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1. Introduction

Of various functional impairments of electrical events in the heart, ventricular arrhythmias
underlie the majority of deaths in patients with left ventricular dysfunction and heart failure
after myocardial ischemia and infarction. As heart failure develops, pathophysiological
remodeling of cardiac function occurs at multiple levels, spanning the spectrum from
molecular and subcellular changes to those occurring at the organ system levels (Jin et al.,
2008).

Although advances in anti-arrhythmic agents and implantation of direct-current
defibrillator have resulted in improved prevention of death due to arrhythmia in
myocardial infarction, morbidity and mortality due to arrhythmias are still high in all over
the world. In addition, in patients with severe congestive heart failure, ventricular
arrhythmia is also a critical determinant of prognosis, because conservative anti-arrhythmia
therapies are not very effective. Therapeutic strategies for arrhythmias have been focused
mainly on electrophysiological aspects with little consideration of structural or cellular bases
for arrhythmogenesis. Thus, the exact cellular mechanism underlying lethal arrhythmias is
undetermined. Identification of arrhythmogenic substrates from viewpoints other than
electrophysiological ones is essential (Takamatsu, 2008).

Despite decades of investigation, the precise mechanisms that underlie the
electrophysiological abnormality remain elusive. In this chapter we therefore focus on three
main issues with an emphasis on the mechanisms responsible for these adaptations:
sympathetic neural remodeling, electrical remodeling and gap junction remodeling.

2. Cardiac sympathetic neural remodeling

2.1 The sympathetic nervous system in the heart
Cardiac innervation comes from both extrinsic and intrinsic sources. The extrinsic
sympathetic innervation arises from the stellate ganglia and paravertebral sympathetic
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ganglia. The vagal nerves are sources of extrinsic parasympathetic nerves that innervate the
heart. In addition to the extrinsic cardiac nervous system, there is also an extensive intrinsic
cardiac nervous system that includes collections of ganglionated plexuses (Armour, 2010).
The major neurotransmitter mediating sympathetic response is norepinephrine; of note,
epinephrine release during activation is negligible (Fig 1) (Esler et al., 1990).
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Fig. 1. Cardiac sympathetic control. NE, norepinephrine; Ach, acetylcholine; E, epinephrine
(Esler et al., 1990).

Each ganglionated plexuses contains both sympathetic and parasympathetic neurons that are
associated with complex synaptology. The sympathetic innervation to the ventricles follows a
course along the common pulmonary artery into the plexus supplying the main left coronary
artery. The sympathetic nerves are distributed to the myocardium in superficial epicardial
layers. They penetrate the myocardium along with the coronary arteries (Figure 2) (Zipes,
1990). Immunocytochemical techniques have allowed investigators to stain many nerve cells
and nerve tissues including the Schwann cells and autonomic nerves using different
antibodies with different stains (Oki et al., 1995; Gulbenkian et al., 1993; Chow et al., 1998).
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Fig. 2. Schematic of sagittal view of left ventricular wall showing pathways of vagal and
sympathetic afferent and efferent nerves. Postganglionic sympathetic axons are located
superficially in periadventia of coronary arteries; postganglionic vagal axons cross the
atrioventricular groove in subepicardium but are located in subendocardium. Cx, circumflex
coronary artery; LAD, left ventricular descending coronary artery (Zipes, 1990).
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2.2 Sympathetic neural remodeling after myocardial infarction

In ischemic hearts, regional heterogeneity of sympathetic innervation usually occurs as a result
of ischemia- or infarction-induced neural axons necrosis and nerve sprouting (Zipes, 1990).
Sympathetic neural remodeling characterized by heterogeneous cardiac nerve sprouting and
sympathetic hyperinnervation was also observed; see Figure 3 (Cao et al., 2000).

m
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Fig. 3. Neural remodeling and nerve sprouting (Cao et al., 2000).

The density of nerve fibers immunopositive for Growth-associated protein-43 upregulated
after myocardial infarction at different periods, indicating nerve fibers undergoing sprouting
activity shortly after myocardial infarction (Oh et al., 2006; Zhou et al., 2004). However,
sprouting nerve fibers may regress unless nerve terminals can form synaptic contacts with
target cells. Therefore, the density of growth-associated protein-43 positive nerve fibers is a
measurement for nerve sprouting activity instead of a measurement for stable innervation.

Myocardial infarction induced nerve sprouting activity in both peri-infarct and remote
areas. Nerve sprouting, which resulted in sympathetic (but not parasympathetic)
hyperinnervation, was greater in the outer loop of the heart. The difference in the outer and

inner loops started within 3 hours and persisted for 2 months after myocardial infarction
(Figure 4) (Oh et al., 2006).
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Fig. 4. Nerve fiber densities in the outer versus the inner loop of normal mouse heart. A,
Cross-section of a normal mouse ventricle. The fiber orientation in the inner loop is roughly
perpendicular, whereas the outer loop fibers are parallel to the circumference of the
ventricles. B, C: Growth-associated protein-43 immunopositive nerves in the inner and outer
loops, respectively. More nerve fibers are present in the outer loop than the inner loop.
Arrows point to brown nerve twigs (20 X objective) (Oh et al., 2006).
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Necrotic injury to the rat myocardium results in denervation followed by proliferative
regeneration of schwann cells and axons (Nori et al, 1995). Abnormal patterns of
neurilemma proliferation have been documented in infarsitescted human and rat hearts
(Vracko, 1990, 1991). Rencently, Huazhi et al (Huazhi et al., 2010) showed that sympathetic
nerve sprouting at the peri-infarct zone in infarcted hearts at 8 weeks post myocardial
infarction was more excessive and heterogeneous than that in the corresponding zone in
normal hearts. Excessive nerve sprouting may result in abnormal patterns of myocardial
innervation and may potentially increase cardiac arrhythmia. Wei et al (Wei et al., 2004)
identified a number of changes, including substantial denervation of the left ventricular and
areas of apparent hyperinnervation at the border of innervated and denervated
myocardium after myocardial infarction.

2.3 Mechanisms of sympathetic neural remodeling after myocardial infarction

The sympathetic innervation of the heart regulates cardiac function by stimulating heart
rate, contractility, and conduction velocity through the release of norepinephrine and the
activation of cardiac Pl-adrenergic receptors. Sympathetic innervation of the heart is
sculpted during development by chemoattractive and chemorepulsive factors (leda et al.,
2007). For example, nerve growth factor supports sympathetic neuron survival and
promotes cardiac axon outgrowth during development (Crowley et al., 1994), whereas the
chemorepulsive factorsemaphorin 3a (Sema3a) attenuates sympathetic axon extension in the
heart (Ieda et al., 2007) and in the peripheral vasculature (Long et al., 2009).

The nerve fiber regeneration process is triggered by up-regulation of nerve growth factor or
other neurotrophic factor genes in the non-neuronal cells around the site of injury. Up-
regulation of nerve growth factor was more prominent in the area near the infarct than in
the area remote to the infarct (Oh et al., 2006). Nerve growth factor mRNA was significantly
up-regulated within 3 hours after myocardial infarction and persisted for 1 month in both
the infarcted myocardium and the noninfarcted left ventricular free wall (Oh et al., 2006;
Zhou et al., 2004).

Neurotrophins such as nerve growth factor act through two distinct types of receptors:
tropomyosin-related tyrosine kinase (Trk) receptors and the lower-affinity p75 neurotrophin
receptor (p75NTR) (Kuruvilla et al., 2004; Kaplan & Miller, 2003). Nerve growth factor acts
through TrkA to promote the extension of sympathetic axons into the heart (Kuruvilla et al.,
2004), whereas p75NTR modulates signaling by coreceptors that can either stimulate or
inhibit axon outgrowth (Kaplan & Miller, 2003). p75NTR has a great functional impact on the
cardiovascular system and cardiac rhythm stability (Christina et al., 2010), which were
particularly relevant to myocardial infarction and heart failure where heterogeneous
sympathetic innervation was correlated with altered neurotrophin expression and the
development of ventricular arrhythmias (Rubart & Zipes, 2005).

In addition to nerve growth factor, other neurotrophic factors are also up-regulated after
myocardial infarction. For example, Leukemia inhibitory factor protein was increased by
40% at 48 hours after myocardial infarction in mice (Fuchs et al., 2003). IL-1a was increased
after myocardial infarction, primarily at peri-infarct sites. And IL-1, IL-13, and IL-6 were
increased at only one time point after myocardial infarction (Oh et al., 2006; Nian et al.,
2004). IL-6 mRNA was induced in myocytes at the viable border zone in dogs subjected to
ischemia-reperfusion (Gwechenberger et al., 1999). Table 1 describes detailly neurotrophic
factors gene expression in the myocardium after myocardial infarction.
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Peri-infarct Remote
3 hours 3 days 1 week 1 month 2 months 3 hours 3 days 1week 1 month 2 months

NGF-ex 1.97 2.00 0.70 0.80 1.35 9.64 2.57 3.42 1.18 11.03
NGF-3  5.63 (2.14) 8.02 (2.40) 0.60 (1.79)  0.81 (1.39) 4.15 (1.40) 1.08 2.26 095  0.28 0.39
NGF-+ 5.31 1.91 1.42 1.59 0.57 1.09 1.74 0.92 3.48 4.47
BDNF 1.54 1.93 1.89 1.22 1.22 1.34 0.67 0.72 0.30 0.67
NT-3 1.10 0.38 0.27 0.24 0.46 0.78 0.38 0.36 0.78 0.14
FGF 0.37 0.09 0.07 0.23 0.14 0.15 0.28 0.10 0.15 2.46
EGF 2.12 0.48 0.39 3.33 0.62 0.64 0.08 0.09 0.09 0.24
IGF 1-1 1.53 1.20 0.94 0.96 0.95 0.98 0.54 0.55 0.42 0.67
IGF1-2  3.72 8.55 8.18 (5.80) 3.78 3.47 (4.04) 215 7.54 468  1.50 2.31
IGF 2-1 16.86 0.71 0.43 0.71 0.48 0.98 1.09 2.82 1.28 4.65
IGF 2-2 1.40 1.12 1.18 0.76 0.75 0.85 0.65 0.42 0.34 0.51
GDNF 1.15 0.79 0.92 0.69 1.64 1.01 0.27 0.86 0.53 0.85
LIF 4.70 (1.01) 6.43 (4.23) 3.75 (2.06) 2.93 (1.15) 6.28 (2.93) 1.17 3.36 098  0.89 32.1

TGF-a 0.63 1.75 0.65 0.82 2.64 1.05 0.56 1.30 0.51 3.77
TGF-B, 1.48 1.05 0.77 0.91 0.88 0.50 0.91 0.79 0.26 0.59
TGF-j3, 2.67 3.35 1.15 2.27 0.24 1.61 0.40 1.74 0.22 7.01
TGF-B;  3.25 4.26 14.46 (13.27) 7.23 3.34 (2.71) 3.85 4.07 2.69 1.98 5.84
I-1e 3.50 4.03 3.33 (2.54) 255 3.60 (5.11) 0.85 148 1.09  0.63 1.41
IL-18 1.20 1.51 3.45 2.03 1.45 0.91 1.23 0.93 0.43 0.51
IL-6 4.92 0.42 1.03 0.38 0.14 65.34 2.01 3.13 0.36 1.15
TNF-a 2.35 1.02 1.07 1.33 0.84 1.45 1.78 1.30 0.97 2.02
TNF-$3 0.73 1.27 1.47 0.36 2.89 1.41 1.09 0.43 0.75 2.11

Table 1. Neurotrophic factors gene expression in the myocardium after myocardial
infarction Numbers indicate ratio to normal control. Bold numbers indicate those >3 X of
control in at least two consecutive time points. Bold numbers in parentheses are obtained
with quantitative reverse-transcriptase polymerase chain reaction. Other numbers are
obtained using DNA microarray. BDNF = brain-derived neurotrophic factor; EGF =
epidermal growth factor; FGF = fibroblast growth factor; GDNF = glial cell-derived
neurotrophic factor; IGF = insulin-like growth factor; IL = interleukin; LIF = leukemia
inhibitory factor; NT-3 = neutrophin-3; NGF, nerve growth factor; TGF = transforming
growth factor; TNF = tumor necrosis factor (Oh et al., 2006).

Increase of neurotrophic factors sometimes can be injurious. Thus, both exogenous and
endogenous nerve growth factor can induce cardiac nerve sprouting, but they also can
increase the incidence of ventricular arrhythmias and sudden death in canine models (Cao
et al., 2000a). Increased neurotrophic factor expression and heterogeneous innervation also
could induce side effects that contribute to the increased risk for sudden death after
myocardial infarction (Luisi et al., 2002; Canty et al., 2004).

2.4 The interaction between sympathetic neural remodeling and electrical remodeling

Regional heterogeneity of sympathetic innervation is also closely related to electrical
inhomogeneity. Previous study revealed that electrical heterogeneity is exacerbated after
initial nerve injury by sympathetic nerve sprouting and subsequent regional myocardial
hyperinnervation (Figure 6) (Rubart & Zipes, 2005). The enhanced spatial inhomogeneity in
cardiac sympathetic innervation could amplify the spatial inhomogeneity of these
electrophysiological properties and therefore facilitate the initiation of ventricular
arrhythmias (Cao et al., 2000b).

Nerve growth factor overexpression and nerve sprouting affected the expressions and
functions of certain potassium channels and thus increases the susceptibility to ventricular
tachyarrhythmia. Nerve sprouting suppressed the expressions and functions of myocardial
transient outward current (I,,) and inward rectifier current (Ix;) channels. Myocardial necrotic
injury plus intensified sympathetic nerve sprouting further decreased Kir2.1 expression and
Ix1 current density. All of these changes affected the repolarization of myocardial cells and
hence increased the vulnerability to ventricular arrhythmia (Ren et al., 2008).
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Fig. 6. Factors contributing to arrhythmogenesis in hearts with heterogeneous sympathetic
innervation (Rubart & Zipes, 2005).

Besides, the coexistence of sympathetic denervation zones (infarct zones), sympathetic
reinnervation zones (ischemic zones) and sympathetic normal zones in the ischemic heart
could increase the heterogeneity of electrical communication which is facilitative to the
abnormality of cardiac autorhythmicity and triggered activity. Sympathetic neural remodeling
can raises the norepinephrine concentration, which encourage the early afterdepolarization
(EAD) and delayed afterdepolarization (DAD) by affect the calcium influx and repolarization
potassium current, and then trigger arrhythmia. Neurotransmitters such as norepinephrine
can cause focal vasoconstriction and myocardial ischemia which is facilitative to the
arrhythmogenesis.

2.5 Relationship between sympathetic neural remodeling and ventricular arrhythmia

The initiation of lethal arrhythmias needs a substrate and a trigger. Myocardial remodeling
(structural and/or functional) is considered the substrate. In recent years, the concept “cardiac
nerve remodeling” and its potentiality as a trigger for lethal arrhythmia have entered the scope
of arrhythmia research (Ren et al., 2008). Abnormally increased post-injury sympathetic nerve
density may be in part responsible for the occurrence of ventricular arrhythmia and sudden
cardiac death in patients with severe heart failure (Cao et al., 2000b). Cardiac nerve sprouts
detering occured after myocardial infarction even without exogenous nerve growth factor.
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Infusion of nerve growth factor accelerated and intensified the magnitude of nerve sprouting,
resulting in a high incidence of sudden cardiac death (Cao et al., 2000a).

The left stellate ganglion is known to be important in cardiac arrhythmogenesis (Schwartz &
Stone, 1980). Left cardiac sympathetic denervation, including left stellate ganglion resection,
decreases the incidence of ventricular arrhythmia in patients with myocardial infarction
(Schwartz et al., 1992). Increased sympathetic tone is important in the generation of ventricular
arrhythmia and sudden cardiac death (Rubart & Zipes, 2005). In dogs with both complete
atrioventricular block and myocardial infarction, high-amplitude spiky discharges frequently
cause premature ventricular contractions or even ventricular tachycardia (Figure 7). These
findings suggest that high-amplitude spiky discharges is highly arrhythmogenic in diseased
hearts. However, because high-amplitude spiky discharges is also present in normal hearts,
the presence of these types of discharge by itself is not pathological (Zhou S, et al., 2008).

before after
QT=368 ms QT=389 ms
[ RR-142| ms p—RR=1061 m
A ECG | A~ —A A A ,H\__d_, I;_ i
2 ! Toesdomd P1| P Tpe=61 ms

SGHNA

BP ,_,;*-—-1 R — l__f’\‘ Y
LSG stimulation

B ECG ik LH'M”MMW LLJJLM,LU” Ln.\.\J.',“,
e A7

P P S sy e e W R LN PREET LR AVEVTR RN
LSG stimulation VF

e e L ————
ssna-am—*‘-r MM] M‘MMMW

| U NN, e T

Fig. 7. A, Electrical stimulation of left stellate ganglion lengthened the corrected QT (QTc)
from 325 to 402 ms and the corrected Tpe (Tpec) from 45 to 82 ms (at 10 mA). B, Left stellate
ganglion stimulation induced ventricular tachycardia (VT); C, ventricular fibrillation (VF) in
the experimental group. Afterdischarges were present in left stellate ganglion recordings
after electrical stimulation. BP = blood pressure; SGNA = stellate ganglion nerve activity
(Zhou S, et al., 2008).

2.6 Therapeutic implications of sympathetic neural remodeling after myocardial
infarction

As sympathetic tone was known to be increased in cardiomyopathy patients, interventions
that aim to reduce sympathetic tone could reduce the risk of sudden cardiac death and
ventricular tachyarrhythmias (Fig 8  Marmar & Kalyanam, 2008).

Selective sympathetic blockade was an effective theraty » which was applied in animal
models and human during myocardial ischemia (Issa et al., 2005; Nademanee et al., 2000). In
a canine model, intrathecal clonidine, when delivered via a catheter at T2-T4 spinal
segments, significantly reduced the occurrence of ventricular tachycardia and fibrillation
during transient myocardial ischemia (Issa et al., 2005). Electrical storm, defined as recurrent
multiple ventricular fibrillation (VF) episodes, often occurs in patients with recent
myocardial infarction. Sympathetic blockade was proved to be superior to the
antiarrhythmic therapy in treating electrical storm patients, and sympathetic blockade - not
class 1 antiarrhythmic drugs - should be the treatment of choice for electrical storm
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(Nademanee et al., 2000). Successful treatment of recurrent ventricular tachycardia,
refractory to antiarrhythmic therapy, can be achieved by neuraxial modulation at the level
of the spinal cord. The benefit of thoracic epicardial anesthesia was reported in a patient
with ischemic cardiomyopathy and recurrent ventricular arrhythmia refractory to
intubation and sedation, with the use of 0.25% Bupicavaine at T1-T2 interspace, reducing
the number of ICD shocks from 86 in 48 hours to zero (Mahajan et al., 2005).

Cardiac Remodeling Neural Remodeling
Blectrical Structural Functional Structural
lon Channels Gap juncbons  Baroreceptors Dennervation
Fibvosis Metaborecepiors ~ Nerve sprouting
Heterogeneous | 4 | Dynamic modulation | = VT/VF
substrate via sympathetic stimulation
of
Beta blockers
ACEl
akdosterone antagonists
Statins
BiV pacing

Fig. 8. Structural and functional basis of ventricular tachycardia and fibrillation (Marmar &
Kalyanam, 2008).

B-blockers, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers,
aldosterone antagonists (Cittadini et al., 2003), statins (Gao et al., 2005), and fish oil have
been shown to decrease risk of sudden cardiac death in ischemic cardiomyopathy and
significantly improve mortality through modulating the autonomic nervous system to
decrease sympathetic tone (Marmar & Kalyanam,2008). In a recent study, carvedilol
ameliorated electrical remodeling at peri-infarct zones after myocardial infarction by
improving the spatial distribution of the sympathetic nerve reinnervation (Huazhi et al.,
2010). Moreover, attenuation of oxidative stress and inflammatory response after resveratrol
treatment, a naturally occurring compound, significantly inhibited nerve growth factor
expression, and protected against sympathetic neural remodeling (Ping et al., 2010). Ghrelin,
a novel growth hormone-releasing peptide, which was showed to inhibite neural
remodeling in rats with myocardial infarction, likely mediated through nerve growth factor
suppression, might be used as a new potential way to treat and prevent sudden cardiac
death after myocardial infarction (Ming-Jie et al., 2009).

3. Myocardial electrical remodelling

3.1 The cardiac action potential

The normal sequence and synchronous contraction of the atria and ventricles require the
rapid activation of groups of cardiac cells. An activation mechanism must enable rapid
changes in heart rate and also respond to the changes in autonomic tone. The propagating
cardiac action potential fulfils these roles. The action potential is a key determinant of
cardiac electrical activity and is shaped by underlying ionic currents and transporters
(Nerbonne & Kass 2005). A schematic representation of a cardiac action potential and the
principal currents involved in its various phases are shown in Figure 9A (Nattel & Carlsson
2006). The action potentials of pacemaker cells in the sinoatrial (SA) and atrioventricular
(AV) nodes are significantly different from those in working myocardium. Figure 9B depicts
action potential characteristics in different regions of the heart (Michael et al., 2009).
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The average duration of the ventricular action potential duration is reflected in the QT interval
in the ECG. Factors that prolong the action potential duration (eg, a decrease in outward K+
currents or an increase in inward late Na* current) prolong the action potential duration and
the QT interval in the ECG. The QT interval of males and females is equal during early
childhood. However, at puberty the interval of males shortens (Rautaharju et al., 1992).
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Fig. 9. A, Membrane currents that generate the normal action potential duration. Resting (4),
upstroke (0), early repolarization (1), plateau (2), and final repolarization are the 5 phases of
the action potential. A decline of potential at the end of phase 3 in pacemaker cells, such as
the sinus node, is shown as a broken line. The inward currents, Ina, Ica, and I;, are shown in
yellow boxes; the sodium-calcium exchanger (NCX) is also shown in yellow. It is
electrogenic and may generate inward or outward current. Ixach, Ix1, Lo, Ikur, Ikr, and Iks are
shown in gray boxes. The action potential duration is approximately 200ms. B, Various
specialized tissues in the heart and typical corresponding action potentials. The short
vertical lines indicate the time of onset of activity in the sinus atrial node for one beat.
Green, slow-channel tissue (nodes); violet, fast-channel tissues (Nattel & Carlsson 2006).

3.2 General properties of ion channels

Ion channels have two fundamental properties, ion permeation and gating (Hille, 1978). Ion
permeation describes the movement through the open channel. The selective permeability of
ion channels to specific ions is a basis of classification of ion channels (eg, Na*, K*, and Ca2*
channels). Size, valency, and hydration energy are important determinants of selectivity
(Augustus, 2009). Ion channels provide multiple binding sites for ions as they traverse the
membrane. Like an enzyme-substrate interaction, the binding of the permeating ion is
saturable. Most ion channels are singly occupied during permeation; certain K* channels
may be multiply occupied (Augustus, 2009).

Gating is the mechanism of opening and closing of ion channels and is their second major
property. lon channels are also subclassified by their mechanism of gating:
voltagedependent, ligand-dependent, and mechano-sensitive gating. Voltage-gated ion
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channels change their conductance in response to variations in membrane potential.
Voltage-dependent gating is the commonest mechanism of gating observed in ion channels.
A majority of ion channels open in response to depolarization. The pacemaker current
channel (If channel) opens in response to membrane hyperpolarization. The steepness of the
voltage dependence of opening or activation varies between channels (Hille, 1978).

Ion channels have two mechanisms of closure. Certain channels like the Na* and Ca2*
channels enters a closed inactivated state during maintained depolarization. To regain their
ability to open, the channel must undergo a recovery process at hyperpolarized potentials.
The inactivated state may also be accessed from the closed state. Inactivation is the basis for
refractoriness in cardiac muscle and is fundamental for the prevention of premature
reexcitation (Hille, 1978; Leblanc & Hume, 1990).

Ligand-dependent gating is the second major gating mechanism of cardiac ion channels.
The acetylcholine (Ach)-activated K+ channel, an inward-rectifying K* channel (Ixacn), is one
of this class. Ikach channels are most abundant in the atria and the sinus atrial and
atrioventricular nodes. The ATP-sensitive K* channel, also termed the ADP-activated K+
channel, is a ligand-gated channel distributed abundantly in all regions of the heart. Energy
depletion during ischemia increases the [ADP]/ [ATP] ratio, activates Ixatp, and abbreviates
the action potential. The abbreviated action potential results in less force generation and
may be cardioprotective. This channel also plays a central role in ischemic preconditioning
(Hille, 1978).

3.3 Significance and arrhythmic consequences of lonic currents remodeling
associated with myocardial infarction

Myocardial infarction refers to the death of cardiac tissue, most often caused by critical
decreases in coronary artery blood flow induced by obstructive coronary artery disease.
Several mechanisms, including reentry and triggered activity due to early and delayed
afterdepolarizations, contribute to ventricular tachyarrhythmia (Janse & Wit, 1989; Qin et al.,
1996). Remodeling of ion-channel and transport processes cause important changes in
cellular electrical activity and impulse propagation over days and weeks following acute
infarction (Friedman et al., 1975; Spear et al., 1977).

Generally, by 24-48h after total coronary artery occlusion the action potentials and maximal
action potential upstroke velocity (Vmax) decreased, as well as an increase in total time of
repolarization. On the other hand, the cells of the epicardial border zone of the canine
infarction model show a reduction in Vmax, and a shortening and triangularization of the
action potential by 5 days after total artery occlusion. By 14 days post occlusion further
shortening of the action potential occurs. Then by the time of the healed infarct (2 months),
action potential voltage profiles have returned to nearly normal suggesting the presence of a
process that might be termed ‘reverse remodeling’ (Figure 10) (Ursell et al., 1985). We found
that the PR, QRS, QT and QTc intervals in myocardial infarction mice were significantly
longer than normal mice after 4, 8, and 12 weeks (LI et al., 2009¢).

These abnormalities cause severe conduction disturbances that strongly promote reentry. A
particularly important arrhythmia mechanism is anisotropic reentry in the peri-infarction
border zone (Dillon et al., 1988; Restivo et al., 1990). Acute myocardial infarction causes
longer term (remodeling) changes over days to weeks, as well as important very early
(within minutes to hours) functionally based ion-channel abnormalities. Figure 11 illustrates
how different forms of ionchannel remodeling contribute to anisotropic reentry in the
presence of a healed myocardial infarction (Nattel S et al., 2007).
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Fig. 10. Changes in action potential duration measured to 50% (above left) and 90%
repolarization (below left) of epicardial muscle fibers with increasing time after coronary
artery occlusion. Asterisks denote values significantly different from control. At the right are
shown representative transmembrane potential recordings; A, normal; B, 1 day; C, 5 days;
D, 2 weeks; E, 2 months. Note that action potentials in the 1- and 5-day-old infarcts show
loss of the plateau phase during repolarization. Action potential duration is decreased more
in 5-day-old than in 1-day-old infarcts (Ursell et al., 1985).

3.4 Alterations in K* currents

Cardiac K* channels fall into three broad categories: Voltagegated (I, Ikur, Ixr, and Iks),
inward rectifier channels (Ixi, Ixach, and Ikarp), and the background K* currents (TASK-1,
TWIK-1/2). Voltage-gated K* channels consist of principal a-subunits and multiple p-
subunits. The channel functional units also include the complementary proteins Ky-channel
associated protein, KChAP, and the Ky channel interacting protein, KChIP. The major
subfamilies of @ -subunits include KyN.x (n=1 to 4), the HERG channel (gene KCNH?2), and
KiLQT1 (gene KCNQL1). They are important in generating outward current in the heart
(Augustus, 2009). Myocardial infarction causes substantial changes in K* current expression,
density, and function (Janse & Wit, 1989).

3.4.1 Changed K" current function in surviving border-zone cells

A variety of K* currents are downregulated in border-zone cells. Background K+
conductance is reduced in surviving canine subendocardial Purkinje fibers (Boyden et al.,
1989), due to reduced Ix; and altered delayed-rectifier currents (Pinto & Boyden, 1998).
Border-zone left ventricular cardiomyocytes show reduced I, (Lue & Boyden, 1992). I,
decreases are most prominent within days of acute infarction and tend to resolve over the
subsequent 2 months (Dun et al., 2004). The expression of subunits encoding Ik, (ERG) and
Ixs (KvLQT1 and minK) is downregulated in 2-day postinfarction border-zone cells (Dun &
Boyden, 2005; Jiang et al., 2000). Overall, the multiple forms of K*-channel dysfunction
postinfarction impair repolarization and lead to early afterdepolarizations.
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Fig. 11. Contributors to anisotropic reentry in myocardial infarction. A principal mechanism
underlying potentially lethal ventricular tachyarrhythmias post-myocardial infarction is
anisotropic reentry, represented schematically by the black activation map in the central
part of the figure (Peters et al., 1997). The numbers indicated on the map are times of
electrical activation, and the curved lines (isochrones) indicate zones of tissue activated
within 10 ms of each other. Crowded isochrones denote very slow conduction. Thicker black
lines show lines of functional conduction block parallel to fiber orientation, due to the
impaired transverse conduction (increased anisotropy) post-myocardial infarction. The
impulse travels slowly in two parallel streams (thick arrows) around the lines of block,
which come together to conduct through the central corridor (thinner arrows) of the
reentrant pathway. The ways in which ion-channel remodeling post-myocardial infarction
lead to this arrhythmia mechanism are indicated by the red points, organized into groups of
dysfunction categories (blue underlined headings). Increased tissue anisotropy, which
causes the unidirectional block needed for reentry initiation, arises because of connexin
downregulation, reduced gap junction number and size, fewer side-to-side connections, and
tissue fibrosis around muscle bundles. Unidirectional block is also favored by refractoriness
heterogeneity due to spatially heterogeneous K+ channel downregulation coupled with
postrepolarization refractoriness. Slowed conduction, which allows enough time for the
proximal part of the central corridor to recover excitability when the reentering impulse
returns, is caused by connexin downregulation, In. decreases, and reduced Icar. (Icar is
particularly important for conduction in conditions of impaired coupling). Finally, the ectopic
complexes needed to engage spatially variable refractoriness and initiate reentry are provided
by early afterdepolarizations promoted by K+ current downregulation and delayed
afterdepolarizations caused by spontaneous diastolic Ca2?* releases (Nattel S et al., 2007).

3.4.2 Changes in K* currents in normal zones of hearts with prior myocardial
infarction

Action potential duration increases and ventricular arrhythmias are features of normal-zone
tissues from postinfarction rat (Perrier et al., 2004) and rabbit (Liu et al., 2004) hearts. Both
reentries associated with spatial refractoriness heterogeneity and triggered activity is
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involved (Liu et al., 2004). Decreases in I, Ik1, and total delayed-rectifier current (Ix) occur
in rabbit hearts (Liu et al., 2004). In rats, I, decreases correlate most closely with
downregulation of Kv4.2 subunits (Perrier et al.,, 2004). There may be compensatory
upregulation of Kv1.4 subunits (Kaprielian et al., 2002), although downregulation of Kv1.4
has also been reported (Gidh-Jain et al., 1996). Decreases in rat Ik correlate with
downregulation of the putative a-subunit Kv2.1 (Huang et al.,, 2001b). The effects of
postinfarction remodeling on spatial dispersion of electrophysiological properties in
noninfarcted tissues are controversial, with one study showing increases in dispersion
(Huang et al., 2001b) and another decreased spatial heterogeneity (Kaprielian et al., 2002).

3.5 Alterations in Ca** currents and cellular Ca®** handling

Calcium ions are the principal intracellular signaling ions. They regulate excitation-
contraction coupling, secretion, and the activity of many enzymes and ion channels.
[Ca?*]; is highly regulated despite its marked fluctuation between systole and diastole.
Calcium channels are the principal portal of entry of calcium into the cells; a system of
intracellular storage sites, and transporters such as the sodium-calcium exchanger, also
play important roles in [Ca2*]; regulation. In cardiac muscle, two types of Ca2* channels,
the L- (low threshold type) and T-type (transient-type), transport Ca2* into the cells. The
L-type channel is found in all cardiac cell types. The T-type channel is found principally
in pacemaker, atrial, and Purkinje cells. The unqualified descriptor Ca2* channel refers to
the L-type channel. Table 2 contrasts the properties of the two types of channels
(Augustus, 2009). Changes in Ca2* handling contribute importantly to arrhythmogenesis
postinfarction.

L-Type T-Type

Activation

Range Low Em (= —30 mV) High Em (= —60 mV)
Inactivation

Range Low Em (= —40 mV) Hyperpolarized

Voltage dependence Slow Fast

[Ca2*], dependent Yes No
Pharmacologic sensitivity

Dihydropyridnes Yes No

Cd High Low

N, Low High

Isoproternol Yes No

Table 2. A comparisons of the L-type and T-type Ca2+ channels (Augustus, 2009).

3.5.1 Changes in Ca®* current

Icar is diminished in border-zone cells of dogs (Dun et al., 2004), sheep (Kim et al., 2002), cats
(Pinto et al., 1997), and rabbits (Litwin et al., 2000). Ica. kinetic properties also change, with
slowed recovery (Dun et al., 2004) and hyperpolarizing shifts in inactivation voltage
dependence (Pinto et al., 1997). The IcaL response to dihydropyridine agonists (Pu et al.,
1999) and tyrosine kinase inhibitors (Yagi & Boyden, 2002) is preserved in the border zone.
T-type Ca2* current (Icar) varies over time, being unchanged 5 days postinfarction
(Aggarwal & Boyden, 1995) and increasing thereafter (Dun et al., 2004). In surviving
subendocardial Purkinje cells, both Ica. and Icar are reduced (Boyden & Pinto, 1994).
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3.5.2 Changes in cellular Ca** handling

Ca2* transients in border-zone cells are decreased in amplitude and show slowed recovery
and decay (Kim et al., 2002). SERCA2A, the sarcoplasmic reticulum Ca2* ATPase, is
downregulated (Kim et al., 2002). The diminished and slowed Ca2* transients are due to
impaired spatial coordination of quantal Ca2* releases, or sparks (Litwin et al., 2000). Na*-
Ca?* exchange function is unaltered, and action potential abnormalities are not responsible
for Ca2* handling abnormalities (Pu et al., 2000). Surviving subendocardial Purkinje cells
show marked abnormalities in subcellular Ca2* release events, with spontaneous and
spatiotemporally nonuniform microreleases that can trigger arrhythmic episodes (Boyden et
al., 2003). Drugs that suppress Ca2* microreleases by either inhibiting sarcoplasmic
reticulum Ca?* release channels or inositol trisphosphate receptors may constitute a novel
antiarrhythmic approach postinfarction (Boyden et al., 2004).

3.6 Alterations in Na* current

The human cardiac sodium channel hNay1.5 is a member of the family of voltage-gated
sodium channels (hNay1 to 9). The channel consists of a primary a-and multiple secondary
B-subunits. The sodium channel consists of 4 homologous domains, DI through DIV (Noda
et al., 1984) arranged in a 4-fold circular symmetry to form the channel (Figure 12) (Herbert
& Chahine, 2006).

(O Brugsda Syndrome () Cardise Conduction Dafect
@ Long T Synarome @) Mixed Phenctyps

Fig. 12. Putative transmembrane organization of the sodium channel. The channel consists
of 4 homologous domains, DI through DIV. The amino and carboxyl termini are
intracellular. (Herbert & Chahine, 2006).

Each sodium channel opens very briefly (<1ms) during more than 99% of depolarizations
(Patlak & Ortiz, 1985). The channel occasionally shows alternative gating modes consisting
of isolated brief openings occurring after variable and prolonged latencies and bursts of
openings during which the channel opens repetitively for hundreds of milliseconds. The
isolated brief openings are the result of the occasional return from the inactivated state. The
bursts of openings are the result of occasional failure of inactivation (Patlak & Ortiz, 1985).
The cardiac sodium channel has consensus sites for phosphorylation by protein kinase,
protein kinase C, and Ca-calmodulin kinase (Frohnwieser et al., 1997).

3.6.1 Na* current changes
Surviving border-zone tissue is characterized by reduced phase 0 amplitude and upstroke
velocity (dV/dtmax), suggestive of reduced In. (Spear et al., 1979). These abnormalities in
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excitability favor unidirectional block and reentry (Janse & Wit, 1989). Isolated border-zone
cardiomyocytes also have reduced dV/dtmax (Lue & Boyden, 1992) and marked
abnormalities in In,, including reduced current density, accelerated inactivation, and slowed
reactivation (Pu & Boyden, 1997). Computer simulations suggest that both In. and Icao
abnormalities contribute to conduction abnormalities in the reentry circuit (Baba et al., 2005),
in keeping with the key role of Ic,. in the context of reduced coupling (Shaw & Rudy, 1997).
Protein kinase A activators partially improve In, in peri-infarct zone cells, and the response to
phosphatase inhibitors suggests that In. is hyperphosphorylated (Baba et al., 2004). In late
postinfarction rat cardiomyocytes, changes in In. properties and in ion-channel subunit
expression suggest the appearance of atypical In, isoforms (Huang et al., 2001a); these changes
may be due to generalized cardiac hypertrophy/dysfunction rather than infarction per se.

3.6.2 Functional consequences

Oxidative stress in postinfarction tissues produces reactive intermediates that alter INa in a
fashion similar to arrhythmogenic Na,1.5 subunit mutations and potentiate the effects of
Na* channel-blocking drugs (Fukuda et al., 2005). The INa blocker lidocaine differentially
affects peri-infarct zone cardiomyocytes (Pu et al.,, 1998). These differential effects may
contribute to the tendency of INa blockers to cause malignant ventricular tachyarrhythmias
postinfarction (Ranger & Nattel, 1995). These paradoxical “proarrhythmic” effects of INa-
blocking antiarrhythmic drugs on myocardial infarction tissues contribute to a mortality-
enhancing potential (Cardiac Arrhythmia Suppression Trial (CAST) Investigators, 1989).

3.7 Therapeutic implications of ionic current and transporter remodeling

3.7.1 Remodeling-induced modification of the response to therapeutic interventions
Myocardial infarction greatly increases the risk of arrhythmic death, and associated
remodeling sensitizes patients to the proarrhythmic effects of a variety of drugs. The risk of
drug-induced Torsades de Pointes arrhythmias caused by early afterdepolarizations is
approximately increased by myocardial infarction (Stanley et al.,, 2007). Drugs like p-
adrenergic agonists and phosphodiesterase inhibitors, which increase cardiac contractility
by increasing intracellular cAMP concentrations, Ca2* loading and Ca2*-induced Ca2*
release, have been used extensively to improve cardiac function in patients with severe
cardiac dysfunction. Unfortunately, in the longer term they have arrhythmogenic actions
and increase mortality (Gardner et al., 1985; Hagemeijer, 1993; Lubbe et al., 1992). Ionic
remodeling likely contributes to these adverse responses.

Many of the changes responsible for adverse effects of antiarrhythmic drugs are caused by
postinfarction myocardial remodeling: increased action potential duration, localized
conduction slowing, downregulation of K* channels, abnormal diastolic Ca2* handling, and
impaired connexin function. Myocardial infarction predisposes to the proarrhythmic actions
of Na* channel blocking drugs (Cardiac Arrhythmia Suppression Trial (CAST) Investigators,
1989; Ranger & Nattel, 1995) and Ik, blocking agents (Waldo et al., 1996). Responses to Ik:
blocking drugs may be reduced in postinfarction cells, perhaps because of Ik
downregulation (Yuan et al., 1999).

3.7.2 lonic remodeling as a target for novel therapeutic approaches

Much less work has been done to study interventions targeting ion-handling processes
postinfarction. An angiotensin-converting enzyme inhibitor attenuated increases in
refractoriness heterogeneity and prevented afterdepolarization formation in normal zones of
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rats with prior infarctions (Li et al., 2004). The combined a- and -adrenoceptor antagonist
carvedilol suppresses downregulation of both Na* (Maltsev et al., 2002) and L-type Ca2* (Li
et al., 2005) currents following myocardial infarction. Protein kinase A activators can
partially restore suppressed Ina in the infarct border zone (Baba et al., 2004).

Advances in molecular cardiology have identified several potential targets for gene therapy.
In a porcine model, focal gene transfer in the border zone of myocardial infarction to silence
the KCNH2 potassium channel has been shown to abolish ventricular arrhythmias (Sasano
et al., 2006). Furthermore, overexpression of the HERG potassium channel in isolated rabbit
ventricular myocytes shortens action potential duration and reduces the frequency of early
after-depolarizations (Nuss et al., 1999). Additional investigation is needed to confirm the
safety and efficacy of targeted gene therapy in human. However, successful transition of
gene therapy into clinical therapies will require the development of safe and efficient
transgene vectors and delivery systems.

4. Cardiac gap junction remodeling

4.1 Gap junction structure, permeability and regulation

The gap junction, a type of cell-to-cell junction, is composed of low-resistance intercellular
pathways and mediates electrical and metabolic coupling between adjacent cells. Each gap
junction channel is formed by two end-to-end connected hemichannels (also known as
connexons) contributed by each of the two adjacent cells. In chordates, hemichannels are
hexameric structures formed by six connexins (Cx). Connexins have four transmembrane
domains with two extracellular loops and with the N-terminal and C-terminal domains in
the cytoplasm (Harris, 2001; Sosinsky, 2000). Twenty different connexin types have been
identified in mouse and 21 in man (Sohl & Willecke, 2004). Cells can usually express a
variety of connexins, and the six connexins forming a hemichannel may not be identical (for
example Cx43 and Cx40), thus forming a heteromeric hemichannel. Although not all
combinations are possible (Harris, 2001), hemichannels formed by a particular connexins
can dock to hemichannels with a different composition (Harris, 2001). A principal
ultrastructural feature of the intercalated disk and gap junction was illustrated in Figure 13

Fig. 13. Principal ultrastructural features of the intercalated disk and gap junction. A, Thin-
section electron micrograph showing the appearance of the 3 types of cell-cell junction, the
gap junction (GJ), fascia adherens (FA), and desmosome (D). B, Higher magnification thin-
section of a gap junction. C, Structure of gap junction as revealed by freeze-fracture electron
microscopy. The gap junction is seen as a cluster of particles. Each particle represents a
connexon hemichannel. (a) X 36,250; (b) X350,000; (c) X 98,000 (Severs et al., 1993).
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(Severs et al., 1993). Gap junction are permeable to relatively large molecules (Harris, 2001).
Depending on the connexins type, pore diameter ranges between approximately 6.5 and
15A °(Harris, 2001), which is wide enough to allow the passage of water, all relevant cations
and anions, including Na*, K*, and Ca2?* and most second messengers as IP;, cAMP, and
cGMP (Figure 14) (Harris, 2001; Wong et al., 2008).
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Fig. 14. Organisation of connexins into gap junctions and molecules capable of diffusing
through gap junctions (Wong et al., 2008).

The mechanisms by which gap junction channel close or open are not fully elucidated.
Gating can take place in at least two independent ways: a rapid, voltage-driven mechanism
that can change the channel conformation between a fully open and a nearly completely
closed state within a few ms (voltage gating), and a slower (up to 30 ms) mechanism (Harris,
2001; Moreno et al., 2002a). Phosphorylation alters the probability of the different
conductance states as well as intracellular trafficking and assembly of connexins depending
on the connexins type, the phosphorylation site and, possibly, the biochemical environment
(Van et al., 2001). The half-life of connexins is relatively short (less than 2h for Cx43) (Laing
& Beyer, 2000) so that changes in the rates of synthesis or degradation are rapidly translated
into changes in the number of operative gap junction channel.

4.2 Diversity of connexin expression in the normal heart

Three principal connexins are expressed in cardiac myocytes, Cx43, Cx40, and Cx45.
Although Cx43 predominates in the heart as a whole, it is typically co-expressed in
characteristic combinations and relative quantities with Cx40 and/or Cx45 in a chamber-
related and myocyte-type-specific manner (Vozzi et al., 1999). Although a few other
connexins have been reported in cardiac tissue, these are minor components, species
variants, or not been confirmed. Figure 15 gives an overview of the typical connexin
expression patterns of the normal adult mammalian heart (Severs et al., 2008).
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Fig. 15. Summary of the typical connexin expression patterns of the mammalian heart
(Severs et al., 2008).

The working cardiomyocytes of the ventricle are extensively interconnected by clusters of
connexin43-containing gap junctions located at the intercalated disks (Figure 16) (Severs et
al., 2004). The intercalated disks of working ventricular myocardium have a step-like
configuration, with the gap junctions situated predominantly in the membrane segments
that lie parallel with the long axis of the cell (Severs, 1990), with larger gap junctions
typically circumscribing the disk periphery (Gourdie et al., 1991). This and other features of
gap junction organization and aspects of tissue architecture such as the size and shape of the
cells combine to ensure preferential propagation of the impulse in the longitudinal axis and
hence the normal pattern of anisotropic spread of the impulse of healthy ventricular
myocardium.

Fig. 16. An isolated ventricular myocyte labelled for Cx43 (green) illustrating localization of
the gap junctions in clusters at the intercalated disks (Severs et al., 2004).

The gap junctions of atrial myocytes contain abundant Cx40 (Vozzi et al., 1999; Dupont et
al., 2001), co-localized with Cx43 within the same individual gap-junctional plaques (Severs
et al., 2001). Working ventricular myocytes, by contrast, normally lack detectable Cx40. In
both ventricular and atrial working myocardium, Cx45 is present in very low quantities
(Vozzi et al.,, 1999; Dupont et al., 2001). The specialized cardiomyocytes of the impulse
generation and conduction system are distinct from the working ventricular and atrial cells
both in terms of general morphology (Severs, 1989) and connexin expression profiles
(Figure 17) (Coppen et al., 1999).

www.intechopen.com



Electrophysiological Abnormality:
Sympathetic Neural Remodeling, Electrical Remodeling and Gap Junction Remodeling 151

Fig. 17. Expression patterns of Cx43, Cx40 and Cx45 in different cardiomyocyte sub-types.
This triple-labelled confocal montage shows part of the conduction system (common bundle
and right bundle branch) which expresses Cx40 and Cx45). These two connexins are not
detected in the adjacent working ventricular myocytes of the septum, which instead express
Cx43. This example comes from rat heart (Coppen et al., 1999).

4.3 Gap junction remodeling in myocardial infarction

4.3.1 Connexin 43 remodeling in myocardial infarction

Two principal gap junction-related alterations have been reported in the diseased ventricle:
disturbances in the distribution of gap junctions and reduced levels of their major
component, Cx43. “Lateralization”of Cx43 gap junction label is a prominent feature of the
border zone of surviving myocytes around infarct scar tissue in the human ventricle (Smith
et al., 1991). Electron microscopy reveals that both laterally disposed gap junctions
connecting adjacent cells, and internalized (non-functional) gap junctional membrane,
contribute to this abnormal pattern (Smith et al., 1991).

By 6-12h after ligation, the normal distribution was lost for Cx43, desmoplakin, and
cadherin at the intercalated disks in the infarct zone. By 24-48 h after ligation, the expression
of Cx43 markedly decreased, to 5% of the levels of shamoperated hearts (Figure 18)
(Takamatsu, 2008). At 4 days post-infarction in a dog model, lateral gap junction label in the
extended infarct border zone has been correlated spatially with electrophysiologically
identified figure-of-eight re-entrant circuits (Peters et al., 1997).

Gap junctional changes distant from the infarct scar tissue, in particular reduction in the size
and the number of gap junctions per unit length of intercalated disc, and fewer side-to-side
connections between myocytes, have been described as longer term remodelling events in
dog myocardium (Kostin et al., 2003). Our study showed that Cx43 mRNA and Cx43 protein
reduced significantly at ischemic zone at 4, 8 and 12 weeks of myocardial infarction mice
(Figure 19) (LI et al., 2010; Zhao et al., 2009).
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Fig. 18. Remodeling process of cell-cell and cell-extracellular matrix (cell-ECM) interactions
at the stump of myocardial infarction. (a) Normal; (b) 24-48 h. At early phase after ligation
(to 48 h), borderline cardiomyocytes facing the infarct lose neighboring cells and form blunt-
ended stumps while maintaining some desmoplakin, and cadherin loses Cx43. (c) 48 h-day
3. By day 3, integrins such as bl-integrin cluster at stumps where basement membranes are
partially formed. The formation of intracellular junctions composed of desmoplakin and
cadherin is initiated between cell processes. (d) Days 3-4; (e) days 8-15, After day 3, stumps
change into fine cytoplasmic processes toward the infarct. Cx43 expression between cell
processes forms intracellular junctional complexes with desmoplakin and cadherin, similar
to those of typical intercalated disks. Cx43 expression is also observed at transverse cell
boundaries of borderline and vicinity cardiomyocytes. (f) In the chronic phase (days 60-90),
integrin-ECM couplings at the tips of cell processes and collagen accumulation around the
processes increase as wound healing proceeds. Cell processes fuse together, and the
intercalated disk-like structures diminish (Takamatsu, 2008).
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Fig. 19. A, Cx43 expression at normal zones in myocardial infarction mice after 4 weeks; B,
Cx43 expression at ischemic zones in myocardial infarction mice after 4 weeks; C, Cx43

expression at infarcted zones in myocardial infarction mice after 4 weeks (<400) (LI et al.,
2010).

Apart from alterations in connexin43 level, rapid dephosphorylation of Cx43 and
translocation of Cx43 from gap junctions into the cytosol has been reported when electrical
uncoupling is induced by acute ischaemia in the Langendorff-perfused rat heart (Beardslee
et al., 2000). These processes are reversible upon reperfusion and substantially reduced with
ischemic preconditioning (LI et al., 2009a). Dephosphorylated Cx43 is associated with the
laterally distributed gap junction label, while those gap junctions that remain in the classic,
polar intercalated disc orientation contain phosphorylated Cx43 (Lampe et al., 2006).

A rather different form of gap junction remodelling is associated with ‘hibernating
myocardium’ in patients with ischemic heart disease (Kaprielian et al., 1998). The term
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‘hibernating myocardium” refers to regions of ventricular myocardium that do not contract
properly but which recover after normal blood flow is restored following coronary artery by-
pass surgery. In hibernating myocardium, the large Cx43 gap junctions typically found at the
periphery of the intercalated disc are smaller in size, and the overall amount of
immunodetectable Cx43 per intercalated disc is reduced, compared with normally perfused
myocardial regions of the same heart (Kaprielian et al., 1998). These findings were the first
indication that Cx43 gap junction remodelling contributes to impaired ventricular contraction,
in addition to arrhythmia, in human ischemic heart disease (Kaprielian et al., 1998).

4.3.2 Connexin 45 remodeling in myocardial infarction

Because Cx45 is not expressed widely in working ventricular myocytes in the normal adult
heart, there is no report on the alternation of distribution and expression of Cx45 after
myocardial infarction. However, previous study showed that expression of Cx45 in the
failing human ventricle was up-regulated, alongside the reduction in Cx43, thus
significantly altering the Cx43: Cx45 ratio (Yamada et al., 2003). Our datas showed that Cx45
mRNA and Cx45 protein increased significantly at ischemic zone at 4, 8 and 12 weeks in
myocardial infarction mice (Figure 20) (Zhao et al., 2009). Up-regulation of Cx45 in
myocardial infarction hearts inplicates a novel mechanism whereby connexin remodeling
may promote arrhythmogenesis.
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Fig. 20. Ratio change of connexin 45/ -actin for myocardial infarction mice after 4, 8 and 12
weeks MSCs, bone marrow mesenchymal stem cells; 2P < 0.01, vs. the normal area in the
same group; PP < 0.01, vs. the ischemic zone in the same group; <P < 0.01, vs. myocardial
infarction group (Zhao et al., 2009).

4.3.3 Possibility of formation of heteromeric gap junction channels in myocardial
infarction

Expression of multiple connexin isoforms induces the formation of hetero-multimeric gap
junction channels with distinct gating and permeability properties than their homo-
multimeric counterparts. Cx43 and Cx45 can form heterotypic channels that have unitary
conductances lower than those of homotypic Cx43 channels and that fail to pass the
fluorescent dye Lucifer yellow (Zhong et al., 2002; Moreno et al., 2002b; Moreno et al., 1995).
When Cx43-expressing ROS cells are transfected to coexpress Cx45, electrical coupling is
reduced even though Cx43 abundance, phosphorylation, and localization do not change
(Koval et al., 1995). Coexpression of Cx45 with Cx43 in HeLa cells reduced the number of
neighboring cells that were chemically coupled. Thus, increased Cx45 expression may
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reduce coupling and slow conduction or create microheterogeneities in coupling without
slowing macroscopic conduction (Yamada et al., 2003).

Previos studies showed that heterotypic combination of Cx45 and Cx43 in mammalian cell
lines impairs voltage gating of Cx43 and alters residual conductances, suggesting that
connexon interactions may play a distinct role in modulation of intercellular communication
(Elenes et al., 2001; Thomas et al., 2004). Cx43 and Cx45 formed heteromeric channels that
exhibit reduced single channel conductance compared with Cx43 homomeric channels
(Martinez et al., 2002). Our datas demonstrated colocalization of Cx45 and Cx43 in both
control and ischemic ventricular myocardium (Figure 21).

Not only do Cx45 and Cx43 form hybrid channels in vitro, colocalization of these connexins
in ventricular myocyte gap junctions provides and opportunity for hybrid channel
formation in vivo, where interaction between Cx45 and Cx43 in hybrid channels could alter
conductance states and gating responsiveness relative to the biophysical properties of
homotypic channels (Yamada et al., 2003; Moreno et al., 2004). Our dates further suggested
that enhanced expression of Cx45 in the ischemic heart occurs in junctions containing
reduced levels of Cx43, raising the intriguing possibility that the relative stoichiometries of
Cx45 and Cx43 within gap junctional plaques may be dramatically altered in the ischemic
heart (Zhao et al., 2009). The limitation for our study is that the colocalization data are
qualitative. In the absence of technological support of electrophysiologic confirmation of
hybrid gap junction channels connecting ventricular myocytes in vivo, we can only
speculate on the functional effects of increased Cx45 in the myocardial infarction heart.

Fig. 21. Colocalizations (white arrows) of Cx45 and Cx43 in ischemic ventricular
myocardium after 12 weeks in myocardial infarction mice by confocal microscopy
examination (Scale bar = 20pm).

4.3.4 Mitochondrial Cx43 in myocardial infarction

Although it is generally assumed that Cx43 is exclusively localized at the sarcolemma, Cx43
has been found recently at cardiomyocyte mitochondria linner and outer membrane (Boengler
et al., 2005; Rodriguez-Sinovas et al., 2006; Goubaeva et al., 2007). Boengler et al (Boengler et
al., 2005) presented evidence at first for the presence of Cx43 in mitochondria from mouse, rat,
pig and human left ventricular myocardium obtained from fluorescence-activated cell sorting
and western blot analyses, as well as confocal and immunoelectron microscopy (Figure 22).
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Fig. 22. Cultured mice atrial HL-1 cardiomyocytes were stained with antibodies against
Cx43 (red) and mitochondria (Ox-Phos Com plex II, green) and analyzed by confocal laser
scan microscopy. Merged image demonstrates colocalization as yellow po ints (arrows).
Additional ly, the phase contrast image was shown (Boengler et al., 2005).
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Fig. 23. Cx43 and translocase of the outer membrane 20 (Tom?20) protein level in mitochondria
isolated from left ventricular mycardium from young and aged mice. A: Western blot analysis
was performed on mitochondrial protein extracts from young (< 3 mo) and aged (> 13mo)
mice and on total right ventricular proteins (< 3 mo) for Na-K-ATPase and Cx43. Ponceau S
staining demonstrates equal protein loading. B: Western blot analysis was performed for
Tom?20 on mitochondrial protein extracts from young and aged mice and on total right
ventricular proteins. Ponceau S staining demonstrates equal protein loading. C: quantification
of the Cx43 and Tom20 immunoreactivity in mitochondria of young (<3 mo, n = 14) and aged
(> 13 mo, n = 10) mice normalized to Ponceau S staining. *P<0.05 vs. <3 mo (Boengler et al., 2007).

In Antonio et al (Rodriguez-Sinovas et al., 2006) study, treatment of isolated mitochondria
with digitonin resulted in a marked reduction of voltage dependent anion channel
immunoreactivity (VDA), whereas an adenine nucleotide transporter (ANT) specific signal
was detected by confocal laser scan microscopy. An observations, by using western blotting
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and immunofluorescence with anti-VDAC as a marker for the outer mitochondrial
membrane and with anti-ANT as a marker for the inner mitochondrial membrane,
confirmed that Cx43 was not only present in the inner and outer mitochondrial membrane,
but the mitochondrial Cx43 is phosphorylated (Goubaeva et al., 2007). Furthermore, with
progressing age, GJ and mitochondrial levels of Cx43 in ventricular and atrial tissue
homogenates are reduced. In mice hearts, sarcolemmal Cx43 content was reduced in aged (>
13 month) com pared with young (< 3 month). Also in mitochondria isolated from aged
mice left ventricular myocardium, western blot analysis indicated a 40% decrease in Cx43
content compared with mitochondria isolated from young mice hearts. The reduced levels
of Cx43 may contribute to the age-related loss of cardioprotection (Figure 23) (Boengler et
al., 2007).

There is very little research on the relationship between mitochondria connexin and
myocardial infarction until now, and Cx43 is the only connexin that has been found at
cardiomyocyte mitochondria. Recentlly, our data showed that Heptanol (a GJ blocker)
preconditioning protects myocardium from ischemia-reperfusion injury. The mechanism
may be related to increasing in mitochondrial membrane potential and attenuating the
decrease in mitochondria Cx43 expression induced by isehemia-reperfusion (Figure 24) (HE,
2009, 2010).
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Fig. 24. Western blotting (30 pg total protein / lane) shows the increase of Cx43 protein in
myoca rdial mitochondria in heptanol preconditioning on myocardial isehemia/reperfusion
injury of rabbits. A: expression of Cx43 protein detected by Western blotting; B: results of
the relative density of Cx43 protein; n = 3. “P<0.05 vs IR; *P< 0.05 vs sham (HE, 2009, 2010).

4.4 Electrophysiological consequences of gap junction remodeling

Reductions in intercellular coupling lead to slowing of impulse propagation and
amplification of the normal electrical heterogeneity within the ventricular myocardium.
Individually, each of these electrophysiological effects of uncoupling are predicted to favor
reentry, and together they may very well synergistically enhance arrhythmic risk (Kleber &
Rudy, 2004).

Anatomic evidence of GJ remodeling, typically documented by immunohistochemical
means, has been correlated with functional measures of aberrant cell-cell coupling such as
slowing of impulse propagation and changes in anisotropy, as well as arrhythmogenicity
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(Fishman, 2005). In the healing canine infarct model, areas of GJ remodeling characterized
by redistribution of Cx43 to lateral cell borders, correlates with the location of the central
common pathway of figure-of-eight reentrant circuits (Peters et al., 1997). Additionally,
junctional conductance of side-to-side coupled cells from the epicardial border zone is
markedly diminished (Yao et al., 2003).

What needs to be noted is that dysregulated connexin expression occurs as but one element
of a widespread remodeling process - one that in volves many of the ion-handling proteins
that regulate cardiac excitability (Fishman, 2005). Cardiac-specific Cx43 gene-targeted
mutant mice showed significant slowing of impulse propagation and despite the relatively
small mass of the murine ventricle, they all succumb to spontaneous or easily inducible
sustained ventricular tachyarrhythmias (Fishman, 2005). Moreover, optical mapping studies
suggest that most, if not all of these arrhythmias are due to reentry (Gutstein et al., 2001).

On the other hand, studies of several additional genetic models in which Cx43 expression is
modified are instructive, including the heteryzygous (Cx43+*/-) germline knockout mice,
chimeric (Cx43-/-/Cx43+/*) mice, as well as the recently described Cx43 O-CKO mice
(Guerrero et al., 1997). Taken together, data from these murine models suggest that in the
absence of additional pathologic stimuli, less widespread or more modest reductions in cell-
cell coupling are insufficient to support sustained ventricular arrhythmias (Fishman, 2005).
For example, Cx43 germline heterozygous mice subjected to myocardial infarction
reportedly have no increase in the frequency of spontaneous or inducible arrhythmias
compared to wildtype mice with infarcts (Betsuyaku, 2004). Moreover, the imposition of
ischemia in isolated-perfused hearts from Cx43*/- mice provokes only non-sustained
ventricular tachycardia (Lerner et al., 2000). Cx43 chimeric mice, which have relatively large
foci of uncoupled myocytes within the ventricle, display a substantial increase in
spontaneous PVCs and short runs of VT (Gutstein et al., 2005). The O-CKO mice only
develop inducible or spontaneous sustained VT when the anatomic extent of knockout is
marked, encompassing more than 60% of the myocardium (Danik et al., 2004). Thus, the
spatial extent and magnitude of uncoupling of Cx43 is likely to be insufficient to support the
development of sustained ventricular tachyarrhythmias in the absence of additional
pathologic pro-arrhythmic”hits” (Fishman, 2005).

4.5 Therapeutic Implications of gap junction remodeling after myocardial infarction
4.5.1 Pharmacological therapeutic implications

Pharmacology of GJ intercellular communication is still at its beginnings. Figure 26 shows a
schematic view of a gap junction channel as a target of pharmacology (Salameh & Dhein,
2005). Potential mechanisms controlling the level of intercellular communication in the heart
include regulation of connexin turnover (synthesis and degradation), cellular distribution
and phosphorylation. There are numerous data showing that some compounds can up-
regulate Cx43 via modulation either synthesis or degradation and enhance gap junctional
communication (Salameh & Dhein, 2005). Although many substances have effects on Gap
junction-mediated intercellular communication (GJMIC), there is a lack of powerful and
specific GJ blockers (Dhein, 1998, 2005).

Substances, such as AAP10 (Weng et al., 2002) or its derivative ZP123 (Xing et al., 2003), that
increase intercellular coupling have presented themselves as valuable new tools to
investigate the role of intercellular coupling in physiology and pathophysiology. It has been
shown that uncoupling correlates with the development of some types of arrhythmias, and
in several cases application of drugs that increase coupling has confirmed this role (Axelsen
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Fig. 26. Schematic view of a gap junction channel and its constituent component, the
connexin, as a target of pharmacology (Salameh & Dhein, 2005).

et al., 2007). Two recent studies showed (Haugan et al. 2005, Axelsen et al. 2007 (Haugan et
al., 2005; Axelsen et al., 2007) that an increase of gap junctional conductance by specific
peptide, rotigaptide, can prevent atrial conduction slowing or re-entrant ventricular
tachycardia in ischemic heart. Suppression of ischemia-induced dephosphorylation of
connexin seems to be one of the mechanisms involved. This mechanism was thought to be
involved in the antiarrhythmic effects of ischemic preconditioning (Schulz et al., 2007). On
the other hand, the reduction in gap junction communication that takes place during
ischemia has been regarded as a beneficial and protective measure (Garcia-Dorado et al.,
2004). Several investigators have examined the role of uncoupling GJ communication on
myocardial infarct size. Thus, pharmacological uncoupling of GJ communication with
nonselective uncouplers of GJ communication has been reported to reduce infarct size in
animal experiments. Addition of the GJ blocker heptanol at concentration has a marked
protective effect when applied at the time of reperfusion (Garcia-Dorado et al., 1997). Recent
studies analyzing the effect of GJ uncouplers when administered during reoxygenation or
reperfusion have consistently documented a reduction of necrosis (enzyme release or infarct
size) (Saltman et al., 2002; Sebbag et al., 2003). Besides, electrical uncoupling by heptanol
significantly lowers defibrillation threshold and dispersion of ventricular fibrillation cycle
length without altering refractoriness (Qi et al., 2003). Although the beneficial and protective
effort of GJ uncouplers delighted our researches, an important limitation is the lack of
specific, rapid, reversible, and safe inhibitors of GJ intercellular communication.

Modulation of GJ intercellular coupling may open interesting new therapeutic approaches
for a large number of diseases including myocardial infarction. However, in many respects,
we have not completely understood the complex networking and its long-term regulation.
This again underlines the need for in vivo and organbased models to evaluate the
possibilities of pharmacological approaches towards an acute or chronic modulation of gap
junctions. Moreover, the development of connexin- or organ specific gap junction modulator
drugs is a challenging task for pharmacologists.

4.5.2 Stem cell therapy

Stem cell transplantation has emerged as a potential treatment strategy for heart failure
secondary to acute or chronic ischaemic heart disease (Laflamme & Murry, 2005). But
currently two autologous cell types, namely bone marrow (BM) cells and skeletal myoblasts
(SMs), which were used in clinical trials in patients after myocardial infarction (Murry et al.,
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2005), seem to provide only modest improvement of contractile heart function (Janssens et al.,
2006) because neither BM cells (Murry et al., 2004) nor SMs (Reinecke et al., 2002) adopt a
cardiac cell fate or couple electrically with the host myocardium (Leobon et al., 2003; Murry et
al., 2004). Moreover, VT has been reported in several of the patients transplanted with SMs
(Hagege et al., 2006), raising concerns as to whether engraftment of cells enhances the risk of
VT, the most frequent cause of sudden death after myocardial infarction (Solomon et al., 2005;
Henkel et al., 2006). So it is very important to fully answer these two questions before cell or
stem cell therapy was proposed widely in clinic: whether cell or stem cell can differenciate into
cardiomyocytes? Whether cell or stem cell can form functional coupling with the host, which is
important for the physiological communication between cardiac myocytes?

A study (Virginijus et al., 2004) showed that human mesenchymal stem cells (hMSCs) can
express connexins and couple to one another via Cx43 and Cx40. In addition, they formed
functional gap junction channels with cells tranfected with Cx43, Cx40 or Cx45 as well as
canine ventricular cardiomyocytes. Those are the foundermantal conditions for mesenchymal
stem cells therapy for heart disease including myocardial infarction (see Figure 27).

Besides, another study (Wilhelm et al., 2007) showed that cardiomyocyte transplantation has
the potential to impart electrical stability to the injured heart, thereby markedly reducing the
major factor leading to sudden death. This protective effect was independent of the
documented modest augmentation of left ventricular function and was associated with
improved electrical coupling within the infarct by the engraftment of Cx43-expressing
embryonic cardiomyocytes (eCMs). This enhanced coupling reduced vulnerability to VT by
decreasing the incidence of conduction block within the infarct and/or by a modulatory
effect on border-zone cardiomyocytes. This study also found that expression of the cardiac
gap-junction protein Cx43 is the critical factor underlying augmented intercellular electrical
conduction and protection from arrhythmia, because engraftment of Cx43-expressing SMs
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Fig. 27. Identification of connexins in gap junctions of hMSCs Immunostaining of Cx43 (A),
Cx40 (B) and Cx45 (C). D, immunoblot analysis of Cx43 in canine ventricular myocytes and
hMSCs. Whole cell lysates (120pg) from ventricular cells or hMSCs were resolved by SDS,
transferred to membrans, and blotted with Cx43 antibodies. Migration of molecular weight
markers is indicated to the right of the blot (Virginijus et al., 2004).
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Fig. 28. d, Ventricular burst stimulation does not induce VT. Upper trace, surface ECG;
lower trace, His-level electrogram. e, EGFP-positive eCMs integrate into the infarct. f, EGFP
positive eCMs are striated (a-actinin staining, red) and are in direct contact with EGFP-
negative host cardiomyocytes. g, Cx43 staining (red) illustrates gap-junction formation
between engrafted EGFP-positive eCMs (arrows) and with native cardiomyocytes
(arrowheads). h, Summary of VT inducibility. Note strongly elevated susceptibility to VT
induction in shaminjected group (Sh) compared with control group; eCM engraftment
reduces VT inducibility compared with sham injection. Conversely, VT remains frequent
after transplantation of SMs, BM and cardiac myofibroblasts (cFib). i, Improvement of left
ventricular ejection fraction after eCM or SM transplantation. Numbers above bars indicate
n; error bars show s.d. Scale bar, 60 mm (e), 5 mm (f), and 11mm (g).

protected against VT induction (see Figure 28). Thus, cell therapy including stem cell
therapy in combination with Cx43 gene transfer represents a promising therapeutic strategy
to decrease the risk of potentially fatal arrhythmias in injured heart.

In our recently study on mice, Laser Scanning Confocal Microscope examination found that
DAPI-labeled MSCs distributed widely at the host ischemic zone and expressed Cx43.
Fluorescence PCR, Immunohistochemistry, Immunofluorescence and immuno-electron
microscope studies showed that Cx43 mRNA and Cx43 protein exprssions were statistically
higher in MSCs group compared to MI group; Cx45 mRNA and Cx45 protein expressions
were statistically lower in MSCs group compared to MI group (see Figure 29). We concluded
that MSCs transplantation, which could survive at the host ischemic zone and express Cx43,
can modulate the electrophysiological abnormality of myocardial infarction by up-regulating
Cx43 and down-regulating Cx45 both at Protein and mRNA levels. In a word, MSCs have the
plasticity of differentiating into cardiac muscle cell-like cells, which can modulate the
electrophysiological abnormality via regulation of Cx43 and Cx45 remodeling following with
myocardial infarction (Li et al., 2009b, 2010; Zhao et al., 2009, 2010).
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A

Fig. 29. A, Cx43 staining by FITC (green) at normal zones of ventricular myocardium. B,
Cx43 staining by FITC at ischemic zones of ventricular myocardium. C, Cx43 staining by
FITC at ischemic zones of ventricular myocardium after MSCs transplantation. D, Cx45
staining by TR (red) at normal zones of ventricular myocardium. E, Cx45 staining by TR at
ischemic zones of ventricular myocardium. F, Cx45 staining by TR at ischemic zones of
ventricular myocardium after MSCs transplantation.

5. Conclusions and perspective

In this chapter, we have presented mechanisms of sympathetic neural remodeling, electrical
remodeling and gap Junction remodeling, which closely relate to the electrophysiological
abnormality after myocardial infarction. Pathophysiological remodeling in myocardial
infarction is multifactorial and complex, which involves changes in the structure and function
of the myocardium. Although we anthropogenically divided the arrhythogenic mechamism of
myocardial infarction into three parts, we have emphasized the importance of
interrelationship among them which occurs at the cellular and molecular levels. Elucidating
the role of myocardial remodeling and its molecular underpinnings present opportunities for
the development of novel gene- and cell-based strategies as well as more pharmacotherapies.
Besides, the localization of Cx43 at mitochondria opens a new door for us to reveal the
cardioprotection against myocardial infarction. Stem cells, especially MSCs, give us a new
hope on the potential treatment strategy for reducing life-threatening post-infarct arrhythmias
and for heart failure secondary to acute or chronic ischaemic heart disease.
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