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Summary

Direct cell-to-cell communication in the heart is maintained via
gap junction channels composed of proteins termed connexins.
Connexin channels ensure molecular and electrical signals
propagation and hence are crucial in myocardial synchronization
and heart function. Disease-induced gap junctions remodeling
and/or an impairment or even block of intercellular
communication due to acute pathological conditions results in
derangements of myocardial conduction and synchronization.
This is critical in the development of both ventricular fibrillation,
which is a major cause of sudden cardiac death and persistent
atrial fibrillation, most common arrhythmia in clinical practice
often resulting in stroke. Many studies suggest that alterations in
topology (remodeling), expression, phosphorylation and
particularly function of connexin channels due to age or disease
are implicated in the development of these life-threatening
arrhythmias. It seems therefore challenging to examine whether
compounds that could prevent or attenuate gap junctions
remodeling and connexin channels dysfunction can protect the
heart against arrhythmias that cause sudden death in humans.
This assumption is supported by very recent findings showing
that an increase of gap junctional conductance by specific
peptides can prevents atrial conduction slowing or re-entrant
ventricular tachycardia in ischemic heart. Suppression of
ischemia-induced dephosphorylation of connexin seems to be
one of the mechanisms involved. Another approach for
identifying novel treatments is based on the hypothesis that even
non-antiarrhythmic drugs with antiarrhythmic ability can
modulate gap junctional communication and hence attenuate
arrhythmogenic substrates.

Key words
Atrial and ventricular fibrillation e Gap junctions e Connexin
channel e Therapeutic targets

Corresponding author

Narcis Tribulova, Institute for Heart Research, Slovak Academy of
Sciences, Dubravska cesta 9, POBox 104, 840 05 Bratislava,
Slovak Republic. E-mail: narcisa.tribulova@savba.sk

Introduction

death due
fibrillation (VF) is a major health problem despite of

Sudden cardiac to ventricular
current therapy based on implanted defibrillators (Zipes
and Wellens 1998), while atrial fibrillation (AF) is the
most common sustained arrhythmia in clinical practice
and one of the major causes of stroke (Olsson 2001).
Both, AF and VF are considered to occur due to abnormal
impulse formation and/or circuit movement re-entry
(Gray et al. 1998, Witkowski et al. 1998, Allesie et al.
1984).
mechanism of cardiac fibrillation was defined as a

Re-entry as underlying electrophysiological
persisting electrical impulse that reactivates an area of
previously activated myocardial tissues that is no longer
refractory, resulting in a circus movement of activation
(Janse and Wit 1989). Nevertheless, the molecular and
in the

persistence of these re-entrant arrhythmias in humans are

cellular mechanisms involved initiation and
still not fully elucidated. Thus, further investigations are
needed for managing of the arrhythmias.

As for AF, various animal models have been
proposed to elucidate the factors involved in triggering
and sustaining of this arrhythmia as well as to examine
the efficacy of antiarrhythmic-defibrillating compounds
(Wijffels et al. 1995, Gaspo et al. 1997). In principle,
there are three complementary theories dealing with AF.
The first one using computer model is based on multiple
wavelets of reentrant impulses with short wavelength
wandering trough the atria and continuously creating
asynchronous electrical activity (Moe et al. 1964). The
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second theory is known as “atrial fibrillation begets atrial
fibrillation” (Wijffels et al. 1995). This model is based on
the assumption that AF itself leads to tachycardio-
myopathy and to electrical remodeling of the atria that
results in shortening of wavelength, which facilitates
sustaining of AF. The third approach is based on
experimental and clinical studies suggesting that
myocardial extensions around pulmonary veins are the
most important sites for triggering of AF (Olsson 2001),
while sustaining of this arrhythmia is linked to a presence
of proarrhythmic structural substrates (Spach and
Heidlage 1995, Tribulova et al. 1999). More attention to
the latter is paid in this review.

As for VF, consistent with theoretical and
experimental findings elucidating this arrhythmia,
proposed mechanisms focused on “rotors” (Winfree
1974) as transient, unstable object and VF was explained
in terms how mother rotors break up into daughter rotors
to form turbulent state seen in epicardial maps. Recent
work suggests (Chen et al. 2000) that emphasis on the
breakup of rotors as the driving force for VF is
misplaced. It is proposed (Zaitsev et al. 2000) that the
high frequency source is stable rotor, thus reviving the
importance of the rotor as the organizing center for VF,
with fibrillatory conduction away from the rotor playing a
secondary role in the arrhythmia. Mechanisms implicated
in initiation and/or maintaining VF are still controversial.
Fundamental knowledge about cellular basis of this
arrhythmia is essential for designing novel and more
effective approaches to prevention and/or treatment,
including ICD patients. In this respect cell-to-cell
communication via gap junction connexin channels can
play a key role as suggest numerous studies included in
this article.

The general classification of cardiac arrhythmias
assumed that all disturbances of rhythm result from one
of two primary abnormalities in electrical activity. The
first is an abnormality in impulse initiation and the
second, an abnormality in impulse propagation, whereby
both may co-exist (Hoffman and Rosen 1981). The
former is associated particularly with triggered activity
and/or abnormal automaticity, whereas the latter with
block of conduction and re-entry. It was hypothesized
that intercellular electrical coupling and communication
mediated by gap junctions may determine conduction
velocity and that alterations in gap junction distribution
and/or defective cell-to-cell coupling contribute to
abnormal conduction facilitating occurrence of re-entrant

arrhythmias, such as AF or VF (Spach et al. 1982, Spach

and Starmer 1995, Manoach and Watanabe 1995,
Tribulova et al. 2001a, Saffitz et al. 1999, Axelsen et al.
2007, Fialova et al. 2008).

Taking into account that functional cell-to-cell
coupling and communication via gap junction connexin
channels is crucial for rapid electrical signal propagation
and cardiac muscle synchronization, in turn, disorders in
cell-to-cell coupling and communication may be a key
factor in arrhythmogenesis. In this article we focus,
therefore, on gap junction and connexin channels
alterations that may underlie proarrhythmia substrates
implicated in the development of atrial or ventricular
fibrillation in various experimental conditions as well as
clinical settings.

Cardiac gap junctions: structure,
composition and distribution

The subcellular
myocardial electrical current flow propagation from one

structures responsible for
cardiac cell to another are specialized connections termed
gap junctions (nexuses). There are two types, i.e. end-to-
end and side-to-side junctions (Figs 1A, 1B). End-to-end
type is a part of intercalated disc and it predominates in
the cardiac muscle. Lateral gap junctions are much less
abundant and occur more often in atrial than ventricular
tissues. Conventional patterns of gap junction distribution
that can be revealed by immunolabeling (Fig. 1C)
underlie uniform anisotropic

impulse propagation

throughout myocardium (Joyner 1982, Spach and
Heidlage 1995).

Gap  junctions that link adjoining
cardiomyocytes ensure cell-to-cell electrical coupling and
direct communication via clusters of intercellular
channels (connexons) composed of proteins, termed
connexins (Figs 2A, 2B). The heart expresses several
connexin isoforms that differ in conductance, whereby
connexin-43 (Cx43) predominates in ventricular as well
as atrial tissues (Dhein 1998). Besides, Cx40 is abundant
in the latter. The half-life of connexins in the adult rat
heart is

(Goodenough et al. 1996). The cardiac connexins are

surprisingly short, only about 1.3 hours

phosphoproteins and changes in phosphorylation have
been implicated in the regulation of connexin turnover
kinetics (Laird 1996). Phosphorylation also appears to
play a key role in channel gating that determines channel
conductance (Lampe and Lau 2000). Expression and/or
gating of connexin channels have been shown modulated
by various

endogenous and exogenous
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Fig. 1. Electronogram of rat ventricular cardiomyocytes coupled by intercalated disc-related end-
to-end type (A, arrows) and lateral side-to-side type (B, arrow) of gap junctions. Myocardial
distribution of both end-to-end (thick arrows) and side-to-side (thin arrows) of Cx43-positive gap
junctions is revealed by immunolabeling using specific anti-Cx43 antibodies (C). Magnification
14 000 x (A,B), 80 x (C).

compounds, e.g. hormones, growth factors, eicosanoids, An effective pump function of the heart requires
narcotics, protein kinases as well as by abnormal  electrical activation of the myocardium in a specific
elevation of intracellular ions, such as Na', Ca>" and H*  temporal and spatial pattern and this process is depending
(for details see Salameh and Dhein 2005). in large part on the distribution and function of gap
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Fig. 2. Details of gap junction structure (arrows), as seen in
electron microscope by higher magnification - 30 000 x. There
are two closely apposed unit membranes (black lines arrows)
separated by “gap” with transverse densities (middle line).
Diagram of gap junction structure shows gap junction channels
composed of proteins termed connexins. Each intercellular
channel comprises an abutting pair of connexons (hemichannels).
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Fig. 3. Electrocardiograms of the atria of guinea pig hearts
subjected to electrical burst stimulation to induce atrial
fibrillation. Note that intermittent pacing (A) did induce only
short-lasting arrhythmias in young (B), while prolonged (15 min)
atrial fibrillo-flutter in old guinea pig heart (C). T — time in
seconds, (adapted from Tribulova et a/ 1999).

junctions. Accordingly, gap junction connexin channels
are crucial in direct intercellular communication and
myocardial synchronization. Thus, it is very likely that
reduced number and/or disturbed myocardial distribution
of gap junctions as well as impairment and/or dysfunction
of connexin channels can promote cardiac arrhythmias,
including AV and VF. Indeed, numerous studies support
this assumption.

Cardiac gap junction and Cx43 alterations
implicated in occurrence of AF

incidence of AF is known to
These
conditions are characterized by myocardial structural

In humans
increase in aged or cardiomyopatic heart.
remodeling since the heart changes its structure and
function in response to aging, disease or injury. Thus, it
of the
extracellular matrix by activating intracellular signaling

alters the structure cardiomyocytes and

cascades. Consequently it results in myocardial
hypertrophy and/or fibrosis (Spach and Heidlage 1995,
Tribulova et al. 1999, Janse and De Bakker 2001,
Mukherjee et al. 20006).
structural remodeling is accompanied with gap junction
remodeling (Saffitz et al. 1999, Tribulova et al. 1999,
2002a,b, van der Velden et al. 2000, Kostin et al. 2002,

Severs 2001) that may be triggered by changes in

Importantly, myocardial

signaling molecules in response to overall remodeling
characteristics (Teunissen et al. 2004). In general,
remodeling of gap junctions, i.e. changes in topology of
connexin channels, is linked with electrical remodeling
contributing to conduction alterations (Papageorgiou et
al. 1996, Spach et al. 1982, Wijffels et al. 1995), hence
to be considered as an arrhythmogenic substrate.

In agreement with it, it has been shown that
burst pacing of guinea pig atria in isolated heart
preparation resulted in prolonged AF or fibrillo-flutter
in old guinea pigs (Fig. 3) exhibiting pronounced
changes in extracellular matrix composition and less
gap junction profiles (Fig. 4B), while not in young
characterized by normal ultrastructure and numerous
gap junctions (Fig. 4A). In parallel, Cx43 expression
was significantly decreased in the atria of old comparing
to young guinea pigs (Tribulova et al. 1999, 2002b).
Likewise
Cx40-deficient mice exhibited high atrial vulnerability
to fast pacing-induced tachyarrhythmias (Hagendorff et
al. 1999). Reduction in Cx40 was detected in human
with chronic AF (Polontchouk ef al. 2001) as well as in
chronic model of pacing-induced sustained AF in goats
(van der Velden ef al. 2000). It indicates that down-
regulation of connexins may also contribute to
persistence of AF.

It should be stressed that
cardiovascular diseases are, in addition to structural and

aging and

gap junction remodeling, characterized by abnormal Ca**
handling (Dhalla er al. 1988, Jiang et al. 1993, Lakatta
and Guarneri 1993). Accordingly, it was hypothesized
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Fig. 4. Subcellular features of cell-to-cell junctions of young (A) and old (B, C) guinea pigs atria. Note numerous gap junctions (arrows)
and undulated fascia adherens junctions with narrow intercellular space in young (A), while reduced number of gap junctions (arrows)
and flattened fascia adherens junctions with widened extracellular space in old guinea pig myocardium (B). Burst pacing of old guinea
pig atria, lasting for 5-15 min, induced subcellular alterations indicating cytosolic Ca** disturbances and dehiscence of fascia adherence
junctions in the vicinity of (functionally very likely altered) gap junctions (arrows, C). Magnification 18 000 x.
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Fig. 5. Incidence of hypokalemia-induced malignant arrhythmias
(VT - ventricular tachycardia, TVF - transient ventricular
fibrillation, SVF — sustained ventricular fibrillation) in the hearts of
rats with spontaneous (SHR) or L-NAME-induced hypertension
(NO-HT), or diabetes (D). Note much higher incidence of SVF in
disease-affected hearts compared to age-matched healthy
controls (adapted from Tribulova et a/. 2002b).

that aged or diseased heart due to altered Ca®" handling is
less able to maintain Ca’" homeostasis, while prone to
develop Ca’*-overload. The latter leads to subcellular
injury and particularly to impairment of cell-to-cell
coupling (or even uncoupling) at the gap junction
channels (De Mello 1986, Salameh and Dhein 2005).
Consequently it can facilitate occurrence of malignant
reentry arrhythmias (Merrilat e al. 1990, Kihara and
Morgan 1991, Wang et al. 1997, Tribulova et al. 2002a,
2003) and prevent their termination and sinus rhythm
restoration (Manoach ef al. 2007). Fast pacing-induced
elevation of intracellular Na™ (Simor et al. 1997) and
consequent activation of Na/Ca exchanger can result in
disturbances of Ca®" homeostasis. Indeed, Ca?" overload
has been indicated by presence of hypercontracted
sarcomeres and dehiscence of fascia adherens junctions
upon intermittent burst pacing (Fig. 4C). Notably, these
subcellular changes occurred early (after 5-10 min of
burst pacing) and in majority of cardiomyocytes of old

guinea pig atria. Unlike to old, young guinea pigs
developed high Ca*" -induced injury in minor population
of cardiomyocytes and upon prolonged (>1 hour) fast
pacing. In addition, immunolabeling revealed that
diminished expression and inhomogeneous myocardial
distribution of Cx43 in old guinea pig myocardium
aggravated due to burst pacing prior occurrence of AF
(Tribulova et al. 1999, 2002b). These findings suggest
acute impairment of cell-to-cell coupling due to, at least
in part, pacing-induced Ca’" elevation. Interestingly,
pretreatment of perfused heart with heptanol, a compound
that deteriorates electrical coupling and induces cell-to-
cell uncoupling, promoted inducible AF in aged rat model

(Hayachi et al. 2002).

Cardiac gap junction and Cx43 alterations
implicated in occurrence of VF

Experimental and clinical studies showed that
diseased or failing heart is prone to develop VF, which is
main cause of sudden cardiac death particularly during
heart attack.
electrocardiograms were recorded in the infarcted human
heart (De Bakker et al. 1993, Gardner et al. 1985).
revealed pathological

Slow conduction and fractionated

Myocardial tissue analysis
substrates, including a decrease and misslocalization of
gap junctions, which correlated with location of reentrant
circuits in the border zone of infarction (Peters et al.
1997). Cx43-deficient mice exhibited

markedly slowing of myocardial

Interestingly,
conduction that
facilitates re-entrant arrhythmias and sudden arrhythmic
death (Lerner et al. 2000, Gutstein et al. 2001). Down-
regulation and/or abnormal distribution of myocardial
Cx43-positive gap junctions linked with increased

susceptibility to  hypokalemia-induced  ventricular
fibrillation (Fig. 5) have been reported in rats suffering
from diabetes mellitus (Okruhlicovd et al. 2002)
spontaneous  or  L-NAME-induced  hypertension
(Tribulova et al. 2002a, 2003, Fialova et al. 2008). While
diabetes was associated with myocardial fibrosis, young
spontaneously hypertensive rats were characterized by
hypertrophy and L-NAME-induced
hypertension was accompanied by both hypertrophy and
fibrosis of the heart (Tribulova et al. 2002b). Reduced

gap junction coupling in areas of fibrosis could disrupt

left ventricular

wave-front propagation and hence interfere with uniform
and synchronized cardiomyocyte function. Likewise,
abnormal distribution and lateralization of gap junctions

in hypertrophied myocardium can affect uniform
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Fig. 6. Original recording of cytosolic [Ca®*]i and left ventricular pressure (LVP) alterations as well as ECG changes occurred prior
hypokalemia-induced VF, during VF and before sinus rhythm restoration facilitated by stobadine (10 M) in isolated heart preparation.
Note a pronounced increase of [Ca?']i due to perfusion of the heart with K*-deficient solution that was accompanied by transient
arrhythmias, which degenerated upon 15-20 min to VF, while baseline [Ca®*]i restoration preceded sinus rhythm restoration.

Fig. 7. Subcellular alterations and impairment of cell-to-cell
junctions due to hypokalemia-induced Ca** overload. Note in A -
contraction bands (asterisk) in the vicinity intercellular junctions;
in B - relaxed versus contracted cardiomyocytes strongly
indicating impaired coupling at the gap junctions (arrow) in the

vicinity of dissociated fascia adherence junctions; in C -
subcellular features indicating cell-to-cell uncoupling when almost
normal cardiomyocyte (right) is connected with irreversibly-
injured one (left). Such patterns of deteriorated coupling
heterogeneously distributed throughout myocardium preceded
occurrence of ventricular fibrillation. Magnification 18 000 x (A,
B), 15 000 x (C).

anisotropic conduction (Spach et al. 2000). There are
changes in electrical properties in the early stage of left
ventricular hypertrophy before arrhythmia occurrence
(Bacharova 2007). It would be interesting to know
alterations in Cx43 expression in early juvenile period of
SHR, which is critical for hypertension (Zicha et al
2006a). It appears that structural and gap junction
with
remodeling (Severs 2001, Teunissen et al. 2004) can

remodeling  associated electrophysiological
create arrhythmogenic substrate for triggering and
sustaining of cardiac arrhythmias. Myocardial gap
junction remodeling linked with increased vulnerability
to VF was detected also in hypertriglyceridemic rats
(Tribulova et al. 2006), an experimental model of
metabolic syndrome (Zicha et al. 2006b).

Perfusion of the heart with K™ deficient solution
leads to an increase in intracellular Ca®" concentration
(Fig. 6A). Diabetic or hypertensive rat hearts with
abnormal Ca®" handling (Dhalla ef al. 1988, Balke and
Shorofsky 1998) were much prone to develop high Ca®'-
induced ventricular premature beats, compared to
controls (Tribulové et al. 2003). Furthermore, acute Ca*"
overload may contribute to disturbances in coordinated
contraction likely due to cell-to-cell uncoupling (de Groot
and Coronel 2004, Tribulova ef al. 2001a). The latter was
indicated according non-uniform sarcomere patterns of
adjacent cardiomyocytes connected by gap junctions (Fig.
7), i.e., relaxed sarcomeres in one versus contracted in
neighboring (Fig. 7B). Total cell-to-cell uncoupling was
indicated when two neighboring cardiomyocytes differ in
structural appearance, i.e. one with negligible while
another with irreversible injury (Fig. 7C). In such case,
the uncoupling prevents propagation of “injury current”
(De Mello 1989). Myocardial inhomogeneities in Cx43
abolished

immunostaining (Fig. 8) as well as suppression of Cx43

distribution including patchy areas with
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Fig. 8. Immunolabeling of Cx-43 in the ventricles of isolated rat
hearts perfused with standard (A) and low K* solution (B, C).
Note uniform distribution of Cx43-positive gap junctions in (A),
while heterogeneously abolished Cx43 staining during 15 min of
low-K* perfusion prior occurrence of sustained VF (B, C).
Magnification 80 x.

phosphorylation (Tribulova et al. 2003) strongly

suggested cell-to-cell coupling disorders. Similarly,
electrical uncoupling due to acute ischemia-induced
dephosphorylation of Cx43 (de Groot and Coronel 2004)
and its intracellular ventricular redistribution (Beardslee et
al. 2000) were observed. Suppression of phospho-rylated
isoforms of Cx43 in spontaneously hypertensive rat hearts
(Fig. 9A) (Tribulova et al. 2003) and young (Fig. 9C) (Lin
et al., to be published) unlike to old thyroid hormone-

treated rats (Fig. 9B) (Tribulova et al. 2005) was

associated with higher vulnerability of the former to
hypokalemia-induced VF (Tribulova et al. 2004). Thus,
defects in Cx43 expression, phosphorylation and channel
function, particularly when heterogeneously distributed
throughout myocardium renders the heart prone to VF.

How to prevent AF and VF by targeting
cardiac gap junctions?

Potential mechanisms controlling the level of
heart
(synthesis and

intercellular communication in the include

regulation of connexin turnover
degradation), cellular distribution and phosphorylation.
There are numerous data showing that some compounds
can up-regulate Cx-43 via modulation either synthesis or
degradation and enhance gap junctional communication
(for review see Salameh and Dhein 2005). In contrast,
much less information is about causal relationship
Cx-43

susceptibility to re-entry arrhythmias as well as whether

between the up-regulation and decreased
attenuation or regression of gap junctions remodeling will
abolish arrhythmogenic substrate resulting in lower
arrhythmia incidence. Nevertheless, very recent studies
showed (Haugan et al. 2005, Axelsen et al. 2007) that an
increase of gap junctional conductance by specific
peptide, rotigaptide, can prevent atrial conduction
slowing or re-entrant ventricular tachycardia in ischemic
heart. Suppression of ischemia-induced dephospho-
rylation of connexin seems to be one of the mechanisms
involved. This mechanism was thought to be involved in
the antiarrhythmic effects of ischemic preconditioning
(Schulz et al. 2007). It seems that modulation Cx43
channels function via phospohorylation, which is often
linked with intracellular ATP levels (Turner et al. 2004)
may be powerful tool to prevent cell-to-cell uncoupling
and to enhance gap junctional communication. Similarly,
in isolated heart model the abolishment of Ca*" overload,
facilitated by

termination of VF and sinus rhythm restoration (Fig. 6),

which was stobadine, resulted in
most likely due to restoration of intercellular coupling
(Tribulova et al. 2001b). This assumption is supported by
the findings of others (Dekker et al. 1999, Merrilat et al.
1990).

compounds or interventions preventing or attenuating

Furthermore, clinical studies indicate that

disease-related structural remodeling protect against atrial
or ventricular fibrillation (Hanna et al. 2006, Wachtell et
al. 2007). While experimental studies showed significant
antifibrillating effects of lipid lowering compounds
fatty acids in

(atorvastatin) and  omega-3
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Fig. 9. Representative immunoblots of rat hearts Cx-43 showing
its expression and phosphorylated isoforms (P1, P2). Note
pronounced reduction of myocardial Cx-43 phosphorylation in
spontaneously hypertensive rats (A- SHR, lines 5,6 vs WKY, lines
1,2) and T4-treated young (C) while not in old rat hearts (B)
compared to untreated age-matched controls. TH — T4-treated
rats, C — control rats.

hypertriglyceridemic and aged male and female SHR rats
despite structural and gap junction remodeling was not
eliminated (Fialova et al. 2007, Tribulova et al. 2007).
However, expression and phosphorylation of Cx43 was
increased. It is important to note that the increased
intrinsic level of myocardial Cx43 expression in either
healthy or hypertensive female than to male rat hearts
(Tribulova et al. 2005, Fialova et al. 2007) is very likely
implicated in their decreased susceptibility to VF
compared to male (Mitasikova et al. 2008).

Conclusions and perspectives
It is very interesting that despite of various

(aging,
thyroidism) and triggering factors (fast burst pacing,

etiologies diabetes, hypertension, hyper-
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