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ABSTRACT

The Sarcolemmal Membrane Associated Protein 3 (SLMAP3) is a tail-anchored
membrane protein, which is ubiquitously expressed in tissues including myocardium. Itis a
component of subcellular membranes and the centrosome, and it appears to serve distinct roles in
cell growth and membrane biology. In addition, mutations in SLMAP have been linked to
Brugada syndrome, which leads to cardiac dysfunction and death. Here, we have examined the
effects of different levels of SLMAP3 on postnatal heart function, pre and post myocardial
infarction (MI).Transgenic (TG) mice with a cardiac specific expression of SLMAP3 isoform
were generated and assessed with echocardiography to measure function, immunohistochemistry
for histology, TUNEL assay for apoptosis, Masson’s trichrome staining for fibrosis, and Western

blots for protein expression.

Baseline echocardiography of 8 weeks old TG mice showed a normal cardiac function
that was expressed in ejection fraction percent (%EF=66%=7.42), which was similar to those of
wild type mice (%EF=67%9.36), p<0.05, n=20-25 (in each group). MI was induced by
permanent ligation of left anterior descending (LAD) artery in 9 week old WT & TG mice, while
sham was the control. No death was recorded in SLMAP3 TG mice up to one year post Ml,
whereas 70% of WT mice had deceased, p<0.01, n=17-18 (in each group). Cardiac function was
assessed by echocardiography (at 4 week post MI) showed a partially restored ejection fraction
percent (WEF~49.2%x17.02) in SLMAP3 TG mice post MI compared to (Y%EF~36.4%+15.25)
in WT mice post MI, p<0.05, n=15-16 (in each group). Furthermore, infarct size (IS) as well as
collagen area (CA) post M1 were significantly attenuated (1S~43%+8.82, CA~35%=5.15) in
SLMAP3 TG myocardium in comparison to WT (1S~53%+9.30, CA~47%=7.36), p<0.05, n=20-

22 (each group). Moreover, expression of the heart failure biomarker galectin3 was markedly



attenuated (1.8+0.20) in SLMAP3 TG hearts post MI compared to (3.2+0.35) in WT, p<0.01,
n=4-5 (in each group). The apoptotic index in SLMAP3 TG myocardium assessed by TUNEL
was markedly decreased (77+11.48) in comparison to WT (112+15.32), p<0.05, (n=20-22 in
each group). Further, expression of proapoptotic proteins (Caspase3 and Bax) was significantly
attenuated in SLMAP3 TG (p<0.05, n=4-5 in each group) while the expression of the prosurvival
proteins (Bcl2 and caveolin3) was significantly upregulated (p<0.05, n=4-5 (in each group) in
post MI. These data indicate that increased SLMAP3 levels serve to protect myocardium post Ml
through mechanisms which promote cell survival and limit cardiac fibrosis. Strategies to increase
SLMAP3 level in myocardium may provide new therapeutic options in the treatment of heart

failure.
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CHAPTER 1: INTRODUCTION

1.1  Epidemiology of cardiovascular diseases

Cardiovascular diseases (CVDs) are the leading cause of morbidity and mortality
worldwide, and their prevalence continues to increase (Eapen et al., 2012). This group of
diseases includes: myocardial infarction, cardiac failure, high blood pressure, stroke and
peripheral vascular diseases (Eapen et al., 2012). Myocardial infarction (MI) and subsequent
heart failure (HF) represent the highest proportion of CVDs and account for mortality rate of
~55% among these diseases (Eapen et al., 2012). Ml accounts for ~12% of all deaths all over the
world (WHO). There are many risk factors increasing the chance of development of heart disease
such as: aging, genetic background of heart diseases, cigarette smoking, obesity, diabetes

mellitus, high lipid profile and a sedentary life style (Rubin et al., 2005).

Myocardial infarct (M) is the ischemic necrosis of cardiac tissue because of complete
cessation of its blood supply mostly by thromboembolism (Ahmed et al., 2007). In MI, the
infarcted tissue becomes poorly contracted and bulges outside during systole (Rubin et al., 2005).
This results in a reduced pumping capacity of the heart, and rather than delivering blood to
systemic circulation, blood accumulates in the heart and heart failure (HF) eventually develops
(Rubin et al., 2005). Severity of HF and its manifestation depends on the percentage of ischemic
myocardium, which affects the ventricle, and the duration of ischemia. When infarct involves ~
50% of the left ventricle, cardiogenic shock is the most likelihood complication with mortality
rate as high as 90% (Rubin et al., 2005). If the ischemic event extends beyond ~30 minutes,
progressive and irreversible death of cardiomyocytes occurs, which leads to ventricular

remodeling (Rubin et al., 2005). Despite the advanced interventional progress in management



options of MI and HF made over last few years, there is no cure for these diseases. Thus, all
possible mechanisms that might be involved in pathogenesis of MI should be clearly understood

in order to identify new target strategies in the future.

1.2 Cardiac structure and circulations

Heart is automated dynamic organ and has four chambers: right atrium, right ventricle,
left atrium and left ventricle (McCance et al., 2010). The atria, or what are known auricles, have
thin walls, while the ventricles have thicker walls, which mainly form the mass of the heart
(McCance et al., 2010). The left ventricle is almost as much as three times the size of the right
ventricle wall in thickness, and pumps the blood to all tissues ( systemic circulation) through the
aorta, while the right ventricle pumps the blood through pulmonary artery to lungs in a process

known as pulmonary circulation (McCance et al., 2010).

In systemic circulation during systole, the left ventricle supplies all the tissues with
oxygenated blood rich in nutrients, whereas during diastole the non-oxygenated blood, which is
rich of CO2, returns back from these tissues to the right atrium through superior and inferior

vena cava (McCance et al., 2010).

Consecutively in pulmonary circulation during systole, the right ventricle pumps the non-
oxygenated blood to the lungs through the pulmonary artery, where the blood gets oxygenated in
the lungs, while in diastole the oxygenated blood returns back from lungs through pulmonary
veins to the left atrium and then directly to the left ventricle through the mitral valve and in turn
the systemic circulation begins again (McCance et al., 2010). Even though the heart is full of
blood to supply all the systemic organs with oxygen and nutrients, interestingly the oxygen

cannot be delivered directly to the cardiac cells through this direct way (McCance et al., 2010).



Instead, the heart gets nourished in an indirect way from the blood coming from the systemic
circulation during diastole through coronary arteries, which originally branches from thoracic

aorta into the right and left coronary sinuses (McCance et al., 2010).

In the coronary circulation during cardiac diastole, oxygenated blood flows from aorta to
coronary sinuses and then to right and left coronary arteries connectively (Kumar & Clark,
2009). The right coronary artery arises from the right coronary sinus and supplies the right
atrium and the right ventricle through its smaller branches, and continues to the posterior
descending coronary artery to supply the posterior part of the interventricular septum and
posterior wall of the left ventricle (Kumar & Clark, 2009). The left main coronary artery arises
from left coronary sinus and divides into two branches; the left anterior descending artery
(LAD), which supplies the anterior interventricular septum and the anterior wall of the left
ventricle; and the circumflex artery which supplies the left atrium and the margins of the left

ventricle through smaller branches (Kumar & Clark, 2009).

Another important circulation in the heart is the collateral circulation. This represents the
anastomoses or the continuation between any of the coronary arteries (McCance et al., 2010).
Collaterals vary from person to person in number and anatomical distribution, but they are
mainly present in cardiac apex, anterior wall of right ventricle, interventricular & inter-atrial
septa, and the epicardium (McCance et al., 2010). When one of the major coronary vessels
occludes, the collaterals work instead to supply heart with the blood (Kumar & Clark, 2009).
The more distributed the collaterals, the less chance to get an infarction. The clinical significance
of these collaterals was introduced quite some time ago in 1960, when it was named the
“collateral circulation protects the heart” (McCance et al., 2010). Clinical trials toward

discovering mechanisms to enhance growing of new collaterals (angiogenesis) were introduced



to find new therapeutics to limit cardiac remodeling post MI. In vivo study, relaxin therapy post
M1 found to increase survival and reduce ventricular remodeling via enhancing the cardiac blood
flow due to vasodilation of coronary arteries and stimulation of new blood vessel growth
(Samuel et al., 2006). The underlying mechanism by which relaxin produced its effect is due to
upregulation of vascular endothelial growth factor in response to nitric oxide (NO) signaling
(Samuel et al., 2006). Although angiogenesis is not the only mechanism by which relaxin
ameliorates the post M1 remodeling, but it is still one of the major promising ones (Samuel et al.,

2011, 2006).

Any factors that affect coronary circulation will impair the cardiac blood supply and
might proceed to an ischemic event and M1 (McCance et al., 2010). Some of these factors are
blood pressure instability, either hypotension or hypertension due to stagnation of blood and
degenerative changes respectively, and other metabolic factors such as high cholesterol blood
level, which leads to atherosclerosis (Cotran & Robbins, 1997). Hypercholesteremia leads to
fibrofatty plague formation in coronary arteries (atherosclerotic plaque), which might bleed and
thrombose to cause thromboembolism and result in development of angina pectoris and Ml
(Cotran & Robbins, 1997). Atherosclerotic plaque formation in coronary blood vessels
represents the main cause of Ml, in which the inner wall of the artery undergoes degenerative
changes that ends up with plaque formation, and thus occlusion of the coronary artery (Kumar &
Clark, 2009). There are also uncommon causes such as coronary vasospasm and migrating
emboli from (mitral valve, aortic valve, and coronary arteries) inflammations that impact the

coronary arteries and cause ischemia in the heart (Cotran & Robbins, 1997).

1.3  Cardiac nerve supply



Autonomic nervous system is the principal nerve supply of the heart throughout
sympathetic (adrenergic), and parasympathetic (cholinergic) nerves (Kumar & Clark, 2009). The
adrenergic nerves mainly supply the atria, ventricles, and the conduction system (Kumar &
Clark, 2009). Conduction system is a special modified muscle fibers of heart that are capable to
beat autonomously, which constitute mainly of sinoatrial (SA) node, atrioventricular (AV) node,
and bundle of Hiss that bifurcates to the right bundle branch and the left bundle branch (Kumar
& Clark, 2009). Adrenergic innervation of the heart is mediated by 1 & B2 receptors, where 1
increases heart function and B2 dilates the blood vessels. These receptors respond to both
adrenaline and noradrenaline to cause positive inotropic and chronotropic effects, to enhance

cardiac contractility and heart rate as well as blood flow (Kumar & Clark, 2009).

The cholinergic innervation of the heart via the vagus nerve is mediated by M2
muscarinic receptors, which mainly supply the conduction system to slow up the heart rate, or in
other words, it has a negative chronotropic effect on heart (Kumar & Clark, 2009). Under normal
conditions, muscarinic vagal effects on cardiac function overcome adrenergic effects, which
results in a slow heart rate. However, in certain stressful conditions, whether physiological such
as fear and fight, or pathological such as ischemic changes of heart, adrenergic stimulation
predominates the vagal effect and results in a fast heart rate (tachycardia) and increased-cardiac

contractility to increase the oxygen supply to the cardiac tissues (Kumar & Clark, 2009).

1.4  Cardiac metabolism and signal transduction inside cardiomyocyte

As like any other tissues, a normal cardiac muscle produces energy from oxidative
phosphorylation of mainly fatty acids (~60-90%), and the remaining from glucose, lactate, and

ketones (Stanley et al., 2005). In contrary, the metabolic process alters in cardiac diseases such



as in the end stage HF, in which cardiac cells consume less fatty acids, and more glucose is
utilized (glycolysis) to produce the required energy (Stanley et al., 2005). The oxidative
phosphorylation of metabolites takes place in mitochondria, which produce adenosine
triphosphate (ATP) as a source of energy (McCance et al., 2010), . Under normal condition, the
amount of ATP produced by oxidative phosphorylation meets the required energy for
functioning heart (McCance et al., 2010). If the blood supply of the heart is diminished for any
reason, the metabolic state of cardiomyocyte changes from aerobic to an anaerobic state
(McCance et al., 2010). In the anaerobic metabolism, the cells metabolize the glucose and other
metabolites inefficiently, which results in accumulation of harmful waste products and

development of cardiac diseases (Kumar & Clark, 2009; McCance et al., 2010).

The produced energy will be utilized mainly in muscle contraction & relaxation,
initiation & potentiation of action potential, molecular transport across the membranes, and
biosynthesis of proteins (McCance et al., 2010). When coronary blood supply to the heart is
diminished, less oxygen will be delivered into cells, which will trigger the release of local
metabolic factors such as adenosine (Kumar & Clark, 2009). These factors cause a coronary
vasodilation as a compensatory mechanism from the heart in order to increase the blood flow,
even though the oxygen content in the dilated vessel is still the same (McCance et al., 2010).
Many factors affect the oxygen content of coronary blood; some might increase it while others
decrease it. For instance, regular exercising and hyperemia increase the oxygen content in
coronary vessels, while lowered blood pressure and temperature as well as cardiopulmonary

diseases decrease it (McCance et al., 2010).

1.4.1  Calcium regulation, Excitation-Contraction Coupling and myocardial relaxation



Calcium dynamics within cardiomyocyte are a major regulator that controls the
excitation-contraction (E-C) apparatus and relaxation mechanisms (Duarte-Costa et al., 2014).
Contraction and relaxation processes are initiated by adrenergic stimulation, which then triggers

the calcium release from its main intracellular stores such as SR (Kumar & Clark, 2009).

Upon stimulation of beta-1 adrenergic receptors, action potential is initiated and
propagated in the plasma membrane of cardiomycyte, and this leads to the opening of membrane
ion channels such as sodium (Na*) and calcium (Ca**) channels (McCance et al., 2010). Ca*™*
ions flow from interstitial space to enter inside cardiomyocyte via two types of calcium channels;
L-type (long-lasting type), which is the main calcium channel in the heart; and T-type (transient
one), which is the less common type (McCance et al., 2010). The transient calcium ions entered
from extracellular space activate ryanodine receptors (RyR2), which then evoke the release of
intracellular stored-calcium from SR (Mattiazzi et al., 2015). After that, calcium ion diffuses into
the cell, where it binds to troponin to form calcium-troponin complex (McCance et al., 2010).
This complex moves the tropomyosin molecule from myosin, which leaves myosin filaments
exposed to actin binding and myosin-actin cross bridging begins (McCance et al., 2010). When
myosin slides on actin, this leads to shortening of muscle microfilaments, and the net effect is

muscle contraction (Kumar & Clark, 2009; McCance et al., 2010).

Beta-adrenergic receptors are activated by catecholamines, and this leads to stimulation
of PKA, which phosphorylates certain intracellular proteins that regulate the relaxation process
such as phospholamban (PLN), troponin I, and C protein (Kumar & Clark, 2009; Molenaar et al.,
2007). Further, phosphorylated PLN will activate the calcium uptake in the SR by an ATPase
pump or what is known as SERCAZ2a, thus the cytoplasmic calcium will be trapped in SR, which

results in cardiomyocyte relaxation (Kumar & Clark, 2009). In addition, Phosphorylation of



troponin leads to conformational changes, which result in binding of troponin to myosin to form
tropomyosin molecule. The latter molecule prevents sliding of actin on myosin filaments, and

thus enhances muscle relaxation (Kumar & Clark, 2009; McCance et al., 2010).

Calcium ion flux within cardiomyocyte plays a pivotal role in the regulation of cardiac
contractile function (Duarte-Costa et al., 2014). Disturbance in calcium handling inside
cardiomyocyte is strongly associated with cardiovascular diseases, while on other hand,
mechanisms that preserve the calcium recycling inside cardiomyocyte in MI animal experiments

have been found to be cardioprotective (Duarte-Costa et al., 2014; Makarewich et al., 2014).

1.4.2  Physiological molecular mechanisms in the heart

Heart is a highly organized organ, which is regulated by interactive system that comprises
the cellular signal transduction. In order for the cells of heart and blood vessels to function
properly, they must transfer the extracellular stimuli to the inside throughout receptors located on
their surface membranes such as G-protein coupled receptors (GPCRs), which are the most

important receptors in these cells (Dzimiri, 2002).

GPCRs are nearly involved in each regulatory process inside cells via their interaction
with heterotrimeric GTP binding proteins (G-Proteins) (Dzimiri, 2002). GPCRs activation could
be involved in normal physiological signaling in response to angiotensin Il, endothelin-1, and
cathecholamines, and the net effect will be regulating the arterial blood pressure, renal vascular
response, cardiac hypertrophy, cardiac contractility, and heart rate (Dzimiri, 2002). In contrast,
these receptors could be involved in certain pathological condition such as cardiac hypertrophy,
atherosclerosis, and hypertension, in response to different stimuli (Dzimiri, 2002; McCance et

al., 2010).



Interaction of GPCR with G-protein leads to conformational changes in this protein,
which promote the transformation of GTP to GDP, and results in the activation of certain
membrane ion channels, and enzymes such as adenylate cyclase and phospholipases (Cabrera-
Vera et al., 2003). The activated channels and enzymes act as effector molecules, which regulate
the generation of second messengers such as CAMP inside cardiomyocyte (Cabrera-Vera et al.,
2003). Furthermore, second messengers regulate the phosphorylation process either by kinases
that phosphorylate intracellular protein substrates or contrarily by phosphatases that
dephosphorylate those substrates, and thus the balance between both arms of phosphorylation
process will decide the fate of intracellular protein function (Cohen, 2002). Serious
cardiovascular diseases may result from critical imbalance between kinases and phosphatases

signal transduction (Krupnick & Benovic, 1998).

Phosphorylation of proteins inside cardiac cells is controlled by numerous enzymes
including kinases and phosphatases, which are encoded by ~3% of the human genome (Manning
et al., 2002). The process is highly reversible, and therefore the same protein substrate could be
phosphorylated by kinases and dephosphorylated by phosphatases (Manning et al., 2002). Most
of kinases provide phosphate group to the protein substrate from ATP, which results in
modification of the protein substrate, and thus the protein substrate activity is altered. In
addition, targeting of kinases or phosphatases to subcellular locations will further provide a strict
control for phosphorylation process, which in turn alters the intracellular protein substrate

activities (Ruehr et al., 2004).

Kinases are classified into two main groups based on the phosphorylated amino acid of
protein substrate; serine/threonine kinases and tyrosine kinases. Generally, kinases perform wide

range of intracellular tasks throughout regulating the signal transduction, which mainly regulate



normal physiological cardiovascular functions and to some extent mediate pathological signal
transduction (Kumar & Clark, 2009; Yin et al., 2003). Serine/threonine kinases include protein
kinase A (PKA), protein kinase G (PKG), and protein kinase C (PKC) (Rosse et al., 2010). PKA
regulates the physiological response of heart and blood vessels to catecholamines via cyclic
adenosine monophosphate (CAMP) dependent signaling (Hausdorff et al., 1990). PKG mediates
the signaling that reduce vascular tone such as nitric oxide via cyclic guanosine monophosphate
(cGMP) dependent way (Barman et al., 2003; Lincoln et al., 2001). PKC through different
regulatory mechanisms could impact physiological and pathological signals in the heart
depending on its downstream distribution (Rosse et al., 2010). PKC could protect the heart
against the prolonged effect of ischemia via enhancing expression of some protective genes, and
modulating the activity of apoptotic proteins (Penna et al., 2008). On the contrary, other studies
have found that PKC in excessive amounts might prone cardiac cells to pathological hypertrophy
and diseases, and when such a mechanism is prevented, a cardioprotection is achieved (Hahn et
al., 2003; Markandeya et al., 2015). For instance, caveolin3 is one of the mechanisms that protect
heart against pathological hypertrophy via number of signals; one of them was reducing calcium-
mediated PKC signaling inside cardiomyocyte in the pathological cardiac hypertrophy mouse

model (Markandeya et al., 2015).

Protein tyrosine kinases (PTKSs) are large group of kinases, which phosphorylate tyrosine
residue in proteins, and thus enhances the signal transduction inside the cells in response to
ligand binding (Neet & Hunter, 1996). PTKs include receptor tyrosine kinases (RTKs) and non-
receptor PTKs (Neet & Hunter, 1996; Yin et al., 2003). PTKs serve diverse roles such as cell
growth, differentiation, metabolism, and cardiac protection against dilated cardiomyopathy

(Crone et al., 2002; Yin et al., 2003).

10



Protein kinase cascades, regulate series of phosphorylation events inside the
cardiomyocyte, thus providing a precise regulation of intracellular signaling pathways (English
& Cobb, 2002). The kinase cascade responds to elevated CAMP levels with PKA stimulation,
and acts as downstream signaling molecules to mediate further phosphorylation of intracellular
proteins (Kumar & Clark, 2009). This group represents mitogen activated protein kinase
(MAPK) cascades, which are one of the major serine/threonine kinases that regulate cascades of
intracellular phosphorylation (English & Cobb, 2002; Kumar & Clark, 2009). MAPK cascades
include MAPKSs, MAPK kinases (MKKSs), MAPK kinase kinase (MKKKS), which serve
essential roles in signal transduction, augmentation, and inter-signaling crosstalk (Brondello et

al., 1997).

The final molecule in kinase cascades is MAPK, which further phosphorylates plenty of
intracellular proteins (Rosse et al., 2010). Subcellular targeting of MAPKSs to various
intracellular locations provides distinct cellular responses (Rosse et al., 2010). Scaffolding
proteins inside the cells such as cav3 facilitate the physical interaction of MAPKSs with each
other, which determines the signaling selectivity and specificity (Burack & Shaw, 2000; Rosse et
al., 2010). For instance, MAPKSs could phosphorylate nuclear proteins and act as transcriptional
factors, which provide a prolonged intracellular response by changing the gene expression (Su &
Karin, 1996). On other hand, MAPKSs could serve a rapid effect via phosphorylation of
cytoplasmic proteins such as phospholipase A2 (Brand & Barton, 2002). MAPKSs involve
extracellular signal-regulated kinases (ERK1/2), p38 kinase, c-Jun N-terminal kinases/stress-
activated protein kinases (JNK/SAPK), ERK3/4, and ERKS5, which are mainly involved in cell
growth, survival and apoptosis in response to different stimuli (Kumar & Clark, 2009; Zhang et

al., 2016).
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Interestingly, the molecular mechanisms in the heart have dual effects on the
cardiovascular system, which could be involved in either physiological or pathological signaling
pathways. Thus, downstream signal manipulation is very critical to alter the fate of the cellular
responses either to accommodate to the physiological response or to fail and cardiac pathology

develops.

1.5 Molecular mechanisms post MI and pathogenesis of heart failure

Ml is a leading cause of death over the world, and patients who survive post Ml are at
great risk to develop heart failure (HF) throughout their lives (Kumar & Clark, 2009). HF is an
eventual complication in post MI, in which the heart undergoes a series of pathological changes
in a process known as cardiac remodeling (Eapen et al., 2012). The term cardiac remodeling,
which refers to ventricular wall dilation, thinning, and stiffness, was first used by [(Pfeffer,
Pfeffer, & Braunwald, 1985)]. In addition, ventricular remodeling also refers to cellular,
molecular and interstitial changes that affect cardiomyocytes and other types of cardiac cells
such as fibroblasts and vascular smooth myocytes in the infarcted area as well as the remote
viable myocardium (Cohn et al., 2000; Kehat & Molkentin, 2010). Pathological cardiac
hypertrophy either on cardiomyocyte level or on the heart level is also another characteristic of
cardiac remodeling, in which the cardiomyocyte grows without a significant proliferation
because the cardiomyocyte is already terminally differentiated (Kehat & Molkentin, 2010;
Kumar & Clark, 2009). Cardiac remodeling is also associated with re-expression of some fetal
genes, alteration in the metabolic state of cardiomyocytes, and alterations in the expression of
proteins involved in excitation contraction coupling (Kehat & Molkentin, 2010; Kumar & Clark,

2009).
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1.5.1 Necrosis and cellular injury post Ml

Following occlusion of coronary artery, cardiac cells tolerate ischemic state for only 20
minutes, and then the cells start to die irreversibly without regulation in a process known as
necrosis (McCance et al., 2010). During this time, cardiomyocytes metabolic state changed from
an aerobic state to an anaerobic one, and this change could be reversible only if the blood supply
returns to the infarct tissue within 20 minutes (McCance et al., 2010). In the anaerobic
metabolism, cells utilize the stored glycogen as a source of energy in a process called glycolysis,
which produce relatively less ATPs to meet the cardiac demands and contrarily more lactic acid
is formed than in the aerobic metabolism (McCance et al., 2010). Accumulation of lactic acid
inside cardiac cells lowers the pH, which in turn makes the cells more susceptible to degradation
by proteolytic enzymes in lysosomes, and thus, more irreversible cellular death (necrosis) occurs
(McCance et al., 2010). In necrotic death, cardiomyocytes undergo many changes such as loss of
integrity of sarcolemma, which results in release of intracellular proteins such as troponins T&l
isoforms, Lactic dehydrogenase (LDH) and creatinine Kinase (CK) (Cotran & Robbins, 1997).
These proteins released to the plasma are biochemical markers used to detect M1 (Cotran &

Robbins, 1997).

Necrosis is a toxic and passive process, which is characterized by unprogrammed cell
death and energy independence (McCance et al., 2010). Although this type of eventual cell death
is hard to treat, revascularization or reperfusion therapy could help preventing necrosis partially,
which is strictly time dependent and has no benefit of treatment when it has passed the early few
hours of MI development (Reddy, 2015). In addition, reperfusion therapy has hazardous effects,

and it is to some extent associated with an extensive cardiac injury in a condition named
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reperfusion injury, in which the cardiac cells continue to commit suicide even though the blood

supply is reinstated (Reddy, 2015).

As a result of necrosis, tissue cellular debris released to the adjacent myocardium, which
attract immune and inflammatory cells at the periphery of infarct and the remote viable
myocardium (Crocker & Murray, 2003). An extensive inflammatory process occurs in order to
heal the wound at the margin of infarct, and it results in release of some chemicals, which trigger
fibrosis and apoptosis (He et al., 2014; Mezzaroma et al., 2011). In apoptosis, the cardiac cells
plan to die in a highly programmed way to save the intracellular structural ingredients until the
blood supply returns to the infarct, otherwise if not, these cells eventually will be necrotized due

to lack of energy (Crocker & Murray, 2003).

1.5.2 Inflammatory response and cellular infiltration in post Ml

Within 24 hours after M1, white blood cells (leukocytes) begin to infiltrate to the
margins of infarct, where they reach the maximum density on second to third day post Ml
(McCance et al., 2010). Leukocytes are mainly attracted to the border zone of infarct because
there is still blood supply, and result in release of proteolytic enzymes that degrade the necrotic
tissues, and attract more immune cells in a process known as karyorrhexis (Rubin et al., 2005).
The immune cells start phagocytosis and engulf the periphery of the infarct and as a result, free
radicals and cytokines released, which further mediate many immunological reactions at the
periphery of infarct such as interstitial edema, microhemorrhage, apoptosis, and fibrosis (Kumar

& Clark, 2009).

Inflammation is a well-known mechanism in post MI and leads to cardiac dysfunction

and heart failure (Mezzaroma et al., 2011). Inflammation is initiated by ischemic injury in post
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MI, and mediated by interleukins (ILs) and caspase-1, which further modulates the inflammatory
response and promotes apoptosis in the border zone as well as the remote non-ischemic

myocardium (Mezzaroma et al., 2011).

1.5.3  Apoptotic pathways post Ml

Apoptosis is the programmed type of cell death in response to apoptotic stimuli such as
ischemic injury, in which the cells protect their structures from their lysosomal enzymes, and
thus reduce any further inflammatory reaction to prevent further breakdown of tissues (Crocker
& Murray, 2003). In post M, the apoptotic pathways are initiated when cardiac cells exposed to
certain toxic substances originate from outside the cells in response to death receptor stimulation
and called (external pathway), or from inside the cells in response to DNA damage and called

(internal pathway).

In the external pathway, the apoptosis is triggered due to activation of membrane-bound
death receptors, which include tumor necrosis factor receptors (TNFR) and Fas receptors in
response to different stimuli such as cytokines released from inflammatory cells in post Ml,
which leads to caspase 8 activation (Gill et al., 2002). In turn, caspase 8 directly induce
apoptosis, or indirectly by activating caspase 3, which itself mediates the apoptosis (Gill et al.,

2002).

On other hand, intrinsic (mitochondrial) pathway of apoptosis is initiated by DNA
damage, which triggers mitochondria to release cytochrome c to cytoplasm, and thus initiates
apoptosis (Gill et al., 2002). Mitochondrial pathway is extremely controlled by intracellular
regulators; some of them has inhibitory effect such as anti-apoptotic B cell lymphoma (Bcl2)

protein, inhibitor of apoptosis (IAPS) proteins, growth factors; and some has stimulatory effect
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such as proapoptotic proteins such as Bax, transcriptional factors, calcium overload and oxidants
(Gill et al., 2002; Marin-Garcia, 2016). In post Ml, the balance between these regulators will

determine the fate of cardiomyocytes whether to survive or to die (Marin-Garcia, 2016).

For instance, when mitochondria is exposed to stress such as oxidants, this leads to
changes in the mitochondrial outer membrane (MOM) permeability, which results in release of
cytochrome c into cytoplasm (Crocker & Murray, 2003; Gill et al., 2002). Further, cytochrome ¢
activates a cascade of proteins end up with an activation of caspase 3, which has a characteristic
apoptotic activity (Shi, 2002). The mitochondrial pathway could be inhibited at several points by
anti-apoptotic Bcl2 protein via stabilizing the MOM, and thus reducing its permeability, which in
turn lowers cytochrome c release (Marin-Garcia, 2016). On other hand, Bcl2 could work
independently of cytochrome c release and reduce the cell death by binding to the apoptosis-
activating factor (aPaf-1), and in turn reduce apoptosis (Desagher & Martinou, 2000; Rosse et
al., 1998). In contrast, this pathway could be enhanced by proapoptotic proteins such as Bax,
which is located to MOM (Marin-Garcia, 2016). Bax alters mitochondrial transmembrane
transition pores and increases the permeability of MOM, which results in cytochrome C release
to cytoplasm (Marin-Garcia, 2016). Further, cytochrome C interacts with Apaf-1 in presence of
ATP, and results in apoptosome formation, which activates caspase 9 that activates the
transforming of caspase 3 into cleaved caspase 3 (Amarante-Mendes et al., 1998; P. Li et al.,
1997). Cleaved caspase 3 is a cysteine proteinase acts on aspartic acid residues, and breaks down
many nuclear proteins such as DNA control proteins, cytoskeletal proteins, kinases, and
inhibitors of endonucleases (Amarante-Mendes et al., 1998; P. Li et al., 1997). Finally, this
results in degradation of nuclear membranes and fragmentation of the nuclei, and thus apoptosis

occurs (Amarante-Mendes et al., 1998; Rossé et al., 1998).
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Other factors inside the cell could affect the permeability of mitochondrial membranes,
and thus change the fate of mitochondrial apoptosis. For instance, sudden calcium release from
sarcoplasmic reticulum in response to oxidative stress and low pH inside the cells, leads to
increased calcium release from mitochondria in calcium-induced calcium release mechanism,
and thus increase the MOM permeability (Crompton, 1999). In contrary, there are some factors
which might reduce the MOM permeability such as caveolin3, which acts as a scaffolding
protein and enhances a cardioprotective mechanism (Hernandez-Resendiz & Zazueta, 2014). In
the same study, cav3 contributed to cardioprotection in post ischemia/reperfusion injury in
dilated cardiomyopathy animal model via increased trafficking of certain signaling complexes
such as phospho-Akt, phospho-ERK1/2, and phospho-eNOS signaling pathways (Hernandez-

Resendiz & Zazueta, 2014).

Although there is a cross talk between both pathways of apoptosis in activation of
caspases family, Bcl2 family of proteins is still the major regulator of apoptosis that either serves
as anti-apoptotic proteins such as: Bcl2, Bcl-XL, and Bcl-X, or as proapoptotic proteins such as:
Bax and Bad, etc (Finucane et al., 1999). Thus, therefore the downstream regulation of these
signaling molecules in apoptotic pathways will determine the degree of cell death and cardiac

remodeling.

Extracellular signal-regulated kinases 1/2 (ERK1/2) pathway, which belongs to MAPKs
kinases, is one of the major pathways involved in heart failure development (Kehat & Molkentin,
2010). The signal in cardiomyocyte is initiated at sarcolemma through the activation of GPCRs,
receptor tyrosine kinases, and by stress stimuli (Bueno et al., 2000). Once ERK1/2 is activated,
many intracellular proteins are phosphorylated such as transcription factors for fetal cardiac

genes. However, ERK1/2 intracellular signaling in survival and apoptosis in certain cardiac
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diseases is still under debate (Chuang et al., 2000; Kehat & Molkentin, 2010). Whereas ERK1/2
signals could enhance cellular growth, proliferation, and survival under stimulation of growth
factors (Kehat & Molkentin, 2010), whilst on other hand, ERK1/2 pathways could be involved in
apoptosis and pathological cardiac hypertrophy in response to stress stimuli such as in post Ml
stress (Iryo et al., 2000; Tuttolomondo et al., 2016). For instance, in the dilated cardiomyopathy
mouse model study, extensive myocardial fibrosis and severe heart failure were notified in these
mice, which were mediated by activation of ERK1/2 signaling that enhanced the expression of
connective tissue growth factors (Chatzifrangkeskou et al., 2016). According to cell type and
duration of ERK1/2 activation, along with the co-activated other intracellular pathways, ERK1/2

signalling responses differ (Mehrhof et al., 2001; Yeh et al., 2012).

In pathological cardiac hypertrophy, the ventricular cardiomyocyte undergoes subcellular
remodeling concomitant with a reduction in caveolin3 (Cav-3) protein and altered calcium
cycling (Alcalay et al., 2013; Tsutsumi et al., 2014). Caveolin3 is a key scaffolding protein for
trafficking and stabilization of cardiac ion channels to plasma membrane as well as plays an
important role in signal transduction within these cells (Cutler & Kaufman, 2013; Senatore et al.,
2014). In Cutler’s study, they have found that mutations in the Caveolin3 gene were associated
with long QT syndrome, which lead to electrical cardiac dysfunction and death. Similar studies
have linked these mutations to defects in nitric oxide synthase (NO synthase) and alteration in
expression of sodium and potassium channels on cardiomyocytes, which lead to aberrant
electrical activity and cardiac hypertrophic remodeling (Belge et al., 2014; Cutler & Kaufman,
2013; Senatore et al., 2014). In contrary, overexpression of Caveolin3 in HF animal model has
improved the contractility of a failing heart via restoration of the distorted beta2-adrenergic

receptor pool and its downstream calcium-cAMP signaling (Wright et al., 2014). Another study
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on ischemia/reperfusion animal model has shown that Caveolin3 has a protective role in the heart
against ischemia/reperfusion injury through activation of heat shock protein 70 (HSP 70) on

mitochondrial levels (Tsutsumi et al., 2014).

However, apoptosis is strongly associated with ventricular dysfunction, remodeling and
heart failure (Kumar & Clark, 2009). According to studies by Olivette and Wencker, the severity
of heart failure was clinically relevant with the extent and degree of apoptosis in Ml and HF
experimental models (Olivetti et al., 1996; Wencker et al., 2003). Moreover, in the latter study, it
was found that when myocyte’s apoptosis was inhibited, the severity of heart failure lessened
(Wencker et al., 2003). Further studies on experimental MI rodent model elucidated that
inhibition of apoptosis was associated with less ventricular remodeling, and less inflammatory
response concomitant with better cardiac function and survival (He et al., 2014; Ma et al., 2016).
Therefore, finding mechanisms to suppress apoptosis in post Ml and HF will provide a potential
therapy for limiting ventricular remodeling and could improve the outcome of ischemic heart

disease in the near future.
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Figure 1: Extrinsic and intrinsic pathways of apoptosis; in extrinsic pathway, the apoptosis is
triggered due to activation of membrane-bound death receptors that form death complex, which
leads to caspase 8 activation. Caspase 8 could directly induce apoptosis or indirectly by activating
caspase 3, which mediates apoptosis. On other hand, the intrinsic pathway is initiated by cellular
stress such as DNA damage, which leads to mitochondrial dysfunction, and thus cytochrome ¢
release. Then, cytochrome c interacts with Apaf-1 to form the apoptosome, which activates
cascade of caspases such as caspase 9 that activate the effector caspase 3, which mediate the
apoptosis. The intrinsic apoptosis is further regulated by Bcl2 family of proteins, which includes
the proapoptotic protein Bax and antiapoptotic protein Bcl2. Bax enhances release of cytochrome
¢ through increasing the MOM permeability, while Bcl2 increases the stability of MOM, and thus

reduces cytochrome c release. Figure is taken from Feldstein & Gores. (2005).
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154 Interstitial changes and fibrosis in post Ml

When inflammatory signaling is suppressed and the number of inflammatory cells
reduced, the profibrotic signaling will take over (Frangogiannis, 2008). Fibroblasts accumulate
and proliferate on the fifth day post MI, which releases collagen gradually from the peripheral
area of infarct toward its center, and this process takes around 4-6 weeks to become a well-
established scar (Rubin et al., 2005). The newly deposited collagen within the first week of Ml is
delicate and liable to injury, and thus cardiac rupture may occur, which leads to sudden death
(McCance et al., 2010). However, within 4-6 weeks post MI, the collagen becomes stronger and
a well-established scar replaces the infarct necrotic tissue, which is resistant to injury, and thus

cardiac rupture is less likelihood (Rubin et al., 2005).

In post M1, early fibroblasts in cardiac interstitial space produce matrix
metalloproteinases (MMPSs), which degrades the extracellular matrix (ECM), and thus allows an
extensive attraction of inflammatory cells and macrophages (Frangogiannis, 2008; Kong et al.,
2014). The macrophages engulf the degraded tissues and results in the release of TNF and
interleukins (ILs) from these cells (Frangogiannis, 2008). ILs have a pleiotropic effect on
numerous cell types in the heart mainly on fibroblasts (Frangogiannis, 2008; Kong et al., 2014).
The newly formed fibroblasts then deposit new ECM proteins, mainly collagens at the margin of
infarct toward its center (Kong et al., 2014; van den Borne et al., 2010). The early collagen
deposited is type 111, while the later one is type | (van den Borne et al., 2010). In vivo study of
MI animal model has found that a notable fibrotic reaction extends beyond the infarct tissue to
involve remote non-ischemic myocardium in response to inflammatory reaction, suggesting
molecular-based signaling (Mezzaroma et al., 2011). In contrast, interventions that reduce

excessive fibrosis post M1 were found to reduce cardiac remodeling concomitantly with
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increased survival rates as well as compensating the heart failure (Samuel et al., 2011). Hence,

mechanisms that limit fibrosis post MI will provide a promising therapy.

1.6 Sarcolemmal Membrane Associated Protein (SLMAP)

SLMAP is a novel member of the superfamily of coiled-coil, tail-anchored membrane
proteins, which are widely distributed in the tissues including myocardium (Wigle et al., 1997).
SLMAPs could only be solubilized from cardiac membrane with detergents suggesting that they
were integral membrane protein (Wigle et al., 1997). Further, immunohistochemical analysis of
SLMAP protein in cardiac muscle has shown that SLMAP is localized in sarcolemma, transverse
tubule, and sarcoplasmic reticulum, suggesting that this molecule can interact with important
effector proteins to regulate various cell functions (Wigle et al., 1997). SLMAP has different
isoforms (35,45,and 83-91 kDa ) known as (SLMAP1, SLMAP2 and SLMAP3) encoded from
three distinct mRNA transcript ( 3.5 kb, 4.5 kb, and 5.9 kb) from a single gene, which is located
on the short arm of human chromosome 3 (3p14.3-21.2) (Wielowieyski et al., 2000; Wigle et al.,
1997). This region of chromosome has found to be involved in regulation of cellular growth and
development, and any abnormality in that area of chromosome 3 has been reported to be related
to cancer (Ali et al., 1989). SLMAP gene comprises 24 exons spread over ~122 kb of DNA
(Guzzo et al., 2004). SLMAP1 and SLMAP2 transcripts were mainly expressed in the heart,
slow twitch soleus muscle and smooth muscles, while SLMAP3 transcript was ubiquitously
expressed in tissues such as in the heart, brain, kidney, liver, muscles and pancreas as it was
reported by Northern blot analysis (Wigle et al., 1997). Various transcripts of SLMAP are
generated by alternative splicing mechanisms (Wielowieyski et al., 2000). SLMAP1 was
encoded by 11 exons distributed over ~35 kilobase pairs of continuous DNA; 9 of the exons

were constitutively expressed, and 2 were alternatively spliced (Wielowieyski et al., 2000). The
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exons range from 60-321 base pairs, while the introns range from 0.2 to 10 kilobase pairs

(Wielowieyski et al., 2000).

Structurally, SLMAP protein consists of a central alpha-helical coiled-coil domain, which
is formed by two leucine zippers, and a hydrophobic carboxyl-terminal transmembrane (TM)
domain (Wigle et al., 1997). The study of protein to protein interaction indicates that SLMAP
proteins can self-assemble (homodimerize) and bind to other proteins in the membrane
structures, and these interactions are mediated by the leucine-rich coiled-coil motifs (Guzzo et
al., 2004). The characteristic feature of SLMAP proteins was their ability to form an extended
coiled coil structure over most of their length (Wielowieyski et al., 2000; Wigle et al., 1997). The
hydrophobic C-terminal in SLMAP molecule is alternatively spliced into TM1 or TM2, which
further determines SLMAP subcellular targeting (Byers et al., 2009). For example; when TML1 is
expressed, it introduces an in-frame stop codon, which makes the TM2 inactive (Byers et al.,

2009).

The common localization of SLMAP encoding TM1 is sarcolemma, transverse tubules
and sarcoplasmic reticulum (SR), while TM2 predominantly directs SLMAP to the
mitochondrial outer membrane (MOM) as well as SR and this suggests that SLMAPS may serve
different biological roles (Byers et al., 2009). Sequence analysis of SLMAP1 TM domain
showed that only TM2 possessed positively charged residues (Byers et al., 2009). This suggested
that the charge of amino acid residues, as well as the overall hydrophobicity profile of TM

domain determines subcellular membrane targeting (Byers et al., 2009).

In addition to the previous common structure of SLMAPS, a 91 kDa SLMAP3 has a

specific N-terminal sequence known as forkhead-associated (FHA) domain that localizes at the

23



centrosomes (Guzzo, Wigle, et al., 2004). Generally, forkhead-associated domain was found to
play a vital role in regulation of cell growth, proliferation and immune response (Pike et al.,

2001; Weng et al., 2015).

1.7 SLMAPs and various biological roles

Expression of SLMAP isoforms in tissue-specific manner has served wide range of vital
roles in these tissues. 35 kDa SLMAP1 and 45 kDa SLMAP2 are mainly expressed in the heart,
the slow twitch skeletal muscle (soleus), and smooth muscles, where it is believed to serve a
unique role in these muscles (Wigle et al., 1997). In cardiomyocyte, SLMAPSs were found to
localize subcellular membranes such as sarcolemma, t-tubules and SR through carboxyl COOH-
terminal membrane anchors (Guzzo et al., 2005). Furthermore, the cardiac-specific expression of
SLMAPs revealed that these molecules that targeted distinct subcellular membranes were
capable of self-assembling and interacting with the myofibrils, suggesting a potential role for this
molecule in the structural arrangement of the excitation contraction (E-C) coupling apparatus
(Guzzo et al., 2005). Furthermore, SLMAPs carrying either transmembrane domains found to be
colocalized with caveolin3 and L-type calcium channels in sarcolemma as well as calcium-

excreting channel ryanodine receptor (RyR2) of the sarcoplasmic reticulum (Guzzo et al., 2005).

Later in another study, the role of SLMAP in cardiac function and E-C coupling system
was assessed, and it was found that SLMAP is a vital regulator of E-C coupling at the level of
the SR and SL proteins, and disturbing the normal level of these proteins results in deterioration
of cardiac electrophysiology and function (Nader et al., 2012). In this study, transgenic mice
were created with cardiac specific overexpression of SLMAP1 encoding TM2 to interfere with

the endogenous SLMAPs through homodimerization and subcellular targeting (Nader et al.,
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2012). The young transgenic (TG) mice, at 5 weeks of age, showed mild cardiac dysfunction
such as prolonged QT interval as recorded by electrocardiogram (ECG) as well as activation of
cardiac remodeling genes like atrial natriuretic peptide (ANF) and B-MHC; while the older TG
mice, which were about 28 weeks old, showed somewhat more cardiac dysfunction such as
prolonged QT interval, reduced contractility with an impaired relaxation as assessed by left
ventricle pressure monitoring (Nader et al., 2012). These TG mice also showed less response to
isoproterenol challenge and developed left ventricular pressure alternans when compared to wild
type mice (Nader et al., 2012). The cardiac function impairment seen in these TG mice was
associated with low expression of calcium handling proteins in SR such as ryanodine receptor,
calcium ATPase, calciquestrin, and triadin, concomitant with significant reduction of calcium
uptake in microsomal fractions (Nader et al., 2012). Furthermore, histological examination of
these TG hearts revealed myocardium full of vacuoles, in which the severely vacuolated were
associated with the higher expression level of SLMAP1-TM2 (Nader et al., 2012). Moreover,
using high resolution microscope and biochemical analysis has found that SR was notably
enlarged and SLMAP1-TM2 was targeted to SR membranes consecutively (Nader et al., 2012).
These findings highlighted the vital role of SLMAP in the membrane biology of cardiac
function, and found that regulated levels of this protein are critical for E-C coupling (Nader et

al., 2012).

91 kDa SLMAP3 that has the specific N-terminal forkhead associated domain was found
to be expressed ubiquitously in tissues including myocardium (Wigle et al., 1997). In vivo
expression analysis found that SLMAP3-TML1 is present in somites (11 days post-coitum) as well
as in fusing myotubes and localizes the SR and transverse tubules in adult skeletal muscles

(Guzzo et al., 2004). Cryosections obtained from tissues of developing mice (11-18 days post-
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coitum), and from adult skeletal muscles have shown that SLMAP is expressed in early
development at 11 days post-coitum (Guzzo et al., 2004). In its early development (11 d.p.c),
SLMAP was observed along the length of the myotube (Guzzo et al., 2004). Later in its
development at (15 d.p.c) and before transition of myotube to myofibre, SLMAP expression was
increased and organized in reticular pattern and fine longitudinal structures (Guzzo et al., 2004).
Then at a later stage of development at (18 d.p.c), SLMAP was recognized in specific staining
pattern, and was notably observed in skeletal muscles such as in adult tibialis anterior muscle
(Guzzo et al., 2004). Moreover in early development, using double-immunofluorescent labelling,
SLMAP was localized in subcellular structures of developing muscle and skeletal muscle where
it was colocalized in some parts with an endoplasmic reticulum marker, but it was not co-
localized with the Golgi body marker Golgin (Guzzo et al., 2004). In later development (at 18
d.p.c), SLMAP was also colocalized with myofibril Z-line marker in a striated pattern (Guzzo et
al., 2004). Beyond (18 d.p.c) in the development, and in the mature skeletal muscle, SLMAP was
seen in a continuous reticular distribution around and between the myofibrils, and as delicate
longitudinal structures perpendicular to Z-lines (Guzzo et al., 2004). Furthermore in adult
skeletal muscle, SLMAP was colocalized with Ca**ATPase, the marker of SR longitudinal
membranes, and partially with a-1 subunit of the DHP receptor, the marker of T-tubule as well
as caveolin-3 the marker of the surface membrane (Guzzo et al., 2004). In Guzzo’s study,
skeletal muscle myoblasts were found to express a single 5.9 kb transcript, which encodes the
full length ~91kDa SLMAP3 isoform. The myoblast differentiation was accompanied by stable
expression of both ~91kDa SLMAP protein and ~80 kDa isoform (Guzzo et al., 2004). As
SLMAPs deregulated by ectopic expression, the myoblast fusion was inhibited without any

notable change in the muscle specific genes (Guzzo et al., 2004). Due to ability of SLMAPs to
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self-assemble, the myotube formation was not inhibited unless the deregulated expression of
mutants was not capable to homodimers (Guzzo et al., 2004). These findings concluded that
regulated levels of SLMAP isoforms along with their temporal induction are important for

normal muscle development (Guzzo et al., 2004).

The entire genomic structure of SLMAP gene was found to have 24 axons spread over
~122 kb of DNA, which encodes SLMAP3 isoform (Guzzo et al., 2004). In addition to the
common structure of SLMAP isoforms that consists of a central coiled-coil alpha helical domain,
2 leucine zipper motifs, and alternatively spliced transmembrane domains, a 91 kDa SLMAP
isoform (SLMAP3) has a specific N-terminus known as forkhead-associated domain (Guzzo et
al., 2004). Generally, proteins that contain forkhead associated domain (FHA) are a family of
transcriptional factors regulating gene expression involved in diverse biological role such as cell
growth, proliferation, differentiation, immunity, and longevity (S. Li et al., 2016; Malo et al.,
2016; Weng et al., 2015). FHA proteins play major roles in cardiogenesis and heart development
of human embryo, and certain mutations in these genes could implicate development of
congenital heart diseases (Zhu, 2016). SLMAP 3 isoform that encompass unique FHA domain
found to be a component of microtubule organizing center (Guzzo et al., 2004). Co-
immunostaining of cardiomyocytes in vitro study found that SLMAP3 N-terminus was co-
localized with Y-tubulin the marker of centrosomes in all phases of cell cycle (Guzzo et al.,
2004). Furthermore, when these cells were treated with agents that are well known to disrupt the
centrosomes, association of SLMAP with the centrosomes wasn’t affected (Guzzo et al., 2004).
Moreover, a reporter green fluorescent protein (GFP) was targeted to SLMAP sequence to cause
deletion mutation of newly identified N-terminal sequence from SLMAP, and this was found to

stop the centrosomal targeting (Guzzo et al., 2004). This study concluded that high levels of
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centrosomal SLMAP found to be lethal to cardiomyocytes, while mutants that were deficit in
centrosomal targeting N-terminus found to suppress the cell growth, in which the cells were

unable to divide and the cell cycle was arrested at G2/M phase (Guzzo et al., 2004).

1.8  Disturbance of SLMAP expression and mutations in SLMAP gene implicated in

clinical diseases

Disturbed levels of the SLMAP protein as well as mutations in the SLMAP gene were
found to be implicated in development of certain diseases such as type 2 diabetes mellitus (DM)
and Brugada syndrome (Chen & Ding, 2011; Ishikawa et al., 2012). DM is a clinical disease
characterized by high blood glucose level (hyperglycemia) due to absolute or relative deficiency
of insulin (Kumar & Clark, 2009). DM is classified into two types; the first is type 1 diabetes
mellitus, in which pancreas is no longer excreting insulin in the blood and thus results in
hyperglycemia, and where insulin replacement therapy is necessary for patients to survive;
secondly, there is type 2 diabetes mellitus, in which a hyperglycemic state results from reduction
of insulin excretion from the pancreas and or the inability of body tissues to react to insulin or in
other terms due to insulin resistance (Kumar & Clark, 2009). The insulin resistance in type 2
diabetes results from the desensitization of insulin receptors on the cell surface of body tissues

such as adipose and muscular tissues (Kumar & Clark, 2009).

SLMAP plays major role in membrane biology and deregulated expression of SLMAP
found to be associated in type 2 diabetes mellitus and its complication (Chen & Ding, 2011).
Previous study on SLMAP (Ding et al., 2005) found that the microvasculature changes
accompanied type 2 diabetes in the diabetic mouse model are correlated with high expression of

aberrant SLMAPSs. By contrast, when these changes were reversed, SLMAP significantly
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reduced (Ding et al., 2005). These findings highlighted the contribution of disturbed SLMAP
expression with the development of microvascular disease in type 2 diabetes (Ding et al., 2005).
Further study in vivo has shown that 45 kDa and 35 KDa isoforms of SLMAP were upregulated
in adipocyte extracted from adipose tissue of diabetic mice (Chen & Ding, 2011). This
upregulation was significantly higher in mice with hyperglycaemic state than normoglycemic
ones (Chen & Ding, 2011). Moreover, This change in SLMAP expression was associated with
reduction in the expression of membrane glucose transporter (GLUT4), which plays a major role
in transporting glucose from extracellular space to inside the cells (Chen & Ding, 2011).
Furthermore, knocking down of SLMAP in adipocytes by small interfering RNA (siRNA) has
been found to reduce the glucose uptake concomitantly with reduced SLMAP levels (Chen &
Ding, 2011). These findings concluded that SLMAP is important molecule to regulate the
glucose uptake via enhancing GLUT4 transportation across the membrane, and any disturbance
in SLMAP levels might lead to diabetes (Chen & Ding, 2011). Other study on population
suffering from diabetes has revealed that single nucleotide polymorphism (SNP) in SLMAP gene
increases the risk to develop type 2 diabetes and diabetic retinopathy, which is one of the major

complications of diabetes mellitus (Upadhyay et al., 2015).

Brugada syndrome is an inherited disease manifested clinically with an aberrant
electrical activity leading to cardiac dysfunction and sudden death (Wilde et al., 2002). This
disease was first notified in group of young patients that had a ventricular arrhythmia for no
obvious clinical cardiac disease (Lemery et al., 1989). Those patients were followed up for
recurrence and outcome of the disease (Lemery et al., 1989). Only one patient died because of
cancer, while the remaining died because of recurrent cardiac arrhythmia and sudden death

within the 8 years of study period (Lemery et al., 1989). The disease found to run in families in
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an autosomal dominant mode of transmission, and characterized by the cardiac ion channels
dysfunction including sodium (Na*), calcium (Ca**), potassium (K*), and hydrogen (H")
channels (Wilde et al., 2002). Defects in these channels lead to delayed action potential and early
repolarization of cardiomyocyte plasma membrane (Wilde et al., 2002). This leads to a
prolonged cardiac relaxation and cardiac arrest, which manifested clinically as prolonged QT, ST
wave elevation, J wave appearance, and ventricular arrhythmia on ECG records (Wilde et al.,
2002). Although many mutant genes encoding (Na*, Ca**, K*) channels are associated with
Brugada syndrome, the mutations in the gene encoding sodium channel (SCNADS) are the most
leading mutants found to be linked with Brugada syndrome (Antzelevitch & Patocskai, 2016;
Wilde et al., 2002). Recently, two missense mutations (Val269lle and Glu710Ala) in SLMAP
gene have been linked to development of Brugada syndrome, which were not found in normal
population (Ishikawa et al., 2012). These mutations in SLMAP have led to a decrease in
expression of sodium channel (hNav1.5) on cardiomyocyte surface, and thus reduced the inward
sodium current and initiation of action potential (Ishikawa et al., 2012). This study has found that
there is no direct physical interaction of SLMAP with hNav1.5, suggesting that SLMAP
functions indirectly via modulating the trafficking of hNav1.5 to cell surface (Ishikawa et al.,

2012).

1.9 Rationale and statement of problem

M1 and HF are leading causes of death worldwide, and up until recently, there is no
valuable cure for these diseases. However, molecular mechanisms are highly involved in the
development of cardiac remodeling in post MI, and certain manipulations target these

mechanisms may provide a promising option for the treatment of Ml in the future.
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SLMAP is a component of cellular membranes and the microtubule organizing center,
and it serves roles in cell growth, myoblast fusion, and excitation-contraction coupling through
alteration of calcium handling proteins expression in cardiomyocytes. Moreover, disturbance in
SLMAP expression and mutations in the protein have been implicated in certain diseases such as

diabetes mellitus and Brugada syndrome.

Taking into consideration all the potential roles of SLMAP in cardiac membrane biology,
regulation of E-C coupling, and cell growth, along with the fact that SLMAP mutations have
implicated in development of serious cardiac disease (Brugada syndrome), it seems reasonable to

postulate that SLMAP3 could be a determinant of normal cardiac function.

Hypothesis: Increased levels of SLMAP3 in the heart will either protect or be detrimental in post
myocardial infarction, or were these mice better equipped to survive stress such as that imposed

by MI.

In order to assess this hypothesis, my objectives were as follows:

- Induce M1 in SLMAP3 transgenic (TG) mice and compare it with corresponding littermates of

wild type (WT).

- Examine cardiac function in SLMAP3 transgenic mice post MI by echocardiography in

comparison to WT littermates.

- Assess cardiac remodeling (fibrosis, apoptosis, and signaling) in SLMAP transgenic

myocardium.

- Determine survival-death rates in SLMAP3 transgenic mice versus WT post MI.
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CHAPTER 2: MATERIALS AND METHODS

2.1  Generation of SLMAP3 overexpressed transgenic mice and experimental animals:

8-10 weeks old B6C3 wild type male mice were purchased from (Charles River, Canada)
to generate the transgenic mouse line SLMAP3-TM2 transgenic (TG) mouse line which was
already established in the lab using the alpha-myosin heavy chain (a-MHC) promotor for cardiac
specific expression in postnatal hearts was utilized in this study. The overexpressed SLMAP3-
TM2 was speculated to homodimer with the endogenous SLMAP by its leucine zipper motifs

(LZ) and potentially interferes with its cellular activity/targeting.

Animal care and experimental procedures were maintained according to the Guide for
Care and Use of Laboratory Animals which were approved by Institutional Care Committee of
the University of Ottawa. All mice were housed and kept in maintained environment, with a 12
hour light/12 hour dark cycle at room temperature of 22-23°c. Mice were freely allowed to

access food and water at the animal facility.

2.2  Genotyping:

The genomic DNA extracted from ear tags using Red Extract-N-Amp™ PCR (Sigma),
catalogue number R4775. Transgenic mice were recognized by polymerase chain reaction (PCR)
using forward primer; 5'-GAAAAGCCTATCGAAATCAAGTTG-3' corresponding to exon 18
sequences, and reverse primer; 5-ACCTTCTTAAGCTCTTCTTGCAAAG-3' corresponding to
exon 19 sequences of SLMAP3. This results in a variation in PCR products around ~372
between 6-myc-tagged SLMAP3-TM2 transgenic and the endogenous SLMAP3. The difference
was visualized by ethidium bromide staining in 1.5% DNA agarose gel. Later, the gel is scanned

by BioRad Gel Doc Imaging System and kept for reference in characterizing the transgenic mice
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from WT. Further, the genotyping was confirmed in Western blot experiments by incubating
protein PVDF membrane with anti-myc antibody, which recognizes only 6-myc tagged SLMAP3

transgenic protein.

2.3 MI mouse model and echocardiography:

MI model in this study was induced in 9 week old mice by permanent left anterior
descending (LAD) coronary artery ligation in a surgery known as coronary artery ligation (CAL)
surgery (Xiao et al., 2012). Briefly, mice were anaesthetized with 2% isoflurane, intubated and
ventilated using a mouse ventilator (Harvard Apparatus GmbH, Germany). Left lateral
thoracotomy at fourth intercostal space was performed, and the proximal LAD (just 2mm below
left auricle) was ligated using a 6-0 silk suture. M1 was confirmed at time of surgery by
blanching of blood distal to the ligation site, anterior wall motion dysfunction, and later by ST-
segment elevation, which was recorded by electrocardiogram (ECG). This surgery was able to
give as of ~40-45% left ventricular MI. As a control for MI, mice underwent sham operation
where mice went through the same procedures of MI mice without LAD ligature. (MI surgery

was performed by Rick Seymore, Heart Institute).

4 weeks post M1 or sham surgeries, cardiac function was assessed by echocardiography
and the following parameters were obtained in the short axis view at midpapillary level: left
ventricular end diastolic and end systolic chamber diameters (LVEDD, LVESD), left ventricular
wall thickness in diastole and systole (LV WT;d and LV WT;s) and ejection fraction percent
(%EF). High resolution trans-thoracic echocardiography (Visualsonics Vevo2100 system,
Canada) equipped with MS-400 transducer (30 MHz) was used on anaesthetized mice (2%

isoflurane) to record the left ventricular function. One B-mode video, and three M-mode pictures
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were reported for each mouse heart. The three M-mode pictures were analyzed and averaged in
order to get the left ventricular functional parameters for each mouse. The mice were euthanized

after echocardiography for heart measurements and staining.

2.4  Experimental groups:

Transgenic and wild type mice randomly underwent MI or sham operation, and divided
into 3 groups: Wild type M1 (WT MI), SLMAP3 transgenic MI (TG MI) and Sham control,
which was mainly wild type mice. Each group has 6-22 mice were subjected to specific

experiments.

2.5  Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL)

assay:

Apoptosis begins in first few hours post Ml, and it reaches the maximum levels at 24-48
hours (Cheng et al., 1996). In addition, apoptosis is mainly localized at the margin of infarct area
(Cheng et al., 1996; Olivetti et al., 1996). Thus, here in my experiment, 24 hour post MlI, hearts
were harvested, washed with phosphate buffered saline (PBS), fixed in 10% neutral-buffered
formalin for 48 hours and then embedded in paraffin for sectioning. Four um thickness cross
sections were obtained from left ventricle just distal to the ligation site toward the remote area,
and stained with TUNEL according to the manufacturer’s instructions (Apop Tag® Plus
Peroxidase In Situ Apoptosis Detection Kit, S7101, Millipore, USA). In brief, slides were
deparaffinized in xylene bath, rehydrated through graded ethanol baths (100%-95%-70%)
respectively and washed with PBS. After that, slides were pretreated with the freshly diluted
Proteinase K to expose the antigen epitope, and then quenched in 3% hydrogen peroxidase to

block the activity of endogenous peroxidases. After that, slides were incubated with equilibration
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buffer and TdT enzyme for (10 seconds, 1 hour) respectively in humidified chamber at room
temperature. The later reaction finished by Stop/Wash buffer, and then the slides were incubated
for 30 minutes with working strength Anti-Digoxigenin conjugate at room temperature. Finally,
the color developed with 3,3-diaminobenzidine (DAB) for ~4 minutes, and counterstained with
methyl green stain. A negative control reagent lacks to the TdT enzyme was used to check the
specificity of the reaction. Slides washed 3 times with PBS between in each step. The number of
apoptotic cells in five different hot spots per 500 normal cells was measured and analyzed, which

represents the apoptotic index.

2.6 Masson’s trichrome staining:

Fibrosis is well-known mechanism in post MI, and because the fibrotic scar becomes well
established at 4-6 weeks in post MI (Rubin et al., 2005). Thus, in my experiment, after Ml by 4
weeks, the hearts were harvested, perfused through thoracic aorta with 15% potassium chloride
(KCL) to get hearts arrested in diastolic phase, washed with PBS and then perfused and fixed in
commercial 10% formalin for 48 hours. Four serial paraffin embedded sections, each 4 um
thickness were obtained from each heart starting from the stitch site going distally toward the
infarcted area in the following ordination (#1, #20, #40 and #55). These sections were stained
with Masson’s Trichrome (Thermo-scientific, Canada). The collagen in infarcted area stained
blue, while the viable tissue stained red. Each section was scanned by Carl Zeiss Microimaging
system (07740 Jena, Germany). Infarct size was measured in each section of each heart and
averaged, which represents the length of scar (blue) to the total left ventricular length. Also, the
collagen density was measured using ImageJ software, version 4.7 (NIH, USA). For mice
surviving after 1 year post Ml, longitudinal cardiac sections were obtained following similar

processing steps as mentioned above in fibrosis, and stained with Masson’s trichrome as well as
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Hematoxylin and Eosin (H&E) stains to assess the morphology of infarct and to explore why

these SLMAP3 TG mice survived and were better equipped than WT.

2.7 Immunohistochemistry

4 weeks post MI, hearts were harvested and treated in the same way as of Masson’s
trichrome steps. 4 um cross section obtained from each heart post M1 was stained with galectin3
following immunohistochemistry Biolegend protocol for paraffin-embedded sections. Briefly,
slides were deparaffinized in xylene bath, rehydrated in ethanol series (100%-95%-70%-50%)
respectively. Blocking of endogenous peroxidase by 3% hydrogen peroxide was done, followed
by antigen retrieval step to expose the antigen epitope using (10 mM citrate buffer, pH 6.0) at
95-100°C for 10 minutes. After that, sections were blocked with 5% bovine serum albumin
(BSA) in PBS to block any unspecific binding, and incubated with diluted primary antibody
Galectin3 (1:2000, Abcam) overnight at 4°C. After serial washing of sections with PBS, the
corresponding diluted horseradish peroxidase secondary antibody HRP (1:750, Jackson Immuno
Research Laboratories Inc) was applied for one hour at room temperature. Finally, the color was

developed with freshly made DAB, and counterstained with Fisher’s hematoxylin dye.

2.8 Western blotting:

48 hours post MI, hearts were harvested, evacuated from blood and left ventricle (LV)
and interventricular septum (IVS) dissected from the remaining heart using dissecting
microscope. Further in MI’s hearts, LV was dissected into three areas; infarcted (I), border (B)
and remote (R) based on color of the myocardium and wall thickness. Directly, samples kept in
liquid nitrogen and then frozen in -80°C till the time of experiment. Each area of LV was lysed

with cell lysis buffer (CST) containing 20 mM Tris-Hcl (pH7.5), 150 mM NaCl, 1mM
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Na2EDTA, 1ImM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, ImM B-glycerophosphate,
1mM Na VO4 and 1pg/ml leupeptin for total protein extraction. Protein concentrations were
measured using bicinchoninic acid protein kit (Pierce BCA Protein Assay Kit, Thermo Scientific,
USA). 30-40 pg protein lysates in equal amounts were loaded, separated via 12% sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene difluoride membrane (PVDF, Merck Millipore, Billerica, MA, USA) overnight at
4°C. After blocking in 5% nonfat milk or 5% BSA in TBST for 1 hour, membranes were
incubated in anti-Bax antibody (1:1000, Cell Signaling Technology), anti-Caspase3 antibody
(1:1000, Cell Signaling Technology), anti-Bcl2 antibody (1:500, Santa Cruz), anti-Caveolin3
antibody (1:25000, Abcam), anti-aTubulin antibody (1:10000, Cell Signaling Technology), anti-
SLMAP antibody (1:1000, Abnova), anti-Myc antibody (1:1000, Sigma Aldrich), anti-phospho-
PERK 44/42 antibody (Thr202/Tyr204, 1:5000, Cell Signaling Technology), anti-total pERK
44/42 antibody (P44/42 ERK1/2, 1:1000, Cell Signaling Technology), anti-Galectin3 antibody
(1:1000, Abcam) and anti-GAPDH antibody (1:10000, Thermo Scientific) overnight at 4°C.
Membranes were rinsed for at least three times in TBST buffer for 30 minutes and subsequently
incubated with the corresponding HRP secondary antibody (1:10000, Jackson Immuno Research
Laboratories Inc) for one hour at room temperature. Finally, blots were developed into
Autoradiography Film (Denville Scientific Inc) using enhanced chemiluminescence detection
substrate (Roche Diagnostic GmbH, Germany). Protein densitometric values were quantified and
normalized to the loading control protein using Image Lab software version 4.0 (Bio-Rad

Laboratories Inc, Canada).

2.9  Other parameters:
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Heart weight, lung weight, heart weight to body weight (HW:BW) ratio and lung weight

to body weight (LW:BW) ratio were measured and documented in this study.

2.10  Statistical analysis:

All data are presented as mean + SEM. Normally distributed quantitative data were
analyzed using One Way ANOVA for multiple group comparison, followed by post hoc
Bonferroni’s test to compare multiple groups to each other. Survival-death curve was analyzed
using Kaplan-Meier method. All analysis was performed using Graph Prism software version

5.0. Probability value (p value) <0.05 was considered to be statistically significant.
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CHAPTER 3: RESULTS

3.1 Generation of SLMAP3-TM2 transgenic mice:

Previous SLMAP3-TMZ2 transgenic mouse model was generated in our lab. The
SLMAP3 construct encompassed the specific forkhead-associated domain (FHA), encoded by
exon |, coiled coil two leucine zippers, encoded by exon 11l and 1V respectively, as well as
transmembrane domain 2 (TM2), encoded by XXIV (figure 2A). Three different expressers of
SLMAP3 were generated (high, medium, and low) as shown in figure 2B. In my current study, |

worked on the high expresser of SLMAP3 in order to see a reasonably prominent phenotype.
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Figure 2: Generation of SLMAP3-TM2 transgenic mice. A) The SLMAP3-TM2 construct.
SLMAP3 gene was targeted specifically to postnatal hearts using alpha-myosin heavy chain (a-
MHC) promotor, and tagged with 6-myc epitope in order to track it within cardiac cells.
SLMAP3 construct composed of forkhead-associated domain, two leucine zipper motifs,
carboxyl terminal transmembrane domain (TM2), which is responsible for SLMAP targeting to
subcellular compartments. These mice lines were generated by Maysoon Salih B).
Representative Western blots for myc-SLMAP3 expression in transgenic mice cardiac lysates in
5 weeks. A mouse lines carrying different copies of the transgene (low, medium and high) were
assessed for SLMAP expression. Western blot analysis was done on mouse heart tissue to
confirm the presence of the different levels of myc-SLMAP3 present in these mice by incubating

with myc antibody. Consistent with the transgene data the high expresser had significantly higher
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myc-SLMAP3 protein levels compared to the medium and low expressers while non TG mice

had no detectable six-myc.

3.2  Baseline cardiac phenotype and histology:

SLMAP3 transgenic mice lines with high expression were employed in the following
studies. The TG mice did not show any difference in term of function, survival and histological
changes compared to wild type (WT) littermates. Echocardiography analysis of these SLMAP3
TG mice at 8 weeks of age has shown as normal cardiac phenotype as those seen in the
corresponding WT littermates. Cardiac function was expressed in ejection fraction percent
(%EF), which was (66%+7.42, 67%+9.36, p<0.05) in SLMAP3 TG and WT mice respectively
(figure 3A). Furthermore, histological analysis of myocardium stained with hematoxylin and
eosin (H&E) showed no difference in morphological features of SLMAP3 TG hearts, no
hypertrophy or dilatation, and no distortion in cardiomyocytes were seen in these hearts

compared to WT littermate (figure 3B).
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Ejection Fraction % in both wild type and transgenic overexpressed SLMAP3 at 8weeks.

Figure 3: Cardiac phenotype of SLMAP3 TG mice.
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Representative M-mode echocardiography in 8 week old mouse heart were analyzed and left
ventricular functional analysis was represented as ejection fraction percent (%EF); amount of
blood ejected from the left ventricle during systole, which is normally ~70%+8.68 (Lu et al.,
2016). Here, the results showed the left ventricular ejection fraction (%EF) at ~66%=7.42 in
SLMAP3 TG mice compared to ~67%=9.36 in WT littermates, leading to the conclusion that
these TG mice have as normal LV function as WT (p<0.05). B).Histology in 16 week old
SLMAP3 TG heart with H&E staining. Whole heart amounts in upper row (bar=1000um)
elucidate that there is no gross changes in structure (RA= right atrium, LA= left atrium, RV=
right ventricle, LV= left ventricle) in SLMAP3 TG heart compared to WT. The lower row
(bar=100um) indicates no obvious changes in cardiomyocyte representation in SLMAP3
transgenic mouse heart sections leading us to believe that overexpressed SLMAP3In TG

myocardium results in no cardiac defects or malformations.

43



3.3  Cardiac function 4 weeks post MI was preserved by SLMAP3 overexpression:

A total of 45 mice randomly underwent CAL and sham operations; 10 were sham
controls, 19 were WT MI and 16 were SLMAP3 TG MI. Four weeks post M1, echocardiography
was carried out for each mouse survived post MI (10 shams, 15 WT Ml and 16 SLMAP3 TG
MI). Echocardiography showed that WT MI mice exhibited more adverse cardiac dysfunctions
in both systole and diastole as documented by (%EF, 36.4+15.25 vs. 49.2+17.02, p<0.05) in
comparison with SLMAP3 TG MI group (Table 1, figure 4). This deterioration in cardiac
function was associated with more LV dilation in WT Ml as expressed in left ventricular end
diastolic diameters and left ventricular end systolic diameters (LVEDD, 4.54+0.113 vs.
4.12+0.096; LVESD, 3.59+0.087 vs. 3.02+0.094) respectively (Tablel, figure 4). Furthermore,
greater LV wall thinning was notable in WT Ml in both diastole and systole as expressed in left
ventricular wall thicknesses (LV WT;d, 0.59+0.030 vs. 0.64+0.027; LV WT;s, 0.076+0.041 vs.
0.88+0.038) in comparison to SLMAP3 TG MI group (Table 1). The ratio lung weight to body
weight (LW:BW) was higher in WT MI hearts (0.64+0.02 vs. 0.57+0.013) in comparison to
SLMAP3 TG MI group, while the ratio of heart weight to body weight (HW:BW) was not

different between the two groups of Ml (0.44+0.015 vs. 0.45+0.021) ( Table 1).

In summary, as expected, adverse cardiac dysfunction was observed in both MI groups in
comparison to sham control (p<0.05), which was expressed in echocardiography parameters, but
surprisingly the cardiac contractility of SLMAP3 hearts was preserved up to ~50% (%EF,
p<0.05) concomitant with less cardiac dilation in both diastole and systole (LVEDD, LVESD,

LV WT;d, LV WT;S, and LW:BW) compared to WT.
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Table 1: Functional analysis 4weeks post MI. The represented data were means of three separate
M-mode measurements. WT MI: wild type myocardial infarction; TG MlI: transgenic myocardial
infarction; BW: body weight; HW: heart weight; LW: lung weight; HR: heart rate; LVEDD: left
ventricular end diastolic diameter; LVESD: left ventricular end systolic diameter; LV WT;d: left
ventricular wall thickness in diastole; LV WT;s: left ventricular wall thickness in systole; %EF:
ejection fraction percent. Anova Test was used for significance analysis in both WT Ml and TG

M1 vs. sham control.

Sham group WT M TG MI Anowva Test

Parameter (n=10) (n=15) {n=16) vs. Sham
aw (g) 34, 82168 33332167 35.11£1.73 ns
HW (g] 0.126+0.007 0. 14620.008 0L161+0.009 <0.05
LW (g) Q.A70ED.005 0.212+0.002 0.20140.004 <005
HW:BW [38) 0.37£0.027 0.44+0.015 0.4520.021 <001
LWiBW (%) 0.50£0.028 0LG4£0.02 0.57+0.013 <001
HR [beat/min) 42841535 478.5+19.21 4694£11.71 =001
LVEDD (mim) 34480020 4.548+0.113 4.1240.096 <0001
LVESD (mm) 1.81+0.069 3.59+0.087 3.0210.094 <0001
LV WT:d (mm] 0.90£0.033 0.59+0.030 2.6440.027 <0001
LV WT;s (rmimi) 1.34£0.04E 0. 7E£0.041 0.8820.038 <0001
REF &7.5:10.78 36.4+15.25 49, 2+17.02 <0.0001

804
3 Sham

— owu
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Figure 4: Echocardiography of 13 week old mice post MI. Representative M-mode
echocardiography images 4 weeks post MI showed a significant reduction in ejection fraction

percent (%EF) in MI groups compared to sham (p<0.0001), but this reduction was significantly
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greater in WT MI (%EF~36.4%+15.25) relative to TG MI (%EF~49.2%+17.02), p<0.05. Left
ventricular dilatation associated with reduced wall thickness were observed in MI groups in both
systole and diastole compared to sham (p<0.001), which was represented in (LVEDD;d,
LVESD;s, LV WT;d and LV WT;s) respectively. Tissues were harvested and weighed after
echocardiography (Table 1). The ratio HW:BW and the ratio LW:BW were significantly greater
(p<0.01) in MI groups in comparison with sham indicating development of heart failure in those
mice. LW:BW ratio was notably reduced in TG MI group compared to WT MI, which was close
to significance (p=0.07), but there was no difference in HW:BW ratio between two groups of Ml

(p>0.05). n=10 in sham group, n=19 in WT MI group, n=16 in TG MI group.

46



3.4  Kaplan Meier curve of SLMAP3 TG mice post MlI:

35 mice randomly underwent M1 operation, 18 were WT MI mice, 17 were SLMAP3 TG
M1 while 10 were sham controls. These mice were monitored for survival and death over 12
months (Kaplan Meier curve for probability of death). 70% of wild type mice died, while no
death was recorded in SLMAP3 TG mice post Ml (p<0.01) (figure 5). Early deaths in the first
week post M1 were mainly due to rupture of myocardium, while later deaths were mainly due to

heart failure.
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Figure 5: Kaplan Meier curve in SLMAP3 TG post MI. 35 mice randomly underwent Ml
operation, 18 were WT MI mice and 17 were TG MI. Additionally, ten mice were a sham control
group. These mice were monitored for survival and death over 12 months. 13 WT mice out of 18

(70%) died, while no death was recorded in SLMAP3 TG mice post Ml (p<0.01).
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3.5  Heart failure biomarker galectin3 was markedly reduced in SLMAP3 hearts:

Many biological markers nowadays are used to explore development of heart failure in
post M1 such as galectin3 (Sharma et al., 2004). Galectin3 is one of the recent and powerful
diagnostic tools to assess development of heart failure as well as to predict its severity (Leone &
lacoviello, 2015). In my project, expression level of galectin3 was significantly increased in Ml
heart lysates in comparison with sham as assessed by Western blot analysis. Surprisingly,
galectin3 expression was markedly attenuated in SLMAP3 TG MI (p<0.01) in comparison with
WT MI (Figure 6A). Moreover, this result was supported by galectin3 immunohistochemistry
(IHC), since less galectin3 positive stained area was observed in SLMAP3TG myocardium post

MI compared to WT (Figure 6B).
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Figure 6: Heart failure biomarker “galectin3” expression in SLMAP3 TG hearts post MI. A).
Representative Western blot for galectin3 expression: The heart failure biomarker galectin3
expression was markedly upregulated in both groups of MI compared to sham control
(p<0.0001), but this expression was markedly attenuated in TG M1 (1.8+0.20) in comparison to
WT MI (3.2+0.35), p<0.01, n=4-5 in each group. B). Staining with galectin3 indicates a higher

incidence of heart failure in WT MI by immunohistochemistry: 4 week post MI cross sections (in
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13 week old mouse heart) were stained with galectin3 (in brown color), and counterstained with
hematoxylin (in purple). IHC stains showed galectin3 was present in M1 hearts compared to
sham; however, there was a much higher presence of galectin3 in WT MI myocardium relative to

TG MI.
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3.6 Collagen levels and infarct size were reduced by SLMAP3 in post MI:

Scar formation following M1 is an eventual fate, which becomes well established at 4-6
weeks post MI (Rubin et al., 2005). In order to assess the mature scar, 4 weeks post MI cross
sections were stained with Masson’s Trichrome, in which fibrotic tissue stained in blue, while
viable myocardium stained in red. Fibrosis was significantly notable post MI in comparison with
sham (p<0.0001) (figure 7, upper row). However, infarct size as well as collagen levels were
significantly reduced in SLMAP3 TG myocardium (p<0.05, n=20-22 in each MI group, n=5 in

sham control) in comparison to WT (figure 7, upper & lower rows).

Later after 1 year post MI, the mice which survived MI were scarified, and their hearts
explored in order to assess any morphological difference between SLMAP3 TG hearts and WT.
All the remaining WT hearts had a pathognomonic balloon dilated, pale (? avascular)
myocardium at the site of infarct, which gave the heart asymmetrical appearance. While
SLMAP3 TG hearts had notable symmetrical global appearance and the infarct site was rather
red (? vascular), suggesting growing of new viable tissue at the infarct site. Furthermore,
longitudinal cardiac sections obtained from those hearts and stained after processing with
Masson’s trichrome. Thin rim of fibrotic tissues were obviously seen in left ventricular walls of
WT hearts at the infarct site, while more viable and thicker left ventricular walls were seen in

SLAMP3 TG hearts at infarct site (figure 8).
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Figure 7: Cardiac fibrosis and infarct size in SLMAP3 TG myocardium post MI. A) Viable
myocardium (red), while fibrosis (blue) was investigated by using Masson’s trichrome staining.
In sham operated control group sections, no fibrosis was observed. In contrast, blue scar tissues
could be easily observed in the infarct zone of MI group sections (p<0.0001). Four cross sections
of each heart were stained with M. T and analyzed for infarct size percent and collagen area
percent, bar=1000 pm in upper row, bar=100 pm in lower row. The represented infarct size
(upper row) and collagen area (lower row) were significantly higher in WT MI myocardium
(1S~53+9.30, CA~47+7.37) in comparison to TG MI myocardium (1S~43+8.82, CA~35+5.15),

p<0.05.
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Figure 8: Histology of mouse myocardium 1 year post MI. A) Masson’s trichrome staining 1
year post MI: Longitudinal cardiac section of WT myocardium stained with Masson’s trichrome
shows dilated and thinner left ventricular wall with dense scar tissue at the infarct area. A thicker
left ventricular wall are notable with less fibrotic tissue as well as more viable tissue in SLMAP3
TG myocardium at the infarct site, bar=2000 um in upper row, bar=200um in middle row, and
bar=50 in lower row. B) Hematoxylin and Eosin staining (H&E): Longitudinal cardiac sections
show the infarct as well as the border area of SLMAP3 myocardium with notably more blood
vessels and cardiomyocytes in comparison with WT, bar=2000 pm in upper row, bar=200um in
middle row, and bar=50 in lower row. N.B. Arrow indicating to the apex of the heart, which is

expected to be impacted by infarct in case of MI.
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3.7 Apoptosis was attenuated in SLMAP3 myocardium post MlI:

In view of apoptosis and its relative contribution to development of cardiac remodeling
(Kumar & Clark, 2009; Olivetti et al., 1996), TUNEL assay was performed to detect early
apoptosis in 24 hours post M1 since it is expected to be at its maximum magnitude (Cheng et al.,
1996). As expected, the area of positive TUNEL nuclei was significantly abundant in Ml
myocardium (p<0.001) compared to sham (Figure 9, upper row). Apoptotic index was measured
and shown markedly reduced apoptotic index in SLMAP3 TG myocardium (p<0.05, n=20-22 in

each group) compared to WT MI (Figure 9, lower row).
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Figure 9: TUNEL assay of SLMAP3 TG myocardium post MI. Apoptotic cells that underwent

extensive DNA fragmentation during late stages of apoptosis were stained in brown, while viable

cells were counterstained with methylene green dye, bar=1000 pum in upper row. Apoptotic index

measured and was significantly higher in WT MI myocardium (112+15.32) compared to TG Ml

myocardium (77+11.48), p<0.05, n=20-22 in each group, bar=50 um in lower row.
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3.8 SLMAP3 reduced prodeath and enhanced prosurvival signals post MI.

Endogenous SLMAPs levels (SLMAP3, SLMAP2 and SLMAP1) were elevated in post
M1 in the non-infarct remote area of left ventricle in WT MI in comparison to WT sham (figure
10). Furthermore, endogenous SLMAP3 level was notably upregulated in all areas of left
ventricle post Ml; Infarct (1), border (B), and remote (R) and the significance was (p<0.05,
p=0.08, p<0.01) respectively in comparison to sham (figure 11). This suggests that elevated
levels of endogenous SLMAP3 in all areas of LV post MI might serve to modulate such a
protective response. For this reason I looked up some proapoptotic and antiapoptotic proteins in
SLMAP3 TG heart post MI. Expression levels of prodeath proteins (Bax and Caspase3) in all
three areas of left ventricle post M1 (I, B, R) were significantly upregulated in both MI groups
compared to sham (p<0.001) (figure 12a, 14a, 16a). Surprisingly, these proapoptotic proteins in
these areas were markedly reduced in SLMAP3 TG post Ml (p<0.001) in comparison to WT Ml
(figure 12a, 144, 16a). In contrast, prosurvival Bcl2 expression level post MI was significantly
higher in SLMAP3 TG MI compared to WT MI (p<0.001) (Figure 12a, 14a, 16a). Interestingly,
apoptotic index was measured and expressed in the ratio of Bax:Bcl2 in all areas of LV post Ml,
which was remarkably less in SLMAP3 TG MI compared to WT M1 (p<0.0001) (Figure 12b,

14b, 16h).

In view of these data presented in SLMAP3 TG hearts post Ml, it appears that increased
expression of SLMAP3 in TG hearts may serve a protective response to the stress induced by Ml
throughout upregulation of proapoptotic protein (Bcl2), and downregulation of proapoptotic

proteins (Bax, and caspase3).

57



3.9  Cav3 expression was enhanced, while ERK1/2 signaling mechanism of HF was

depressed in SLMAP3 TG mice in post MI:

In the current study, in all areas of left ventricle (I, B, R), the cardioprotective caveolin3
was significantly upregulated in SLMAP3 transgenic hearts post M1 (p< 0.001, p<0.001, p<0.05)
respectively in comparison to WT (figure 13, 15, 17). In contrary, phospho-ERK1/2 the well-
known signal in pathological cardiac hypertrophy was downregulated in SLMAP3 transgenic
hearts in all areas of left ventricle (I; B; R) post MI (p<0.05, p<0.05); (p<0.05, p<0.01); (p<0.05,

p<0.01) respectively compared to WT (figure 13, 15, 17).
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Figure 10: Expression of endogenous SLMAP isoforms in the remote area post MI. Western blot
analysis of left ventricle lysates post M1 shows significant upregulation of all isoforms of
endogenous SLMAPs (SLMAP3, SLMAP2, and SLMAP1) at remote myocardium in WT Ml in

comparison with WT sham. P<0.05, n=4 in each group.
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Figure 11: Expression of SLMAP3 protein in different areas of left ventricle (I, B, R) post MI.
Western blot analysis shows significant upregulation of endogenous SLMAP3 in left ventricular
lysates of infarct (1) area as well as remote (R) area (p<0.05, p<0.01) respectively. In border area,
endogenous SLMAP3 was notably elevated while p value wasn’t significant, but it was close to

significance (p=0.08), n=4 in each group.
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Figure 12: Expression of proapoptotic and antiapoptotic proteins in infarct area (1) post Ml. a)
Western blot analysis of infarct tissue post MI shows elevated levels of proapoptotic proteins
(Bax & caspase3), as well as antiapoptotic protein Bcl2 in M1 groups in comparison to sham
(p<0.001). Bax & caspase3 were markedly reduced in SLMAP3 TG MI (p<0.001) compared to
WT MI. However, the antiapoptotic Bcl2 expression was significantly upregulated post Ml in
SLMAP3 TG (p<0.001) in comparison to WT. b) The ratio Bax:Bcl2 was measured, and shows a
great reduction in apoptotic index in SLMAP3 TG post MI (p<0.001) compared to WT, n=4-5 in

each group.
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Figure 13: Expression of cardiac signaling proteins in infarct area post MI. Western blot
analysis of left ventricular lysates of infarct tissue post M1 shows significant upregulation of
cardioprotective protein caveolin3 in SLMAP3 TG (p<0.001) in comparison to WT. In contrary,
the heart failure signal phosphorylated ERK1/2 were significantly higher in both MI groups
(p<0.01, p<0.05) respectively compared to sham, but the elevation in these proteins was reduced

in SLMAP3 TG (p<0.05, p<0.05) respectively in comparison to WT, n=4-5 in each group.
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Figure 14: Expression of proapoptotic and antiapoptotic proteins in border area (B) post Ml.
The same trend of data shown in infarct area was seen in the border zone of the infarct. a)
Western blot analysis of marginal tissue post M1 shows elevated levels of proapoptotic proteins
caspase3 as well as antiapoptotic Bcl2 in both MI’s groups in comparison to sham (p<0.001,
p<0.001) respectively. Surprisingly, the proapoptotic Bax & caspase3 were reduced in SLMAP3
TG MI (p<0.001, p<0.001) respectively compared to WT MI. In contrary, the antiapoptotic Bcl2
expression was significantly upregulated post Ml in SLMAP3 TG (p<0.001) in comparison to
WT. b) The ratio Bax:Bcl2 was measured, and shows a great reduction in apoptotic index post

Ml in SLMAP3 TG (p<0.001) compared to WT, n=4 in each group.
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Figure 15: Expression of cardiac signaling proteins in border area post MI. Western blot
analysis of left ventricular lysates of border tissue post M1 shows significant upregulation of
cardioprotective protein caveolin3 in SLMAP3 TG (p<0.001) in comparison to WT. In contrary,
the transcriptional factors phosphorylated ERK1/2 were significantly higher in both MI groups
(p<0.01, p<0.001) respectively compared to sham, but the elevation in these proteins was

reduced in SLMAP3 TG (p<0.05, p<0.01) respectively in comparison to WT, n=4-5 in each

group.

64



Remote area (R)

Sham WT Ml TG MI
k B c | dkk
—— =SSN - ;. = o
g B 0O WT(R)
.% ok
‘E’ wkk
o 1
’ " —Bcl2 ¢
L - 3 l
x 0- T T
. Bax Caspase3 Bcl2
b.
6
J— O WT([R)
W TG(R)

Bax:Bcl2
b

knd

Figure 16: Expression of proapoptotic and antiapoptotic proteins in remote area (R) post MI.
The same trend of data shown in infarct and border areas post MI was seen in the remote area of
the infarct. a) Western blot analysis of remote viable tissue post M1 shows elevated levels of
proapoptotic proteins Bax and caspase3 as well as antiapoptotic Bcl2 in both MI’s groups in
comparison to sham (p<0.001, p<0.001, p<0.001) respectively. Surprisingly, the proapoptotic
Bax & caspase3 were markedly reduced in SLMAP3 TG MI (p<0.001, p<0.001) compared to
WT MI. In contrary, the antiapoptotic Bcl2 expression was significantly upregulated post Ml in
SLMAP3 TG (p<0.001) in comparison to WT. b) The ratio Bax:Bcl2 was measured, and shows a
great reduction in apoptotic index post Ml in SLMAP3 TG (p<0.001) compared to WT, n=4-5 in

each group.
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Figure 17: Expression of cardiac signaling proteins in remote area post MI. Western blot
analysis of left ventricular lysates of remote tissue post MI shows significant upregulation of
cardioprotective protein caveolin3 in SLMAP3 TG post Ml (p<0.05) in comparison to WT. In
contrary, the transcriptional factors phosphorylated ERK1/2 were reduced in SLMAP3 TG post

M1 (p<0.05, p<0.01) respectively compared to WT MI, n=4 in each group.
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CHAPTER 4: DISCUSSION

Myocardial infarction and heart failure are major causes of morbidity and mortality in
developed and developing countries. However, even with advanced progress in their treatment
over last few years, the hopeful remedy for these diseases is still frustrating. In last few decades
as well as more recently, many medications have been approved to be used in treatment and
prevention of such diseases, but neither high efficiency nor low adverse effects was achieved
with these medications (Reddy, 2015). For instance, fibrinolytic therapy in MI cases is associated
with high major bleeding tendency and low cure rate especially if the infarct’s onset passed the
first few hours (Reddy, 2015). Another treatment option for Ml is the coronary artery bypass
graft (CABG) surgery that aims to replace the occluded coronary artery with another one to
reinstate the coronary circulation has also associated with a number of life threatening
complications such as the occurrence of new M1 in ~7% of patients, which is called as post-
CABG MI (Reddy, 2015). Taking into consideration the current hazardous and to some extent
the less efficient current treatment options of MI and subsequent HF, as well as association of
complicated and interactive molecular mechanisms with pathogenesis of these diseases, a new
efficient and less invasive therapeutics to limit cardiac remodeling will provide a promising
option in treatment of these cardiac diseases. Therefore, the cardiac research nowadays is aimed
to deeply understand the different molecular mechanisms involved in cardiac remodeling and to
find certain ways to manipulate such mechanisms with least possible adverse effects. For
instance, cardiac stem cell therapy hugely attracted sights toward finding reparative or
regenerative replacement of failing cardiomyocytes by newly differentiated ones in the cardiac
remodeling diseases such that in Ml and HF (Reddy, 2015). However, the success of cardiac

stem cell therapy has faced some obstacles such as making these cells surviving in a dead
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necrotic or an avascular fibrotic tissue, such that it occurs in myocardium in post MI (Reddy,
2015; Samuel et al., 2011). Therefore, molecular mechanisms or therapies that help to limit
apoptosis as well as fibrotic tissue formation in post MI will provide de novo or adjunct therapy

for treatment of cardiac remodeling in post MI.

In the current study, | emphasize the protective effects of SLMAP3 on post Ml
ventricular remodeling in Ml mouse model. Specifically, | demonstrate that overexpressing
SLMAP3 in postnatal hearts served to attenuate infarct size in the left ventricles and interstitial
fibrosis (collagen density) in the whole areas of both ventricles in post Ml, and this was
concomitant with increased survival and partially compensated heart failure. Moreover, | found
that SLMAP3 markedly reduced left ventricular dysfunction and rupture in post Ml either in an
acute phase or a chronic phase as well as limited apoptosis. Furthermore, SLMAP3 significantly
elevated the prosurvival program in all areas of the left ventricle (Infarct, border, and remote)
and simultaneously reduced the death signals in those areas. Our data here strongly suggests that
SLMAP3 may function as a downstream signaling molecule that regulates post MI apoptosis,
fibrosis, and membrane biology, thus enhancing the favorable left ventricular remodeling with

concomitant increased survival rates in these TG mice.

I studied mice at 4 weeks post MI, representing the perfect time of mature fibrotic healing
and thus the chronic left ventricular dysfunction (Rubin et al., 2005). To estimate the effects of
overexpressing SLMAP3 in the heart post Ml, | performed some morphometric, histological and
cardiac function assessments. | found that mice with overexpressed SLMAP3 showed better
cardiac pumping capacity as well as less ventricular dilation as assessed by echocardiography
measurements of left ventricular wall thickness and lumen diameters in both systole and diastole

(table 1, figure 4). In addition, morphometric analysis has shown that these TG mice have less
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signs of developing heart failure in post MI, which was represented in a decreased lung weight to

body weight ratio (table 1).

Fibrosis is still known a mechanism for infarct healing and remodeling, which prevents
early myocardial rupture in post M1 (Hwang et al., 2001). However, an extensive fibrotic
reaction in response to inflammation and apoptosis in post MI in human hearts and in
experimental M1 murine model have been found to be extended to areas of remote viable
myocardium as well as the right ventricle, and therefore associated with adverse left ventricular
remodeling (Brower & Janicki, 2001; Bussani et al., 2003). The reactive fibrosis that is found in
remote myocardium of both ventricles post MI was triggered by multiple mechanisms such as
exaggerated inflammation and apoptosis, and thus the downstream molecular regulation of these
pathways will limit the extensive ventricular remodeling (Erdal et al., 2012). In my study, the
histological analysis of fibrosis from serial cross sections of SLMAP3 TG hearts revealed less
infarct size as well as less collagen density, which was less distributed throughout all regions of

the left ventricle as well as in the right ventricle (figure 7).

In myocardial infarction, necrosis and apoptosis are major pathogenesis for the
development of ventricular remodeling (Olivetti et al., 1996; Wencker et al., 2003). As opposed
to necrosis, apoptosis utilizes energy in a highly regulated process, which is controlled by
simultaneous interactive balance of prosurvival and prodeath signals (Gill et al., 2002; Szalai et
al., 1999). These signals might be activated by death receptors on cell membrane (extrinsic
pathway) or by cytochrome c release from mitochondria (intrinsic or mitochondrial pathway)
(Webster, 2012). In an intrinsic pathway, when mitochondria is exposed to stress such as DNA
damage due to necrosis, this will lead to alterations in the mitochondrial outer membrane

(MOM) permeability and subsequent release of cytochrome c into cytoplasm (Webster, 2012).
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Further, cytochrome c will activate cascade of proteolytic proteins, ending up with the
transformation of inactive caspase3 into active cleaved caspase3, which has unique apoptotic
activity and directly mediates the DNA degradation (Webster, 2012). The mitochondrial pathway
of apoptosis could be downregulated by activity of antiapoptotic Bcl2 protein, which stabilizes
the MOM (Webster, 2012). On other hand, this pathway could be extremely enhanced by
proapoptotic Bax protein, which increases the permeability of MOM, and thus induces
cytochrome c release to cytoplasm (Webster, 2012). The net effect of these two proteins (Bcl2
and Bax) at mitochondrial level will determine the fate of cardiomyocytes either to survive or to
die (Webster, 2012). Experimental murine ischemia/reperfusion study found that the Bcl2
treatment had reduced apoptosis and myocardial remodeling, and thus protected the heart (Iwata
et al., 2010). Alternatively, other studies have shown that adverse cardiac remodeling post Ml
was associated with elevated levels of Bax and caspase3 (Webster, 2012; Whelan et al., 2012).
Here in my present study, SLMAP3 served to limit apoptosis, which was assessed by TUNEL
assay (figure 9) in the early 24 hours post MI, and Western blot analysis in 48 hours post Ml
(figure 12a, 14a, 16a). Surprisingly, overexpression of SLAMP3 served to switch the
proapoptotic signals (Bax and caspase3) to antiapototic Bcl2 signal, which was concomitantly

associated with less apoptotic index (figure 12b, 14b, 16b).

Many cardioprotective signaling pathways are found to protect the heart and enhance its
performance in certain cardiac diseases such as in HF including caveolea system, which
regulates antiapoptosis and suppresses the hypertrophic signals (Erdal et al., 2012; Markandeya
et al., 2015). Caveolea is cave-like structures located at cell membrane and is composed of
caveolins such as the ubiquitously expressed cavl & cav2, and the muscle specific caveolin3,

which is the only caveolin isoform in the heart (Horikawa et al., 2014). Alternatively, in
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pathological cardiac hypertrophy, ventricular cardiomyocyte undergoes subcellular remodeling,
which is associated with a reduction in the scaffolding protein cav3 concomitant with altered
calcium cycling (Markandeya et al., 2015). Caveolins are involved in numerous important signal
transductions inside cardiomyocytes such as calcium signaling, adrenergic signaling, and
vesicular trafficking, which served as cardiac protection (Horikawa et al., 2014). Caveolins act as
a scaffolding proteins via their specific scaffolding domains and serve essential roles in
categorization of major signals such as MAPK, PKC, PI3BK/AKT, tyrosine kinase, and ion
channels of Na*, Ca**, K*, and CI~~ (Horikawa et al., 2014). Many studies have found that
mutations in Caveolin3 gene are associated with long QT syndrome, which leads to electrical
cardiac dysfunction and sudden death (Cutler & Kaufman, 2013). Similar studies have shown
that these mutations lead to defects in nitric oxide synthase (NO synthase) and alteration in the
expression of sodium and potassium channels of cardiomyocytes, which therefore result in
aberrant electrical activity and pathological cardiac hypertrophic remodeling (Cutler & Kaufman,
2013; Murfitt et al., 2015; Senatore et al., 2014). In similar way, SLMAP3 has been found to be
involved in Na* channel trafficking, and two missense mutations in SLMAP3 gene found to be
linked with channelopathy disorder known as Brugada syndrome, which leads to impaired
electrical cardiac activity and death (Ishikawa et al., 2012). Overexpression of Cav3 is found to
be protective against pathological cardiac hypertrophy via PKC-Calcium mechanism, NO
synthase signaling, and restoration of adrenergic receptors to T-tubules through cAMP signaling
in these studies (Cutler & Kaufman, 2013; Horikawa et al., 2014; Wright et al., 2014)
respectively. On the other hand cav3 knockout in mice has shown adverse cardiac dysfunction
via activation of ERK1/2 signaling pathway (Woodman et al., 2002). In the same study, cav3

knockout mice showed a range of cardiac pathologies such as cardiac hypertrophy and dilated
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cardiomyopathy concomitant with reduced fractional shortening as assessed by
echocardiography (Woodman et al., 2002). Furthermore, Ras-ERK1/2 signal was activated in
these mice, which was assessed by elevated levels of phosphorylated ERK1/2 (Woodman et al.,
2002). Taking all together the protective roles of caveolin3 and its negative regulation of the
well-known mechanism ERK1/2 in pathological cardiac hypertrophy, the mechanisms that
elevate caveolin3 and downregulate phosphorylated ERK1/2 in the heart eventually will be
protective. In the present study, throughout all regions of the left ventricle post MI, SLMAP3
significantly upregulated caveolin3 as well as markedly downregulated the levels of
phosphorylated ERK1/2 (figure 13, 15, 17); suggesting protective mechanisms were triggered by
SLMAP3. In addition, considering the involvement of SLMAP3 in normal membrane biology,
and the regulation of excitation contraction coupling inside cardiomyocytes as well as facilitation
of sodium channel trafficking on cardiomyocyte surface, these mechanisms are very critical in
ventricular remodeling and if maintained in post Ml, functionality of cardiomyocytes will be to
some extent restored (Duarte-Costa et al., 2014; Erdal et al., 2012; Markandeya et al., 2015). In
my study, endogenous levels of SLMAP3 in infarct as well as remote myocardium of the left
ventricle were significantly elevated post MI (figure 11), suggesting that the protective effects

were triggered and mediated by this protein.

Heart failure is the hallmark adverse effect of MI. Thus, molecular study of HF
biomarkers would help to support my study. Galectin3 is one of the recent HF biomarkers that is,
in addition to being a helpful tool for detection of HF development in post Ml it is also a
prognostic factor for this disease, whereas the highest galectin3 level in the heart is the severely
developed HF (Leone & lacoviello, 2015; Sharma et al., 2004). Human galectin3 gene found to

play important role in cell growth, differentiation and cancer (Duneau et al., 2005). Alternatively,

72



this gene encodes protein that has been involved in the intracellular mitochondrial apoptotic
activity via enhancing release of cytochrome ¢ from mitochondria concomitant with suppression
of antiapoptotic Bcl-xL (Duneau et al., 2005). Later study has found that galectin3 gene encoded
mitogaligin protein, which was sublocalized to mitochondrial membranes and nuclei through two
specific sequences, and induced the intracellular cytotoxic effect and apoptosis (Gonzalez et al.,
2009). Taking into account, the implication of galectin3 in heart failure and myocardial
remodeling as well as triggering of intracellular apoptosis, galactin3 levels were assessed in my
project by Western blot as well as immunohistochemistry. Surprisingly, galectin3 expression in
infarct as well as border area was markedly reduced by SLMAP3 overexpression post Ml (figure

6A, B).

Whether such potential roles make SLMAP3 overexpressed mice survive longer post Ml
or not are difficult to suggest. Therefore, mice were monitored over one year for death records
and the reason of the death was explored. Interestingly, no deaths were recorded in SLMAP3
overexpressed mice, while as 70% of WT mice died (figure 5). Furthermore, mice which
survived after one year were sacrificed and examined in order to check the morphology and the
histology, and discern why these SLMAP3 TG mice survived. Most of SLAMP3 hearts showed
symmetrical global appearance with almost no demarcation lines of infarct among the left
ventricles. Furthermore, these hearts were notably red (more vascular), which may suggest the
growth of new blood vessels (figure 8A, B). On the contrary, the remaining WT hearts which
survived after MI showed asymmetrical balloon like dilation at infarct area, which was delicate
and appeared as a well-demarcated area among the left ventricle. In addition, this dilation was
notably pale (less vascular), suggesting impending rupture in these hearts. Furthermore,

histological appearance of Masson’s trichrome (MT) and hematoxylin and Eosin (H&E) stained
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myocardium showed likely enhanced growth of new muscular tissues and blood vessels at the
site of infarct in SLMAP3 myocardium in comparison to WT, which may suggest another
possible protective mechanism that might be triggered by SLMAP3 (figure 8A, B). However,
further work in the future should be done on SLMAP3 aiming to quantify the blood vessels and
myocyte’s number and size at infarct and adjacent myocardium, and furthermore to explore the
possible molecular mechanisms by which SLMAP3 might enhance blood vessel formation as

well as muscle growth.

CONCLUSION

In view of my findings in the current study, SLMAP3 served to attenuate the left
ventricular remodeling in post MI in Ml mouse model. Overexpression of SLMAP3 in postnatal
heart preserved cardiac performance concomitantly with less left ventricular dilation post Ml. In
addition, SLMAP3 TG mice showed signs of compensating the heart failure as well as an
increase in the longevity of mice post MI. Furthermore, apoptosis and interstitial fibrosis post Ml
in infarct as well as in remote viable myocardium were diminished by SLMAP3.
Cardioprotective mechanisms as well as prosurvival signals were enhanced by SLMAP3, while

concomitantly the prodeath signals were markedly reduced.

In previously published work in our lab, SLAMPs played a distinct role in membrane
biology, cell growth, and regulation of excitation-contraction apparatus in cardiomyocytes. Thus,
here we propose that strategies to induce SLMAP3 levels in heart may represent a potential new

therapeutic target in the treatment and preservation of myocardium post Ml and HF.
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