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Abstract:



Atrial fibrillation (AF) is the most common form of cardiac arrhythmia. Recently, four novel heterozygous Cx40 mutations—K107R, L223M, Q236H, and I257L—were identified in 4 of 310 unrelated AF patients and a followup genetic analysis of the mutant carriers’ families showed that the mutants were present in all the affected members. To study possible alterations associated with these Cx40 mutants, including their cellular localization and gap junction (GJ) function, we expressed GFP-tagged and untagged mutants in connexin-deficient model cells. All four Cx40 mutants showed clustered localization at cell–cell junctions similar to that observed of wildtype Cx40. However, cell pairs expressing Cx40 Q236H, but not the other individual mutants, displayed a significantly lower GJ coupling conductance (Gj) than wildtype Cx40. Similarly, co-expression of Cx40 Q236H with Cx43 resulted in a significantly lower Gj. Transjunctional voltage-dependent gating (Vj gating) properties were also altered in the GJs formed by Q236H. Reduced GJ function and altered Vj gating may play a role in promoting the Q236H carriers to AF.
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1. Introduction


Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia affecting millions of people worldwide [1,2]. With an overall prevalence of 1%, AF increases with age, starting from 0.1% in individuals younger than 55 years and reaching 9% in those over 80 years [3]. AF prevalence is expected to increase substantially due to an aging population [3]. AF is characterized by a fast sporadic beating of the atria, which causes substantial morbidity including a much higher risk of stroke [2,4]. Often, AF exists as a secondary disease to a wide range of other diseases, such as hypertension, diabetes, and coronary artery disease [5]. However, AF is the primary disease in about 30% of AF patients who are categorized as AF with genetic predisposition [1,6,7]. This group of AF patients has been linked to multiple genetic mutations including genes encoding ion channels, such as potassium channels, sodium channels, and gap junction (GJ) channels [8,9,10,11,12,13,14].



GJ channels are composed of connexins. In humans, there are 21 different connexins and all of them share a similar topological structure of four transmembrane domains (M1–M4), two extracellular domains (E1 and E2), one cytoplasmic loop (CL), and both the amino terminus (NT) and carboxyl terminus (CT) lie within the cytoplasm [15,16]. Six connexins oligomerize to form a hemichannel (also known as connexon) that could function as a channel on the plasma membrane [17]. Two hemichannels from adjacent cells could dock head-to-head at their extracellular domains to form a GJ channel [18]. Human heart expresses three different types of connexins—Cx40, Cx43, and Cx45 [19,20]—allowing for the possible formation of homomeric or heteromeric hemichannels and homotypic or heterotypic GJ channels. Cx45 is dominantly expressed in the sinoatrial (SA) and atrioventricular (AV) nodes while Cx43 and Cx40 are both expressed in the atrial myocardium and are often found to be co-localized at the intercalated discs between atrial myocytes [21,22]. Cx43 is the main connexin in the ventricles [23]. A much lower level of Cx45 is expressed in the atria and ventricles [24]. These connexins form GJ channels between cardiomyocytes to mediate rapid propagation of action potentials (APs) in the heart [24,25].



The importance of Cx40 and Cx43 in the heart has been highlighted in animal models and genetic mutation studies. Mice with an ablation of Cx43 in the heart develop ventricular arrhythmias leading to sudden cardiac death [26]. An in vitro study using cultured atrial synthetic strands from Cx43-deficient mice showed a decrease in conduction velocity [27]. Moreover, an early onset of AF is associated with a somatic Cx43 mutant, which exhibits GJ impairment [28]. Interestingly, viral expression of the exogenous wildtype Cx43 in the atria was found to prevent AF in pig models [29,30]. For Cx40, earlier studies reported that mice lacking the Cx40 gene exhibit a slower action potential propagation [31,32] and are more susceptible to inducible atrial arrhythmias [32,33]. Recent studies reported an increased conduction velocity and a decrease in the conduction heterogeneity in Cx40 knockout mice or cells derived from these mice [27,34,35]. Furthermore, Cx40 promoter polymorphisms result in lower levels of Cx40 mRNA and have been linked to an early onset of AF [36]. Somatic and germline mutations within the coding regions of human Cx40 gene (GJA5) have been linked to AF patients and families [11,12,13,14]. A recent genetic study identified four novel germline mutants in GJA5 in four of 310 unrelated AF patients, resulting in heterozygous missense mutants in Cx40 protein: K107R, L223M, Q236H, and I257L [37]. Further testing on available relatives of the mutant carriers revealed that these mutants presented in all affected family members and were absent in 400 reference alleles [37]. Functional consequences of these AF-linked Cx40 mutants have not been studied. We hypothesize that these AF-linked Cx40 mutants impair GJ and/or hemichannel function, which may predispose the mutant carriers to AF.




2. Results


2.1. AF-Linked Cx40 Mutants Formed GJ Plaque-Like Structures at the Cell–Cell Interface


Expression of AF-linked Cx40 mutants (K107R, L223M, Q236H, and I257L, all tagged with YFP at the carboxyl terminus) was used to study their localization in live HeLa cells. As shown in Figure 1A, each of the mutants was localized in intracellular compartments and displayed GJ plaque-like clusters at the cell–cell interfaces similar to that of Cx40–YFP. The percentage of successful mutant-expressing cell pairs displaying GJ plaque-like structures at cell–cell interfaces was calculated and was found to be similar to that of cells expressing wildtype Cx40 (Figure 1B).


Figure 1. Localization of atrial fibrillation (AF)-linked Cx40 mutants. (A) Fluorescent images of HeLa cell clusters or pairs expressing YFP-tagged Cx40, K107R, L223M, Q236H, or I257L superimposed on their respective differential interference contrast (DIC) images. Cells expressing each of the AF-linked Cx40 mutants were able to form GJ plaque-like structures at the cell–cell interface similar to that of wildtype Cx40 (white arrows). Scale bars = 10 µm; (B) the bar graph summarizes the percentage of cell pairs showing GJ plaque-like structures at the cell–cell interface for each mutant. No statistical difference was observed between any of the mutants and wildtype Cx40. Approximately 100 positively-transfected cell pairs were examined for each transfection. The total number of transfections is indicated on each bar.



[image: Ijms 19 00977 g001a][image: Ijms 19 00977 g001b]







2.2. Coupling Conductance of GJs Formed by AF-Linked Mutants


Dual whole-cell patch clamp was used to study the functionality of untagged AF-linked Cx40 mutants in N2A cell pairs. Representative junctional currents (Ijs) of cell pairs expressing each of the Cx40 mutants and wildtype Cx40 are presented (Figure 2A). The averaged coupling percentage of each Cx40 mutant in several transfections, plotted as a bar graph, was not different from that of wildtype Cx40 (Figure 2B, p > 0.05 for each of the mutants). The coupling conductance (Gj) of cell pairs expressing K107R, L223M, or I257L was also not different from that of wildtype Cx40 (Figure 2C). However, a significant reduction in Gj was observed in cell pairs expressing Q236H (Figure 2C, p < 0.05).


Figure 2. Coupling percentage and Gj of AF-linked mutants. (A) Dual whole-cell patch clamp technique was used to measure junctional current (Ij) from N2A cell pairs expressing untagged Cx40, K107R, L223M, Q236H, or I257L at 20 mV Vj; (B) bar graph summarizes the coupling percentages of cell pairs expressing the AF-linked Cx40 mutants. No statistical difference was observed between each of the mutants and the wildtype Cx40. The number of transfections is indicated on each bar; (C) bar graph illustrates the coupling conductance (Gj) of coupled cell pairs expressing Cx40, K107R, L223M, Q236H, or I257L. Cell pairs expressing Q236H showed a significantly lower Gj than those of wildtype Cx40 (* p < 0.05). The number of cell pairs is indicated on each bar.
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2.3. Homotypic Cx40 Q236H GJs Showed an Altered Vj Gating


To investigate the transjunctional voltage-dependent gating (Vj gating) of AF-linked Cx40 mutants, we measured Ijs in cell pairs in response to a series of Vj pulses (±20 to ±100 mV, Figure 3A). The Ijs from cell pairs expressing untagged Cx40 mutant K107R, L233M, Q236H, or I257L showed similar symmetrical Vj-dependent deactivation (sometimes also called inactivation) when Vjs ≥ 40 mV (Figure 3). The normalized steady state conductance (Gj,ss) of each mutant (filled circles) or wildtype Cx40 (open grey circles) was plotted at different Vjs (Figure 3B). The smooth black lines are Boltzmann fitting curves for each of the mutants (Figure 3B). Boltzmann fittings of wildtype Cx40 (smooth grey dashed lines) are plotted and superimposed onto each mutant Gj,ss–Vj plot for comparison (Figure 3B). Compared to the wildtype Cx40, GJ channels formed by these mutants showed nearly identical Boltzmann fitting curves, except Q236H, which showed a significant reduction in V0 for both Vj polarities (Figure 3B, Table 1).


Figure 3. Vj gating of AF-linked mutant GJs. (A) Dual whole-cell patch clamp was used to measure Ijs in N2A cell pairs expressing Cx40, K107R, L223M, Q236H, or I257L in response to a series of Vj pulses as indicated. Superimposed Ijs for each mutant is shown; (B) normalized steady state junctional conductance, Gj,ss, of the Cx40 mutants (black filled circles) and wildtype Cx40 (grey open circles) were plotted at different Vjs. The Gj,ss–Vj plot of each mutant was fitted with a two-state Boltzmann equation at each Vj polarity (smooth black lines). Boltzmann fittings of Gj,ss–Vj plot of wildtype Cx40 (smooth grey dashed lines) were obtained and superimposed on each plot for comparison. The number of cell pairs is indicated.
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Table 1. Boltzmann fitting parameters for Vj gating of AF-linked mutants.



	
Cells Expressing

	
Vj Polarity

	
Gmin

	
V0 (mV)

	
A






	
Cx40

(n = 7)

	
+

	
0.25 ± 0.02

	
40.2 ± 1.4

	
0.15 ± 0.05




	
−

	
0.27 ± 0.02

	
42.9 ± 1.4

	
0.19 ± 0.07




	
K107R

(n = 5)

	
+

	
0.21 ± 0.03

	
38.6 ± 1.6

	
0.15 ± 0.05




	
−

	
0.23 ± 0.03

	
41.1 ± 1.9

	
0.15 ± 0.05




	
L223M

(n = 5)

	
+

	
0.24 ± 0.02

	
40.2± 1.0

	
0.20 ± 0.10




	
−

	
0.31 ± 0.03

	
43.2 ± 1.8

	
0.17 ± 0.06




	
Q236H

(n = 6)

	
+

	
0.20 ± 0.02

	
33.3 ± 1.7 *,1

	
0.19 ± 0.04




	
−

	
0.24 ± 0.02

	
35.2 ± 2.0 *

	
0.15 ± 0.04




	
I257L

(n = 5)

	
+

	
0.24 ± 0.03

	
40.9 ± 2.2

	
0.12 ± 0.03




	
−

	
0.24 ± 0.03

	
43.4 ± 2.2

	
0.17 ± 0.08








1 One-way ANOVA followed by Tukey post-hoc test was used to compare the Boltzmann fitting parameters of each mutant and wildtype Cx40 at the corresponding Vj polarity. GJ channels formed by the mutant Q236H showed a significantly lower V0 for both Vj polarities than those of wildtype Cx40 (* p < 0.05).








To analyze Vj-gating kinetics, we fitted the Ij deactivation by a single exponential process at Vjs of ±60 to ±100 mV. As shown in Figure 4A, Ij deactivation of wildtype Cx40 GJs fitted well with a single exponential process (with a time constant, τ) at each of the tested Vjs (Figure 4A). The averaged time constants (τs) showed a decrease with the increase of Vjs (Figure 4B, open grey circles). The Ij deactivations of the GJs formed by AF-linked mutants could be fitted by a single exponential process and the τ–Vj plots were not statistically different from those of wildtype Cx40 GJs (filled black circles), except Q236H GJ that showed consistently lower τs at all tested Vjs (Figure 4B, p < 0.05).


Figure 4. Vj-gating kinetics of AF-linked Cx40 mutants. (A) Ijs induced at different Vjs (60 mV light grey, 80 mV medium grey, 100 mV dark grey) were normalized and superimposed for each of the mutant or Cx40 GJs. Ij deactivations under different Vjs were all fitted well with a single exponential process (smooth black lines); (B) The time constants (τs) were plotted on a semi logarithmic scale against different Vjs. When the Vjs increased, the averaged τs of the mutant GJs (black filled circles) decreased similar to those observed for the wildtype Cx40 (grey open circles). No consistent statistical difference was found between most of the mutant τs and the τs of wildtype Cx40, except the τs of Q236H was consistently lower than those of wildtype Cx40 (two-way ANOVA). The number of cell pairs are indicated.
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2.4. Co-Expression of AF-Linked Mutants with Cx43


To investigate if AF-linked Cx40 mutants had a trans-dominant negative effect on wildtype Cx43, each of the mutants was co-expressed with Cx43 (with an untagged DsRed). Cell pairs successfully expressing both connexins were selected for dual whole-cell patch clamp. Cell pairs successfully co-expressing K107R:Cx43, L223M:Cx43, or I257L:Cx43 showed coupling percentages and Gjs that were not statistically different from those of wildtype Cx40:Cx43 (Figure 5B,C). The coupling percentage of Q236H:Cx43 was also not statistically different from that of wildtype Cx40:Cx43. However, the Gj of cell pairs co-expressing Q236H:Cx43 was significantly lower than that of wildtype Cx40:Cx43 (Figure 5C, p < 0.05).


Figure 5. Coupling percentage and Gj of co-expressing AF-linked mutants with wildtype Cx43. (A) Representative Ijs are shown from N2A cell pairs co-expressing Cx40, K107R, L223M, Q236H, or I257L (with an untagged reporter GFP) with wildtype Cx43 (with an untagged reporter DsRed); (B) bar graph illustrates coupling percentages of N2A cell pairs expressing each combination. The number of transfections is indicated; (C) bar graph illustrates the Gj of cell pairs co-expressing one of the Cx40 mutants (K107R, L223M, Q236H, or I257L) with Cx43. The Gj of cell pairs co-expressing Q236H:Cx43 was significantly lower than that of wildtype Cx40:Cx43 (* p < 0.05). The number of cell pairs is indicated.
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2.5. Function of Heterotypic Mutant/Cx40 GJ Channels


The above results showed that Cx40 Q236H had a significantly lower Gjs than wildtype Cx40 when expressed alone or co-expressed with Cx43. To further test whether Q236H could affect the function of heterotypic Q236H/Cx40 GJs, we mixed cells expressing Q236H (with untagged GFP) with cells expressing Cx40 (with untagged DsRed) and performed dual patch clamp on heterotypic cell pairs (one GFP+ and the other DsRed+, Figure 6A). The coupling percentages and Gjs of heterotypic Q236H/Cx40 cell pairs were not statistically different from those of the control (Cx40/Cx40, Figure 6B,C). Similar results were also obtained for L223M (Figure 6).


Figure 6. Functional test on heterotypic mutant/Cx40 GJs. (A) Ijs were obtained from heterotypic Q236H/Cx40, L223M/Cx40, or Cx40/Cx40 (in all cases with untagged GFP or DsRed, respectively) N2A cell pairs; (B) Bar graph summarizes the coupling percentages of heterotypic cell pairs. No statistical difference was found between the coupling percentage of any of the mutant heterotypic GJs and that of Cx40/Cx40 GJs. The number of transfections is indicated; (C) Gjs of cell pairs expressing L223M/Cx40 or Q236H/Cx40 were not statistically different from those of Cx40/Cx40. The number of cell pairs is indicated.
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2.6. Propidium Iodide Uptake by AF-Linked Cx40 Mutant-Expressing Cells


Propidium iodide (PI) uptake assay was used to investigate the hemichannel function of AF-linked Cx40 mutants as elevated PI uptake was observed in AF-linked Cx40 mutants, including L221I [38,39]. Figure 7A shows the fluorescent images of individual HeLa cells expressing GFP alone, Cx40, or one of the mutants (L221I, K107R, L223M, Q236H, or I257L) in divalent cation-free solution. The percentage of individual cells showing PI uptake in cells expressing K107R, L223M, Q236H or I257L was not significantly different from either the wildtype Cx40 or the negative control (expressing GFP alone) but was statistically lower than the positive control L221I (69%, p < 0.001) (Figure 7B). These results suggest that the Cx40 mutants and the wildtype Cx40 failed to show PI uptake in divalent cation-free solution.


Figure 7. Propidium iodide uptake of AF-linked Cx40 mutants. (A) HeLa cells transfected with Cx40 mutants, empty vector GFP, or Cx40 are shown: column 1 (under DIC), column 2 (GFP fluorescence to show successful expression of respective vector), column 3 (propidium iodide [PI] uptake in red), column 4 (an overlay of images of column2 and 3). Only cells expressing L221I showed PI uptake. The scale bar = 50 μm; (B) bar graph summarizes PI uptake percentage of isolated individual cells expressing Cx40 mutants, Cx40, or GFP. PI uptake percentage for each of the AF-linked mutants was not statistically different from that of wildtype Cx40 or the empty vector (GFP), except L221I (*** p < 0.001). The number transfection is indicated with observations of over 60 isolated cells for each transfection.
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3. Discussion


In this study, we examined morphological and functional characteristics of four recently identified AF-linked Cx40 mutations (K107R, L223M, Q236H and I257L) in vitro. Our localization experiments showed that YFP-tagged K107R, L223M, Q236H, and I257L were able to form GJ plaque-like structures at the cell–cell interface in HeLa cells, similar to that of wildtype Cx40. PI uptake by each of these mutant (untagged)-expressing cells showed no significant increase from that of Cx40, indicating no increase in hemichannel activity in any of the mutant-expressing cells. Dual patch clamp experiments revealed that the Cx40 mutants (K107R, L223M, and I257L) showed no apparent change in coupling conductance (Gj) when expressed alone or together with Cx43. The GJs formed by each of these mutants also failed to show any obvious change in the Vj gating properties. In contrast, Q236H GJs exhibited a significantly reduced Gj when expressed alone or together with Cx43. In addition, Q236H GJs also showed altered Vj gating, specifically a reduction in the Vj required to close the channel (V0) and an increase in Vj-gating kinetics. These defects associated with Q236H might play a role in the pathogenesis of AF in the mutant carriers.



3.1. AF-Linked Cx40 Mutants Showed Multiple Defects in GJ or Hemichannel Function


So far, a total of ten germlines and three somatic mutations in the coding region of the GJA5 gene (encoding Cx40) have been identified in AF patients with genetic predisposition [11,12,13,14,37,40]. In vitro studies on these AF-linked Cx40 mutants have revealed that these mutants display either a loss of GJ function or a gain of hemichannel function. The detailed molecular and cellular mechanisms leading to GJ or hemichannel functional changes appear to be quite different. (1) A Cx40 missense mutation P88S failed to localize to cell–cell interfaces to form GJ plaque-like structures [11]. Similarly, a nonsense Cx40 mutation (Q49X) was found to be retained in the endoplasmic reticulum and unable to reach cell–cell junctions [41]. Functional impairment of GJs in these two mutants were anticipated and confirmed experimentally, but interestingly both mutants showed dominant negative and transdominant negative actions on GJ function when co-expressed with wildtype Cx40 or Cx43, respectively [11,41]. (2) Other AF-linked Cx40 missense mutants (G38D, I75F, V85I, A96S, M163V, L221I, L229M) and those in the present study (K107R, L223M, Q236H, and I257L) showed GJ plaques at the cell–cell interfaces [11,14,38,39]. However, eliminated or significantly reduced macroscopic coupling conductance (Gj) was observed in G38D, I75F, A96S, and Q236H GJs, probably due to impairment at the GJ channel [11,42]. Some of the mutants in this category were also found to show dominant negative action on Cx40 (I75F and A96S) and/or transdominant negative action on Cx43 (I75F, A96S, L229M, and Q236H) [11,42]. Although some isolated disagreements on the Gj levels of G38D and A96S GJs have been reported [39,43], the majority of these studies agree on the GJ functional impairments in most of the AF-linked Cx40 mutants [11,14,39,41,43]. (3) Detailed characterizations of mutant-containing GJ channels revealed additional defects, including reduced Gj of heterotypic mutant/wildtype GJs, altered Vj gating properties of homotypic (G38D, A96S, M163V, Q236H) or heterotypic (I75F/Cx40, A96S/Cx40) Vj gating properties, a substantially reduced open probability without changing unitary channel conductance (I75F), or elevated unitary channel conductance (G38D and M163V) [14,39,42,43]. (4) Only a limited number of AF-linked mutants (G38D, M163V, and A96S) have been studied for GJ permeability changes but significant permeability change to anionic dye (Lucifer yellow) or cationic dye (ethidium bromide) was observed [43]. (5) The PI uptake assay was used to study hemichannel function in isolated cells expressing AF-linked mutants. Among the tested Cx40 mutants, only V85I- and L221I-expressing cells showed an elevated PI uptake compared to that of wildtype Cx40, indicating a gain of hemichannel function in these mutants [38]. Patch clamp on cells expressing Cx40 G38D showed unitary hemichannel currents [39]. Similar elevated hemichannel function was also observed in a few other disease-linked mutants in Cx26, Cx43, and Cx50 [44,45,46,47].




3.2. AF-Linked Cx40 Mutants and Their Possible Role in AF Pathogenesis


As discussed above, there is a variety of molecular/cellular changes associated with AF-linked Cx40 mutants. Whether these molecular/cellular changes play a role in the pathogenesis of AF is not clear. Several theoretical possibilities exist. First, a reduced macroscopic coupling conductance (Gj) of AF-linked Cx40 mutants due to either an impaired localization or GJ channel function is known to reduce the action potential conduction velocity [48,49], which could be an important contributing factor in promoting re-entrant atrial arrhythmias [50]. Consistent with this model, about half of AF-linked Cx40 mutants identified so far have shown Gj reduction not only in the mutant GJs but also when they are co-expressed with wildtype Cx40 and/or Cx43 [51]. Our present study showed that Cx40 Q236H also reduced Gj when expressed alone and together with Cx43. We did not perform co-expression of this mutant with wildtype Cx40 because our untagged Cx40 construct (Cx40-IRES-DsRed) had a very low transfection efficiency. Second, enhanced Vj gating by lower Vjs and faster gating kinetics by Cx40 mutants could also dynamically down-regulate Gj when sufficient junctional delays exist [52,53]. Cx40 showed a pronounced Vj gating with a minimum conductance level reaching a quarter of the maximum Gj [54,55]. A reduction in the Boltzmann fitting parameter, V0, and faster Vj-dependent deactivation kinetics of Q236H mutant GJs predict an increased Vj gating when sufficient junctional delay exists. It is not clear whether Vj gating of Cx40 or Q236H GJs could dynamically down-regulate Gj as observed for Cx45 GJs [56]. Third, AF-linked Cx40 mutants have been shown to alter their GJ permeability [43], which could alter intercellular exchanges of small signaling molecules, including second messengers. This altered permeability of GJs could restrict/enhance signaling molecules necessary for intercellular communication between atrial myocytes, which might be important for atrial function. Fourth, three of the AF-linked mutants showed elevated PI uptake and/or hemichannel current, indicating enhanced hemichannel activity under reduced divalent cations in the extracellular medium [38,39]. Physiological and/or pathological stresses, such as large repetitive membrane depolarizations, mechanical stretch, reduced extracellular divalent cations, reduced oxygen/glucose during ischemia, have all been shown to enhance several other connexin hemichannels. Whether these stress factors also promote the opening of Cx40 hemichannel remains to be determined. In summary, it is not clear how these defects in Cx40 mutants in model cells link to the pathogenesis of AF in the mutant carriers. Among the changes associated with AF-linked Cx40 mutants, the most consistent is a reduced or eliminated GJ coupling (Gj) in different possible atrial GJs. At present, we cannot rule out other changes, such as biosynthesis, and turnover of the mutant Cx40 protein may also change the abundance and function of Cx40 at the intercalated discs, which may need genetically modified animal models to assess fully.




3.3. AF-Linked Cx40 Mutants without Apparent Defects In Vitro


In our present study, we did not detect any obvious defects in GJ distribution, function, or hemichannel activities in three out of four AF-linked Cx40 mutants (K107R, L223M, and I257L). It is not clear how these mutants relate to AF. Here are some possibilities. (1) These mutants are located in the CL (K107R), M4 (L223M), and CT (I257L) domains of Cx40. The CL and CT domains of Cx40 show a lot more residue variation in different vertebrate species than the E1, E2, and M1–4 domains. Following this general trend, the conservation percentage at these residue positions in Cx40 are L223 (in M4 domain) 85%, K107 (in CL domain) 74%, and I257 (in CT domain) 28% across 47 different species (accessible online: https://omabrowser.org/oma/home/ OMA Group 752281). It is possible that one or more of these mutants are benign mutants that do not necessarily play a role in promoting AF, especially at the least conserved position, I257. (2) Both of our model cells, HeLa and N2A cells, are convenient model systems to study localization, function of GJs, and hemichannels. They are GJ deficient, easily transfected with connexin mutant constructs, and easily accessible for morphological, dual patch clamp, or dye-uptake experiments. However, these cells are not cardiomyocytes and may not recapitulate all aspects of GJs at the intercalated discs of cardiomyocytes and, therefore, some defects might go undetected. Future studies on cell models that are closer to atrial myocytes will likely help to resolve the role of these Cx40 mutants linking to AF. (3) We have good rationales to focus our study on the morphology and functional changes in GJs and hemichannel activities. However, there are other unconventional functions of connexins, including but not limited to aggregation of protein complexes at the cell–cell junctions, adhesion, cell growth control, and differentiation, etc., that require specific biological assays to evaluate.




3.4. Other AF-Linked Genetic Factors


It is well known that genetic factors play a role in AF. A lot of research is focused on genes responsible for inherited AF cases as these genes are putative independent AF risk factors [7,57]. The first genetic mutation linked to familial AF was identified in the KCNQ1 gene, which encodes a potassium channel subunit [9]. Since then, more AF-linked mutations in different potassium channel subunits have been identified and are now extended into genes encoding sodium channels, transcription factors, Ca2+ handling proteins, nucleoporins, and atrial natriuretic peptide [8,58]. Our present study is consistent with several previous studies showing that atrial GJ impairments represent an independent risk factor for AF [11,14,28,38,40,41,51].





4. Materials and Methods


4.1. Plasmid Construction


The C-terminal fusion fluorescent protein tagged human Cx40-YFP and the untagged constructs (Cx40-IRES-GFP, Cx43-IRES-DsRed, Cx40-IRES-DsRed) were created as previously described [14,59]. The novel AF-linked tagged and untagged Cx40 mutants were generated by site-directed mutagenesis on the corresponding tagged/untagged Cx40 as templates with the following primers.









	K107R
	Forward: 5′ CAGGAGAAGCGCAGGCTACGGGAGGCC 3′



	
	Reverse: 5′ GGCCTCCCGTAGCCTGCGCTTCTCCTG 3′



	L223M
	Forward: 5′ CTCCTCCTTAGCATGGCTGAACTCT 3′



	
	Reverse: 5′ AGAGTTCAGCCATGCTAAGGAGG 3′



	I257L
	Forward: 5′ CCCTCTGTGGGCCTAGTCCAGAGCTGC3′



	
	Reverse: 5′ GCAGCTCTGGACTAGGCCCACAGAGGG3′



	Q236H
	Forward: 5′ GGAAGAAGATCAGACACCGATTTGTCAAACC3′



	
	Reverse: 5′ GGTTTGACAAATCGGTGTCTGATCTTCTTCC3′






All these Cx40 mutant constructs were sequenced to confirm the accuracy of the nucleotide sequence.




4.2. Cell Culture and Transfection


Connexin-deficient mouse neuroblastoma (N2A) and human cervical carcinoma (HeLa) cells (American Type Culture Collection, Manassas, VA, USA) were cultured at 37 °C with 5% CO2. Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Cat# 10313-021, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum, 1% penicillin, 1% streptomycin, 4.5 g/L d-(+)-glucose, 584 mg/L l-glutamine, and 110 mg/L sodium pyruvate. Twenty-four hours before cell transfection, N2A or HeLa cells were replated into a 35-mm dish at 60% confluency. Transfection was performed the next day by adding 0.8–1 μg of DNA with 2 μL of the transfection reagent X-tremeGENE HP DNA (Roche Applied Sciences, Indianapolis, IN, USA). To assess the effect of Cx40 mutants on wildtype Cx43, N2A cells were transfected in a 1:1 ratio of Cx40 mutants-IRES-GFP and Cx43-IRES-DsRed. Cell pairs successfully co-expressing both GFP and DsRed were selected for measuring coupling conductance with dual whole-cell patch clamp (see below).




4.3. Localization


HeLa cells were transiently transfected with YFP-tagged Cx40 mutants. One day after transfection, cells were replated on 10 mm glass coverslips and incubated overnight. The number of successfully transfected cell pairs forming GJ plaque-like structures at the cell–cell interface were counted. A confocal microscope (Zeiss LSM800 with Airyscan) (Zeiss, Oberkochen, Germany) was used to observe mutant-YFP and wildtype Cx40-YFP localizations as described earlier [59].




4.4. Electrophysiology


On the experimental day, transfected N2A cells were replated onto glass coverslips and incubated for 1.5 to 3 h. Coverslips with cells were transferred into a recording chamber and bathed in extracellular solution (ECS) containing 135 mM NaCl, 5 mM KCl, 10 mM Hepes, 1 mM MgCl2, 2 mM CaCl2, 1 mM BaCl2, 2 mM CsCl, 2 mM Na Pyruvate, and 5 mM d-glucose with pH and osmolarity of 7.4 and 310–320 mOsm, respectively. The recording chamber was placed on an upright fluorescent microscope (BX51WI, Olympus, Center Valley, PA, USA) to visualize reporter (GFP)-positive cell pairs. Patch pipette was filled with intracellular solution (ICS) containing 130 mM CsCl, 10 mM EGTA, 0.5 mM CaCl2, 4 mM Na2ATP, and 10 mM Hepes with pH 7.2 and osmolarity of 290–300 mOsm. Dual whole-cell patch clamp technique was performed on isolated cell pairs expressing the Cx40 mutant. Initially, cell pairs were both voltage clamped at 0 mV. Then, a 20 mV voltage pulse was applied to one of the cell pairs (pulsing cell) while keeping the other clamped at 0 mV (the recording cell). If functional GJ channels exist between the cell pairs then a transjunctional current (Ij) can be measured at the recording cell via MultiClamp 700A (Molecular Devices, Sunnyvale, CA, USA) and stored in a PC via an AD/DA interface (Digidata 1322A) and pClamp9.2 software (Molecular Devices, Sunnyvale, CA, USA). Gj was calculated (Gj = Ij/Vj). Vj gating properties were studied by applying a series of voltage pulses (±20 to ±100 mV in 20 mV increment) as described in our previous studies [14,56].




4.5. Dye Uptake Assay


AF-linked Cx40 mutants hemichannel function were assessed using propidium iodide (PI) uptake assay. HeLa cells were transiently transfected with each of the Cx40 mutants in an IRES-GFP vector [38]. We used a previously characterized AF-linked Cx40 mutant L221I-IRES-GFP as the positive control and empty IRES-GFP vector as the negative control for these experiments [38]. Divalent cation containing extracellular solution (DCC-ECS) was composed of 142 mM NaCl, 5.4 mM KCl, 1.4 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 25 mM d-(+)-glucose adjusted to pH 7.35 and osmolarity of ~298 mOsm. HeLa cells were incubated in a divalent cation-free extracellular solution (DCF-ECS) containing PI (150 μM). Removal of both Ca2+ and Mg2+ ions, as well as including EGTA (2 mM) in the DCF-ECS, were used to facilitate PI uptake via GJ hemichannels. After incubation at 37 °C for 15 min, cells were washed three times with DCC-ECS at room temperature prior to observation with a fluorescent microscope (DMIRE2, Leica, Cridersville, OH, USA). The number of transfected HeLa cells with or without PI uptake was counted and the percentage of cells with PI uptake was calculated. Only isolated individual HeLa cells were counted to prevent errors caused by GJ channels in cell clusters.




4.6. Data Analysis


Mann–Whitney U test was used to compare each of the mutants against wildtype Cx40 for the percentage of cell pairs with morphological GJ plaques, the coupling percentage and conductance (Gj) using dual patch clamp, and the percentage of cells displaying PI uptake for the hemichannel study. One-way ANOVA followed by Tukey post-hoc test was used to compare the Boltzmann fitting parameters of each mutant and wildtype Cx40 at the corresponding Vj polarity. Statistical significance is denoted with different levels of significance (* p < 0.05; ** p < 0.01; or *** p < 0.001).





5. Conclusions


In summary, our results indicate that the AF-linked Cx40 Q236H mutation exhibited GJ function impairment by reducing the overall Gj when expressed alone or with the wildtype Cx43, and altered Vj-gating kinetics and the V0, which might play a role in AF pathogenesis. The other mutants—K107R, L223M, and I257L—did not exhibit any apparent GJ or hemichannel functional impairments in our cell models.







Acknowledgments


This work was supported by the Heart and Stroke Foundation of Canada (G-13-0003066 to Donglin Bai) and the Canadian Institutes of Health Research (153415 to Donglin Bai).




Author Contributions


Mahmoud Noureldin conceived, designed, and performed all patch clamp experiments and analyzed the data and wrote an early draft of the manuscript; Honghong Chen designed and generated all the AF-linked Cx40 mutants and designed and performed some localization experiments; Donglin Bai designed the project, supervised data analysis, provided funding support and critically revised the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	Cx40
	connexin40



	Gj,ss
	normalized steady-state junction conductance



	Ij
	macroscopic junctional current



	Vj
	transjunctional voltage







References


	1. 
Fuster, V.; Ryden, L.E.; Cannom, D.S.; Crijns, H.J.; Curtis, A.B.; Ellenbogen, K.A.; Halperin, J.L.; Kay, G.N.; Le Huezey, J.Y.; Lowe, J.E.; et al. 2011 ACCF/AHA/HRS focused updates incorporated into the ACC/AHA/ESC 2006 Guidelines for the management of patients with atrial fibrillation: A report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines developed in partnership with the European Society of Cardiology and in collaboration with the European Heart Rhythm Association and the Heart Rhythm Society. J. Am. Coll. Cardiol. 2011, 57, e101–e198. [Google Scholar] [PubMed]

	2. 
Wakili, R.; Voigt, N.; Kaab, S.; Dobrev, D.; Nattel, S. Recent advances in the molecular pathophysiology of atrial fibrillation. J. Clin. Investig. 2011, 121, 2955–2968. [Google Scholar] [CrossRef] [PubMed]

	3. 
Go, A.S.; Hylek, E.M.; Phillips, K.A.; Chang, Y.; Henault, L.E.; Selby, J.V.; Singer, D.E. Prevalence of diagnosed atrial fibrillation in adults: National implications for rhythm management and stroke prevention: The AnTicoagulation and Risk Factors in Atrial Fibrillation (ATRIA) Study. JAMA 2001, 285, 2370–2375. [Google Scholar] [CrossRef] [PubMed]

	4. 
Wolf, P.A.; Abbott, R.D.; Kannel, W.B. Atrial fibrillation as an independent risk factor for stroke: The Framingham Study. Stroke 1991, 22, 983–988. [Google Scholar] [CrossRef] [PubMed]

	5. 
Saffitz, J.E.; Corradi, D. The electrical heart: 25 years of discovery in cardiac electrophysiology, arrhythmias and sudden death. Cardiovasc. Pathol. 2016, 25, 149–157. [Google Scholar] [CrossRef] [PubMed]

	6. 
Levy, S.; Maarek, M.; Coumel, P.; Guize, L.; Lekieffre, J.; Medvedowsky, J.L.; Sebaoun, A. Characterization of different subsets of atrial fibrillation in general practice in France: The ALFA study. The College of French Cardiologists. Circulation 1999, 99, 3028–3035. [Google Scholar] [CrossRef] [PubMed]

	7. 
Fox, C.S.; Parise, H.; D’Agostino, R.B., Sr.; Lloyd-Jones, D.M.; Vasan, R.S.; Wang, T.J.; Levy, D.; Wolf, P.A.; Benjamin, E.J. Parental atrial fibrillation as a risk factor for atrial fibrillation in offspring. JAMA 2004, 291, 2851–2855. [Google Scholar] [CrossRef] [PubMed]

	8. 
Xiao, J.; Liang, D.; Chen, Y.H. The genetics of atrial fibrillation: From the bench to the bedside. Annu. Rev. Genom. Hum. Genet. 2011, 12, 73–96. [Google Scholar] [CrossRef] [PubMed]

	9. 
Chen, Y.H.; Xu, S.J.; Bendahhou, S.; Wang, X.L.; Wang, Y.; Xu, W.Y.; Jin, H.W.; Sun, H.; Su, X.Y.; Zhuang, Q.N.; et al. KCNQ1 gain-of-function mutation in familial atrial fibrillation. Science 2003, 299, 251–254. [Google Scholar] [CrossRef] [PubMed]

	10. 
Makiyama, T.; Akao, M.; Shizuta, S.; Doi, T.; Nishiyama, K.; Oka, Y.; Ohno, S.; Nishio, Y.; Tsuji, K.; Itoh, H.; et al. A novel SCN5A gain-of-function mutation M1875T associated with familial atrial fibrillation. J. Am. Coll. Cardiol. 2008, 52, 1326–1334. [Google Scholar] [CrossRef] [PubMed]

	11. 
Gollob, M.H.; Jones, D.L.; Krahn, A.D.; Danis, L.; Gong, X.Q.; Shao, Q.; Liu, X.; Veinot, J.P.; Tang, A.S.; Stewart, A.F.; et al. Somatic mutations in the connexin 40 gene (GJA5) in atrial fibrillation. N. Engl. J. Med. 2006, 354, 2677–2688. [Google Scholar] [CrossRef] [PubMed]

	12. 
Yang, Y.Q.; Zhang, X.L.; Wang, X.H.; Tan, H.W.; Shi, H.F.; Jiang, W.F.; Fang, W.Y.; Liu, X. Connexin40 nonsense mutation in familial atrial fibrillation. Int. J. Mol. Med. 2010, 26, 605–610. [Google Scholar] [CrossRef] [PubMed]

	13. 
Yang, Y.Q.; Liu, X.; Zhang, X.L.; Wang, X.H.; Tan, H.W.; Shi, H.F.; Jiang, W.F.; Fang, W.Y. Novel connexin40 missense mutations in patients with familial atrial fibrillation. Europace 2010, 12, 1421–1427. [Google Scholar] [CrossRef] [PubMed]

	14. 
Sun, Y.; Yang, Y.Q.; Gong, X.Q.; Wang, X.H.; Li, R.G.; Tan, H.W.; Liu, X.; Fang, W.Y.; Bai, D. Novel germline GJA5/connexin40 mutations associated with lone atrial fibrillation impair gap junctional intercellular communication. Hum. Mutat. 2013, 34, 603–609. [Google Scholar] [PubMed]

	15. 
Sohl, G.; Willecke, K. Gap junctions and the connexin protein family. Cardiovasc. Res. 2004, 62, 228–232. [Google Scholar] [CrossRef] [PubMed]

	16. 
Zimmer, D.B.; Green, C.R.; Evans, W.H.; Gilula, N.B. Topological analysis of the major protein in isolated intact rat liver gap junctions and gap junction-derived single membrane structures. J. Biol. Chem. 1987, 262, 7751–7763. [Google Scholar] [PubMed]

	17. 
Evans, W.H.; De Vuyst, E.; Leybaert, L. The gap junction cellular internet: Connexin hemichannels enter the signalling limelight. Biochem. J. 2006, 397, 1–14. [Google Scholar] [CrossRef] [PubMed]

	18. 
Bai, D.; Wang, A.H. Extracellular domains play different roles in gap junction formation and docking compatibility. Biochem. J. 2014, 458, 1–10. [Google Scholar] [CrossRef] [PubMed]

	19. 
Jansen, J.A.; van Veen, T.A.; de Bakker, J.M.; van Rijen, H.V. Cardiac connexins and impulse propagation. J. Mol. Cell. Cardiol. 2010, 48, 76–82. [Google Scholar] [CrossRef] [PubMed]

	20. 
Verheule, S.; Kaese, S. Connexin diversity in the heart: Insights from transgenic mouse models. Front. Pharmacol. 2013, 4, 81. [Google Scholar] [CrossRef] [PubMed]

	21. 
Vozzi, C.; Dupont, E.; Coppen, S.R.; Yeh, H.I.; Severs, N.J. Chamber-related differences in connexin expression in the human heart. J. Mol. Cell. Cardiol. 1999, 31, 991–1003. [Google Scholar] [CrossRef] [PubMed]

	22. 
Severs, N.J.; Bruce, A.F.; Dupont, E.; Rothery, S. Remodelling of gap junctions and connexin expression in diseased myocardium. Cardiovasc. Res. 2008, 80, 9–19. [Google Scholar] [CrossRef] [PubMed]

	23. 
Fishman, G.I.; Spray, D.C.; Leinwand, L.A. Molecular characterization and functional expression of the human cardiac gap junction channel. J. Cell Biol. 1990, 111, 589–598. [Google Scholar] [CrossRef] [PubMed]

	24. 
Desplantez, T.; Dupont, E.; Severs, N.J.; Weingart, R. Gap junction channels and cardiac impulse propagation. J. Membr. Biol. 2007, 218, 13–28. [Google Scholar] [CrossRef] [PubMed]

	25. 
Kanno, S.; Saffitz, J.E. The role of myocardial gap junctions in electrical conduction and arrhythmogenesis. Cardiovasc. Pathol. 2001, 10, 169–177. [Google Scholar] [CrossRef]

	26. 
Gutstein, D.E.; Morley, G.E.; Tamaddon, H.; Vaidya, D.; Schneider, M.D.; Chen, J.; Chien, K.R.; Stuhlmann, H.; Fishman, G.I. Conduction slowing and sudden arrhythmic death in mice with cardiac-restricted inactivation of connexin43. Circ. Res. 2001, 88, 333–339. [Google Scholar] [CrossRef] [PubMed]

	27. 
Beauchamp, P.; Yamada, K.A.; Baertschi, A.J.; Green, K.; Kanter, E.M.; Saffitz, J.E.; Kleber, A.G. Relative contributions of connexins 40 and 43 to atrial impulse propagation in synthetic strands of neonatal and fetal murine cardiomyocytes. Circ. Res. 2006, 99, 1216–1224. [Google Scholar] [CrossRef] [PubMed]

	28. 
Thibodeau, I.L.; Xu, J.; Li, Q.; Liu, G.; Lam, K.; Veinot, J.P.; Birnie, D.H.; Jones, D.L.; Krahn, A.D.; Lemery, R.; et al. Paradigm of genetic mosaicism and lone atrial fibrillation: Physiological characterization of a connexin 43-deletion mutant identified from atrial tissue. Circulation 2010, 122, 236–244. [Google Scholar] [CrossRef] [PubMed]

	29. 
Igarashi, T.; Finet, J.E.; Takeuchi, A.; Fujino, Y.; Strom, M.; Greener, I.D.; Rosenbaum, D.S.; Donahue, J.K. Connexin gene transfer preserves conduction velocity and prevents atrial fibrillation. Circulation 2012, 125, 216–225. [Google Scholar] [CrossRef] [PubMed]

	30. 
Bikou, O.; Thomas, D.; Trappe, K.; Lugenbiel, P.; Kelemen, K.; Koch, M.; Soucek, R.; Voss, F.; Becker, R.; Katus, H.A.; et al. Connexin 43 gene therapy prevents persistent atrial fibrillation in a porcine model. Cardiovasc. Res. 2011, 92, 218–225. [Google Scholar] [CrossRef] [PubMed]

	31. 
Simon, A.M.; Goodenough, D.A. Diverse functions of vertebrate gap junctions. Trends Cell Biol. 1998, 8, 477–483. [Google Scholar] [CrossRef]

	32. 
Kirchhoff, S.; Nelles, E.; Hagendorff, A.; Kruger, O.; Traub, O.; Willecke, K. Reduced cardiac conduction velocity and predisposition to arrhythmias in connexin40-deficient mice. Curr. Biol. 1998, 8, 299–302. [Google Scholar] [CrossRef]

	33. 
Hagendorff, A.; Schumacher, B.; Kirchhoff, S.; Luderitz, B.; Willecke, K. Conduction disturbances and increased atrial vulnerability in Connexin40-deficient mice analyzed by transesophageal stimulation. Circulation 1999, 99, 1508–1515. [Google Scholar] [CrossRef] [PubMed]

	34. 
Leaf, D.E.; Feig, J.E.; Vasquez, C.; Riva, P.L.; Yu, C.; Lader, J.M.; Kontogeorgis, A.; Baron, E.L.; Peters, N.S.; Fisher, E.A.; et al. Connexin40 imparts conduction heterogeneity to atrial tissue. Circ. Res. 2008, 103, 1001–1008. [Google Scholar] [CrossRef] [PubMed]

	35. 
Bagwe, S.; Berenfeld, O.; Vaidya, D.; Morley, G.E.; Jalife, J. Altered right atrial excitation and propagation in connexin40 knockout mice. Circulation 2005, 112, 2245–2253. [Google Scholar] [CrossRef] [PubMed]

	36. 
Firouzi, M.; Ramanna, H.; Kok, B.; Jongsma, H.J.; Koeleman, B.P.; Doevendans, P.A.; Groenewegen, W.A.; Hauer, R.N. Association of human connexin40 gene polymorphisms with atrial vulnerability as a risk factor for idiopathic atrial fibrillation. Circ. Res. 2004, 95, e29–e33. [Google Scholar] [CrossRef] [PubMed]

	37. 
Shi, H.F.; Yang, J.F.; Wang, Q.; Li, R.G.; Xu, Y.J.; Qu, X.K.; Fang, W.Y.; Liu, X.; Yang, Y.Q. Prevalence and spectrum of GJA5 mutations associated with lone atrial fibrillation. Mol. Med. Rep. 2013, 7, 767–774. [Google Scholar] [CrossRef] [PubMed]

	38. 
Sun, Y.; Hills, M.D.; Ye, W.G.; Tong, X.; Bai, D. Atrial fibrillation-linked germline GJA5/connexin40 mutants showed an increased hemichannel function. PLoS ONE 2014, 9, e95125. [Google Scholar] [CrossRef] [PubMed]

	39. 
Patel, D.; Gemel, J.; Xu, Q.; Simon, A.R.; Lin, X.; Matiukas, A.; Beyer, E.C.; Veenstra, R.D. Atrial fibrillation-associated connexin40 mutants make hemichannels and synergistically form gap junction channels with novel properties. FEBS Lett. 2014, 588, 1458–1464. [Google Scholar] [CrossRef] [PubMed]

	40. 
Christophersen, I.E.; Holmegard, H.N.; Jabbari, J.; Sajadieh, A.; Haunso, S.; Tveit, A.; Svendsen, J.H.; Olesen, M.S. Rare variants in GJA5 are associated with early-onset lone atrial fibrillation. Can. J. Cardiol. 2013, 29, 111–116. [Google Scholar] [CrossRef] [PubMed]

	41. 
Sun, Y.; Tong, X.; Chen, H.; Huang, T.; Shao, Q.; Huang, W.; Laird, D.W.; Bai, D. An atrial-fibrillation-linked connexin40 mutant is retained in the endoplasmic reticulum and impairs the function of atrial gap-junction channels. Dis. Models Mech. 2014, 7, 561–569. [Google Scholar] [CrossRef] [PubMed]

	42. 
Lubkemeier, I.; Andrie, R.; Lickfett, L.; Bosen, F.; Stockigt, F.; Dobrowolski, R.; Draffehn, A.M.; Fregeac, J.; Schultze, J.L.; Bukauskas, F.F.; et al. The Connexin40A96S mutation from a patient with atrial fibrillation causes decreased atrial conduction velocities and sustained episodes of induced atrial fibrillation in mice. J. Mol. Cell. Cardiol. 2013, 65, 19–32. [Google Scholar] [CrossRef] [PubMed]

	43. 
Santa Cruz, A.; Mese, G.; Valiuniene, L.; Brink, P.R.; White, T.W.; Valiunas, V. Altered conductance and permeability of Cx40 mutations associated with atrial fibrillation. J. Gen. Physiol. 2015, 146, 387–398. [Google Scholar] [CrossRef] [PubMed]

	44. 
Dobrowolski, R.; Sommershof, A.; Willecke, K. Some oculodentodigital dysplasia-associated Cx43 mutations cause increased hemichannel activity in addition to deficient gap junction channels. J. Membr. Biol. 2007, 219, 9–17. [Google Scholar] [CrossRef] [PubMed]

	45. 
Lai, A.; Le, D.N.; Paznekas, W.A.; Gifford, W.D.; Jabs, E.W.; Charles, A.C. Oculodentodigital dysplasia connexin43 mutations result in non-functional connexin hemichannels and gap junctions in C6 glioma cells. J. Cell Sci. 2006, 119 Pt 3, 532–541. [Google Scholar] [CrossRef] [PubMed]

	46. 
Mese, G.; Sellitto, C.; Li, L.; Wang, H.Z.; Valiunas, V.; Richard, G.; Brink, P.R.; White, T.W. The Cx26-G45E mutation displays increased hemichannel activity in a mouse model of the lethal form of keratitis-ichthyosis-deafness syndrome. Mol. Biol. Cell 2011, 22, 4776–4786. [Google Scholar] [CrossRef] [PubMed]

	47. 
Minogue, P.J.; Tong, J.J.; Arora, A.; Russell-Eggitt, I.; Hunt, D.M.; Moore, A.T.; Ebihara, L.; Beyer, E.C.; Berthoud, V.M. A mutant connexin50 with enhanced hemichannel function leads to cell death. Investig. Ophthalmol. Vis. Sci. 2009, 50, 5837–5845. [Google Scholar] [CrossRef] [PubMed]

	48. 
Rohr, S. Role of gap junctions in the propagation of the cardiac action potential. Cardiovasc. Res. 2004, 62, 309–322. [Google Scholar] [CrossRef] [PubMed]

	49. 
Shaw, R.M.; Rudy, Y. Ionic mechanisms of propagation in cardiac tissue. Roles of the sodium and L-type calcium currents during reduced excitability and decreased gap junction coupling. Circ. Res. 1997, 81, 727–741. [Google Scholar] [CrossRef] [PubMed]

	50. 
Zipes, D.P. Mechanisms of clinical arrhythmias. J. Cardiovasc. Electrophysiol. 2003, 14, 902–912. [Google Scholar] [CrossRef] [PubMed]

	51. 
Bai, D. Atrial fibrillation-linked GJA5/connexin40 mutants impaired gap junctions via different mechanisms. FEBS Lett. 2014, 588, 1238–1243. [Google Scholar] [CrossRef] [PubMed]

	52. 
Lin, X.; Gemel, J.; Beyer, E.C.; Veenstra, R.D. Dynamic model for ventricular junctional conductance during the cardiac action potential. Am. J. Physiol. Heart Circ. Physiol. 2005, 288, H1113–H1123. [Google Scholar] [CrossRef] [PubMed]

	53. 
Verheule, S.; van Kempen, M.J.A.; Postma, S.; Rook, M.B.; Jongsma, H.J. Gap junctions in the rabbit sinoatrial node. Am. J. Physiol.-Heart Circul. Physiol. 2001, 280, H2103–H2115. [Google Scholar] [CrossRef] [PubMed]

	54. 
Hennemann, H.; Suchyna, T.; Lichtenberg-Frate, H.; Jungbluth, S.; Dahl, E.; Schwarz, J.; Nicholson, B.J.; Willecke, K. Molecular cloning and functional expression of mouse connexin40, a second gap junction gene preferentially expressed in lung. J. Cell Biol. 1992, 117, 1299–1310. [Google Scholar] [CrossRef] [PubMed]

	55. 
Bruzzone, R.; Haefliger, J.A.; Gimlich, R.L.; Paul, D.L. Connexin40, a component of gap junctions in vascular endothelium, is restricted in its ability to interact with other connexins. Mol. Biol. Cell 1993, 4, 7–20. [Google Scholar] [CrossRef] [PubMed]

	56. 
Ye, W.G.; Yue, B.; Aoyama, H.; Kim, N.K.; Cameron, J.A.; Chen, H.; Bai, D. Junctional delay, frequency, and direction-dependent uncoupling of human heterotypic Cx45/Cx43 gap junction channels. J. Mol. Cell. Cardiol. 2017, 111, 17–26. [Google Scholar] [CrossRef] [PubMed]

	57. 
Saffitz, J.E. Connexins, conduction, and atrial fibrillation. N. Engl. J. Med. 2006, 354, 2712–2714. [Google Scholar] [CrossRef] [PubMed]

	58. 
Darbar, D.; Kannankeril, P.J.; Donahue, B.S.; Kucera, G.; Stubblefield, T.; Haines, J.L.; George, A.L., Jr.; Roden, D.M. Cardiac sodium channel (SCN5A) variants associated with atrial fibrillation. Circulation 2008, 117, 1927–1935. [Google Scholar] [CrossRef] [PubMed]

	59. 
Jassim, A.; Aoyama, H.; Ye, W.G.; Chen, H.; Bai, D. Engineered Cx40 variants increased docking and function of heterotypic Cx40/Cx43 gap junction channels. J. Mol. Cell. Cardiol. 2016, 90, 11–20. [Google Scholar] [CrossRef] [PubMed]

























© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
1s]02nA O CXAVICHA0 Cx40IL223M Cx0IQZIGH

) 0-

1 gz T C ees)

J _ 204 I
Cx40/L223M 10 10






media/file4.png
vy

%o0f cells with GJ

100 ~

w

8 50 -

8

< 7
0 Cx40

K107R

L223M Q236H

1257L





nav.xhtml


  ijms-19-00977


  
    		
      ijms-19-00977
    


  




  





media/file16.png
DIC

Pl

Overlay






media/file5.jpg
20mv Coupiing %
omvL 1007
-
50
16
o
1223M C aps
20{
— *
1257L 2
o

15]0.1nA

Cxd0 K107R L223M Q236H 12571





media/file1.jpg





media/file7.jpg
+100 mV/

( Cxd0

K107R

12571

00 mv

50
¥

5

|

|

)

|

I e N

oo

g
8





media/file10.png
/ﬁ\ B T (ms)

Cx40
o R P A e I 100?
r J
Normalized |; at 80 mV n=4
Normalized |; at 100 mV 10 - -
- K107R 100-

10

i L223M
100+

AN

13
I

10
- Q236H '
100-5

10 ——— 1

q
= 10 g\%&'
| n=4

2S 10






media/file12.png
20 mV
A Vﬂ = OmVI_ B10 0_coupling%

—

50+

T






media/file3.png
A Cx40 K107R

L223M Q236H 1257L






media/file9.jpg
A KI07R

A Q236H

- 12571

B s

100{ ©

1>

Cxa0

}

Normalized |, at 100 mV

1

)

10!





media/file0.png





media/file17.png





media/file14.png
20 mV o i
A v omv] B 100_00(:_[)lng

-------------------- 501 |,
.‘ Cx40/Cx40 ‘

lj 0
T Gavasii T C ams)
.................... 20 —l_
_‘ Cx40/L223M |‘ 104 | 10

1s |0.2 nA 0 Cx40/Cx40 Cx40/L223M Cx40/Q236H






media/file8.png
+100 mV

‘WM e

v -
. "’L P e i e e -oo-.‘ . —— " - -

B

Gij,ss

-100 -50






media/file11.jpg
Cx43:.223M

Cx43:1257L

0.2nA
s

T
20-
14 *
R o~
& & P P
L R A i
FFF F S





media/file6.png
VJJ 0 mVI—

15 ]0.1nA

coupling %

100
-

" Cx40 K107R L223M Q236H

1257L





media/file15.jpg





media/file2.jpg
w

%of cells with GJ

100

plagues

II

Cx40

K107R  L223M Q236H 1257L





