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Abstract

In mouse heart, four connexins (Cxs), Cx30.2, Cx40, Cx43, and Cx45, form gap junction (GJ)
channels for electric and metabolic cell-to-cell signaling. Extent and pattern of Cx isoform
expression together with cytoarchitecture and excitability of cells determine the velocity of
excitation spread in different regions of the heart. In the SA node, cell- cell coupling is mediated
by Cx30.2 and Cx45, which form lowconductance (approximately 9 and 32 pS, respectively) GJ
channels. In contrast, the working cardiomyocytes of atria and ventricles express mainly Cx40 and
Cx43, which form GJ channels of high conductance (approximately 180 and 115 pS, respectively)
that facilitate the fast conduction necessary for efficient mechanical contraction. In the AV node,
cell—cell coupling is mediated by abundantly expressed Cx30.2 and Cx45 and Cx40, which is
expressed to a lesser extent. Cx30.2 and Cx45 may determine higher intercellular resistance and
slower conduction in the SA- and AV-nodal regions than in the ventricular conduction system or
the atrial and ventricular working myocardium. Cx30.2 and its putative human ortholog, Cx31.9,
under physiologic conditions form unapposed hemichannels in nonjunctional plasma membrane;
these hemichannels have a conductance of approximately 20 pS and are permeable to cationic
dyes up to approximately 400 Da in molecular mass. Genetic ablation of Cxs confirmed that Cx40
and Cx43 are important in determining the high conduction velocities in atria and ventricles,
whereas the deletion of the Cx30.2 complementary DNA led to accelerated conduction in the AV
node and reduced the Wenckebach period. We suggest that these effects are caused by (1) a
dominant-negative effect of Cx30.2 on junctional conductance via formation of low-conductance
homotypic and heterotypic GJ channels, and (2) open Cx30.2 hemichannels in non-junctional
membranes, which shorten the space constant and depolarize the excitable membrane.

In the mammalian heart, gap junction (GJ) channels mediate electric and metabolic
communication between cardiac myocytes, thereby allowing cardiac impulse propagation
and coordinated contraction of the chambers. Gap junction channels, which connect the
cytosplasms of two adjacent cells and enable the diffusion of molecules up to approximately
1 kDa molecular mass, are composed of two hemichannels or connexons (Kumar and Gilula
1996). Each hemichannel consists of six connexin (Cx) protein subunits that are encoded by
a multigene family comprising at least 20 members in the mouse and human genome (S6hl
and Willecke 2004). Different Cxs coexpressed in the same tissue can form homotypic
(same Cx isotype in both hemichannels), heterotypic (two Cx isotypes form cell-cell
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channels, but each hemichannel is assembled from one isotype), and heteromeric (different
Cx isotypes in the single hemichannel) GJ channels, which display distinct
electrophysiologic properties as well as different permeabilities to ions and second
messengers. Recently, mouse Cx30.2 was characterized as a novel cardiac Cx, which, like
its human ortholog Cx31.9, forms gap junctional channels of low unitary conductance and
low sensitivity of gating to transjunctional voltage in transfected cells (Nielsen et al. 2002,
White et al. 2002, Kreuzberg et al. 2005).

Expression of Cxs in the Heart of Rodents

For more than a decade, it was assumed that Cx40, Cx43, and Cx45 determine the
propagation of excitation in the heart. Cx30.2 was recently characterized as a fourth cardiac
Cx, which is expressed preferentially in the SA- and AV-nodal regions of the mouse heart
(Kreuzberg et al. 2005). Expression patterns of all cardiac Cxs are shown in Figure 1. Cx43,
the major Cx forming GJ channels between working cardiomyocytes of atria and ventricles,
is also expressed in the network of Purkinje fibers forming the distal part of the ventricular
conduction system (Beyer et al. 1989, Gourdie et al. 1993, Coppen et al. 1999a). Cx40
colocalizes with Cx43 in the atrial working myocytes and is abundantly expressed in the His
bundle, bundle branches, and subendocardial network of Purkinje fibers, that is, structures
with high conduction velocities. Furthermore, Cx40 is expressed in the central region of the
AV node (Kirchhoff et al. 1998, Coppen et al. 1999b). Cx45 is abundantly expressed in the
SA node and in the AV node with its posterior extension. In the His bundle and branches,
Cx40 and Cx45 expression overlaps, and at the transition from bundle branches to
subendocardial network of Purkinje fibers, the expression of Cx45 decreases, whereas
expression of Cx43 increases (reviewed by Lo 2000) (Figure 1). Our recent data show that
expression of Cx30.2 in mice is mainly restricted to the cardiac conduction system, with the
most abundant expression in the SA node, in the atrial vestibule, and in the AV node with its
posterior extension. Only low levels of Cx30.2 protein were found in the His bundle and
bundle branches (Kreuzberg et al. 2005). Cx30.2 expression was largely colocalized with
Cx45 expression throughout the cardiac conduction system (Figure 2). An overlapping
expression pattern of Cx30.2 and Cx40 was found only in part of the AV node, the His
bundle, and the bundle branches (Figure 1).

Impulse Propagation in the Heart

In the mammalian heart, the cardiac impulse is initiated in the spontaneously active
pacemaker cells of the SA node. Electric signals then propagate toward the crista terminalis,
and excitation from there spreads with the velocity of 0.5 to 1 m/s (in the human heart)
through the right and left atria. The excitation wave enters the AV node by passing the
transitional A—N zone, and its velocity of propagation gradually decreases to approximately
0.05 m/s in the central region called compact node or N region (Figure 1, which shows
velocities of excitation propagation in different regions of the human heart). After passing
the transitional N—H region and entering the His bundle, the propagation of excitation
quickly accelerates, reaching approximately 2 m/s, and remains at this level in the
subendocardial network of Purkinje fibers, resulting in coordinated contraction of both
ventricles.

In the normal heart, the AV node is the sole connection between atria and ventricles for
excitation transfer, and the delay of conduction appears to be its main function. The AV-
nodal delay is necessary for the sequential contraction of atria and ventricles, which is
important for the optimal hemodynamics (Mazgalev and Tchou 2000). In addition, the
relatively long refractory period of the AV-nodal cells and the dependence of the refractory
period and of the conduction velocity on the frequency of excitation limit the maximum
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number of impulses within a given period that can be transmitted to the ventricles (Meijler
and Janse 1988). Thus, the AV node filters high atrial frequencies during atrial fibrillation
and therefore protects the ventricular myocardium against the transmission of atrial
tachyarrhythmias (Dobrzynski et al. 2003). Slow AV-nodal conduction under
pathophysiologic conditions can also lead to the generation of life-threatening reentry
tachycardias.

Correlation Between Cx Expression and Propagation of Excitation

The spread of excitation in different parts of the heart is determined by the tissue geometry,
the excitability of the cells, and the extent of gap junctional coupling. The number, size, and
distribution of GJ plaques (clusters of GJ channels in the junctional membrane), as well as
the expression pattern of Cx isoforms, determine the electrophysiologic properties of
assembled GJ channels and cell-to-cell coupling. In the SA node, Cx30.2 and Cx45 channels
integrate thousands of pacemaker cells with various intrinsic frequencies of excitation into
one functional unit, which defines the heart rhythm. These Cxs can form low-conductance
homotypic GJ channels of 9 and 32 pS, respectively, as well as Cx30.2/Cx45 heterotypic
GJs with the single-channel conductance of approximately 17 pS (Bukauskas and Verselis
2004, Kreuzberg et al. 2005). Electric coupling in the transitional region between the SA
node and the right atrium should be such that the functional identity of pacemaker cells from
surrounding cells of the atrium is maintained (Verheijck et al. 1998). In this region,
expression of all Cx isoforms typical for both atria and the SA node, that is, Cx40, Cx43,
Cx30.2, and Cx45, is likely to occur, which may result in intercellular communication
through a high variety of homotypic, heterotypic, and even heteromeric channels. Cx30.2
protein can form low-conductance heterotypic junctions with all other cardiac Cxs with
conductances of approximately 18 pS or less and may have a dominant-negative effect on
intercellular coupling in the transitional region. Cx45 can form heterotypic junctions with all
other cardiac Cxs with single-channel conductances in the range of approximately 17 to 50
pS (Table 1), but a substantial fraction of these channels (>0.5) are closed in the absence of
transjunctional voltage, that is, at Vj = 0 mV (Bukauskas and Verselis 2004). Heteromeric
junctions can be formed from Cx45 and Cx40 proteins (Martinez et al. 2002), but there are
no data yet demonstrating the formation of heteromeric channels containing Cx30.2.

Within atria, gap junctional channels formed of Cx40 and Cx43 provide fast spread of
excitation, assuring almost synchronous contraction of both atria. We assume that cell—cell
coupling in atria is maintained by homotypic Cx40 and Cx43 GJ channels exhibiting high
single-channel conductances of the open state (180 and 115 pS, respectively) (Bukauskas et
al. 1995, Bukauskas and Verselis 2004). The occurrence of functional Cx40/Cx43
heterotypic junctions has been disputed (Bruzzone et al. 1993, Haubrich et al. 1996,
Valiunas et al. 2000, Cottrell et al. 2002), and Cx40/Cx43 heteromeric connexons do not
yield functional gap junctional channels (Valiunas et al. 2001). The original studies
performed in Xenopus oocytes and HeLa cells expressing Cx40 and Cx43 (Bruzzone et al.
1993, Haubrich et al. 1996) showed that Cx40 and Cx43 are not compatible to form
heterotypic junctions, which is in accord with our latest unpublished data, and we assume
that excitation transfer between working cardiomyocytes of atria occurs through homotypic
Cx40 and Cx43 GJ channels.

Conduction in the AV node may be slow for several reasons, which include reduced cellular
excitability, by, for example, decreased number of Na* channels, reduced resting potential
that partially inactivates inward currents, branching of fibers, and lower cell-cell coupling
(Spach et al. 2000, Kléber and Rudy 2004). Electric intercellular coupling in SA- and AV-
nodal regions is several times lower than in working myocardium (Bukauskas and Veteikis
1977, Bukauskas et al. 1982). Like the SA node, cells of the AV node express Cx30.2 and
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Cx45 and, in addition, Cx40, although only in restricted areas (Figure 2). There are reports
that Cx43 is also expressed in the transitional regions of the AV node in rabbits, and Cx
expression patterns can be species dependent (reviewed by Efimov et al. 2004). Heterotypic
channels, formed by docking of Cx30.2 hemichannel with hemichannels of other cardiac
Cxs, exhibit low unitary conductances (approximately 17-18 pS) (Kreuzberg et al. 2005).
Low conductance of homotypic and heterotypic GJ channels formed of Cx30.2 may result in
a dominant-negative effect of Cx30.2 on junctional conductance between nodal cells and
may explain the low conduction velocity in the wild-type mice and enhanced AV conduction
in the Cx30.2-deficient mice (Kreuzberg et al. 2006).

As shown in Figure 1, the expression pattern of Cxs changes along the pathway in which the
His bundle ramifies into right and left branches and Purkinje terminals. Cx40 is expressed
along this pathway, whereas the expression of Cx30.2 and Cx45 gradually decreases and
Cx43 appears to be expressed in the Purkinje terminals (van Rijen et al. 2001, Miquerol et
al. 2004). From the Purkinje terminals, the excitation is transferred to the ventricular
working myocytes presumably through Cx43 homotypic GJs.

In recent years, it has become evident that permeability of unapposed Cx-based
hemichannels to ions, metabolites, and signaling molecules is important to cellular functions
under normal and pathologic conditions (Bennett et al. 2003). Two cardiac Cxs, Cx43
(Kondo et al. 2000, Bennett et al. 2003) and Cx45 (Valiunas 2002), have been shown to
form functional hemichannels, which are preferentially in the closed state at negative resting
potentials and tend to open during depolarization. Presumably, open channel probability of
these hemichannels increases during action potentials and to a greater extent during
tachycardia. In one report, Cx40 hemichannels were found not to be functional (Beahm and
Hall 2004). We recently reported that both Cx30.2 and Cx31.9 hemichannels residing in the
plasma membrane could open under physiologic conditions allowing uptake of cationic
fluorescent dyes up to approximately 400 Da in molecular mass (Bukauskas et al. 2006).
Unitary conductance of mouse Cx30.2 hemichannels is approximately 20 pS, about twice
the cell-cell channel conductance. We hypothesize that a relatively high fraction of Cx30.2
or Cx31.9 hemichannels are open under normal conditions because of their low-voltage
gating sensitivity, whereas gating mechanisms of Cx43 and Cx45 hemichannels are
substantially more sensitive to voltage, and more of these hemichannels are closed at the
inside negative resting potential. Opening of hemichannels in nodal cells, which exhibit very
high membrane resistance, would depolarize them, shorten the space constant, and increase
locally extracellular concentration of K* ions. Depolarization could inactivate inward
currents driving excitability and contribute to the reduction in conduction velocity.

Alterations of Cardiac Conduction in Cx-Deficient Mice

Unrestricted and cardiomyocyte-specific null mutant mice of different cardiac Cx genes
were generated during the last decade to investigate the role of Cxs in cardiac impulse
propagation.

Deletion of Cx43 gene resulted in postnatal death because of malformation of the right
ventricular outflow tract (Reaume et al. 1995). The postnatal lethality of Cx43-deficient
mice can be circumvented by cardiomyocyte-directed deletion. The resulting mice exhibit a
reduced conduction velocity in the ventricles, thus, demonstrating the importance of Cx43 in
the maintenance of ventricular conduction (Gutstein et al. 2001, van Rijen et al. 2004).

Cx40-deficient mice exhibit several conduction abnormalities. Ectopic breakthrough points
revealed impaired SA-nodal function (Bagwe et al. 2005). In addition, Cx40-deficient mice
show slower conduction velocity in the atria and the AV-nodal region and impaired

conduction in the bundle branches (Kirchhoff et al. 1998, Hagendorff et al. 1999, van Rijen
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et al. 2001). Furthermore, impaired AV-nodal conduction is reflected by a prolonged
Wenckebach period and AV-nodal refractory period in these mice (VanderBrink et al.
2000).

The impact of Cx45 on cardiac impulse propagation remains elusive because unrestricted
and cardiac-actin promoter-Cre-mediated deletion of Cx45 resulted in embryonic lethality
because of endocardial cushion defects and impaired vascularization (Kumai et al. 2000,
Kruger et al. 2000, Nishii et al. 2001). The embryonic lethality can be circumvented by a
myosin heavy chain promoter-Cre-mediated deletion (Agah et al. 1997) of Cx45 in
conditional Cx45- deficient mice (Maxeiner et al. 2005; S. Maxeiner and K. Willecke,
unpublished observations). These mice may therefore be useful for further study of the
function of Cx45 in the mammalian heart.

The Cx30.2-deficient mice show no obvious morphologic heart abnormalities but exhibit
alterations of impulse propagation in the cardiac conduction system (Kreuzberg et al. 2006).
In contrast to the findings in Cx40-deficient mice, the ablation of Cx30.2 results in
accelerated impulse propagation through the AV node (Kreuzberg et al. 2006). Alterations
in AV-nodal function are also observed during induced episodes of atrial fibrillation, which
result in faster ventricular response rates. In addition, the Wenckebach period is shortened in
these mice. Thus, Cx30.2 contributes to slow AV-nodal conduction and protection of
ventricles from atrial tachyarrhythmias. No alterations of impulse propagation were found in
atria, ventricles, His bundle, or bundle branches where Cx30.2 expression is absent or low.

Conclusions and Open Questions

The AV node plays a critical role in cardiac impulse propagation under physiologic as well
as pathophysiologic conditions. In human hearts, the formation of dual pathways with
different conduction velocities (slow and fast) has been described as facilitating the
development of local reentry circuits that can result in AV-nodal reentry tachycardia
(Efimov et al. 2004). In rabbit, dual-pathway conduction in the AV node was observed, and
the slow pathway was thought to be located in the posterior nodal extension and Cx45
positive (Dobrzynski et al. 2003). So far, there are no reports regarding slow and fast
pathways in the mouse heart. Because Cx30.2 and Cx45 are both expressed in the AV node
and its posterior extension, these Cxs are likely to provide the molecular substrate for the
formation of a slow pathway. However, electrophysiologic investigations of the dual
pathway in the AV node and of the susceptibility to reentry tachycardias in Cx30.2-deficient
mice have not been carried out because of its small size.

The expression pattern of the rabbit and human orthologs of Cx30.2 has not yet been
studied, but they can be expected to be found in the AV node and its posterior extension in
these species. The generation of specific antibodies directed to Cx31.9, the putative human
ortholog of Cx30.2, and their application on human cardiac tissue should help to answer the
question whether Cx31.9 is also expressed preferentially in SA- and AV-nodal regions. We
demonstrated that Cx30.2 expression is associated with slow conduction in the AV node in
mice (Kreuzberg et al. 2006) and thus might be relevant for the formation of a slow AV-
nodal pathway, which can play a role in AV-nodal reentry tachycardia. Cx31.9, similar to
Cx30.2, forms homotypic GJ channels exhibiting low gating sensitivity to transjunctional
voltage (Nielsen et al. 2002) and the lowest single-channel conductance among known
members of the Cx family (White et al. 2002). Cx31.9 also forms unapposed hemichannels
that open with relatively high efficiency under normal perfusion conditions (Bukauskas et al.
2006). Thus, Cx31.9 might have a function in the human AV node similar to that of Cx30.2
in mice.
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During atrial tachyarrhythmias such as atrial fibrillation, the slow AV-nodal conduction
velocity and long refractory period serve as a protection mechanism against extension of the
high atrial excitation rates to the ventricles. Mice lacking Cx30.2 during short periods of
induced atrial fibrillation exhibited higher ventricular response rates than wild-type mice
(Kreuzberg et al. 2006).

The mechanism by which Cx30.2 slows down AV-nodal conduction remains unproven. The
unitary conductances of Cx30.2 homotypic gap junctional channels were shown to be very
low in HeLa transfectants (Table 1). In addition, Cx30.2 forms functional heterotypic
channels with all other cardiac Cxs, and these channels also exhibited low unitary
conductances (Kreuzberg et al. 2005). It remains essential to examine whether heteromeric
hemichannels and cell-cell channels containing Cx30.2 can be formed and function.
Therefore, it is likely that Cx30.2 has a dominant-negative effect on junctional conductance
when it forms heterotypic and heteromeric gap junctional channels with other cardiac Cxs; a
similar action was recently hypothesized for Cx45 when it was overexpressed in the
ventricular myocardium (Betsuyaku et al. 2006). This action could explain the higher
conduction velocity within the AV node in Cx30.2-deficient mice, which do not show
obvious up-regulation of the other cardiac Cxs. We assume that Cx45 and Cx40 in the
absence of Cx30.2 form homotypic, heterotypic, and heteromeric GJ channels of higher
single-channel conductance resulting in lower intracellular axial resistance of the nodal
tissue and accelerated conduction. Lower conduction velocity in the wild-type animals could
be contributed to by open Cx30.2 hemichannels in the surface membrane, which would
reduce the space constant and depolarize the cells. Besides the unitary conductances, the
permeability of GJ channels to specific ions or second messengers could also influence the
conduction and thus should be investigated. Recently, it was shown that Cx43 and Cx45
homotypic gap junctional channels in transfected HelLa cells were both permeable to the
second messenger cyclic adenosine monophosphate, but with a fivefold lower efficacy of
Cx45 GJ channel (Bedner et al. 2006).

In the heart of patients suffering from the Wolff—Parkinson-White syndrome, the AV-nodal
conduction is bypassed by an accessory pathway (Kent’s bundle), which is not anatomically
associated with the AV node. The presence of two AV connections greatly facilitates macro
reentry formation in the human heart, leading to life-threatening tachycardias that are highly
resistant to chemical therapy owing to their anatomic origin. Other structural abnormalities
of cardiac conduction system related to formation of James and Mahaim accessory pathways
bypassing the atrioventricular node and/or the His bundle also result in shorter latency for
ventricular excitation compared with normal AV conduction and in sudden death due to
arrhythmias (Aliot et al. 1998). However, expression and distribution of Cxs in such
accessory pathways have not yet been investigated in the human heart.

Some forms of arrhythmias appear to be genetically determined by associated mutations that
lead to decreased expression of Cx40 and modification (D1275N) of the sodium channel
(SCN5A) (Groenewegen et al. 2003). Some patients with oculodentodigital dysplasia, which
is caused by mutations in the Cx43 gene, were reported to suffer from cardiac dysfunction
(Paznekas et al. 2003). So far, no congenital heart diseases have been linked to the lack or
mutation of Cx45 in humans, although Cx45-deficient mice show severe heart abnormalities
and embryonic death. Alterations in distribution and expression levels of Cx43, Cx40, and
Cx45 have been described in several cardiac diseases. Reduced levels of Cx43 and up-
regulation of Cx45 were observed in congestive heart failure (Dupont et al. 2001, Yamada et
al. 2003).

Numerous studies highlight the importance of GJs in the genesis of cardiac arrhythmias,
which has stimulated the search for antiarrhythmics targeting GJ channels (Eloff et al.
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2003). Several reports show that antiarrhythmic properties of the peptide AAP10 and its
analogue ZP123, which is more resistant to proteolytic degradation in the digestive tract, are
determined by decreased dispersion of activation and increased velocity of impulse
conduction in the heart (Haugan et al. 2005). In addition, ZP123 reduced the incidents of
spontaneous ventricular arrhythmias of ischemic origin and size of infarct scars (Hennan et
al. 2006). It was suggested that these effects resulted from enhancement of intercellular
communication, and it was shown that ZP123 does not affect the normal functioning
myocardium but is protective during acidosis and metabolic stress (Eloff et al. 2003, Haugan
et al. 2005). Thus, a new class of antiarrhythmic peptides that act on gap junctional
communication may emerge.
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SA node ~0.05 m/s
Cx30.2 = Cx45

Atria ~0.5-1 m/s
Cx40 = Cx43

AV node ~0.05 m/s
Cx30.2 = Cx45 > Cx40

AV bundle ~2 m/s
Cx40 > Cx45 > Cx30.2

Bundle branches ~2 m/s
Cx40 > Cx45 > Cx30.2

Purkinje fibers ~2 m/s
Cx40 = Cx43

Working myocardium ~0.5 m/s
Cx43

Figure 1.
Schematic of the heart (modified from Netter 1993) illustrating the spread of excitation and

Cxs expression patterns. Boxed areas connected with different regions of the heart indicate
conduction velocities and Cxs expressed.
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Figure 2.
Coexpression of Cx30.2, Cx40, and Cx45 in AV-nodal regions of the mouse heart revealed

by immunohistochemical labeling of Cx pairs. Image (C) is a merge of images (A and B).
Image (F) is a merge of images (D and E). It is evident that Cx30.2 (D) and Cx45 (E) are
more intensely and broadly coexpressed than are Cx30.2 and Cx40. Nuclei are stained in
blue. AVN indicates atrioventricular node; IVS, interventricular septum; RA, right atrium.
Scale bars, 20 um.
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Table 1

Single-channel conductances of mouse cardiac Cxs analyzed in transfected HelLa cells

Single-channel conductance of homotypic and heter otypic GJ channels (pS)

Cx43 Cx40 Cx45 Cx30.2
Cx43 115 - - -
Cx40 No function 180 - -
Cxd45 55 208 32 -
Cx30.2 18 18 17 9

Unless otherwise indicated, data were taken from Haubrich et al. (1996), Bukauskas and Verselis (2004), and Kreuzberg et al. (2005).

aHayrapetyan and Moreno (2003) and our unpublished data.
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