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Abstract

Theshort-term beat-to-beat variability of cardiac aetpotential duration (SBVR) occurs as a
random alteration of the ventricular repolarizatauration. SBVR has been suggested to be
more predictive of the development of lethal arninyias than the action potential
prolongation or QT prolongation of ECG alone. Thectmanism underlying SBVR is not
completely understood but it is known that SBVR elegs on stochastic ion channel gating,
intracellular calcium handling and intercellulaugding.

Coupling of single cardiomyocytes significantlycdeases the beat-to-beat changes in
action potential duration (APD) due to the elednit current flow between neighboring
cells. The magnitude of this electrotonic curreapehds on the intercellular gap junction
resistance. Reduced gap junction resistance causater electrotonic current flow between
cells, and reduces SBVR.

Myocardial ischaemia (MI) is known to affect gamgtion channel protein expression
and function. MI increases gap junction resistaiina leads to slow conduction, APD and
refractory period dispersion, and an increase iVB Ultimately, development of reentry
arrhythmias and fibrillation are associated post-Mhtiarrhythmic drugs have proarrhythmic
side effects requiring alternative approaches. #ehalea is to target gap junction channels.
Specifically, the use of gap junction channel emeas and inhibitors may help to reveal the
precise role of gap junctions in the developmerdrdfiythmiasSince cell-to-cell coupling is
represented in SBVR, this parameter can be usechdwitor the degree of coupling of
myocardium.
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1. Introduction

It has been estimated that about half of the pttisuffering from heart failure die
from an arrhythmia, accounting for >500.000 degttisyear worldwide. Research is focused
biomarkers as predictors of arrhythmia developmégné prolongation of QT interval is a risk
factor and anmportant predictofor the development of arrhythmias, in particulardades
de Pointes arrhythmia (TdP) [1]lidical observations, as well as canine and rabimtel

experiments suggest that the short term beat-tbAmg@ability of cardiac action potential



duration (SBVR) is a better predictor of drug-inddcrdParrhythmiaghan the measurement
of repolarization prolongation alone [2-@}. is likely that the development of SBVR is
multifactorial and the electrotonic interactionsarg cardiac cells, namely the gap junction
channels limit the temporal dispersion of repokaian. Changes in function, quantity, and
location of gap junction channels alter cardiacuiep conduction, membrane refractoriness,
leading to the development of arrhythmias [7, 8jefefore the alteration of gap junction
channel function may represent a putative antisinrhic therapeutic target.

In this review we summarize the possible role ap gunction channels in the
development of SBVRarrhythmias, and important gap junction enharexed inhibitor

molecules.

2. The short term beat-to-beat variability of cardiac action potential duration (SBVR)

The SBVR or the beat-to-beat variability of the @¥erval occurs as random
variations of the ventricular repolarization dupatior QT intervals in consecutive heart beats
at stable rates [9-11]. The exact mechanism unideri$BVR is not completely understood.
To the best of our knowleddbe mechanism of SBVR is multifactorial includirggochastic
ion-channel gating [12-14]pharmacological interventions influencing ion chalsnthat
operate during the action potential plateau andlagjzation [2],periodic calcium release of
sarcoplasmic reticulum [15], and electrotonic iat#ions among the cardiac cells can
influence it [10, 12].

A number of different ion channels contribute be taction potential configuration.
The membrane resistance varies during the diffepdatses of the action potential [16].
Stochastic ion channel gating contributes to védgiagation potential morphologies on a beat
by beat basis. Lemast al. published that stochastic gating of certain ioargtels (ion
channels responsible for L-type calcium currerte Bodium current, slow component of the
delayed rectifier potassium current) contributenanily to the action potential repolarization
variability of single cardiac cells [13]. Our rewulunderline the importance of stochastic
channel gating in the development of SBVR, too. Ndee previously described that the size
of early repolarization phase of canine ventricaletion potential influences the gating of L-
type calcium channels [17], namely large early fa@pzation causes the reopening of calcium
channels during the action potential plateau. Theans that a small change in the transient
outward potassium currentijl modifies the process of early repolarization, ttacium

current, and consequently the duration of acticenaal repolarization.



The action potential duration (APD) and the SB\Raiso modulated by intracellular
calcium handling. Johnson &. reported that in dog heart spontaneous calciueasel leads
to APD prolongation via increased,l, which in turn increased SBVR [15]. In agreement
with these data buffering of intracellular calcisuppressed SBVR [2]. In a rabbit LQT2
model abnormal calcium handling preceded fluctunstio membrane potential [18].

It is well known among cardiac electrophysiologighat SBVR is smaller for
multicellular heart preparations than for isolatedrdiac cells [10], implicating the
involvement of gap junction channel function to SBV

In canine and rabbit models inhibition of the chgind slow components of the
delayed rectifier potassium curreng.(aBnd ks), and augmentation of lat@alsignificantly
increased SBVR and prolonged the duration of realon. In these experiments the
increased SBVR better predicted the developmentdi® arrhythmia than repolarization
prolongation alone [3, 4, 19, 20]. Hintersegtral. published similar findings in selected
human patients [21] and it is also known that tihecessful antiarrhythmic treatment does not
need to be accompanied by QT interval shorteniy B]. These resultguestion the
association between QT prolongation and the arrhigghdevelopment. Thus,ugntitative
assessment of SBVR could be a reliable parameterettict proarrhythmic conditions [3, 9,
11].

3. The gap junction

3.1 The structure of gap junction

Gap junction channels are involved in physiolobarad pathological processes such
as embryonic development, cell differentiation,wgito [24-26], pathogenesis of neuropathies
[27], epilepsy [28], cardiovascular diseases [28)d arrhythmias [30, 31]. Numerous densely
packed gap junction channels form clusters thaictly connect the cytoplasmic compartment
of cells [32]. The structure of these channels lbeasn described by Unwin & Zampighi in
1980 [33]. The gap junction channel is composetivofhemichannels (connexons), provided
by each of two neighboring cells. The connexon mtssof six connexin proteins. Each
connexin has four transmembrane domains, two eslttd&r loops, one intracellular loop,
and cytoplasmic-localized amino- and carboxy-terrid, 35]. The amino acid sequence of
the transmembrane domains and extracellular loopsighly conserved among the different
isoforms; however, the length of the connexin @niaus is variable [36]. The C-terminus
contains phosphorylation sites providing putatiuessrate sites to regulate the gap junction

channel function [36].



Until now more than twenty different connexin edit@ genes have been described in
mouse and in human [37]. The variable C-terminigttnamong isoforms contributes to
differing molecular weight of connexins, thus giyinse to the classification of these proteins
[38].

Gap junction channels are often composed of theedgipe of connexin, but it is also
possible that the functional gap junction chanselamposed of different connexin isoforms.
For example, in atrium Cx40 and Cx43 isoforms avdocalized suggesting heterotypic
connexons [39]. Although the structure of variowmrexin isoforms is very similar, the
permeability, the pH sensitivity, and the voltagaimgg of the channels formed by different
connexin isoforms may differ [34, 35, 40, 41].

3.2 The distribution of gap junctions

In the mammalian heart expresses Cx37, Cx40, G485 and Cx50 isoforms. Cx37
is detected in the endocardial endothelium [42],ileviCx50 was described in rat
atrioventricular valves [43]. Cx40, Cx43 and Cx4B the most abundant connexin isoforms
of the working mammalian myocardial celsid the conduction system. Cx40 is mainly
expressed in the atrium and in the conduction sy$#l-49], while Cx43 can be found both
in atrial and ventricular cells but not in sinoak@nd atrioventricular nodes [46, 48-55]. Cx45
is preferentially expressed in sinoatrial and &widricular nodes, His-bundle and bundle
branches [56-58]More recently, Cx30.2 expression was described ongea sinus node and
in the conduction system, but the human ortholo§1CX is not expressed in the human heart
[59-61].
The biophysical properties of these gap junctioanctel isoforms are different (reviewed by
Dhein [36]). Thesingle channel conductance is about 200 pS, 80npS28 pS, for Cx40,
Cx43 and Cx45 channel, respectively [42, 62, 68 Tonductance values can be influenced
by many factors such as intracellular calcium, nesgmm, sodium ion concentration, pH,
hypoxia and the phosphorylation state of conneXs#s 36]. If we take into account the
different conductances of the gap junction chanael$ the non-uniform expression of the
connexin isoforms, then gap junctions seem to fdifferent functional compartments within
the heart. This provides the basis of the impule@ggation from the sinoatrial node toward
the working ventricular cells.

In addition to this functional compartmentalizaticche gap junction channels are
unevenly distributed in the cell membrane. The dapprtion of the densely packed gap

junction channels are localized at the poles oflicanyocytes [64], while the smaller portion
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can be found on the lateral side of these cell®s&hgap junctions conduct the electrical
impulses both in longitudinal and transverse diogct The uneven distribution of gap
junction channels around the cell causes an aojsotconduction, namely the longitudinal
conduction velocity is nearly twice as much as tilamsversal one. In rabbit ventricle cells

these values were obtained to 5610 cm/s and 2613, cespectively [65].

3.3 Modulation of gap junction channel function

Gap junction channel function can be regulatedti®y modification of connexin
expression, rate of degradation, by phosphorylation localization, and by ionic and
metabolic changes.

The transcription of Cx43 is controlled by homelfastors including Nxk2.5 and Irx3
[66, 67]. Posttranslational modification regulatelsannel assembly, trafficking, gating,
internalization, and protein degradation. Phosplation of different residues by protein
kinase C (PKC) isoforms and the multiple phosplrairgh of Cx43 may lead to either
enhanced or reduced cell-to-cell communication {8B-Dephosphorylation of connexins by
protein phosphatases seems also to regulate gapiojurfunction [73, 74]. In ischaemia,
dephosphorylation of S&f and Set*® causes gap junction uncoupling which can be rescue
by suppression of Cx43 dephosphorylation [75, P8josphorylation of S& and Set™
induces the internalization of gap junction [75hile dephosphorylation of SBf makes the
gap junction less sensitive to acidosis and ine@astracellular calcium concentration [77,
78]. These data suggest that Cx43 function canaairbply evaluated by the altered balance
between phosphorylation and dephosphorylation.dueed rate of Cx43 expression, and/or
increased rate of internalization, and protein dégtion can contribute to reduced cell-to-cell
coupling.

Most gap junction channels are located at the pelés; however, in ischaemia a
lateral redistribution occurs. Cx43 redistributesni the cell poles to the lateral side of the
cardiomyocytes [79-81]. Reduced intracellular pHorpotes unhooking of Cx43 from
scaffolding proteins and movement of Cx43 from ricédated disk to lateral membrane.
Therefore not only the total number of gap juncttiannel is important for the physiological
impulse propagation but also the channel distrdsutwithin the cell membrane.

Increasing concentration of intracellular calciiom, reduced pH, and the loss of ATP
is considered to be the main stimuli to cause aocedieiction in gap junction conductance
during ischaemia [36, 82]. After the onset of isainéga a progressive increase in intracellular

calcium concentration and decrease in pH can berebd. Gap junction conductance
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decreases if the intracellular calcium concentratéxceeds 320-560 nmol/l [83]. Poor
coupling may lead to the development of unidiraaicconduction block. Such a reduced gap
junction conductance slows the impulse propagatimhcontributes to reentry arrhythmias.

4. The effect of gap junction on short term beat-to-beat variability

It is well known that the APD of single ventriculeells shows temporal variability.
For example, guinea pig isolated ventricular cefith 20-40 ms APD changes were reported
[10], while we observed 15-25 ms beat-to-beat ARianges on canine ventricular cells
[unpublished data]. Action potentials recorded ariticellular ventricular preparations do not
show this kind of beat-to-beat APD changes. Eleakrcoupling of isolated ventricular cells
also reduces the alteration in the duration of eoansve action potentials [10, 13, 14].

Coupling cardiomyocytes with different intrinsid®® resulted in a common APD for
both cells. When both coupled cells are excitedgctedtonic current flows to delay the
repolarization of the cell with short intrinsic APR@nd simultaneously the loss of current
accelerates the repolarization of the cell withrimsically long APD [84]. The changes in
APD are asymmetrical. Namely the cardiomyocyte Wit relatively short action potential
prolonged much less than the corresponding shodeanithe long APD cardiomyocyte. This
can be related to the changes in the membrandgamses during the action potential. The
membrane resistance is larger in the course okglathan during the action potential
repolarization [10]. Therefore the same charge mmerg causes larger membrane potential
change of plateau than along the process of rapateim due to Ohm's law. Coupling two
cardiac cells with identical intrinsic action poti@h duration does not change APD but it
reduces SBVR. The extent of SBVR reduction is laigecases of asymmetrical cell pairs
than that of symmetrical pairs [12].
In guinea pig single ventricular cellgslblockade causes action potential prolongation,
increases SBVR, and induces early afterdepolaozat{EAD). Coupling of a cell withgd
blockade to another cardiomyocyte with normal acpotential repolarization eliminates the
EAD readily and completely [10]. In these experitseSB8BVR reduced as well. This result
suggests that as long as the gap junction resestedow, a relatively high degree of
junctional intercellular coupling can suppressdegelopment and spreading of EAD [12].

The magnitude of electrotonic current flow betwaenghboring cells depends on the
coupling resistance. Lesh al. published that dispersion of action potential dorawas
reduced because low-resistance cellular couplingkethintercellular variability [84][10, 13].

Increases in coupling resistance or in gap junctbannel resistance yields unmasking of
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differences in action potential duration [12, 8#. guinea pig ventricular cells the gap
junction resistance has to be larger than 10 GGhiachieve a complete uncoupling and to
restore the intrinsic APD of the cardiomyocytes][18imilar results were obtained by
computer simulation models. Gap junction resistaoeer the range of successful impulse
propagation influenced neither APD nor SBVR in a-@imensional strand [12, 85].

Under pathological conditions such as ischaemiaeased coupling resistance leads
to slowed conduction and reduced magnitude of relstic current flow between the cells.
Consequentially, reduced APD masking resulted spelision of APD and refractory period,
thus increasing SBVR [12, 86]. Th@&3BVR indicates the degree of myocardial couplirgy, a
well [12]. APD dispersion is pronounced throughout the ischaearea especially in the
border zone [87, 88]. The large APD variability aeétractory period dispersion may result in
a meandering activation pathway, conduction blodentry arrhythmias [10, 84, 89],

ventricular fibrillation, and sudden cardiac def@-93].

5. Gap junction enhancers and inhibitors

A number of papers support the contention thaticed function of gap junction
channels often associate with ischaemia and amhigth [75, 94-97]. Therefore the
modification of gap junction channel function cam & target of arrhythmia treatment. The
important known gap junction channel enhancer (Fjgand inhibitor (Fig 2.) molecules are

summarized next.

5.1 Gap junction channel enhancers (Fig 1.)
Antiarrhythmic peptides (AAP)
The common antiarrhythmic agents (Class I-1V) argeted to transmembrane ion channels
or cardiac receptors [98] but during arrhythmogenesd action potential propagation, the
conductance of gap junctions can be an importamdrfd99]. The first reported paper of these
peptides was in 1980, when Aonungh al. found a natural antiarrhythmic peptide
(hexapeptide, H-Gly-Pro-Hyp-Gly-Ala-Gly) in bovinetrium, which improved the

rhythmicity of cultured myocardial cell clusterO].

AAP10
AAP10 (H-Gly-Ala-Gly-Hyp-Pro-Tyr-CONH) was one of the first studied antiarrhythmic
coupling peptides. AAP10 has a horseshoe-like alpsttiucturg101]. The electron density in
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the Tyr-benzene ring, the van der Waals bonds,raraimolecular H-bonds are important to
achieve the biologically active conformation, adlvas proline and hydroxyproline groups.
AAP10 improved both electrical and metabolic couglon transfected Hela cells, rat and
guinea pig cardiomyocytgss, 102, 103] in a concentration range of 50 nM —ulll. It was
also shown that the incidence of sustained typegelttricular fibrillation was reduced by
AAP10, with a reduction in dispersioft01]. AAP10-like rotigaptide, prevents Cx43
dephosphorylatiorii04] and the activity of this drug depends on activatid PKGy. The
specific PKG-inhibitor CGP54345 completely prevented its actipop]. In ischaemia the
duration of the action potentials is shortenedpelision (inhomogeneity) is increased, and
homogeneity is decreased. Jozwiak and Dhein shomadschaemia-related slowing of the
activation wave propagation and increased rep@foiz inhomogeneities, were antagonized
by AAP10 in the border zorjeos].

Rotigaptide (ZP123, GAP-486)

The antiarrhythmic peptide rotigaptide (moleculamiula GgHsgN7Og, H.N-Gly-D-Ala-Gly-
D-4Hyp-D-Pro-D-Tyr-Ac) or formerly ZP123 (developedy Zealand Pharmaceuticals,
Glostrup, Denmark) can selectively increase gagtjanal conductance without affecting
other ion channels. The hexapeptide rotigaptid®rsstructed using a retro-all-D-amino acid
design of AAP10 template. The L-amino acids subigtd with D-isomers are expected to
protect against enzymatic degradation. Rotigappidsma half-life was more than 10 days
compared with less than 15 min for AAP10 [106]. Hane research group described that
rotigaptide and AAP10 have no effect on average ABDX rotigaptide prevented the
increased APD dispersion caused by hypokalemicamutiia. Rotigaptide prevents Cx43
dephosphorylation (of S8 and Se"® in a model of global ischaemia [104]. This is
important because in normal myocardium Cx43 is phogylated and becomes
dephosphorylated during ischaemia [75]. The bedetmt variability of the epicardial
activation pattern was stabilized by AAP10 and gaptide. Both peptides enhanced the
homogeneity of sub-epicardial action potential tara by significantly reducing sub-

epicardial dispersion [107]. The commonly used eotr@tion of rotigaptide is 50 — 250 nM.

Danegaptide (GAP134, ZP1609)
Danegaptide (molecular formula  14817N30,, (2S,4R)-1-(2-aminoacetyl)-4-
benzamidopyrrolidine-2-carboxylic acid) is an oyadldministered modified dipeptide that



mimicking the localization and the functional greupf AAP10 and rotigaptide at an average
plasma concentration of 250 nM. Danegaptide redatesl fibrillation in a dog model and
prevents conduction slowing in rat atrial strip®0§L Hennanet al. showed a robust
cardioprotective effect that limited infarct size0OP]. In contrast with AAP10, danegaptide
decreased the dye uptake in C6 cells stably tretesfewith Cx43 [108]. Hence this
compound may display favorable effects both atléiwel of gap junctions, as well as at the
level of hemichannels [110].

HP-5
HP-5 (N-3-(4-hydroxyphenyl)propionyl, Pro-Hyp-Gly#&&Gly-OH) is a modified

antiarrhythmic pentapeptide. HP-5 is a synthetial@gue that has been synthesized by
altering the amino-acid sequence of AAP to produgeopionyl derivative [111]. In a rabbit
ischaemia/reperfusion model the elevated dispergibPAPD was reduced after HP-5
treatment and stayed unaltered during late isctea¢bii2]. HP-5 reduced the dispersion of
APD without altering APD and the shape of actioteptial, the effective refractory period,
heart rate, and contractility.

5.2 Gap junction channel inhibitors (Fig 2.)
Glycyrrhetinic acid (GA)
Terpenes are a class of compounds composed oftirgp@&acarbon units of hemiterpenes.
Triterpenes are terpenes consisting of six isopramés and have the molecular formula
CsoHas. The pentacyclic triterpenes are five-ring denxed of dammarane having a chair-
chair-chair-boat configuration and can be clasdifiato lupane, oleanane, ursane or
glycyrrhizic acid groups, and are one group of peamg secondary plant metabolites [113].
GA is an oleic acid from the Liquorice of the Glydyiza glabra L. Glycyrrhiza contains a
saponin glycoside called glycyrrhizin, which is ttecium and potassium salt of GA. While
the GA is 50 times sweeter than sucrose, upon hyaiso the glycoside loses its sweet taste
and is converted to the aglycone GA (molecular fdenCoH4604) plus two molecules of
glucuronic acid. These agents inhibit intercellut@nsfer of metabolites, and this has been
attributed to the inhibition of gap junctions [114GA has two isoforms, the 18-
glycyrrhetinic acid (18-GA) and its diastereomer, the B&lycyrrhetinic acid (18-GA)
and these block gap junctions in concentrationgalmdut 50 uM [115] and 5 uM [116],
respectively. Shet al. demonstrated thgi,-AR-mediated signal transduction is enhanced
after GA treatment by changing the location @fsGn lipid rafts [117]. Dwet al. reported that



18-$-GA preferentially blocked the late sodium currernthout affecting HERG and Kv1.5
channels [118].

Carbenoxolone (CBX)

CBX (3B-hydroxy-11-oxoolean-12-en-30-oic acid 3-hemisuaten molecular formula
Cs4Hs5007) is a synthetic, hemisuccinate derivative of ft&A with a steroid-like structure
[119]. CBX is shown to reduce fat mass, plasmdyirgyide and cholesterol levels in obese
rodent models acting as a non-selective inhibitdhe 11$-hydroxysteroid dehydrogenase 1
(114-HSD1) [120]. It also blocks L-type calcium chars¢l21], pannexin hemichannels
[122], and gap junctions [123]. Thus CBX is notes#ive to gap junctions [124]. In some
experiments CBX did not alter connexin 43 hemiclehr(€x43Hc) conductance [125]. In
another study CBX has been proven to disrupt heanicél packing and aggregationvivo
[126], and CBX acts indirectly by intercalatingarthe cell membrane, altering the local lipid

environment to hinder plaque formation [127].

Tetradecanoylphorbol acetate (TPA)

Phorbol esters are natural products derived frootddrtiglium, the source of croton oil, and
from other plants of the family Euphorbiaceae [1ZBPA (12-Tetradecanoylphorbol 13-
acetate, tumor-promoting phorbol ester, molecutamfila: GgHs6Og) is the biologically
most active phorbol ester, the compound had extiaarily high potency, being active at
nanomolar concentrations (10-300 nM). The myrisside chain makes the molecule highly
lipophilic, and specific binding is therefore obsadl by very high nonspecific uptake. Small
structural changes in the molecule can markedlgr ats activity. The elimination of the
hydroxyl group at position 20 of phorbol led to qaete loss of activity, and methylation of
the hydroxyl group at position 4 led to a severaidred-fold loss in potency [129]. TPA is a
specific regulator of PKC activity, therefore itud influence a wide variety of cellular
processes related to gap junctions [130]. The canngrotein Cx43 is phosphorylated at
Ser®® in response to TPA-stimulated PKC activation, Whimuld be prevented by PKC
inhibitors. TPA induced internalization and degtamiaof Cx43 in human lens epithelial cells

[131] and completely inhibited the assembly of fumal gap junctions [132].

GAP26/GAP27
Warneret al. developed motifs that included short sequencefsn@RPTEK in extracellular
loop 1 and SHVR in extracellular loop 2, as likplytent peptides for use in disrupting cell-
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cell communication. Mimetic peptides, called gapdjion peptides (GAP26 and GAP27)
contained amino acid sequence VCYDKSFPISHVR and TEHRH IFII, respectively [133,
134]. To test the efficacy of mimetic peptides,aer dyes were designed, by which the
uptake of the reporter dyes across Cx43Hc becameligble and routine method to
demonstrate open or leaky Cx43 channels [135]. GA&®2 GAP27 (molecular formula:
C70H107MN19016S andCgoH101N 15017, respectively) are powerful inhibitors of these rogtrilic
transmembrane pathways with little or no immedigfects on gap junctions [136]. They
attenuate ACh-induced arterial relaxation and redpotassium-mediated smooth muscle
repolarization in endothelium-intact vesselsitro. Wrightet al. described a beneficial effect
of GAP27 on scratch wound closure rates that caedl with decreased gap junctional
intercellular communication in cultured human kieratytes and fibroblasts [137]. The same
research group showed altered susceptibility dbetia versus non-diabetic cells to GAP27
treatment. They found an up-regulation of*&gphosphorylation by GAP27 in diabetic cells
compared to non-diabetic cells [138]. Differentdsis used mainly protein concentrations of
100-250 pM. Koet al. demonstrated that the formation of functional gapctions is
temperature dependent, and that the truncatedoweisi GAP27 (amino acid sequence
SRPTEKTIF) that lacks the two required isoleuciesidues could not inhibit dye transfer
into the cell [139].

6. The possible antiarrhythmic effects of gap junction modulators

Antiarrhythmic drugs exert their effects on tha ichannels responsible for cardiac
action potential generation thus modifying the mies of membrane repolarization and
impulse conduction. Besides their beneficial eBeantiarrhythmic drugs have proarrhythmic
side effects as well. Certain diseases are knowamffiect gap junction channel protein
expression and function causing arrhythmias [142}1%herefore, a novel idea is to target
gap junction channels in arrhythmia treatment. Triosel strategy can be straightforward
only in those cases where the arrhythmia is base@duced intercellular coupling.

The development of a gap-junction-targeted artydimic theory requires the better
understanding of the contribution of these chantelhe process of arrhythmogenesis. It is
known that arrhythmia occurs in different phasesoiaemia [143, 144] and in these phases
different processes may lead to reduced inter@gllabupling. During the early phases of
ischaemia closure of existing gap junction chanimglsease the gap junction resistance. Later
the increased intercellular resistance is due touctral changes, the altered

connexin/connexon synthesis/degradation and latetmn. Aside from these temporal
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changes of hypoxia, spatial changes have to be take account as well. Ischaemia divides
the heart into non-ischemic and ischemic zoness@zenes can be characterized by normal,
reduced, or complete uncoupling. The spatial d&per of repolarization with slow
conduction increases the susceptibility to reeatrizythmias.

The onset of ischaemia changes intracellular walciconcentration, causes
acidification, loss of ATP, and altered phosphdigia of Cx43 increase gap junction
resistance. These events are associated with sbouction, APD and refractory period
anisotropy, increased SBVR, reentry, and fibrilati APD and refractory period dispersion
are pronounced in the border zone of ischaemia][l#5the border zone, the ischemic
inexcitable cells and the viable cells are not cleteby uncoupled. Therefore the ischemic
cells electronically depress the viable cells aray form an arrhythmogenic substrate [146,
147]. At this stage of ischaemia, administratiogap junction channel enhancers seems to be
beneficial. The acidosis-induced increase in APBpéision was prevented by ZP123
administration in Langendorff-pefused guinea picartee ZP123 diminished conduction
velocity slowing and heterogeneous repolarizati@d8]. AAP10 enhanced gap junction
conduction in guinea pig cardiomyocytes [149]. leamine long QT model AAP10 altered
the phosphorylation state of Cx43. AAP10 prevenktedincrease of transmural dispersion of
repolarization, and suppressed the developmentBfafrhythmias [150].

In certain cases enhanced coupling can be a distatye. Under physiological
circumstances the region of excited cells suppsieficient amount of electrical charge
(source) for the cells of neighboring region to @lapze them (sink). In those cases when the
source to sink ratio decreases, reduction in gagtipn resistance may cause conduction
delays and anterograde conduction block.[151].

In ischaemia the reduced intercellular coupling hdvantages, as well. Ischaemia is
associated with reduced sodium curregy) (that may cause conduction block [148] whereas
the structural inhomogeneity and the increased jgaption resistance restore conduction
[151, 152]. On the other hand reduced intercellotarpling can limit the spread of mediators
of cell death and this way it may reduce the sizenfarction [153]. Administration of gap
junction channel inhibitors like carbenoxolone qaartly close gap junctions, preventing
these channels from further uncoupling during th®lgmged ischaemia to provide
antiarrhythmic protection similar to preconditiogif®7]. Partial uncoupling of gap junctions
prior to ischaemia by ischemic-preconditioning press the electrical coupling of cells
during a subsequent ischemic insult, indicating #partial closure of gap junctions may play
a trigger role in the protection [94, 96, 154, 156JAP26 and GAP27 blocks calcium-

12



triggered ATP release mediated by Cx43 hemichanfi&l6-159]. Hemichannels are not
engaged to gap junctions, and they are open undsera physiological and
pathophysiological conditions [160]. In ischaemiacaontrolled ATP release through
hemichannels may result in cellular ATP depletigxdministration of GAP26 before or after
the ischaemia protected heart cells against hyparxiareperfusion and decreased infarct size
[161]. Increased hemichannel function could bela siffect of gap junction channel enhancer
treatment, via greater loss of ATP [162]. GAP134 beneficial effects. Namely GAP134
promotes intercellular coupling, enhances the cotiol velocity, and simultaneously limits
the cellular ATP release through hemichannels [110]

During the late phase of ischaemia structural ghartan occur. Decreased quantity of
Cx43, lateralization and fibrosis can be respomesibt increased gap junction resistance and
local slowing of conduction. The process of Cx4dtbgsis, trafficking, and reduced
degradation should be targeted to restore gapipmotsistance. ZP123 had beneficial effects
on acidosis-induced electrical uncoupling, and ZFih2reased Cx43 protein level in cultured
neonatal rat ventricular myocytes after 24h [183Jis effect was due to the increased rate of
Cx43 synthesis, decreased rate of degradation haspporylation [98, 164]. However, the
computer model of Tveitet al. predicts that in case of a significant load ofdifasts on the
cardiomyocyte, the administration of gap junctiohamnel enhancer ZP123 reduces

conduction velocity, prone to reentrant arrhythnaad conduction block [165].

7. Conclusion

In this review we summarized the role of the gapcfion channel in the development
of SBVR and arrhythmias. We also reviewed the utibfygap junction enhancers and
inhibitors.

Modulation of gap junction channels may be anreggtng and novel strategy to treat
certain types of arrhythmias such as ischaemiaeedwarrhythmias. Many agents can affect
gap junction resistance and various strategies Idhba useful to prevent arrhythmia
development short and long term after the onsasafaemia. Using known and new gap
junction channel enhancers and inhibitors may ateprove our understanding of the

fundamental basis underpinning the pathophysiotdg@rrhythmogenesis.

Abbreviations
AAP, Antiarrhythmic peptides

13



APD, action potential duration;

CBX, Carbenoxolone

EAD, early afterdepolarization

GA, Glycyrrhetinic acid (GA)

lca-L, L-type inward calcium current;

lkr, rapid delayed rectifier potassium current;
Iks, Slow delayed rectifier potassium current;
Ina iINWard sodium current;

lto, transient outward potassium current;

MI, Myocardial ischaemia

PKC protein kinase C

SBVR short term beat-to-beat variability of cardiac actpotential duration
TdP, Torsades de Pointes

TPA, Tetradecanoylphorbol acetate

Conflict of interest

The authors state no conflict of interest.

Acknowledgement

This work was supported by the Hungarian ScienRgsearch Foundation (OTKA-K109736,
OTKA-K100151, OTKA-PD101171, OTKA-K101196, OTKA-NK#331). Further support

was obtained from European Union and the Stateusfgdry, co-financed by the European
Social Fund in the framework of TAMOP-4.2.4.A/2-112012-0001 ‘National Excellence

Program’.

Reference

[1] Thomsen MB, Volders PG, Beekman JD, Matz J, M#s Beat-to-Beat variability of
repolarization determines proarrhythmic outcomedags susceptible to drug-induced
torsades de pointes. J Am Coll Cardiol, 2006; £6876.

[2] Johnson DM, Heijman J, Pollard CE, Valentin @iAjns HJ, Abi-Gerges N, Volders
PG. I(Ks) restricts excessive beat-to-beat vaiitgtolf repolarization during beta-
adrenergic receptor stimulation. J Mol Cell Cardifl10; 48: 122-30.

[3] Thomsen MB, Verduyn SC, Stengl M, Beekman J®Pater G, van Opstal J, Volders
PG, Vos MA. Increased short-term variability of o&rization predicts d-sotalol-
induced torsades de pointes in dogs. Circulati6f42110: 2453-9.

[4] Lengyel C, Varro A, Tabori K, Papp JG, Baczk&€bmbined pharmacological block
of I(Kr) and I(Ks) increases short-term QT intervaliability and provokes torsades
de pointes. Br J Pharmacol, 2007; 151: 941-51.

14



[5]

[6]

[7]
[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

van Opstal JM, Schoenmakers M, Verduyn SC, dmGSH, Leunissen JD, van Der
Hulst FF, Molenschot MM, Wellens HJ, Vos MA. Chro@miodarone evokes no
torsade de pointes arrhythmias despite QT lengtiganian animal model of acquired
long-QT syndrome. Circulation, 2001; 104: 2722-7.

Milberg P, Eckardt L, Bruns HJ, Biertz J, Ram8, Reinsch N, Fleischer D, Kirchhof
P, Fabritz L, Breithardt G, Haverkamp W. Divergpraarrhythmic potential of
macrolide antibiotics despite similar QT prolongatifast phase 3 repolarization
prevents early afterdepolarizations and torsadeottges. J Pharmacol Exp Ther,
2002; 303: 218-25.

Peters NS, Wit AL. Myocardial architecture arehtricular arrhythmogenesis.
Circulation, 1998; 97: 1746-54.

Janse MJ, Wit AL. Electrophysiological mechanssof ventricular arrhythmias
resulting from myocardial ischemia and infarcti®fysiol Rev, 1989; 69: 1049-169.
Hinterseer M, Beckmann BM, Thomsen MB, PfeuteiJlbrich M, Sinner MF, Perz
S, Wichmann HE, Lengyel C, Schimpf R, Maier SK, Ma#, Vos MA, Steinbeck G,
Kaab S. Usefulness of short-term variability of @fervals as a predictor for
electrical remodeling and proarrhythmia in patiemithh nonischemic heart failure.
Am J Cardiol, 2010; 106: 216-20.

Zaniboni M, Pollard AE, Yang L, Spitzer KW. Beto-beat repolarization variability
in ventricular myocytes and its suppression bytalead coupling. Am J Physiol Heart
Circ Physiol, 2000; 278: H677-87.

Tereshchenko LG, Han L, Cheng A, Marine J&a8g DD, Sinha S, Dalal D, Calkins
H, Tomaselli GF, Berger RD. Beat-to-beat three-aignenal ECG variability predicts
ventricular arrhythmia in ICD recipients. Heart R, 2010; 7: 1606-13.

Heijman J, Zaza A, Johnson DM, Rudy Y, PeeRdtsVolders PG, Westra RL.
Determinants of beat-to-beat variability of rep@ation duration in the canine
ventricular myocyte: a computational analysis. P Gifnput Biol, 2013; 9:
e1003202.

Lemay M, de Lange E, Kucera JP. Effects o€k#stic channel gating and
distribution on the cardiac action potential. J dmBiol, 2011; 281: 84-96.

Pueyo E, Corrias A, Virag L, Jost N, Szel Tarko A, Szentandrassy N, Nanasi PP,
Burrage K, Rodriguez B. A multiscale investigatimfirepolarization variability and
its role in cardiac arrhythmogenesis. Biophys 1,12001: 2892-902.

Johnson DM, Heijman J, Bode EF, Greensmithvad, der Linde H, Abi-Gerges N,
Eisner DA, Trafford AW, Volders PG. Diastolic spaneous calcium release from the
sarcoplasmic reticulum increases beat-to-beat hiityaof repolarization in canine
ventricular myocytes after beta-adrenergic stimoatCirc Res, 2013; 112: 246-56.
Liu YM, DeFelice LJ, Mazzanti M. Na channefgt remain open throughout the
cardiac action potential plateau. Biophys J, 18&;654-62.

Fulop L, Banyasz T, Magyar J, Szentandrassyairo A, Nanasi PP. Reopening of
L-type calcium channels in human ventricular myesyduring applied epicardial
action potentials. Acta Physiol Scand, 2004; 18043.

Nemec J, Kim JJ, Gabris B, Salama G. Calciggillations and T-wave lability
precede ventricular arrhythmias in acquired longt@pe 2. Heart Rhythm, 2010; 7:
1686-94.

Schneider J, Hauser R, Andreas JO, Linz Kn@hb. Differential effects of human
ether-a-go-go-related gene (HERG) blocking agent®® duration variability in
conscious dogs. Eur J Pharmacol, 2005; 512: 53-60.

15



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

Wu L, Shryock JC, Song Y, Belardinelli L. Andrease in late sodium current
potentiates the proarrhythmic activities of lowkrf@T-prolonging drugs in female
rabbit hearts. J Pharmacol Exp Ther, 2006; 316:2Z6.8

Hinterseer M, Thomsen MB, Beckmann BM, PfeleiSchimpf R, Wichmann HE,
Steinbeck G, Vos MA, Kaab S. Beat-to-beat varigbdif QT intervals is increased in
patients with drug-induced long-QT syndrome: a @as#rol pilot study. Eur Heart J,
2008; 29: 185-90.

Mazur A, Roden DM, Anderson ME. Systemic adistimtion of calmodulin
antagonist W-7 or protein kinase A inhibitor H-&ypents torsade de pointes in
rabbits. Circulation, 1999; 100: 2437-42.

Gbadebo TD, Trimble RW, Khoo MS, Temple J, BodM, Anderson ME.
Calmodulin inhibitor W-7 unmasks a novel electratagraphic parameter that
predicts initiation of torsade de pointes. Circialat 2002; 105: 770-4.

Coutinho P, Qiu C, Frank S, Tamber K, BeckeDynamic changes in connexin
expression correlate with key events in the wouralihg process. Cell Biol Int, 2003;
27: 525-41.

Noble BS, Reeve J. Osteocyte function, ostendgath and bone fracture resistance.
Mol Cell Endocrinol, 2000; 159: 7-13.

Davies TC, Barr KJ, Jones DH, Zhu D, Kidder GMultiple members of the
connexin gene family participate in preimplantatit@velopment of the mouse. Dev
Genet, 1996; 18: 234-43.

Bergoffen J, Scherer SS, Wang S, Scott MO,eBioh Paul DL, Chen K, Lensch MW,
Chance PF, Fischbeck KH. Connexin mutations innkdd Charcot-Marie-Tooth
disease. Science, 1993; 262: 2039-42.

Samoilova M, Li J, Pelletier MR, Wentlandt Kdamchik Y, Naus CC, Carlen PL.
Epileptiform activity in hippocampal slice culturegposed chronically to bicuculline:
increased gap junctional function and expressidfeurochem, 2003; 86: 687-99.
Kwak BR, Mulhaupt F, Veillard N, Gros DB, Maéh Altered pattern of vascular
connexin expression in atherosclerotic plaquesrArscler Thromb Vasc Biol, 2002;
22: 225-30.

de Groot JR, Wilms-Schopman FJ, Opthof T, Ren@A, Coronel R. Late ventricular
arrhythmias during acute regional ischemia in sodated blood perfused pig heart.
Role of electrical cellular coupling. CardiovascsR2001; 50: 362-72.

Dekker LR, Fiolet JW, VanBavel E, Coronel RptBof T, Spaan JA, Janse MJ.
Intracellular Ca2+, intercellular electrical couqgi and mechanical activity in
ischemic rabbit papillary muscle. Effects of preditioning and metabolic blockade.
Circ Res, 1996; 79: 237-46.

Saffitz JE, Schuessler RB, Yamada KA. Mechasi®f remodeling of gap junction
distributions and the development of anatomic sabes of arrhythmias. Cardiovasc
Res, 1999; 42: 309-17.

Unwin PN, Zampighi G. Structure of the junctibetween communicating cells.
Nature, 1980; 283: 545-9.

van Veen AA, van Rijen HV, Opthof T. Cardiagmjunction channels: modulation of
expression and channel properties. Cardiovasc®e4,, 51: 217-29.

Saez JC, Berthoud VM, Branes MC, Martinez Aayer EC. Plasma membrane
channels formed by connexins: their regulation famdtions. Physiol Rev, 2003; 83:
1359-400.

Dhein S. Gap junction channels in the cardsawdar system: pharmacological and
physiological modulation. Trends Pharmacol Sci9Q8d49: 229-241.

16



[37]

[38]
[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Willecke K, Jungbluth S, Dahl E, HennemannHg¢ynkes R, Grzeschik KH. Six
genes of the human connexin gene family codingyépr junctional proteins are
assigned to four different human chromosomes. EiglUBiol, 1990; 53: 275-80.
Sohl G, Willecke K. An update on connexin gead their nomenclature in mouse
and man. Cell Commun Adhes, 2003; 10: 173-80.

van der Velden HM, Jongsma HJ. Cardiac gaptjans and connexins: their role in
atrial fibrillation and potential as therapeuticgets. Cardiovasc Res, 2002; 54: 270-9.
Burt JM, Spray DC. Inotropic agents moduladg gunctional conductance between
cardiac myocytes. Am J Physiol, 1988; 254: H1206-10

Valiunas V, Gemel J, Brink PR, Beyer EC. Gapdgtion channels formed by
coexpressed connexin40 and connexin43. Am J Phiyisiait Circ Physiol, 2001; 281:
H1675-89.

Reed KE, Westphale EM, Larson DM, Wang HZ, W&ea RD, Beyer EC. Molecular
cloning and functional expression of human conng&xjran endothelial cell gap
junction protein. J Clin Invest, 1993; 91: 997-1004

Gourdie RG, Green CR, Severs NJ, ThompsonlfRRunolabelling patterns of gap
junction connexins in the developing and maturéneart. Anat Embryol (Berl), 1992;
185: 363-78.

Davis LM, Rodefeld ME, Green K, Beyer EC, S&ffJE. Gap junction protein
phenotypes of the human heart and conduction syst€ardiovasc Electrophysiol,
1995; 6: 813-22.

Gros D, Jarry-Guichard T, Ten Velde |, de MaeiA, van Kempen MJ, Davoust J,
Briand JP, Moorman AF, Jongsma HJ. Restrictedidigion of connexin40, a gap
junctional protein, in mammalian heart. Circ Re394; 74: 839-51.

Delorme B, Dahl E, Jarry-Guichard T, Briand Y¥llecke K, Gros D, Theveniau-
Ruissy M. Expression pattern of connexin gene prtsdat the early developmental
stages of the mouse cardiovascular system. CircIR83; 81: 423-37.

Miquerol L, Meysen S, Mangoni M, Bois P, vaijgR HV, Abran P, Jongsma H,
Nargeot J, Gros D. Architectural and functionalmasyetry of the His-Purkinje system
of the murine heart. Cardiovasc Res, 2004; 63:6.7-8

van Veen TA, van Rijen HV, van Kempen MJ, Mayal L, Opthof T, Gros D, Vos
MA, Jongsma HJ, de Bakker JM. Discontinuous coridndh mouse bundle branches
is caused by bundle-branch architecture. Circula2®05; 112: 2235-44.

Gourdie RG, Severs NJ, Green CR, Rothery $m@®h P, Thompson RP. The
spatial distribution and relative abundance of gagetional connexin40 and
connexin43 correlate to functional properties ahponents of the cardiac
atrioventricular conduction system. J Cell Sci, 39805 ( Pt 4): 985-91.

Manjunath CK, Page E. Cell biology and proteamposition of cardiac gap junctions.
Am J Physiol, 1985; 248: H783-91.

Beyer EC, Paul DL, Goodenough DA. Connexindrotein from rat heart
homologous to a gap junction protein from live€ell Biol, 1987; 105: 2621-9.
Yancey SB, John SA, Lal R, Austin BJ, Revel TRe 43-kD polypeptide of heart gap
junctions: immunolocalization, topology, and fulectal domains. J Cell Biol, 1989;
108: 2241-54.

Kanter HL, Saffitz JE, Beyer EC. Cardiac mytasyexpress multiple gap junction
proteins. Circ Res, 1992; 70: 438-44.

Kirchhoff S, Kim JS, Hagendorff A, ThonnissBnKruger O, Lamers WH, Willecke
K. Abnormal cardiac conduction and morphogenesimexin40 and connexin43
double-deficient mice. Circ Res, 2000; 87: 399-405.

17



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]
[68]

[69]

[70]

[71]

van Rijen HV, van Veen TA, van Kempen MJ, Waif8chopman FJ, Potse M,
Krueger O, Willecke K, Opthof T, Jongsma HJ, delBakIM. Impaired conduction

in the bundle branches of mouse hearts lackingapgunction protein connexin40.
Circulation, 2001; 103: 1591-8.

Coppen SR, Dupont E, Rothery S, Severs NJn€xin45 expression is preferentially
associated with the ventricular conduction systemmouse and rat heart. Circ Res,
1998; 82: 232-43.

Verheijck EE, van Kempen MJ, Veereschild Mndak J, Jongsma HJ, Bouman LN.
Electrophysiological features of the mouse sinahtrode in relation to connexin
distribution. Cardiovasc Res, 2001; 52: 40-50.

Honjo H, Boyett MR, Coppen SR, Takagishi Y,tQg T, Severs NJ, Kodama |.
Heterogeneous expression of connexins in rabhbiasiial node cells: correlation
between connexin isotype and cell size. Cardio®Res; 2002; 53: 89-96.

Kreuzberg MM, Sohl G, Kim JS, Verselis VK, Witke K, Bukauskas FF. Functional
properties of mouse connexin30.2 expressed indhduction system of the heart.
Circ Res, 2005; 96: 1169-77.

Gros D, Theveniau-Ruissy M, Bernard M, CalmE|&ober F, Sohl G, Willecke K,
Nargeot J, Jongsma HJ, Mangoni ME. Connexin 3@psessed in the mouse sino-
atrial node and modulates heart rate. Cardiovas¢ & 45-55.

Kreuzberg MM, Liebermann M, Segschneider Shidaolski R, Dobrzynski H, Kaba
R, Rowlinson G, Dupont E, Severs NJ, Willecke Kniéun connexin31.9, unlike its
orthologous protein connexin30.2 in the mousepisdetectable in the human cardiac
conduction system. J Mol Cell Cardiol, 2009; 46385

Bukauskas FF, Elfgang C, Willecke K, WeingartBiophysical properties of gap
junction channels formed by mouse connexin40 inided pairs of transfected human
HelLa cells. Biophys J, 1995; 68: 2289-98.

Kwak BR, Hermans MM, De Jonge HR, Lohmann Skhgsma HJ, Chanson M.
Differential regulation of distinct types of gampption channels by similar
phosphorylating conditions. Mol Biol Cell, 1995;57/07-19.

De Maziere AM, Scheuermann DW. Structural aemin cardiac gap junctions after
hypoxia and reoxygenation: a quantitative freeaettire analysis. Cell Tissue Res,
1990; 261: 183-94.

Dhein S, Krusemann K, Schaefer T. Effectshaf ¢gap junction uncoupler palmitoleic
acid on the activation and repolarization wavefsantisolated rabbit hearts. Br J
Pharmacol, 1999; 128: 1375-84.

Oyamada M, Takebe K, Oyamada Y. Regulationarinexin expression by
transcription factors and epigenetic mechanismsctiBm Biophys Acta, 2013; 1828:
118-33.

Scott MP, Tamkun JW, Hartzell GW, 3rd. Theusture and function of the
homeodomain. Biochim Biophys Acta, 1989; 989: 25-48

Lampe PD, Lau AF. Regulation of gap junctidaysphosphorylation of connexins.
Arch Biochem Biophys, 2000; 384: 205-15.

Crow DS, Beyer EC, Paul DL, Kobe SS, Lau ARoBphorylation of connexin43 gap
junction protein in uninfected and Rous sarcomas#ransformed mammalian
fibroblasts. Mol Cell Biol, 1990; 10: 1754-63.

Swenson Kl, Piwnica-Worms H, McNamee H, Paul Dyrosine phosphorylation of
the gap junction protein connexin43 is requiredtif@ pp60v-src-induced inhibition of
communication. Cell Regul, 1990; 1: 989-1002.

Salameh A, Dhein S. Adrenergic control of ¢gacdgap junction function and
expression. Naunyn Schmiedebergs Arch Pharmacbl,; 3B3: 331-46.

18



[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Musil LS, Goodenough DA. Biochemical analysfsonnexin43 intracellular
transport, phosphorylation, and assembly into gaptjonal plaques. J Cell Biol,
1991; 115: 1357-74.

Duthe F, Plaisance |, Sarrouilhe D, Herve H@dogenous protein phosphatase 1 runs
down gap junctional communication of rat ventricutayocytes. Am J Physiol Cell
Physiol, 2001; 281: C1648-56.

Herve JC, Dhein S. Pharmacology of cardiovisagap junctions. Adv Cardiol, 2006;
42:107-31.

Beardslee MA, Lerner DL, Tadros PN, Laing Beyer EC, Yamada KA, Kleber AG,
Schuessler RB, Saffitz JE. Dephosphorylation atrddellular redistribution of
ventricular connexin43 during electrical uncouplinduced by ischemia. Circ Res,
2000; 87: 656-62.

Ai X, Pogwizd SM. Connexin 43 downregulatiomdadephosphorylation in
nonischemic heart failure is associated with enedroolocalized protein phosphatase
type 2A. Circ Res, 2005; 96: 54-63.

Solan JL, Marquez-Rosado L, Sorgen PL, ThorRd, Gafken PR, Lampe PD.
Phosphorylation at S365 is a gatekeeper eventhaatges the structure of Cx43 and
prevents down-regulation by PKC. J Cell Biol, 20079: 1301-9.

Solan JL, Lampe PD. Connexin43 phosphorylatstructural changes and biological
effects. Biochem J, 2009; 419: 261-72.

Green CR, Severs NJ. Robert Feulgen PrizeucecDistribution and role of gap
junctions in normal myocardium and human ischadreart disease. Histochemistry,
1993; 99: 105-20.

Peters AM, Bertram P, Gahr M, Speer CP. Redweeretion of interleukin-1 and
tumor necrosis factor-alpha by neonatal monoc@ed.Neonate, 1993; 63: 157-62.
Smith JH, Green CR, Peters NS, Rothery S, ISeNéd. Altered patterns of gap
junction distribution in ischemic heart disease.ifamunohistochemical study of
human myocardium using laser scanning confocalosg@py. Am J Pathol, 1991;
139: 801-21.

White RL, Doeller JE, Verselis VK, WittenbeBA. Gap junctional conductance
between pairs of ventricular myocytes is modulatgtergistically by H+ and Ca++. J
Gen Physiol, 1990; 95: 1061-75.

Maurer P, Weingart R. Cell pairs isolated fradult guinea pig and rat hearts: effects
of [Ca2+]i on nexal membrane resistance. PflugechA1987; 409: 394-402.

Lesh MD, Pring M, Spear JF. Cellular uncougloan unmask dispersion of action
potential duration in ventricular myocardium. A qouter modeling study. Circ Res,
1989; 65: 1426-40.

Shaw RM, Rudy Y. lonic mechanisms of propagaiin cardiac tissue. Roles of the
sodium and L-type calcium currents during reduceditability and decreased gap
junction coupling. Circ Res, 1997; 81: 727-41.

Wolk R, Cobbe SM, Hicks MN, Kane KA. Functidnstructural, and dynamic basis
of electrical heterogeneity in healthy and diseassediac muscle: implications for
arrhythmogenesis and anti-arrhythmic drug ther&barmacol Ther, 1999; 84: 207-
31.

Coronel R, Fiolet JW, Wilms-Schopman FJ, Sgh&ader AF, Johnson TA, Gettes
LS, Janse MJ. Distribution of extracellular potassiand its relation to
electrophysiologic changes during acute myocaid@ilemia in the isolated perfused
porcine heart. Circulation, 1988; 77: 1125-38.

Carmeliet E. Cardiac ionic currents and agstbemia: from channels to arrhythmias.
Physiol Rev, 1999; 79: 917-1017.

19



[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Varro A, Baczko I. Cardiac ventricular repatation reserve: a principle for
understanding drug-related proarrhythmic risk. Bharmacol, 2011; 164: 14-36.
Cascio WE. Myocardial ischemia: what factoesetmine arrhythmogenesis? J
Cardiovasc Electrophysiol, 2001; 12: 726-9.

De Groot JR, Coronel R. Acute ischemia-indugeg junctional uncoupling and
arrhythmogenesis. Cardiovasc Res, 2004; 62: 323-34.

Kleber AG, Rudy Y. Basic mechanisms of cardrapulse propagation and associated
arrhythmias. Physiol Rev, 2004; 84: 431-88.

Smith WTt, Fleet WF, Johnson TA, Engle CL, €asWE. The Ib phase of ventricular
arrhythmias in ischemic in situ porcine heart iatexl to changes in cell-to-cell
electrical coupling. Experimental Cardiology Groujmiversity of North Carolina.
Circulation, 1995; 92: 3051-60.

Gonczi M, Papp R, Kovacs M, Seprenyi G, Veghvodulation of gap junctions by
nitric oxide contributes to the anti-arrhythmicesff of sodium nitroprusside? Br J
Pharmacol, 2009; 156: 786-93.

De Vuyst E, Boengler K, Antoons G, Sipido K&ghulz R, Leybaert L.
Pharmacological modulation of connexin-formed clegm cardiac
pathophysiology. Br J Pharmacol, 2011; 163: 469-83.

Gonczi M, Kovacs M, Seprenyi G, Vegh A. Thealvement of gap junctions in the
delayed phase of the protection induced by can@amg in dogs. Clin Sci (Lond),
2012; 123: 39-51.

Papp R, Gonczi M, Kovacs M, Seprenyi G, VeghGap junctional uncoupling plays
a trigger role in the antiarrhythmic effect of iseimic preconditioning. Cardiovasc
Res, 2007; 74: 396-405.

Dhein S, Hagen A, Jozwiak J, Dietze A, GarbadBarten M, Kostelka M, Mohr FW.
Improving cardiac gap junction communication agwa @ntiarrhythmic mechanism:
the action of antiarrhythmic peptides. Naunyn Sadabergs Arch Pharmacol, 2010;
381: 221-34.

Weingart R, Maurer P. Action potential trarrgfe cell pairs isolated from adult rat
and guinea pig ventricles. Circ Res, 1988; 63: @2-8

Aonuma S, Kohama Y, Akai K, Komiyama Y, Nakaq S, Wakabayashi M, Makino
T. Studies on heart. XIX. Isolation of an atriapgide that improves the rhythmicity of
cultured myocardial cell clusters. Chem Pharm Bldlkyo), 1980; 28: 3332-9.
Grover R, Dhein S. Structure-activity relatships of novel peptides related to the
antiarrhythmic peptide AAP10 which reduce the disjps of epicardial action
potential duration. Peptides, 2001; 22: 1011-21.

Weng S, Lauven M, Schaefer T, Polontchoukstgver R, Dhein S. Pharmacological
modification of gap junction coupling by an antraithmic peptide via protein kinase
C activation. FASEB J, 2002; 16: 1114-6.

Muller A, Gottwald M, Tudyka T, Linke W, Klauw, Dhein S. Increase in gap
junction conductance by an antiarrhythmic peptitle. J Pharmacol, 1997; 327: 65-
72.

Kjolbye AL, Dikshteyn M, Eloff BC, DeschenésRosenbaum DS. Maintenance of
intercellular coupling by the antiarrhythmic pegtitigaptide suppresses
arrhythmogenic discordant alternans. Am J PhysedntiCirc Physiol, 2008; 294:
H41-9.

Jozwiak J, Dhein S. Local effects and mecérasi of antiarrhythmic peptide AAP10
in acute regional myocardial ischemia: electropbipgjical and molecular findings.
Naunyn Schmiedebergs Arch Pharmacol, 2008; 3787459

20



[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

Kjolbye AL, Knudsen CB, Jepsen T, Larsen BIetersen JS. Pharmacological
characterization of the new stable antiarrhythneiptjgle analog Ac-D-Tyr-D-Pro-D-
Hyp-Gly-D-Ala-Gly-NH2 (ZP123): in vivo and in vitretudies. J Pharmacol Exp
Ther, 2003; 306: 1191-9.

Dhein S, Larsen BD, Petersen JS, Mohr F\Wed&# of the new antiarrhythmic peptide
ZP123 on epicardial activation and repolarizatiattgrn. Cell Commun Adhes, 2003;
10: 371-8.

Rossman El, Liu K, Morgan GA, Swillo RE, Kiger JA, Gardell SJ, Butera J, Gruver
M, Kantrowitz J, Feldman HS, Petersen JS, Haugaddfnan JK. The gap junction
modifier, GAP-134 [(2S,4R)-1-(2-aminoacetyl)-4-banmddo-pyrrolidine-2-carboxylic
acid], improves conduction and reduces atrial fdaron/flutter in the canine sterile
pericarditis model. J Pharmacol Exp Ther, 2009; 3227-33.

Hennan JK, Swillo RE, Morgan GA, RossmanHKdntrowitz J, Butera J, Petersen JS,
Gardell SJ, Vlasuk GP. GAP-134 ([2S,4R]-1-[2-amicetsl]4-benzamidopyrrolidine-
2-carboxylic acid) prevents spontaneous ventricaterythmias and reduces infarct
size during myocardial ischemia/reperfusion injuryppen-chest dogs. J Cardiovasc
Pharmacol Ther, 2009; 14: 207-14.

Butera JA, Larsen BD, Hennan JK, Kerns EL.PAlimardanov A, Swillo RE,

Morgan GA, Liu K, Wang Q, Rossman El, Unwalla R,Dmald L, Huselton C,
Petersen JS. Discovery of (2S,4R)-1-(2-aminoacétydgnzamidopyrrolidine-2-
carboxylic acid hydrochloride (GAP-134)13, an oralttive small molecule gap-
junction modifier for the treatment of atrial fibation. J Med Chem, 2009; 52: 908-
11.

Nattel S, Carlsson L. Innovative approacleartti-arrhythmic drug therapy. Nat Rev
Drug Discov, 2006; 5: 1034-49.

Kjolbye AL, Holstein-Rathlou NH, Petersen Fiti-arrhythmic peptide N-3-(4-
hydroxyphenyl)propionyl Pro-Hyp-Gly-Ala-Gly-OH redes dispersion of action
potential duration during ischemia/reperfusionabbyit hearts. J Cardiovasc
Pharmacol, 2002; 40: 770-9.

Laszczyk MN. Pentacyclic triterpenes of thpdne, oleanane and ursane group as
tools in cancer therapy. Planta Med, 2009; 75: 1639

Davidson JS, Baumgarten IM. Glycyrrhetiniedaderivatives: a novel class of
inhibitors of gap-junctional intercellular commuaion. Structure-activity
relationships. J Pharmacol Exp Ther, 1988; 2464110

Chaytor AT, Martin PE, Evans WH, Randall MGriffith TM. The endothelial
component of cannabinoid-induced relaxation in italesenteric artery depends on
gap junctional communication. J Physiol, 1999; 5288-50.

Allen T, Iftinca M, Cole WC, Plane F. Smoattuscle membrane potential modulates
endothelium-dependent relaxation of rat basilargrtia myo-endothelial gap
junctions. J Physiol, 2002; 545: 975-86.

Shi Q, Hou Y, Hou J, Pan P, Liu Z, Jiang Myd@l, Bai G. Glycyrrhetic acid
synergistically enhances beta(2)-adrenergic recépsosignaling by changing the
location of Galphas in lipid rafts. PLoS One, 2012¢44921.

Du YM, Xia CK, Zhao N, Dong Q, Lei M, Xia JH8beta-Glycyrrhetinic acid
preferentially blocks late Na current generatedeitakKPQ Navl1.5 channels. Acta
Pharmacol Sin, 2012; 33: 752-60.

Connors BW. Tales of a dirty drug: carbenaxa, gap junctions, and seizures.
Epilepsy Curr, 2012; 12: 66-8.

21



[120]

[121]

[122]
[123]

[124]

[125]

[126]

[127]

[128]
[129]
[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

Nuotio-Antar AM, Hachey DL, Hasty AH. Carberaone treatment attenuates
symptoms of metabolic syndrome and atherogenesisase, hyperlipidemic mice.
Am J Physiol Endocrinol Metab, 2007; 293: E1517-28.

Vessey JP, Lalonde MR, Mizan HA, Welch NCJIKME, Barnes S. Carbenoxolone
inhibition of voltage-gated Ca channels and symrapéinsmission in the retina. J
Neurophysiol, 2004; 92: 1252-6.

Madry C, Haglerod C, Attwell D. The role cdipnexin hemichannels in the anoxic
depolarization of hippocampal pyramidal cells. Br&l010; 133: 3755-63.

Rozental R, Srinivas M, Spray DC. How to e@sgap junction channel. Efficacies
and potencies of uncoupling agents. Methods Mol, R@01; 154: 447-76.

Salameh A, Dhein S. Pharmacology of gap jonst New pharmacological targets for
treatment of arrhythmia, seizure and cancer? Biodiophys Acta, 2005; 1719: 36-
58.

Brokamp C, Todd J, Montemagno C, Wendell cEophysiology of single and
aggregate Cx43 hemichannels. PLoS One, 2012; 77&47

Song M, Yu X, Cui X, Zhu G, Zhao G, Chen djafg L. Blockade of connexin 43
hemichannels reduces neointima formation afterdasanjury by inhibiting
proliferation and phenotypic modulation of smoothstie cells. Exp Biol Med
(Maywood), 2009; 234: 1192-200.

Goldberg GS, Moreno AP, Bechberger JF, H&BnShivers RR, MacPhee DJ,
Zhang YC, Naus CC. Evidence that disruption of @xam particle arrangements in
gap junction plaques is associated with inhibitdgap junctional communication by
a glycyrrhetinic acid derivative. Exp Cell Res, 699222: 48-53.

Hecker E. Cocarcinogenic principles from sleed oil of Croton tiglium and from
other Euphorbiaceae. Cancer Res, 1968; 28: 2338-49.

Blumberg PM. Protein kinase C as the recefmothe phorbol ester tumor promoters:
sixth Rhoads memorial award lecture. Cancer Re&3;148: 1-8.

Nishizuka Y. Studies and perspectives ofgirokinase C. Science, 1986; 233: 305-
12.

Banerjee D, Das S, Molina SA, Madgwick D, KMR, Jena S, Bossmann LK, Pal D,
Takemoto DJ. Investigation of the reciprocal relaship between the expression of
two gap junction connexin proteins, connexin46 emanexin43. J Biol Chem, 2011,
286: 24519-33.

Lampe PD. Analyzing phorbol ester effectsgap junctional communication: a
dramatic inhibition of assembly. J Cell Biol, 19947: 1895-905.

Warner A, Clements DK, Parikh S, Evans WHHaan RL. Specific motifs in the
external loops of connexin proteins can determagejgnction formation between
chick heart myocytes. J Physiol, 1995; 488: 721-8.

Evans WH, Bultynck G, Leybaert L. Manipulainonnexin communication channels:
use of peptidomimetics and the translational ogtplitvViembr Biol, 2012; 245: 437-
49.

Li H, Liu TF, Lazrak A, Peracchia C, Goldbegg, Lampe PD, Johnson RG.
Properties and regulation of gap junctional hemmcieds in the plasma membranes of
cultured cells. J Cell Biol, 1996; 134: 1019-30.

Chaytor AT, Evans WH, Griffith TM. Peptidesrnologous to extracellular loop
motifs of connexin 43 reversibly abolish rhythmantractile activity in rabbit

arteries. J Physiol, 1997; 503 99-110.

Wright CS, van Steensel MA, Hodgins MB, MarBE. Connexin mimetic peptides
improve cell migration rates of human epidermabkieocytes and dermal fibroblasts
in vitro. Wound Repair Regen, 2009; 17: 240-9.

22



[138] Pollok S, Pfeiffer AC, Lobmann R, Wright C8pll I, Martin PE, Brandner JM.
Connexin 43 mimetic peptide Gap27 reveals potedifdrences in the role of Cx43
in wound repair between diabetic and non-diabedilscJ Cell Mol Med, 2011; 15:
861-73.

[139] Ko K, Arora P, Lee W, McCulloch C. Biochemi@and functional characterization of
intercellular adhesion and gap junctions in fibests. Am J Physiol Cell Physiol,
2000; 279: C147-57.

[140] Heiniger B, Gakhar G, Prasain K, Hua DH, NguyA. Second-generation
substituted quinolines as anticancer drugs fordtreancer. Anticancer Res, 2010; 30:
3927-32.

[141] Sepp R, Severs NJ, Gourdie RG. Altered pastef cardiac intercellular junction
distribution in hypertrophic cardiomyopathy. Hed®96; 76: 412-7.

[142] Yao JA, Hussain W, Patel P, Peters NS, BoyelenWit AL. Remodeling of gap
junctional channel function in epicardial bordenemf healing canine infarcts. Circ
Res, 2003; 92: 437-43.

[143] Kaplinsky E, Ogawa S, Balke CW, Dreifus LSvd periods of early ventricular
arrhythmia in the canine acute myocardial infarctioodel. Circulation, 1979; 60:
397-403.

[144] Menken U, Wiegand V, Bucher P, Meesmann V@pRylaxis of ventricular
fibrillation after acute experimental coronary aibn by chronic beta-adrenoceptor
blockade with atenolol. Cardiovasc Res, 1979; B3-94.

[145] Wit Al Fau - Peters NS, Peters NS. The rdlgap junctions in the arrhythmias of
ischemia and infarction. Heart Rhythm, 2012; 9:-3Q8

[146] Tan RC, Joyner RW. Electrotonic influencesaation potentials from isolated
ventricular cells. Circ Res, 1990; 67: 1071-81.

[147] Pollard AE, Cascio WE, Fast VG, Knisley SBodilation of triggered activity by
uncoupling in the ischemic border. A model studthvghase 1b-like conditions.
Cardiovasc Res, 2002; 56: 381-92.

[148] Eloff BC, Gilat E, Wan X, Rosenbaum DS. Phaawlogical modulation of cardiac
gap junctions to enhance cardiac conduction: ewelsnpporting a novel target for
antiarrhythmic therapy. Circulation, 2003; 108: 343.

[149] Dhein S, Weng S, Grover R, Tudyka T, GottwislldSchaefer T, Polontchouk L.
Protein kinase Calpha mediates the effect of ahty#limic peptide on gap junction
conductance. Cell Commun Adhes, 2001; 8: 257-64.

[150] Quan XQ, Bai R, Lu JG, Patel C, Liu N, RuanChen BD, Ruan L, Zhang CT.
Pharmacological enhancement of cardiac gap junctopling prevents arrhythmias
in canine LQT2 model. Cell Commun Adhes, 2009;21%38.

[151] Rohr S. Role of gap junctions in the propaabf the cardiac action potential.
Cardiovasc Res, 2004, 62: 309-22.

[152] Wang Y, Rudy Y. Action potential propagatimninhomogeneous cardiac tissue:
safety factor considerations and ionic mechanism.JAPhysiol Heart Circ Physiol,
2000; 278: H1019-29.

[153] Kanno S, Kovacs A, Yamada KA, Saffitz JE. @Gexrin43 as a determinant of
myocardial infarct size following coronary occlusim mice. J Am Coll Cardiol,
2003; 41: 681-6.

[154] Cinca J, Warren M, Carreno A, Tresanchez Mnadans L, Gomez P, Soler-Soler J.
Changes in myocardial electrical impedance inddmyedoronary artery occlusion in
pigs with and without preconditioning: correlatioith local ST-segment potential
and ventricular arrhythmias. Circulation, 1997; 9679-86.

23



[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

Vegh A, Komori S, Szekeres L, Parratt JR.iamhythmic effects of preconditioning
in anaesthetised dogs and rats. Cardiovasc Re2; 269487-95.

Braet K, Aspeslagh S, Vandamme W, WilleckeM@rtin PE, Evans WH, Leybaert L.
Pharmacological sensitivity of ATP release triggelog photoliberation of inositol-
1,4,5-trisphosphate and zero extracellular caldubrain endothelial cells. J Cell
Physiol, 2003; 197: 205-13.

Braet K, Vandamme W, Martin PE, Evans WH, lhagrt L. Photoliberating inositol-
1,4,5-trisphosphate triggers ATP release thataskad by the connexin mimetic
peptide gap 26. Cell Calcium, 2003; 33: 37-48.

Leybaert L, Braet K, Vandamme W, CabooteMartin PE, Evans WH. Connexin
channels, connexin mimetic peptides and ATP reléaskk Commun Adhes, 2003;
10: 251-7.

De Vuyst E, Wang N, Decrock E, De Bock M, k&m M, Van Moorhem M, Lai C,
Culot M, Rogiers V, Cecchelli R, Naus CC, Evans WElybaert L. Ca(2+) regulation
of connexin 43 hemichannels in C6 glioma and gi@ls. Cell Calcium, 2009; 46:
176-87.

John S, Cesario D, Weiss JN. Gap junctioeatichannels in the heart. Acta Physiol
Scand, 2003; 179: 23-31.

Hawat G, Benderdour M, Rousseau G, Baroudc@nexin 43 mimetic peptide
Gap26 confers protection to intact heart againsigagdial ischemia injury. Pflugers
Arch, 2010; 460: 583-92.

Kang J, Kang N, Lovatt D, Torres A, Zhao 4nlJ, M N. Connexin 43 hemichannels
are permeable to ATP. Journal of Neuroscience, 22884702-4711.

Stahlhut M, Petersen JS, Hennan JK, Ramiréz TWe antiarrhythmic peptide
rotigaptide (ZP123) increases connexin 43 protepression in neonatal rat
ventricular cardiomyocytes. Cell Commun Adhes, 203 21-7.

Clarke TC, Williams OJ, Martin PE, Evans WAILP release by cardiac myocytes in
a simulated ischaemia model: inhibition by a commeximetic and enhancement by
an antiarrhythmic peptide. Eur J Pharmacol, 2009; 6-14.

Tveito A, Lines GT, Maleckar MM. Note on agsible proarrhythmic property of
antiarrhythmic drugs aimed at improving gap-juncteoupling. Biophys J, 2012; 102:
231-7.

24



Figures

OH

Rotigaptide

Fig. (1). Gap junction enhancers

OH

AAP10

RS

0
NH, N o
0 o
HO o
N N (¢}
HN o
5 OH

Danegaptide HP-5

Chemical structure of AAP, AAP10, Rotigaptide (ZB),2Danegaptide (GAP134) and HP-5
(N-3-(4-hydroxyphenyl)propionyl) molecules.
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Fig. (2). Gap junction inhibitors
Chemical structure of 18-Glycyrrhetinic acid and 18-Glycyrrhetinic acid, Carbenoxolone,
Tetradecanoylphorbol acetate (TPA), GAP26 and GAfalécules.
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