solid line) and ind40 (B solid line) cell lines, and after down-regulation of Cx43 expression (dotted line). C- Representative Western blots on ind45 (left panel) and ind40 (right panel) cell lines that show about 70% down regulation of Cx43 expression after siRNA transfection, relative to an electroporation control (EP). D- Lucifer Yellow dye spread (green signal) in non-induced ind45 (top left) and induced ind45 cells (top right). After transfection with Cx43 siRNA, dye transfer is reduced (bottom left) to an extent similar to treatment with heptanol (bottom right). Scale bar: 50µm 
Figure 5. Electrical junctional conductance Gj,0.
A- Scheme of cell pair and protocol used for electrical recordings. B - C Average Gj,0 in ind45 (B) and ind40 (C) cell lines before (black bar) and after induction at 0.5, 1 and 2 µmol/L of PonA. (see text for more details; (n) are indicated at the bottom of each column). Asterisks denote statistical differences (unpaired t-test, * p<0.05; *** p<0.0001).
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