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Abstract: The heart works as a functional syncytium, which is realized via cell-cell coupling main-
tained by gap junction channels. These channels connect two adjacent cells, so that action potentials
can be transferred. Each cell contributes a hexameric hemichannel (=connexon), formed by protein
subuntis named connexins. These hemichannels dock to each other and form the gap junction
channel. This channel works as a low ohmic resistor also allowing the passage of small molecules
up to 1000 Dalton. Connexins are a protein family comprising of 21 isoforms in humans. In the
heart, the main isoforms are Cx43 (the 43 kDa connexin; ubiquitous), Cx40 (mostly in atrium and
specific conduction system), and Cx45 (in early developmental states, in the conduction system, and
between fibroblasts and cardiomyocytes). These gap junction channels are mainly located at the
polar region of the cardiomyocytes and thus contribute to the anisotropic pattern of cardiac electrical
conductivity. While in the beginning the cell–cell coupling was considered to be static, similar to
an anatomically defined structure, we have learned in the past decades that gap junctions are also
subject to cardiac remodeling processes in cardiac disease such as atrial fibrillation, myocardial
infarction, or cardiomyopathy. The underlying remodeling processes include the modulation of
connexin expression by e.g., angiotensin, endothelin, or catecholamines, as well as the modulation
of the localization of the gap junctions e.g., by the direction and strength of local mechanical forces.
A reduction in connexin expression can result in a reduced conduction velocity. The alteration of
gap junction localization has been shown to result in altered pathways of conduction and altered
anisotropy. In particular, it can produce or contribute to non-uniformity of anisotropy, and thereby
can pre-form an arrhythmogenic substrate. Interestingly, these remodeling processes seem to be
susceptible to certain pharmacological treatment.

Keywords: gap junction; connexin; electrophysiology; cardiomyopathy; heart disease

1. Introduction and General Considerations

Electrical activation is a key phenomenon in cardiac physiology. The heart beats in
a regular rhythm determined by the sinus node, transferred to the atrium, the AV-node,
the bundle of His, the Tawara branches and finally via the Purkinje fibers to the working
ventricular myocardium. While in the Purkinje fibers the action potential propagation
velocity is about 0.8–1.0 m/s, in the working myocardium the conduction velocity (CV)
along the fibers is about 0.4 m/s and transverse to the fiber axis is about 0.2 m/s. This
difference in CV is due to the architecture and cell form of the cardiomyocytes and the
distribution of the gap junctions which are mainly found at the cellular poles. The difference
in CV between longitudinal and transverse conduction-named anisotropy- can exist as
uniform or non-uniform anisotropy, the latter being typical for aged hearts or hearts with
scars or with enhanced content of fibrous tissue [1,2] (Spach & Dolber, 1990; Dhein &
Hammerrath, 2001).

Typically, an action potential is transferred from one cell to another via the gap junction
channels, which are mainly localized at the cell poles in the plicate and interplicate region
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(Dolber et al., 1992) [3]. Although in the classical experiments by Weingart and Maurer
(1988) [4], it was shown that the successful cell-to-cell conduction of an action potential
requires at least > 13 gap junction channels between the cells, there is also evidence that
under certain pathological conditions with reduced coupling ephaptic coupling may occur
(Veeraraghavan et al., 2015; George et al., 2019; Gourdie, 2019), which might represent a
kind of back-safe mechanism [5–7]. Recent studies have shown that ephaptic coupling
requires an electrical field sufficient for the activation of clusters of sodium channels, and
that the clustering of sodium channels potentiates the ephaptic interaction, which is even
higher if the gap junction coupling is reduced [8] (Hichri et al. 2018). This may contribute
to the formation of areas with slow conduction as a typical arrhythmogenic factor [9]
(Carmeliet, 2019). The number of gap junction channels is inversely correlated to the
conduction velocity [10] (Seidel et al., 2010). However, under normal normoxic conditions,
some experiments have shown that a 90% decrease in the number of gap junctions is
necessary to reduce conduction velocity by 25% [11] (Jongsma and Wilders, 2000). This
oversimplifies the situation a bit, since the effectivity of conduction not only depends on
the pure number of gap junction channels but also on their single channel conductance, on
the relationship between this number of channels, and the sizes of the activated cell and of
the cell /area which is to be activated.

If a cell is electrically activated, it can be considered as a “current source” while the
still un-activated neighboring cell is a “current sink”. However, if the current sink is too
large, the current source may be too small to activate this area (this problem is known in
the literature as the “current source/sink problem” [12–21] Rohr et al., 1997; Rohr, 2004,
2012; Lee and Pogwizd, 2006). The voltage difference between these two cells resembles the
driving force for this current, flowing via the gap junction channels and, to some extent, via
the extracellular space. The quantity of current transferred is determined by the geometric
properties of the tissue. This means a small source can activate only a very limited number
of neighboring cells. The sinus node is a good example of this phenomenon: the sinus node
is a tiny current source surrounded by a large sink (atrium). Conduction is maintained
by a limited expression of the gap junctions localized in interdigitating finger-like zones
extending from the sinus node to the atrium (Joyner & van Capelle, 1986; Boyett et al.,
2006) [16,17]. In a more general or mathematical form this can also be described as the ratio
of charge produced/charge consumed, which has been defined as the safety factor (SF)
of propagation:

SF = Qc + Qout/Qin (1)

Qc is the membrane capacitive charge; Qout is the outward charge transfer; Qin is
the inward charge transfer, with both resulting from the ionic currents Shaw & Rudy,
1997a,b [18,19]. As long as SF is > 1, propagation will be successful.

Taken together, this means that geometrical properties are very important for conduc-
tion. Problematic situations causing source-sink problems are e.g., a high curvature of the
propagation wave front, the endings of the Purkinje fibers, the areas in which the activation
front passes an isthmus, encircles obstacles, or the border between ischemic (non-excitable
tissue; current sink) and non-ischemic tissue (excitable tissue; current source), and also the
border between cardiac tissue and fibrous strands. This all has to be considered together
with the cell size of cardiomyocytes, the cell form, and the distribution and density of the
gap junction channels with respect to the cell axis. Computer simulations have revealed
that that an increased cell diameter (as in hypertrophied cells) may accelerate the longitu-
dinal propagation velocity θL, but only if the gap junction conductance (gGJ) is enhanced
proportionally to the cellular membrane surface Am. If gGJ remains constant, an increase in
the cell diameter leads to a reduced θL (Seidel et al., 2010; Dhein et al., 2014) [10,20].

Research in the last few years has revealed that the cells actively adapt their gap
junctions to the specific situation. The expression and the subcellular localization of the
gap junction channels, and their constituting proteins are highly dynamic and change in
the course of cardiac disease.
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Gap junction channels are formed by two hexameric hemichannels contributed by
each of the two coupling cells. The hemichannels consist of six proteins called connexins.
Connexins exist in 21 isoforms of various molecular weight (Cx stands for “connexin”,
the number gives the approximate molecular weight in kDa), which mainly depends
on the length of the C-terminus. Cardiomyocytes express the isoform Cx43, Cx40, and
Cx45. While Cx43 is ubiquitous in the heart, Cx40 is mainly restricted to the atria and the
conduction system, and Cx45 is expressed mainly in earlier developmental stages. Besides
these, in the vasculature, Cx37 is found. In the sinoatrial node Cx43 is not expressed, but
Cx30.2 and Cx45 are expressed. However, in the interdigitating finger-like zones, Cx43
and Cx45 are present (Boyett et al., 2006) [17]. In the atrioventricular node and the bundle
of His, Cx45 is most important for conduction, modulated by Cx30.2 and Cx40 (Schrickel
et al., 2009) [21].

2. Regulation of the Acute Opening and Closure of Gap Junction Channels

Gap junction channels can switch between various states: a closed state, an open state
with several subconductance states (e.g.,in the case of Cx43 three: 30, 61, 89 pS [22] (Kwak
et al., Mol Biol Cell 1995), a closed state (0 pS), and a residual state (3 pS; [23] Valiunas et al.,
1997) (See also [24] Bukauskas and Verselis, 2004). The preferential subconductance state
seems to depend on the phosphorylation / de-phosphorylation status of the connexin at
certain residues, in particular within the C-terminal. Besides the single channel conduc-
tance, the mean open time and open probability [25] (Brink et al., 1996) and the transition
time (from open to closed state and vice versa) can also be regulated [26] (Bukauskas and
Peracchia, 1997). Generally, the macroscopic conductance (gj) is affected by the number of
channels (N), their unitary conductance (γj), and their open probability (Po) as given by
the equation:

gj = N × γj × Po (2)

The important regulators of gap junction conductance are pH, intracellular calcium,
and transjunctional voltage. Thus, intracellular acidification results in the closure of the
gap junction channels. Among others, two main processes are responsible: upon a drop
in the pH the C-terminal changes its conformation, thereby closing the channel pore in a
“ball-and-chain-like mechanism” [27] (Ek-Vitorin et al., 2016), and secondly, H+ protons
can displace Ca2+ from its binding sites leading indirectly to gap junction closure via
increased [Ca2+] [28] (Peracchia, 2004). On the other hand, the N-terminal is involved in
voltage sensing and connexin channel gating [29] (Verselis et al., 1994). The closure of
the Cx43 gap junction channels by elevated [Ca2+]i is thought to be mediated via Ca2+-
calmodulin signaling and a calmodulin interactive site at the C-terminal [28] (Peracchia,
2004). Phosphorylation of the C-terminal can change the macroscopic gap junction channel
conductance [30] (Moreno and Lau, 2007). PKC has been reported to (a) reduce the unitary
event activity from 100 pS to 50–60 pS events [31] (Lampe et al., 2000) and (b) to increase the
open probability [32,33] (Kwak et al., 1995; Kwak and Jongsma, 1996), so that the resulting
net effect is a mixture, which may depend on the PKC isoforms involved. For more details
on this issue see the review by Leybaert et al. [34] (Leybaert et al., 2017).

A number of stimuli can regulate gap junction macroscopic conductance (see Table 1).
Many of these stimuli play an important role in the closure of the gap junctions during
acute cardiac ischemia, such as ATP loss, decrease in pH, acylcarnitines, etc. In ischemia,
the acute closure of the gap junctions prevents the cardiomyocytes from further loss of
ATP and further oxygen consumption. Cells become electrically silent and isolated which
—on the other hand—changes the geometry of activation propagation and may produce
arrhythmia (Dhein, 2006; Jozwiak & Dhein, 2008; De Groot & Coronel, 2004) [35–37]. Since
the focus of the present review is the remodeling processes in cardiac disease, we refer for
a more specific in depth description of the acute processes to the literature (e.g., Leybaert
et al., 2017) [34].
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Table 1. Stimuli affecting acute macroscopic gap junction conductance (C = closure; O = opening or
increase in conductance; other abbr.: see list).

Stimulus Opening Closure Comment

H+; CO2 C takes 7–10 min.

Na+, Ca2+ C e.g., in hypoxia

acylcarnitine,
lysophosphoglycerides C in ischemia/

reperfusion injury

ATP loss C in ischema

arachidonic acid, oleic acid,
palmitoleic acid, hepantol, octanol,

narcotics (halothane)
C

via incorporation? or
via altered

phosphorylation?

Unspecific PKC stimulation (e.g.,
phorbol esters) C

depends on PKC
isoform present in the

targeted cell

cAMP and direct or indirect
stimulators of adenylylcyclase

(isoprenalin, forskolin)
O

cAMP activates PKA,
in Cx40 or Cx45

coupled cells

PKA O in Cx40 or Cx45
coupled cells

antiarrhythmic peptides, AAP10,
rotigaptide, danegaptide O via PKCα

3. Regulation of the Expression of Gap Junction Proteins

The constituents of the gap junction channels are connexins. These are proteins which
are synthetized in the sarcoplasmic reticulum, then transported in small vesicles to the Golgi
apparatus. A connexin protein has an intracellular C- and N-terminus, four transmembrane
domains, and two extracellular loops, the latter being stabilized by intramolecular disulfide
bonds. In the trans-Golgi apparatus, connexins are assembled to hexameric subunits, the
so called connexons or hemichannels. These are subsequently transported to the plasma
membrane and are integrated in the lipid bilayer in domains rich in N-cadherin and zonula
occludens protein ZO-1 (Li et al., 2016; Musil & Goodenough, 1993, 1995; Falk, 2000;
Giepmans, 2004) [38–42].

To understand the remodeling processes with regard to gap junctional coupling, an
important aspect is the regulation of cardiac connexin expression, i.e., the expression of
Cx40, Cx43, and Cx45.

There are a number of signaling pathways which have been identified to be involved
in the regulation of connexin expression. As a general rule it can be stated that pathways
which are linked to the hypertrophy of cardiomyocytes are also typically associated with
enhanced connexin expression, mainly concerning Cx43. The pathways and the effects on
connexin expression are given in Table 2.

Finally, gap junction channels are degraded with a short half-life time of ca. 90
min (Cx43) via phosphorylation, ubiquitinoylation, and proteasomal degradation. In
some cases, lysosomal degradation has also been described (Berthoud et al., 2004; Salameh,
2006) [43,44]. Thus, there is a dynamic equilibrium between the integration and degradation
of gap junction channels. The continuous turnover of the gap junction channels allows the
cell to incorporate newly synthetized channels at other locations and to adapt not only the
extent of coupling but also to the localization.
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Table 2. Pathways regulating the expression of cardiac connexins.

Stimulus Enhanced Number Enhanced
Degradation Comment

phenylephrine
(α-adrenergic

stimulator)
Cx43 via PKC, MAPKs

(cardiomyocytes)

isoprenaline
(β-adrenergic

stimulator)
Cx43 via PKA, MAPKs

(cardiomyocytes)

angiotensin-II Cx43 via AT1 receptors
(cardiomyocytes)

Endothelin Cx43 via ETA-receptors
(cardiomyocytes)

thyroid hormone Cx40, Cx43 mechanism unclear

VEGF Cx43 via TGFβ

bFGF Cx43 via PKCε

EGF Cx43 enhanced
internalization

Nicotine Cx37, Cx43 via nACh-R
(endothelium)

4. Regulation of the Localization of Gap Junction Channels

The next aspect of the remodeling processes concerning gap junctional coupling is the
regulation of the subcellular distribution and the localization of cardiac connexins. Cardiac
tissue is composed of cardiomyocytes in a bricklike arrangement with overlapping cell
endings. Each cell is characterized by a long axis and a much smaller diameter. This is one
aspect of the anisotropy since this means a lower longitudinal resistance in comparison to
the transversal resistance. Gap junction channels are located predominantly at the cell poles
in the plicate and interplicate regions (Dolber et al., 1992) [3], so that an action potential
will propagate faster in the longitudinal than in the transverse direction. The fibers of the
specific conduction system do not communicate with the surrounding cardiac tissue in the
septal area. The conduction system communicates mainly via the gap junction channels
consisting of Cx40, while the working myocardium communicates via the Cx43 channels.
Only at the endings of the Purkinje fibers (about the last third) does the coupling between
the conduction system and the working myocardium occur (Olejnickova et al., 2021) [45].

In the past few years, research has focused on the question of how the localization of
gap junction channels may be regulated. Using an EGFP-tagged Cx43 (EGFP = enhanced
green fluorescent protein) Bukauskas and colleagues (2000) [46] showed that channels form
plaques by clustering and that in plaques of about 0.5 µm in diameter, about 2000 channels
can be found, of which 10 to 20% are functional. In smaller plaques this fraction is lower
and tends to be zero. These authors assumed that channels may cycle between an active
and inactive state, which may be regulated by phosphorylation processes. Critically, one
needs to state that it cannot be totally excluded that the EGFP-tag itself may affect the
life cycle of connexin, the availability of phosphorylation sites or the geometrical features
regarding the clustering in plaques. However, these observations suggest that very small
plaques of connexins might be too small to contain a sufficient number of function channels
to allow action potential transfer.

Gap junction channels are clustered in the intercalated disk (ID) in close neighborhood
to the sodium channels [47] (Moise et al., 2021). This would allow the elicitation of
an action potential at the earliest moment when the current flowing through the gap
junctions depolarizes the membrane in the ID area. However, the ID is not a simple
homogenous structure but has a complicated pattern with nanodomains which can enhance
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or attenuate gap junction coupling. Moreover, this explains why a successful transfer of
action potentials is not simply granted by a certain number of gap junctions, but the
interaction of ID nanodomains, gap junction clustering, and interaction with neighbored
sodium channels [21] (Moise et al., 2021).

Interestingly, it has been shown that a cyclic mechanical stretch can activate car-
diomyocyte hypertrophy gene programs (De Jong et al., 2013) [48] and can induce the
accentuation of gap junction channels (Cx43) and N-cadherin at the cell poles [49]. This
process was reversible within 24 h and could be prevented by MEK1/2 inhibition. A cyclic
mechanical stretch also enhanced Cx43 expression and up-regulated the phosphorylated
forms of ERK1/2, glycogen synthase kinase 3beta, and AKT (Salameh et al., 2010) [49].
Further investigations revealed that the stretch signal sensing is mediated via focal adhe-
sion kinase (FAK) and leads to intracellular re-organization and orientation involving the
microtubules and the Golgi apparatus (Dhein et al., 2014) [50]. A cyclic mechanical stretch
led to an accentuation of the Golgi apparatus together with the microtubule organizing
center (MTOC) at one site of the nucleus facing a cell pole with the nucleus facing the
opposite cell pole. Kinesin, the plus motor protein, was found mainly at the endings of the
microtubule near the cell poles and the cell periphery. Dynein, the minus motor protein,
was found at the origin of the microtubule near to the Golgi apparatus. Moreover, the cell
axis orientation depended on the stretch axis (Dhein et al., 2014) [50]. The effects of a cyclic
mechanical stretch can be modulated by angiotensin II (Salameh et al., 2012) [51] and by
alpha- and beta-adrenoceptor stimulation (Salameh et al., 2010a) [52]. Figure 1 summarizes
the effects of cyclic mechanical stretch on the localization of cardiac gap junctions.
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With regard to the cardiac remodeling of gap junctions, this may be an important
factor, since in most cardiac diseases altered mechanical forces, stretch, and the altered di-
rection of stretch as well as mediators stimulating angiotensin-receptors and adrenoceptors
are involved.
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5. Gap Junction Remodeling in Atrial Fibrillation (AF)

AF is a common arrhythmia in older patients. The typical origin of this arrhythmia is
the left atrium near the confluence of the pulmonary veins. Anatomically, the heart is fixed
in the mediastinum at the pulmonary veins and the caval veins, so that high mechanical
forces result at the insertion of the veins from the regular beating of the heart. It is not
known whether this chronic cyclic stretch is involved in the initiation of AF, but one might
imagine that this type of stretch could activate stretch activated ion channels (Ninio &
Saint, 2008) [53], which then may provoke action potentials in this area (Hocini et al., 2002;
Po et al., 2005; Teh et al., 2011) [54–56]. Interestingly, this is the area where a static region
(pulmonary vein) is directly neighbored to a highly dynamic regularly beating region
(atrium). In this area, sleeves protruding from the atrium into the veins forming circular
structures coupled by Cx43 and to a lower extent by Cx40 have been observed and were
assumed to serve as a structural basis for a rotor wave (Verheule et al., 2002) [57]. For a
complete overview of the factors involved in initiation of AF see (Franz et al., 2012; Harada
& Nattel, 2021; Nattel et al., 2020) [58–60]. After AF is initiated, arrhythmic and irregular
wavelets travelling over the atrium occur. The high frequency of action potentials during
the fibrillation episodes causes increasing intracellular calcium concentrations resulting in
Ca2+ handling abnormalities. This activates a plethora of pathways such as CamKII, PKC,
MAPK, PKA, JNK, NFAT, and GATA4, which leads to the altered expression of various
ion channels, ion transporters/exchangers, and intracellular proteins, finally resulting in
shortened action potentials which facilitate atrial fibrillation (for review see Nattel et al.,
2020) [60]. Besides this, autocrine and paracrine pathways involving IL-1β, IL-6, and
CamKII are activated leading to fibrosis, hypertrophy, and apoptosis. The serine protease
cathepsin A also contributes to the remodeling process at least in diabetes mellitus (Linz
et al., 2016; Hohl et al., 2019) [61,62]. AF leads to an increased deposition of collagen I,
and if associated with mitral valve disease, leads to an increased deposition of collagen
III (Boldt et al., 2004) [63]. Moreover, the strands of non-excitable fibrous tissue enhance
the irregularity of anisotropy and facilitate the induction of atrial fibrillation (Angel et al.,
2015) [64]. The longitudinal conduction velocity in the atrium has been measured and a
value of 0.55 m/s was obtained, and the value of the transverse conduction velocity was
0.25 m/s (Krul et al., 2015) [65].

Taken together, AF is typically self-stabilizing as summarized in the famous sentence
“atrial fibrillation begets atrial fibrillation” (Wijffels et al., 1995) [66]. An important point in
this process is the remodeling of intercellular coupling.

Thus, it was shown that in patients with chronic AF, Cx40 was enhanced, while Cx43
remained unchanged. However, these changes were accompanied with a lateralization of
both the Cx43 and Cx40 proteins (Polontchouk et al., 2001) [67]. Depending on the type
of AF, others also found an enhanced Cx43 expression if AF was caused by mitral valve
disease (Wetzel et al., 2005) [68]. Although the level of expression of connexins seems to
depend on the type of AF (lone AF, AF with mitral valve disease, AF with coronary heart
disease etc.), the dislocation of the gap junctions from the cell poles to the lateral sides, first
described by the authors of (Polontchouk et al., 2001) [67], has subsequently been seen by
others (Kostin et al., 2002; Li et al., 2004) and seems to be a general feature of gap junction
remodeling in AF [69,70]. Besides this, the expression level becomes regionally different
in AF (Dupont et al., 2001) [71]. In patients, there was no significant gender effect on the
changes in AF-induced Cx43 and Cx40 (Pfannmüller et al., 2013) [72]. However, in some
animal models, changes in connexin expression in induced AF were lacking, e.g., in the
goat model (Neuberger et al., 2005) [73].

If these channels are functional, one should expect that the transverse conduction
velocity should be enhanced in AF and anisotropy might be reduced. Thus, in a rat
atria model, a reduction in anisotropy and an increase in the transverse velocity could be
induced within 24 h of fibrillation accompanied by connexin lateralization (Polontchouk
et al., 2001) [67]. In human atrial tissue, mapping experiments also revealed an increase in
transverse conduction velocity and a decrease in anisotropy in AF with a more irregular
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conduction pattern (Dhein et al., 2011) [74]. Irregularity in conduction also seems to be
common in AF (Colman et al., 2014) [75].

It remains unclear what the leading factor is that provokes these changes in gap junc-
tion location. However, AF also leads to intracellular remodeling of the Golgi-microtubular
apparatus. Thus, in patients with chronic AF (duration > 1 year) fragmentation of the
Golgi apparatus together with a reduced fragment size was reported. Most of the Golgi
fragments were observed lateral to the nucleus. In contrast, in sinus rhythm (SR) the Golgi
apparatus is also located near the nucleus but is orientated towards the cell pole following
the longitudinal axis of the cell. In addition, in these AF patients the number of tubulin
strands longer than 10 µm was reduced, which was associated with an increased mem-
brane association of cdk5, but not with the activation of stathmin (Jungk et al., 2019) [76].
Stathmin can stop the growth of the microtubuli at their endings, which—in neuros—can
induce Golgi fragmentation (Bellouze et al., 2016) [77]. Cdk5 is known to induce Golgi
fragmentation by the phosphorylation of GM130 (Sun et al., 2008) [78]. Thus, in AF, the
fragmentation of the Golgi seems to be mediated via cdk5 (Jungk et al., 2019) [76]. These
observations indicate that AF leads to a very complex intracellular remodeling which may
form the basis for the altered orientation of gap junction localization.

Theoretically, one may imagine that enhanced stretch in AF (e.g., caused by mitral
valve disease, or by the irregular movements and contractions) may deflect integrins bound
to collagen fibers, which subsequently activates FAK. This can result in the activation of
ERK1/2 (Salameh et al., 2010) [52] and may lead to changes in connexin expression and
via the re-organization of Golgi apparatus and microtubules (Dhein et al., 2014) [50] to
alterations in the intracellular protein transport system and thus in the final localization of
the gap junction channels.

Angiotensin II has been considered as a possible factor involved in atrial remodeling
in AF. Chronic atrial fibrillation is associated with an up-regulation of AT(1) in the left, but
not in right atrium (Boldt et al., 2003) [79]. ACE-inhibitor therapy reduced AF-induced
fibrosis (Boldt et al., 2006) [80]. Further investigations in cultured cardiomyocytes revealed
that the stretch-induced self-organization of cells with cell elongation and polarization
of Cx43 could be modulated by angiotensin II: angiotensin II enhanced Cx43 expression
via AT(1)-receptors but reduced Cx43 polarization via AT(2)-receptors (Salameh et al.,
2012) [51]. Regarding the underlying mechanism, angiotensin II seems to activate CTGF
via the activation of Rac1 and nicotinamide adenine dinucleotide phosphate oxidase. This
results in an increase in Cx43, N-cadherin, and interstitial fibrosis (Adam et al., 2010) [81].

Beta-adrenoceptor stimulation has been shown to result in an up-regulation of Cx43
expression (see Table 2, Salameh et al., 2006, 2009) [82,83]. The reduced expression and
lateral distribution of Cx43 in cardiomyocytes after β-adrenoceptor stimulation was also
shown by others which interestingly was associated with the inverse effects in cardiac
fibroblasts (Zhang et al., 2020) [84]. Previously, it was shown that cardiac fibroblasts inhibit
β-adrenoceptor-dependent Cx43 signaling in cardiomyocytes involving angiotensin II
(Salameh et al., 2013) [85].

With regard to AF, in the left atria from 160 patients with either chronic AF or sinus
rhythm, enhanced Cx43 and Cx40 expression was observed together with the lateralization
of both connexins. This AF-induced increase in the lateral/polar expression of Cx43, but not
of Cx40, was significantly diminished in patients receiving metoprolol. In good accordance
with this data, the mapping of atria from AF patients in comparison to those from patients
with sinus rhythm revealed that the functional correlate transverse conduction velocity was
significantly enhanced in AF patients and that this change was also significantly reduced
in those receiving metoprolol, indicating a role for ß-adrenoceptors in this process (Dhein
et al., 2011) [74].

These mechanisms are illustrated in Figure 2.
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6. Gap Junction Remodeling in Ischemic Heart Disease

Acidosis, ATP-depletion, Ca2+ or Na+ overload, as well as acylcarnitine and lysophos-
phoglycerine lead to acute gap junction uncoupling. These are all factors enhanced in
ischemia reperfusion injury. Acutely, this results in conduction block, electrical inactivity,
and the isolation of the ischemic area. This mechanism can protect from further loss of
ATP in this area, but on the other hand, it provokes changes in the propagation of action
potentials, which can result in arrhythmia. Typically, the ischemia-induced closure of the
gap junction occurs within 15–20 min and the resulting ventricular arrhythmia occurs about
20–30 min after coronary occlusion (Jozwiak & Dhein, 2008; Hagen et al., 2009) [36,86],
and is associated with Cx43 de-phosphorylation (Jeyamaram et al., 2003) [87]. Cx43 de-
phosphorylation at S282 was identified as a factor leading to arrhythmias and a factor
involved in cardiomyocyte death (Xue et al., 2019) [88]. Recently, EHD1 (Eps15; endo-
cytic adaptor epidermal growth factor receptor substrate 15) has been shown to enhance
the ischemia-induced lateralization of Cx43 in cardiomyocytes (Martins-Marques et al.,
2020) [89].

After the survival of the acute phase of ischemia, a complex remodeling process starts:
the infarcted myocardium heals through the replacement of the damaged cardiomyocytes
by fibrous tissue. This process includes an inflammatory response, the proliferation of
fibroblasts, the formation of an extracellular matrix (ECM), the processing of ECM by
metalloproteinases and cathepsins, as well as hypertrophic changes of the surviving car-
diomyocytes (Frangogiannis & Kovacic, 2020) [90]. Macrophages and fibroblasts play a
central role in the orchestration of this process (Peet et al., 2020) [91]. The remodeling also
affects intercellular coupling not only between the cardiomyocytes, but also between car-
diomyocytes and fibroblasts (Camelliti et al., 2006) [92]. Metalloproteinases are involved in
the cleavage of Cx43 and inflammatory cytokines such as IL-1ß contribute to the regulation
of Cx43 expression (Mouton et al., 2018; De Jesus et al., 2017) [93,94]. In particular, in the
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border zone Cx43 is no longer restricted to the cell poles but exhibits a dispersed pattern. In
the few last years, it has become obvious that cardiomyocytes can also couple to fibroblasts
and this might be of particular importance in the chronic phase of myocardial infarction
(Camelliti et al., 2004) [95]. Moreover, it has been demonstrated that the heterocellular
coupling between cardiomyocytes and fibroblasts is functional (Quinn et al., 2016) [96].
The contacts between cardiomyocytes and myofibroblasts are not static but change with
time due to the dynamics of the myofibroblast lamellipodia (Schultz et al., 2019) [97]. In the
chronic phase of infarction, typical changes are loss of the polarized organization of Cx43
and a reduction in Cx43 expression (Severs et al., 2006) [98]. Over a distance of up to 300
µm, a successful but delayed conduction between cardiomyocytes separated by fibroblasts
can be observed (Rohr, 2004) [8]. As a consequence of the scar formation after myocar-
dial infarction, the electrical properties of the tissues become more inhomogeneous or
non-uniform. Thus, excitable cardiomyocytes are closely adjacent to non-excitable fibrous
tissue. This architecture changes the current source to sink ratio regionally. Since there is
less current flowing to the adjacent fibrous tissue as to the adjacent myocytes, an action
potential which propagates towards a non-excitable zone will exhibit longer duration in
those cardiomyocytes close to the non-excitable area than in those surrounded only by
excitable tissue, so that there is a dispersion of the action potential duration (Gottwald et al.,
1998; Müller & Dhein, 1993) [99,100]. Moreover, the spread of excitation will be altered
(Kucera et al., 2017) [101]: the activation wavefront can become irregular or zig-zag-formed,
and its propagation will be delayed at the fibrotic strands, which is mirrored in fractionated
extracellular electrograms (Spach et al., 1982) [102]. However, a fibrous strand does not
necessarily mean failure of propagation. If only a few fibroblasts are connected to a larger
number of cardiomyocytes, delay of propagation will probably occur. However, if only a
small surviving area of cardiomyocytes is connected downstream of the activation direction
to a large excitable area, the current loss to that area (current sink) may be large enough that
a conduction delay or even failure occurs (Kucera et al., 2017) [101]. In such a situation, it
will be interesting to investigate the substructure of the intercalated disks, the nanodomains,
the Cx43 clustering, and the fraction of functional channels, as well as the question of how
many sodium channels are present around these plaques [47]. With regard to the results
of the Kucera group [8], one could speculate that in such a tissue, ephaptic coupling may
occur and contribute to slow conduction [9]. Mismatches of the source-to-sink ratio are
associated with curved wavefronts of activation. Furthermore, non-cardiomyocytes and
cardiomyocytes can interact electrotonically, and fibroblasts can establish gap junctional
coupling to cardiomyocytes leading to a delayed conduction and ectopic activity (Kucera
et al., 2017; Miragoli et al., 2006, 2007) [101,103,104]. Cx43 plays an important role in these
heterocellular gap junctions (Schultz et al., 2019) [97]. These gap junction channels can be
homotypic Cx43 and Cx45, and heterotypic Cx43/Cx45, and Cx45/Cx43. However, it has
been shown that these different channel isoforms do not differ functionally with regard to
the conduction velocity (Brown et al., 2016) [105]. Taken together, all these factors form an
arrhythmogenic substrate and can finally lead to re-entrant arrhythmia. The higher grade
in non-uniformity and inhomogeneity of gap junctional coupling, the irregularity of tissue
excitability (by non-excitable tissue), and local source-to-sink mismatches are among the
important characteristics of this post-infarction tissue.

7. Gap Junction Remodeling in Cardiomyopathy

Cardiomyopathy is a serious cardiac disease which can lead to heart failure and to
ventricular arrhythmia. Typical causes of cardiomyopathy are (a) ischemia, infarction,
and coronary heart disease, (b) toxic effects (e.g., by certain cytostatic drugs such as
doxorubicin), (c) inflammatory and immunological processes including valve disease, (d)
chronic arterial hypertension, or (e) hypertrophic obstructive cardiomyopathy (HOCM).

The pump efficacy in cardiomyopathy is reduced, which is compensated for a long
time by hypertrophic processes concerning the cardiomyocytes. However, along with the
changes of the cell size, changes in Ca2+ handling, in ion channels, ion pumps, and in
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cytoskeleton have also been observed. Regarding the latter, changes in connexin expression
have also been identified. Thus, an upregulation of Cx43 was described in compensated
hypertrophy, while in decompensated hypertrophy diminished and heterogeneous Cx43
distribution was found (Severs et al., 2006; Kostin et al., 2004) [98,106]. In a subsequent
study it could be demonstrated that the reduction in Cx43 was associated with a decrease
in ZO-1 (Kostin, 2007) [107]. In the early stage of heart failure Cx43 was localized to
lateral sides of the cardiomyocytes (Kostin et al., 2004) [106]. In end-stage failing human
hearts, the reduced Cx43 expression was associated with diminished Cx43-N-cadherin
co-localization and with reduced transmural conduction velocity indicating functional
relevance (Glukhov et al., 2012) [108]. Moreover, these authors observed wave breaks
due to fibrotic strands in the failing hearts. However, in contrast to the findings in early
heart failure mentioned above, in these 10 end-stage failing hearts no lateralization of Cx43
was observed (Kostin et al., 2004; Glukhov et al., 2012) [106,108]. However, others have
also described lateralization in non-ischemic dilated cardiomyopathy in a rapid pacing
model (Akar et al., 2004) [109]. In non-failing hearts of aged rabbits, the lateralization of
Cx43 together with fractionated extracellular electrograms and irregular propagation of
activation with reduced anisotropy and enhanced transverse conduction velocity was also
observed (Dhein & Hammerrath, 2001) [2]. Thus, the type of cardiomyopathy and the stage
of the disease may modulate the gap junction remodeling process.

Further investigations revealed that β-adrenoceptor stimulation up-regulated cardiac
Cx43 expression via a protein kinase A and MAPK-regulated pathway, possibly involving
AP1 and CREB. In patients with DCM, Cx43 expression was significantly lower, while
in patients with HOCM, Cx43 content was significantly higher, as compared to patients
without any cardiomyopathy. Cellular Cx43 distribution was also altered in cardiomyopa-
thy with more Cx43 being localized at the lateral border of the cardiomyocytes (Salameh,
Krautblatter et al., 2009) [83].

Taken together, these observations suggest that in heart failure, reduction in Cx43
expression seems to be a common phenomenon and in early stages, the lateralization of
Cx43 occurs while in late stages, fibrosis seems to be more important. A general adaption
phenomenon, however, is the hypertrophy of the cardiomyocytes. Hypertrophy alters
not only the cell size but also its biophysical properties by a change in the membrane
surface AM and electrical capacitance in relation to the gap junction conductance (gGJ).
Biophysical considerations using computer simulations revealed that cell size (length
and width of a cell) affects the sensitivity to uncoupling. Gradual uncoupling leads to
faster reduction in longitudinal conduction velocity in wide cells (Seidel et al., 2010) [10].
Due to the overlap of cells, an increase in lateral gap junction conductance stabilizes the
cells against uncoupling and can balance out inhomogeneities of activation. Thus, the
lateralization of gap junctions in cardiac hypertrophy may—at least in parts—represent
a compensatory mechanism (Seidel et al., 2010) [10]. On the other hand, together with
irregularly distributed collagen strands, local situations may occur, in which increased cell
size, lateral gap junction coupling, increased cell capacitance (which needs to be loaded by
the activated cells to enable propagation of the impulse), and an obstacle such as fibrous
tissue produce slowed conduction and increased action potential duration differences
(i.e., enhanced dispersion), and may thereby allow a circular movement of the activation
wavefront, finally leading to ventricular fibrillation. Similar to the interactions between the
cytoskeleton and Cx43 localization described above (see Figure 1), Macquart and colleagues
(2019) [110] also noted that microtubules regulate the Cx43 lateralization in certain forms
of cardiomyopathy (see also: Trembley et al., 2018) [111].

In addition, some of the lateral connexins may not represent complete functional gap
junctions but Cx43 hemichannels. These have been shown to be coupled to Ca2+ release
and Ca2+ dynamics, so that in failing hearts hemichannel opening can contribute to delayed
afterdepolarizations, triggered action potentials, and electrical instability (De Smet et al.,
2021) [112]. Further investigations have demonstrated that the activation of ryanodine
receptors (Ry2R) can open Cx43 hemichannels (Lissoni et al., 2021) [113].
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In a mouse model of right ventricular pressure overload, it was recently shown that
cardiac macrophages are involved in the maintenance of cardiac gap junctional communi-
cation and impulse conduction by the release of amphiregulin which controls connexin 43
phosphorylation and translocation in cardiomyocytes (Sugita et al., 2021) [114]. The lateral-
ization of gap junctions also occurs in the hearts of Duchenne muscular dystrophy. This
has been linked to Cx43-S325/S328/S330 serine hypophosphorylation [115] (Himelman
et al., 2020).

8. Concluding Remarks

Gap junction remodeling in cardiac disease involves changes in connexin expression,
resulting in altered gap junction density and functional coupling, as well as changes in
gap junction subcellular localization. The cardiac tissue is a complex network of excitable
(cardiomyocytes) and non-excitable cells (fibroblasts etc.), and acellular, electrical passive
tissue (fibrous strands). The functional architecture is defined by cardiomyocyte cell size
(which may change with cardiac disease), by the number, function, and localization of
electrical contacts (gap junctions), the non-excitable areas and their electrical resistance, the
ratio between gGJ, longitudinal resistance, transverse resistance, cell capacity, and capacity
of the cell, which is to be activated next. Since source-sink problems also are important for
propagation, the direction of conduction may alter the effects of a given tissue architecture:
a small, activated area meeting a large (non-activated) sink area may result in conduction
failure, while propagation in the opposite direction may be possible. This will be critically
modulated by other factors such as GJ distribution, fibrous tissue, cell size, etc.

The remodeling of this architecture in cardiac disease is not a simple up or down
mechanism regarding conduction but a very complex interplay. Nevertheless, atrial fibril-
lation, cardiac ischemia, chronic infraction, altered stretch, and cardiomyopathy all lead
to changes of this architecture, which can form an arrhythmogenic substrate. Thus, a
reduction in coupling and the changes in tissue biophysics as described above will lead to a
situation with an enhanced local dispersion of action potential duration or of refractoriness
together with a slowing of conduction, both favoring re-entrant arrhythmia. The action
potentials of a several isolated cardiomyocytes normally differ regarding their duration. If
these cells are coupled via gap junctions these differences are diminished. Differences in
action potential duration result in a voltage gradient between the cells, which will cause a
gap junction current between these cells. This will lead to the assimilation of the potential
durations. Thus, local dispersion or inhomogeneity are kept at a minimum by gap junction
coupling. Some of the changes related to hypertrophy can be interpreted as a compensatory
mechanism to adapt cellular coupling to the changes in cell size, resulting however in the
formation of an arrhythmogenic substrate.
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Abbreviations

DCM dilative cardiomyopathy
ECM extracellular matrix
EHD1/Eps15 endocytic adaptor epidermal growth factor receptor substrate 15
Erk extracellular signal regulated kinase
FAK focal adhesion kinase
GATA4 transcription factor binding to the DNA sequence “GATA”
gGJ gap junction conductance
GJ gap junction
HOCM hypertrophic obstructive cardiomyopathy
IL-1ß interleukin-1ß
IL-6 interleukin-6
JNK c-Jun-N-terminal kinase
MAPK mitogen activated protein kinase
MEK Mitogen-activated protein kinase kinase
MTOC microtubule organizing center
NFAT nuclear factor of activated T-cells
PKA protein kinase A
PKC protein kinase C
Rac1 Rac Family Small GTPase 1
rER rough endoplasmic reticulum
Ry2R ryanodine receptor
SF safety factor
SR sinus rhythm
θL longitudinal propagation velocity
θT transverse propagation velocity
TGFß transforming growth factor ß
VEGF vascular endothelial growth factor

References
1. Spach, M.S.; Dolber, P.C. Discontinuous anisotropic propagation. In Cardiac Electrophysiology: A Textbook; Rosen, M.R., Janse, M.J.,

Wit, A.L., Eds.; Futura Publishing Company Inc: Mount Kisco, NY, USA, 1990; pp. 517–534.
2. Dhein, S.; Hammerrath, S.B. Aspects of the intercellular communication in aged hearts. Effects of the gap junction uncopler

palmitoleic acid. Naunyn Schmiedeberg’s Arch. Pharmacol. 2001, 364, 397–408.
3. Dolber, P.C.; Beyer, E.C.; Junker, J.L.; Spach, M.S. Distribution of gap junctions in dog and rat ventricle studied with a double-label

technique. J. Mol. Cell. Cardiol. 1992, 24, 1443–1457. [CrossRef]
4. Weingart, R.; Maurer, P. Action potential transfer in cell pairs isolated from adult rat and guinea pig ventricles. Circ. Res. 1988, 63,

72–80. [CrossRef]
5. Veeraraghavan, R.; Lin, J.; Hoeker, G.S.; Keener, J.P.; Gourdie, R.G.; Poelzing, S. Sodium channels in the Cx43 gap junction

perinexus may constitute a cardiac ephapse: An experimental and modeling study. Pflugers Arch. 2015, 467, 2093–2105. [CrossRef]
6. George, S.A.; Hoeker, G.; Calhoun, P.J.; Entz, M., 2nd; Raisch, T.B.; King, D.R.; Khan, M.; Baker, C.; Gourdie, R.G.; Smyth, J.W.;

et al. Modulating cardiac conduction during metabolic ischemia with perfusate sodium and calcium in guinea pig hearts. Am. J.
Physiol. Heart Circ. Physiol. 2019, 316, H849–H861. [CrossRef]

7. Gourdie, R.G. The cardiac gap junction has discrete functions in electrotonic and ephaptic coupling. Anat. Rec. 2019, 302, 93–100.
[CrossRef]

8. Hichri, E.; Abriel, H.; Kucera, J.P. Distribution of cardiac sodium channels in clusters potentiates ephaptic interactions in the
intercalated disc. J. Physiol. 2018, 596, 563–589. [CrossRef] [PubMed]

9. Carmeliet, E. Conduction in cardiac tissue. Historical reflections. Physiol. Rep. 2019, 7, e13860. [CrossRef] [PubMed]
10. Seidel, T.; Salameh, A.; Dhein, S. A simulation study of cellular hypertrophy and connexin lateralization in cardiac tissue. Biophys.

J. 2010, 99, 2821–2830. [CrossRef]
11. Jongsma, H.J.; Wilders, R. Gap junctions in cardiovascular disease. Circ. Res. 2000, 86, 1193–1197. [CrossRef] [PubMed]
12. Rohr, S. Role of gap junctions in the propagation of the cardiac action potential. Cardiovasc. Res. 2004, 62, 309–322. [CrossRef]

[PubMed]
13. Rohr, S.; Kucera, J.P.; Fast, V.G.; Kléber, A.G. Paradoxical improvement of impulse conduction in cardiac tissue by partial cellular

uncoupling. Science 1997, 275, 841–844. [CrossRef] [PubMed]
14. Rohr, S. Arrhythmogenic implications of fibroblast-myocyte interactions. Circ. Arrhythm. Electrophysiol. 2012, 5, 442–452.

[CrossRef] [PubMed]

http://doi.org/10.1016/0022-2828(92)91085-J
http://doi.org/10.1161/01.RES.63.1.72
http://doi.org/10.1007/s00424-014-1675-z
http://doi.org/10.1152/ajpheart.00083.2018
http://doi.org/10.1002/ar.24036
http://doi.org/10.1113/JP275351
http://www.ncbi.nlm.nih.gov/pubmed/29210458
http://doi.org/10.14814/phy2.13860
http://www.ncbi.nlm.nih.gov/pubmed/30604919
http://doi.org/10.1016/j.bpj.2010.09.010
http://doi.org/10.1161/01.RES.86.12.1193
http://www.ncbi.nlm.nih.gov/pubmed/10864907
http://doi.org/10.1016/j.cardiores.2003.11.035
http://www.ncbi.nlm.nih.gov/pubmed/15094351
http://doi.org/10.1126/science.275.5301.841
http://www.ncbi.nlm.nih.gov/pubmed/9012353
http://doi.org/10.1161/CIRCEP.110.957647
http://www.ncbi.nlm.nih.gov/pubmed/22511661


Cells 2021, 10, 2422 14 of 17

15. Lee, P.J.; Pogwizd, S.M. Micropatterns of propagation. Adv. Cardiol. 2006, 42, 86–106. [CrossRef] [PubMed]
16. Joyner, R.W.; van Capelle, F.J. Propagation through electrically coupled cells. How a small SA node drives a large atrium. Biophys.

J. 1986, 50, 1157–1164. [CrossRef]
17. Boyett, M.R.; Inada, S.; Yoo, S.; Li, J.; Liu, J.; Tellez, J.; Greener, I.D.; Honjo, H.; Billeter, R.; Lei, M.; et al. Connexins in the sinoatrial

and atrioventricular nodes. Adv. Cardiol. 2006, 42, 175–197.
18. Shaw, R.M.; Rudy, Y. Electrophysiologic effects of acute myocardial ischemia. A mechanistic investigation of action potential

conduction and conduction failure. Circ. Res. 1997, 80, 124–138. [CrossRef]
19. Shaw, R.M.; Rudy, Y. Ionic mechanisms of propagation in cardiac tissue. Roles of the sodium and L-type calcium currents during

reduced excitability and decreased gap junction coupling. Circ. Res. 1997, 81, 727–741. [CrossRef]
20. Dhein, S.; Seidel, T.; Salameh, A.; Jozwiak, J.; Hagen, A.; Kostelka, M.; Hindricks, G.; Mohr, F.W. Remodeling of cardiac passive

electrical properties and susceptibility to ventricular and atrial arrhythmias. Front. Physiol. 2014, 5, 424. [CrossRef]
21. Schrickel, J.W.; Kreuzberg, M.M.; Ghanem, A.; Kim, J.S.; Linhart, M.; Andrié, R.; Tiemann, K.; Nickenig, G.; Lewalter, T.; Willecke,

K. Normal impulse propagation in the atrioventricular conduction system of Cx30.2/Cx40 double deficient mice. J. Mol. Cell.
Cardiol. 2009, 46, 644–652. [CrossRef]

22. Kwak, B.R.; Hermans, M.M.; De Jonge, H.R.; Lohmann, S.M.; Jongsma, H.J.; Chanson, M. Differential regulation of distinct types
of gap junction channels by similar phosphorylating conditions. Mol. Biol. Cell. 1995, 6, 1707–1719. [CrossRef]

23. Valiunas, V.; Bukauskas, F.F.; Weingart, R. Conductances and selective permeability of connexin43 gap junction channels examined
in neonatal rat heart cells. Circ. Res. 1997, 80, 708–719. [CrossRef] [PubMed]

24. Bukauskas, F.F.; Verselis, V.K. Gap junction channel gating. Biochim. Biophys. Acta 2004, 1662, 42–60. [CrossRef] [PubMed]
25. Brink, P.R.; Ramanan, S.V.; Christ, G.J. Human connexin 43 gap junction channel gating: Evidence for mode shifts and/or

heterogeneity. Am. J. Physiol. 1996, 271, C321–C331. [CrossRef] [PubMed]
26. Bukauskas, F.F.; Peracchia, C. Two distinct gating mechanisms in gap junction channels: CO2-sensitive and voltage-sensitive.

Biophys. J. 1997, 72, 2137–2142. [CrossRef]
27. Ek-Vitorín, J.F.; Pontifex, T.K.; Burt, J.M. Determinants of Cx43 Channel Gating and Permeation: The Amino Terminus. Biophys. J.

2016, 110, 127–140. [CrossRef]
28. Peracchia, C. Chemical gating of gap junction channels; roles of calcium, pH and calmodulin. Biochim. Biophys. Acta 2004, 1662,

61–80. [CrossRef] [PubMed]
29. Verselis, V.K.; Ginter, C.S.; Bargiello, T.A. Opposite voltage gating polarities of two closely related connexins. Nature 1994, 368,

348–351. [CrossRef]
30. Moreno, A.P.; Lau, A.F. Gap junction channel gating modulated through protein phosphorylation. Prog. Biophys. Mol. Biol. 2007,

94, 107–119. [CrossRef]
31. Lampe, P.D.; TenBroek, E.M.; Burt, J.M.; Kurata, W.E.; Johnson, R.G.; Lau, A.F. Phosphorylation of connexin43 on serine368 by

protein kinase C regulates gap junctional communication. J. Cell Biol. 2000, 149, 1503–1512. [CrossRef]
32. Kwak, B.R.; van Veen, T.A.; Analbers, L.J.; Jongsma, H.J. TPA increases conductance but decreases permeability in neonatal rat

cardiomyocyte gap junction channels. Exp. Cell Res. 1995, 220, 456–463. [CrossRef]
33. Kwak, B.R.; Jongsma, H.J. Regulation of cardiac gap junction channel permeability and conductance by several phosphorylating

conditions. Mol. Cell Biochem. 1996, 157, 93–99. [CrossRef] [PubMed]
34. Leybaert, L.; Lampe, P.D.; Dhein, S.; Kwak, B.R.; Ferdinandy, P.; Beyer, E.C.; Laird, D.W.; Naus, C.C.; Green, C.R.; Schulz, R.

Connexins in cardiovascular and neurovascular health and disease: Pharmacological implications. Pharmacol. Rev. 2017, 69,
396–478. [CrossRef] [PubMed]

35. Dhein, S. Role of connexins in atrial fibrillation. Adv. Cardiol. 2006, 42, 161–174. [CrossRef] [PubMed]
36. Jozwiak, J.; Dhein, S. Local effects and mechanisms of antiarrhythmic peptide AAP10 in acute regional myocardial ischemia:

Electrophysiological and molecular findings. Naunyn Schmiedebergs Arch. Pharmacol. 2008, 378, 459–470. [CrossRef]
37. De Groot, J.R.; Coronel, R. Acute ischemia-induced gap junctional uncoupling and arrhythmogenesis. Cardiovasc. Res. 2004, 62,

323–334. [CrossRef] [PubMed]
38. Li, J.; Li, C.; Liang, D.; Lv, F.; Yuan, T.; The, E.; Ma, X.; Wu, Y.; Zhen, L.; Xie, D.; et al. LRP6 acts as a scaffold protein in cardiac gap

junction assembly. Nat. Commun. 2016, 7, 11775. [CrossRef]
39. Musil, L.S.; Goodenough, D.A. Multisubunit assembly of an integral plasma membrane channel protein, gap junction connexin43,

occurs after exit from the ER. Cell 1993, 74, 1065–1077. [CrossRef]
40. Musil, L.S.; Goodenough, D.A. Biochemical analysis of connexon assembly. In Intercellular Communication through Gap Junctions:

Progress in Cell Research; Kanno, Y., Kataoka, K., Shiba, Y., Shibata, Y., Shimazu, T., Eds.; Elsevier: Amsterdam, The Netherlands,
1995; Volume 4, pp. 327–330.

41. Falk, M.M. Connexin-specific distribution within gap junctions revealed in living cells. J. Cell Sci. 2000, 113, 4109–4120. [CrossRef]
42. Giepmans, B.N. Gap junctions and connexin-interacting proteins. Cardiovasc. Res. 2004, 62, 233–245. [CrossRef]
43. Berthoud, V.M.; Minogue, P.J.; Laing, J.G.; Beyer, E.C. Pathways for degradation of connexins and gap junctions. Cardiovasc. Res.

2004, 62, 256–267. [CrossRef] [PubMed]
44. Salameh, A. Life cycle of connexins: Regulation of connexin synthesis and degradation. Adv. Cardiol. 2006, 42, 57–70. [PubMed]

http://doi.org/10.1159/000092564
http://www.ncbi.nlm.nih.gov/pubmed/16646586
http://doi.org/10.1016/S0006-3495(86)83559-7
http://doi.org/10.1161/01.RES.80.1.124
http://doi.org/10.1161/01.RES.81.5.727
http://doi.org/10.3389/fphys.2014.00424
http://doi.org/10.1016/j.yjmcc.2009.02.012
http://doi.org/10.1091/mbc.6.12.1707
http://doi.org/10.1161/01.RES.80.5.708
http://www.ncbi.nlm.nih.gov/pubmed/9130452
http://doi.org/10.1016/j.bbamem.2004.01.008
http://www.ncbi.nlm.nih.gov/pubmed/15033578
http://doi.org/10.1152/ajpcell.1996.271.1.C321
http://www.ncbi.nlm.nih.gov/pubmed/8760061
http://doi.org/10.1016/S0006-3495(97)78856-8
http://doi.org/10.1016/j.bpj.2015.10.054
http://doi.org/10.1016/j.bbamem.2003.10.020
http://www.ncbi.nlm.nih.gov/pubmed/15033579
http://doi.org/10.1038/368348a0
http://doi.org/10.1016/j.pbiomolbio.2007.03.004
http://doi.org/10.1083/jcb.149.7.1503
http://doi.org/10.1006/excr.1995.1337
http://doi.org/10.1007/BF00227885
http://www.ncbi.nlm.nih.gov/pubmed/8739233
http://doi.org/10.1124/pr.115.012062
http://www.ncbi.nlm.nih.gov/pubmed/28931622
http://doi.org/10.1159/000092568
http://www.ncbi.nlm.nih.gov/pubmed/16646590
http://doi.org/10.1007/s00210-008-0317-4
http://doi.org/10.1016/j.cardiores.2004.01.033
http://www.ncbi.nlm.nih.gov/pubmed/15094352
http://doi.org/10.1038/ncomms11775
http://doi.org/10.1016/0092-8674(93)90728-9
http://doi.org/10.1242/jcs.113.22.4109
http://doi.org/10.1016/j.cardiores.2003.12.009
http://doi.org/10.1016/j.cardiores.2003.12.021
http://www.ncbi.nlm.nih.gov/pubmed/15094346
http://www.ncbi.nlm.nih.gov/pubmed/16646584


Cells 2021, 10, 2422 15 of 17

45. Olejnickova, V.; Kocka, M.; Kvasilova, A.; Kolesova, H.; Dziacky, A.; Gidor, T.; Gidor, L.; Sankova, B.; Gregorovicova, M.; Gourdie,
R.G.; et al. Gap junctional communication via connexin43 between Purkinje fibers and working myocytes explains the epicardial
activation pattern in the postnatal mouse left ventricle. Int. J. Mol. Sci. 2021, 22, 2475. [CrossRef]

46. Bukauskas, F.F.; Jordan, K.; Bukauskiene, A.; Bennett, M.V.; Lampe, P.D.; Laird, D.W.; Verselis, V.K. Clustering of connexin
43-enhanced green fluorescent protein gap junction channels and functional coupling in living cells. Proc. Natl. Acad. Sci. USA
2000, 97, 2556–2561. [CrossRef]

47. Moise, N.; Struckman, H.L.; Dagher, C.; Veeraraghavan, R.; Weinberg, S.H. Intercalated disk nanoscale structure regulates cardiac
conduction. J. Gen. Physiol. 2021, 153, e202112897. [CrossRef]

48. De Jong, A.M.; Maass, A.H.; Oberdorf-Maass, S.U.; De Boer, R.A.; Van Gilst, W.H.; Van Gelder, I.C. Cyclical stretch induces
structural changes in atrial myocytes. J. Cell Mol. Med. 2013, 17, 743–753. [CrossRef]

49. Salameh, A.; Wustmann, A.; Karl, S.; Blanke, K.; Apel, D.; Rojas-Gomez, D.; Franke, H.; Mohr, F.W.; Janousek, J.; Dhein, S. Cyclic
mechanical stretch induces cardiomyocytes orientation and polarization of the gap junction protein connexin43. Circ. Res. 2010,
106, 1592–1602. [CrossRef]

50. Dhein, S.; Schreiber, A.; Steinbach, S.; Apel, D.; Salameh, A.; Schlegel, F.; Kostelka, M.; Dohmen, P.M.; Mohr, F.W. Mechanical
control of cell biology. Effects of cyclic mechanical stretch on cardiomyocyte cellular organization. Prog. Biophys. Mol. Biol. 2014,
115, 93–102. [CrossRef] [PubMed]

51. Salameh, A.; Apel, D.; Gonzalez Casanova, J.; von Salisch, S.; Mohr, F.W.; Daehnert, I.; Dhein, S. On the different roles of AT1 and
AT2 receptors in stretch-induced changes of connexin43 expression and localisation. Pflugers Arch. 2012, 464, 535–547. [CrossRef]
[PubMed]

52. Salameh, A.; Karl, S.; Djilali, H.; Dhein, S.; Janousek, J.; Daehnert, I. Opposing and synergistic effects of cyclic mechanical stretch
and α- or β-adrenergic stimulation on the cardiac gap junction protein Cx43. Pharmacol. Res. 2010, 62, 506–513. [CrossRef]
[PubMed]

53. Ninio, D.M.; Saint, D.A. The role of stretch-activated channels in atrial fibrillation and the impact of intracellular acidosis. Prog
Biophys. Mol. Biol. 2008, 97, 401–416. [CrossRef] [PubMed]

54. Hocini, M.; Ho, S.Y.; Kawara, T.; Linnenbank, A.C.; Potse, M.; Shah, D.; Jaïs, P.; Janse, M.J.; Haïssaguerre, M.; De Bakker, J.M.
Electrical conduction in canine pulmonary veins: Electrophysiological and anatomic correlation. Circulation 2002, 105, 2442–2448.
[CrossRef]

55. Po, S.S.; Li, Y.; Tang, D.; Liu, H.; Geng, N.; Jackman, W.M.; Scherlag, B.; Lazzara, R.; Patterson, E. Rapid and stable re-entry within
the pulmonary vein as a mechanism initiating paroxysmal atrial fibrillation. J. Am. Coll. Cardiol. 2005, 45, 1871–1877. [CrossRef]
[PubMed]

56. The, A.W.; Kistler, P.M.; Lee, G.; Medi, C.; Heck, P.M.; Spence, S.; Morton, J.B.; Sanders, P.; Kalman, J.M. Electroanatomic
properties of the pulmonary veins: Slowed conduction, low voltage and altered refractoriness in AF patients. J. Cardiovasc.
Electrophysiol. 2011, 22, 1083–1091. [CrossRef]

57. Verheule, S.; Wilson, E.E.; Arora, R.; Engle, S.K.; Scott, L.R.; Olgin, J.E. Tissue structure and connexin expression of canine
pulmonary veins. Cardiovasc. Res. 2002, 55, 727–738. [CrossRef]

58. Franz, M.R.; Jamal, S.M.; Narayan, S.M. The role of action potential alternans in the initiation of atrial fibrillation in humans: A
review and future directions. Europace 2012, 14 (Suppl. S5), v58–v64. [CrossRef]

59. Harada, M.; Nattel, S. Implications of Inflammation and Fibrosis in Atrial Fibrillation Pathophysiology. Card Electrophysiol. Clin.
2021, 13, 25–35. [CrossRef] [PubMed]

60. Nattel, S.; Heijman, J.; Zhou, L.; Dobrev, D. Molecular basis of atrial fibrillation pathophysiology and therapy: A translational
perspective. Circ. Res. 2020, 127, 51–72. [CrossRef]

61. Linz, D.; Hohl, M.; Dhein, S.; Ruf, S.; Reil, J.C.; Kabiri, M.; Wohlfart, P.; Verheule, S.; Böhm, M.; Sadowski, T.; et al. Cathepsin
A mediates susceptibility to atrial tachyarrhythmia and impairment of atrial emptying function in Zucker diabetic fatty rats.
Cardiovasc. Res. 2016, 110, 371–380. [CrossRef]

62. Hohl, M.; Erb, K.; Lang, L.; Ruf, S.; Hübschle, T.; Dhein, S.; Linz, W.; Elliott, A.D.; Sanders, P.; Zamyatkin, O.; et al. Cathepsin A
mediates ventricular remote remodeling and atrial cardiomyopathy in rats with ventricular ischemia/reperfusion. JACC Basic
Transl. Sci. 2019, 4, 332–344. [CrossRef] [PubMed]

63. Boldt, A.; Wetzel, U.; Lauschke, J.; Weigl, J.; Gummert, J.; Hindricks, G.; Kottkamp, H.; Dhein, S. Fibrosis in left atrial tissue of
patients with atrial fibrillation with and without underlying mitral valve disease. Heart 2004, 90, 400–405. [CrossRef] [PubMed]

64. Angel, N.; Li, L.I.; Macleod, R.S.; Marrouche, N.; Ranjan, R.; Dosdall, D.J. Diverse fibrosis architecture and premature stimulation
facilitate initiation of reentrant activity following chronic atrial fibrillation. J. Cardiovasc. Electrophysiol. 2015, 26, 1352–1360.
[CrossRef]

65. Krul, S.P.; Berger, W.R.; Smit, N.W.; van Amersfoorth, S.C.; Driessen, A.H.; van Boven, W.J.; Fiolet, J.W.; van Ginneken, A.C.; van
der Wal, A.C.; de Bakker, J.M.; et al. Atrial fibrosis and conduction slowing in the left atrial appendage of patients undergoing
thoracoscopic surgical pulmonary vein isolation for atrial fibrillation. Circ. Arrhythm. Electrophysiol. 2015, 8, 288–295. [CrossRef]

66. Wijffels, M.C.; Kirchhof, C.J.; Dorland, R.; Allessie, M.A. Atrial fibrillation begets atrial fibrillation. A study in awake chronically
instrumented goats. Circulation 1995, 92, 1954–1968. [CrossRef]

http://doi.org/10.3390/ijms22052475
http://doi.org/10.1073/pnas.050588497
http://doi.org/10.1085/jgp.202112897
http://doi.org/10.1111/jcmm.12064
http://doi.org/10.1161/CIRCRESAHA.109.214429
http://doi.org/10.1016/j.pbiomolbio.2014.06.006
http://www.ncbi.nlm.nih.gov/pubmed/24983489
http://doi.org/10.1007/s00424-012-1161-4
http://www.ncbi.nlm.nih.gov/pubmed/23007463
http://doi.org/10.1016/j.phrs.2010.08.002
http://www.ncbi.nlm.nih.gov/pubmed/20705136
http://doi.org/10.1016/j.pbiomolbio.2008.02.016
http://www.ncbi.nlm.nih.gov/pubmed/18367236
http://doi.org/10.1161/01.CIR.0000016062.80020.11
http://doi.org/10.1016/j.jacc.2005.02.070
http://www.ncbi.nlm.nih.gov/pubmed/15936621
http://doi.org/10.1111/j.1540-8167.2011.02089.x
http://doi.org/10.1016/S0008-6363(02)00490-X
http://doi.org/10.1093/europace/eus273
http://doi.org/10.1016/j.ccep.2020.11.002
http://www.ncbi.nlm.nih.gov/pubmed/33516403
http://doi.org/10.1161/CIRCRESAHA.120.316363
http://doi.org/10.1093/cvr/cvw071
http://doi.org/10.1016/j.jacbts.2019.01.008
http://www.ncbi.nlm.nih.gov/pubmed/31312757
http://doi.org/10.1136/hrt.2003.015347
http://www.ncbi.nlm.nih.gov/pubmed/15020515
http://doi.org/10.1111/jce.12773
http://doi.org/10.1161/CIRCEP.114.001752
http://doi.org/10.1161/01.CIR.92.7.1954


Cells 2021, 10, 2422 16 of 17

67. Polontchouk, L.; Haefliger, J.A.; Ebelt, B.; Schaefer, T.; Stuhlmann, D.; Mehlhorn, U.; Kuhn-Regnier, F.; De Vivie, E.R.; Dhein, S.
Effects of chronic atrial fibrillation on gap junction distribution in human and rat atria. J. Am. Coll. Cardiol. 2001, 38, 883–891.
[CrossRef]

68. Wetzel, U.; Boldt, A.; Lauschke, J.; Weigl, J.; Schirdewahn, P.; Dorszewski, A.; Doll, N.; Hindricks, G.; Dhein, S.; Kottkamp, H.
Expression of connexins 40 and 43 in human left atrium in atrial fibrillation of different aetiologies. Heart 2005, 91, 166–170.
[CrossRef]

69. Kostin, S.; Klein, G.; Szalay, Z.; Hein, S.; Bauer, E.P.; Schaper, J. Structural correlate of atrial fibrillation in human patients.
Cardiovasc. Res. 2002, 54, 361–379. [CrossRef]

70. Li, D.Q.; Feng, Y.B.; Zhang, H.Q. The relationship between gap junctional remodeling and human atrial fibrillation. Chin. Med. J.
2004, 117, 1256–1258. [PubMed]

71. Dupont, E.M.; Ko, Y.; Rothery, S.; Coppen, S.R.; Baghai, M.; Haw, M.; Severs, N.J. The gap-junctional protein connexin40 is
elevated in patients susceptible to postoperative atrial fibrillation. Circulation 2001, 103, 842–849. [CrossRef] [PubMed]

72. Pfannmüller, B.; Boldt, A.; Reutemann, A.; Duerrschmidt, N.; Krabbes-Graube, S.; Mohr, F.W.; Dhein, S. Gender-specific
remodeling in atrial fibrillation? Thorac. Cardiovasc. Surg. 2013, 61, 66–73. [CrossRef]

73. Neuberger, H.R.; Schotten, U.; Verheule, S.; Eijsbouts, S.; Blaauw, Y.; van Hunnik, A.; Allessie, M. Development of a substrate of
atrial fibrillation during chronic atrioventricular block in the goat. Circulation 2005, 111, 30–37. [CrossRef]

74. Dhein, S.; Rothe, S.; Busch, A.; Rojas-Gomez, D.M.; Boldt, A.; Reutemann, A.; Seidel, T.; Salameh, A.; Pfannmüller, B.; Rastan, A.;
et al. Effects of metoprolol therapy on cardiac gap junction remodelling and conduction in human chronic atrial fibrillation. Br. J.
Pharmacol. 2011, 164, 607–616. [CrossRef]

75. Colman, M.A.; Varela, M.; Hancox, J.C.; Zhang, H.; Aslanidi, O.V. Evolution and pharmacological modulation of the arrhythmo-
genic wave dynamics in canine pulmonary vein model. Europace 2014, 16, 416–423. [CrossRef]

76. Jungk, L.; Franke, H.; Salameh, A.; Dhein, S. Golgi Fragmentation in human patients with chronic atrial fibrillation: A new aspect
of remodeling. Thorac. Cardiovasc. Surg. 2019, 67, 98–106. [CrossRef]

77. Bellouze, S.; Baillat, G.; Buttigieg, D.; de la Grange, P.; Rabouille, C.; Haase, G. Stathmin 1/2-triggered microtubule loss mediates
Golgi fragmentation in mutant SOD1 motor neurons. Mol. Neurodegener. 2016, 11, 43. [CrossRef]

78. Sun, K.H.; de Pablo, Y.; Vincent, F.; Johnson, E.O.; Chavers, A.K.; Shah, K. Novel genetic tools reveal Cdk5′s major role in Golgi
fragmentation in Alzheimer’s disease. Mol. Biol. Cell 2008, 19, 3052–3069. [CrossRef] [PubMed]

79. Boldt, A.; Wetzel, U.; Weigl, J.; Garbade, J.; Lauschke, J.; Hindricks, G.; Kottkamp, H.; Gummert, J.F.; Dhein, S. Expression of
angiotensin II receptors in human left and right atrial tissue in atrial fibrillation with and without underlying mitral valve disease.
J. Am. Coll Cardiol. 2003, 42, 1785–1792. [CrossRef] [PubMed]

80. Boldt, A.; Scholl, A.; Garbade, J.; Resetar, M.E.; Mohr, F.W.; Gummert, J.F.; Dhein, S. ACE-inhibitor treatment attenuates atrial
structural remodeling in patients with lone chronic atrial fibrillation. Basic Res. Cardiol. 2006, 101, 261–267. [CrossRef] [PubMed]

81. Adam, O.; Lavall, D.; Theobald, K.; Hohl, M.; Grube, M.; Ameling, S.; Sussman, M.A.; Rosenkranz, S.; Kroemer, H.K.; Schäfers,
H.J.; et al. Rac1-induced connective tissue growth factor regulates connexin 43 and N-cadherin expression in atrial fibrillation. J.
Am. Coll. Cardiol. 2010, 55, 469–480. [CrossRef]

82. Salameh, A.; Frenzel, C.; Boldt, A.; Rassler, B.; Glawe, I.; Schulte, J.; Mühlberg, K.; Zimmer, H.G.; Pfeiffer, D.; Dhein, S. Subchronic
alpha- and beta-adrenergic regulation of cardiac gap junction protein expression. FASEB J. 2006, 20, 365–367. [CrossRef] [PubMed]

83. Salameh, A.; Krautblatter, S.; Karl, S.; Blanke, K.; Rojas-Gomez, D.; Dhein, S.; Pfeiffer, D.; Janousek, J. The signal transduction
cascade regulating the expression of the gap junction protein connexin43 by beta-adrenoceptors. Br. J. Pharmacol. 2009, 158,
198–208. [CrossRef] [PubMed]

84. Zhang, Y.; Hou, M.C.; Li, J.J.; Qi, Y.; Zhang, Y.; She, G.; Ren, Y.J.; Wu, W.; Pang, Z.D.; Xie, W.; et al. Cardiac β-adrenergic receptor
activation mediates distinct and cell type-dependent changes in the expression and distribution of connexin 43. J. Cell Mol. Med.
2020, 24, 8505–8517. [CrossRef]

85. Salameh, A.; Djilali, H.; Blanke, K.; Gonzalez Casanova, J.; von Salisch, S.; Savtschenko, A.; Dhein, S.; Dähnert, I. Cardiac
fibroblasts inhibit β-adrenoceptor-dependent connexin43 expression in neonatal rat cardiomyocytes. Naunyn Schmiedebergs Arch.
Pharmacol. 2013, 386, 421–433. [CrossRef]

86. Hagen, A.; Dietze, A.; Dhein, S. Human cardiac gap-junction coupling: Effects of antiarrhythmic peptide AAP10. Cardiovasc. Res.
2009, 83, 405–415. [CrossRef]

87. Jeyaraman, M.; Tanguy, S.; Fandrich, R.R.; Lukas, A.; Kardami, E. Ischemia-induced dephosphorylation of cardiomyocyte
connexin-43 is reduced by okadaic acid and calyculin A but not fostriecin. Mol. Cell Biochem. 2003, 242, 129–134. [CrossRef]

88. Xue, J.; Yan, X.; Yang, Y.; Chen, M.; Wu, L.; Gou, Z.; Sun, Z.; Talabieke, S.; Zheng, Y.; Luo, D. Connexin 43 dephosphorylation
contributes to arrhythmias and cardiomyocyte apoptosis in ischemia/reperfusion hearts. Basic Res. Cardiol. 2019, 114, 40.
[CrossRef]

89. Martins-Marques, T.; Catarino, S.; Gonçalves, A.; Miranda-Silva, D.; Gonçalves, L.; Antunes, P.; Coutinho, G.; Leite Moreira, A.;
Falcão Pires, I.; Girão, H. EHD1 modulates Cx43 gap junction remodeling associated with cardiac diseases. Circ. Res. 2020, 126,
e97–e113. [CrossRef] [PubMed]

90. Frangogiannis, N.G.; Kovacic, J.C. Extracellular matrix in ischemic heart disease, Part 4/4: JACC Focus Seminar. J. Am. Coll.
Cardiol. 2020, 75, 2219–2235. [CrossRef] [PubMed]

http://doi.org/10.1016/S0735-1097(01)01443-7
http://doi.org/10.1136/hrt.2003.024216
http://doi.org/10.1016/S0008-6363(02)00273-0
http://www.ncbi.nlm.nih.gov/pubmed/15361305
http://doi.org/10.1161/01.CIR.103.6.842
http://www.ncbi.nlm.nih.gov/pubmed/11171793
http://doi.org/10.1055/s-0032-1332795
http://doi.org/10.1161/01.CIR.0000151517.43137.97
http://doi.org/10.1111/j.1476-5381.2011.01460.x
http://doi.org/10.1093/europace/eut349
http://doi.org/10.1055/s-0038-1635079
http://doi.org/10.1186/s13024-016-0111-6
http://doi.org/10.1091/mbc.e07-11-1106
http://www.ncbi.nlm.nih.gov/pubmed/18480410
http://doi.org/10.1016/j.jacc.2003.07.014
http://www.ncbi.nlm.nih.gov/pubmed/14642689
http://doi.org/10.1007/s00395-005-0571-2
http://www.ncbi.nlm.nih.gov/pubmed/16382287
http://doi.org/10.1016/j.jacc.2009.08.064
http://doi.org/10.1096/fj.05-4871fje
http://www.ncbi.nlm.nih.gov/pubmed/16352648
http://doi.org/10.1111/j.1476-5381.2009.00344.x
http://www.ncbi.nlm.nih.gov/pubmed/19719782
http://doi.org/10.1111/jcmm.15469
http://doi.org/10.1007/s00210-013-0843-6
http://doi.org/10.1093/cvr/cvp028
http://doi.org/10.1023/A:1021102131603
http://doi.org/10.1007/s00395-019-0748-8
http://doi.org/10.1161/CIRCRESAHA.119.316502
http://www.ncbi.nlm.nih.gov/pubmed/32138615
http://doi.org/10.1016/j.jacc.2020.03.020
http://www.ncbi.nlm.nih.gov/pubmed/32354387


Cells 2021, 10, 2422 17 of 17

91. Peet, C.; Ivetic, A.; Bromage, D.I.; Shah, A.M. Cardiac monocytes and macrophages after myocardial infarction. Cardiovasc. Res.
2020, 116, 1101–1112. [CrossRef] [PubMed]

92. Camelliti, P.; Green, C.R.; Kohl, P. Structural and functional coupling of cardiac myocytes and fibroblasts. Adv. Cardiol. 2006, 42,
132–149. [CrossRef]

93. Mouton, A.J.; Rivera, O.J.; Lindsey, M.L. Myocardial infarction remodeling that progresses to heart failure: A signaling misunder-
standing. Am. J. Physiol. Heart Circ. Physiol. 2018, 315, H71–H79. [CrossRef]

94. De Jesus, N.M.; Wang, L.; Lai, J.; Rigor, R.R.; Francis Stuart, S.D.; Bers, D.M.; Lindsey, M.L.; Ripplinger, C.M. Antiarrhythmic
effects of interleukin 1 inhibition after myocardial infarction. Heart Rhythm 2017, 14, 727–736. [CrossRef]

95. Camelliti, P.; Devlin, G.P.; Matthews, K.G.; Kohl, P.; Green, C.R. Spatially and temporally distinct expression of fibroblast
connexins after sheep ventricular infarction. Cardiovasc. Res. 2004, 62, 415–425. [CrossRef] [PubMed]

96. Quinn, T.A.; Camelliti, P.; Rog-Zielinska, E.A.; Siedlecka, U.; Poggioli, T.; O’Toole, E.T.; Knöpfel, T.; Kohl, P. Electrotonic coupling
of excitable and nonexcitable cells in the heart revealed by optogenetics. Proc. Natl. Acad. Sci. USA 2016, 113, 14852–14857.
[CrossRef]

97. Schultz, F.; Swiatlowska, P.; Alvarez-Laviada, A.; Sanchez-Alonso, J.L.; Song, Q.; de Vries, A.A.F.; Pijnappels, D.A.; Ongstad, E.;
Braga, V.M.M.; Entcheva, E.; et al. Cardiomyocyte-myofibroblast contact dynamism is modulated by connexin-43. FASEB J. 2019,
33, 10453–10468. [CrossRef] [PubMed]

98. Severs, N.J.; Dupont, E.; Thomas, N.; Kaba, R.; Rothery, S.; Jain, R.; Sharpey, K.; Fry, C.H. Alterations in cardiac connexin
expression in cardiomyopathies. Adv. Cardiol. 2006, 42, 228–242. [CrossRef]

99. Gottwald, E.; Gottwald, M.; Dhein, S. Enhanced dispersion of epicardial activation-recovery intervals at sites of histological
inhomogeneity during regional cardiac ischaemia and reperfusion. Heart 1998, 79, 474–480. [CrossRef]

100. Müller, A.; Dhein, S. Sodium channel blockade enhances dispersion of the cardiac action potential duration. A computer
simulation study. Basic Res. Cardiol. 1993, 88, 11–22. [CrossRef]

101. Kucera, J.P.; Rohr, S.; Kleber, A.G. Microstructure, cell-to-cell coupling, and ion currents as determinants of electrical propagation
and arrhythmogenesis. Circ. Arrhythm. Electrophysiol. 2017, 10, e004665. [CrossRef] [PubMed]

102. Spach, M.S.; Miller, W.T., 3rd; Dolber, P.C.; Kootsey, J.M.; Sommer, J.R.; Mosher, C.E., Jr. The functional role of structural
complexities in the propagation of depolarization in the atrium of the dog. Cardiac conduction disturbances due to discontinuities
of effective axial resistivity. Circ. Res. 1982, 50, 175–191. [CrossRef]

103. Miragoli, M.; Gaudesius, G.; Rohr, S. Electrotonic modulation of cardiac impulse conduction by myofibroblasts. Circ. Res. 2006,
98, 801–810. [CrossRef]

104. Miragoli, M.; Salvarani, N.; Rohr, S. Myofibroblasts induce ectopic activity in cardiac tissue. Circ. Res. 2007, 101, 755–758.
[CrossRef]

105. Brown, T.R.; Krogh-Madsen, T.; Christini, D.J. Illuminating myocyte-fibroblast homotypic and heterotypic gap junction dynamics
using dynamic clamp. Biophys. J. 2016, 111, 785–797. [CrossRef] [PubMed]

106. Kostin, S.; Dammer, S.; Hein, S.; Klovekorn, W.P.; Bauer, E.P.; Schaper, J. Connexin 43 expression and distribution in compensated
and decompensated cardiac hypertrophy in patients with aortic stenosis. Cardiovasc. Res. 2004, 62, 426–436. [CrossRef]

107. Kostin, S. Zonula occludens-1 and connexin 43 expression in the failing human heart. J. Cell Mol. Med. 2007, 11, 892–895.
[CrossRef] [PubMed]

108. Glukhov, A.V.; Fedorov, V.V.; Kalish, P.W.; Ravikumar, V.K.; Lou, Q.; Janks, D.; Schuessler, R.B.; Moazami, N.; Efimov, I.R.
Conduction remodeling in human end-stage nonischemic left ventricular cardiomyopathy. Circulation 2012, 125, 1835–1847.
[CrossRef] [PubMed]

109. Akar, F.G.; Spragg, D.D.; Tunin, R.S.; Kass, D.A.; Tomaselli, G.F. Mechanisms underlying conduction slowing and arrhythmogene-
sis in nonischemic dilated cardiomyopathy. Circ. Res. 2004, 95, 717–725. [CrossRef] [PubMed]

110. Macquart, C.; Jüttner, R.; Morales Rodriguez, B.; Le Dour, C.; Lefebvre, F.; Chatzifrangkeskou, M.; Schmitt, A.; Gotthardt, M.;
Bonne, G.; Muchir, A. Microtubule cytoskeleton regulates Connexin 43 localization and cardiac conduction in cardiomyopathy
caused by mutation in A-type lamins gene. Hum. Mol. Genet. 2019, 28, 4043–4052. [CrossRef] [PubMed]

111. Trembley, M.A.; Quijada, P.; Agullo-Pascual, E.; Tylock, K.M.; Colpan, M.; Dirkx, R.A., Jr.; Myers, J.R.; Mickelsen, D.M.; de Mesy
Bentley, K.; Rothenberg, E.; et al. Mechanosensitive gene regulation by myocardin-related transcription factors is required for
cardiomyocyte integrity in load-induced ventricular hypertrophy. Circulation 2018, 138, 1864–1878. [CrossRef]

112. De Smet, M.A.; Lissoni, A.; Nezlobinsky, T.; Wang, N.; Dries, E.; Pérez-Hernández, M.; Lin, X.; Amoni, M.; Vervliet, T.; Witschas,
K.; et al. Cx43 hemichannel microdomain signaling at the intercalated disc enhances cardiac excitability. J. Clin. Investig. 2021,
131, e137752. [CrossRef]

113. Lissoni, A.; Hulpiau, P.; Martins-Marques, T.; Wang, N.; Bultynck, G.; Schulz, R.; Witschas, K.; Girao, H.; De Smet, M.; Leybaert, L.
RyR2 regulates Cx43 hemichannel intracellular Ca2+-dependent activation in cardiomyocytes. Cardiovasc. Res. 2021, 117, 123–136.
[CrossRef] [PubMed]

114. Sugita, J.; Fujiu, K.; Nakayama, Y.; Matsubara, T.; Matsuda, J.; Oshima, T.; Liu, Y.; Maru, Y.; Hasumi, E.; Kojima, T.; et al. Cardiac
macrophages prevent sudden death during heart stress. Nat. Commun. 2021, 12, 1910. [CrossRef] [PubMed]

115. Himelman, E.; Lillo, M.A.; Nouet, J.; Gonzalez, J.P.; Zhao, Q.; Xie, L.H.; Li, H.; Liu, T.; Wehrens, X.H.; Lampe, P.D.; et al. Prevention
of connexin-43 remodeling protects against Duchenne muscular dystrophy cardiomyopathy. J. Clin. Investig. 2020, 130, 1713–1727.
[CrossRef] [PubMed]

http://doi.org/10.1093/cvr/cvz336
http://www.ncbi.nlm.nih.gov/pubmed/31841135
http://doi.org/10.1159/000092566
http://doi.org/10.1152/ajpheart.00131.2018
http://doi.org/10.1016/j.hrthm.2017.01.027
http://doi.org/10.1016/j.cardiores.2004.01.027
http://www.ncbi.nlm.nih.gov/pubmed/15094361
http://doi.org/10.1073/pnas.1611184114
http://doi.org/10.1096/fj.201802740RR
http://www.ncbi.nlm.nih.gov/pubmed/31253057
http://doi.org/10.1159/000092572
http://doi.org/10.1136/hrt.79.5.474
http://doi.org/10.1007/BF00788526
http://doi.org/10.1161/CIRCEP.117.004665
http://www.ncbi.nlm.nih.gov/pubmed/28912204
http://doi.org/10.1161/01.RES.50.2.175
http://doi.org/10.1161/01.RES.0000214537.44195.a3
http://doi.org/10.1161/CIRCRESAHA.107.160549
http://doi.org/10.1016/j.bpj.2016.06.042
http://www.ncbi.nlm.nih.gov/pubmed/27558722
http://doi.org/10.1016/j.cardiores.2003.12.010
http://doi.org/10.1111/j.1582-4934.2007.00063.x
http://www.ncbi.nlm.nih.gov/pubmed/17760848
http://doi.org/10.1161/CIRCULATIONAHA.111.047274
http://www.ncbi.nlm.nih.gov/pubmed/22412072
http://doi.org/10.1161/01.RES.0000144125.61927.1c
http://www.ncbi.nlm.nih.gov/pubmed/15345654
http://doi.org/10.1093/hmg/ddy227
http://www.ncbi.nlm.nih.gov/pubmed/29893868
http://doi.org/10.1161/CIRCULATIONAHA.117.031788
http://doi.org/10.1172/JCI137752
http://doi.org/10.1093/cvr/cvz340
http://www.ncbi.nlm.nih.gov/pubmed/31841141
http://doi.org/10.1038/s41467-021-22178-0
http://www.ncbi.nlm.nih.gov/pubmed/33771995
http://doi.org/10.1172/JCI128190
http://www.ncbi.nlm.nih.gov/pubmed/31910160

	Introduction and General Considerations 
	Regulation of the Acute Opening and Closure of Gap Junction Channels 
	Regulation of the Expression of Gap Junction Proteins 
	Regulation of the Localization of Gap Junction Channels 
	Gap Junction Remodeling in Atrial Fibrillation (AF) 
	Gap Junction Remodeling in Ischemic Heart Disease 
	Gap Junction Remodeling in Cardiomyopathy 
	Concluding Remarks 
	References

