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SUMMARY
The work in this thesis is designed to investigate the role of oxidative stress on
connexin43 regulation in models of heart disease. Connexin43 is a crucial regulator of electrical
conduction in the heart. Decreased connexin43 has been implicated in the pathogenesis of
reentrant arrhythmias and sudden cardiac death. This thesis evaluates mechanisms underlying
connexin43 dysregulation. Specifically, it demonstrates that overproduction of reactive oxygen
species, a known consequence of many types of heart failure, can alter the scaffolding protein
caveolin-1, resulting in activation of the tyrosine kinase c-Src and dysregulation of connexin43.
Further, this work evaluates pharmacological therapies, including scavengers of reactive oxygen
species and inhibitors of c-Src, for their efficacy in preventing connexin43 dysregulation and
reducing arrhythmic risk.
Chapter I provides background information on arrhythmogenesis, describing details of
the cardiac conduction system, generation of an action potential, and molecular contributors to
electrical conduction in the myocardium. Chapter II investigates arrhythmogenesis following
myocardial infarction, specifically evaluating conduction changes secondary to connexin43
dysregulation and their contribution to arrhythmia. Connexin43 dysregulation is a well known
consequence of myocardial infarction and recent evidence has implicated c-Src as a regulator of
connexin43. Chapter II provides data on c-Src activation and its regulation of connexin43
following infarction and provides evidence that c-Src inhibition has beneficial effects on
connexin43 regulation.
The role of reactive oxygen species on connexin43 regulation is evaluated in Chapter
III. In this chapter, a transgenic mouse model of cardiac-specific angiotensin II overexpression
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SUMMARY (continued)
is used to evaluate the subtypes of reactive oxygen species that contribute to connexin43
dysregulation and arrhythmic risk. Pharmacological inhibitors and scavengers targeted to
specific sources of oxidative stress show that mitochondrial-specific reactive oxygen species
alone play a critical role in connexin43 regulation. Mitochondria-targeted antioxidant therapy
prevents c-Src activation in this model, protecting connexin43 and lowering the incidence of
arrhythmia.
Chapter IV investigates the role of caveolin-1 in c-Src regulation. Caveolin-1 has largely
been dismissed as a mediator of cardiac function. Data in chapter IV, however, implicates
caveolin-1 as a critical scaffolding protein involved in c-Src regulation in the heart. Further,
caveolin-1 is sensitive to mitochondrial reactive oxygen species production and provides a
mechanistic link between mitochondrial oxidative stress, c-Src activation, and connexin43
regulation. The role of caveolin-1 in the regulation of arrhythmia is evaluated in caveolin-1
knock-out mice and cardiac-specific angiotensin II overexpression mice.
Chapter V attempts to translate findings about mitochondrial reactive oxygen species and
caveolin-1 from transgenic and knock-out models into a mouse model of myocardial infarction.
Evidence is provided that supports the role of mitochondrial reactive oxygen species production,
alteration of caveolin-1, and c-Src activation in the regulation of connexin43 following
infarction. Despite the overlapping signaling cascades observed between transgenic and
infarction mouse models, however, mitochondrial targeted antioxidant therapy did not protect
connexin43 or lower the incidence of arrhythmia in this model. Consequences and alternatives
to mitochondrial antioxidant therapy are discussed in this chapter.
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Finally, chapter VI summarizes the findings in this thesis and analyzes the consequences
of this data. Collectively, the work in this thesis provides an argument supporting the role of
reactive oxygen species production in the disruption of caveolin-1, c-Src activation, and
connexin43 dysregulation. Most importantly, it supports the role of antioxidants and c-Src
inhibitors as potential pharmacological therapies for the protection of connexin43, which may
lower in incidence of arrhythmia and prevent sudden cardiac death.
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CHAPTER 1
INTRODUCTION
Arrhythmia Epidemiology
Sudden cardiac arrest (SCA) refers to the abrupt and unexpected cessation of cardiac
mechanical function, often attributable to electrical abnormalities in the heart (1). SCA is a
medical emergency, and if not treated immediately, lack of blood circulation due to SCA will
result in sudden cardiac death (SCD). In the United States, estimates of SCD predict a mortality
rate between 200,000 and 450,000 Americans per year (0.1-0.2% of the general population) (2).
A variety of cardiac abnormalities are known to contribute to SCD, including coronary artery
disease, left ventricular hypertrophy, congestive heart failure, inflammatory diseases, valvular
diseases, congenital heart defects, and genetic electrophysiological disorders, among others(1).
In Western countries, 80% of all SCD cases are estimated to be attributable to coronary artery
disease (1).
Despite the breadth of cardiac diseases that may lead to SCD, most SCD is attributable to
abnormal cardiac electrical activity, better known as an arrhythmia (3). Arrhythmias can be
broadly classified into two groups: bradyarrhythmia, in which the heart rate (HR) is too slow,
and tachyarrhythmia, in which the HR is too fast. In order to understand the pathology leading
to arrhythmia, it is important to first understand the mechanisms responsible for electrical
conduction in the normal heart.
Electrical Conduction in the Heart
The electrical conduction system of the heart is a collection of highly specialized muscle
tissue and conductive fibers that propagate current in a highly concerted fashion in order to
1

2

coordinate the cardiac cycle (Figure 1). Impulses are first generated by cardiac pacemaker cells
found in the sinoatrial (SA) node, a collection of spontaneously depolarizing cells lying at the
junction of the superior vena cava and the right atrium (4). The SA node typically depolarizes
60-100 times every minute and is responsible for determining the basal HR in healthy individuals
(5). Impulses generated in the SA node then pass through the right and left atria, causing
depolarization of atrial muscle and contraction of the atria. The wavefront of depolarizing
electrical activity then continues into the atrioventricular (AV) node, which sits between the atria
at the junction of the atrium and ventricle. The AV node conducts slowly, delaying the
wavefront such that blood leaving the atria has time to fill into the ventricles. Next, current
passes through the AV bundle and continues into the rapidly conducting bundle branches, which
run through the septum of the ventricles. Finally, current is dispersed into the ventricular tissue
via the Purkinje fibers, which carry the electrical impulse into the left ventricle (LV) and right
ventricle (RV), resulting in ventricular depolarization, contraction, and expulsion of blood.
The rate of cardiac impulse formation is determined by the rate of the fastest
spontaneously depolarizing cells in the heart conduction pathway. Typically, the SA node is the
location in the conduction system containing these cells, thereby determining the HR. In disease
states, however, pacemaker activity may be observed in other cells.

3

Figure 1. Conduction System of the Heart. Spontaneously depolarizing cells in the sinoatrial (SA) node generate
electrical impulses that travel through the atria to the atrioventricular (AV) node, then through the AV bundle,
bundle branches, and ventricular purkinje fibers.

4

Action Potentials
The conductive pathways that make up the cardiac conduction system are composed of
many individual cardiomyocytes, each of which must depolarize in a highly coordinated manner
in order to propagate current. A complex system of ionic currents regulates the electrical
potential of each individual cardiomyocyte. Collectively, the changes in potential within the cell
because of ionic currents are known as the cardiac action potential. The pattern of the cardiac
action potential is unique to every component of the cardiac conduction system.
A resting cardiomyocyte has a negative membrane potential, typically ranging from -85
to -95 mV. The membrane potential is maintained by various ionic gradients. The largest
contributor to the resting membrane potential is the high concentration of K+ ions intracellularly.
When a resting cardiomyocyte is electrically stimulated, the cardiac action potential is produced,
and the cell is transiently depolarized. The electrical stimulus must be greater than the cell’s
threshold voltage for the depolarization event to occur (6).
The cardiac action potential can be divided into four phases (Figure 2). Phase 0 is
characterized by rapid depolarization, attributable to the fast influx of Na+ ions (INa) that quickly
depolarizes the cardiomyocyte (7). Afterwards, in phase 1, there is an immediate partial
repolarization of the cell because of the transient outward K+ current (Ito). In phase 2, known as
the plateau phase, Ca++ ion (ICa) influx counters the K+ efflux, maintaining a constant voltage
near the fully depolarized state. Phase 3 is characterized by continued K+ efflux via the delayed
rectifier K+ channel (IKr) that repolarizes the cell to its resting membrane potential. Finally,
phase 4, the resting phase, is mediated by the inward rectifier K+ channel (IK1).

5

Figure 2. Action Potential Typical of Ventricular Muscle. Rapid Na+ ion influx during phase 0 results in
cardiomyocyte depolarization and action potential initiation. K+ ions move outward in phase 1 to partially
repolarize the cell. In phase 2, Ca++ ion influx balances K+ ion efflux, creating a plateau phase. This plateau
contributes to the absolute refractive period, during which the cell cannot undergo a second action potential, and a
relative refractory period, during which the cell may undergo a second action potential but only in the presence of a
supernormal depolarizing voltage. Phase 3 is characterized by continued K+ ion efflux, which returns the
cardiomyocyte to resting membrane potential. Finally, in phase 4 the cardiomyocyte maintains resting membrane
potential by K+ regulation until the next depolarization event occurs. The total recovery time of an action potential
is typically 200-300 ms for ventricular cardiomyocytes, but varies according to location in the conduction system.

The duration and magnitude of each phase of the action potential varies among the
different components of the cardiac conduction system(4). For example, the action potential
duration (APD) is typically 200-300 ms in ventricular muscle, as seen in Figure 2, while as short
as 100 ms in the atria (8). The variation of action potentials contributes to the different
conduction velocities (CV) observed through different parts of the cardiac conduction system.
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The summation of all the action potential voltages across one cardiac cycle is the basis of the
clinical electrocardiogram (ECG).
The most unusual action potential exists in the SA node. The SA node lacks phase 1 and
phase 2 as is typically observed throughout most of the cardiac electrical system (5).
Consequently, there is no plateau phase, resulting in a short APD. The SA node also contains a
non-specific ion channel with low unitary conductance that allows slow inward movement of
Na+ and K+ ions. This phase 4 Na+ and K+ current, coined “funny” current (If), is responsible for
the spontaneous depolarization of the SA node, distinguishing the SA node as the pacemaker of
the heart.
The longer APD seen in most cardiomyocytes is a consequence of phase 2, the plateau
phase, of the action potential. On account of the plateau phase (leading to the inactivation of
depolarizing channels), cardiomyocytes have a long refractory period following depolarization in
which the cells cannot depolarize again. This refractory period is essential for maintaining
unidirectional electrical flow through a series of cardiomyocytes, as current can only be
propagated in a single direction towards polarized cells, and not backwards to cells recently
depolarized. The absolute refractory period, which lasts into phase 3 of the action potential,
refers to the duration of time in which the cardiomyocyte cannot depolarize again under any
amount of stimulus. On a tissue level, this is also referred to as the effective refractory period
(ERP), in which no additional action potential can be evoked. The relative refractory period
occurs immediately following the absolute refractory period and represents a time period in
which the cell can be depolarized again, but only with a supernormal initiating stimulus (9).
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Mechanisms of Arrhythmias
Arrhythmias are abnormal heart rhythms attributable to disturbances in the cardiac
conduction system. Arrhythmias can broadly be divided into either bradyarrhythmia or
tachyarrhythmia depending upon HR.
Bradyarrhythmias can be further classified as either a (1) failure of electrical impulse
formation or (2) failure of electrical impulse propagation. An example of a failure of impulse
formation is sinus bradycardia, in which the SA node fails to spontaneously depolarize quickly.
A failure of impulse propagation occurs when there is an obstruction in the normal conduction
system, as is seen in an AV block. With AV block, which can be a complete or partial
obstruction, conduction is impaired through the AV node, separating atrial depolarization from
ventricular depolarization. A conduction component in the ventricles will take over ventricular
pacemaker activity(10).
Tachyarrhythmias can be further classified into errors in (1) automaticity, (2) triggered
activity, and (3) reentry.
Automaticity refers to the pacemaker status of the conduction system. Tachyarrhythmia
may occur if the pacemaker cells are depolarizing too quickly. Errors in the SA node may result
in an increased HR originating from the normal pacemaker cells, a condition known as sinus
tachycardia (4). If rapid spontaneous depolarization occurs at a non-SA node component of the
conduction system, this ectopic location may become the pacemaker of the heart. This may
occur in the Purkinje fibers following ischemia and reperfusion, resulting a tachyarrhythmia
originating from the ventricle (11).
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Triggered activity refers to a depolarization of a cardiomyocyte that is initiated by the
previous action potential occurring within the same cardiomyocyte. The cardiomyocyte does not
complete a phase 4 resting cycle before the second depolarization. Unlike automaticity
arrhythmias, triggered activity arrhythmias do not occur spontaneously, but require prior
depolarization to occur(4). Triggered activity arrhythmias can be classified as early
afterdepolarizations (EADs), in which the abnormal depolarization occurs during phase 2 or
phase 3 of the previous action potential, or delayed afterdepolarizations (DADs), in which the
abnormal depolarization occurs during phase 4. EADs and DADs have complex origins
attributable to abnormalities in ion shuttling, most notably calcium, during the action potential.
Both EADs and DADs are capable of depolarizing neighboring cells, resulting in either
retrograde or anterograde current propagation and severe arrhythmic consequences.
Finally, tachycardia may be attributed to a reentry circuit in the myocardium, which may
create a sustainable electrical circuit producing a prolonged arrhythmia. In a healthy heart, the
wavefront created by depolarizing cardiomyocytes only travels in an anterograde direction
through the cardiac conduction system. On account of the refractory period of cardiomyocytes,
current cannot move retrogradely until previous cardiomyocytes have passed their refractory
periods and may be depolarized again. Nevertheless, it is possible that an errant electrical circuit
can form such that the wavefront is directed back onto previously depolarized cardiomyocytes
following their refractory period but before the next sinus impulse begins (Figure 3).
Reentrant circuits require a variety of conditions to form (4, 12). First, there must be a
physical pathway that allows the wavefront to split into two divergent paths, allowing for a loop
to form. This pathway splitting can be due to anatomic variations in the heart or may be
secondary to scar formation after ischemia. Second, there must be a unidirectional block in one
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leg of the circuit such that current cannot be directed anterogradely, but only retrogradely (Figure
3C). Finally, the wavefront must move at an appropriate speed such that it passes through the
loop via the unidirectional block after previously depolarized tissue has passed its ERP but
before the next sinus impulse. This condition is favored by slow conduction velocity (CV) (13).
Additionally, it is possible that a spiral wave form without the presence of two divergent paths,
creating a sustainable reentrant circuit without tissue obstruction.

Figure 3. Potential Development of a Reentrant Circuit. A) A propagating impulse (light blue) reaches nonconducting tissue (black), resulting in diverging pathways of current propagation. The paths converge without
incident. B) One divergent pathway reaches a bi-directional block, allowing for retrograde conduction that is
terminated without incident. C) A divergent pathway reaches a uni-directional block, resulting in termination of
current in the anterograde direction, but propagation of the current in the retrograde direction. This allows current
(dark blue) to excite cells surrounding the non-conducting tissue creating a reentrant circuit.
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Conduction Velocity
CV in the myocardium is dependent upon four major factors: (1) action potential
amplitude, (2) the rate of action potential depolarization (phase 0), (3) the threshold for action
potential initiation, and (4) the internal and external resistances about cardiomyocytes(16). In
the majority of the conduction system, the action potential amplitude and rate of depolarization is
almost entirely dependent upon the number and open probability of the sodium channels in the
cardiomyocyte’s plasma membrane. The threshold for action potential initiation refers to the
amount of voltage needed to stimulate an action potential, which is dependent upon a wide
variety of ion channel properties. Finally, the internal and external resistances, which are
dependent on a wide variety of factors including cell size, cell-cell coupling, and membrane
resistance, is the most important regulator of CV(16). Together, these factors describe the cable
properties of cellular conduction, as the highly complex conduction systems of the heart can be
compared to electrical conduction through a cable wire in a concept called cable theory (17).
High CVs are favored by action potentials that have high amplitudes, fast phase 0
depolarizations, and low thresholds. These properties occur in the presence of maximal Na+
current availability. The most important factor in CV determination, however, is resistivity (16).
Electrical resistance through a system of cardiomyocytes can be characterized as
transverse (across the width of the cardiomyocytes) or longitudinal (running the length of the
cardiomyocyte). High CVs are favored by high transverse resistance (preventing perpendicular
dispersion of current) and low intracellular longitudinal resistance (encouraging forward
conduction) (Figure 4). Longitudinal intercellular resistance is low between cardiomyocytes
because of the presence of ion-permeable channels known as gap junctions (9).
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Figure 4. Gap Junctions. Gap junctions create low resistance longitudinal channels between adjacent
cardiomyocytes, allowing for rapid transmission of ions and propagation of action potentials.

Gap Junctions
Gap junctions are selective ion channels that sit at the intercalated disc (the longitudinal
abutment of adjacent cardiomyocytes) along with the anchoring proteins known as fascia
adherens and desmosomes (18). Gap junctions allow a low resistance pathway between
cardiomyocytes by spanning the membranes of longitudinally adjacent cells though a small
proportion of gap junctions exist along transverse membrane borders (19, 20). Gap junctions are
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critical to cardiac development, growth, conduction, and response to injury. Acidosis and
elevated calcium levels can cause gap junctions to close, while ATP and phosphorylation events
can cause gap junctions to remain open (9, 21). In the presence of irreversible cell damage, as is
seen in myocardial ischemia, gap junctions may close entirely to protect neighboring cells(9).
Gap junctions are composed of two abutting channels, one present on each
cardiomyocyte that are individually known as connexons. Connexons are hexamers made up of
six protein subunits, known as connexins. Connexins have a variety of isoforms, which
determine the gap junction channel properties (9). Connexons may be composed of multiple
connexin isoforms (heterotypic) or a single isoform (homotypic).
Connexins
Twenty-one connexin isoforms have been identified across a variety of human
tissues(22). Four of these isoforms are present in the heart: connexin43 (Cx43), connexin40
(Cx40), connexin45 (Cx45), and connexin37 (Cx37), although Cx37 is not believed to play a
large role in cardiac conduction (23, 24). The connexin isoforms are named according to
theoretical molecular mass (25). All the cardiac connexin isoforms share a similar structure,
including four membrane-spanning domains, two extracellular loops, and cytoplasmic N- and Cterminal domains (26, 27). The C-terminal domain varies greatly between connexin isoforms,
and is believed to play a role in localization of connexin expression (28). The ratios of
expression of the connexin isoforms is varied throughout the components of the cardiac
conduction system, which contributes to varying CVs through different conduction system
components.
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Cx43 is the predominant isoform present in the heart; however, it is typically expressed
along with a combination of Cx40 and Cx45 that vary by location in the cardiac conduction
system. The SA and AV nodes express high levels of Cx45. The atria express a combination of
Cx40 and Cx43 (29, 30). The branch bundles contain an assortment of Cx40, Cx43, and Cx45
(18). In the ventricles, Cx43 is expressed almost exclusively (25, 31). Given the ventricles’
heavy reliance on Cx43 to form gap junctions and maintain current propagation, changes in
ventricular Cx43 expression are known to have drastic effects on ventricular CV (30). Poor
expression of Cx43 results in slowed CV, which promotes reentrant arrhythmia.
Connexin43
Cx43 has a short half-life, predicted to be as low as 1-2 hours (32), and undergoes
multiple regulatory events. The C-terminus appears to be the main regulatory domain for
localization of Cx43 and is required for organizing Cx43 at the intercalated disk (33). Greater
than 60% of detectable Cx43 lies at the intercalated disk (34) because of the affinity of its Cterminus to the tight junction ZO-1 (35, 36). The Postsynaptic density/Disks large/ZO-1 (PDZ)
binding domain of ZO-1 interacts directly with the C-terminus of Cx43, anchoring Cx43 to the
membrane for connexon assembly (33).
The C-terminus of Cx43 is also heavily regulated by phosphorylation events. A variety
of kinases, including protein kinase A (PKA), protein kinase C (PKC), mitogen-activated protein
kinase (MAPK), and cellular Src kinase (c-Src) have been implicated in the phosphorylation of
the C-terminus of Cx43 (37-40). These phosphorylation events are associated with a wide
variety of regulatory events, including Cx43 export and delivery to the plasma membrane,
formation into connexon hexamers, assembly of gap junctions, gap junction gating, and eventual
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protein degradation (41). Phosphorylation events can be identified by antibody detection or mass
spectrometry, however, the simplest way to identify phosphorylation status of Cx43 is to monitor
electrophoretic mobility of the protein (42-44). Decreased electrophoretic mobility on SDS gel
is associated with a high degree of Cx43 phosphorylation. The effects of phosphorylation on
Cx43 function are complex, but it can be broadly simplified that higher phosphorylation levels of
Cx43 are associated with more membrane-bound, stable Cx43 expression, while lower
phosphorylation levels of Cx43 are associated with immature, intracellular Cx43 (42, 45, 46).
Cx43 expression, localization, and phosphorylation are known to be altered in a variety
of disease states. In some diseases, Cx43 expression may be initially increased during the early
stage of cardiac disease (47), however, in the vast majority of heart disease Cx43 expression is
downregulated (48). Cx43 is often lateralized in disease states as well, such that Cx43 is not
expressed at the intercalated disc, but rather near the lateral walls of the cardiomyocyte, where
the protein is non-functional (19, 49). Regionally heterogeneous decreases in total Cx43
expression and Cx43 lateralization have been observed in human and animal models of
hypertrophic cardiomyopathy (50-52), dilated cardiomyopathy (51, 53, 54), and ischemic
cardiomyopathy (19, 55, 56).
The mechanisms underlying Cx43 remodeling are not well understood, but it is likely that
there are many regulators of Cx43 that can be implicated in its dysregulation. Decreased Cx43
expression may be a compensatory effect by the cells to limit cellular damage. Studies have
shown that low pH can cause decreased gap junction communication, potentially protecting
neighboring cells (57). Heterozygous knock-out mice expressing only 50% of normal Cx43
levels suffer less myocardial damage following myocardial infarction (MI), suggesting that
limited Cx43 may be acutely cardioprotective (58). Cx43 mRNA levels have been shown to be
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decreased in chronic heart disease, suggesting a potential transcriptional regulation of Cx43
during heart disease (57). Physical effects, such as tissue hypertrophy and increased tissue
fibrosis, can force adjoining cardiomyocytes to separate, disrupting connexon formation(48).
The most likely culprit behind Cx43 remodeling, however, appears to be the trafficking of Cx43
to and binding at the intercalated disk (57, 59). Post-translational modifications to Cx43 can
affect its localization to the intercalated disk and modifications of intercalated disk proteins, such
as ZO-1, can affect its stability (35, 36, 42, 57, 60, 61).
While no single signaling cascade can explain the changes to Cx43 transcription,
expression, activity, or stability following cardiac insult, a variety of broad therapeutic
interventions have demonstrated limited benefits in restoring Cx43 function (48). By restoring
Cx43 function, it is possible to raise CV and prevent reentrant arrhythmia. Animal heart failure
models have shown that treatment with estrogen and omega-3 fatty acids have both demonstrated
slight increases in Cx43 expression (62, 63). Additionally, treatment with diltiazem (a calcium
channel blocker) and atorvastatin (a HMG-CoA inhibitor for lowering cholesterol) have
demonstrated changes to Cx43 phosphorylation status (63, 64). It is important to note, however,
that these treatments often affect hypertrophy and fibrosis levels as well, and may not have a
direct role in restoring Cx43 function. Restoration of myocardial Cx43 by gene-therapy and cell
engraftment have both been shown to lower VT inducibility following MI (65, 66).
Perhaps the most clinically relevant therapy for improving Cx43 function involves
inhibition of renin-angiotensin system (RAS) signaling. RAS activation is associated with
increased risk of sudden death, while inhibitors of RAS, such as angiotensin converting enzyme
(ACE) inhibitors or angiotensin receptor blockers (ARB) lower that risk (67-69). ARB treatment
in a rat model of heart failure was shown decrease the proportion of lateralized Cx43 (49).
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Nevertheless, since ARB treatment also ameliorated hypertrophy in the model, it is not possible
to draw a direct link between RAS signaling and Cx43. Previous work in the Dudley laboratory
has focused on evaluating the relationship between RAS-signaling and Cx43 using a transgenic
mouse model featuring cardiac-specific RAS-activation, as will be discussed in Chapter II (70).
Discoveries from the cardiac-specific RAS-signaling model have provided novel therapeutic
opportunities that may be translatable to more clinically relevant cardiac pathologies, including
myocardial infarction.

CHAPTER II
C-SRC REGULATION OF CX43
Introduction
The relationship between RAS signaling and Cx43 remodeling was investigated using a
cardiac-specific ACE overexpression (ACE8/8) mouse model (70). ACE8/8 mice were created
using homologous recombination to replace a somatic ACE promoter with a cardiac-specific αMHC promoter, resulting in greatly increased ACE activity in the heart and reduced ACE
activity peripherally (71). As a result, ACE8/8 mice have elevated RAS signaling specific to the
heart, bypassing the influence of RAS on the vasculature. ACE8/8 homozygous mice have no
gross phenotype and have normal body weights, but live significantly shorter lives than
heterozygous ACE mice. ACE8/8 mice experience spontaneous ventricular tachycardia (VT)
and SCD despite lack of hypertension, ventricular hypertrophy, or ventricular fibrosis (71). VT
in ACE8/8 mice is attributable to low Cx43 expression, resulting in slowed CV and increased
arrhythmic risk. Cx43 expression can be partially restored by inhibiting RAS signaling by
treatment with an ACE inhibitor or ARB (70). These studies demonstrate a direct link in the
heart between elevated RAS, decreased Cx43, slowed CV, and VT. The signaling cascade
linking RAS to Cx43 regulation, however, is not clear.
One mechanism linking RAS signaling to Cx43 involves activation of a proto-oncogene
tyrosine-protein kinase named cellular-Src (c-Src). c-Src is a non-receptor tyrosine kinase of the
Src family of kinases that has been implicated in broad range of cellular activities, including
growth, differentiation, adhesion, and tumor genesis (72). c-Src has two tyrosine
phosphorylation sites critical to regulating its kinase activity (73). Phosphorylation of Tyr527 is
17
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associated with c-Src inactivation. Phosphorylation of c-Src at Tyr416, hereafter referred to as pSrc, is associated with c-Src activation (73). p-Src has a high binding affinity for the PDZ
binding domain of the scaffolding protein ZO-1 (35, 36, 60, 61, 74). p-Src’s affinity to ZO-1
may prevent or even displace Cx43 binding to the PDZ binding domain of ZO-1, causing Cx43
to be destabilized from the intercalated disk, resulting in the internalization and degradation of
Cx43 (60, 61, 75).
c-Src phosphorylation at Tyr416 has been shown to occur in the presence of reactive
oxygen species (ROS) and anoxia (57, 60, 76). p-Src has been implicated as a promoter of tumor
genesis in a wide variety of cancerous tissues, including cancers of colon, liver, lung, breast, and
pancreas (77).

p-Src inhibitors have been developed that have proven beneficial in slowing

tumor genesis by blocking c-Src phosphorylation at Tyr416 (78-82). One potent p-Src inhibitor,
[1-(1,1-dimtheylethyl)-1-(4-methylphenyl)-1H-pyrazolol[3,4-d]-pyrimidin-4-amine], also known
as PP1, has proven effective in inhibiting tumor genesis in vitro(81). Orally available p-Src
inhibitors, including AZD0530 (marketed as Saracatinib) are in clinical development and have
proven tolerable in human cancer studies (83, 84).
Since p-Src had already been shown to have negative effects on Cx43 stability at the gap
junction, p-Src inhibitors were evaluated for their therapeutic effect in restoring the RASinduced arrhythmogenic phenotype observed in ACE8/8 mice. p-Src levels were demonstrably
higher in ACE8/8 mice, likely attributable to increased ROS generation secondary to elevated
angiotensin in the model. PP1-treated mice, however, expressed p-Src at levels comparable to
wild type (WT) controls, suggesting that PP1 treatment can completely inhibit p-Src activation.
PP1 inhibition of p-Src was shown to restore Cx43 expression and CV in ACE8/8 mice, resulting
in fewer spontaneous arrhythmias and lower rates of sudden cardiac death (75). Given the clear
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benefits of p-Src inhibition on the ACE8/8 model, we sought to evaluate the benefits of p-Src
inhibition in a more clinically relevant model. Specifically, we investigated the role of p-Src
inhibition in a mouse model of MI.
Hypothesis
We hypothesized that p-Src inhibition would also prove anti-arrhythmic in a mouse
model of MI. In chronic ischemic heart disease (IHD) following MI, patients are at greatly
increased risk of VT and SCD (85, 86). Cx43 expression is known to be lower following MI,
resulting in slowed CV and increased risk of reentrant arrhythmias (15, 19, 86). IHD is also
associated with elevated RAS signaling, LV remodeling, and increased ROS production (87-91).
We tested the hypothesis that p-Src inhibition using PP1 or AZD0530 would ameliorate Cx43
degradation, increase CV, and decrease arrhythmic risk after MI.

Figure 5. Hypothesized Signaling Cascade Linking Myocardial Infarction (MI) to Sudden Cardiac Death
(SCD). We hypothesize that increased Renin-Angiotensin System (RAS) signaling and Left Ventricular (LV)
Remodeling causes increased production of Reactive Oxygen Species (ROS) and the activated tyrosine kinase p-Src,
resulting in decreased Connexin43(Cx43) and increased arrhythmic propensity.
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Methods
Animals
Twelve-week old male C57 Black mice were obtained from Charles River Laboratories
(Wilmington, MA).
Coronary Artery Ligation
Mice were anesthetized using vaporized isoflurane (Piramal, Bethelehem, PA) then
intubated and ventilated by positive pressure respirator (Harvard Apparatus, Holliston, MA). A
left thoracotomy was performed just lateral to the sternum to expose the heart. The pericardium
was removed, and an 8-0 monofilament suture (Ethicon, Somerville, NJ) was looped around the
proximal left anterior descending coronary artery. The suture was either knotted to induce
infarction or removed to serve as a sham surgery. The intercostal muscles, pectoralis muscle,
and skin were sutured using 5-0 monofilament suture (Ethicon) and the animal allowed to
recover under heat lamp. The mice were treated with bupornephrine twice daily and monitored
post-operatively for five days. The animal experiments were conducted according to the
National Institutes of Health Guide for Care and Use of Experimental Animals and were
approved by the University of Illinois Institutional Animal Care and Use Committee.
Treatments
Two weeks following surgery, MI mice were randomized into treatment groups with
either the Src inhibitor PP1 or the inactive analogue PP3 (PP3 = 1-phenyl-1H-pyrazolol[3,4-d]pyrimidin-4-amine) (Enzo Life Sciences, Farmingdale, NY). Mice were injected
intraperitoneally (InP) three times a week for two weeks at 1.5 mg/kg. Additionally, a separate
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group was treated with either saline or the Src family tyrosine kinase inhibitor AZD0530
(Selleck Chem, Houston, TX) at 25 mg/kg/day by gastric gavage. 24 sham, 42 PP3-, 49 PP1-, 12
saline-, and 12 AZD0530-treated mice were analyzed in this study.
Echocardiography
Echocardiography was performed as previously described (92). Briefly, mice were
anesthetized two- and four-weeks following surgery using isoflurane applied by a nose cone.
Transthoracic echocardiography was performed using the Vevo 770 high-resolution in vivo
imaging system (Visual Sonics, Toronto, Canada). HR was maintained around 500 bpm by
adjusting isoflurane concentration. M-mode and B-mode images were taken for at least 5 s along
the parasternal long axis and left ventricle short axis. Percent fractional shortening (FS) was
calculated as:
FS = 100× (LVEDd) − (LVESd) / (LVEDd)

(2.1)

where LVEDd = Left Ventricular End Diastolic diameter and where LVESd = Left Ventricular
End Systolic diameter.
Percent LV ejection fraction (EF) was calculated as:
EF = 100× [(7/2.4+LVEDd) ×LVEDd3] − [(7/2.4+LVESd) ×LVESd3]
/ [(7/2.4+LVEDd) ×LVEDd3]
MI animals were only included in the study if EF was less than 45%.

(2.2)
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Tissue Collection and Western Blots
Four weeks following surgery, mice were euthanized and hearts were excised. LV tissue
was dissected under microscope into scar, scar border, and distal ventricle regions. After
excision, the atria were removed and the ventricles were placed into a pre-chilled heart tissue
matrix (Zivic Instruments, Pittsburgh, PA) for dissection into 1-mm transverse sections.
Sections were then individually examined under dissection microscope and separated into scar,
scar border, and distal ventricle areas. Scar tissue was identified as blanched, necrotic tissue at
the anterior of the heart, consistent with a left anterior descending coronary artery occlusion.
The scar border was defined as up to 2 mm of viable tissue adjacent to the edge of the infarcted
tissue. Remaining viable tissue was considered distal ventricle. Tissue sections were kept on ice
throughout the dissection process. Tissues were prepared for Western blots as previously
described (75). Briefly, tissue samples were homogenized in lysis buffer and
protease/phosphatase inhibitor cocktail (Pierce, Rockford, IL) and normalized for protein
concentration by Lowry assay (BioRad Laboratories, Hercules, CA). Samples were separated on
gradient SDS-PAGE gels and transferred to nitrocellulose membranes. Membranes were
blocked in 5% bovine serum albumin (BSA) then incubated with antibodies against c-Src,
phosphorylated c-Src (Tyr416), and Cx43 (Cell Signaling, Danvers, MA) and normalized against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Santa Cruz Biotech, Santa Cruz, CA).
Membranes were then incubated in secondary anti-rabbit or anti-mouse antibodies (BioRad) and
developed using Western Lightning chemiluminescence kits (PerkinElmer, Waltham, MA) and
ChemiDoc XRS imaging system (BioRad). Images were analyzed using ImageJ software
(National Institutes of Health, Bethesda, MD).

23

Immunohistochemistry
Frozen tissues were sectioned and stained using primary antibodies directed against Cx43
(Santa Cruz Biotechnology), n-Cadherin (Life Technologies, Grand Island, NY), and
nitrotyrosine (Santa Cruz Biotechnology). Additional slides were stained with Masson’s
Trichrome (Thermo Scientific, Rockford, IL) for determining scar size as a percentage of total
circumference. Cross-sections were observed at the apical, mid, and basal myocardium for each
sample. Slides were fixed in formaldehyde, blocked, and then stained overnight. Anti-rabbit and
anti-mouse fluorescent antibodies were applied (Invitrogen, Eugene, OR). Slides were analyzed
using a Zeiss Axioskop microscope (Carl Zeiss, Inc., Thornwood, NY), and 40x magnification
images were taken of distal ventricle and scar border. Images were analyzed for fluorescence
intensity using Zeiss Zen software or for correlation coefficient using ImageJ and the JACoP
colocalization plug-in (93). Histology and imaging services were provided by the Research
Resources Center - Research Histology Core at the University of Illinois at Chicago. To
examine any alterations in Cx43 distribution (including lateralization) multiple images (≥6) were
acquired from Cx43 and n-Cadherin double-labeled slides prepared from each mouse and
examined using a Leica SP2 AOBS laser scanning confocal microscope in the Integrated
Microscopy Facility at the University of Chicago. The extent of colocalization of Cx43 and nCadherin were determined using the JACoP plug-in for ImageJ software.
Polymerase Chain Reaction
Total RNA was isolated using RNeasy Minikit (Qiagen, Valencia, CA) from frozen distal
ventricle tissue samples taken from sham, PP3-treated, and PP1-treated MI mice (n=5 per group).
Equal quantities of total RNA were used to generate cDNA using the High Capacity cDNA
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synthesis kit (Applied Biosystems, Carlsbad, CA), and quantitative PCR was performed using
Fast SYBR green chemistry (Applied Biosystems, Carlsbad, CA) on an ABI 7500 platform.
Primers were designed against mouse Cx43 (Cx43_F TACTTCAATGGCTGCTCCTCA and
Cx43_R GTAATTCGCCCAGTTTTGCTC) and hypoxanthine phosphoribosyltransferase
(HPRT) (HPRT_FAGGCCAGACTTTGTTGGATTT and HPRT_R
GGCTTTGTATTTGGCTTTTCC) using Primer3 plus software
(http://www.bioinformatics.nl/cgi-bin/primer3plus) and synthesized by MWG (Huntsville, AL).
HPRT acted as the housekeeping gene by which to normalize Cx43 and sodium channel cDNAs.
The 2−∆∆Ct method was used for relative quantification between groups.
Optical Mapping
Optical mapping studies were performed in 17 mice (7 PP1, 6 PP3 and 4 sham). Mice
were anaesthetized with a mixture of ketamine and xylazine and injected with heparin to prevent
thrombus formation. Hearts were rapidly excised through a midsternal incision, washed in
oxygenated (95% O2-5% CO2) modified Tyrodes solution [(in mM): 128.2 NaCl, 4.7 KCl, 1.19
NaH2PO4, 1.05 MgCl2, 1.3 CaCl2, 20.0 NaHCO3, and 11.1 glucose (pH 7.35 ± 0.05)], and then
retrogradely perfused via an aortic cannula at a constant pressure of 60 mmHg using a peristaltic
pump (Peri-Star, WPI, Sarasota, FL). The heart was placed then in custom-made optical mapping
chamber, attached to a pacing electrode and oriented so that the optical mapping field contained
infarcted tissue, infarct border zone and non-infarcted myocardium (Figure 3). After 10 min of
stabilization, hearts were stained with the voltage-sensitive dye RH-237, (Invitrogen, Carlsbad,
CA) and perfused with the excitation-contraction uncoupler blebbistatin (10µM, Tocris
Bioscience) to prevent motion artifacts. The heart was excited with a light source at an excitation
wavelength of 530 nm, and optical signals were recorded using a MiCAM Ultima-L CMOS
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camera (SciMedia) with high spatial (100 × 100 pixels) and temporal (1,000 frames/s) resolution
(emission filter >650nm). Optical action potential was recorded during sinus rhythm and during
ventricular pacing at a number of S1-S1 cycle lengths. Optical mapping data were processed and
analyzed offline as previously described (94).
Telemetry Monitoring
Sham, PP1-treated, and PP3-treated mice (n=4 per group) were implanted with ETA-F10
telemetry monitors (Data Sciences International, St. Paul, Minnesota). While anesthetized for
coronary artery ligation, a skin incision was made in the lower right abdomen, and a transmitter
was implanted subcutaneously. Two electrocardiographic leads were tunneled under the skin
and sutured near the right shoulder and left abdomen to create a lead II configuration. Signals
were recorded continuously for four weeks. Signals were evaluated for 10 minutes at 6:00,
12:00, 18:00, and 24:00 for presence of arrhythmia. HR calculations and cardiac rhythm
analysis was performed using LabChart 7 Pro (ADInstruments, Colorado Springs, CO).
Arrhythmia Inducibility
Mice were anesthetized using vaporized isoflurane then intubated and ventilated by
positive pressure respirator (Harvard Apparatus). The heart was exposed by piercing the
abdominal skin and muscle and cutting upwards through the diaphragm and ribs on either side of
the chest, then pulling back the chest wall. A bipolar 0.25 mm silver pacing electrode (Warner
Instruments, Hamden, CT) was placed on the base of the right ventricle. A STG1008 constantcurrent stimulator (Multi-channel Systems, Reutlingen, Germany) was used along with
MCStimulus software to burst pace the heart. Fifteen second burst pacing protocols of 4 V, 1 ms
square waves began at 80 ms intervals, and then were decreased by 5 ms iterations until
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arrhythmia was induced or the heart could only be captured at a 2:1 interval. Arrhythmias were
classified according to waveform morphology and number of unpaced arrhythmic beats. Nonsustained ventricular tachycardia (NSVT) was defined as 3-5 extra beats. Polymorphic
ventricular tachycardia (PMVT) was defined as 5+ extra beats with variations in morphology
between beats. Sustained monomorphic ventricular tachycardia (SMVT) was defined as
continuous tachycardia lasting 5 or more seconds with repetitive, single peaked waveforms.
ECG patterns were recorded and analyzed using LabChart 7 Pro (ADInstruments).
Statistical Analysis
Data are expressed as the mean ± standard error. Comparisons between groups were
evaluated using one-way ANOVA tests with Tukey post-hoc tests of significance in all figures
except Supplemental Figure 2, which employed a Kruskal-Wallis test to account for
heterogeneity of variance. Fisher exact tests were used to evaluate inducibility data. p ≤ 0.05
was considered significant. Statistical analysis was completed using Graphpad Prism 6 software
(San Diego, CA).
Results
LV Function and Scar Size after MI are Unaffected by p-Src Inhibition
Following coronary artery ligation, mice in both the PP1 and PP3 treatment groups
developed large anterior infarcts and decreased LV function (Figure 6, Table 1). There were no
differences in MI size by circumferential area (PP3: 35 ± 3 %, PP1: 34 ± 4%, p=ns) between
treatment groups as measured by Masson’s Trichrome staining. This suggests that p-Src
inhibition did not affect cell necrosis and scar formation. Echocardiography data, taken before
and after treatment, demonstrated decreased EF in both the PP3- and PP1-treated groups
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compared to shams. PP3- and PP1-treated mice had increased end systolic and diastolic volumes
as well as decreased FS compared to shams (Figure 6, Table 1). Treatment with PP1 did not
affect EF, FS, or volume measurements compared to the inactive PP3. The lack of difference
between treatment groups in infarct size and LV function implied that any arrhythmic changes
were not likely related to an influence on cell necrosis or LV function.
ECG data taken from telemetry analysis of all mouse groups showed no significant
changes in HR, R-R interval, or QT-interval between groups. QRS duration (QRSd) was
prolonged in PP3- and PP1-treated mice following MI (four weeks after MI, sham QRSd = 9 ± 1
ms, PP3 = 11 ± 1 ms, PP1 = 11 ± 1 ms), which is typical in IHD. QRSd was not changed
between treatment groups. MI mice did not experience SCD in the time period they were
evaluated.
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Figure 6. Echocardiography and Trichrome Staining in Sham and MI Mice. A) Representative long axis Bmode images (left) of sham and MI hearts (both PP3 and PP1 groups) demonstrating LV dilation following MI. Mmode images taken from short axis echocardiography (right) demonstrating decreased anterior wall motion
following MI. B) Representative Trichrome staining of sham and MI hearts, in which scar tissue stains blue and
muscle stains pink. Tissues from MI hearts were dissected into distal ventricle, scar, and scar border (105).

ROS Production after MI is Unaffected by p-Src Inhibition
ROS production, as measured by nitrotyrosine staining, was elevated comparably in both
the PP3- and PP1-treated MI groups as compared to sham (PP3 scar border: 172 ± 7 %
[p<0.0001], PP3 distal ventricle: 164 ± 10 % [p<0.0001], PP1 scar border: 163 ± 8 %
[p<0.0001], PP1 distal ventricle: 153 ± 7 % [p<0.001]). ROS production was unchanged
between PP3- and PP1-treated groups, suggesting that p-Src inhibition did not affect ROS
production following MI (Figure 7) (p=ns).
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Figure 7. Nitrotyrosine Staining and Quantification in Sham, PP3-treated MI, and PP1-treated MI Mice. A)
Representative images demonstrating nitrotyrosine staining on sham and MI animals (PP3 and PP1 groups, n=5 per
group) indicative of ROS production. ROS production is elevated following MI at the scar border and distal
ventricle. B) Quantification of ROS production in sham ventricle and at the distal ventricle and scar border of PP3and PP1-treated MI mice. ROS production is elevated in all MI groups, but is not affected by PP1 treatment (105).
**=p<0.01, ***=p<0.001
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TABLE 1. ECHOCARDIOGRAPHY, TELEMETRY DATA, AND SCAR SIZE IN SHAM, PP3-TREATED
MI, AND PP1-TREATED MI MICE. Echocardiography and telemetry data were collected before and after
treatment (two weeks and four weeks following MI, respectively). Infarct size by percentage was collected
following terminal experiments four weeks following treatment. *=p<0.05 vs. sham

Two weeks following MI:
Sham (n=24)

PP3 (n=42)

PP1 (n=49)

Ejection Fraction (%)

59 ± 1

38 ± 1*

38 ± 1*

End Systolic Volume (µL)

34 ± 2

84 ± 5*

78 ± 4*

End Diastolic Volume (µL)

79 ± 4

133 ± 6*

125 ± 5*

Stroke Volume (µL)

45 ± 3

49 ± 2

48 ± 2

Fractional Shortening (%)

29 ± 1

18 ± 1*

19 ± 1*

Heart Rate (bpm)

561 ± 24

579 ± 32

609 ± 40

RR-Interval (ms)

109 ± 2

106 ± 4

100 ± 2

QRS duration (ms)

8±1

10 ± 1*

10 ± 1

QT interval (ms)

20 ± 2

27 ± 2

25 ± 1

Four weeks following MI:
Ejection Fraction (%)

60 ± 2

38 ± 2*

38 ± 1*

End Systolic Volume (µL)

37 ± 4

90 ± 7*

87 ± 7*

End Diastolic Volume (µL)

91 ± 6

141 ± 8*

137 ± 9*

Stroke Volume (µL)

53 ± 2

52 ± 3

50 ± 3

Fractional Shortening (%)

32 ± 2

19 ± 1*

18 ± 1*

Heart Rate (bpm)

569 ± 30

587 ± 20

556 ± 26

RR-Interval (ms)

100 ± 2

105 ± 4

100 ± 2

QRS duration (ms)

9±1

11 ± 1*

11 ± 1*

QT interval (ms)

26 ± 2

29 ± 2

25 ± 2

35 ± 3

34 ± 4

Infarct Size (%)
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p-Src is Elevated Following MI and Inhibited by PP1 Treatment
PP1 treatment prevented c-Src activation in both regions of the heart following MI. At
the scar border of PP3-treated MI mice, p-Src expression was elevated to 280 ± 42% of sham
levels (p=0.003). The scar border of PP1-treated mice showed no significant change in p-Src
compared to sham (86 ± 16%, p=ns). In the distal ventricle of PP3-treated mice, p-Src
expression was increased by 346 ± 75% of that of sham mice (p<0.05). The distal ventricle of
PP1-treated mice had no change in p-Src compared to sham (94 ± 57%, p=ns). PP1 treatment
maintained p-Src at basal expression levels in both the scar border and distal ventricle (Figure 8).
p-Src Inhibition Prevents Cx43 Downregulation Following MI
Since gap junction proteins are reduced after MI and are major determinants of CV, we
measured Cx43 changes after MI with and without c-Src inhibition (Figure 8). In the scar border
of PP3-treated mice, Cx43 expression was reduced to 22 ± 3% of sham levels (p<0.0001). PP1
improved scar border Cx43 levels to 37 ± 4% of sham expression (p<0.0001). This change
represents a 69% increase in Cx43 expression attributable to c-Src inhibition (p<0.05). In the
distal ventricle, PP3 mice expressed 29 ± 6% of the Cx43 of sham mice (p<0.0001), while PP1
mice expressed 50 ± 4% of sham Cx43 (p<0.0001). PP1 mice had a 73% increase in distal
ventricle Cx43 compared to PP3 (p<0.05). Cx43 mRNA levels were not changed between sham
and PP3 groups in the distal ventricle (Figure 9). Immunohistochemical staining showed no
evidence of improvement in Cx43 lateralization with p-Src inhibition (Figure 10), suggesting
that redistribution of Cx43 was not a major cause of the Cx43 changes observed. PP1 treatment
raised Cx43 mRNA 129 ± 47% as compared to PP3 (p=ns), suggesting a possible beneficial
effect of PP1 on Cx43 transcription in addition to its effects on Cx43 degradation.
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Figure 8. p-Src Inhibition with PP1 Improves Cx43 Levels after MI. (A) Representative images of p-Src, Cx43,
and GAPDH Western blots. Cx43 blots are subcategorized into P0, P1, or P2 bands reflecting increasing levels of
phosphorylation. (B) Quantification of band intensity of p-Src and Cx43 normalized to GAPDH expression and
relative to sham expression levels (n=6 for sham, n=8 for PP3 and PP1 treated groups). (C) Distribution of Cx43
phosphorylation states according to treatment (105). *=p<0.05, **=p<0.01, ***=p<0.001
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Figure 9. Sodium Channel Expression and Cx43 mRNA Levels in Sham, PP3-treated MI, and PP1-treated
MI Mice. A) Sodium channel expression in the distal ventricle was unchanged between sham and MI groups (n=5
per group) B) mRNA levels of Cx43 were unchanged following MI with PP3 treatment, but there was nonsignificant elevation after PP1 treatment (p=ns compared to PP3, n=5 per group) (105).
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Figure 10. Fluorescent Imaging and Overlay Analysis of Cx43 and n-Cadherin in Sham, PP3-treated MI, and
PP1-treated MI Mice. A) Representative images of sham, PP3, and PP1 groups from distal ventricle tissue of Cx43
(red), n-Cadherin (green), and their colocalization (white). B) Quantification of Cx43 and n-Cadherin overlay using
by Pearson coefficient according to the JACOP colocalization analysis software. Colocalization is decreased in all
MI groups compared to sham, but there is no improvement in colocalization with PP1 treatment (n=5 per group)
(105). *=p<0.05
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p-Src Inhibition Improves Cx43 Phosphorylation Status Following MI
Ischemia is associated with dephosphorylation of Cx43 (95). Generally, higher degrees of
phosphorylation are associated with increased Cx43 function and with reduced electrophoretic
mobility on SDS gels (45). Cx43 mobility was evaluated in MI groups treated with PP3 and PP1
by categorizing bands as P0, P1, or P2 based on band migration as has been done before (Figure
8) (96). At the scar border, PP1 treated mice had significantly higher P2 (p<0.05) and P1
(p<0.01) band concentrations than PP3 treated mice, with no change in P0 expression (p=ns). In
the distal ventricle, the P2 band was elevated (p<0.01) compared to PP3, with no significant
changes in P1 (p=ns) or P0 (p=ns). This suggests that PP1 treatment enhanced Cx43
phosphorylation in both regions of the MI heart.
p-Src Inhibition Enhances Conduction Velocity Following MI
Regional CV was measured in sham, PP1, and PP3 groups via optical mapping. At a 160 ms
pacing cycle, CV was 47 ± 2 cm/s in sham ventricle. CV was reduced to 32 ± 2 cm/s in the scar
border of PP3-treated mice (p<0.01 compared to sham) and reduced only to 41 ± 2 cm/s in PP1treated mice (p<0.05 compared to sham). This represents a significant restoration of CV by PP1
treatment compared to PP3 (p<0.05). Comparable restoration of CV by PP1 was seen in the
distal ventricle at various cycle lengths (Figure 11). Sham hearts could not be consistently
captured at cycle lengths shorter than 140 ms. There were no significant changes in action
potential duration between groups and the changes in CV could not be explained by changes in
sodium channels, the other major determinant of CV. Sodium channel expression was evaluated
in sham and distal ventricle of PP3 and PP1-treated mice, and there were no significant changes
between any groups (Figure 9).
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Figure 11. p-Src Inhibition Improves Conduction Velocity after MI. (A) Representative images of activation
maps of sham (n=4), PP1- (n=7) and PP3-treated (n=6) mice. (B) Conduction velocities of PP1, PP3, and sham
mice at the distal ventricle and scar border. Sham mice could not be consistently captured at cycle lengths faster
than 140 ms (105). *=p<0.05, **=p<0.01
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p-Src Inhibition Reduces Arrhythmia Inducibility Following MI
p-Src inhibition reduced ventricular arrhythmia inducibility by epicardial burst pacing
(Figure 12). Ventricular burst pacing protocols demonstrated no inducibility in the sham group
(0 of 6 mice) and 71% inducibility in placebo-treated mice (12 of 17 mice). p-Src inhibition with
PP1 reduced inducibility of MI mice to 35% (6 of 17 mice; p<0.05 compared to PP3). ECGs
tracings including arrhythmias graded as non-sustained NSVT, PMVT, or SMVT were
considered inducible.
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Figure 12. p-Src Inhibition Reduces Arrhythmia Inducibility after MI. (A) Representative ECG at the
initiation of stimulus protocol. Stimulus artifacts are labeled as “Stim.” (B) Representative ECG patterns following
stimulus pacing. (C) The number of mice in each treatment arm that were inducible or not. NSVT, PMVT, and
SMVT stand for nonsustained VT, polymorphic VT, and sustained, monomorphic VT, respectively (105). *=p<0.05
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AZD0530 Prevents p-Src Activation and Cx43 Degradation Following MI
While PP1 has not been approved for human use, AZD0530, a clinically relevant p-Src
inhibitor, has already been proven safe in patients (84). Daily gavage administration of
AZD0530 showed prevention of p-Src activation and protection of Cx43 expression compared to
a saline-treated control group (Figure 13). p-Src expression was elevated in saline-treated mice
compared to sham levels at the scar border (335 ± 77 %, p<0.05) and distal ventricle (422 ±
92 %, p<0.01) but was normalized in AZD0530-treated mice (scar border: 135 ± 73 %, p=ns,
distal ventricle: 167 ± 91 %, p=ns).
In the scar border of saline-treated mice, Cx43 expression was reduced to 14 ± 1% of sham
levels (p<0.0001). AZD0530-treated mice had Cx43 levels at 59 ± 11% of sham expression
(p<0.05). This change represents a 321% increase in Cx43 expression attributable to c-Src
inhibition (p<0.001). In the distal ventricle, saline-treated mice expressed 31 ± 5% of the Cx43
of sham mice (p<0.001), while AZD0530-treated mice expressed 51 ± 4% of sham Cx43
(p<0.01). We did not find a significant change between saline and AZD0530-treated mice in
Cx43 expression (p=ns).
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Figure 13. AZD0530 Prevents p-Src Activation and Cx43 Degradation Following MI. c-Src inhibition with
AZD0530 improves Cx43 levels after MI. Graphs show the quantification of p-Src and Cx43 band intensities in
immunoblots (of homogenates from distal ventricle or scar border regions) after correction based on GAPDH levels
and normalization to sham expression levels (n=6 per group) (105). *=p<0.05, **=p<0.01, ***=p<0.001
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Discussion
MI and ischemic cardiomyopathy are associated with increased risk of SCD (85). This
increased risk of malignant arrhythmia is thought to be secondary to reduced CV with its
attendant increase in risk of reentry (19, 86). Conduction slowing has been shown to be worse at
the scar border and at least in part a result of Cx43 downregulation (19). In this work, we show
that p-Src inhibition lessened the reduction in Cx43, improved CV, and reduced arrhythmia
inducibility following MI. The effect of p-Src inhibition was independent of changes in ROS
production, fibrosis, EF, ECG parameters, APD, or sodium channel expression, suggesting a
direct relationship between p-Src activation and Cx43 regulation.
The effects of p-Src inhibition in MI were consistent with those seen in a model of RAS
activation, suggesting that inhibition of a signaling pathway activated by angiotensin II may
explain the effect of c-Src inhibitors (75). RAS activation has been associated with increased
ROS, and increased ROS production has been linked to c-Src phosphorylation in other models
(76, 97). Since p-Src inhibition affected Cx43 without affecting ROS, our data are consistent
with a model where increased ROS after MI activates c-Src resulting in Cx43 degradation and
decreased CV.
p-Src levels were significantly elevated, and Cx43 levels were reduced in both the scar
border and distal ventricle of the post-MI heart. Inhibition of p-Src using the inhibitors PP1 and
AZD0530 resulted in a return to near basal p-Src levels and increased Cx43 expression (Figure 8,
Figure 13). Previous work in Cx43 knockout and heterozygous mice has shown that half the
normal Cx43 expression is sufficient to support normal current propagation (98). In our model,
c-Src inhibition restored the gap junction protein to 50% in the distal ventricle of the PP1-treated
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MI groups and significantly raised expression at the scar border. Therefore, the improvement in
CV and the decrease in arrhythmia inducibility with p-Src inhibition were consistent with the
changes in Cx43 levels observed. Though Cx43 restoration was sufficient to explain the
beneficial effects after p-Src inhibition, the data suggest that there is an undiscovered, second
process preventing full restoration of Cx43 levels. Moreover, the data suggest that the processes
causing Cx43 degradation are evenly activated in the LV myocardium, rather than being
localized to the peri-infarct region.
We observed an increase in slowly migrating forms of Cx43 with p-Src inhibition. These
forms are commonly considered to represent increasingly phosphorylated Cx43 that have been
associated with increased gap junction function (42, 46). Specific phosphorylation sites on the
channel have various activities(46), and in this work, we did not evaluate changes in specific
Cx43 phosphorylation sites. Nevertheless, our data are consistent with previous findings that
increased Cx43 forms with decreased electrophoretic mobility are associated with enhanced gap
junction activity.
The mechanism linking p-Src inhibition to Cx43 regulation remains unclear. Previous
literature suggests that p-Src destabilizes Cx43 at the intercalated disk (35, 36, 42, 57, 60, 61),
resulting in Cx43 lateralization. We observed lateralization (as measured by n-Cadherin
colocalization, Figure 10) following MI in PP3-treated groups. However, the lateralization was
not improved following PP1 treatment. While this does not disprove previous works suggesting
p-Src/ZO-1 interaction as a regulator of Cx43 stability, it suggests that p-Src inhibition may
restore Cx43 levels through alternative means. For example, there is a strong trend suggesting
Cx43 mRNA levels are elevated following PP1 treatment (Figure 9), suggesting a potential
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transcriptional regulation at work. The mechanism by which p-Src inhibition affects Cx43
transcription has not been explored.
p-Src inhibition resulted in significantly elevated phosphorylation status of Cx43 (Figure 8).
This was not predicted based on previous works about p-Src/ZO-1 binding (35, 36, 42, 57, 60,
61). Phosphorylated Cx43 is typically considered more stable at the intercalated disk (21, 45,
99). Genetic alterations to specific Cx43 phosphorylation sites can alter its stability and
activity(96). The increased phosphorylation status of Cx43 is consistent with the increased CVs
observed in PP1 treated mice. Nevertheless, it is expected that increased phospho-Cx43 should
result in increased stability at the intercalated disk and lower lateralization, which was not
observed (Figure 10). Further, it is not clear whether increased phospho-Cx43 is a cause or a
result of increased gap junction activity. The mechanism linking p-Src inhibition to Cx43
phosphorylation remains unclear.
While PP1 is not a clinically relevant drug, AZD0530 has already been proven safe in phase
1 and 2 clinical trials (81-84). The efficacy of AZD0530 was similar to that of PP1 and suggests
that translation of these findings to trials in man may be achievable.
Limitations
This study focused on Cx43 regulation two to four weeks following MI. While we found
salutary effects of c-Src inhibition when starting the drug two weeks after MI, it remains to be
seen if starting c-Src inhibition immediately after MI would be advantageous. In a myocardial
cryoinjury model, treatment with a peptide mimetic of the Cx43 carboxy terminus immediately
following injury resulted in increased Cx43 phosphorylation and a lower incidence of inducible
arrhythmia (100). Conversely, limiting gap junction communication immediately following
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ischemia by using carbenoxolone or Cx43 heterozygous mice has shown a beneficial effect by
limiting the effects of ischemic damage that is spread via connexons(58, 101), suggesting an
initial benefit of Cx43 downregulation. A mouse with modified Cx43 preventing inactivation
has shown increased infarct size (102). Our study focused on the effects of PP1 treatment
beginning two weeks following MI. At this time point, the scar is beginning to mature and scar
size is likely not affected by PP1 treatment (103), consistent with our findings. Additionally, the
complication of acute effects of connexon changes pertaining to ischemic damage is avoided.
Long-term effects of c-Src inhibition have not been evaluated fully in humans. Recent work
has raised concerns about QT prolongation in animals treated with tyrosine kinase inhibitors
(104). We did not observe QT prolongation via telemetry analysis or significant increases in
action potential duration via optical mapping, but further study of repolarization may be
warranted in a larger animal.
Conclusions
Inhibition of p-Src following MI increases Cx43 expression, improves CV, and reduces
arrhythmia inducibility. p-Src inhibition does not affect ROS production, fibrosis, ejection
fraction, ECG parameters, action potential duration, or sodium channel expression, but has
beneficial effects on Cx43 expression and phospho-status. p-Src inhibition may represent a new
approach to arrhythmia reduction in ischemic cardiomyopathy.

CHAPTER III
MITOCHONDRIAL ROS AND C-SRC
Introduction
In Chapter II, we discussed the role of the tyrosine kinase c-Src in the regulation of Cx43
expression and activity. We demonstrated that the phosphorylated, active form of c-Src was
present following MI, consistent with previous data that demonstrated c-Src activation in a
mouse model of RAS activation (ACE8/8) (75, 105). We showed that pharmaceutical inhibition
of p-Src has positive effects on Cx43 regulation (75, 105). We demonstrated that ROS is
elevated following MI, which was also shown in ACE8/8 mice, and hypothesized that elevated
ROS is responsible for c-Src activation.
c-Src activation has been shown to occur in the presence of reactive oxygen species
(ROS) in multiple systems (57, 60, 76). ROS levels are known to be elevated in the presence of
RAS signaling and IHD (87-91). We hypothesized that ROS production was responsible for cSrc activation in the ACE8/8 model. Further, we hypothesized that antioxidant therapy could
prevent c-Src phosphorylation and protect Cx43 expression (106).
ROS refers to a broad family of reactive oxygen intermediates that includes superoxide
(O2-), hydroxyl radicals (OH-), hydrogen peroxide (H2O2), and peroxynitrite (ONOO-) (107).
ROS are short lived but highly reactive, capable of interacting with proteins and lipids and
inhibiting their function. ROS have been identified as contributors in an array of cardiac
diseases, including hypertension, coronary artery disease, and heart failure (108-111). Small
amounts of ROS are present in healthy tissue and have been implicated as signaling molecules,
but an overabundance of ROS has toxic effects on tissue function (107, 112).
45
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In order to prevent ROS accumulation and deleterious effects, mammalian tissues have
developed both enzymatic and nonenzymatic antioxidant defenses. The enzymatic defenses
include superoxide dismutases (SOD), catalase, glutathione peroxidase (GPx), and membranebound peroxidases (Figure 14) (113). The SOD enzymes include cytosolic copper/zinc
superoxide dismutase (Cu/ZnSOD), mitochondrial manganese superoxide dismutase (MnSOD),
and extracellular superoxide dismutases (ECSOD)(114). Superoxide dismutases catalyze the
conversion of O2- into oxygen and H2O2. Catalases and peroxidases break down H2O2.
Nonenzymatic defenses include the broad antioxidant scavengers vitamin E, vitamin C,
glutathione, nicotinamide adenine dinucleotide, and thioredoxin (115, 116). Treatment with
exogenous nonenzymatic antioxidants have been largely ineffective for affecting cardiac disease
(117).
Major contributors of ROS inside mammalian cells include the electron transport chain
(ETC) of the mitochondria, NADPH oxidase (NOX), uncoupled nitric oxide synthase (NOS),
and xanthine oxidase (XO) (Figure 14)(118). Mitochondria are major ROS producers in many
cells but are particularly important in the heart, as mitochondria make up 23% of human
myocardial volume (and 32% in mice) (119). In vitro studies suggest that 0.1-2% of electrons
that enters the ETC in the mitochondria contributes to superoxide production (120).
Mitochondrial ROS production can in turn spur the release of cytosolic ROS production through
a mechanism known as ROS-induced ROS release (121, 122). Given the prevalence of
mitochondria and volatility of mitochondrial ROS in the heart, the mitochondria may be the most
important source of cardiac ROS.
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Figure 14. ROS Sources and Antioxidants Inside the Cardiomyocyte. Sources of ROS include the electron
transport chain (ETC), NADPH oxidase (NOX), xanthine oxidase (XO), and uncoupled nitric oxide synthase (NOS).
These produce superoxide (O2-), hydrogen peroxide (H2O2), and peroxynitrite (ONOO-). Antioxidant enzymes
include manganese superoxide dismutase (MnSOD), copper/zinc superoxide dismutase (Cu/ZnSOD), extracellular
superoxide dismutase (ECSOD), catalase, and glutathione peroxidase (GPx).

Hypothesis
RAS signaling is known to cause increased ROS production (123). ROS production is
known to activate p-Src, which we have shown to lower Cx43, slow CV, and increase the risk of
SCD (57, 60, 75, 76, 105, 124). We, therefore, hypothesized that ROS inhibition would have a
positive impact on Cx43 regulation and lower the risk of arrhythmia.
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Figure 15. Hypothesized Signaling Cascade Linking Renin-Angiotensin System (RAS) Signaling to SCD
through Reactive Oxygen Species (ROS). Increased RAS is associated with increased ROS, which may be from
NADPH Oxidase (NOX), xanthine oxidase (XO), nitric oxide synthase (NOS), and mitochondria (Mito). Increased
ROS is associated with c-Src phosphorylation (p-Src), which we have demonstrated as a regulator of Connexin43
(Cx43).

We tested this hypothesis by inhibiting ROS production in ACE8/8 mice. We treated
mice with inhibitors of ROS sources and free radical scavengers that targeted specific types of
ROS inside the heart: apocynin (an inhibitor of NOX), L-NIO (an inhibitor of NOS), sepiapterin
(prevents NOS uncoupling), allopurinol (an inhibitor of XO), TEMPOL (a broad scavenger of
superoxide), and MitoTempo (a mitochondrial specific superoxide scavenger). Additionally,
ACE8/8 mice were crossed with P67 dominant negative mice (to impede NOX activity). Since
ACE8/8 mice experience spontaneous VT and SCD, we monitored survival of ACE8/8 mice in
the presence of these various treatment groups and then evaluated the effective antioxidants for
their role in Cx43 regulation.
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Methods
Animals
Male and female ACE8/8 mice were bred and compared to WT littermates. These mice
experience early SCD because of spontaneous VT (70, 75). Treatment of mice began at 4 weeks
of age and lasted until 6 weeks of age. Previous studies showed no differences in phenotype
between sexes.
Dominant negative P67 (P67DN) mice (Jackson Laboratory, Bar Harbor, ME) were crossed with
ACE8/8 mice to yield double transgenic mice. P67DN mice have an inactive P67 subunit of
NOX activity, resulting in reduced NOX activity in these mice (125).
Animal experiments were conducted according to National Institutes of Health Guide for the
Care and Use of Experimental Animals as approved by the Institutional Animal Care and Use
Committee of University of Illinois at Chicago.
Treatments
Four to six week old mice were divided into the following groups:
1. Wild type mice (n=10)
2. Untreated ACE8/8 mice (n=23)
3. ACE8/8 mice treated with Apocynin (4’-hydroxy-3’methoxyacetophenone, SigmaAldrich). Apocynin inhibits NOX activity (1.5 mmol/L in drinking water, n=8)
(126).
4. ACE8/8 x P67DN double transgenics. P67DN mice have inhibited NOX activity by
dysregulation of the P67 subunit of NOX (n=10) (125).
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5. ACE8/8 mice treated with L-NIO (N5-(1-iminoethyl)-L-ornithine dihydrochloride,
Sigma-Aldrich). L-NIO inhibits NOS activity (25mg/kg/d InP injections, n=10)
(127).
6. ACE8/8 mice treated with Sepiapterin (2-amino-7, 8-dihydro-6-(2S-hydroxy-1oxopropyl)-4(1H)-pteridinone, Sigma-Aldrich). Sepiapterin is a precursor to
tetrahydrobiopterin, which prevents eNOS uncoupling (5 mg/kg/d InP injections,
n=8) (128).
7. ACE8/8 mice treated with Allopurinol (1, 5-dihydro-4H-pyrazol [3, 4-d} pyrimidin4-one, Sigma-Aldrich). Allopurinol inhibits XO (1 mmol/L in drinking water, n=10)
(129).
8. ACE8/8 mice treated with TEMPOL (4-hydroxy-2, 2, 6, 6-tetramethylpiperidinyloxy,
Enzo Life Sciences). TEMPOL is a SOD mimetic that acts as a general superoxide
scavenger (2 mmol/L in drinking water, n=8) (130).
9. ACE8/8 mice treated with MitoTempo (2-(2, 2, 6, 6-tetramethylpiperidin-1-oxyl-4ylamino)-2-oxoethyl) triphenylphosphonium chloride, Enzo Life Sciences).
MitoTempo is a mitochondrial-specific SOD mimetic (0.7 mg/kg/d InP injections,
n=17) (131).
Survival Analysis
Survival was assessed every morning during the two week treatment period. KaplanMeier analysis and log rank tests were used to evaluate differences between treatment groups.
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Telemetry Monitoring
Telemetry ECG monitoring was performed as described in Chapter II. Untreated
ACE8/8 (n=5) and ACE8/8 tx MitoTempo (n=4) were followed for two weeks.
Arrhythmia Inducibility
WT (n=5), untreated ACE8/8 (n=10), and ACE8/8 tx MitoTempo (n=6) were evaluated
for arrhythmia inducibility following two weeks of treatment. Mice were anesthetized with
ketamine (100 mg/kg) and xylazine (5 mg/kg) and a jugular vein cut down was performed. A
1.1-F catheter with eight electrodes spaced 0.5 mm apart (EPR 800, Millar Instruments, Houston,
TX) was advanced through the internal jugular vein into the right ventricle. A constant voltage
stimulator (A320, World Precision Instruments, Sarasota, FL) was used to drive burst pacing
stimulation at descending cycle lengths with 100 to 30 ms intervals, as described in Chapter II.
An unpaced ECG tracing indicating three or more consecutive tachycardic ventricular beats
following burst pacing was considered VT.
Cardiomyocyte Isolation and Mitochondrial ROS Measurement
Cardiomyocytes were isolated from WT (n=3), untreated ACE8/8 (n=3), and ACE8/8 tx
MitoTempo groups (n=3). Hearts were excised from anesthetized mice (ketamine/xylazine) and
perfused with buffer (113 mM NaCl, 4.7 mM KCl, 0.6 mM Na2HPO4, 0.6 mM KH2PO4, 1.2 mM
MgSO4, 0.032 mM Phenol Red, 12 mM NaHCO3, 10 mM KHCO3, 10 mM HEPES, 30 mM
Taurine, 10 mM 2-3-butanedione monoxime) then digested with collagenase II (Worthington
Biochemical Co. Lakewood, NJ). Cardiomyocytes were then washed with control buffers (133.5
mM NaCl, 4 mM KCl, 1.2 mM Na2HPO4, 10 mM HEPES, 1.2 mM MgSO4) with serially
increasing Ca2+ concentrations (0.2, 0.5, and 1 mM). Myocytes were incubated in modified
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Eagle’s medium (MEM, 1% insulin–transferrin–selenium, 0.1% bovine serum albumin, 1% Lglutamine, and1% penicillin/streptomycin) in a 95% O2/5% CO2 incubator at 37 °C for 2 hours
(132).
Isolated cardiomyocytes were stained with 5 µM MitoSOX Red (A mitochondrial
specific marker of superoxide, Invitrogen) and 100 nM MitoTracker Green (A marker of
mitochondria) for 10 min at 37 °C. Cardiomyocytes were washed twice with warm MEM then
incubated for 10 min. Images were captured using a LSM510 META confocal microscope
(Zeiss) with argon laser excitation (488 and 514 nm) collected through a 560 nm long-pass filter.
A 63x water immersion objective was used to observe fluorescence. MitoSOX fluorescence was
recorded and normalized to mitochondrial volume as indicated by MitoTracker Green. ImageJ
(NIH) software was used for analysis.
Flow Cytometry Evaluation of Mitochondrial ROS
A Cyan ADP (Beckman Coulter, Brea, CA) flow cytometer was used for high-throughput
evaluation of mitochondrial ROS. Suspended, isolated cardiomyocytes in MEM (1 mL) from
WT (n=3), untreated ACE8/8 (n=3), and ACE8/8 tx MitoTempo groups (n=3) were stained with
5 µM MitoSOX Red and 100 nM MitoTracker Green. Cells were gated for size (forward scatter
and side scatter gating) to disregard cell debris. 488 nm and 514 nm lasers were used to excite
the dyes. 542 and 585 nm channels were used to evaluate fluorescence. Histograms were
generated representing mean intensity of MitoSOX and MitoTracker fluorescence.
Transmission Electron Microscopy
Isolated hearts from WT (n=3), untreated ACE8/8 (n=3), and ACE8/8 tx MitoTempo
groups (n=3) were washed with phosphate buffered saline (PBS) then fixed with electron
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microscopy (EM) grade 4% glutaraldehyde in 0.1 M cacodylate buffer. Fixed tissues were
incubated with 1% osmium tetroxide in cacodylate buffer for two hours and sectioned at 83 nm
thickness. Sections were placed on 200 mesh copper grids and stained with uranyl acetate and
lead citrate (Electron Microscopy Services, Hatfield, PA). Sections were observed using a JEM1220 Jeol transmission electron microscope (JEM, Peabody, MA) and image taken using a Gatan
Digital Micrograph (Gatan Microscopy, Plesanton, CA). EM images were taken by the
University of Illinois Central Microscopy Research Core Facility. Twenty images from each
sample were taken by the blinded operator. The area of mitochondria was evaluated and
mitochondrial damage was graded based on white area inside mitochondrial cristae as overlaid
on a 15 x 15 grid.
Western Blot Analysis
WT (n=5), untreated ACE8/8 (n=5), and ACE8/8 tx MitoTempo groups (n=5) were
evaluated for p-Src, Cx43, and GAPDH expression as described in Chapter II.
Immunohistochemistry
WT (n=4), untreated ACE8/8 (n=4), and ACE8/8 tx MitoTempo groups (n=4) were
evaluated for Cx43 as described in Chapter II. Additionally, sections were stained for AnnexinV (a marker of apoptosis, Abcam, Cambridge, MA). Sections were incubated with 1:100
dilution anti-Annexin V and stained and viewed as described in Chapter II.
Lucifer Yellow Dye Diffusion
WT (n=5), untreated ACE8/8 (n=5), and ACE8/8 tx MitoTempo groups (n=5) were
assessed for Cx43 function by tracking the movement of the gap junction-permeant fluorescent
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dye Lucifer Yellow (Sigma). Isolated hearts were washed and placed in PBS at 37 °C. A 27gauge needle was immediately used to puncture the anterior LV surface, and a drop of 0.5%
Lucifer Yellow and 0.5% Texas Red Dextran in 150nM LiCl was placed on the puncture site.
Lucifer Yellow can diffuse through adjacent cells via gap junctions, while Texas Red Dextran
can diffuse only through cells damaged by the puncture wound. After 15 min of incubation,
samples were fixed in 4% formaldehyde for 30 min, washed with PBS, and frozen in liquid
nitrogen. Frozen samples were cut into 14 µm sections on cryostat. Images were taken using
epifluorescent microscopy (Leica) and images were evaluated for Lucifer Yellow dispersion
corrected for Texas Red Dextran dispersion in longitudinal and transverse directions (133).
Statistical Analysis
Data are expressed as the mean ± standard error. Comparisons between groups were
evaluated using one-way ANOVA tests with Tukey post-hoc tests of significance (Figure 16-19).
Kaplan-Meier analysis was used to compare survival (Figure 16). The Fisher exact test for 2 x 2
tables was used to evaluate VT inducibility (Figure 17). p ≤ 0.05 was considered significant.
Student’s t-test was used to compare premature ventricular contractions (PVCs) between
ACE8/8 untreated and ACE8/8 tx MitoTempo (Table 2). Statistical analysis was completed
using Graphpad Prism 6 software.
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Results
Mitochondrial Antioxidant Therapy Prolongs ACE8/8 Life Expectancy
WT mice, ACE8/8 untreated mice, ACE8/8 x P67DN, and ACE 8/8 treated with L-NIO,
allopurinol, apocynin, sepiapterin, TEMPOL, and MitoTempo were evaluated for survival from
ages 4-6 weeks (Figure 16). WT mice experienced no SCD during the evaluation period,
demonstrating significantly prolonged life expectancy compared to ACE8/8 littermates. L-NIO,
allopurinol, apocynin, sepiapterin, and TEMPOL treatments, as well as P67DN x ACE8/8 double
transgenic mice, did not demonstrate any change in life expectancy compared to untreated
ACE8/8 mice. Daily treatment with the mitochondrial superoxide scavenger MitoTempo,
however, resulted in a significant prolongation of life expectancy over the two week evaluation
period (Figure 16). Twenty six percent of ACE8/8 mice survived the evaluation period, while
82% of ACE8/8 tx MitoTempo survived (Hazard ratio: 4.8, p<0.005).
Mitochondrial Antioxidant Therapy Lowers Arrhythmia Inducibility in ACE8/8 Mice
During in-vivo EP studies, 90 % (9 of 10) of ACE8/8 mice were inducible using burst
pacing protocols with decreasing cycle lengths. The mean pacing cycle for inducibility was 44
ms. ACE8/8 mice tx MitoTempo were only inducible in 17% (1 of 6) of mice at a cycle length
of 42 ms (p<0.05 compared to ACE8/8 mice). WT mice were not inducible (0 of 5) (Figure 17).
Telemetry monitoring of ACE8/8 mice and ACE8/8 tx MitoTempo demonstrated
significantly lower PVC’s following MitoTempo treatment (0.75 ± 0.22 vs. 4.4 ± 2.2 PVCs/min,
p < 0.05). Untreated ACE8/8 mice experienced spontaneous VT, while ACE8/8 mice tx
MitoTempo did not. There were no changes in ECG parameters (Table 2).
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Figure 16. Survival Analysis of ACE8/8 Treatment Groups. Wild type mice (n=10) have significantly
prolonged life expectancies compared to ACE8/8 mice (n=23). MitoTempo antioxidant treatment (n=17) was able
to significantly prolong life expectancy in ACE8/8 mice, while treatments with L-NIO (n=10), allopurinol (n=10),
apocynin (n=8), sepiapterin (n=8), TEMPOL (n=10), and P67DN x ACE8/8 double transgenics (n=10) did not
prolong life expectancy (106). *=p<0.05
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TABLE 2. TELEMETRY ANALYSIS OF ACE8/8 AND ACE8/8 TREATED MITOTEMPO MICE. ACE8/8
tx MitoTempo experienced significantly fewer premature ventricular contractions (PVCs) compared to untreated
ACE8/8 mice (n=4 per group). There was no change in PR interval (PR), heart rate (HR), QRS duration (QRSd),
corrected QT interval (QTc) or R-wave amplitude (Ramp) (106). *=p<0.05
PVCs/min

PR

HR

QRSd

QTc

Ramp

ACE8/8

4.42 ± 2.2

32 ± 1.8

545 ± 52

10 ± 1

69 ± 10

207 ± 110

ACE 8/8 tx
MitoTempo

0.75 ± 0.2 *

41 ± 4

587 ±63

13 ± 1

85 ±17

98 ± 45

Figure 17. Arrhythmia Inducibility in WT, ACE8/8, and ACE8/8 tx MitoTempo Mice. Surface traces from
Lead II of ECG as well as endocardial tracings are shown. WT mice experienced 0% inducibility (0 of 6), ACE8/8
had 90% inducibility (9 of 10), and ACE8/8 tx MitoTempo 17% (1 of 6, p<0.05 compared to ACE8/8).
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Mitochondrial Antioxidant Therapy Reduces Superoxide Production in ACE8/8 Mice
Mitochondrial superoxide production was evaluated using MitoSOX staining and flow
cytometry analysis on WT, ACE8/8, and ACE8/8 tx MitoTempo groups. ACE8/8 mice
produced 1.5-fold more mitochondrial superoxide than WT mice (p<0.05) (Figure 18).
MitoTempo treatment reduced mitochondrial superoxide levels to 1.1-fold of WT mice levels
(p=0.45). There was no change in mitochondrial volume as assessed by MitoTracker Green
staining.
Mitochondrial Antioxidant Therapy Reduces Mitochondrial Damage in ACE8/8 Mice
Mitochondria were examined by EM imaging in WT, ACE8/8, and ACE8/8 tx
MitoTempo groups. Quantification of mitochondrial area in relationship to total cell area
demonstrated no changes between groups, consistent with findings from MitoTracker Green
(Figure 19). ACE8/8 mice demonstrated significantly elevated mitochondrial damage as
measured by the presence of vacuous spaces inside cristae, which could be ameliorated by
MitoTempo treatment (WT damage 6.5 ± 3%, ACE 8/8 damage 15 ± 4% [p<0.05 compared to
WT], ACE8/8 tx MitoTempo 8.5 ± 3% [p=ns compared to WT]). Annexin V staining was
performed to evaluate apoptosis. There were no changes in Annexin V staining grossly between
the groups.
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Figure 18. MitoSOX and MitoTracker Staining and Flow Cytometry Quantification in WT, ACE8/8, and
ACE8/8 tx MitoTempo Mice. A) Representative confocal microscopy images showing MitoSOX and
MitoTracker Green staining in isolated cardiomyocytes for WT, ACE8/8, and ACE8/8 tx MitoTempo groups. B)
Representative histogram analysis of MitoSOX staining in isolated cardiomyocytes through flow cytometry. C)
Quantification of MitoSOX and MitoTracker Green flow cytometry data. Mitochondrial superoxide production as
measured by MitoSOX mean fluorescence intensity (MFI) is increased in ACE8/8 mice compared to WT groups and
can be reduced with MitoTempo treatments. Mitochondrial volume, as measured by MitoTracker Green staining, is
unchanged between groups (n=3 per group) (106). *=p<0.05
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Figure 19. Electron Microscopy Evaluation of Mitochondria in WT, ACE8/8, and ACE8/8 tx MitoTempo
Mice A) Electron microscope images taken from WT, ACE8/8, and ACE8/8 tx MitoTempo at 11600x
magnification. B) Magnified mitochondria (55600x) from panel A (highlighted in white). C) Quantification of
mitochondrial area and damage. Mitochondrial area is unchanged between groups. Mitochondrial damage is
elevated in ACE8/8 mice (p<0.05), but not in ACE8/8 tx MitoTempo (n=3 per group) (106). *=p<0.05
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Mitochondrial Antioxidant Therapy Restores Cx43 Expression in ACE8/8 Mice
Cx43 expression was evaluated by Western blot in WT, ACE8/8, and ACE8/8 tx
MitoTempo groups. ACE8/8 mice had 24% of Cx43 expression as compared to the WT groups
(P<0.05), while ACE8/8 tx MitoTempo mice had 62% expression (p<0.05 compared to ACE8/8,
p=ns compared to WT). p-Src expression was significantly elevated in ACE8/8 mice (132%
compared to WT, p<0.05) but reduced to basal levels with MitoTempo treatment (106% of WT,
p=ns, p<0.05 compared to ACE8/8) (Figure 20). Cx43 was visualized using
immunohistochemistry staining of longitudinal cardiomyocytes (Figure 20).
Mitochondrial Antioxidant Therapy Restores Gap Junction Activity in ACE8/8 Mice
Fluorescent dye diffusion was evaluated in WT, ACE8/8, and ACE8/8 tx MitoTempo
groups. Lucifer Yellow (LY) dye diffusion, which estimates gap junction channel activity, was
evaluated in isolated hearts by puncturing the ventricular wall and adding the dye. Wall damage
was normalize by tracking Texas Red Dextran (TRD) diffusion, a marker of cell death, and
subtracting TRD distance from LY distance (Figure 21). ACE8/8 dye diffusion was significantly
lower than the WT groups (69%, p<0.05) but restored with MitoTempo treatment (107%, p=ns
compared to WT, p<0.05 compared to ACE8/8).
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Figure 20. Cx43 and p-Src Expression in WT, ACE8/8, and ACE8/8 tx MitoTempo Mice. A) Representative
Western blot images for Cx43 and p-Src in WT, ACE8/8, and ACE8/8 tx MitoTempo groups. B) Quantification of
Western blot demonstrating decreased Cx43 in ACE8/8 compared to WT (p<0.05) that can be partially restored by
MitoTempo treatment (p<0.05 compared to ACE8/8). p-Src expression is increased in ACE8/8 mice compared to
WT (p<0.05) but returned to WT levels with MitoTempo treatment (p<0.05 compared to ACE8/8, p=ns compared to
WT). C) Immunohistochemistry staining demonstrating Cx43 expression at the gap junction in WT tissue,
decreased expression in ACE8/8 mice, and restored expression in ACE8/8 mice tx MitoTempo (n=5 per group)
(106). *=p<0.05
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Figure 21. Lucifer Yellow and Texas Red Dextran Dye Diffusion in WT, ACE8/8, and ACE8/8 tx MitoTempo
Mice. A) Representative images of Lucifer Yellow (LY), Texas Red Dextran (TRD), and merged images for WT,
ACE8/8, and ACE8/8 tx MitoTempo Groups. B) Quantification of LY spread minus TRD spread showing lower
diffusion in ACE8/8 mice (p<0.05 compared to WT) that is restored by MitoTempo treatment (p<0.05 compared to
ACE8/8, p=ns compared to WT, n=5 per group) (106). *=p<0.05
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Discussion
As discussed in Chapter 1, Cx43 is a critical regulator of cardiac CV. Slowed CV
secondary to low Cx43 expression provides the substrate for reentrant arrhythmia and SCD. We
have already shown that increased RAS activation in the ACE8/8 mouse model causes
significant reduction in Cx43 (70, 75). This work demonstrates that RAS-mediated
mitochondrial ROS production is at least partially responsible for the Cx43 degradation observed
in ACE8/8 mice. Further, we showed that inhibition of mitochondrial ROS via MitoTempo
treatment can ameliorate mitochondrial ROS production and decrease the incidence of SCD.
Inhibition of other sources of oxidative stress, including NOX, XO, depleted glutathione, and
uncoupled NOS, as well as treatment with a general superoxide scavenger, did not prolong
ACE8/8 life expectancy (Figure 16). We conclude that mitochondrial ROS is the critical ROS
source responsible for Cx43 dysregulation in the RAS-activated heart.
Increased ROS production has been implicated in arrhythmia in a variety of animal
models (105, 134-136). However, general ROS scavengers, including vitamins E and C, have
not shown notable cardiac benefits when given systemically in humans (117, 137). This paradox
was observed in our ACE8/8 antioxidant treatments as well. Treatment with TEMPOL, a
systemic drug that mimics SOD activity, did not prolong ACE8/8 life expectancy. Treatment
with MitoTempo, a mitochondrial-specific SOD mimetic, demonstrated substantial benefits to
life expectancy and Cx43 expression. These results highlight the importance of antioxidant
targeting to the source of ROS production, particularly concerning O2- production by the cardiac
mitochondria.
The link between RAS activation and mitochondrial ROS production remains unclear. It
has been shown the AngII receptors exist on the inner membrane of the mitochondria, suggesting
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a potential direct link (138, 139). Additionally, it is possible that NOX plays a role in RASmediated mitochondrial ROS production, despite the lack of efficacy of NOX inhibition in the
ACE8/8 mice. Recent work has implicated NOX as a major source of ROS production in the
presence of RAS signaling (140, 141). Our experiments demonstrated no benefit of NOX
inhibition on survival analysis in the ACE8/8 mice. Nevertheless, our studies focused on the
membrane bound isoforms of NOX, which can be inhibited by apocynin or P67DN mice(142).
A separate NOX isoform, NOX4, exists on the mitochondrial membrane, and is not dependent
on the P67 subunit and may not be inhibited by apocynin (143, 144). NOX4 may play a role in
mitochondrial ROS production in our model of RAS activation, making it difficult to rule out all
NOX isoforms as critical sources of ROS production in Cx43 regulation.
p-Src was elevated in the untreated ACE8/8 model, consistent with previous observations
in the ACE8/8 and ischemic mouse models (70, 105). We have previously established p-Src as a
regulator of Cx43 expression. MitoTempo treatment restored p-Src to basal expression levels in
the ACE8/8 mice, suggesting that the CV and anti-arrhythmia benefits observed in MitoTempo
treated mice are secondary, at least in part, to reduced p-Src activation, and that mitochondrial
ROS is an upstream mediator of p-Src activation.
Limitations
Cx43 may not be the only contributor to arrhythmogenesis affected by mitochondrial
ROS scavenging. As discussed in Chapter I, fibrosis, Na+ channel activity, and cell death may
all contribute to the CV consistent with the reentrant arrhythmias observed in ACE8/8 mice.
Previous studies have determined that there is no change in fibrosis or Na+ channel activity in
ACE8/8 mice, so it is unlikely that they are contributing to the observed changes following
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MitoTempo treatment. Annexin V staining confirmed that there were no changes in apoptotic
cell death between treatment groups, suggesting that Cx43 was the major contributor to restored
CV.
The effects of MitoTempo treatment on mitochondrial viability and energetics have not
been explored. We evaluated mitochondrial damage (Figure 19) by electron microscopy and
discovered that mitochondria were morphologically altered in ACE8/8 mice, and that
MitoTempo treatment protected against these changes. We have not, however, explored
mitochondrial ATP production or biogenesis in relation to mitochondrial ROS levels. Such
studies may be warranted in the future. Long-term effects of MitoTempo therapy have not been
evaluated.
Conclusions
RAS activation caused significant elevation of mitochondrial ROS production, which
could be ameliorated by mitochondrial antioxidant therapy. Elevated mitochondrial ROS
appeared to be a mediator of p-Src activation, resulting in Cx43 dysregulation, slowed CV, and
spontaneous SCD. Mitochondrial antioxidant therapy prevented p-Src activation, protecting
Cx43, restoring CV, and reducing the incidence of SCD. Mitochondrial antioxidant therapy may
be a novel mechanism for preventing arrhythmia in models of heart disease.

CHAPTER IV
CAVEOLIN-1 REGULATION OF C-SRC
Introduction
In Chapter II, we demonstrated that activated c-Src is a critical regulator of Cx43
following MI and in the presence of RAS activation. In Chapter III, we demonstrated that
scavengers of mitochondrial ROS are capable of preventing c-Src activation in the presence of
RAS activation, preventing Cx43 dysregulation. The link between mitochondrial ROS and c-Src
activation, however, remains unclear. We hypothesized that the scaffolding protein caveolin-1
(Cav1) may play a role in this link.
Caveolae are flask-shaped invaginations of the plasma membranes that play critical roles
in signal transduction and endocytosis (145, 146). Caveolins are a family of scaffolding proteins
required for caveolae formation and are involved in a variety of regulatory pathways. Caveolins
localize to caveolae and include three isoforms: Cav1, Cav2, and Cav3. Cav1 and Cav2 are
expressed in a wide assortment of human tissues with particularly high prevalence in endothelial
cells, fibroblasts (including cardiac fibroblasts), and smooth-muscle (147). Cav3 is expressed
only in skeletal and cardiac muscle (147). In cardiac muscle, Cav3 is widely believed to be the
dominant caveolin isoform involved in caveolae formation. Recent evidence, however, has
supported a critical role for Cav1 in cardiomyocyte signaling processes (148-150).
Genome wide association studies have linked mutations in the caveolin family proteins to
a variety of arrhythmic conditions (151-154). While many of these studies focused on Cav3,
commonly held as the dominant cardiac isoform, one study noted a strong correlation between a
Cav1 variant (rs3807989[A]) and prolonged PR interval, prolonged QRS, and increased
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arrhythmic risk(153). Although the mechanism linking the Cav1 mutation to increased
arrhythmic risk has not been explored, the prolonged PR and QRS intervals may suggest slowed
cardiac CV and warrant the investigation of Cx43.
Cav1 is a membrane bound scaffolding protein with N-terminal and C-terminal domains
facing inward towards the cytoplasm. The cytosolic N-terminal domain of Cav1 forms a
caveolin-scaffolding domain that can bind to caveolin-binding motifs found on a variety of
cytosolic signaling molecules (155). c-Src, the non-receptor tyrosine kinase discussed in
Chapters II and III, contains a caveolin-binding motif when it is in the inactive conformation.
Cav1 binds the inactive form of c-Src (Tyr527) but not the active form of c-Src (Try416) (155). It
has been shown that Cav1/c-Src interaction is dependent upon the coupling of an N-terminal
myristoyl moiety on c-Src to a palmitoylated Cys156 residue on Cav1 (156). When c-Src is
bound to Cav1, it remains in the inactive form. When c-Src/Cav1 interaction is disrupted,
however, c-Src can auto-phosphorylate (p-416), resulting in the active p-Src described in earlier
chapters.
Hypothesis
We hypothesized that c-Src/Cav1 interaction was modified in the ACE8/8 mouse,
allowing c-Src to become phosphorylated, and that the disruption of this interaction was
secondary to increased mitochondrial ROS production. Further, we hypothesized that Cav1
knock-out mice (Cav1-/-) would have persistent c-Src activation in the heart, resulting in Cx43
dysregulation through the mechanism discussed in Chapter II. We proposed the Cav1-/- model
would have slowed CV and a pro-arrhythmic phenotype on account of Cx43 dysregulation,
which could be mitigated by treatment with a c-Src inhibitor.

69

Figure 22. Hypothesized Signaling Cascade Linking Increased Mitochondrial Reactive Oxygen Species
(ROS) to Sudden Cardiac Death (SCD). Decreased binding of c-Src with Caveolin-1(Cav1) allows c-Src to autophosphorylate, resulting in activated p-Src, degraded Connexin43 (Cx43), and increased risk of SCD.

Methods
Animals
Cav1-/- mice were gifted by the Minshall laboratory of the University of Illinois at Chicago.
Cardiac tissues from Cav3-/- mice were gifted by the Patel laboratory of University of
California-San Diego. Adult Cav1-/- mice are viable, but reportedly demonstrate
hyperproliferative endothelium in the vasculature (157). Cav3-/- mice experience muscle
degeneration as early as 8 weeks of age but experience no differences in growth or movement
compared to WT littermates (158). ACE8/8 mice, as discussed in Chapter III, were also
evaluated. The genetic background of all transgenic animals was C57/Bl6. Age-matched WT
C57/Bl6 mice were used as controls. All experiments were conducted according to National
Institutes of Health Guide for the Care and Use of Experimental Animals as approved by the
Institutional Animal Care and Use Committee of University of Illinois at Chicago and the Rhode
Island Hospital Institutional Animal Care and Use Committee.
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Treatments
ACE8/8 mice were either untreated or treated with daily InP injections of the mitochondrialspecific antioxidant MitoTempo, as discussed in Chapter III. Cav1-/- mice were either untreated
or treated with InP injections the c-Src inhibitor PP1, as discussed in Chapter II, three times per
week. Treatments lasted for a total of two weeks. Cav1-/- mice were treated from 14-16 weeks
of age followed by terminal experiments. ACE8/8 mice were treated from 4-6 weeks of age
followed by terminal experiments.
Western Blot Analysis
Western blot analysis of p-Src, Cx43, and GAPDH expression from ventricular tissue
were completed as described in Chapter II (n=4 per group). Additionally, protein lysates were
evaluated with antibodies against c-Src, C-terminal Src kinase (CSK), and Tyr-14 p-Cav1 (Cell
Signaling), Cav1 and Cav3 (BD Biosciences, Santa Jose, CA), eNOS, p-eNOS, and nNOS (Santa
Cruz). GAPDH was used as a loading control. Cx43 phosphorylation was evaluated by
electrophoretic mobility as discussed in Chapter II.
Immunoprecipitation
Immunoprecipitation (IP) pull-down assays were performed using a magnetic IP kit
(Thermo Scientific). Protein (1 mg) taken from LV tissue lysates of ACE8/8 and WT mice were
incubated with antibodies for 10 µg against Cav1 and Cav3 overnight at 4º C (n=3 per group).
The immune complex was bound to protein A/G magnetic beads and collected using a magnetic
ring stand. Proteins that co-immunoprecipitated with Cav1 or Cav3 were eluted for Western blot
analysis. The amount of protein evaluated by Western blot was normalized to total amount of
Cav1 or Cav3 recovered from the IP kit.
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Immunohistochemistry
WT, untreated Cav1-/-, and Cav1-/- treated with PP1 (n=4 in each group) were fixed,
sectioned, and stained for Cx43 and N-Cadherin as described in Chapter II. A Nikon C1si
confocal microscope (Nikon Inc., Mellville NY) was used to take images. Nikon Elements
software was used to create images and iVision analysis software (BioVisions Technologies,
Exton, PA) was use to determine overlay analysis. Masson’s Trichrome staining was performed
as described in Chapter II.
Conduction Velocity
LV CVs were determined using Flex MEA analysis (n=6 per group). WT, Cav1-/untreated, and Cav1-/- treated with PP1 were placed in the supine position on a heating pad, then
anesthetized with isoflurane, and intubated and ventilated by positive pressure respirator
(Harvard Apparatus). An incision was performed laterally across the abdomen to expose the
diaphragm. The chest wall was pulled upward by the xyphoid process and an incision was
performed across the diaphragm. Ribs were then cut bilaterally, and the chest was pulled upward
to expose the heart. The pericardium was removed. A flexible 72 electrode Micro-Electrode
Array (Flex MEA, Multichannel Systems) was pressed against the mid-anterior LV epicardium.
A bipolar electrode was then placed against the RV and the heart was paced at a constant speed
(750 bpm). LV CV was assessed by analysis of activation maps recorded by Cardio 2D software
(Multichannel Systems).
Arrhythmia Inducibility
Arrhythmic inducibility was evaluated using similar procedures as described in Chapter
II. Briefly, a bipolar electrode placed against the RV epicardium was used to drive pacing
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protocols while arrhythmia was monitored from surface ECG tracings along leads I and II.
Whereas the mice in Chapter II were evaluated using burst pacing protocols, Cav1-/- mice were
evaluated using programmed stimulation protocols. Programmed stimulation involves the
pacing of the heart with a basic cycle length followed by administration of single, double, and
triple extrastimulus pulses of incrementally decreasing cycle lengths. Eight 4000 mV
extrasystoles at 60 ms intervals were used as the basic cycle lengths (S1), followed by a single
extrastimulus (S2) at 55 ms cycle length. The S2 cycle length was decreased in 5 ms intervals
until the refractory period. If the heart was non-inducible, pacing was restarted with S1, S2, and
S3 cycles following a similar incremental pattern. If the heart was still non-inducible, pacing
using S1, S2, S3, and S4 stimuli was completed. VT was defined as three or more consecutive
tachycardic beats following the final paced stimulus. Arrhythmia inducibility was evaluated in
WT (n=8), Cav1-/- (n=14), and Cav1-/- treated with PP1 (n=8).
Polymerase Chain Reaction
mRNA levels of Cx43 were evaluated and normalized to the housekeeper gene HPRT as
discussed in Chapter II.
Statistical Analysis
Data are expressed as the mean ± standard error. Comparisons between groups were
evaluated using one-way ANOVA tests with Tukey post-hoc tests of significance or Fisher’s
exact test. p ≤ 0.05 was considered significant. Statistical analysis was completed using
Graphpad Prism 6 software.
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Results
RAS Activation Does Not Affect Expression of CSK, Cav3, Cav1, or p-Cav1
In previous studies, we have demonstrated that p-Src is elevated and Cx43 downregulated
in a cardiac-restricted RAS-activation model named ACE8/8 (70). This data was replicated in
this experiment, demonstrating a 3.4 fold increase in p-Src (p<0.001) expression and a 77%
reduction in Cx43 expression (p<0.001) (Figure 23). We hypothesized that the increased p-Src
may be related to changes in Cav1, which has been shown to bind to and prevent the activation
of c-Src. Additionally, we explored changes to Cav3, CSK (which is able to phosphorylation cSrc at Tyr527), and phosphorylated Cav1 (p-Cav1, the activated form of Cav1). Expression levels
of CSK, Cav3, Cav1, and p-Cav1, however, were all unchanged in the ACE8/8 model.

Figure 23. Protein Expression of p-Src, Cx43, CSK, Cav3, Cav1, and p-Cav1 in WT and ACE8/8 Mice. A)
Representative Western blot images. B) Quantified Western blots normalized to GAPDH expression. p-Src is
significantly elevated and Cx43 significantly reduced in ACE8/8 mice, but all other proteins remain unchanged (n=3
per group) (165). * = p<0.05
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Cardiac c-Src Binds to Cav1, but Not Cav3. Cav1/c-Src Binding is Diminished
Following RAS Activation
c-Src could be immunoprecipated with an antibody against Cav1 in both WT and
ACE8/8 LV lysates, suggesting that Cav1 binds to c-Src in both models (Figure 24A). The
amount of c-Src precipitated, however, was significantly reduced (46%) in ACE8/8 mice
compared to WT (p<0.01) (Figure 24 A/B). This suggests less Cav1/c-Src interaction in the
ACE8/8 model. Cav3 could not be immunoprecipitated with an antibody against c-Src in WT or
ACE8/8 mice (Figure 24C). Similarly, c-Src could not be immunoprecipitated with an antibody
against Cav3 in WT mice (Figure 24D). These data suggest that there is no interaction between
c-Src and Cav3 in our mouse models.
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Figure 24. Immunoprecipation of c-Src with Cav1 and Cav3 in WT and ACE8/8 Mice. A) Antibodies against
Cav1 precipitated c-Src in WT mice, but less strongly in ACE8/8 mice. IB=immunoblot, indicating the antibody
used for imaging. IgG was used to demonstrate antibody specificity B) Quantification of c-Src/Cav1 density
normalized to total precipitated protein in WT and ACE8/8 mice (n=3 per group). C) c-Src antibodies failed to
precipitate Cav3 in WT and ACE8/8 mice (n=3 per group). D) Cav3 antibodies failed to precipitate c-Src in WT
mice (n=3 per group) (165). * = p<0.05

p-Src is Elevated and Cx43 Lowered in Cav1-/- Mice. PP1 Treatment Ameliorated p-Src
and Cx43 Changes
LV homogenates from WT, Cav1-/-, and Cav1-/- treated with PP1 mice were evaluated
for protein expression of p-Src, Cx43, and Cav1. GAPDH was used as a loading control. p-Src
was elevated 2.6 fold in Cav1-/- mice but was restored to near basal levels with PP1 treatment
(p<0.01). Cx43 was reduced by 52% in Cav1-/- mice, but completely restored with PP1
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treatment (p<0.01) (Figure 25 A/B). Cav1 was not present in Cav1-/- mice, as demonstrated by
Western blot (Figure 25A) and immunohistochemistry (Figure 26). Additionally, Cav3
homogenates were evaluated for p-Src, Cx43, and Cav3. p-Src and Cx43 were unchanged in
Cav3-/- despite total loss of Cav3 (Figure 25C).

Figure 25. Protein Expression of p-Src, Cx43, Cav1, and Cav3 in WT, Cav1-/-, Cav1-/- treated with PP1, and
Cav3-/- Mice. A) Representative Western blot demonstrating increased p-Src and decreased Cx43 in Cav1-/- mice
compared to WT. PP1 treatment ameliorated changes to p-Src and Cx43. Cav1 is not present in Cav1-/- mice (n=
per group). B) Quantification of Western blots normalized to GAPDH C) Representative Western demonstrating no
changes to p-Src or Cx43 in Cav3-/- mice, despite complete lack of Cav3 (n=3 per group) (165). * = p<0.05
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Figure 26. Immunohistochemistry Evaluation of Cav3 and Cav1 in WT and Cav1-/- Cardiomyocytes. Cav3
and Cav1 are both highly prevalent in WT mice, while Cav1 is absent in Cav1-/- mice (165).
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Conduction Velocity is Slowed in Cav1-/- Mice, but Restored with PP1 Treatment

WT, Cav1-/-, and Cav1-/- treated with PP1 mice were evaluated for epicardial LV CV
using Flex MEA analysis (Figure 27). WT mice had an average CV of 0.5 ± 0.09 cm/s, while
Cav1-/- mice had a significantly slowed CV of 0.35 ± 0.03 cm/s (p<0.05). Treatment with PP1
restored Cav1-/- CV to 0.43 ± 0.01 cm/s (p<0.05 compared to Cav1-/- mice).

Figure 27. Activation Maps and Conduction Velocities in WT, Cav1-/-, and Cav1-/- tx PP1 Mice. A)
Representative activation maps demonstrating time until depolarization across the MEA. Red colors indicate short
times (0ms) while blue colors indicate long times (5 ms). B) Quantification of conduction velocities by assessment
of activation maps demonstrating slowed velocity in Cav1-/- mice that is restored with PP1 treatment (n=6 per
group).*=p<0.05
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Cav1-/- Mice Have Higher Risk of Arrhythmia, which can be Abrogated by PP1 Treatment

WT, Cav1-/-, and Cav1-/- treated with PP1 mice were evaluated for arrhythmic
inducibility using programmed stimulation pacing protocols from the epicardial right ventricle.
Surface ECG was used to evaluate arrhythmia (Figure 28). None of the WT mice were inducible
(0 of 8 mice induced), while 79% of Cav1-/- mice could be induced into NSVT (11 of 14 mice
induced, p<0.05 compared to WT). PP1-treated Cav1-/- mice were non-inducible (0 of 8).

Figure 28. Arrhythmia Inducibility in WT, Cav1-/-, and Cav1-/- tx PP1 Mice. A) ECG tracings demonstrating
return to normal sinus rhythm (NSR) in WT and Cav1-/- mice and development of NSVT in Cav1-/- mice B)
Quantification of inducibility by group. 0% of WT mice were inducible (0 of 8), 79% of Cav1-/- mice (11 of 14),
and 0% of Cav1-/- tx PP1 (0 of 8) (165). *=p<0.05
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Loss of Cav1 Does Not Affect Cx43 Localization at the Gap Junction

To further evaluate changes to Cx43, we examined the localization of Cx43 to the gap
junction by analyzing Cx43 overlay with n-Cadherin, which is specific to the intercalated disk.
Overlay analysis was performed on images of immunofluorescent stains taken by confocal
microscopy. Ten images were evaluated from each animal, and 3 animals were evaluated per
treatment group. There was no change in overlay between WT, Cav1-/-, and Cav1-/- tx PP1
groups (Overlay: 79 ± 2 %, 80 ± 3 %, and 79 ± 3 %, respectively, Figure 29).
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Figure 29. Overlay of Cx43 and n-Cadherin in WT, Cav1-/-, and Cav1-/- tx PP1 Mice. A) Representative
images displaying immunofluorescence of Cx43, N-Cadherin, and merged images B) Quantification of overlay of
Cx43 onto N-Cadherin from merged images demonstrating no changes between groups (n=4 per group) (165).
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Loss of Cav1 Does Not Affect Cx43 Phosphorylation, Cx43 mRNA Levels, or Fibrosis

Cx43 phosphorylation status was evaluated according to electrophoretic mobility, as
discussed in Chapter II. There were no changes observable in unphosphorylated (P0), single
phosphorylated (P1), or double phosphorylated (P2) bands when normalized to total Cx43
expression (Figure 30A/B). Additionally, there was no change in Cx43 mRNA between WT,
Cav1-/-, and Cav1-/- tx PP1 (Figure 30C). Finally, there were no observable changes in
Masson’s Trichrome staining between WT and Cav1-/- mice, suggesting that Cav1-/- mice do
not develop fibrosis at the age they were evaluated (Figure 30D).
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Figure 30. Phosphorylation of Cx43, Cx43 mRNA Abundance, and Fibrosis Staining. A) Western blot
analysis of phospho-Cx43 by electrophoretic mobility in WT, Cav1-/-, and Cav1-/- tx PP1 groups (n=3 per group).
B) Quantification of phospho-Cx43 (P0, P1, and P2) normalized to total Cx43 reveals no changes between
phosphorylation status of Cx43. C) Quantification of Cx43 mRNA abundance demonstrating no change s between
groups (n=3 per group). D) Representative Masson’s Trichrome stains showing lack of fibrosis in WT and Cav1-/mice (n=4 per group) (165).
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MitoTempo Treatment Restores c-Src/Cav1 Interaction in ACE8/8 Mice

In Chapter III, we demonstrated that treatment with the mitochondrial antioxidant
MitoTempo can prevent p-Src activation and Cx43 dysregulation in the ACE8/8 mouse line. We
repeated these experiments (Figure 31A/B) to evaluate the role of Cav1 in these mice.
Consistent with previous results, we demonstrated that p-Src is elevated 3.5 fold in ACE8/8 mice
compared to WT (p<0.01) and Cx43 is reduced by 77% (p<0.05). MitoTempo caused a 65%
reduction in p-Src expression in ACE8/8 mice (p<0.01) and a 1.9 fold elevation of Cx43
(p<0.05) compared to untreated ACE8/8 mice. c-Src/Cav1 interaction is reduced in ACE8/8
mice, but can be restored to basal levels with MitoTempo treatment (Figure 31C/D).
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Figure 31. Protein Expression and IP assays in WT, ACE8/8, and ACE8/8 Treated MitoTempo Mice. A)
Representative Western blot analysis of p-Src, Cx43, and GAPDH B) Quantification of Western blots demonstrating
elevated p-Src in ACE8/8 mice that is reduced with MitoTempo treatment. Cx43 is reduced in ACE8/8 mice but
partially restored with MitoTempo treatment (n=4 per group). C) Representative immunoprecipitation (IP) assay
showing reduced c-Src/Cav1 interaction in ACE8/8 mice, restored by MitoTempo treatment. D) Quantification of
IP assay (n=3 per group) (165). ǂ=p<0.01,*=p<0.05

Discussion
We have already demonstrated in both ACE8/8 mice and MI mice that activation of c-Src
causes dysregulation of Cx43 and a pro-arrhythmic phenotype. In both models, PP1 treatment
caused inhibition of p-Src, resulting in restored Cx43 and lowered arrhythmic risk. Further, we

86

have demonstrated that p-Src activation is secondary to mitochondrial ROS production and that
treatment with a mitochondrial-specific antioxidant can prevent p-Src activation in ACE8/8
mice. In this chapter, we explored the role of Cav1 as a modulator of p-Src activation in
cardiomyocytes.
Cav1, a scaffolding protein involved in caveolae formation at the membrane, has been
linked to various electrical properties in the cardiomyocytes of the heart, including regulation of
K+ channels (159) and connexons (160), and has been broadly linked to arrhythmogenesis by
genome wide association studies (153). Cav1 has been shown to bind the inactive form of c-Src
directly, stabilizing c-Src and preventing c-Src’s activation (155). When c-Src is unbound in the
cytosol, it is capable of autophosphorylating, resulting in the activated p-Src form (155, 156).
We hypothesized that Cav1 was involved in the signaling cascade resulting in p-Src activation in
cardiomyocytes of the ACE8/8 mice.
Western blot analysis of ACE8/8 lysates demonstrated increased p-Src and lowered
Cx43, consistent with previous findings, but did not demonstrate changes to expression of total
Cav1, p-Cav1 (the activated form of Src), or CSK (c-terminal Src kinase, which has also been
implicated in c-Src activation. (Figure 23). IP assays, however, demonstrated lower binding of
c-Src to Cav1 in ACE8/8, suggesting that the c-Src/Cav1 interaction is weakened in the ACE8/8
mice (Figure 24). Since unbound c-Src is capable of autophosphorylating, we conclude that
decreased Cav1 scaffolding of c-Src and c-Src’s resultant activation via autophosphorylation is
the mechanism leading to increased p-Src in the ACE8/8 mice.
To further test this conclusion, we evaluated protein expression and conduction properties
of Cav1-/- mice. These mice have no gross cardiac phenotype at the age observed (14-16
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weeks). Western blot analysis revealed elevated p-Src and reduced Cx43 in the Cav1-/- mice.
Treatment with the p-Src inhibitor PP1 resulted in complete inhibition of p-Src activation and
total restoration of Cx43 expression (Figure 25). Consistent with Cx43 expression data, CV was
slowed in Cav1-/- mice, but could be restored with PP1 treatment (Figure 27). Cav1-/- were
highly inducible by programmed stimulation, while WT mice and Cav1-/- mice treated with PP1
could not be induced (Figure 28). Collectively, these data suggest that a lack of Cav1 in the
heart promotes an arrhythmogenic phenotype attributable to decreased Cx43 expression. The
complete reversal of phenotype with PP1 treatment strongly suggests that c-Src mediates the
Cx43 disruption. These data are consistent with the decreased c-Src/Cav1 interaction observed
in ACE8/8 mice.
It is commonly held that Cav3, not Cav1, is the dominant caveolin isoform in
cardiomocytes. Cav3-/- mice do not form caveolae in cardiomyocytes, while Cav1-/- do,
suggesting the Cav3 is the critical caveolin isoform for cardiac caveolae (161, 162). While some
have claimed that Cav1 does not exist in murine cardiomyocytes (161), our data demonstrate
Cav1’s presence in both whole LV tissue lystaes and isolated cardiomyocytes (Figures 25 and
26). There was no c-Src/Cav3 interaction observable by IP assay in ACE8/8 mice (Figure 24D),
and Cav3-/- cardiac tissue lysates did not demonstrate elevated p-Src or reduced Cx43 (Figure
25C). These data suggests that Cav1, not Cav3, mediates c-Src binding in the heart. It also
suggests a non-caveolae role of Cav1 in the regulation of c-Src based on previous findings that
Cav3-/- mice do not form caveolae (161, 162). Cav1’s role in non-caveolar signaling has been
observed in multiple systems (149, 163, 164).
c-Src/Cav1 binding appears to be inhibited in the presence of mitochondrial ROS. In
Chapter III, we demonstrated that mitochondrial ROS production is elevated in the ACE8/8
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model and that scavenging mitochondrial ROS by MitoTempo treatment mitigated the ACE8/8
arrhythmic phenotype. ACE8/8 were again treated with MitoTempo to investigate the role of
mitochondrial ROS on c-Src/Cav1 binding. Consistent with data in Chapter III, MitoTempo
treatment lowered p-Src activation and restored Cx43 in ACE8/8 mice. Additionally, c-Src/Cav1
binding, which is decreased in untreated ACE8/8 mice, was restored with MitoTempo treatment
(Figure 31). These findings suggest that mitochondrial ROS production promotes the disruption
of c-Src and Cav1. The mechanism behind this disruption was further evaluated by Yang et
al.(165). Cav1/c-Src interaction is dependent upon palmitoylation of Cys156 at the N-terminus of
Cav1. In the presence of mitochondrial ROS, Cys156 undergoes S-nitrosation, likely because of
increased activity of endothelial Nitric Oxide Synthase (eNOS) activity secondary to
mitochondrial ROS production (156, 165, 166, 166-168).
Finally, it is possible that the slowed CV observed in the Cav1-/- is attributable to
multiple mechanisms besides changes in Cx43 expression. As discussed in Chapter II,
phosphorylation status of Cx43 has been implicated in Cx43 stabilization, activity, and shuttling,
and may play an important role in CV. We did not, however, observe any changes in the ratios
of Cx43 phospho-states normalized to total Cx43 expression in any group (Figure 30 A/B).
Additionally, Cx43 localization inside the cell can affect its activity (59). Overlay analysis of
Cx43 with the gap junction specific protein n-Cadherin demonstrated no changes in Cx43
lateralization in any group (Figure 29). Additionally, there were no changes to Cx43 mRNA
levels (Figure 30C) and no observable fibrosis in the Cav1-/- mice (Figure 30D).
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Limitations
As discussed in Chapter I, many factors contribute to CV and arrhythmogenesis. This
project evaluated fibrosis and Cx43, two of the largest contributors to maintaining CV but did
not explore other ion channels. Studies of Cav1-/- mice have reported RV dysfunction
secondary to pulmonary hypertension suggesting potential cardiac complications in this model
(169). The presence of cardiac dysfunction could cause Cx43 dysregulation in a variety of
manners, including cardiac remodeling and cell stress. Nevertheless, we did not observe changes
grossly and were able to completely restore the Cav1-/- Cx43 changes with c-Src inhibition,
suggesting the c-Src is the major factor in regulating Cx43 in this model. Finally, as discussed in
Chapter III, the effects of MitoTempo treatment on mitochondrial performance have not been
evaluated and may be warranted.
Conclusions
Data presented in this chapter demonstrate the role of Cav1 as a regulator of c-Src
activation, providing further insight into the mechanism for c-Src phosphorylation and Cx43
dysregulation in the presence of mitochondrial ROS. c-Src/Cav1 binding is crucial for
maintaining inactive c-Src and may provide a therapeutic target that is potentially more specific
than broad c-Src inhibitors.

CHAPTER V
MITOCHONDRIAL ROS SCAVENGING FOLLOWING MI
Introduction
In Chapter II, we demonstrated that the increased p-Src activation and Cx43 reduction
observed in ACE8/8 mice was also present in the mouse MI model, and that inhibition of p-Src
had beneficial effects on Cx43 following ischemic injury. In Chapters III and IV, we explored
the mechanisms underlying p-Src activation, demonstrating that mitochondrial ROS production
and alterations to c-Src/Cav1 interaction result in p-Src’s activation in transgenic models.
Additionally, we demonstrated the beneficial effects of the mitochondrial-target antioxidant
MitoTempo on Cx43 expression and arrhythmogenesis in these models. In this chapter, we will
explore changes in mitochondrial ROS production and Cav1 and the effects of MitoTempo
therapy in the mouse MI model.
ROS production has been widely observed in the heart following MI in both animals and
humans (170-174), but data on mitochondrial-specific ROS are less prevalent (175). Animal
models of ischemia and ischemia-reperfusion injury have observed the presence of
mitochondrial-specific ROS generation acutely by spin-trapping techniques (176-179).
Additionally, increased mitochondrial ROS production has been observed in heart failure (180,
181) and aging (182, 183). Nevertheless, as discussed in Chapter III, systemic antioxidant
therapy has shown little benefit to cardiac performance when evaluated in human trials (117,
137). The effects of mitochondrial-targeted antioxidant therapy on cardiac pathology have not
been fully evaluated in humans.
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Multiple mitochondrial-target antioxidants have proven efficacious in animal models of
heart failure. MitoQ, an orally-available small molecule quinone that scavenges mitochondrial
ROS, has been shown to lessen the extent of injury in a cardiac ischemia-reperfusion model
(184) and attenuate cardiac hypertrophy (185). Szeto-Schiller peptides, mitochondrial-specific
small peptides that scavenge ROS, have been shown to lower cardiac ischemia-reperfusion
injury acutely (186). EUK-134, a salen derivative with scavenging properties akin to both
MnSOD and catalase, has also shown beneficial effects on cardiac ischemia-reperfusion injury
(187). These studies have all shown efficacy of mitochondrial-targeted antioxidant therapy
given preventatively or acutely following injury. Mitochondrial antioxidant therapy in chronic
injury has not been evaluated. Additionally, the role of mitochondrial antioxidant therapy on
electrophysiological parameters in an ischemic model has not been explored.
Hypothesis
We hypothesized that mitochondrial ROS is chronically elevated following MI and that
the increased mitochondrial ROS contributes to the p-Src activation and Cx43 degradation
observed in Chapter II. Additionally, we hypothesized that mitochondrial ROS disrupts cSrc/Cav1 interaction, as demonstrated in the ACE8/8 model in Chapter IV. Finally, we
hypothesized that treatment with the mitochondrial antioxidant, MitoTempo, would reduce
mitochondrial ROS in a chronic MI mouse model, reducing p-Src activation, restoring Cx43
expression, and preventing arrhythmia.
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Figure 32. Hypothesized Signaling Cascade linking Myocardial Infarction (MI) to Sudden Cardiac Death
(SCD). MI is associated with increased renin-angiotensin system (RAS) activity and left ventricular (LV)
remodeling, which is associated with increased mitochondrial reactive oxygen species (ROS) production.
Mitochondrial ROS can lower c-Src/Caveolin-1 (Cav1) interaction, resulting in c-Src activation (p-Src) and reduced
connexin43 (Cx43).

Methods
Animals
Twelve-week old male C57 Black mice were obtained from Charles River Laboratories.
Coronary Artery Ligation
Coronary artery ligation was performed to produce MI in mice as described in Chapter II.
Sham surgeries were performed to serve as controls. The animal experiments were conducted
according to the National Institutes of Health Guide for Care and Use of Experimental Animals
and were approved by the Rhode Island Hospital Institutional Animal Care and Use Committee.
Treatments
Two weeks following surgery, MI mice were randomized into either untreated or
MitoTempo treated groups. MitoTempo injections were given daily via InP injection (0.7
mg/kg/d). Sham mice were untreated.
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Echocardiography
Echocardiography was performed as previously described (92). Briefly, mice were
anesthetized two and four weeks following surgery using isoflurane applied by a nose cone.
Transthoracic echocardiography was performed using the Vevo 2100 high-resolution in vivo
imaging system (Visual Sonics, Toronto, Canada). HR was maintained around 500 bpm by
adjusting isoflurane concentration. M-mode and B-mode images were taken for at least 5 s along
the parasternal long axis and left ventricle short axis. LV EF and FS were calculated as
described in Chapter II. Additionally, short-axis images were used to measure LV wall
thickness, diameter, and volume at peak systolic and diastolic filling. Animals with EF > 45%
were not included in this study. Echocardiography was performed on sham (n=9), MI (n=10),
and MI tx MitoTempo groups (n=9).
Tissue Collection and Western Blots
Four weeks following surgery, animals were euthanized and hearts were extracted as
described in Chapter II. Tissue was dissected into scar, scar border, and distal ventricle.
Western blots for p-Src, Cx43, nitrotyrosine, and GAPDH were performed as described in
Chapter II. Additionally, c-Src was evaluated as described in Chapter IV. Sham tissue was
divided into anterior wall LV and lateral wall LV to compare to scar border and distal ventricle,
respectively, to account for regional variation in non-infarcted tissue. Analysis was performed
on sham (n=4), MI (n=6), and MI tx MitoTempo groups (n=6).
Immunoprecipitation
IP pull-down assays were performed as described in Chapter IV to evaluate c-Src/Cav1
interaction. Protein (1 mg) was taken from LV tissue lysates from the scar border in MI groups
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and anterior wall in the sham groups. Western blot analysis from IP lysates was used to evaluate
IP protein expression, as described in Chapter IV, on sham (n=3) and MI (n=3) groups.
Arrhythmia Inducibility
Mice were anesthetized and intubated before undergoing burst pacing protocols from the
RV, as described in Chapter II. Sham (n=4), MI (n=6), and MI tx MitoTempo (n=5) mice were
evaluated.
Cardiomyocyte Isolation
Cardiomyocytes were isolated for flow cytometry analysis as described in Chapter III.
During the Langendorff collagenase perfusion, tissues were identified as scar, scar border, or
distal ventricle zones according to the pallor of the scar tissue. Near the end of the isolation
procedure, the heart was dissected using forceps and surgical scissors to separate scar border and
distal ventricle zones of MI and MI tx MitoTempo mice (n=3 per group). Sham tissues were
separated into anterior wall and lateral wall (n=3). Collagenase dissociation was continued and
cardiomyocytes were isolated from each zone in separate dishes.
Flow Cytometry Evaluation of Mitochondrial ROS
A BD LSR II (BD Biosciences) flow cytometer, supported by the Rhode Island Hospital
Hematology/Oncology Flow Cytometry Core, was used for high-throughput evaluation of
mitochondrial ROS, mitochondrial volume, and cell survival. BD FACSDiva software was used
for data recording and analysis (BD Biosciences). Suspended, isolated cardiomyocytes (1 mL)
from WT (n=3), untreated MI (n=5), and MI treated with MitoTempo (n=5) were co-stained with
5 µM MitoSOX Red and 100 nM MitoTracker Green, as described in Chapter III. Cells were
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gated for size (forward scatter and side scatter gating) to disregard cell debris. A 488 nm
wavelength was used excite the dyes. Fluorescent 542 and 585 nm channels were used to
evaluate fluorescence. Separate suspensions were stained with propidium iodide (PI, Sigma, and
10µg/mL) and evaluated at 617 nm wavelength to measure for cell integrity. Five thousand gated
cells were recorded in each sample.
Statistical Analysis
Data are expressed as the mean ± standard error. Comparisons between groups were
evaluated using one-way ANOVA tests with Tukey post-hoc tests of significance, except for
evaluation of IP tissue (Figure 34), where a student’s t-test was employed. Fisher exact tests
were used to evaluate inducibility data. p ≤ 0.05 was considered significant. Statistical analysis
was completed using Graphpad Prism 6 software.
Results
MitoTempo Treatment Does Not Affect Systolic Function Following MI
Echocardiography was performed two- and four-weeks following MI (Table 3). Twoweeks following MI, all animals that underwent MI had reduced EF, elevated end systolic and
end diastolic volumes, and decreased FS compared to sham (p<0.05). Echocardiography was
repeated at four weeks following MI, allowing for two week treatment with MitoTempo. All MI
groups again demonstrated reduced EF, elevated end systolic and end diastolic volumes, and
decreased FS compared to sham (p<0.05), however, there were no observable differences
between untreated MI and MI treated with MitoTempo groups.
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Mitochondrial ROS is Elevated Following MI, but Ameliorated with MitoTempo
Treatment
Flow cytometry was performed to measure mitochondrial ROS production (MitoSOX
staining) and mitochondrial volume (MitoTracker staining) on isolated cardiomyocytes taken
from the scar border of MI mice and the anterior wall of sham mice. There were no significant
changes observed in MitoTracker measurements, indicating that mitochondrial volume was not
changed between groups. MitoSOX fluorescence, however, was elevated 1.47-fold in the scar
border of untreated MI mice compared to sham mice (p<0.01), suggesting that mitochondrial
ROS is elevated. MI mice treated with MitoTempo only had a 1.15-fold elevation in MitoSOX
staining, suggesting that MI mice treated with MitoTempo had lower mitochondrial ROS than
untreated MI mice (p=ns compared to sham, p<0.01 compared to untreated MI). Additionally,
there were no observable changes in PI staining between groups, suggesting that cardiomyocyte
viability was not altered.
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TABLE 3. ECHOCARDIOGRAPHY DATA ON SHAM, MI, AND MI TREATED MITOTEMPO MICE.
Echocardiography was performed two weeks following MI (before treatment began) and four weeks following MI
(after treatment was completed). MI and MI tx MitoTempo groups had significantly altered ejection fractions, end
systolic volume, end diastolic volumes, and fractional shortenings compared to sham mice at two and four weeks.
There were no changes between MI and MI tx MitoTempo groups. *=p<0.05

Two weeks following MI:
Sham

MI

MI tx MitoTempo

Ejection Fraction (%)

54 ± 1

34 ± 3*

36 ± 2*

End Systolic Volume (µL)

43 ± 3

93 ± 11*

88 ± 6*

End Diastolic Volume (µL)

94 ± 6

138 ± 13*

130 ± 7*

Stroke Volume (µL)

51 ± 3

45 ± 4

51 ± 3

Fractional Shortening (%)

28 ± 1

16 ± 2*

20 ± 1*

Four weeks following MI:
Ejection Fraction (%)

56 ± 2

34 ± 3*

34 ± 3*

End Systolic Volume (µL)

44 ± 3

97 ± 7*

97 ± 9*

End Diastolic Volume (µL)

99 ± 5

147 ± 8*

142 ± 9*

Stroke Volume (µL)

55 ± 2

50 ± 3

46 ± 3

Fractional Shortening (%)

29 ± 1

16 ± 1*

16 ± 1*
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Figure 33. Evaluation of Mitochondrial ROS in Sham, MI, and MI treated MitoTempo Mice A)
Representative flow cytometry histogram profiles demonstrating MitoSOX fluorescence from the anterior wall of
unstained and stained sham mice (n=3) and from the scar border of MI (n=5) and MI tx MitoTempo (MT, n=5)
mice. MitoSOX staining is measured by relative fluorescent units (RFUs). B) Quantification of mitochondrial ROS
production by MitoSOX staining demonstrating increased mitochondrial ROS in MI mice that is reduced with
MitoTempo treatment. There was no change in MitoTracker fluorescence, indicating no change in mitochondrial
volume between groups. **=p<0.01
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c-Src/Cav1 Interaction is Reduced Following MI
An IP assay was performed on sham and MI tissue to evaluate the interaction of c-Src
with Cav1. A Cav1 antibody was used to precipitate c-Src and was normalized to the total
amount of Cav1 precipitated. Western blot analysis of the precipitated samples demonstrated
that the MI mouse had only 58% of c-Src expression compared to sham mice (p<0.001),
indicating less c-Src/Cav1 interaction following infarct.

Figure 34. c-Src/Cav1 Interaction in Sham and MI Mice A) Representative Western blots demonstrating c-Src
and Cav1 expression in lysates following immunoprecipation (IP) with Cav1 (α-Cav1 IP). B) Quantification of cSrc immunoblot (IB) density normalized to Cav1 demonstrating less c-Src/Cav1 interaction following MI (n-3 per
group). ***=p<0.001
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p-Src is Elevated and Cx43 is Reduced Following MI. MitoTempo Treatment does not
Affect p-Src or Cx43 Levels
Homogenates from sham LV and scar border of MI and MI tx MitoTempo were
evaluated for protein expression of p-Src and Cx43 (Figure 35). GAPDH was evaluated as a
loading control. p-Src was elevated 2.45 fold in MI scar border compared to sham (p<0.01). MI
mice tx MitoTempo p-Src expression levels were 2.95 fold of sham mice (p<0.01 compared to
sham, p=ns compared to MI mice). Cx43 levels were reduced to 56% of sham levels in MI mice
(p<0.01) and 41% in MI tx MitoTempo mice (p<0.01 compared to sham, p=ns compared to MI).

Figure 35. p-Src and Cx43 Expression in Sham, MI, and MI treated MitoTempo Mice. A) Representative
Western blot analysis of p-Src, Cx43, and GAPDH B) Quantification of Western blots demonstrating elevated p-Src
in MI mice that is unaffected by MitoTempo treatment. Cx43 is reduced in MI mice and is not restored with
MitoTempo treatment (n=4 for sham, n=6 for MI and MI tx MT). *=p<0.05, **=p<0.01
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MitoTempo Treatment does not Affect Arrhythmia Inducibility Following MI
RV burst pacing was performed to evaluate arrhythmic inducibility in sham, MI, and MI
treated MitoTempo groups. No sham mice were inducible (0 of 4), while 83% of MI mice were
inducible (5 of 6, p<0.05 compared to sham). MitoTempo treatment did not affect arrhythmic
inducibility following MI (80% inducible, 4 of 5 mice, p<0.05 compared to sham mice, p=ns
compared to MI mice), suggesting that MitoTempo treatment does not lower the risk of
arrhythmia following MI.

Figure 36. Arrhythmia Inducibility in Sham, MI, and MI treated with MitoTempo Groups. Sham mice were
not inducible (0%, 0 of 4), while MI mice (83%, 5 of 6) and MI tx MitoTempo mice (80%, 4 of 5) were both highly
inducible. MitoTempo treatment failed to inhibit arrhythmogenesis following MI. *=p<0.05

102

MitoTempo Treatment Does Not Affect Nitrotyrosine Accumulation Following MI
Western blot analysis was performed to evaluate nitrotyrosine expression in sham, MI,
and MI treated MitoTempo groups. When normalized to GAPDH expression, nitrotyrosine
expression was elevated 1.96 fold in MI mice compared to sham (p<0.05) and 2.04 fold in MI
treated MitoTempo groups (p<0.05). There was no change between MI and MI treated
MitoTempo groups.

Figure 37. Nitrotyrosine Staining and Quantification in Sham, MI, and MI tx MT groups. A) Representative
Western blot analysis of nitrotyrosine and GAPDH B) Quantification of Western blots demonstrating elevated
nitrotyrosine in MI mice that is unaffected by MitoTempo (MT) treatment (n= per group). *=p<0.05
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Discussion
As hypothesized, mitochondrial ROS was elevated at the scar border four-weeks
following MI (Figure 33), which is consistent with observations of mitochondrial ROS in other
heart failure models (173, 174, 176-179). Daily treatment with MitoTempo prevented
mitochondrial ROS accumulation at the scar border, suggesting that chronic MitoTempo
treatment is capable of effectively scavenging mitochondrial ROS. The increased mitochondrial
ROS was independent of changes to mitochondrial volumes, as assessed by MitoTracker staining
(Figure 33).
MitoTempo treatment did not, however, affect systolic function following MI according
to echocardiography data (Table 3). Numerous studies have demonstrated beneficial effects of
mitochondrial antioxidant therapy following ischemia (184, 186, 187); however, these studies
have relied on pre-treatment or acute treatments following ischemia or ischemia/reperfusion and
seem to cause beneficial effects by lessening the size of scar. In this study, therapy did not begin
until two weeks following MI, allowing time for the scar to form before treatment is initiated, as
demonstrated in Chapter II. Mitochondrial antioxidant therapy given chronically after scar
formation, as performed in this study, did not appear to benefit systolic parameters.
c-Src/Cav1 interaction was decreased at the scar border of infarcted mice compared to
sham animals (Figure 34). This observation is consistent with data taken from ACE8/8 mice. As
discussed in Chapter IV, when c-Src is unbound from Cav1 it is able to autophosphorylate,
resulting in the activated p-Src conformation (156, 165). We have previously shown that cSrc/Cav1 interaction is reduced in the ACE8/8 mice, resulting in p-Src activation (Figure 31C).
MitoTempo treatment restored c-Src/Cav1 interaction and prevented p-Src activation in the
ACE8/8 mouse. Following MI, however, MitoTempo treatment did not prevent p-Src activation
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(Figure 35). Despite its efficacy in scavenging mitochondrial ROS following MI, MitoTempo
therapy was not sufficient to prevent p-Src activation.
Cx43 expression is lower following MI, consistent with findings in Chapter II. Cx43
expression in the MI mouse, however, was not rescued by MitoTempo therapy (Figure 35).
Similarly, untreated MI mice were highly inducible (Figure 36), but MitoTempo treatment did
not lower arrhythmic inducibility. We hypothesized that MitoTempo treatment would inhibit
mitochondrial ROS accumulation, preventing p-Src activation and Cx43 degradation and
preventing the proarrhythmic phenotype. While MitoTempo therapy did prevent mitochondrial
ROS formation, p-Src and Cx43 levels were unchanged from untreated MI mice and inducibility
was not affected.
The lack of efficacy of MitoTempo treatment following MI is counter to the effects
observed in the ACE8/8 mouse. Mitochondrial ROS inhibition alone was sufficient to prevent pSrc activation and subsequent Cx43 degradation in the ACE8/8 mouse. Following MI, however,
prevention of mitochondrial ROS accumulation was not sufficient to prevent p-Src activation.
This observation suggests that there is another mechanism at work following MI resulting in pSrc activation.
One possible mediator of p-Src activation following MI may be accumulation of other
ROS intermediates. To evaluate ROS accumulation more broadly, nitrotyrosine staining was
evaluated by Western blot analysis. Nitrotyrosine expression was elevated roughly two-fold in
the MI mice compared to sham. Nitrotyrosine levels in the MI treated with MitoTempo groups
were nearly identical to the untreated MI group, suggesting that MitoTempo therapy did not alter
total nitrotyrosine expression. Nitrotyrosine is a stable protein modification that is regarded as a

105

relatively specific indicator of ROS damage mediated by ONOO-, but can also be used as a more
general marker of ROS damage (188, 189). MitoTempo did not affect nitrotyrosine levels,
suggesting either that MitoTempo treatment was unable to lower total levels of oxidative stress,
despite the mitochondria’s substantial contribution to total ROS accumulation, or that
nitrotyrosine damage accrued before MitoTempo therapy began could not be reversed.
ROS intermediates besides mitochondrial superoxide have been implicated in the
activation of c-Src, particularly H2O2. H2O2 is known to be a potent activator of the c-Src, and
exogenous H2O2 is used to activate c-Src in many cell models (190, 191). Past studies have
shown that catalase and peroxidase activity, both of which mediate H2O2 removal, may be
reduced in ischemia and heart failure (192, 193), although these findings have been contested
(111, 194). Future experiments may be warranted to investigate particular ROS intermediate
production following MI and mitochondrial therapy. Additionally, multiple antioxidant
therapies, particularly combination SOD/catalase mimetic therapy (195, 196), may be warranted.
It is important to note, however, that MitoTempo antioxidant therapy was not completely
inefficacious in this model. As discussed in Chapter III, mitochondrial ROS has also been
implicated in a variety of other arrhythmic substrates, including Na+ channel dysregulation. In
experiments run in parallel to those reported in this chapter, Na+ current was evaluated in sham,
MI, and MI treated MitoTempo groups (197). Peak sodium current is reduced at the scar border
of MI mice, but restored to basal levels with MitoTempo treatment. These findings highlight
that MitoTempo does have pharmacological effects, as supported by flow cytometry analysis of
ROS production, but does not alter p-Src activation.
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Limitations
Various endpoints observed in other models, including measures of CV, scar size
variance, immunohistochemistry, and electron microscopy, were not pursued in this model given
MitoTempo’s failure to restore Cx43 following MI. While we do not anticipate changes in any
of these measurements, they may provide additional data to support our observations.
Additionally, it will be important to further evaluate various ROS species in this model in future
experiments. Information about various ROS intermediates may help explain the disparity in
MitoTempo’s efficacy between the MI and ACE8/8 model.
Conclusions
Mitochondrial ROS is elevated at the scar border of infracted mice four weeks following
MI. MitoTempo treatment is capable of preventing mitochondrial ROS accumulation in this
model. MitoTempo treatment is not sufficient, however, to prevent p-Src activation and
consequent Cx43 degradation. Despite its efficacy in ACE8/8 mice, MitoTempo treatment alone
does not prevent arrhythmia inducibility following MI.

CHAPTER VI
SUMMARY AND DISCUSSION
Summary
Cardiac arrhythmias are a complex pathological condition with many contributing
factors, including structural remodeling, ion channel dysregulation, and conduction defects
among many others. The work in this thesis has evaluated the role of Cx43 in the regulation of
CV, which is a major contributor to the genesis of reentrant arrhythmia. Transgenic, knock-out,
and surgical mouse models were evaluated for Cx43 function and pharmaceutical interventions
were implemented to prevent Cx43 disruption. A novel signaling cascade, involving
mitochondrial ROS production, Cav1 function, and c-Src activation, was identified as a critical
regulator of Cx43. Treatments aimed against this signaling cascade, including mitochondrial
ROS scavengers and c-Src inhibitors, were shown to prevent Cx43 disruption, restore CV, and
lower arrhythmia inducibility in many of these models.
Previous studies have evaluated Cx43 regulation in the ACE8/8 mouse, which is a
transgenic mouse model that overexpresses ACE specifically in the heart. As a result, the
ACE8/8 mouse has elevated RAS signaling and is prone to spontaneous arrhythmia and SCD
(70, 71, 75). These works demonstrated that c-Src is active and phosphorylated (p-Src) in the
ACE8/8 model and that inhibition of p-Src activation has beneficial effects on Cx43 expression,
arrhythmia susceptibility, and survival.
In Chapter II, the benefits of c-Src inhibition on Cx43 regulation were explored in a
mouse MI model (105). It was demonstrated that Cx43 is decreased and p-Src elevated at both
the scar border and distal ventricle tissue of the mouse heart following MI (Figure 8). Treatment
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with the p-Src inhibitor PP1 lowers p-Src expression to basal levels and partially restores Cx43
expression. MI mice treated with a control drug, PP3, demonstrate slowed CV (Figure 11) and
high arrhythmia inducibility (Figure 12), while MI mice treated with PP1 have faster CVs and
lower inducibility, demonstrating the benefits of p-Src inhibition to CV properties following MI.
Additionally, comparable benefits to p-Src and Cx43 expression were demonstrated by treating
MI mice with AZD0530, a chemotherapeutic p-Src inhibitor that has proven safe in human
clinical trials (84). ROS production broadly is elevated at both the scar border and distal
ventricle following MI (Figure 7), and we hypothesized that elevated ROS contributes to p-Src
activation.
In Chapter III, the role of ROS in p-Src activation was further explored. ACE8/8 mice
were treated with inhibitors and ROS scavengers to target specific sources of ROS production,
including NOX, NOS, XO, and mitochondrial ROS, as well as systemic ROS (106). Survival
analysis of ACE8/8 mice, which experience spontaneous VT and SCD, demonstrated no benefits
of drugs that targeted NOX, NOS, XO, or systemic ROS (Figure 16). Treatment with
MitoTempo, however, which targets mitochondrial ROS generation, significantly prolongs life
expectancy in the ACE8/8 model. MitoTempo treatment in ACE8/8 mice lowers mitochondrial
ROS levels (Figure 18) and mitochondrial damage (Figure 19), decreases the incidence of
spontaneous arrhythmia (Table 2), prevents p-Src activation (Figure 20), and restores Cx43
expression (Figure 20) and function (Figure 21). The data suggest that mitochondrial ROS, and
not other ROS sources, result in Cx43 dysregulation in the ACE8/8 mouse through a p-Src
mediated signaling cascade.
The connection between elevated mitochondrial ROS production and p-Src activation,
however, remained unclear. In Chapter IV, this link was elucidated through experiments in
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ACE8/8 and Cav1 knock-out mice. Cav1 is known to scaffold c-Src, binding to the inactive
form of c-Src and preventing c-Src’s activation (154, 155). Cav1/c-Src binding is lower in
ACE8/8 mice as measured by IP assay (Figure 24), allowing unbound c-Src to become activated,
as demonstrated by increased p-Src expression (Figure 23). MitoTempo treatment restores
Cav1/c-Src interaction (Figure 31), suggesting a mitochondrial ROS-dependent mechanism for
the disruption of Cav1 and c-Src observed in ACE8/8 mice. Additionally, we evaluated Cav1-/mice for an arrhythmogenic phenotype, hypothesizing that c-Src would be constitutively active
without Cav1 scaffolding. Cav1-/- mice have elevated p-Src and decreased Cx43 (Figure 25),
slowed CV (Figure 27), and increased arrhythmia inducibility (Figure 28), confirming the crucial
role of Cav1 in c-Src and Cx43 regulation.
Finally, in Chapter V, the role of mitochondrial ROS in regulation of CV was explored in
the clinically relevant MI model. Mitochondrial ROS is elevated at the scar border of untreated
MI mice (Figure 33). Cav1/c-Src interaction is lower at the scar border (Figure 34), which is
consistent with elevated p-Src and decreased Cx43 expression (Figure 35). MitoTempo
treatment lowered mitochondrial ROS levels (Figure 33), but did not affect p-Src or Cx43
expression (Figure 35). Additionally, there was no change in arrhythmia inducibility between
MI mice treated with MitoTempo and untreated MI mice (Figure 36). This suggests a
divergence in signaling pathways between the MI and ACE8/8 mice, given the efficacy of
MitoTempo treatment in ACE8/8 mice but not in MI mice. The signaling cascades described in
this thesis are summarized in Figure 38.
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Figure 38. Signaling Cascade Linking ACE8/8, MI, and Cav1-/- Mice to Increased Arrhythmic Risk.
Increased mitochondrial ROS was observed in ACE8/8 and MI mice, resulting in decreased c-Src/Cav1 scaffolding.
Unbound c-Src is then able to autophosphorylate (as observed in ACE8/8, MI, and Cav1-/- mice) and bind to ZO-1.
ZO-1 normally binds Cx43 at the gap junction, allowing connexon channel formation. p-Src, however, can displace
Cx43 from ZO-1, resulting in destabilization and degradation of Cx43. As a result of decreased Cx43 channel
formation, conduction velocity is slowed and the risk of arrhythmia increases. MitoTempo treatment prevents
mitochondrial ROS accumulation in both ACE8/8 and MI mice, but only prevented c-Src phosphorylation in
ACE8/8 mice. This suggests that mitochondrial ROS scavenging is not sufficient to prevent c-Src phosphorylation
following MI and a separate signaling mechanism is involved. PP1 inhibition of c-Src was efficacious in ACE8/8,
MI, and Cav1-/- mice in restoring Cx43, increasing conduction velocity, and lowering arrhythmic risk.
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Cx43 Expression, Phosphorylation, and Localization
Three mouse models were observed in these studies: MI, ACE8/8, and Cav1-/-. All three
models demonstrated decreased Cx43 and increased p-Src expression. Cx43 downregulation has
been observed across a variety of cardiac diseases, including hypertrophic cardiomyopathy,
dilated cardiomyopathy, and ischemic cardiomyopathy (48). Given the wide breadth of cardiac
disease states that can contribute to Cx43 dysregulation, it is not surprising that Cx43
downregulation was observed in all our experimental models. Nevertheless, there are variations
between these models in Cx43 expression, phosphorylation, and localization. Additionally,
while Cx43 levels in all of these models responded to c-Src inhibition, the amount of Cx43
restoration was not consistent across all models. This suggests that some of the underlying
mechanisms of Cx43 regulation may be different between our experimental models.
The simplest model we evaluated was the Cav1-/- mouse, which involves a complete
knock-out of Cav1. Without Cav1 available as a scaffolding protein, c-Src can more readily
autophosphorylate, resulting in c-Src activation. In the Cav1-/- mouse, p-Src is elevated 2.6-fold
compared to WT controls and Cx43 is reduced to 48% of WT levels (Table 4). These effects can
be completely reversed using p-Src inhibitors, as both Cx43 and p-Src expression return to WT
levels with PP1 treatment (Table 4). This suggests that p-Src alone mediates the Cx43
downregulation observed in the Cav1-/- model. There was no Cx43 lateralization observed in
Cav1-/- mice, as measured by Cx43/n-Cadherin overlay (Figure 29), and no changes in Cx43
phosphorylation (Figure 30).
ACE8/8 mice demonstrated comparable Cx43 and p-Src changes compared to the
Cav1-/- mice. Data taken from Sovari et al., 2011, indicate that Cx43 is reduced to 36% of WT
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levels in ACE8/8 mice, but can be restored to 76% with PP1 treatment (75). p-Src was elevated
to 260% of WT levels in the ACE8/8 mice, but PP1 treatment lowered p-Src expression to 150%
of WT levels (Table 4). These values correlate well with those observed in Cav1-/-.
Additionally, there were no changes in Cx43 phosphorylation patterns in the ACE8/8 mouse
(75). Combined with the observation that c-Src/Cav1 interaction is lowered in ACE8/8 mice,
there is strong evidence that the critical signaling cascades regulating Cx43 expression are
conserved between these two models. Additionally, the near-total restoration of Cx43 by p-Src
inhibition in the ACE8/8 model supports the role of c-Src as a critical regulator of Cx43
expression and function secondary to RAS signaling.

TABLE 4. RELATIVE CX43 AND P-SRC EXPRESSION IN PP1-TREATED AND UNTREATED CAV1-/-,
ACE8/8, AND MI MICE. Western blot analysis of LV homogenates was used to determine Cx43 and p-Src
expression. Values are given as a percentage of WT (Cav1-/- and ACE8/8) and sham (MI scar border and distal
ventricle) expression. ACE8/8 values were taken from Sovari et al., 2011.

Relative Cx43 Expression (%)

Relative p-Src Expression (%)

Untreated/PP3

PP1

Untreated/PP3

PP1

Cav1-/-

48

108

260

120

ACE8/8

36

76

260

151

MI Scar Border

22

37

280

86

MI Distal Ventricle

29

50

346

94
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The MI model, however, did not demonstrate complete normalization of p-Src and Cx43
expression following PP1 treatment. Cx43 is substantially decreased in MI mice (22% of sham
expression at the scar border, 29% at the distal ventricle). p-Src is elevated at levels comparable
with Cav1-/- and ACE8/8 mice (280% of sham expression at the scar border, 346% at the distal
ventricle). PP1 treatment completely normalized p-Src expression (86% of sham levels at the
scar border, 94% at the distal ventricle). Despite complete inhibition of p-Src, the effects on
Cx43 restoration (37% of sham expression at the scar border, 50% at the distal ventricle) were
mild compared to the dramatic changes seen in Cav1-/- and ACE8/8 mice. Though there are
clear benefits to the Cx43 restoration by p-Src inhibition following MI, as demonstrated by
increased CV (Figure 11) and decreased arrhythmic inducibility (Figure 12) compared to
untreated mice, there must be mechanisms involved in Cx43 remodeling following MI that were
not observed in ACE8/8 and Cav1-/- mice.
The discrepancy between Cx43 regulation in the MI model and the ACE8/8 and Cav1-/models is further highlighted by the changes in Cx43 phosphorylation states. Phospho-Cx43 was
unchanged by PP1 treatment in Cav1-/- mice (Figure 30), but dramatically changed with PP1
treatment following MI (Figure 8).
There are many possibilities underlying the discrepancy of the Cx43 changes and Cx43
phosphorylation status between models. Most importantly, the MI model is subject a wide
variety of physical and signaling changes not observed in the ACE8/8 and Cav1-/- mice. Neither
the ACE8/8 nor Cav1-/- mice undergo LV remodeling, cell death, or fibrosis. MI mice,
however, undergo dramatic LV remodeling, cell death secondary to ischemia, and a massive
inflammatory response leading to scar formation (198, 199). The MI mice experience the RAS
activation comparable to that observed in the ACE8/8 mice (70, 71, 200), while also undergoing
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a vast and complicated array of physiological changes, many of which can influence Cx43
function (24, 54, 57, 60, 65, 201, 202). Physical changes, such as hypertrophy and fibrosis, may
cause irreparable separation between adjacent cardiomyocytes, preventing gap junction
formation. Additionally, a wide array of signaling cascades may be present in the MI but not the
ACE8/8 or Cav1-/- models. Some potential signaling kinases implicated in MI include protein
kinase B (PKB, also known as Akt), protein kinase C (PKC) and extraceullar signal-regulated
kinase (ERK) (203).
Akt is known to be activated in heart failure and myocardial infarction (204, 205).
Increased Akt activity has also been linked to altered Cx43 phosphorylation and degradation
(203, 206, 207). Members of the PKC family of signaling proteins have been implicated as
critical regulators of MI changes (208, 209). PKC subunits have been linked to both Cx43
phosphorylation (42, 43, 46, 210, 211) and c-Src activation (212, 213). Changes in ERK
signaling have also been linked to MI (214) and Cx43 phosphorylation status (43, 203, 215).
The role of these signaling cascades was not explored in this thesis. Nevertheless, the breadth of
signal transduction changes observed in the MI model that affect Cx43 function likely
underscores the discrepancy in Cx43 expression and phosphorylation differences between the MI
and ACE8/8 or Cav1-/- models following p-Src inhibition. While p-Src inhibition provided
significant restoration of gap junction function following MI, the signal transduction changes
following MI are too broad to expect complete restoration of Cx43 function by inhibiting a
single kinase. While we have established a clear relationship between c-Src activation and Cx43
degradation in multiple animal models including the MI, it is also clear that there are additional
changes to Cx43 function in the MI that act independently of c-Src.
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Cx43 and Conduction Velocity
There exists considerable debate concerning the relationship between Cx43 expression
levels and CV in cardiac disease. The cable theory of cardiac CV suggests that there is a
continuous inverse relationship between gap junction resistance and CV (17). Since Cx43 is the
major determinant of gap junction resistivity, it is expected that there exists a linear relationship
between Cx43 expression and CV (9, 216). This concept was challenged by studies of
heterozygous Cx43 knock-out mice (Cx43+/-) which demonstrated only slight reductions in
cardiac CV despite 50% expression of Cx43 (58, 217, 218). Additional studies demonstrated
that Cx43 levels must drop dramatically to demonstrate pathological changes in CV (219-222).
These studies imply that there exists a massive redundancy in Cx43 expression, arguing that
>50% loss of Cx43 expression must occur before there is any change in CV and that near total
loss must occur to achieve CV values consistent with reentrant arrhythmia. It is important to
note, however, that these studies relied on transgenic models specifically targeting Cx43 and not
broader models of cardiac disease that affect other aspects of CV, such as Na+ channel function
or fibrosis.

Recent work by Dhillon et al., however, has questioned the conclusions from the

Cx43 transgenic models, demonstrating a continuous relationship between gap junction
conductance and CV in human heart tissues (223).
Table 5 compares the relative Cx43 expression in Cav1-/- and MI mice to relative CV
(both values normalized to WT or sham measurements) with and without treatment with the
active c-Src inhibitor PP1. While both models demonstrate a clear correlation between PP1
treatment, increased Cx43 expression, and restored CV, there is not a clear relationship when
comparing Cx43 expression and CV between animal models. For example, untreated Cav1-/mice express 48% of WT Cx43 levels, while CV is maintained at 70% of WT values. At the scar
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border of MI tissue, mice treated with the inactive drug PP3 express 22% of sham Cx43, while
CV is restored to 70% of sham values. Untreated Cav1-/- and MI scar border tissue have nearly
identical relative CV’s (70% and 68%, respectively) despite varying Cx43 expression (48% and
22%, respectively). This discrepancy highlights the importance of CV determinants besides
Cx43. For example, fibrosis is present following MI (Figure 6) but not in Cav1-/- mice (Figure
30). It is also important to note that the method of CV determination varied between models
(Flex MEA in Cav1-/- mice and optical mapping in MI mice). ACE8/8 mice do not generate
enough voltage to accurately measure CV.
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TABLE 5. RELATIVE CX43 EXPRESSION AND CONDUCTION VELOCITY IN WT AND TREATED
AND UNTREATED CAV1-/- AND MI MICE. Western blot analysis of LV homogenates was used to determine
Cx43 expression. Flex MEA was used to determine conduction velocity (CV) in Cav1-/- mice while optical
mapping was used to determine CV in MI mice. Values are given as a percentage of WT (Cav1-/-) and sham (MI
scar border and distal ventricle) expression.

Cav1-/-

MI Scar Border

Treatment

Relative Cx43 Expression (%)

Relative CV (%)

WT

100

100

Untreated

48

70

PP1

108

86

Sham

100

100

PP3

22

68

PP1

37

87

Sham

100

100

PP3

29

68

PP1

50

81

MI Distal
Ventricle

While Cx43 may be the most important determinant of CV in the heart, it is not the only
determinant. Therapies aimed at restoring CV must consider effects on fibrosis, Na+ channel
function, cell-to-cell coupling, and the regulation of additional ion channels, including K+ and
Ca++ currents, which will likely explain CV discrepancies between transgenic and surgical
models of Cx43 dysfunction. Our data do not support either argument for a continuous
relationship between Cx43 and CV or redundancy in Cx43 expression but consistently
demonstrate the benefits of p-Src inhibition on Cx43 expression and restoration of CV.

118

Mitochondrial Antioxidant Efficacy
MitoTempo, which mimics the actions of SOD in the mitochondria to lower O2- levels,
has dramatic effects on preventing arrhythmogenesis in the ACE8/8 model. ACE8/8 mice
treated with MitoTempo have higher life expectancies (Figure 16) and lower risk of spontaneous
arrhythmia (Figure 17) than untreated ACE8/8 mice. Additionally, ACE8/8 mice treated with
MitoTempo have lower levels of mitochondrial ROS (Figure 18) and mitochondrial damage
(Figure 19), decreased p-Src expression (Figure 20), increased Cx43 expression (Figure 20), and
improved gap junction conductance (Figure 21) compared to untreated ACE8/8 mice. Targeting
other antioxidant sources, including NOX, NOS, XO, and systemic ROS, did not improve life
expectancies in this model (Figure 16).
Mitochondrial ROS levels are also elevated following MI. Isolated cardiomyocytes from
the scar border of MI mice four weeks following infarction have significantly elevated
mitochondrial ROS accumulation. The elevated mitochondrial ROS can be normalized to sham
levels by treatment with MitoTempo (Figure 33), consistent with findings from the ACE8/8
mouse. Despite the effects of MitoTempo treatment on mitochondrial ROS levels, MI mice
treated with MitoTempo demonstrated no changes in p-Src or Cx43 expression (Figure 35) or
arrhythmia inducibility (Figure 36) compared to untreated MI mice. These observations suggest
that mitochondrial ROS scavenging is not beneficial in preventing arrhythmogenesis following
MI, despite the dramatic effects observed in the ACE8/8 model. It is important to note, however,
that total ROS levels, as indicated by nitrotyrosine staining, were unchanged between MI and MI
treated MitoTempo groups (Figure 37).
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As discussed earlier in this chapter, there are many signaling and physical events which
occur after MI that are not present in the ACE8/8 mouse. While both models experience
elevated RAS signaling, the MI model experiences inflammatory, apoptotic, and hypertrophic
responses that are not present in the ACE8/8 model. There may be many signaling cascades that
contribute to the varied responses to MitoTempo therapy between the two models. Variance
between models concerning the sources of ROS and antioxidant response may be a key to
explaining these differences. While there is much evidence that mitochondria are a major source
of ROS following MI (120-122), total ROS levels as indicated by nitrotyrosine staining were not
altered with MitoTempo treatment in the MI model. Non-mitochondrial sources of ROS may be
important for c-Src activation following MI that are not important in a model of RAS activation.
As discussed in Chapter V, H2O2 is capable of activating c-Src and may be important following
MI. It is possible that catalase and peroxidase activities are disrupted in the MI model, as has
been reported in heart failure models (192, 193), but not in the ACE8/8 model. H2O2
accumulation as well as catalase and peroxidase activity should be investigated in the MI and MI
tx MitoTempo mouse models. Further, the effects of combination antioxidant therapy involving
the targeting of both mitochondrial O2- and cytosolic H2O2 may be warranted.
Conclusions
The data presented in this thesis implicate a novel signaling cascade involving
mitochondrial ROS, Cav1, and c-Src in the regulation of Cx43 and arrhythmogenesis in heart
disease. It implicates mitochondrial ROS as the specific source of oxidative stress critical to
Cx43 regulation during RAS activation and demonstrates the benefits of mitochondrial specific
antioxidant therapy. It demonstrates the importance of Cav1 as a scaffolding protein and
inhibitor of c-Src activation and the role of oxidative stress in altering Cav1/c-Src interaction. It
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implicates activated c-Src as a crucial regulator of Cx43 expression and function, and
demonstrates how c-Src inhibition lowers arrhythmogenesis in ACE8/8 and Cav1-/- mice. It
translates findings in ACE8/8 and Cav1-/- models to the more clinically relevant surgical model
of MI, providing evidence that c-Src inhibitors already approved for human use restore Cx43
expression and lower arrhythmia inducibility following MI. It evaluates the role of
mitochondrial ROS scavenging on Cx43 regulation following MI and raises new questions about
the efficacy of antioxidant therapy in IHD. This work offers insight into the mechanisms
underlying slowed CV and reentrant arrhythmia and supports the role of c-Src inhibition as a
potential pharmaceutical therapy for prevention of SCD.
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