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ABSTRACT 
 

Cardiac gap junction channels ensure the electrical cell-to-cell communication that 

synchronies and co-ordinates the atrial and ventricular contractions to generate the 

heartbeat. The different types of cardiac myocytes co-express different combinations and 

quantities of connexin43 (Cx43), Cx40 and Cx45, which co-assemble to form gap 

junction channels characterized by distinct dynamic and static electrical properties (fast 

and slow voltage dependent gating, kinetic of inactivation, unitary conductances, etc.). To 

date the relationship between the patterns of connexins expression and the precise 

channel make-up is poorly understood, limiting our knowledge on how gap junction 

channels underlie the cardiac action potential conduction. 

This chapter reports recent electrophysiological studies that show complex 

interactions between the cardiac connexins and voltage gated channels. The genetic 

ablation of Cx43 decreases the level of junctional partners Cx40 and Cx45 and leads to 

the formation of channels of new mixed connexin composition characterized by lower 

rectifying voltage dependence and lower unitary conductances. Such changes decrease 

the cell-to-cell coupling and the velocity of cardiac impulse propagation. Importantly, the 

decrease of Cx43 expression reduces the density of the sodium current INav1.5. Moreover, 

the engineering of a new model of V5/6-His tagged Cx43, Cx40 and Cx45 allowed 

revealing distinct structural determinants of connexins on the channel formation and 

electrical gating. Altogether these findings are determinant to improve our understanding 

on the functional significance of the patterns of Cxs co-expression in the regulation of the 

cardiac impulse propagation in the healthy heart, and why gap junction channel 

malfunctioning and connexin remodelling, i.e. changes of expression levels and 

distribution, are relevant for arrhythmogenesis. The increased development of specific 
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connexin blockers Gap peptides represent a promising pharmacological approach to 

therapeutic control and prevention of such connexin malfunctioning. 

 

 

ABBREVIATIONS 
 

Action potential  AP 

Amino domain  NT 

Atrio-ventricular node  AV 

Carboxy domain  CT 

Connexins  Cxs 

Cytoplasmic loop  CL 

Dual Voltage Clamp  DVC 

Extracellular loops  EL1, EL2 

Gap junction channels  GJC 

Hemichannels  HC 

Instantaneous junctional conductance  gj,inst 

Intercalated Disks  ID 

Maximal junctional conductance  gj,0 

Junctional potential  Vj 

Knock-out Cx43  Cx43KO 

Main unitary conductance  j,main 

Membrane potential  Vm 

Residual unitary conductance  j,residual 

Sinus node  SA 

Steady-state junctional conductance  gj,ss 

Wild-type  WT 

Wild-type Cx43 – GFP  Cx43
+/+

-GFP 

 

 

A. INTRODUCTION ON CARDIAC CONNEXINS AND  

GAP JUNCTION CHANNELS 
 

1. Gap Junctions 
 

Gap junctions are clusters of few to hundreds intercellular gap junction channels (GJC) 

that ensure a direct cell-to-cell transfer of ions and small molecules (IP3, second messengers, 

etc.) of MW <1.5 kDa and SiRNA(Simpson et al., 1977; Loewenstein, 1981; Harris, 2001; 

Neijssen et al., 2005; Valiunas et al., 2005). GJC are formed by the docking of hemichannels 

(or connexons; HC) composed of 6 proteins connexins (Cxs), each HC being inserted in the 

cell membrane of adjacent cells (Harris, 2001). 

Connexins represent a multigen family that comprises 20 and 21 isoforms in the rodent 

and the human genome, respectively (Söhl and Willecke, 2003, 2004). They have a common 

membrane topology: a cytoplasmic amino domain (NT), a cytoplasmic carboxy domain (CT), 
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a cytoplasmic loop (CL), four transmembrane domains (TM1-TM4), and two extracellular 

loops (EL1, EL2) (Harris, 2001). 

Cxs oligomerise during their intracellular trafficking in the Golgi apparatus and 

endoplasmic reticulum to form HC that insert in the cell membrane (for review Su and Lau, 

2012) and move laterally to the perinexus zone (Rhett and Gourdie, 2012) prior to dock to an 

adjacent HC located in the membrane of a neighbouring cell. 

HC and GJC are of distinct nomenclature in function of their Cxs composition: a 

homomeric HC is made of one type of connexin, a heteromeric HC is made of more than one 

type of Cxs. A GJC is homotypic when made of HC of identical Cxs composition, and 

heterotypic when made of HC of different Cxs composition (Desplantez et al., 2004). The co-

expression of 2 Cxs leads to the statistical formation of 14 hemichannels and 194 channels 

(Wang and Peracchia, 1998), and three co-expressed Cxs can statistically form 14 400 

channels of different co-assembling ratio and organisation. For both situations it is realistic to 

assume that a regulation ensures the formation of GJC of certain Cxs compositions that 

control the electrical and biochemical intercellular communication. 

 

 

2. Cardiac Gap Junctions 
 

a. Expression Pattern in the Healthy Heart 

In the heart, four Cxs Cx43, Cx40, Cx45, and mCx30.2 (homologue of the hCx31.9 

human isoform; Söhl and Willecke, 2004) with distinct expression patterns have been 

characterised (Greener et al., 2011; Beyer et al., 1989;van Kempen et al., 1995; Vozzi et al., 

1999; Kreuzberg et al., 2005; Coppen et al., 1998; Boyett et al., 2006; Severs et al., 2008). 

Most cardiac cells express more than one connexin type. Briefly, Cx43, Cx40, and Cx45 are 

differentially expressed, in distinctive combinations and relative ratio, in different, functionally-

specialized subsets of cardiomyocyte. Ventricular myocytes predominantly express Cx43 with 

small quantities of Cx45, atrial myocytes express equally large quantities of Cx43 and Cx40 with 

a trace of Cx45, and myocytes of the impulse generation and conduction system principally 

express Cx45 and Cx40 and in the mouse also Cx30.2 (for review Severs et al., 2004, 2008). 

These patterns, not only in the cardiac tissue, show little differences between animal species 

(Söhl et al., 2003), for which the biological reason is poorly understood. As a cardiac 

example, the rodent mCx30.2 is expressed in the cardiac conduction system, but the human 

hCx31.9 orthologous isoform is not detected (Kreuzberg et al., 2009), relevant of an absence 

of expression or an expression level below the threshold of detection. 

The expression level of each connexin isoform varies in the healthy heart from the 

embryonic to the adult stage (Fromaget et al., 1990; Delorme et al., 1995, 1997; Gros and 

Jongsma, 1996), and present gradient of distribution within the same tissue, as observed for 

example for Cx43 and Cx45 in the atrio-ventricular conduction axis (Ko et al., 2004), and at 

the Purkinje Fibres/Transitional cells/Ventricular myocytes junction where Cx45 is mainly 

expressed with Cx43 in the superficial layers of ventricular myocytes whereas deeper layers 

of ventricular myocytes mainly express only Cx43 (Severs et al., 2008). Such distributions 

suggest the formation of GJC made of various Cxs composition characterised by specific 

electrical properties that coordinate the propagation of the cardiac impulse. In pathological 

conditions, the expression level and the ratio of the co-expressed Cxs are altered. Recent 
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studies showed that these alterations lead to the formation of GJC characterised by pro-

arrhythmogenic electrical properties (see next paragraphs; Reaume et al., 1995; van Rijen et 

al., 2001; Ko et al., 2004; Severs et al., 2008). 

The cardiac gap junctions co-localise with the adhesions junctions, i.e. the desmosomes 

and fascia adherens, to form the intercalated disks (ID) (Severs, 2000; Severs et al., 2008). 

These structures are specialised for orderly transmitting the cardiac electrical impulse and the 

mechanical force between neighbouring myocytes necessary for the coordinated atrial and 

ventricular contractions (Kléber et al., 2001). The electrical signal spreads with distinct 

longitudinal and lateral velocities that are critical for heart function. The atrial and ventricular 

muscles exhibit a similar longitudinal velocity (0.6 m/sec) that allow the synchronised 

contractions of atrial and ventricular myocytes. A faster velocity has been measured in the 

Purkinje Fibers (2.3 m/sec) mostly controlled by Cx40 of low voltage sensitivity and high 

unitary conductances (Valiunas et al., 2000; Desplantez et al., 2011), which possibly forms 

heteromeric Cx30.2/Cx40 channels that display electrical properties similar to homomeric-

homotypic Cx30.2 GJC, which do not inactivate but seem to reopen, which facilitates the fast 

propagation of the action potential (AP) (Gemelet al., 2008; for review see Kléber et al., 

2001; for more details see B – Electrical properties of gap junction channels). This suggests 

that Cx30.2 dominates or inhibits Cx40. Finally, a slow conduction in the atrio-ventricular 

(AV) node that allows the complete filling of the ventricles before contraction is controlled by 

the formation of high voltage sensitive Cx45 GJC,and by mCx30.2 in rodent, characterised by 

low unitary conductances (Barrio et al., 1997; Bukauskas et al., 2002; Desplantez et al., 2004; 

Kreuzberg et al., 2005; see B – Electrical properties of gap junction channels). Contrary to 

the Cx40/Cx30.2 co-expression, the heteromeric Cx45/Cx30.2 channels display an 

inactivation characteristic of a co-contribution of both Cxs (Gemel et al., 2008). These two 

different Cxs co-assembling indicate distinct Cxs affinities with Cx30.2. 

Structural aspects of the cardiac tissue are also determinant for controlling the AP 

propagation. As example, the myocytes of the sinus node (SA) and the AV node form 

dispersed and small gap junction that leads to a low cell-to-cell coupling and the slow 

propagation in the AV node (Coppen et al., 1998, 1999). The cellular organisation of the GJC 

and the ID, more present at the longitudinal than lateral membranes, is critical for a smooth 

andanisotropic propagation (Hubbard et al., 2007), i.e. a faster longitudinal than transverse 

conduction velocity. When it has been measured, recordings showed a 3-5 time slower 

transverse than longitudinal ventricular conduction (reviewed in Kléber et al., 2001). 

While most of studies performed on cellular strands and perfused isolated heart recorded 

a 2-dimensional propagation, the 3-dimensional tissue organisation - i.e. the atrial and 

ventricular wall thickness, the fibres orientation, etc. - is a regulatory factor of the conduction 

to consider as it contributes to a non-uniform 3-dimensional orthotropic ventricular 

conduction (Caldwell et al., 2009; Gilbert et al., 2011; Benson et al., 2011). 

 

b. Expression Pattern in the Diseased Heart 

It is well recognised that Cxs dysfunctions, cardiac morphological and electrical disorders 

are linked. As example, dysfunction of Cx45, the first connexin expressed at first heart 

contractions (Alcoléa et al., 1999), is lethal at embryonic day E10.5 because of heart 

malformation and defect in angiogenesis (Reaume et al., 1995; Kumai et al., 2000; Krüger et 

al., 2000; Nishii et al., 2003). Despite the absence of functional electrophysiological studies 
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of the properties of the gap junction channels in this condition, yet, it is tempting to link this 

dysfunction to a modified ratio of co-expressed Cxs and an altered formation of gap junction 

channels that modify their electrical properties. Similarly, a deficiency of Cx43 is lethal for 

most of animals that die at birth because of right ventricular outflow track and conduction 

defect (Reaume et al., 1995; Guerrero et al., 1997; Ya et al., 1998; Kirchhoff et al., 2000). 

Moreover, these dysfunctions might alter the biochemical transfer of signalling molecules and 

growth factors implicated in the cardiomyocytes maturation (Kirchhoff et al., 2000; Bakker et 

al., 2008; Nistri et al., 2012). Interestingly, Cx43 and Cx45 dysfunction can be compensated 

by overexpressing another connexin isoform or by re-expressing the same connexin isoform 

(Alcoléa et al., 2004; Bedner et al., 2012), but this depends on the type of Cxs targeted and 

the expression system. On the contrary, Cx40 dysfunctions have been shown of not being 

lethal during the embryonic development and at birth, but seem to be implicated in the 

triggering of atrial fibrillation despite an incomplete understanding of its real contribution 

(Hauer et al., 2006; Gollob, 2006; Duffy and Wit, 2008; see also end of paragraph C). 

Altogether the cardiac dysfunctions display a heterogeneous connexin remodelling (Sepp 

et al., 1996; Kostin et al., 2003, 2004; Cabo et al., 2006), i.e. changes of expression levels 

(reduction) and cellular organisation (lateralization) (Sepp et al., 1996; Kaprielian et al., 1998; 

Dupont et al., 2001; reviewed in : Severs et al., 2004, 2008), in which Cx43 has been the most 

studied. In acute ischaemia and ventricular hypertrophy, the Cx43 dephosphorylation and 

lateralization decrease the gap junctions size, reduce the cell-to-cell electrical coupling and 

slow-down the conduction velocity (Matsushita et al., 1999; Uzzaman et al., 2000; Lampe et 

al., 2006). These changes suggest a higher contribution of the residual functional Cx45 that 

reduces the cell-to-cell coupling by forming GJC of low unitary conductances and 

characterized by high voltage dependence. 

The connexin expression pattern appears as a key regulatory factor of the cardiac 

function. To improve our understanding of how the channel make-up underlies the patterns of 

impulse conduction, and how the differential connexin co-expression in different myocyte 

types contributes to the heart rhythm in health and disease, the precise electrical properties of 

gap junction channels of specific molecular configurations need to be determined. 

 

 

B. ELECTRICAL PROPERTIES OF  

CARDIAC GAP JUNCTION CHANNELS 
 

The past decades an increased number of electrophysiological studies performed with 

single and co-transfected cell models have elucidated the electrical properties of cardiac GJC 

of various Cxs composition. The only technique that allows elucidating these properties is the 

dual voltage clamp method (DVC) applied on isolated cell pairs, which permits an 

independent control of the membrane potential of each cell in a pair (cell1, cell 2) and 

stepping one or both cell membrane at desired potential (Vm1, Vm2). The electrical 

properties of GJC are of two orders. 

Firstly, the multichannel voltage gating that represents the sensitivity of GJC to a 

difference of membrane potential between adjacent cells, named the junctional potential Vj 

(Vj=Vm2-Vm1), and illustrates various degrees of gating of the channels in function of the 

amplitude and the polarity of Vj. The gating is characterised by Boltzmann parameters that 
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are i) the half-maximal inactivation Vj,0, which represents the value of Vj at which GJC are 

half inactivated, ii) the minimum conductance gj,min at steady-state (i.e. maximal gating, and 

iii) the gating charge A, factor of the number of positive charges that moves through the 

electrical field applied. Most of GJC inactivate with Vj with distinct kinetics of inactivation 

characterised by a time constant i: the higher Vj, the smaller i, the faster the inactivation. A 

fast and slow Vj gate of distinct gating polarity and voltage sensitivity direct the inactivation. 

Each gate is characterised by a decay constant V and a 0 mV intercept i,0 (i.e. value of i 

at Vj=0mV).  

Secondly, the GJC exhibit three unitary states: a main open state, a residual open state, 

and a close state, that flicker with fast kinetics between the residual and the open state, and 

with slow kinetics between the residual and the close state. Each open state has distinct main 

and residual conductance values, j,main and j,residual, respectively. 

These properties differ for each type of channel. 

 

1. Despite different experimental approaches (chemical composition of pipettes and 

bath solutions, temperature, cell models, etc.) the homomeric-homotypic GJC exhibit 

distinct symmetrical voltage gating about Vj=0 mV (Bukauskas et al., 1995; Barrio 

et al., 1997; Valiunas et al., 2000; Elenes et al., 2001; Desplantez et al., 2004; 

Kreuzberg et al., 2005). Cx45 forms the most voltage sensitive Cxs channels, while 

Cx30.2 are the less sensitive. Similarly these channels exhibit distinct kinetics of fast 

inactivation that depends on Vj amplitude, with a common behavior: the larger the 

Vj, the faster the inactivation (Desplantez et al., 2004, 2011). Finally, single channel 

studies showed distinct unitary conductances: Cx40>Cx43>Cx45>Cx30.2 

(Kreuzberg et al., 2005; Desplantez et al., 2011). 

2. The homomeric-heterotypic GJC exhibit asymmetrical rectifying voltage dependence 

and kinetics of inactivation about Vj=0 mV, characterised by a pronounced voltage 

gating at one Vj polarity (Cx43-Cx45: Cx43 depolarised; Cx43-Cx40: Cx40 

depolarised; Cx40-Cx45: Cx40 depolarised), and at opposite Vj polarity no gating or 

reopening of Cx40-Cx45 GJC (Cx40 hyperpolarised), or a low voltage gating of 

Cx43-Cx40 GJC (Cx43 depolarised) or a biphasic gating of Cx43-Cx45 GJC that 

show a first reopening followed by a slow inactivation (Cx43 hyperpolarised) 

(Valiunas et al., 2000; Elenes et al., 2001; Cottrell and Burt, 2001; Desplantez et al., 

2004; Valiunas et al., 2001; Rackauskas et al., 2007; Desplantez et al., 2007a). The 

single channel conductances are in between those of their respective homotypic 

channels [wt-Cx(hc1)/Cx-tag(hc2)(wt-Cx(hc1)Cx-tag(hc2))  (wt-Cx(hc1) 

Cx-tag(hc2))] (Valiunas et al., 2000; Rackauskas et al., 2007). These studies 

allowed determining the gating polarity of the Cxs, but the situation is intriguing as it 

seems that the gating polarity of Cx43 depends on the channels composition. The 

properties observed for Cx43/Cx45 and Cx40/Cx43 channels suggest an inversion of 

the gating polarity of Cx43 being positive and negative, respectively. However all 

studies agree on a negative and positive Vj gating polarity for Cx45 and Cx40, 

respectively (Valiunas et al., 2000; Elenes et al., 2001; Bukauskas and Verselis, 

2004; Desplantez et al., 2004). 

3. Co-expressed Cxs represent the dominant pattern in the cardiac tissue (Severs et al., 

2008). Studies performed on cell models co-transfected with 2 Cxs isoforms 



New Findings on Cardiac Connexin Gap Junction Channels Make-Up … 7 

(Valiunas et al., 2001; Cottrell and Burt, 2001; Martinez et al., 2002; Desplantez et 

al., 2004) and primary cultures of cardiac cells (Beauchamp et al., 2004, 2012; 

Desplantez et al., 2012a) displayed a broad spectrum of multichannel and single 

channel electrical properties, which exhibit symmetrical or rectifying electrical 

properties about Vj=0mV. This reflects the formation of heteromeric GJC of 

different Cxs composition, organization of HC in the adjacent cell membranes and 

orientation. However, contrary to previous types of GJC the heteromeric GJC display 

some electrical properties that differ from what mathematical models could predict, 

especially in the case of mixed Cx40/Cx43 channels characterised by smaller unitary 

conductance values than their homotypic homologues (Cottrell and Burt, 2001). This 

suggests specific interaction between different mixed Cxs that provide distinct gating 

properties, which need to be investigated. 

 

Altogether the diverse electrical properties reveal a determinant role of the GJC in 

regulating the propagation of the cardiac AP either in a single type of cardiac tissue or at the 

border zone between cardiac tissues with different Cxs patterns: a low degree of inactivation 

facilitates the propagation of the action potential (AP) between a source cell (stimulated cell) 

and a sink cell (non stimulated cell) (Delgado et al., 1990; Shaw and Rudy, 1997; Kléber and 

Rudy, 2004), whereas a pronounced inactivation limits the ionic transfer and delays the 

propagation in the adjacent cell. 

The safe source-sink propagation requires a sufficient amount of current that diffuses 

through the gap junction channels to ensure a safety factor SF > 1 (Kléber and Rudy, 2004). 

The interaction between the dynamic ionic channels (gating of GJC, activation/inactivation of 

voltage gated channels) and the static structural factors (cellular organisation of Cxs, fibres 

orientation, etc.) regulate the safe AP propagation. The current source is mostly provided by 

the activation of the sodium channels in atrial and ventricular myocardium, and only by the 

activation of calcium channels in the nodal cells, for which dysfunction cause cardiac 

disorders such as long QT and Brugada syndrome (Abriel et al., 2000; Tateyama et al., 2004; 

Chung et al., 2007; Petitprez et al., 2008; Benito et al., 2008). The sequential 

activation/inactivation/closure of voltage gated ionic channels determine the electrical 

parameters of an AP, i.e. duration, amplitude, refractory period, etc. (for review see Nattel et 

al., 2007). The initiation and the propagation of an AP depolarise and hyperpolarise Vm of 

coupled cells at different time intervals in function of this delay, which creates a Vj of 

constant changing time course (amplitude, polarity, duration, etc.) to which GJC respond to. 

GJC that display a pronounced voltage gating and a low electrical coupling limit the 

amplitude of current that diffuses from the source cell to the sink cell, which increases the 

delay of propagation, and reciprocally. Interestingly, optical mapping recordings on cellular 

strands and computer models have shown that a progressive reduction of the cell-to-cell 

coupling can maintain a slow but safe propagation up to an increase >100 times of the 

intercellular resistance (Shaw and Rudy, 1997; Rohr et al., 1998; Beauchamp et al., 2004). 

This dual effect reflects a ―stabilizing factor‖ that can temporarily compensate the Cxs 

remodeling, which is ensured by an accumulation of the inward current (sodium, calcium) at 

the ID and preserves a certain driving force of propagation to increase the safety propagation. 

The intrinsic properties of the fast and the slow voltage gates of the GJC are critical in 

this regulation, as both respond differently to the amplitude of Vj. The slow Vj gate of GJC 
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dominates at low Vj (│Vj│< 50 mV), the fast Vj gate directs the channel gating at 

intermediate Vj (50<│Vj│<100 mV), and both Vj gates contribute together for │Vj│> 100 

mV (Bukauskas andVerselis, 2004). 

The recent dual voltage clamp electrophysiological studies complemented with high 

resolution optical mapping recordings on atrial and ventricular myocytes in the healthy and 

diseased heart improved our understanding of the role of the Cxs expression pattern for 

regulating the AP propagation, and the functional consequences of Cx43 down regulation. 

These works are summarised in the following chapters. 

 

 

C. ELECTRICAL PROPERTIES OF ATRIAL GAP JUNCTION CHANNELS 
 

a. Micropatterned Cell Pairs 
 

In order to obtain a homogeneity and a reproducibility of our electrical recordings on cell 

pairs and to prevent the dedifferentiation of cardiac myocytes (CM) in culture, the new model 

of micropatterned well pairs has been developed (Figure 1; McCain et al., 2012a). 
 

 

Figure 1. Micropatterned engineered cell pairs. A Representative pattern of the photolithographic mask 

that comprises numbered groups of 12 well pairs. B Zoom in of one group of 12 pairs of rectangular 

design that allow the seeding of cardiac myocytes. C Atomic Force Microscopic picture of a PDMS 

stamp for soft lithography. For more details see McCain et al., 2012; Desplantez et al., 2012; 

Beauchamp et al., 2012. 

Briefly, the patterns are made from PDMS stamps coated with fibronectine and printed 

on glass coverslips on which CM are seeded. The stamped wells can be made of desired 

dimension (length/width) and the size of the cell-cell contact can be of various arrangements 

(face to face; etc.). Each group of well pairs is numbered to facilitate their identification 

during patch clamp recordings and perform post recording immunofluorescence experiments 

on both atrial and ventricular myocytes (Figure 2) (McCain et al., 2012a; Beauchamp et al., 

2012). Our immunofluorescence experiments (Figure 2A) have been reconstructed in 3D to 

quantify the immunoreactivity of the signal that reflects the density of connexins and show 

the organisation of the gap junction in atrial and ventricular myocytes (Figure 2B), and allow 

establishing the relationship between connexin expression pattern, the Cx43 density and the 

electrical cell-to-cell coupling (see further). 
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Figure 2. Immunofluorescence experiments on atrial and ventricular connexins. A Immunofluorescence 

experiments performed on patterned cell pairs for atrial Cx40 (red: Cx40; green: N-Cadherin; left 

panel) and ventricular (red: Cx43; green: Cx45; blue: DAPI; right panel) of wild-type Cx43
+/+

and Cx43 

knock-out (Cx43KO) genotypes. B 3D reconstruction of gap junctions in atrial and ventricular cell 

pairs. 

 

b. Healthy Heart 
 

Atrial myocytes(AM) co-express equally large quantities of Cx43 and Cx40 and trace of 

Cx45 (Gros and Jongsma, 1996). Previous electrophysiological studies on atrial tissue 

concentrated on the contribution of Cx40 and Cx43 in controlling the AP propagation, but 

barely mentioned Cx45 (Beauchamp et al., 2006; Lin et al., 2010). 

This was principally because of the absence of unitary GJC recordings in these studies. 

Moreover, to date none electrophysiological studies on triply transfected cell models have 

been performed, yet, because of the limit of material that can be transfected. 

Our DVC recordings revealed that atrial gap junction channels highly couple neonatal 

AM (maximal junctional conductance gj,0= 80±9 nS) and rectify about a junctional potential 

Vj=0 mV, with a more pronounced voltage gating for negative than positive Vj (table and 

Figure 3B; Desplantezet al., 2012a). This suggests a specific formation and organisation of 

GJC of various Cxs composition, as previously observed in transfected cell models with 2 

Cxs isoforms, which facilitates the orthodromic propagation of the cardiac impulse in atria 

(Valiunas et al., 2000; Cottrell and Burt, 2001; Desplantez et al., 2004, 2007a). More 

importantly, our single channel recordings have been determinant to elucidate the 

contribution of each atrial connexin in the channel make-up. A large spectrum of unitary 

conductances confirmed the mixed Cxs co-assembling and the diversity of GJC formed. The 

distribution of the GJC has been quantified by referring to previous experiments performed 

on cell models transfected with a single connexin (Bukauskas et al., 1995; Barrio et al., 1997; 
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Valiunas et al., 2000; Elenes et al., 2001; Martinez et al., 2002; Desplantez et al., 2004; 

Kreuzberg et al., 2005): with a percentage of 13.5 % Cx43 represents the main population of 

homomeric-homotypic GJC, higher than Cx45 (≈9%) and Cx40 (≈5%). This indicates that 

atrial Cxs co-assemble to form ≈72.5% of GJC composed of two (Cx40/Cx45, Cx40/Cx43, 

etc.) or three Cxs (Cx40/Cx43/Cx45), for which the large spectrum of individual unitary 

conductances is represented by a single dominant peak = 49 pS (Figure 4B; Desplantezet al., 

2012a). Even if it is difficult to define the exact composition of these channels, it is tempting 

to assume a contribution of Cx45 despite its low expression level, which reduces the 

conductance of the channels, and the formation of channels of mixed Cxs co-assembling 

(type, ratio, etc.) characterised by electrical properties different from what mathematical 

model could predict from the properties of their single homologous (i.e. homomeric-

homotypic channels). 

 

 

c. Genetic Ablation of Cx43 and Atrial Cxs Remodelling 
 

To understand the functional consequences of atrial Cx43 dysfunction, the animal model 

of ubiquitous genetic ablation of Cx43 (knock-out, Cx43KO) was used. Unexpectedly, a 

Cx40 and Cx45 remodelling was observed, with a 38% and 34 % lower junctional density, 

respectively (Desplantez et al., 2012a), without modifying their expression level (Beauchamp 

et al., 2006). This suggests a control of the junctional Cxs density in function of the Cx43 

level, which appears as the dominant atrial connexin, and a decrease of the gap junction size 

caused by a larger contribution of Cx45 (Grikscheit et al., 2008). Functionally, this 

remodelling leads to the formation of GJCs of new Cxs composition and organisation, with a 

≈75 % decrease of the cell-to-cell coupling (gj,0= 23±2nS) and a loss of the rectifying voltage 

dependence that becomes nearly symmetrical about Vj=0 mV (table and Figure 3C; 

Desplantez et al., 2012a). Such alterations indicate a reorganisation of the GJC at the 

junction, probably of new Cx45 and Cx40 composition that do not favour the uni-directional 

propagation of the AP, but local reentry. Interestingly single channel recordings showed that 

homomeric-homotypic Cx45 channels still represent ≈9% of the channel population, while 

homomeric-homotypic Cx40 channels show a threefold increase (≈14 %). This indicates that 

GJC of mixed Cx40/Cx45 composition represent the main GJC population (≈77%). The 

voltage dependence of GJC are closed to the voltage dependence of homomeric-homotypic 

GJC, which suggests a dominance of Cx40 in this genotype, independent of the Cxs 

composition of the GJC. The channel remodelling is characterised by a shift of the dominant 

unitary conductance and the presence of one channel population mostly composed of Cx45 

(=27 pS; Bukauskas et al., 2002; Desplantez et al., 2011), and one channel population made 

of mixed Cx40/Cx45 composition (=67 pS) homogeneously distributed in the cell 

membranes (Figure 4B; Desplantez et al., 2012a). The increased amount of homomeric-

homotypic Cx40 channels but not of Cx45 reflects distinct Cxs affinities in function of the 

Cxs content. Preliminary data on knock-out Cx40 genotype show altered electrical properties 

and new GJC populations (homotypic and of mixed Cxs composition) different to the 

Cx43KO genotype that agree with these suggestions (Desplantez and Kleber, unpublished). 

More importantly, a ≈55 % decrease of the atrial peak sodium current was observed after 

the genetic ablation of Cx43 (see table; Desplantez et al., 2012a) that seems to be caused by a 
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lower sodium channel density and expression (Desplantez and Kleber, unpublished) and not 

an alteration of the activation-inactivation properties, similar to the ventricular sodium 

channel remodelling observed after a down-regulation of Cx43 (see next paragraph and 

Jansen et al., 2012). 

This indicates a direct regulation of the level of Cx43 and INav1.5 sodium channel, both 

proteins being co-localised in the perinexus zone and the ID (Kucera et al., 2002; Maier et al., 

2004; Petitprez et al., 2011; Rhett and Gourdie, 2012). This regulation should implicate other 

structural proteins partners, such as ZO-1 and Plakophillin-2 that control the rate of Cx43 

channel accretion at gap junctions (Hunter et al., 2005; Oxford et al., 2007; Sato et al., 2009; 

Jansen et al., 2012). 

The pro-arrhythmogenic electrical properties consequent to the genetic ablation of Cx43 

contribute to the ≈45 % slower conduction velocity observed patterned cellular strands 

(Beauchamp et al., 2006;) and are relevant of triggering cardiac disorders such as atrial 

fibrillation. 

 

 

Figure 3. Voltage dependence of gap junction channels. A Experimental dual voltage clamp protocol: 

one cell membrane is stepped (Vm1 = 0 ± 130 mV; 10mV steps) while the other cell membrane is 

maintained at Vm2 = 0 mV to establish junctional potential Vj of various amplitude and polarity. B 

representative atrial (left panels) and ventricular (right panels) multichannel junctional currents 

recorded in wild-type (Cx43
+/+

) and knock-out Cx43 (Cx43KO) genotypes. C averaged voltage 

dependence of atrial (left panel) and ventricular (right panel) gap junction channels in Cx43
+/+

 (dotted 

line; empty circles) and Cx43KO (solid line; black circles) genotypes. (modified from Beauchamp et 

al., 2004; Desplantez et al., 2012a). 

The contribution of Cx40 in atrial conduction and atrial fibrillation have been also 

investigated but its pro-arrhythmogenic potential remains unclear (Polontchouk et al., 2001; 

Kanagaratnam and Peters, 2004; Takeuchi et al., 2006; for review see Duffy and Wit, 2008). 
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The development of knock-out Cx40 animals models show in some cases a slower atrial 

conduction velocity of the cardiac impulse combined to an increased cycle length (Bagwe et 

al., 2005), and a loss of the heterogeneous right and left atrial conductions(Leaf et al., 2008). 

However, in other studies a faster conduction velocity (Beauchamp et al., 2006) and a 

modified channels distribution (Desplantez and Kleber, unpublished) have been observed. 

These observations suggest a role of Cx40 in regulating the interaction with Cx43 and Cx45 

and with ionic voltage-gated channels, different to the role of Cx43. 

Unfortunately no animals model with a ubiquitous genetic ablation of Cx45 can be 

developed due to its embryonic lethal down regulation at E10.5 (Kumai et al., 2000; Krüger 

et al., 2000; Nishii et al., 2003). However the very promising Cre(+);Cx45 floxed mice model 

and Cx45 anti-sera that allow a 85% down regulation of Cx45 will help elucidating the 

contribution of Cx45 in cardiac function (Bao et al., 2011). 

The ventricular heterogeneity of the Cxs remodelling is an increasing factor of 

arrhythmia (see next paragraph), which may be similar for the atrial Cxs remodelling. An 

assumed succession of safe and failed/delayed propagations and local re-entries can be 

assumed as main pro-arrhythmogenic factor. Further experiments by mixing both wild-type 

and Cx43KO genotypes will improve this understanding. 

 

 

D. ELECTRICAL PROPERTIES OF VENTRICULAR  

GAP JUNCTION CHANNELS 
 

a. Healthy Heart 
 

Ventricular myocytes (VM) mainly express Cx43 and few traces of Cx45 (van Kempen 

et al., 1995; Severs et al., 2008; Bao et al., 2011; Desplantez et al., 2012a). Both Cx43 and 

Cx45 co-transfected in cell models can co-assemble and form diverse functional GJC 

characterised by diverse electrical properties, which suggests a similar arrangement in VM 

(Martinez et al., 2002; Desplantez et al., 2004). Dual voltage clamp recordings performed on 

primary cultures of VM show that GJC highly couple VM (gj,0≈70nS), slightly lower than 

AM. However, contrary to AM and what previous studies could have been predict, GJC do 

not rectify and exhibit a nearly symmetrical voltage dependence about Vj=0 mV (table and 

Figure 3C; Beauchamp et al., 2004, 2012). This is intriguing because this does not facilitate 

the unidirectional cardiac impulse propagation and could be subject of local re-entry. The 

unidirectional propagation observed in cellular strands (Beauchamp et al., 2004) strongly 

suggests that the tissue organisation in vivo,especially the tissue architecture, the fibre 

orientation, the cellular organisation of Cxs and ionic channels at the ID and along the cell 

membrane might be key factors for preventing such arrhythmogenic risk (Spach et al., 2000; 

Weiss et al., 2007; Benson et al., 2011; McCain et al., 2012c). The nearly symmetrical 

voltage dependence of ventricular gap junction reflects either ―i)‖ a majority of homomeric-

homotypic Cx43 channels despite the co-localisation Cx43/Cx45 at the junction, or ―ii)‖ a 

homogeneous distribution of homomeric and heteromeric HC inserted in the adjacent cell 

membranes with a dominant contribution of Cx43. Our single channel recordings show a 

main channel population of nearly 90% of channels are of mixed Cx43/Cx45 composition 

represented by a peak unitary conductance value of ≈50 pS, which makes ―ii)‖ the major 
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situation with a large contribution of Cx45 despite its low expression level (Figure 4C; 

Beauchamp et al., 2012). 

 

 

Figure 4. Frequency distribution of unitary conductance of gap junction channels. A experimental 

bipolar pulse protocol (Vj = 0 ± 130 mV; 10mV steps). B top panel: typical unitary currents recorded in 

atrial Cx43+/+ (left) and Cx43KO (right) genotypes; bottom panel: corresponding frequency 

distribution of unitary conductances (from Desplantez et al., 2012a). C representative unitary currents 

recorded in ventricular Cx43+/+ (left) and Cx43KO (right) genotypes; corresponding frequency 

distribution of unitary conductances (wild-type data from (McCain et al., 2012b); Cx43KO: Desplantez 

and Kleber, unpublished). Similarly to the atrial tissue the affinity between connexins and the docking 

between connexons in function of their Cxs composition need to be clarified. 
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b. Genetic Ablation of Cx43 
 

The pro-arrhythmogenic connexin dysfunction reproduced by a genetic ablation of Cx43 

shows a significant decrease of the density of junctional Cx45 (not quantified because of an 

absence of detection in 10 out of 11 preparations) but not of its total expression (Figure 2; 

Beauchamp et al., 2004, 2012) that reflects a regulation of the junctional density of connexins 

in function of the level of Cx43, similar to the atrial tissue. The residual Cx45 forms channels 

of high voltage sensitivity and low unitary conductances and decreases the cell-to-cell 

coupling (gj,0≈2±0.2nS; Figure 3C and 4C; Barrio et al., 1997; Bukauskas et al., 2002; 

Desplantez et al., 2011; Beauchamp et al., 2012). Similar to the atrial tissue this demonstrates 

the dominant function of Cx43 in regulating the electrical coupling and the voltage 

dependence of ventricular GJC. These alterations, combined with the parallel lower 

expression of sodium channels and the ≈40 % decrease of peak sodium current (Jansen et al., 

2012) have a pro-arrhythmogenic behaviour that significantly slow-down the conduction 

velocity (Vaidya et al., 2001; Beauchamp et al., 2004, 2012; Danik et al., 2004). Again, this 

should be concomitant to altered interactions between Cxs, ionic channels and structural 

proteins partners such as N-Cadherin and ZO-1 that disorganise the ID (Kostetskii et al., 

2005). 

The ventricular conduction defects appear to be largely caused by the heterogeneous 

cellular distribution of the Cx43 remodelling (Peters, 1996; Gutstein et al., 2001; Kostin et 

al., 2003; Mayama et al., 2007; Severs et al., 2008; Boulaksil et al., 2010; Van Norstrand et 

al., 2012; Glukhov et al., 2012; Beauchamp et al., 2012). The use of ubiquitous wild-type 

GFP mouse model (Cx43
+/+

-GFP; Okabe et al., 1997) allowed mimicking the ventricular 

heterogeneous Cxs remodelling by mixing WT-GFP and Cx43KO cells in the patterned cell 

pairs and cellular strands (Figure 5; Beauchamp et al., 2012). The Cx43
+/+

-GFP/Cx43KO cell 

pairs display a low Cx43/Cx45 and Cx45 junctional density in the Cx43
+/+

-GFP and Cx43KO 

cell, respectively, lower than in the homozygote wild-type cell pairs. This suggests that the 

sole Cx45 expressed in the Cx43KO cell limits the junctional Cx43 and Cx45 density in the 

WT myocytes, and contributes to a decrease of the gap junction size (Grikscheit et al., 2008). 

Electrical recordings reveal the formation of GJC that weakly couple cells (gj,0≈5nS), similar 

to homozygotes Cx43KO cell pairs, and rectify about Vj= 0 mV with a more pronounced 

inactivation when the wild-type cell is depolarised than hyperpolarised (table and Figure 5A; 

Beauchamp et al., 2012). This suggests the formation of GJC of reduced unitary conductance 

made of homomeric Cx45 HC of low conductance in the Cx43KO cell (i.e. Cx45hc = 

2xCx45GJC = 60 pS; Valiunas, 2002; Desplantez et al., 2011) that dock to homomeric and 

heteromeric HC formed in the Cx43
+/+

-GFP cell. The rectifying voltage dependence is similar 

to Cx43-Cx45 homomeric-heterotypic GJC (Elenes et al., 2001; Desplantez et al., 2004; 

Rackauskas et al., 2007) reflects either i) a higher affinity of Cx45 HC in Cx43KO cell for 

Cx43 than Cx45 itself in the Cx43
+/+

-GFP cell, or ii) the formation in the Cx43
+/+

-GFP cell of 

a majority of heteromeric HC with a high Cx43:Cx45 ratio characterised by a similar voltage 

gating to homomeric Cx43 channels. Our single channel recordings on WT cell pairs that 

show a majority of Cx43/Cx45 heteromerisation suggest ii) as the dominant situation, which 

need to be confirmed by single channel recordings in Cx43
+/+

-GFP/Cx43KO cell pairs. Again, 

the distinct Cxs affinities in function of the connexin content appears as a major factor 

regulating the Cxs co-assembling that need to be elucidated by single channel recordings. 
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Figure 5. heterogeneous ventricular Cx43 remodelling. A top panel: Mixed Cx43
+/+

-GFP/Cx43KO 

patterned cell pair (Desplantez and Kleber, unpublished); bottom panel: Rectifying voltage dependence 

of gap junction channels in mixed Cx43
+/+

-GFP/Cx43KO cell pairs (Beauchamp et al., 2012). B left top 

panel: Mixed patterned cellular strands made of Cx43
+/+

-GFP:Cx43KO = 50:50; right top panel: High 

magnification of mixed cellular strand made of Cx43
+/+

-GFP:Cx43KO = 50:50; bottom panel: 

Dependence on the Cx43
+/+

-GFP:Cx43KO ratio of the conduction velocity; note the marked decrease at 

Cx43
+/+

-GFP:Cx43KO> 50/50 (from Beauchamp et al., 2012). 
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In the same way as it has been suggested for the atrial tissue, the ventricular 

heterogeneous Cxs might have higher pro-arrhythmogenic behaviour than a homogeneous 

connexin remodelling by leading to local safe/unsafe propagation (Beauchamp et al., 2004) 

responsible of rotors and re-entries as observed in ventricular fibrillation (for review see Jalife 

et al., 2003; Noujaim et al., 2007). Interestingly the slowdown of the conduction velocity is 

more pronounced in area where the Cx43
+/+

-GFP:Cx43KO ratio goes over 50% (Figure 4B; 

Beauchamp et al., 2012) that suggest a dominant contribution of rectifying GJC that impair 

the propagation of the AP. It is well acknowledged that the gap junction channel make-up is 

regulated in function of the Cxs expression pattern within each cardiac tissue. A similar 

regulation at the border zones of different Cxs expression patterns may exist to elicit distinct 

electrical properties. Importantly, the different domains of the Cxs play roles in these 

properties (see next paragraph E), which makes critical elucidating their distinct function for 

each type of connexin to understand the regulation of the precise gap junction channel make-

up. 

 

 

E. ELECTRICAL PROPERTIES OF V5-HIS-TAG-CXS CHANNELS 
 

A large numbers of electrophysiological studies on cardiac (and other) modified Cxs such 

as Cx-GFP, chimeric and truncated Cxs revealed the function of the structural domains and 

residues of Cxs in the intracellular trafficking and the functionality of HC and GJC (Haubrich 

et al., 1996; Kanemitsu et al., 1997; Wang and Peracchia, 1998; Laird et al., 2001; 

Anumonwo et al., 2001; Manthey et al., 2001; Bukauskas et al., 2002; Lagree et al., 2003; 

Contreras et al., 2003; Bukauskas and Verselis, 2004; Shibayama et al., 2006; Su and Lau, 

2012). So far most of studies were concentrated on cardiac Cx43 and Cx40 and revealed 

interactive but different mechanisms for the fast and slow voltage gates (Valiunas et al., 1997; 

Banach and Weingart, 2000; Moreno et al., 2002; Bukauskas et al., 2002). 

The extracellular loops of the Cxs contribute to the slow gate, named ―loop gating‖, 

responsible of the flickering of the GJC between the close state and the residual open state in 

slow transitions, longer than 10 ms (Banach and Weingart, 2000; Desplantez et al., 2003). 

The carboxy CT domain plays a role in the fast Vj gating of the GJC (Moreno et al., 2002) 

that flicker between the main and the residual open state in 1-2 ms (Banach and Weingart, 

2000; Desplantez et al., 2003). The amino NT domain represents the Vj sensor of the GJC of 

which specific charged residues control the fast gating polarity (Purnick et al., 2000; Oh et al., 

2004; for review: Beyer et al., 2012), and seems to occur by a ―kink‖ of the second 

transmembrane domain (Ri et al., 1999) and a movement of the charged residues of the NT 

domain that narrow the channel pore. A ―ball and chain‖ mechanism between the CT and 

a―L2‖ domain of the cytoplasmic loop has been proposed for the gating to the residual state 

(Revilla et al., 1999; Moreno et al., 2002; Seki et al., 2004; Shibayama et al., 2006). Cx45 

channels have been less studied but both fast and slow gating mechanisms have been 

observed with an assumed similar mechanism as Cx40 and Cx43(Bukauskas et al., 2002). 

To confirm the function of the CT domain observed in these previous studies, the 

common model of V5-His-tag-Cx Cx43, Cx40 and Cx45 has been developed by Severs and 

colleagues (Imperial College, London, UK). The V5-His tag consists of 31 amino acid 

residues with a 14 residues epitope bound to the cytoplasmic CT domain of the three main 
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cardiac Cxs Cx43, Cx40 and Cx45, and has been inserted in a circular plasmid that contains a 

pIRES sequence to obtain a homogenous expression (Halliday et al., 2003). When compared 

to native Cxs channels, the tag Cxs channels form less coupling channels than the native Cxs, 

which indicates a role of CT in the regulation of the channel formation/opening but not in 

their intracellular trafficking (Desplantez et al., 2011). Distinct altered multichannel electrical 

properties have been noticed, Cx43-tag being the most altered with significant lower voltage 

dependence (│Vj,0│= 68 mV and 61 mV for tag and native Cx43, respectively). On the 

contrary, Cx40 and Cx45 channels are less affected and exhibit a lower and a higher voltage 

dependence but not statistically different to the native isoforms, respectively. Moreover, Cx43 

and Cx40 exhibits faster kinetics of inactivation, not observed for Cx45 (Desplantez et al., 

2011). Finally, a lower contribution of the fast Vj gate and a higher contribution of the slow 

Vj gate has been observed, more pronounced for Cx43 than Cx40 and Cx45. This suggests 

distinct contributions of the CT domain in regulating the multichannel properties: 

Cx43>Cx40>Cx45. Similarly the unitary conductances of Cx43 are the most affected by the 

tag, with a 50% decrease (e.g: main conductance j,main≈59 and 29 pS for native and tag 

isoform, respectively) whereas the unitary conductances of Cx45 are decreased by ≈ 30 %, 

and the unitary conductances of Cx40 are similar to the wild type Cx40. This shows either 

distinct contribution of CT in regulating the single channel conductance (Cx43>Cx43>Cx40), 

or distinct alteration of the tertiary structure of the channel pore by the tag that impedes the 

gating mechanisms. The implication of CT in the unitary conductance of Cx40 channels 

(Anumonwo et al., 2001) favours the second hypothesis. 

Importantly, the common tag epitope allows the use of a common antibody to quantify 

and compare the expression levels of each tag-connexin and use such levels as reference for 

measuring the level of the native Cxs isoform (Severs et al., 2006; Desplantez et al., 2011). 

This will be critical to measure the levels of junctional/non junctional Cxs, their ratio, and 

correlate them with electrical properties of GJC, which was not possible when using the 

specific Cxs antibodies because of their distinct binding affinities (Severs et al., 2001; van 

Veen et al., 2001; Coppen et al., 2002). 

 

 

F. INHIBITION OF ELECTRICAL PROPERTIES OF CX43 

HEMICHANNELS AND GAP JUNCTION CHANNELS: CONNEXIN 

MIMETIC “GAP” PEPTIDE AS SPECIFIC BLOCKERS 
 

Cardiac arrhythmia observed in diseased conditions such as ischaemia and ventricular 

hypertrophy cause Cxs remodelling that alter the Cxs cellular organisation, reduce the 

intercellular communication and the conduction velocity (Matsushita et al., 1999; Uzzaman et 

al., 2000; Beardslee et al., 2000; Severs et al., 2004, 2008). To counteract these arrhythmic 

effects, antiarrhythmic compounds such as AAP10 and Rotigaptide ZP123 that increase the 

electrical coupling through Cx43 and Cx40 and reduce the risk of re-entry have been 

developed (Hervé and Dhein, 2006; Clarke et al., 2006; Easton et al., 2009; Dhein et al., 

2010). Moreover, cardiac ischemia, which has been largely studied, trigger the opening of 

Cx43 HC and the release ATP that lead to cardiomyocytes death (Stout et al., 2002; John et 
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al., 2003; Kang et al., 2008). Non specific blockers such as heptanol, carbenoxolone, and 

palmitoleic acid are largely used to inhibit this re-opening, which hypothetically act by 

dissolving into the lipid bilayer and modify the membrane fluidity (Evans and Boitano, 2001), 

but secondary effects on other ionic channels (voltage gated channels) are possible. 

For the purpose of future therapeutic approach a class of specific Cxs blockers, the 

connexin mimetic peptides, named Gap peptides, have been developed. They correspond to 

short complementary amino-acid sequences to the extracellular and cytoplasmic Cxs domains 

(Evans and Boitano, 2001; Dhein, 2002; Hervé and Dhein, 2006). The Gap26 and Gap27 

peptides that target the extracellular loops of Cx43 have been largely tested and shown a 

potential inhibitory action on ATP release attributable to a blocking of Cx43 HC that 

increases the cardiomyocytes viability in ischemic conditions and reduces the infarct size 

(Braet et al., 2003; Przyklenk et al., 2005; Evans et al., 2006; Kang et al., 2008; Hawat et al., 

2010, 2012). 

More recently the CT1 peptide that targets the cytoplasmic CT domain of Cx43 shows 

also a promising therapeutic approach as it reduces the Cxs remodelling in ventricular injured 

zone, but it has to be used with precaution because of collateral pro-arrhythmic behaviour 

observed (O‘Quinn et al., 2011) by interfering with the Cx43/ZO-1 interaction known to be a 

regulating factor of the gap junction size and organisation at the ID (Hunter et al., 2003, 2005; 

Palatinus et al., 2012). 

However, in the electrophysiological context, the effect of these peptides on both 

hemichannel and gap junction channel currents were missing. We have been the first to 

demonstrate the chronological time course and the inhibiting effect of Gap26 on the Cx43 

currents. Gap26 causes a first reversible 90% inhibition and nearly completely abolishes the 

voltage dependence of Cx43 HC current in less than 5 minutes while a complete inhibition of 

Cx43 GJC current was observed in t≈30 minutes (Figure 6; Desplantez et al., 2012b). 

This suggests that the peptide first binds to the extracellular loop of Cx43 HC that transit 

to the perinexus zone and the gap junction plaque with the peptide, which blocks the cell-to-

cell coupling. 

The extracellular loop EL1 appears as a contributor of the voltage Vm gating of Cx43 

hemichannels, and is altered by Gap26 peptide binding that maymodify the channel structure 

and obstruct the channel pore. However, the delayed blocking of cell-to-cell coupling 

reflectsa pro-arrhythmic long term effect of the peptide, as shown in ventricular tissue 

(O‘Quinn et al., 2011), which has to be carefully considered for therapeutic use despite a 

reversible action(Boitano and Evans, 2000). These peptide inhibitors provide an important 

potential in specifically blocking a connexin isoform while allowing gap junctions made up of 

other Cxs isoforms to function. However, because the cardiac GJC are mainly of mixed Cxs 

composition, future experiments need to be performed to elucidate if the inhibiting action of 

the Gap peptides depends on theirCxs composition. 

 



New Findings on Cardiac Connexin Gap Junction Channels Make-Up … 19 

 

Figure 6. Specific Cx43 hemichannel and channels inhibition by the connexin mimetic peptide Gap26. 

A Time course of reversible inhibition of Cx43 hemichannel current Ihc43 upon removal of Gap26; the 

inset illustrates the time course of the increase of Ihc43. B Time course of uncoupling effect of Gap26 on 

Cx43 gap junction channel conductance; the inset illustrates the decrease of the Cx43 junctional current 

during perfusion of Gap26. C Proposed mechanism of Gap26 on both Cx43 hemichannels and gap 

junction channels; From Desplantez et al., 2012b. 

 



Thomas Desplantez 20 

Table. Electrical parameters of atrial and ventricular gap junction channels (voltage 

dependence, peak unitary conductance), peak sodium current and conduction velocity 

before/after the genetic ablation of Cx43. The multichannel parameters (Vj,0; gj,min 

and A) are given for negative and positive Vj, respectively 

 

 Atrial Ventricular 

 
Cx43

+/+
 Cx43KO Cx43

+/+
 Cx43KO 

Cx43
+/+

-

Cx43KO 

Junctional 

conductance 

gj,0 (nS) 

80±9 23±2 68.3±9.6 2±0.2 5.2±1.7 

Half maximal 

inactivation 

Vj,0 (mV) 

-37/65 -63/72 -68/65 -39/40 -129/67 

Minimum 

junctional 

conductance 

gj,min 

(normalized) 

0.25/0.53 0.5/0.4 0.31/0.26 0.23/0.22 0.55/0.1 

Gating 

charge A 

(a.u.) 

-0.04/0.01 -0.07/0.1 -0.06/0.05 -0.08/0.09 -0.03/0.05 

Peak unitary 

conductance 

(pS) 

49±1.7 
27.1±1.5 

67±1.8 
45±0.8 

13.8±1.1 

32.8±0.7 
n.d. 

Peak sodium 

current 

(pA/pF) 

-324.7±47.4 -146.5±26.4 40% reduction n.d. 

Conduction 

velocity 

(cm/s) 

34±6 19±11 31.8±11 2.1±5 

WT:Cx43KO 

ratio 

dependent 

(see Fig.5) 

 

 

G. OUTLOOK – WHAT’S NEXT? 
 

The goal of this review was to describe recent electrophysiological studies performed 

with the dual voltage clamp method that determine the electrical properties of cardiac 

connexins and gap junction channels in the healthy and mimicked (Cx43 genetic ablation) 

diseased heart. 

Both atrial and ventricular myocytes display distinct channel make-up before and after 

the genetic ablation of Cx43, and confirm that the pattern of co-expression of cardiac 

connexins is a key factor regulating the cardiac impulse propagation, concomitant with the 

co-regulation with the ionic sodium channels. More importantly, our determinant single 

channel recordings demonstrated the distinct formation of atrial and ventricular GJC of 

various Cxs composition, mainly of mixed Cxs composition, characterized by distinct 
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electrical properties. The genetic ablation of Cx43 indicates a dominant role of Cx43, and 

cause altered pro-arrhythmogenic electrical properties. 

Despite these progresses a lot of questions still remain, out of which: 

 

1. Cx45, despite a lower expression level than Cx43 and Cx40, forms a high amount of 

homotypic GJC in atrial myocytes. The absence of electrophysiological ventricular 

disorders (Bao et al., 2011) but the slower atrial velocity observed after its down-

regulation (Desplantez, Dias, Dupont and Severs, unpublished) suggests distinct 

function played by Cx45 in atrial and ventricular myocytes. Its limiting role of the 

gap junction size (Grikscheit et al., 2008) should be concomitant to a regulatory 

function of Cxs co-assembling with Cx40 and Cx43 to form heteromeric GJC of 

certain Cxs composition, and let opened the question of the specific Cxs affinities. 

2. Cx40 expressed in atrial myocytes appears as a major co-contributor of the regulation 

of the voltage gating of GJC. Its poorly understood role in the atrial fibrillation open 

questions on this function, either in regulating the electrical properties or regulating 

the Cxs co-assembling and the distribution of GJC. This needs to be clarified to 

elucidate the distinct contribution of each Cxs in both atrial and ventricular 

myocytes. 

3. Similarly to the voltage gating, the kinetics of inactivation of the GJC are function of 

the expression pattern and the types of channels formed (Elenes et al., 2001; 

Desplantez et al., 2004, 2011). The kinetics of atrial and ventricular gap junction 

channels, currently under study, display distinct properties (i,0; V). However, the 

kinetics of recovery from inactivation of the GJC are still unexplored. Both kinetics 

of inactivation and recovery from inactivation should be function of the frequency of 

the heart beat: the faster the frequency, the shorter the time delay between 2 

consecutive AP, the shorter the duration of inactivation and recovery from 

inactivation of GJC. The relation between the Vj (time course;                                              

amplitude; polarity), the kinetics of inactivation and recovery from inactivation of 

GJC of various Cxs composition will have to be considered. This requires an 

accurate prediction of the Vj established during the normal and abnormal rhythmic 

propagation of the action potential in both healthy and diseased heart, respectively. 

Preliminary experiments suggest a certain equilibrium state between both kinetics 

(Desplantez and Weingart, unpublished) that should adapt to the heart rhythm to 

control the amount of current diffusing through the GJC. 

4. The heteromeric GJC represent the main channel population. Despite the improved 

understanding on the function played by the Cxs domains in the electrical properties 

of the GJC, it appears determinant to elucidate if the cytoplasmic and the 

extracellular domains of adjacent Cxs interact together, independently of the type of 

connexin, or interact only between domains of the connexin they ―belong to‖. 

Preliminary data obtained with the new developed model of connexin tandem that 

forces the expression of a single ―double‖ connexin made of two identical (Cx43, 

Cx40, Cx45) or different Cxs (Cx43~Cx40; Cx40~Cx43, etc.) suggest that the 

interaction between domains of adjacent Cxs of similar and different type can occur 

within a HC (Desplantez et al., 2007b). 
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To address these points, the development of new animal models described in this review 

(Beauchamp et al., 2004; Bao et al., 2011; Jansen et al., 2012), of cell models transfected with 

inducible plasmidic systems (tett-off; Ecdysone) that allow an accurate control of the type and 

level of co-expressed Cxs (Thomas et al., 2005) and of new experimental supports (McCain et 

al., 2012a, 2012c) that can be applied to electrophysiological techniques such as the DVC and 

micro-electrode arrays provide promising ―tools‖ to improve our understanding on the 

distinct contribution of the Cxs patterns in each cardiac tissue and at the border zones that 

express different sets of Cxs (Severs et al., 2008) such as the Purkinje Fibres/Transitional 

Fibres/Ventricular junction where Cx40, Cx43 and Cx45 display distinct expression pattern in 

each cell type. 

Importantly the increasing development of Gap connexin mimetic peptides as specific 

connexins blockers (Evans and Boitano, 2001; Desplantez et al., 2012b) and the gene and cell 

therapy approach based on Cxs and protein partners, especially ionic voltage gated channels 

(Bikou et al., 2011; Igarashi et al., 2012; Askar et al., 2012; Lu et al., 2012) demonstrate the 

promising potential of a future pharmacological approach to control and prevent Cxs 

dysfunctions. 
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