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ABSTRACT
High mortality rates from cardiovascular disease underscore the need for improved
therapies. Thus, it is important to further our understanding of factors and mechanisms
promoting cardiac protection and repair.

Fibroblast growth factor-2 (FGF-2), administered to the heart before or during injury
exerts beneficial effects such as cytoprotection and angiogenesis. However, the effects of
a chronic elevation in endogenous FGF-2 on recovery/remodeling after ischemic injury
are not known. My hypothesis was that chronic elevation in endogenous FGF-2
expression (in FGF-2 overexpressing transgenic mice) exerts beneficial effects such
as improved function after isoproterenol-induced injury in vivo.

The first study showed that treatment with the β-adrenergic agonist isoproterenol resulted
in exaggerated levels of cellular infiltration and myocardial disarray in transgenic FGF-2
versus non-transgenic mouse myocardium. This was suggestive of increased cardiac
injury in transgenic FGF-2 mice. Inhibition of T cells using the immunosuppressants
cyclosporine A or antibodies against CD3ε attenuated cellular infiltration in transgenic
FGF-2 mice, to levels comparable to those of non-transgenic mice, suggesting a T
lymphocyte-mediated effect. Overall morphological data suggested that chronic FGF-2
elevation might have created an adverse outcome after cardiac injury.

In a follow-up study the effect of chronic FGF-2 elevation on cardiac function was
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examined, as measured by tissue Doppler imaging (TDI), after isoproterenol
administration.

FGF-2 overexpressing mice displayed improved cardiac function

compared to controls, after isoproterenol, both acutely (24 h) and in a sustained fashion
(2-4 weeks). The FGF-2 associated functional improvement at 2-4 weeks was attenuated
following immunosuppression with cyclosporine A, but not treatment with anti-CD3ε
antibodies. The FGF-2–associated functional improvement may be partially attributed to
a cyclosporine A-sensitive (but anti-CD3-insensitive) infiltrating cell population. Thus
cellular infiltration, in response to elevated FGF-2, may have a net beneficial effect.

In a third study, non-transgenic mice were put through a brief swimming protocol
(exercise) prior to isoproterenol. This acute bout of exercise resulted in significant
improvement in TDI function, compared to control groups, measured at 24 hours up to 4
weeks post-isoproterenol.

In conclusion, increased endogenous cardiac FGF-2 expression, or an acute bout of
exercise, exert sustained beneficial effects against isoproterenol-induced cardiac
injury.
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CHAPTER I

INTRODUCTION

A.

BACKGROUND

Cardiac disease claims over 7 million people annually and is a major killer
worldwide [World Health Organization. The top 10 causes of death., 2008]. It is the
second leading cause of death in Canada [Statistics Canada. Table 102-0563 - Leading
causes of death, total population, by sex, Canada, provinces and territories, annual., 2005]
but remains the number one killer in all industrialized nations combined [World Health
Organization. The top 10 causes of death., 2008]. The World Health Organization
predicts that by the year 2030, 23.6 million people will die annually of cardiovascular
disease. A majority of deaths due to cardiovascular disease will likely occur following
prolonged disease progression, with increasing patient discomfort and requirement of
support systems. With a large percentage of the population rapidly increasing in age,
cardiovascular disease will become a greater burden not only to the patient and their
family, but also on Canada’s health care spending.

Although many therapies and

strategies are currently in place to try to minimize the effects of cardiovascular disease on
the patient, these are costly and may not be available to everyone. Judging by the
numbers of deaths annually, it is clear that current therapies are not adequate to
significantly deter cardiovascular disease mortality. Thus, it is important to increase our
understanding of the mechanisms underlying cardiac health and disease, as well as
cardiac protection from, and repair after, injury.

9

Death from cardiovascular disease can occur acutely due to massive cardiac
injury, or can result following progressive injury and maladaptive remodeling when the
heart can no longer sustain its workload. Most deaths by cardiovascular disease occur in
the adult and aging populations, although congenital and hereditary heart diseases can
also result in early mortality.

Cardiac injury in the adult heart is accompanied by

functional tissue loss, which is practically irreversible because of limited innate
regenerative potential. Rather, the heart overcomes tissue loss by “repair” consisting of
scar-formation. After tissue loss, the remaining viable myocardium compensates by a
remodeling process that includes an increase in myocyte size by hypertrophy,
accompanied by reactive fibrosis.

Beyond a certain potential for functional

compensation, the heart transitions to a decompensated state and heart failure.

Interestingly,

an

endogenous

protein

with

potent

cytoprotective

and

cardioprotective properties, fibroblast growth factor 2 (FGF-2), has been shown to exert
beneficial effects at the different stages of the cardiac injury-repair response. This thesis
focuses on further understanding the relationship between FGF-2 and the cardiac
response to injury so that, potentially, this factor can be used to treat or prevent heart
disease.

In the introductory section, a brief background will be provided on the processes
of ischemic heart disease, myocardial injury and repair, heart failure, experimental

10

models of cardiovascular injury, the biology of FGF-2 in the heart, and the rationale for
the presented studies.

B.

ISCHEMIC HEART DISEASE AND HEART FAILURE

Ischemic heart disease, myocardial infarction and the ensuing heart failure
represent a major component of cardiovascular disease. A generalized schematic of how
ischemic cardiac disease develops is presented in Figure 1 (modified from Concise
Pathology 3rd edition; www.accessmedicine.com).

The chart has been divided into

sections by dashed lines to show stages that (1) lead to cardiac injury, (2) occur after
injury but remains at a stage in which recovery is still possible, and (3) stages where
death becomes inevitable. Clearly, intervention at stages 1 and 2 are essential. At the
point when the stage advances from (1) to (2) (yellow dashed line, Figure 1), strategies of
prevention and cardioprotection can circumvent or at least limit damage; while within
stage (2) (before red dashed line, Figure 1), stimulation of repair and potentially
regeneration are important.

Many different factors can lead to the development of ischemic cardiac disease, as
shown in Figure 1. Here, the stages that lead to cardiac injury (usually myocardial
infarction) and the events that occur afterwards are briefly described.
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B.1.

Atherosclerosis

Atherosclerosis is the most common root cause for ischemia and myocardial
infarction in humans; it is estimated that approximately 50% of all deaths from
cardiovascular disease can be attributed to some association with atheroma formation
[Lloyd-Jones et al, 2009]. Atherosclerosis manifests itself in the formation of a calcified
plaque in arteries, and can elicit the most damage when its development occurs in the
arteries supplying the heart and the brain. Atherosclerotic disease also includes plaque
formation of grafted veins, organs, or those resulting from restenosis of vessels that have
undergone angioplasty and stenting [Ashley and Niebauer, 2004; Fuster et al, 2008].
Atherosclerotic plaques likely begin with the formation of “fatty streaks”, the first visible
lesions on the artery (resembling fat, although not made up of adipose tissue), composed
of macrophages and other cell types, which tend to become more prone to the uptake of
lipids and cholesterols from the bloodstream. Macrophages begin ingesting lipids and
cholesterol in the intimal layers of the arteries, forming what are called “foam cells” (they
resemble foam under the microscope due to the fat deposits). Atheroma development
appears to involve the migration and turnover of the cells of the blood vessel (endothelial
cells, smooth muscle cells) as well as those of the immune system. Progression of plaque
formation has also been shown to involve the accumulation of oxidized cholesterol and
other lipids within the transformed cells, eventually forming a hard, calcified plaque
leading to a decreased diameter of the artery lumen [Sherwood, 1993].

Complex

processes involving multiple cell types (macrophages, smooth muscle cells, endothelial
cells, and other members of the immune system) contribute to the enlargement of the
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plaque, which with continued lipid accumulation, results in the disorganization of the
endothelial cells lining the vessel lumen, consequently causing its decreased stability.

B.2.

Occlusion of blood vessels supplying the heart

Blockage of critical arteries supplying the heart tissue with blood can result from
either near or total occlusion of the vessel by either a thrombus or an embolus formation.
A thrombus is a blood clot of platelets and other immune cells activated at the area of
atherosclerotic plaque; this mass of cells can cause occlusion of the offending vessel. On
the other hand, an embolus is a thrombus that has detached from the vessel well, which
continues to move with the blood flow until it reaches a vessel area too narrow, where it
can cause an occlusion. The narrowing of the coronary vessels (blood vessels which
supply the myocardium with blood) may also stimulate several critical events in
myocardial injury: (1) blood flow changes causing increased shear stress, subsequently
leading to more susceptible endothelial lining for formation of more thrombi, and (2)
myocardial ischemia, whereby tissues receive insufficient oxygen and nutrients.

B.3.

Ischemic heart disease

Ischemic heart disease (myocardial ischemia) is the condition in which cardiac
tissue demand for oxygen exceeds supply. Inadequate oxygen (hypoxia) is minimally
tolerated by cardiac myocytes, as contraction requires considerable amounts of ATP
acquired mainly through aerobic fatty acid metabolism [Fuster et al, 2008; Opie, 2004].
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Anaerobic metabolism through glycolysis allows survival of cardiac myocytes during
brief episodes of ischemia, however, prolonged ischemic events result in irreversible
damage [Webster et al, 1993]. Chronic ischemia, when mild, can lead to angina pectoris,
or a state in which a patient begins to feel chest discomfort. Severe acute ischemia
(myocardial infarction=heart attack) is usually accompanied by myocardial tissue loss.
There is a direct relationship between extent of initial myocardial infarction and severity
of prognosis [Pfeffer et al, 1984; Wilhelmsson et al, 1981].

B.4.

Myocardial infarction and subsequent repair

Survivable infarcts are characterized by recovery with fibrotic scar formation.
Myocardial infarction leads to immune cell infiltration and remodelling with deposition
of a collagen-rich fibrous scar (Figure 2). To compensate for tissue loss and increased
workload, the remaining viable myocardium undergoes an increase in cardiomyocyte
mass and size (hypertrophy).

Mechanisms governing cardiac and cardiomyocyte

hypertrophy continue to be the subject of intense investigation by many groups, because
cardiac hypertrophy is a very important predictor and determinant of heart failure
[Artham et al, 2009]. The initial reparative scar formation is beneficial for keeping the
integrity of the ventricle wall and thus preventing cardiac rupture.
hypertrophy sustains the function of the cardiac pump.
continuous

activation

of

non-myocytes/fibroblasts

Compensatory

Eventually, however, the
(reactive

fibrosis),

prolongation/exaggeration of the hypertrophic response by cardiomyocytes, as well as
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additional cardiomyocyte cell death, create a vicious cycle that leads to heart failure
[Takano et al, 2003].

B.5.

Heart failure

Heart failure is the clinical syndrome in which a patient’s heart cannot cope with
the workload required to adequately perfuse all tissues of the body. This can stem from
the death of cardiac myocytes that result in disorganized conduction patterns
(arrhythmias) preventing the proper synchronized contractions of the heart. Heart failure
can also result from the progression of cardiac remodeling from a compensatory, adaptive
state to a decompensated maladaptive state. The events characterizing this transition are
incompletely understood, and as such, the point at which cardiac hypertrophy progresses
from a compensatory to a decompensated maladaptive state remains difficult to predict.
It is important to note that constant pressure or volume overload of the heart, without an
acute myocardial infarction event, can also lead to heart failure. The mechanisms of
heart failure are complex and multi-factorial. For a detailed discussion of how heart
failure develops and progresses the reader is directed to Braunwald’s Heart Disease
[Braunwald, 2008].
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Figure 1. A brief flow chart showing the general progression of cardiac disease.
The boxes above the yellow dashed line describe the events that occur prior to
irreversible cardiac damage. The transition at the yellow line indicates occurrence of cell
death leading to irreversible cardiac damage, usually myocardial infarction. The boxes
below the yellow dashed lines are events resulting from the injury, where positive
remodeling is still possible. Events below the red dashed line describe events where
death becomes inevitable. Based on a figure by P Chandrasoma and CR Taylor, Concise
Pathology 3rd edition: http://www.accessmedicine.com.
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C.

RISK FACTORS FOR CARDIOVASCULAR DISEASE

Several factors are known to increase the risk for cardiovascular disease, with
many factors that can be controlled. Some of the major risk factors that cannot be
controlled include increasing age, gender (males), and genetic predisposition to certain
clinical conditions. Additionally, various clinical conditions increase the risk for the
development of cardiovascular disease including diabetes, obesity, and hypertension.
Risk factors that stem from lifestyle choices include excessive tobacco consumption, lack
of physical activity, not maintaining a ‘healthy’ body mass index, as well as dietary
choices (leading to high blood cholesterol). Other factors that may contribute to risk of
heart disease include stress and excessive alcohol consumption [Klatsky, 2009; Scherrer
et al, 2010].
C.1.

Aging

There is a direct relationship between age and risk for cardiovascular disease
[Shim, 2010]. Contributing to this condition is the increased damage to tissues, for
example, those resulting from telomere shortening due to repetitive cell division [Huzen
et al, 2010].

Such events contribute to increased likelihood of developing disease

conditions such as diabetes and hypertension which in turn increases the risk for other
debilitating diseases often associated with aging, including cardiovascular disease [Huzen
et al, 2010].
C.2.

Gender
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It is thought that cardiovascular disease claims more men than women [YY Tan et
al, 2010]. This disparity is more pronounced pre-menopause; after menopause, female
deaths from cardiovascular disease increase to levels closer to males [Atsma et al, 2006;
YY Tan et al, 2010]. This observation has then led to the idea that estrogen plays a
protective effect on the heart.

However, recent studies have shown that hormone

replacement therapies do not decrease risk for cardiovascular disease [Penckofer et al,
2003]. Another possible reason for the increased risk in men lies in the differences in
cardiac development. Ventricular mass is different between males and females even as
children [de Simone et al, 1995]. Additionally, as males tend to grow taller and generally
larger than females, cardiac workload is also increased, presenting higher potential for the
development of maladaptive diseases.
C.3.

Genetic predispositions

Although members of the same family are likely to participate in similar
lifestyles, studies of twins have shown a genetic component to increased cardiovascular
risk outside of behavioral influences [Gluba et al, 2009; Su et al, 2010].

Certain

mutations and polymorphisms have been shown to be able to increase the likelihood of a
person developing cardiovascular disease. Some of these genes include those that can
affect lipid and cholesterol formation and metabolism, the renin-angiotensin system, and
the expression and function of adrenergic receptors (Recently reviewed in [Gluba et al,
2009]).

Such genetic mutations leading to increased risk show clearly that the

maintenance of cardiovascular health depends on the maintenance of a delicate balance of
several different systems in the body functioning properly.
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C.4.

Diabetes, Hypertension, Obesity

Conditions and diseases that can be loosely classified under the category of
“metabolic diseases” contribute to increased risk of cardiovascular disease [Mehta, 2010].
The underlying reasons for the increased risk for cardiovascular disease overlap greatly in
obesity, hypertension, and diabetes, although each may have distinctly different root
causes.

Diabetes is the disease whereby the patient has high concentrations of sugar in
their blood [Sherwood, 1993]. This condition stems from inadequate insulin production
or from deficiencies in the insulin pathway, affecting glucose uptake. Any condition that
affects the body’s metabolic processes increases the risk for cardiovascular disease;
diabetes mellitus is no exception.

Complications from diabetes can contribute to

diminished cardiac function, as well as increase the risk for myocardial injury, for
example, from the increased likelihood of developing other conditions such as
hypertension [Mehta, 2010].

Hypertension is the condition whereby blood pressure is chronically increased
[Sherwood, 1993]. This can result from genetics, and can be caused and/or exacerbated
by the maintenance of poor dietary choices. Its effects include the dysregulation of
vascular control, through alterations in multiple players including the renin-angiotensin
system and the natriuretic peptides.

Hypertension also increases the risk for

cardiovascular disease as increased blood pressure causes increased workload for the
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heart, which can result in compensatory cardiac hypertrophy. In addition, it can stimulate
and/or exacerbate atherosclerosis: the increase in pressure against the blood vessels
increases turbulence which, in turn, can disturb pre-existing atherosclerosis, resulting in
further development or the disturbance of unstable plaques [Insull, 2009].

This

condition’s causes and effects greatly overlap with those of diabetes and obesity;
contributors to its development include keeping a sedentary lifestyle as well as poor
dietary choices (in the case of hypertension, excess intake of anti-diuretics such as salt)
[Fuster et al, 2008; Mathieu et al, 2010; Mehta, 2010].

Obesity is defined as the condition of having a body mass index ≥30 [Lenz et al,
2009]. As with the other metabolic conditions mentioned previously, this condition
results commonly from unchecked eating habits as well as the maintenance of an inactive
lifestyle. The effects of excess visceral fat deposition results in the alteration of key
regulators of metabolism including insulin resistance [Mathieu et al, 2010]. Additionally,
increased body weight can increase vascular resistance thereby resulting in hypertension
[Mehta, 2010].

The development of metabolic diseases result in changes in gene expression, lipid
metabolism, as well as changes in inflammatory biology [Mathieu et al, 2010; Mehta,
2010]. Obesity, hypertension, and diabetes all fall under the category of “metabolic
diseases” as they are conditions that usually result from poor dietary and lifestyle (level
of activity) choices. Thus, patients usually present clinically with two or more of these
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conditions. These risk factors for cardiovascular disease can clearly be “controlled” by
limiting the progression of these conditions with improved lifestyle choices.

C.5.

Exercise

Increased physical activity is known to be beneficial not just for one’s
cardiovascular health, but for maintaining a healthy lifestyle in general. Some possible
mechanisms for how exercise contributes to health include the maintenance of a healthy
weight, improved glucose metabolism, and increased angiogenesis [Breen et al, 1996;
Marini et al, 2008; Olfert et al, 2001]. Exercise decreases the risk for developing obesity,
hypertension, and diabetes, consequently lowering the risk for cardiovascular disease.
Other possible benefits of exercise in cardiovascular health have also been proposed,
including direct effects on the cardiac myocytes, by upregulation of protective
antioxidants, or direct effects on ion channels [Adlam et al, 2005; Demirel et al, 2001;
Powers et al, 2008]. Although the exact mechanism for protection by exercise has not
been fully elucidated, some proposed mechanisms will be discussed in later chapters.
Nevertheless, there remains no question that exercise is beneficial to one’s health,
cardiovascular or otherwise.

C.6.

Stress

Increased stress has also been shown to increase the risk of cardiovascular
disease. In addition to suspected stress-related myocardial events (may be stimulated by
catecholamine/adrenergic stimulation), stress has been documented to stimulate changes
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in the expression profiles of several genes including the pro-hypertrophic early growth
response transcription factor (Egr-1) and the vasoconstricting peptide endothelein-1
(Reviewed in [Kloner, 2006]). Upregulation of these genes have been demonstrated in
hypertrophied hearts, and may contribute to the increased risk of cardiovascular events
[Khachigian, 2006; Zou et al, 2002].

C.7.

Tobacco and/or cigarette smoking

Smoking has long been established to significantly increase the risk of
cardiovascular disease [Capewell et al, 2010; Prasad et al, 2009].

Its effects are

multifactorial, resulting from the multitude of chemicals found in cigarette smoke, as well
as other effects including stimulation of free radical formation. These chemicals have
been established to have detrimental effects on the vasculature, especially the stability of
endothelial cells lining the vessels [Benowitz, 2003]. Some of the vascular effects that
have been rigorously studied include the promotion of atherogenesis, development of
aneurysms, and the increase of rupture of unstable plaques [Ambrose and Barua, 2004;
Jonas et al, 1992]. Direct effects of smoking in the heart have also been documented
(Reviewed in [Minicucci et al, 2009]). Although all the factors that contribute to the
increased risk have not been fully elucidated, studies whereby smoking cessation has
significantly decreased risk of cardiovascular events have definitively shown that
smoking has significant consequences on cardiovascular health [Benowitz, 2003; Burns,
2003; Jonas et al, 1992].
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D.

CAVEAT

Life style changes have been shown to be effective in preventing the development
and/or worsening of ischemic heart disease.

These include regular cardio-intensive

exercise, maintenance of healthy weight, and smoking cessation. There is an ongoing
effort accompanied by significant spending aimed at increasing public awareness
regarding the benefits of appropriate diet, exercise, and lifestyles in an attempt to
improve quality of life, to decrease mortality and also decrease health care costs from
heart disease [Lichtenstein et al, 2006; Tobacco Free Initiative].

However, the

percentage of the North American population with a BMI ≥30 (obese) has not
significantly declined, and cardiovascular disease remains the number one killer
worldwide.

Clearly, methods of prevention, and even post-injury interventions, are

currently inadequate.

While there is no doubt that prevention is the first line of defense in dealing with
ischemic heart disease, it is also evident that the improvement and expansion of available
treatments and strategies are essential. Furthermore, understanding the mechanisms that
govern cardioprotection from approaches that decrease risk (as described above) could
contribute to promoting protection in populations whereby the lifestyle change is not
feasible or realistic; for example, vigorous exercise for elderly or handicapped persons.
Thus, continued research to further our understanding, and subsequently, the
development (and promotion) of protective interventions that could contribute to
improved cardiac outcomes, are urgently needed.
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CHAPTER II

RODENT MODELS OF MYOCARDIAL INJURY
Several experimental models of myocardial injury in vivo have been developed
for use in cardiovascular research. Amongst these, rat and mouse models have been and
are being used extensively to simulate myocardial infarction-induced ischemic injury by:
(1) surgically-induced coronary artery ligation, and (2) by high-dose isoproterenol
administration

A.

CORONARY LIGATION SURGERY

Coronary ligation surgery is designed to generate a wound similar to one resulting
from myocardial infarction [Dixon et al, 1990; Pfeffer et al, 1984]. It is an invasive
procedure involving sterile techniques in an open-heart surgery. During this surgery, the
chest cavity is opened to expose the heart where a suture is tied around the left anterior
descending (LAD) coronary artery. After successful ligature of the artery, the chest
cavity is evacuated and sutured and the animal is allowed to recover. The tying of the
artery significantly reduces or completely blocks flow of blood into the tissues supplied
by that artery, resulting in ischemia and eventually, infarction (first reviewed in [WT
Porter, 1893], and most recently in [Kolk et al, 2009]). There are some disadvantages in
using this model including a requirement for advanced surgical skills, and expensive
equipment such as respirators for small rodents, and the need for experienced technical
assistance.

Undoubtedly, the invasiveness of the procedure not only influences the

response to the myocardial injury, but also to the chest wall injury. In addition, the
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requirement of anaesthetics for the procedure introduces another variable that can
influence cardiac repair response [TP Tan et al, 2003].

B.

ISOPROTERENOL MODEL OF INJURY

To address the questions involving myocardial injury in mouse in vivo, the high
dose isoproterenol method of injury was used. Isoproterenol (1-(3,4-dehydroxyphenyl)2-isopropylaminoethanol hydrochloride) is a synthetic catecholamine that elicits its
effects through the β-adrenergic receptors [Klein et al, 2001]. The isoproterenol model
of injury has been widely used and characterized since the 1960’s [Anderson et al, 2008;
Beznak, 1962; Beznak and Hacker, 1964; Ferrans et al, 1964; Kahn et al, 1969; Lehr,
1972; Rona et al, 1959; Rona et al, 1963; Teerlink et al, 1994; Zbinden and Moe, 1969].
High dose isoproterenol, whether delivered by multiple infusions or one bolus, has been
shown to result in myocardial damage/necrosis (lesions) very similar to that caused by a
myocardial infarction [Ferrans et al, 1964; Teerlink et al, 1994], especially those caused
by emotional and social stress [Sanchez et al, 2002]. Ease of delivery plus limited
invasiveness and complications resulting from a thoracotomy, has led to the widespread
use of the high-dose isoproterenol model of injury as an important tool in cardiovascular
research.

Catecholamines are compounds bearing a catechol ring (six-sided carbon ring
with two adjacent hydroxyl groups), which play a major role in the sympathetic nervous
system [Vander, 1994]. They act as neurotransmitters or hormones, asserting their effect
through adrenergic receptors and second messengers in many different cell types. Two
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types of sympathetic adrenergic receptors have been classified: α-adrenergic receptors –
generally involved in the control of arteriolar tone, and β receptors – which affect heart
rate and inotropy (or force of muscle contraction) [Opie, 2004]. Both groups of receptors
are subsequently broken down into further subtypes: α1, α2, β1 (predominantly cardiac),
β2 (usually extracardiac), and β3 (predominantly adipose). Adrenergic stimulation is cell
type specific, therefore the systemic effect observed after one stimulus is the collective
effect involving multiple system effects including those that negate each other. The
effect of stimulation of the sympathetic nervous system is multi-factorial and is not yet
fully understood.

For example, naturally occurring catecholamines epinephrine and

norepinephrine are both involved in the fight-or-flight response. Both can stimulate α as
well as β receptors, but stimulation of epinephrine on α-adrenergic and β2 receptors are
greater than that of norepinephrine (a potent α-adrenergic agonist), whereas they have
similar efficacies on the β1 receptors [Brunton, 2006].

Thus, upon exercise, when

epinephrine is released into the bloodstream an increase in cardiac output and peripheral
blood flow ensues despite α-adrenergic stimulation causing constriction of peripheral
blood vessels as the β-adrenergic stimulation constitutes a greater effect [Opie, 2004].

The effect of isoproterenol on contraction is mediated by the second messenger
cyclic adenosine monophosphate (cAMP) and protein kinase A. Briefly, isoproterenol
acts through β-adrenergic receptors that subsequently couple with stimulatory G protein
to activate adenylyl cyclase.

Activated adenylyl cyclase then converts adenosine

triphosphate (ATP) to cAMP, mediating an increase in Ca2+ influx through protein kinase
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A activation. Increased Ca2+ influx then increases inotropy and heart rate [Klabunde,
2005; Opie, 2004]; it can also promote cell death.

B.1.

Proposed mechanisms for isoproterenol-induced myocardial injury

Isoproterenol is believed to cause myocardial damage though transient ischemic
events. Beta-adrenergic stimulation in the myocardium increases heart rate and force of
contraction, thereby increasing its oxygen requirement [Klabunde, 2005; Opie, 2004]. At
the same time, isoproterenol stimulates vasculature vasodilation, resulting in decreased
blood flow to the heart. The combined effect on the myocardium and the vasculature
induces myocardial ischemic events that result in focal lesions similar in wound
morphology to that resulting from the blockage of coronary vessels [Ferrans et al, 1964;
Teerlink et al, 1994].
In addition to the effects on oxygen demand of the heart, evidence has also been
reported whereby isoproterenol causes myocardial injury via cleavage of the protein
dystrophin [Campos et al, 2008; Toyo-Oka et al, 2004]. Dystrophin is a membraneassociated protein found within muscle cells (including cardiac myocytes), responsible
for linking intracellular actin to the external ‘anchor’ basement membrane protein
laminin.

Cell attachment to extracellular matrix contributes to cell and membrane

stability [Deconinck and Dan, 2007; Hein et al, 2000; Kawada et al, 2005; Toyo-Oka et
al, 2004]. Phenotype and other data gathered from studies of muscular dystrophy, the
disease presenting upon mutation of the dystrophin gene, have revealed the importance of
functional dystrophin in cell stability [Deconinck and Dan, 2007; Kawada et al, 2005;
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McNally, 2007]. Cell death from dystrophin cleavage ultimately results from an increase
in intracellular Ca2+ current, causing an imbalance in the ionic gradient leading to
arrhythmic complications and apoptosis [Deconinck and Dan, 2007; Hein et al, 2000;
Iwata et al, 2003; Kawada et al, 2005; McNally, 2007; Toyo-Oka et al, 2004; Yasuda et
al, 2005].

This increase in Ca2+ influx results from sarcolemmal damage due to

instability from insufficient basement membrane anchoring. Although normal cell repair
occurs by vesicular exocytosis of membrane components, dystrophic cells undergo
significantly increased damage from shear stress and cannot adequately sustain
replacement of membrane components [Deconinck and Dan, 2007; Yasuda et al, 2005].

Whether this isoproterenol-induced increase in dystrophin cleavage is a direct or
indirect effect is currently unknown.
susceptibility

of

dystrophin

to

Rossi and colleagues have shown increased

breakdown

after

isoproterenol

administration,

subsequently resulting in the breakdown of the other components of the dystrophin-tolaminin connection [Campos et al, 2008].

However, this susceptibility does not

definitively implicate isoproterenol in direct dystrophin cleavage, and could be a
downstream effect.

Furthermore, another group has demonstrated that dystrophin

cleavage occurs in both isoproterenol-induced and in coronary ligation-induced heart
failure models, suggesting that this event is a downstream consequence of increased Ca2+
influx and subsequent calpain activation [Toyo-Oka et al, 2004].
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CHAPTER III

MYOCARDIAL INJURY AND REPAIR

A.

INTRODUCTION

The development of new strategies to promote better cardiac health requires
improved understanding of the mechanisms that govern cardiac injury and its repair
response. Here, the events surrounding myocardial injury and its subsequent repair are
briefly described.

B.

MYOCARDIAL INJURY

As discussed in the previous section, a primary reason for the development of
heart failure results from myocardial injury stemming from irreversible damage to the
heart due to the loss of the functional contractile units of the heart, the cardiac myocytes.
The ability of adult heart to replace lost tissue by regeneration is limited and insufficient
to replace large infarcts.

Thus, cardiac repair essentially consists of a remodelling

process that includes scar formation and which eventually leads to heart failure. The
consequence of inadequate repair mechanisms in the heart contributes greatly to the
prevalence of cardiac failure and mortality worldwide [Anversa et al, 1991; Beltrami et
al, 2003; Beltrami et al, 2001; Kajstura et al, 2005; Lloyd-Jones et al, 2009; Quaini et al,
1994].
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Cardiac myocytes contract ~70x in one minute; this constant activity requires a
significant amount of ATP production to sustain cross-bridge cycling causing muscle
contraction [Fuster et al, 2008; Opie, 2004; Sherwood, 1993].

Under normal

physiological conditions, the cardiac myocyte produces energy primarily through fatty
acid metabolism, which requires a constant supply of oxygen and fuel (fatty acids or
glucose) molecules through the blood.

When the blood and oxygen supply is

compromised, the cardiac myocyte can initially compensate by decreasing contraction
and switching to glucose metabolism via glycolysis to generate energy.

Anaerobic

metabolism cannot, however, produce sufficient energy metabolites to maintain work
required of the heart. Therefore, severe or prolonged ischemia results in irreversible
cardiac myocyte death [Opie, 2004; Ross, 1991].

As previously discussed, the majority of deaths from myocardial damage not
resulting from genetic predispositions are due to atherosclerosis-related occlusions of a
blood vessel feeding the myocardium. In addition to the physical occlusion of a blood
vessel, non-obstructive myocardial infarctions can also occur; vasospasms and
arrhythmias can result in the inadequate supply of blood to the myocardium. Evidence
for increased catecholamine concentrations in the bloodstream of patients with large
infarcts suggest that β-adrenergic stimulation contributes to the etiology of ischemic heart
disease and myocardial infarction [Riles et al, 1993; Willerson and Buja, 1988]. It has
been documented that cardiac patients can present symptoms of ischemia after intense
physical or emotional exertion, supporting a role for catecholamines amongst possible
triggers of an ischemic event. It is possible that intense adrenergic stimulus can trigger
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plaque rupture leading to coronary thrombosis resulting in the physical blockage of a
blood vessel, initiating an ischemic episode.

In addition, catecholamine-induced

arrhythmias or vasospasms have also been suspected to occur, similar to, if not a
contributing cause, drug-induced infarctions such as those caused by cocaine abuse
[Bacaner et al, 2004; Hollander and Hoffman, 1992].

To understand the molecular events that can lead to ischemic damage, an
appreciation of the mechanisms required for its proper function is important. The exact
changes (and timing) that occur at the tissue and molecular levels in the event of
myocardial ischemia and infarction have not been fully elucidated, and likely vary
depending on the circumstances. However, it is known that ischemia negatively affects
the components of the cell structure, the cardiac myocyte ATP generation machinery, and
its calcium handling system -- ultimately leading to the dysregulation of the fundamental
balance of ionic gradients required for the proper function of the cardiac myocyte.

The major consequences of ischemia are (1) poor oxygen delivery, and (2) poor
washout of metabolic by-products [Opie, 2004]. Poor oxygen delivery causes inadequate
ATP production, which leads to multiple inadequacies in maintaining energy-dependent
mechanisms including sodium pumps (resulting in increased Na+ and depleted K+
concentrations, inevitably leading to impaired electrochemical gradients), and Ca2+
pumps (leading to increased internal Ca2+ concentrations causing increased rate and force
of contractions). Ion imbalance leads to arrhythmias and increased intracellular calcium
causing the opening of the mitochondrial permeability transition (MPT) pore. Opening
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of the MPT pore results in cytochrome C release, as well as ion influx into the
mitochondria, further disturbing the delicate balance of electrochemical gradients
between mitochondrial membranes. All these events contribute towards the development
of cardiac myocyte cell death by apoptosis or necrosis [Opie, 2004].

C.
C.1.

CARDIAC RESPONSE TO INJURY
Inflammatory response and myocardial repair

Similar to classical wound healing observed in other tissues, the response to
myocardial cell death and injury also involves the infiltration of immune cells and
subsequent remodelling. The necessity of the inflammatory response in cardiac repair
was

discovered

when

patients

undergoing

anti-inflammatory

treatment

with

methylprednisolone suffered from cardiac rupture [Roberts et al, 1976]. Further studies
to support this finding showed that anti-inflammatory treatments result in a worse cardiac
outcome resulting in increased infarct size and depressed cardiac function [Garcia et al,
2007; Hammerman et al, 1983; Mannisi et al, 1987]. However, evidence to contradict
the unfavourable results has also been documented: treatment with steroids or other
inhibitors of inflammation resulted in decreased infarct size and improved cardiac
function [Kanzaki et al, 2001; Libby et al, 1973; X Liu et al, 2006; Spath et al, 1974;
Valen et al, 2000]. Contradicting results of gross anti-inflammatory treatment suggest
that certain inflammatory conditions likely can lead to beneficial events whereas some
component/s of the inflammatory response can also exacerbate myocardial injury. As the
inflammatory response may prove to be a possible target of therapy, furthering our
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understanding of the conditions and the components involved in beneficial cardiac
remodelling can lead to the development of strategies/procedures to promote improved
patient recovery.
C.2.

Infiltrating cells

Here, the main components of the myocardial infiltrate and their suspected
contributions to myocardial repair are briefly described.
C.2.1. Neutrophils
Neutrophils are a type of granulocyte: phagocytic cells that look granulated under
the microscope as they contain packets of lysosomes used for successful degradation of
phagosomes. They are highly motile cells and are the first cell type to migrate into the
injured tissue in response to (1) vasodilation and swelling of capillaries near injury, and
(2) cytokines and chemokines released by injured/dying cells [Chandrasoma and Taylor].
The vasodilation and swelling assist the extravasation of neutrophils by increasing
capillary intercellular permeability. Extravasation is also aided by slowing of blood flow
by swelling, and physically, by expression of adhesion molecules on the vessel wall (e.g.
selectins, and intercellular adhesion molecules or ICAMs) as well as by activation of
neutrophils and their expression of integrins (which bind to ICAMs) [Frangogiannis,
2008; Frangogiannis et al, 2002; Hawkins et al, 1996; F Yang et al, 2002].
The role of neutrophils in cardiac injury is not well understood. They are the first
type of cell that significantly increases in population after injury, and peaks 24 to 48
hours after induction of injury [Dewald et al, 2004; F Yang et al, 2002]. They are
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responsible for the phagocytosis of dead cardiac cells and debris, and but may also
contribute to cardiac remodeling following the initial phagocytic stage through secretion
of various cytokines and factors. However, early studies using anti-neutrophil serum
showed no significant effects on the formation of granulation tissue, suggesting that
neutrophils may not have a significant contribution to the myocardial repair process
beyond the initial phagocytosis of cell debris [Frangogiannis et al, 2002; Simpson and
Ross, 1972]. Neutrophils are suspected to play a negative role in cardiac remodeling, as
inhibition has resulted in decreased infarct size, and recently, a clinical study has
observed a higher number of circulating neutrophils in patients correlating with larger
infarct sizes [Husser et al, 2010; Litt et al, 1989; Romson et al, 1983]. However this
observation may be an effect rather than a cause as studies using inter-cellular adhesion
molecule 1 (ICAM-1) knockout mice have also shown less initial area of myocardial
injury but no change in infarct or scar size weeks later, suggesting no significant
detrimental effect on global myocardial repair [Metzler et al, 2001].

C.2.2. Monocytes and macrophages

Macrophages are phagocytic cells that play an important role in cardiac injury
repair and remodelling. These are cells classified as monocytes while circulating until
they migrate into a tissue where they differentiate into macrophages, which are larger and
have increased cytosolic granules [Douglas and Ho]. Depletion of macrophages after
myocardial injury results in incomplete debris clean up, as well as marked wall thinning
and increased mortality [van Amerongen et al, 2007]. These cells migrate into the
infarcted myocardium and their numbers peak between three and seven days post34

infarction in the mouse [Dewald et al, 2004; F Yang et al, 2002]. The role of the
macrophages in cardiac repair appears to be multifactorial.

In addition to their

phagocytic properties, macrophages are also known to release growth factors and
cytokines important in downstream remodelling stages including transforming growth
factor (TGF)-β, FGF-2, platelet-derived growth factor (PDGF), nerve growth factor
(NGF), and vascular endothelial growth factor (VEGF) [Wernli et al, 2009]. Hence, in
addition to a phagocytic role, macrophages appear to be important in contributing to the
microenvironment that promotes the formation of granulation tissue, in the stimulation of
proliferation of migrant cells, in the production and degradation of extracellular matrix, in
differentiation of fibroblasts to myofibroblasts, in angiogenesis, and even in subsequent
nerve growth following the cardiac insult [Drobic et al, 2007; Lijnen et al, 2003; Narine
et al, 2004; Presta et al, 2009; Tsunoda et al, 2009; Valen et al, 2000; Wahl and Allen,
1988].

Clearly, macrophage infiltration following myocardial injury is a critical

component to cardiac repair.

C.2.3. T Lymphocytes

The role of T-lymphocytes in myocardial injury has been given a lot less
importance than the other mediators of the inflammatory response, neutrophils and
macrophages.

As such, publications on the role of T lymphocytes in healing after

myocardial infarction are limited. This presumption that neutrophils and macrophages
are more important players is surprising considering the well-established role of T
lymphocytes in wound healing in other tissues such as the skin, where their interplay with
fibroblasts contributes to improved healing [Barbul and Regan, 1990; Barbul et al, 1989;
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Crowston et al, 1997; Efron et al, 1990; Tsunoda et al, 2009]. Myocardial response to
injury progresses through the same basic stages of wound healing, and therefore a role for
lymphocytes in repair and remodeling would be expected. A recent study using Rag 1
knockout mice (which lack mature T and B lymphocytes) showed decreased infarct sizes
after ischemia/reperfusion injury compared with wild type controls, suggesting that
lymphocytes (T and/or B) contribute to myocardial injury; however the number of
infiltrating neutrophils were also significantly declined, raising the possibility that the
event may also be neutrophil-mediated [Z Yang et al, 2005].
Studies revealing a detrimental effect of CD4-positive and not CD8-positive
lymphocytes in myocardial damage, suggested that different lymphocytic subtypes might
confer different effects on myocardial repair [Z Yang et al, 2006].

T lymphocyte

interaction with fibroblasts has also been established in traditional wound healing,
whereby growth factors and cytokines released by these cells work in a paracrine manner
to stimulate production of the extracellular matrix. Evidence now emerging suggest that
similar mechanisms to traditional wound healing may also be occurring in cardiac repair,
which would suggest that infiltration of T cells into the injured myocardium is important
for proper myocardial healing [Linfert et al, 2009]. T cell infiltration in the injured
myocardium is significantly increased by the second day after induction of injury [F
Yang et al, 2002]. This infiltration peaks at about seven days, reaching >8-fold increase
from the initial infiltrating population 1 day after the cardiac event, then gradually
declines. T cell presence at 28 days post-injury is still significantly higher than in sham
control animals (baseline values) [F Yang et al, 2002].
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C.2.4. Fibroblasts/Myofibroblasts

Fibroblasts are important cells in the healing process. These cells synthesize
collagen and lay down the extracellular matrix (Reviewed in [Jugdutt, 2003]). In cardiac
injury, fibroblasts migrate in response to local signals from the injured tissue as well as
growth factors and cytokines secreted by immune cells at the injury site. There, they
differentiate into smooth muscle actin-expressing cells called myofibroblasts, which are
hypersecretory and responsible for excess collagen deposition leading to fibrosis [Faouzi
et al, 1999; JI Virag and Murry, 2003]. Myofibroblasts also secrete multiple growth
factors and cytokines, further contributing to the microenvironment of the injured
myocardium [KE Porter and Turner, 2009]. However, their exact spatial and temporal
distribution in relation to the cardiac event has not been fully elucidated; conflicting
reports as to the timing and persistence have been reported. One group has reported that
myofibroblasts are significantly increased by three days post injury in the mouse, then
subsequently declines [Dewald et al, 2004]. Another group using the same coronary
ligation injury model and the same mouse strain (C57BL/6) has observed the increase in
fibroblast/myofibroblast infiltration to occur 4 days after injury, which continues to
increase for another 24 days [F Yang et al, 2002].

Although the timing of their

infiltration is still up for debate, it has been established that myofibroblasts are ultimately
responsible for the formation of cardiac scar tissue. Scar tissue formation is beneficial in
most organs, and the process likely evolved from the organism’s requirement to
immediately seal any openings of the skin to protect against infiltration of invading
microorganisms.

However, excess scar tissue formation in the heart leads to a
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diminished outcome. Although collagen-deposition and proper scar formation are critical
in the prevention of cardiac rupture, its lack of elasticity and compliance eventually
contributes to pathological remodelling and decreased cardiac function.

Fibroblast

differentiation into myofibroblasts is stimulated by TGF-β [Ishida et al, 2006; MeyerTer-Vehn et al, 2006; Meyer-ter-Vehn et al, 2006; Ramirez et al, 2006; Untergasser et al,
2005] and can be inhibited by increased FGF-2 availability as observed in other tissues
[Cushing et al, 2008; Mattey et al, 1997]. There is no information as to how FGF-2
would affect myofibroblast formation in the heart.

C.2.5. Mast cells

Mast cells are leukocyte cells that are usually residents within a tissue. They are
granulated cells involved in acute response to allergens and are also important players in
wound healing (Reviewed in [Prussin and Metcalfe, 2006]). Mast cells have been shown
to participate in the myocardial remodeling process by stimulation of collagen deposition
as well as stimulation of angiogenesis [Frangogiannis et al, 1998; Somasundaram et al,
2005]. These cells reside within the tissue for long periods of time, and as such are
hypothesized to play an important role in stimulating the initial response to injury in the
myocardium [Frangogiannis, 2006]. It has been reported that ischemia/reperfusion injury
can stimulate upregulation of stem cell factor [Frangogiannis et al, 1998], which acts as a
chemotactic agent for mast cells that express the stem cell factor receptor c-kit (CD117).
Thus, it is possible that upon injury to the myocardium, the mass efflux of cytokines and
factors results in the recruitment of nearby mast cells to the area of injury, where they can
contribute further to chemokine secretion. Changes on growth factor and chemokine
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availability can define the injury microenvironment, which can then subsequently
influence the overall remodeling process (Reviewed in [Balakumar et al, 2008]).

C.2.6. Stem and progenitor cells

Stem and progenitor cells are characterized as cells that are capable of both being
able to renew themselves as well as create a daughter cell that is of a more differentiated
lineage. Stem cells are less differentiated than progenitor cells and remain with a greater
capacity to develop into a broader lineage. Progenitor cells are stem cells but which have
already been dedicated to differentiate down a specific lineage (for example,
hematopoietic). The main difference between the two is that a stem cell can theoretically
undergo unlimited division (as permitted by its telomerase activity), whereas a progenitor
is more limited. Nevertheless, multiple laboratories, including ours, have reported their
presence in the injured myocardium. These cells are identified by their expression of the
markers c-kit and Sca-1 [Oh et al, 2004; Orlic et al, 2001a; Orlic et al, 2001c]. The
source of these cells is still under investigation, however, progenitor cells from the bone
marrow have been reported [Orlic et al, 2001b; Orlic et al, 2001c] as well as cardiac stem
cell niches within the myocardium [Urbanek et al, 2006]. Presumably, stem/progenitor
cell migration into the injured myocardium results from chemotaxis resulting from the
release of growth factors and cytokines released by the injured cardiac cells. They have
also been shown to be able to trans-differentiate into the cells that make up the
myocardium: cardiac myocytes, and endothelial cells and smooth muscle cells [Bearzi et
al, 2009; Kajstura et al, 2005; Rota et al, 2007; Tillmanns et al, 2008; Urbanek et al,
2005]. Anversa and colleagues have shown that migration of these cells to the infarct
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area and their subsequent trans-differentiation can occur without external manipulation.
Additionally, there are several reports that manipulations to encourage the migration of
these more premature cells into the infarct area with or without their trans-differentiation
into the cells of the myocardium contribute to improved cardiac function [Beltrami et al,
2003; Kajstura et al, 2005; Orlic et al, 2001c]. These cells, therefore, present an exciting
promise as possible candidate for stimulation of cardiac regeneration and ultimately,
improved outcome to cardiac patients.

C.3.

Stages of myocardial repair

The response to myocardial injury has been classified into three stages based on
repair in other tissue types:

(1) inflammatory, (2) proliferative, and (3) maturation

(Figure 2; Reviewed in [Clark, 1985; Frangogiannis, 2006; Frangogiannis, 2008]).

The first stage, inflammatory, is the stage immediately following necrotic cell
death. Dying cells release cytokines and factors that trigger chemotaxis/recruitment of
leukocytes, and other cells, into the infarcted area. The spilled cytosolic contents of
necrotic cells cause stimulation of the innate immune response [Frangogiannis, 2006]. At
this stage, which lasts for approximately three days after the injury, a significant number
of neutrophils and macrophages, as well as mast cells and lymphocytes migrate into the
areas of injury. In mice specifically, leukocyte infiltration is significantly increased in
the injured myocardium within 24 hours of injury [Dewald et al, 2004; F Yang et al,
2002]. The infiltrating immune cells in the inflammatory phase of the repair process are
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primarily responsible for cleaning up dead cells and debris within the myocardium
[Frangogiannis, 2006]. Similar to traditional wound healing responses, in the heart, the
classical signals that govern the immune response have been shown to be involved: the
activation of the complement system, Toll-like receptor responses which initiate the
immune response and characterizes the cell subsets involved by the chemokine and
cytokine cascades that are subsequently released, signal cascades triggered by reactive
oxygen species, as well as proteinases that degrade the extracellular matrix
[Frangogiannis, 2006; Frangogiannis, 2008; Heymans et al, 1999].

The proliferation stage follows within 72 hours of myocardial injury. This stage
involves the migration of massive numbers of macrophages and fibroblasts, which lead to
the formation of granulation tissue [Frangogiannis, 2006]. At 96 hours after injury,
infiltration of macrophages peaks while fibroblast/myofibroblast infiltration occurs [F
Yang et al, 2002]. These cells secrete cytokines and factors that stimulate deposition of
collagen-rich extracellular matrix and scar tissue. These cells are also suspected to
contribute to angiogenesis [Tsunoda et al, 2009]. At this stage, neutrophils begin to
undergo apoptosis, a process which involves the secretion of TGF-β and subsequent
phagocytosis by macrophages and is completed by the second week [Frangogiannis,
2006; F Yang et al, 2002]. Frangogiannis and colleagues report that these cells undergo
apoptosis near the end of the proliferation stage, nearly 1 week after induction of injury
[Frangogiannis, 2006], however, quantification of fibroblast infiltration by Carretero and
colleagues show increased presence up to 28 days after injury [F Yang et al, 2002].
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The maturation phase is marked by the completion of scar formation; this stage
usually begins two weeks after induction of injury [Frangogiannis, 2006] and is usually
complete by three weeks in the mouse [F Yang et al, 2002]. Evaluation of systolic
function in mice at two weeks and at six months after injury did not reveal any significant
changes [F Yang et al, 2002]. A slight (although non-significant) increasing trend was
observed in left ventricular diastolic dimension between two weeks and two months post
injury, therefore remodeling must still be occurring which can still affect cardiac function
[F Yang et al, 2002]. From these observations, critical mechanisms of repair must occur
within the first eight weeks after injury. It is now well accepted, however, that the scar
tissue is neither dead nor acellular. It undergoes further remodelling and contributes to
the continual remodelling of the remaining healthy myocardium.

An illustration depicting the model described by Frangogiannis (above) is shown
in simple diagram form in Figure 2.

Although the basic stages of the process of

myocardial repair are generally accepted, the cellular players, their role, and their
temporal and spatial distributions still need to be clarified. Many studies suggest that
manipulation of certain cell types involved in the myocardial repair process may
contribute to an improved cardiac outcome. Additionally, the mechanisms that govern
transition from compensatory hypertrophy to decompensatory (pathologic) hypertrophy,
which also involve the players of the myocardial repair process, have also not been fully
elucidated. The transition to maladaptive cardiac hypertrophy leads to the development
of heart failure. As such, the remodelling process and scar-formation (and subsequently
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the development and progression of hypertrophy) are now being considered to be an
attractive therapeutic target for the improvement of cardiac functional outcome.

43

Figure 2. The stages of myocardial healing.
Immediately after myocardial injury occurs, repair begins, a process that involves the
cells of the immune system. Within the first stage described by Frangogiannis,
inflammatory, cells are recruited into the area of injury by massive cytokine release from
dying and injured cardiac cells. Among the cells that migrate include neutrophils,
macrophages, then followed by T lymphocytes. The ‘cocktail’ of cytokines released in
the area of injury stimulate further recruitment of fibroblast and myofibroblast cells, as
well as significant cell proliferation in the proliferation stage. The formation and
establishment of the myocardial scar which involves significant decline in infiltrating
cells and significant collagen deposition is completed in the maturation stage.
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C.4.

Cardiac regeneration

The concept that the heart is a terminally-differentiated organ originated from
early observations that hearts suffering a myocardial infarction do not appear to
regenerate to replace the lost muscle; regeneration was determined by measuring
cardiomyocyte mitotic figures and thymidine incorporation (reviewed in [Anversa et al,
2006]). This idea was challenged by Piero Anversa as early as 1991 when he showed
evidence for chromosomes in metaphase in adult rat cardiac myocytes, with the mitotic
index increasing with age [Anversa et al, 1991]. Evidence for similar observations were
later shown within the failing adult human heart [Beltrami et al, 2001; Quaini et al,
1994]. Despite evidence supporting the notion that the heart retains myocytes or myocyte
progenitor populations capable of entering and traversing the cell cycle [Anversa et al,
1991; Engel et al, 2005], it is also true that these mechanisms are inadequate to repair lost
tissue and as consequence ischemic heart disease and its complications still claim the
most number of mortalities worldwide.

The potential to regenerate the heart after tissue loss is a very attractive concept.
Evidence has shown that stem cells from the bone marrow or even resident cardiac stem
cells harvested from the heart and expanded ex vivo can significantly improve cardiac
function in rodents when injected at the border regions of the infarct [Beltrami et al,
2003; Orlic et al, 2001a; Orlic et al, 2001b; Orlic et al, 2001c]. Others have also shown
similar observations [Bittira et al, 2003; Fransioli et al, 2008; Oh et al, 2004]. Results
from basic science experiments have been promising, resulting in a push for clinical trials
in an attempt to assess the efficacy of using bone marrow-derived cells to improve
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myocardial repair in patients [Assmus et al, 2002; Britten et al, 2003; Dill et al, 2009].
Although results from the clinical trials have demonstrated the feasibility/safety of cell
treatment, and its overall cardiac effects have been beneficial, there is significant room
for therapeutic improvement. Thus, further studies to determine methods to optimally
stimulate trans-differentiation of progenitor cells into functional cardiac myocytes are
necessary, as well as massive clinical trials to ensure the efficacy and safety of such
therapies.

D.

CARDIOPROTECTION

Cells and tissue possess innate mechanisms that can confer resistance to stress and
injury-induced cell death (cytoprotection). Understanding the mechanisms that govern
innate cytoprotection and cardioprotection can indicate new “therapeutic” methods that
can be used for the promotion of better cardiac health.

D.1.

Ischemic preconditioning

First reported by Murry and colleagues, ischemic preconditioning is the
phenomenon whereby brief episodes of ischemia followed by brief periods or reperfusion
create a ‘cardioprotected state’ that is resistant to a subsequent more severe ischemic
insult [Murry et al, 1986]. This observation was first described as early as the 1960’s by
the same group [Jennings et al, 1960], and has since been observed to occur in a wide
variety of species [Y Liu and Downey, 1992; Reimer et al, 1990; Schott et al, 1990;
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Shizukuda et al, 1992]. Cardiac patients who suffered bouts of angina before onset of
myocardial infarction had significantly improved recovery of contractile function
(ejection fraction) compared to those who did not experience angina [Nakagawa et al,
1995; Noda et al, 1999; Papadopoulos et al, 2003]. Furthermore, patients undergoing
surgery involving either multiple balloon-induced coronary occlusions during an
angioplasty procedure, or multiple aortic clamping required for heart attachment to a
heart-lung machine have also been observed to have improved outcome, supporting the
increasing evidence that suggest that ischemic preconditioning also occurs in humans
[Jenkins et al, 1995].

Preconditioning has been determined to confer cardioprotection in two distinct
stages.

The first “early” stage, happens essentially immediately after the stimulus

although short-lived (about 4 hours). This early stage results from posttranslational
protein modifications promoting improved cell resistance to injury. The second “late”
stage of preconditioning occurs several hours after the initial event and can last several
days. This second stage of protection results from changes in gene expression and
subsequent de novo protein production.

The exact mechanisms that govern

preconditioning have not been fully elucidated, although it is known that it involves the
activation of signal transduction pathways including (but not exclusively) Akt, Erk 1/2,
and PKC. The resulting changes in cell proteins and gene expression inevitably promote
changes in ionic channels on the mitochondrial membrane including the ATP-dependent
potassium channels and the mitochondrial permeability transition pore that minimize the
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massive ionic imbalance that occurs from ischemic events usually leading to cell death
[Javadov et al, 2009].

Protection from acute ischemic events does not occur solely from events that
happen prior to the massive ischemia. “Preconditioning” can also occur from multiple
short bursts of ischemic events during, or after the infarction (“ischemic
postconditioning”). Anaesthetics and other volatile substances can also be protective in a
similar fashion (“pharmacological conditioning”).

Additionally, ischemic events

occurring in a remote organ (for example, kidneys or small intestine) has also been
documented to confer cardioprotection similar to that observed in ischemic
preconditioning (“remote ischemic preconditioning”).

Despite the phenomenon having been recognized since the 1990’s, and evidence
that pre/postconditioning protection also occurs in human hearts, translation of this
natural phenomenon to the bedside (due to the trigger and especially the small window of
opportunity for delivery) has not been feasible.

D.2.

Preconditioning stimulated by naturally-produced substances

The protective preconditioning effect has also been observed after triggers other
than ischemia; for example, by stress or heat shock [Hale and Kloner, 1994; X Liu et al,
1992]. In addition, certain molecules have since been shown to trigger effects similar to
ischemic

preconditioning

without

the

necessity

of

the

brief

periods

of
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ischemia/reperfusion. Tangible molecular triggers present more (and easier) means to
exploit the naturally occurring protective mechanism.

Among these non-ischemia

triggers for preconditioning are naturally produced molecules including growth factors
such as the growth factor FGF-2.

FGF-2 is produced by cardiac fibroblasts and cardiac myocytes, and is released
into the extracellular space upon every contraction of the heart [Clarke et al, 1995; Clarke
and Feeback, 1996; Kaye et al, 1996], making it an intriguing molecule given that it
possesses preconditioning-like effects and is available at the target organ.
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CHAPTER IV

FIBROBLAST GROWTH FACTOR-2

A.

FGF-2 AND THE FGF FAMILY

FGF-2 belongs to the large FGF family of heparin-binding molecules, originally
discovered as a substance in the bovine pituitary capable of stimulating proliferation of
NIH

3T3

fibroblasts

[Gospodarowicz,

1974;

Gospodarowicz

et

al,

1978a;

Gospodarowicz and Cheng, 1986; Gospodarowicz et al, 1984; Gospodarowicz et al,
1987; Gospodarowicz et al, 1985]. Purification of this mitogenic substance revealed the
first two members of the FGF family, FGF-1 and FGF-2, which are distinct but highly
related molecules. FGF-1 was originally called acidic FGF (or aFGF) because of its
isoelectric point (pI) of ~5.6, while FGF-2, basic FGF (or bFGF) for its pI of 9.0 [Bohlen
et al, 1984; Bohlen et al, 1985; Esch et al, 1985; Thomas et al, 1984]. Subsequent FGF
family members to be discovered were designated numbers from 3 to 23 (recently
reviewed in [Beenken and Mohammadi, 2009]). The FGF family members act through
the membrane FGF receptors (FGFR1 to FGFR4), and they can all bind heparin (albeit
with varying affinity), but that is where their similarities end (recently reviewed in
[Beenken and Mohammadi, 2009]). These factors are multifunctional, and they can play
important roles during mammalian development as well as normal tissue repair, or
cancer; they affect cell proliferation, differentiation, migration, as well as survival
[Arman et al, 1998; Beenken and Mohammadi, 2009; Dono et al, 1998; Gospodarowicz,
1976; Gospodarowicz et al, 1978b; Miller et al, 2000; Ortega et al, 1998; Quarto et al,
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1989; Rossant et al, 1997; Sahni et al, 1999; Sekine et al, 1999; Sugi et al, 1993; Swain,
1995; Xu et al, 1998]. FGF-2 and FGF-1 have been implicated in acute as well as
sustained cardioprotection [Buehler et al, 2002; Cuevas et al, 2000; Cuevas et al, 1999;
Htun et al, 1998; Kardami et al, 1993; Padua et al, 1998; Padua et al, 1995; Palmen et al,
2004; Sheikh et al, 2001].

B.

FGF-2 EXPRESSION AND FUNCTION

To determine processes in which FGF-2 is important, several strains of mice with
depleted FGF-2 have been generated.

Despite its involvement in several important

biological processes, FGF-2 deficiency does not cause lethality. FGF-2 knockout mice
have normal fecundity, and do not seem to have gross morphological differences
compared to wild type mice [Dono et al, 1998; Miller et al, 2000; Ortega et al, 1998;
Sheikh et al, 2001; Zhou et al, 1998]. However, multiple effects from the abolishment of
FGF-2 have been demonstrated after different challenges or models of injury. Some of
these include impaired bone densities due to effects on the parathyroid hormone
stimulated effects on the osteoclasts and osteoblasts [Hurley et al, 2006; Okada et al,
2003; Sabbieti et al, 2009]; increased brain infarct sizes and impaired neuron
proliferation after ischemic injury [Kiprianova et al, 2004; Yoshimura et al, 2001]
although functional analysis showed improved sensory perception after nerve crushing
injury [Jungnickel et al, 2010]; and delayed skin wound healing [Ortega et al, 1998].
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In the heart, different effects of FGF-2 deletion have been observed in different
mouse colonies. Cardiac dilatation was observed in one strain (C57BL/6 background)
[Pellieux et al, 2001]; however, this was not observed in the colony used by the Schultz
group, or in our laboratory (Black Swiss or CD-1 backgrounds) [Schultz et al, 1999;
Sheikh et al, 2001]. Transgenic mouse models overexpressing FGF-2 have demonstrated
the importance of FGF-2 in capillary growth: increased capillary density in hearts of
transgenic FGF-2 mice was observed and is corroborated by evidence showing decreased
postnatal capillary development in FGF-2 knockout mice [Amann et al, 2006; Sheikh et
al, 2001].

Lack of lethality in FGF-2 knockout mice led to the hypothesis that FGF function
may be compensated for by other FGF members when necessary. The majority of FGF
molecules, including FGF-2 and FGF-1, signal through the same four extracellular
FGFRs; FGF-1 has similar, high affinities, for all four receptors, suggesting a possibility
for some redundancy between FGF-1 and FGF-2 [Beenken and Mohammadi, 2009].
However, in double knockout mice for both FGF-2 and FGF-1, phenotypic differences
are limited to those previously observed in FGF-2 null animals [Miller et al, 2000],
therefore questioning the potential for functional overlap between FGF-2 and FGF-1. Of
course, this does not preclude the possibility of other FGF family members also having
functional redundancies in conditions where FGF-2 or FGF-1 is not available.

C.

FGF-2 STRUCTURE AND TISSUE FUNCTION
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C.1.

FGF-2 gene structure

The entire coding region of FGF-2 has been cloned and sequenced [Abraham et
al, 1986a; Abraham et al, 1986b; Shimasaki et al, 1988].

Its sequence is highly

conserved between multiple species including bovine, rabbit, and human, suggesting an
evolutionarily important function. The FGF-2 gene has been mapped to band q26 – q27
on chromosome 4 in humans [Abraham et al, 1986a; Abraham et al, 1986b]. The gene
contains three exons separated by two introns, and spans over 36 kilobases [Shibata et al,
1991]. Assessment of FGF-2 promoters revealed that the canonical TATA or CCAAT
consensus sequences are absent [Shibata et al, 1991].

Transcription appears to be

initiated by binding of transcription factors to several GC boxes (sequences with high GC
content) within 300 base pairs upstream of the FGF-2 transcriptional start site [Shibata et
al, 1991]. Other genes lacking TATA boxes have also been identified which rely on GC
box motifs for transcription initiation [Araki et al, 1987; Ye et al, 1993]. In the FGF-2
gene, only one classical ATG (methionine) translation initiation site was located (at +492
of the human FGF-2 gene), however, the identification of several isoforms of FGF-2
(discussed in Chapter IV.C.2.) revealed several alternative translation initiation sites at
CTG motifs (at +318, +355, and +369 of the human FGF-2 gene) [Shibata et al, 1991].
Translation start sites in the rat correspond to +250 (AUG), and +148 and +172 (CUG)
[Pasumarthi et al, 1997]. Aligned human and rat FGF-2 promoter sequences were shown
to have approximately 60% homology; with greater homology (~67%) at the proximal
promoter region (-250/+1 in rat) compared to the more distal sequences (-500/-251)
[Pasumarthi et al, 1997; Shibata et al, 1991], suggesting a possible greater importance in
gene regulation at the proximal promoter region. Assessment of the proximal promoter
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sequence revealed the presence of several GC rich regions within 100 bp of the
transcription start site, including putative binding sites for transcription factors early
growth factor-1 (Egr-1) overlapping with specificity protein 1 (Sp1) (Figure 7). The
involvement of both zinc-finger Egr-1 and Sp1 transcription factors has been documented
in FGF-2 promoter activation as well as transcription [Biesiada et al, 1996; Jin et al,
2000].

Egr-1 belongs to the immediate early response group of proteins, activated rapidly
upon stress triggers, prior to any other proteins in the cell, and despite inhibition of
protein synthesis [Sukhatme, 1990]. Activated transcription factor Egr-1 translocates into
the nucleus where it can either stimulate or inhibit transcription of certain genes. In
cardiac myocytes, a significant increase in complex between nuclear extract and a
consensus Egr-1 DNA element was observed after stimulation using stress-inducers
including phenylephrine, angiotensin II, and phorbol esters [Jin et al, 2000]. In the same
study, it was shown that α-adrenergic-stimulated increase in FGF-2 promoter activity is
mediated by Egr-1 using deletion analysis and transfection assays [Jin et al, 2000]. In
addition, Egr-1 has also been shown to stimulate FGF-2 transcription in astrocytes
[Biesiada et al, 1996].

Sp1 is the product of a housekeeping gene, consistently transcribed, and
responsible for the upkeep of production of certain required proteins by the cell [NY Tan
and Khachigian, 2009]. Its activation by phosphorylation has been shown to stimulate
activation of transcription of several genes [Milanini-Mongiat et al, 2002; Opitz and
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Rustgi, 2000; Pal et al, 1998].

Chromatin immunoprecipitation assay data suggest

interaction of Sp1 with the FGF-2 promoter in neonatal rat cardiac myocytes in situ
[Tang et al, 2009].

We have previously shown that FGF-2 can regulate its own synthesis at the
transcriptional level in cardiac myocytes. FGF-2 gene regulation can also be mediated by
both Egr-1 and Sp1 transcription factors, although their roles in autoregulation do not
appear to be essential [Jimenez, 2003; Jimenez et al, 2004].

C.2.

FGF-2 protein structure and subcellular distribution

FGF-2 protein exists in multiple isoforms, termed “low molecular weight” (18
kDa) and “high molecular weight” (>21 kDa) [Florkiewicz and Sommer, 1989]. These
isoforms have overlapping, as well as completely distinct, biological functions (reviewed
in [Kardami et al, 2007]).

Multiple FGF-2 isoforms are generated from multiple

alternative translation initiation sites (AUG, CUG) from the same mRNA [Florkiewicz
and Sommer, 1989], as well as through proteolytic cleavage of high molecular weight
isoforms [Doble et al, 1990; Klagsbrun et al, 1987]. All FGF-2 proteins share the core
155-amino acid sequence of the 18 kDa low molecular weight isoform. Crystalline
analysis of the low molecular weight FGF-2 isoform revealed that it consists of a trigonal
pyramidal structure made up of 12 antiparallel β sheets with helical structures at amino
acid residues 13-30 and 131-136 [Eriksson et al, 1991; Moy et al, 1996; Zhu et al, 1991].
Helical structures have been shown to act as receptor-binding and heparin-binding
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domains [Moy et al, 1996]. High molecular weight isoforms contain nuclear localization
sequences to direct preferential subcellular localization to the nucleus [Pintucci et al,
1996]. However, classical nuclear localization sequence is not essential for targeting of
FGF-2 into the nucleus as low molecular weight isoform within the nucleus has been
documented [Choi et al, 2000; Claus et al, 2003; Sheng et al, 2004]. In the heart, cellular
distribution of the different FGF-2 isoforms are the same; protein immunoblotting
analyses of hearts from knockout mice of either low molecular weight or high molecular
weight isoforms demonstrated the presence of the 18 kDa isoform in both the nucleus and
the cytoplasm, whereas the high molecular weight isoform was only detected in the
nucleus [Liao et al, 2009].

D.

FGF-2 RELEASE

FGF-2 is devoid of the classical signal sequence required for exocytosis through
the Golgi pathway [Szebenyi and Fallon, 1999]. However, FGF-2 is exported to the
extracellular environment and signals through ligand binding to its cell surface receptor,
which would clearly require a method of release.

Passive FGF-2 release from the

cytoplasm was proposed to occur through transient or permanent mechanical cell
wounding [Clarke and Feeback, 1996; Kardami et al, 1991; McNeil et al, 1989], which is
supported by evidence of increased FGF-2 release when contracting cells undergoing
vigorous activity are stimulated further [Clarke et al, 1995; Clarke and Feeback, 1996;
Kaye et al, 1996; Padua and Kardami, 1993]. FGF-2 release through the Na+/K+ ATPase
has also been reported [Florkiewicz et al, 1998; Florkiewicz et al, 1995]. This group
demonstrated that pharmacological inhibition of ion transport as well as treatment with
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the Na+/K+ ATPase α subunit (for competition experiments) resulted in the significant
decline of FGF-2 release. Additionally, a more ‘active’ (but ATP-independent) method
of FGF-2 release through an ER-Golgi-independent exocytosis has also been reported
[Schafer et al, 2004; Taverna et al, 2003]. This vesicle mediated release has been shown
to occur through a single-direction translocation through the plasma membrane [Schafer
et al, 2004].

Membrane vesicle shedding of FGF-2 has been shown in astrocytes,

hepatoma cells (SK-Hep1), and fibroblasts (NIH 3T3) [Proia et al, 2008; Schiera et al,
2007; Taverna et al, 2003]. Thus, despite not having the classical signal sequence
required for classical for ER-Golgi-dependent release, FGF-2 is both actively and
passively released from mammalian cells.

E.

FIBROBLAST GROWTH FACTOR RECEPTORS

FGF-2 and the majority of the FGF family of proteins bind with high affinity and
signal through the cell surface FGF receptors (FGFR) (recently reviewed in [Beenken and
Mohammadi, 2009]). Four types of FGFR have been isolated and studied (FGFR-1 to
FGFR-4). A fifth receptor highly homologous to the other four has been identified,
which is predominantly expressed in the pancreas, but no other study has looked further
at its function [Kim et al, 2001; Sleeman et al, 2001].

FGFR-5 is devoid of an

intracellular kinase domain, and binds neither FGF-2 nor FGF-1 [Kim et al, 2001;
Sleeman et al, 2001].
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The structures of the FGFRs are highly homologous, with 55% to 72% shared
amino acid sequence [Johnson and Williams, 1993]. FGFR structure is shown in a
simplified diagram in Figure 3. Briefly, these receptors consist of three main domains: a
three-part extracellular immunoglobulin-like domain (ligand-binding), a transmembrane
domain, and an intracellular tyrosine kinase domain (reviewed in [Beenken and
Mohammadi, 2009; Klint and Claesson-Welsh, 1999]). The extracellular domain binds
the FGF ligand with high affinity, and also contains a binding domain for heparin (which
is proposed to increase binding affinities and potentially increase ligand-receptor
stability).

Also within the three-part immunoglobulin-like domain of the receptor

molecule is a serine-rich region termed the “acid box” which may act to preferentially
bind FGF isoforms to which it has higher affinity [Wang et al, 1995a; Wang et al,
1995b]. Splice variants of the FGFR also exist [Bernard et al, 1991; Chellaiah et al,
1994; Coutts and Gallagher, 1995; Shi et al, 1994; Wuechner et al, 1996]. The third
immunoglobulin-like domain of the receptor, closest to the cell membrane, contains the
region of variation in different isoforms of the same receptor. The biological significance
of the FGFR splicing variants is not understood. However, splicing changes receptor
affinities for the different FGF molecules, and receptor splicing appears be tissue-specific
[Beenken and Mohammadi, 2009; Yeh et al, 2003]. The specific affinities of the FGF
family of proteins to the various isoforms of FGFR have been characterized. FGF-2
affinity is highest for FGFR-4, FGFR-3 (IIIc), and FGFR-1 (IIIc) while FGF-1 binds to
all FGFR isoforms and splice variants with similar affinities [Ornitz et al, 1996]. In the
heart, FGFR-1 is the major FGF-2 receptor [Kardami et al, 1995; L Liu et al, 1995;
Pasumarthi et al, 1995].
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For more information on FGFRs please refer to reviews on the subject
[Eswarakumar et al, 2005; Mohammadi et al, 2005; Szebenyi and Fallon, 1999].

F.

FGF-2 RELEASE AND SIGNALING IN THE HEART/CARDIAC
MYOCYTE

Cardiac myocytes release FGF-2 on a beat-to-beat basis, presumably through
transient mechanical wounding of the plasma membrane [Clarke et al, 1995; Kardami et
al, 1991].

FGF-2 released from cardiac cells bind to the extracellular matrix as a

consequence of its affinity to heparin sulfate proteoglycans (HSPG). There, it remains in
“storage” until released or degraded [Folkman et al, 1988]. Presence of FGF-2 in the
extracellular matrix surrounding cardiac cells is consistent with a paracrine or autocrine
mode of action. Upon release from either the cell or its extracellular matrix stores,
FGF-2 can act on a cell by binding cell surface FGFRs. FGF-2 can bind FGFR by itself,
or in complex with HSPG [Detillieux et al, 2003].

HSPG binding to the second

immunoglobulin-like domain of the FGFR has been shown to increase ligand-receptor
stability. In fact, receptor signaling is proposed to occur by ligand binding to receptor,
which may dimerize, leading to the subsequent formation of a complex consisting of two
FGF-2:FGFR:HSPG, which is stabilized by the presence of the HSPG [Rapraeger et al,
1991] (Figure 3).

FGF-2 ligand binding to FGFR causes autophosphorylation and transphosphorylation (in case of dimers) of the intracellular C-terminal region tyrosine kinase
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domain [Beenken and Mohammadi, 2009; Detillieux et al, 2003]. Phosphorylation of the
tyrosine kinase domain can activate several different signal transduction pathways as
summarized on Figure 3, which subsequently result in changes to gene expression. In the
heart, FGF-2 has been shown to elicit its biological activities primarily through FGFR-1,
which is expressed in both neonatal and adult cardiac myocytes [L Liu et al, 1995; Speir
et al, 1992]. FGF-2 induces activation of several signal transduction pathways including
those of PKC, MAPK (ERK 1/2, p38, JNK), IP3 and Akt in the heart [Beenken and
Mohammadi, 2009; Kardami et al, 2007].
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Figure 3. Downstream effects of FGF-2 binding to FGFR-1.
FGF-2/receptor-mediated events lead to tyrosine phosphorylation-mediated activation of
downstream signaling effectors including Erk 1/2, p38 MAPK, JNK, IP3, and PKC. In
turn, these effectors lead to changes in gene expression changes as well as effects on
transmembrane channels like the mitochondrial permeability transition pore.
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G.

EFFECTS OF FGF-2 ON CELL PROLIFERATION

FGF-2 stimulates cell cycle entry and proliferation in many different cell types,
including smooth muscle cells [Lindner and Reidy, 1991], endothelial cells [Schweigerer
et al, 1987], neurons [Stemple et al, 1988], as well as neonatal cardiac myocytes in vitro
[Kardami, 1990; Pasumarthi et al, 1994; Pasumarthi et al, 1996]. Induction of cell cycle
progression by FGF-2 appears to be through interaction with FGFR1, and involves the
PKC and MAPK pathways [Bansal et al, 2003; Engel et al, 2005; Frederick et al, 2007;
Learish et al, 2000; Li et al, 2009; Skaletz-Rorowski et al, 2005; Skaletz-Rorowski et al,
1999].

Recently, considerable attention has been placed on the potential of progenitortype cells to trans-differentiate into cardiac myocytes, and thereby replace myocytes lost
after injury.

Extensive studies are underway in an attempt to stimulate efficient

proliferation and trans-differentiation of progenitor cells into functional cardiac myocytes
with the view to improve cardiac function. FGF-2 has been implicated in cardiac stem
cell proliferation and trans-differentiation [Rosenblatt-Velin et al, 2005] and has also
been shown to be able to stimulate self-renewal of neural stem cells through MAPK
pathways [Ma et al, 2009; Maric et al, 2007].
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H.

FGF-2 AND CARDIOPROTECTION

Acute delivery of FGF-2 can significantly improve cardiac myocyte cell viability
and cardiac function upon injury, similar to effects conferred by ischemic preconditioning
[Jiang et al, 2002; Jiang et al, 2004; Kardami et al, 1993; Nishida et al, 2003; Padua et al,
1995; Sheikh et al, 2001]. Immediate beneficial effects have been demonstrated by
numerous studies showing significant preservation in cell numbers in FGF-2-treated
versus non-treated cells in vitro after exposure to deleterious substances [Iwai-Kanai et
al, 2002; Kardami et al, 1993]. In addition, several ex vivo studies have shown that
hearts perfused with FGF-2 undergo significantly less damage (as assessed by infarct size
and cardiac function) after isoproterenol-induced or ischemia/reperfusion-induced injury
[Jiang et al, 2002; Jiang et al, 2004; Padua et al, 1998; Padua et al, 1995; Palmen et al,
2004; Sheikh et al, 2001].

In vivo, acute FGF-2 cardiac delivery also resulted in

significant improvements in infarct size and cardiac function in several animal models
after ischemia/reperfusion injury [Cuevas et al, 1997; Harada et al, 1994; Horrigan et al,
1996; Jiang et al, 2007; Jiang et al, 2002; Nishida et al, 2003].
FGF-2–induced cardioprotection appears to be multifactorial, requiring its FGFR1
receptor [Jiang et al, 2002; Liao et al, 2010]. Documented effects that contribute to
improved cardiac function include: (1) increased cell survival (decreased apoptosis); (2)
decreased inotropy (thus decreasing the increased energy requirement associated with the
increase in force of contraction resulting from massive Ca2+ influx upon cardiac myocyte
injury); (3) maintenance of ‘normal’ intercellular communication and rhythms (by
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maintaining connexin43 phosphorylation status); (4) angiogenesis; and possibly (5)
cardiac regeneration [Detillieux et al, 2003; Ishibashi et al, 1997; Jiang et al, 2004;
Kardami et al, 2007; Kardami et al, 1993; Padua et al, 1998; Sheikh et al, 2001;
Srisakuldee et al, 2006]. These effects have been shown to be mediated by signal
transduction effectors including PKC, Erk 1/2 MAPK, JNK, and CK2 [House et al, 2003;
House et al, 2005; Jiang et al, 2002; Jiang et al, 2004; Liao et al, 2007; Padua et al, 1998;
Sheikh et al, 2001].

FGF-2–induced activation of PKC contributes to cardioprotection through
changes in inotropy, and phosphorylation of connexin 43 [Ishibashi et al, 1997; Jiang et
al, 2002; Padua et al, 1998]. Effects of PKC on inotropy remains to be clarified; FGF-2’s
negative inotopic effect was shown to be diminished with chelyrethrine treatment which
may result from changes in myocyte oxygen consumption/efficiencies through
translocation of PKCδ and PKCε to the membrane [Ishibashi et al, 1997; Kang and
Walker, 2005; Noguchi et al, 2001; Padua et al, 1998]. Effects of PKC activation on
connexin

43

phosphorylation

involve multiple paradigms that

contribute to

cardioprotection. For example, the prevention of mitochondrial permeability transition
(MPT) pore opening leads to decreased susceptibility of cardiac myocytes to cell damage
[Srisakuldee et al, 2009b].

In addition, FGF-2 administration contributes to the

maintenance of intercellular communications and cardiac rhythm by maintaining the
phosphorylation status of connexin 43 to pre-ischemic patterns [Srisakuldee et al, 2009a;
Srisakuldee et al, 2006].
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FGF-2–induced activation of the Erk1/2 MAPK pathway has long been
established [Bailly et al, 2000; Bogoyevitch et al, 1994; Padua et al, 1998]. A link
between Erk 1/2 activation and in cardioprotection is supported by decreased contractile
function recovery after treatment with U-0126 (an inhibitor of Erk 1/2) in a low-flow
model of ischemia reperfusion [House et al, 2005].

However, in vivo studies

demonstrating that administration of a mutated version of FGF-2 (which does not activate
the MAPK cascade) upon LAD ligation surgery remains cardioprotective suggests that
Erk 1/2 activation is not essential for FGF-2–induced cardioprotection [Bailly et al, 2000;
Jiang et al, 2004]. However, FGF-2-induced Erk 1/2 activation may be involved in the
protection upon reperfusion, probably via an anti-apoptosis approach (may also involve
PKC and the PI3kinase pathways) [Hausenloy et al, 2005; Kardami et al, 2007].

Other important proteins in FGF-2 signaling include casein kinase 2 (CK2) and
Akt. FGF-2–induced mitogenesis has been shown to require the ligand-receptor complex
translocation into the nucleus in association with translokin, and its subsequent activation
of casein kinase 2 (CK2) [Bonnet et al, 1996; Bossard et al, 2003]. CK2 is not essential
for acute cardioprotection by FGF-2, but has been shown to be important in long-term
cardiac recovery from a permanent occlusion model of injury, presumably through its
downstream mitogenic effects [Jiang et al, 2004].

Additionally, FGF-2–induced

protection upon reperfusion has also been demonstrated to induce activation of PKC and
Akt [Jiang et al, 2009].
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FGF-2 effects post-injury may also involve effects on the remodelling process,
including the stimulation of angiogenesis and cardiac regeneration. FGF-2–stimulated
angiogenesis is well established and has been demonstrated in multiple animal models
[Miyataka et al, 1998; Uchida et al, 1995; Unger et al, 1994; Watanabe et al, 1998;
Yanagisawa-Miwa et al, 1992]. Improved function from exogenous FGF-2 treatment can
be achieved using a non-angiogenic mutant FGF-2 [Jiang et al, 2004], however, FGF-2
can contribute to improved cardiac remodelling by stimulating angiogenesis.
Consequently, assessment of feasibility of FGF-2 delivery for angiogenic purposes has
been successfully executed with minimal complications in several clinical trials
employing patients with chronic ischemic disease [Laham et al, 2000a; Laham et al,
1999; Lazarous et al, 2000; Lederman et al, 2002; Simons et al, 2002]. Clinical trials
have resulted in primarily positive effects with reports of some improvement of angina,
and tissue perfusion [Laham et al, 2000b; Laham et al, 1999; Lazarous et al, 2000;
Lederman et al, 2002]. However, several trials have also resulted in non-significant
results, in addition to some patients suffering from proteinuria and hypotension
[Lederman et al, 2002; Simons et al, 2002; Unger et al, 2000]. The beneficial effects of
FGF-2 treatment for the purposes of angiogenesis are certainly appealing. However, the
varying (positive and null) results also indicate that further analysis, of patient status as
well as of treatment modality, is necessary to optimize FGF-2-induced angiogenesis
while limiting patient complications. Furthermore, well-designed large clinical trials will
be important in trying to definitively determine whether FGF-2 delivery could
significantly improve neovascularization at the clinic.

66

I.

RESEARCH OBJECTIVES

As reviewed in the previous sections, an increase in FGF-2 provides acute
beneficial effects by directly protecting cardiac cells from ischemic cell death;
additionally, the ability of administered FGF-2 to promote cell migration, stimulate cell
proliferation and new vessel formation provides long term benefits for tissue salvage after
myocardial infarction.
While the effects of administered FGF-2 have been investigated in several studies,
the

effects

of

a

chronic

elevation

in

endogenous

FGF-2

expression

on

recovery/remodeling after ischemic injury are not known. The effects of chronic FGF-2
elevation on cell populations infiltrating an ischemic lesion are also not known. The
overall objective of this work is to investigate the relationship between increased FGF-2
expression in the heart and response to ischemic injury.

The main hypothesis is that chronic increases in FGF-2 expression are
associated with decreased cardiac muscle loss and improved functional recovery in
an in vivo model of ischemic injury (high dose isoproterenol administration).

Specific research objectives are:

1.

To determine whether high levels of chronic FGF-2 overexpression in the heart
has sustained beneficial effects for cardiac outcome after injury, using
homozygous FGF-2 transgenic mice
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2.

To determine if modest levels of chronic FGF-2 overexpression in the heart are
beneficial for cardiac outcome after injury, using heterozygous FGF-2 transgenic
mice

3.

To investigate the role of immunosuppression and T-cells in mediating the effects
of FGF-2 on cardiac response to injury

4.

To determine whether an acute model of swim exercise is adequate to confer
cardioprotection from ischemic injury.
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CHAPTER V

MATERIALS AND METHODS

A.

ETHICS APPROVAL
All animals were housed and treated in accordance with the current Guide for the

Care and Use of Laboratory Animals, published by the Canadian Council on Animal
Care.

B.
B.1.

TRANSGENIC MOUSE MODELS
FGF-2 transgenic mouse line

A mouse model overexpressing FGF-2 was generated by pronuclear injection of a
cDNA coding for the rat low molecular weight 18 kDa isoform of rat FGF-2 under the
control of a Rous sarcoma virus promoter (RSVp.metFGF). These transgenic animals
were generated using the CD-1 mouse strain. The mice are fertile and have no overt
difference in phenotype from normal CD-1 mice. These transgenic mice were previously
characterized and described [Sheikh et al, 2001].

C.
C.1.

ASSESSMENT OF TRANSGENIC ANIMALS
Genotyping by polymerase chain reaction (PCR)

Isolation of DNA from mouse-tail snips was originally conducted by a phenol
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extraction method. DNA isolation using the DNeasy® Blood and Tissue Kit (Qiagen
Inc, Mississauga, ON) was eventually adopted. To assess for transgenesis in our FGF-2
overexpressing mouse line, we developed a polymerase chain reaction (PCR) procedure
to detect a DNA sequence within the transgenic mice where the RSV promoter conjoins
with the rat FGF-2 gene. The sequences of the primers used are listed as FGF-2 forward
and reverse primers for PCR in Table 1. A band of approximately 300 bp can be detected
in a 1% agarose gel by electrophoresis for 45 minutes running at 100 volts.

C.2.

Detection of RNA by Reverse Transcription (RT) and Quantitative PCR
(qRT-PCR)

To detect FGF-2 expression levels in transgenic versus non-transgenic
mouse hearts, semi-quantitative real time PCR (qRT-PCR) was performed. RNA
was isolated using the RNeasy® fibrous tissue midi kit (Qiagen Inc., Missisauga, ON)
from whole mouse hearts flash frozen in liquid nitrogen immediately after excision. Two
µg of isolated RNA was used for reverse transcription using the QuantiTect Reverse
Transcription kit (Qiagen Inc, Missisauga, ON). Semi-quantitative realtime PCR was
conducted using an iCycler (BioRad) with total reaction volumes of 30 µL containing:
2.5 mM MgCl2, 0.025% DMSO, 0.6 µL (1:1000) SYBR green (Sigma, catalogue
#S9430), 0.3 µL (1:1000) fluorescein calibration dye (BioRad, Catalogue #170-8780),
and 0.75 units platinum Taq DNA polymerase (Invitrogen).

Primers used to detect

FGF-2 and β-2-microglobulin (B2m), which is assumed to be constitutively active, are
listed in Table 1. Gene expression was quantified by the comparative CT method as
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described previously [Dharmaraj].

Calculated relative expression values were

normalized to B2m values. Tests were run in triplicate on four independent samples.

C.3.

Protein Immunoblotting

Western blotting was conducted as previously described with minor modifications
[Srisakuldee et al, 2006]. Briefly, total protein was isolated from whole mouse hearts,
and flash frozen in liquid nitrogen immediately after excision. Frozen mouse hearts were
powdered in liquid nitrogen using a mortar and pestle and transferred to a 15 ml tube on
ice. Further homogenization is accomplished using a glass and Teflon apparatus in a
solution with approximately 10 volumes of TMN buffer (10 mM Tris-HCl pH=7.4, 100
mM NaCl, 300 mM sucrose, 2 mM MgCl2, 1% thiodiglycol, 60 mM β-glycerophosphate,
10 mM NaF, 0.25% (v/v) NP40 containing the following inhibitors at a 1:100 dilution:
Protease Inhibitor Cocktail Set II (EMD catalogue #524625), and Set IV (EMD catalogue
#524628))/weight. Homogenized samples were transferred to 1.5 ml microfuge tubes
where an equal volume of 2x SDS buffer (20% (v/v) glycerol, 100 mM Tris-HCl pH=6.8,
2% (w/v) SDS, 60 mM β-glycerophosphate, 5 mM EDTA, 5 mM EGTA, 2 mM NaOV, 1
mM NaF) with inhibitors was added.

All samples were boiled for 5 minutes then

sonicated at 40 Hz, then centrifuged at 21,000 x g for 15 minutes at 4°C to remove
insoluble material.

All samples for SDS-PAGE were loaded and run on a SDS-PAGE gel (15%) as
previously described, followed by transfer to a polyvinylidine fluoride (PVDF)
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membrane [Srisakuldee et al, 2006]. Membranes were blocked for 1 hour in TBS-T (10
mM Tris-HCl pH 8.0 or 7.6, 150 mM NaCl, 0.5% v/v Tween-20) containing 10% skim
milk powder. The blot was incubated with primary (FGF2) antibody in 1% milk TBS-T
overnight at 4°C. The following day, blot was washed then incubated with secondary
antibody (horseradish peroxidase-bound) for 1 hour at room temperature. After further
washing, the membrane was incubated with ECL (Amersham Biosciences, Piscataway,
NJ) and exposed to film.

D.
D.1.

IN VIVO MODELS OF INJURY
High-dose isoproterenol administration
D.1.1. Induction of injury

Transgenic mice and their non-transgenic counterparts (aged 8 to 14 weeks) were
weighed on the day of drug delivery.

Pre-treatment with the analgesic ketoprofen

(Anafen®, MERIAL Canada, Baie d’Urfé, QC) at a dose of 5 mg/kg was given
subcutaneously one hour prior to isoproterenol administration.

(-)-Isoproterenol

hydrochloride (Sigma, St. Louis, MO) was diluted in sterile saline to stock solutions
varying between 30 and 50 mg/ml depending on the average weight of the group of
animals so that final volume administered is between 100 and 180 µL. Isoproterenol was
given intraperitoneally at a final dose of 160 mg/kg. Animals were monitored for at least
one hour after drug administration, at which point symptoms have usually subsided.
These symptoms can include bulging of eyes, piloerection, and excess salivation.
Mortality rates due to isoproterenol delivery at the dosage given were close to 0%.
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For experiments conducted in the R.O. Burrell animal facility within the St.
Boniface General Hospital Research Centre, it is important that two separate incidences
of increased mortality be documented. Both instances involved a large number of normal
CD-1 male mice shipped from Charles River. The majority of the animals affected were
males, and suffered from the inability to remove their urethral plugs leading to the
inability to void their bladders.

Administration of isoproterenol seemed to have

exacerbated the situation. However, one mouse not used in the experiment (received
neither saline nor isoproterenol treatment) housed in the same room, but was shipped in
the same Charles River crate, also died of the same cause. Successful physical removal
of urethral plugs by animal technicians allowed affected animals to live normally.

D.1.2. Immunosuppression with cyclosporine A or anti-CD3 antibodies

For immunosuppression, transgenic and non-transgenic mice (12 - 14 weeks old)
were given daily gavage treatments of 75 mg/kg cyclosporine (Neoral; Novartis
Pharmaceuticals Canada Inc, Dorval PQ), or 50 µg of anti-CD3ε antibodies
intraperitoneally (BioLegend, San Diego, CA) for a period of four days before, and for 4
days following, isoproterenol administration. Isoproterenol injection was conducted as
described above.
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E.

EXERCISE

Animals were weighed daily prior to swim. During the swim, mice were placed
in a waterbath (50 x 30 x 20 cm) filled with fresh water kept at 32° to 37°C (10 mice
maximum per waterbath). To eliminate potential effects of stress/fear from being placed
in deep water, control “water” mice were also placed in an identical waterbath holding
approximately 1 to 2 inches of water at 32° to 37°C so that mice were standing and
walking in water but did not require swimming. This swimming protocol was based on
previously published literature [Geisterfer-Lowrance et al, 1996; Kaplan et al, 1994],
with slight modifications. For acute protocol, mice were placed in the waterbath and let
swim once for a maximum of 30 minutes. For the chronic protocol, mice swam twice
daily at increasing increments of 10 minutes daily, such that on day 1, mice swam for 10
minutes in the morning and 10 minutes in the afternoon, and the next day 20 minutes
twice, and so on, until a maximal swim time of 90 minutes twice daily, was reached on
the 9th day of exercise. The chronic protocol was for a total of 28 days/5 days per week.
Mice were monitored closely throughout the duration of the swim. After swimming,
mice were placed under a heat lamp on fluffed clean dry towels to help shorten time for
drying fur and to help keep their body temperature from dropping. Once animals were
dry, they were returned to their designated cages. Animals were given one bolus of high
dose isoproterenol as previously described 48 hours after swim. Cardiac function was
assessed by echocardiography 24 hours, 2 weeks, and 4 weeks after isoproterenol
administration.
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F.

ASSESSMENT OF CARDIAC FUNCTION

F.1. Echocardiography

Echocardiographic analysis (via M-mode echocardiography and tissue Doppler
imaging) was performed in collaboration with Dr. Davinder Jassal in the Institute of
Cardiovascular Sciences at the St. Boniface Hospital Research Centre (Winnipeg,
Canada).

Briefly, M-mode echocardiography is used for the assessment of heart

measurements including left ventricular internal systolic dimension and left ventricular
internal diastolic dimensions.

These values are used to determine cardiac function,

specifically, values for ejection fraction and fractional shortening.

Tissue Doppler

imaging on the other hand, is a less load-dependent measure of contractility. Measures of
left ventricular endocardial velocity and strain rate are determined using this technique,
demonstrating the cardiac myocytes’ capacity to contract.

Transthoracic echocardiography was conducted using a 13-MHz probe (Vivid 7,
GE Medical Systems, Milwaukee, WI) in unanaesthetized mice at baseline, and 24 hours,
2 weeks and 4 weeks post-injection. Hearts were imaged in the 2D parasternal short axis
view and three different frames of a M-mode echocardiogram were recorded. LV enddiastolic diameter (LVEDD) and LV fractional shortening (FS) were measured. The LV
ejection fraction (EF) was calculated using the prolate ellipsoid geometric model and
parasternal long axis views for measurement of LV end-systolic and diastolic volumes
[Rodrigues et al, 2004].
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Tissue Doppler Imaging (TDI) was acquired on a parasternal short axis view at the
level of the papillary muscles, at a rate of 483 frames per second [Neilan et al, 2006]. For
peak systolic endocardial velocity (VENDO), a region of interest (0.2 x 0.2 mm) in the
posterior wall was analyzed. Radial strain rate (SR) was measured over a distance of 0.6
mm (Echopac PC, GE Medical, Milwaukee, WI). The temporal smoothing filters were
turned off for all measurements. The values obtained in five consecutive cardiac cycles
were averaged.

G.

ASSESSMENT OF MYOCARDIAL INJURY IN VIVO AND EFFECTS
OF TREATMENT

G.1.

Heart weight – to – body weight ratio

Mice were weighed immediately prior to euthanization by cervical dislocation, at
which point hearts were rapidly excised and atria were removed. Cardiac ventricles were
blotted on paper towels to remove excess blood, then weighed. The ratio of heart weight
and body weight are calculated and plotted on a graph.

G.2.

Morphology
G.2.1. Preparation of paraffin-embedded slides

Hearts stained for morphological assessment were removed directly after mouse
euthanasia and fixed in PBS-buffered formalin. Formalin-fixed hearts were embedded in
paraffin and cut into 7 µm cross-sections, and prepared for haematoxylin and eosin
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staining (see below). Tissue sections were deparaffinized in xylene for 5 minutes 3 times
(using fresh xylene), and gradually rehydrated in decreasing concentrations of ethanol in
water (95% ethanol in water for 2 minutes twice, 90% ethanol for 10 minutes, 80%
ethanol for 10 minutes, 70% ethanol for 10 minutes). Slides were then placed in PBS.

G.2.2. Haematoxylin & eosin staining

Deparaffinized sections were immersed in haematoxylin (Harris Hematoxylin,
Protocol®, Fisher Scientific Company LLC, Kalamazoo, MI) for 5 minutes using a
staining dish, and subsequently washed with tap water (2 to 5 minutes) to remove excess
dye. After dipping several times in distilled water, slides were immersed in acid alcohol
for 3 to 10 dips then washed in tap water for 5 minutes. Slides were again dipped in
distilled water and subsequently submerged in ammonia water for 2 minutes, then again
rinsed in tap water for 5 minutes. Counterstaining with eosin was accomplished by
placing the slides in another staining dish containing eosin (Accustain® Eosin Y
Aqueous Solution, Sigma-Aldrich Inc., St. Louis, MO) for 15 seconds to 2 minutes, and
followed by a tap water rinse until the water run off was colourless. After staining, the
tissue sections were put through a dehydration process involving gradual introduction to
increasing concentrations of ethanol in water (10 dips in 50%, 10 dips in 70%, 2x- 5
minutes in 80%, 2x- 5 minutes in 90%, 5 minutes in 100% ethanol). To complete the
dehydration process, slides were submerged in xylene for 4 minutes prior to mounting of
coverslip using Permount (Fisher Scientific, Fair Lawn NJ).

G.2.3. Morphometric analysis
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To assess the effects of chronic upregulation of FGF-2 on myocardial injury in
vivo, deparaffinated sections were stained with haematoxylin and eosin to enable
detection of myocardial organization or disarray, and cellular infiltration. Haematoxylin
and eosin-stained heart sections from isoproterenol-treated transgenic and non-transgenic
mice, cyclosporine-treated or vehicle-treated, were evaluated for severity of “damage” by
quantitation of areas with vacuolar formation, cellular infiltration, edema, and fibrosis.
Hearts were sectioned into 13 cross section ‘levels’ from apex to base, whereby each
level is separated by approximately 300 µm. Each cross section level was assessed for
such areas of “damage” at 5 distinct regions (each 0.3 mm2) using the “lasso” and “fill”
features in Adobe Photoshop, or the Nikon NIS-Elements Basic Research v.2.10
software, then subsequently quantified using either ImageTool v.2.0. or Nikon NISElements Basic Research software v.2.10. The number and volume of areas of “damage”
per level was determined using ImageTool v.2.0.

G.2.4. Assessment of “lesion” volume and number

Ventricular tissue was fixed in formalin and embedded in paraffin. Paraffinembedded tissue was sectioned from apex to base, whereby every 400 µm a series of 4µm sections were obtained. Sections were stained with haematoxylin and eosin to assess
tissue morphology.

G.3.

Identification of infiltrating cells

78

G.3.1. Bright-field microscopy

To assess for the type of immune cells present within the myocardial infiltrate,
two pathologists (Drs. Carmen Morales and Yijun Fan) were asked independently to
assess haematoxylin and eosin stained tissue sections for the presence of immune cells
including neutrophils, macrophages, and T cells using slides stained for H&E, e.g.,
Figure 12.

They both independently noted the significant presence of a large T

lymphocyte population within the myocardium by 24 hours post-isoproterenol
administration. Immune cells were photographed using brightfield optics.

G.3.2. Immunofluorescence and Nomarski microscopy

To specifically identify T cells within the areas of infiltration, antibodies were
used against the CD3ε cell surface marker specifically expressed by T cells. Transgenic
FGF-2 mice were given high dose isoproterenol as previously described and euthanized
24 hours after drug administration.

Hearts were extracted, embedded in O.C.T.

Compound (Tissue-Tek, Sakura Finetek U.S.A., Torrance, CA), flash frozen in an
ethanol/dry ice slurry, and tissue blocks were subsequently cryosectioned into 7 µm thick
sections on Superfrost®/Plus slides (Fisherbrand, Fisher Scientific, U.S.A.).

Tissue

sections were fixed in cold acetone for 10 minutes then stained with haematoxylin for 5
seconds to stain the nuclei. Sections were then blocked with 2% normal goat serum-1%
bovine serum albumin-phosphate buffered saline (BSA-PBS) for 30 minutes at room
temperature, and incubated for two hours at room temperature with anti-CD3 antibodies
(1:25; DAKO Diagnostics, Mississauga, ON) diluted in 1% BSA-PBS. The secondary
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antibody Cy3 (donkey anti-rabbit; 1:50; Jackson ImmunoResearch Laboratories; West
Grove, PA) was applied for one hour at room temperature. Control slides were incubated
with identical solutions with the exception of the primary antibody was replaced with
buffer. Coverslips were mounted using CrystalMount mounting medium. Slides were
examined by confocal microscopy and Nomarski microscopy.

H.

STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Instat® software. One-way
ANOVA was followed by the appropriate post-test for multiple comparisons, and p<0.05
was considered statistically significant.
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Table 1. Oligonucleotide sequences used
PCR
PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR

FGF-2
forward
primer
FGF-2
reverse
primer
FGF-2
forward
primer
FGF-2
reverse
primer
B2m
forward
primer
B2m
reverse
primer

GTGCCTAGCTCGATACAATAAACGCC
GTCCATCTTCCTTCATAG
CCAGTTGGTATGTGGCACTG
TCAGCTCTTAGCAGACATTGGA
GCTATCCAGAAAACCCCTCAAA
GCGGGTGGAACTGTGTTACG

PCR, polymerase chain reaction; qRT-PCR, quantitative reverse transcriptasepolymerase chain reaction; FGF, fibroblast growth factor; B2m, β-2-microglobulin.
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CHAPTER VI

RESULTS

A.

EFFECTS

OF

INCREASED

ENDOGENOUS

FGF-2

ON

MYOCARDIAL INJURY IN VIVO

In this chapter, the effect of increased FGF-2 in the heart on the extent of
myocardial damage after injury in vivo is assessed. A previously described transgenic
mouse line characterized by overexpression of FGF-2 in the heart, and a high-dose of the
β-adrenergic agonist isoproterenol to induce myocardial injury, are used.

A.1.

FGF-2 transgenic mice have increased FGF-2 RNA and protein in their
hearts compared with non-transgenic counterparts

To assess the role of increased FGF-2 in the heart upon myocardial injury in vivo,
a transgenic mouse line overexpressing rat FGF-2 under the control of the Rous sarcoma
virus (RSV) promoter was used (RSVp.metFGF-2) [Sheikh et al, 2001] (Figure 4).
Homozygous FGF-2 transgenic mice have been characterized previously, and shown to
have significantly increased FGF-2 RNA compared to their non-transgenic counterparts.
Assessment of protein levels in the heart revealed a 22-fold increase in FGF-2 in
transgenic versus non-transgenic mice (Figure 4).

These transgenic animals are of
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normal phenotype and fecundity, with the exception of a small but statistically significant
increase in the capillary density in their hearts [Sheikh et al, 2001].

It is important to note that the overexpression of FGF-2 was achieved by placing
the rat FGF-2 gene under the control of the constitutively expressed RSV promoter
[Gorman et al, 1982]. Consequently, expression of the transgene in the FGF-2 transgenic
mice was also detected in skeletal muscle, but not in lung, brain, kidney, spleen, or liver
[Sheikh et al, 2001].
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Figure 4. Increased FGF-2 mRNA and protein levels in the homozygous FGF-2
transgenic mice.
(A) FGF-2 RNA as detected by RNA (northern) blotting. The FGF-2 transgene (1.3 kb,
orange arrow), and endogenous FGF-2 transcript (6.1 kb, blue arrow) are shown. Double
arrows indicate 28S and 18S RNA mobility. The 28S RNA band is shown for loading
comparison. (B) FGF-2 protein as detected by protein (western) immunoblotting.
Purified 18 kDa FGF-2 was used as a positive control. Orange arrowheads show
mobilities of molecular weight markers (kDa) as indicated. Low molecular weight 18
kDa and high molecular weight 21 kDa isoforms are identified using specific monoclonal
antibodies against FGF-2. Data provided by Dr. F. Sheikh; modified from [Sheikh et al,
2001].
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A.2.

In vivo model of cardiac injury: high dose isoproterenol treatment induces
ischemic damage in the mouse myocardium

To assess the role of increased endogenous FGF-2 in the heart upon injury in vivo,
the high-dose isoproterenol method of myocardial injury was utilized. The β-adrenergic
agonist isoproterenol stimulates an increase in heart rate and in cardiac myocyte force of
contraction, resulting in an increase in cardiac tissue oxygen demand [Opie, 2004; Rona
et al, 1959]. In addition, β-agonist stimulation results in the dilatation of the vasculature,
which, in combination with the increase in force of contraction, results in an overalldecreased blood, flow to the heart [Beznak, 1962; Beznak and Hacker, 1964; Opie, 2004;
Rona et al, 1959]. Together, the simultaneous increase in oxygen demand and decrease
in blood flow result in the development of ischemic regions within the cardiac
myocardium, leading to focal regions of myocardial injury.

To determine whether this mode of injury is effective in the CD-1 mouse strain,
the background strain for the FGF-2 transgenic (RSVp.metFGF) animals, mice were
injected with isoproterenol dissolved in saline by the intraperitoneal (i.p.) route. At doses
of 80 mg/kg isoproterenol or greater, morphological assessment of myocardial tissue
sections after drug administration revealed areas of injury and cellular infiltration that are
similar to those resulting from the occlusion of coronary arteries (Figure 5).
Haematoxylin and eosin-stained sections revealed characteristic features of myocardial
lesions including an increased cellular infiltration, as evidenced by numerous cells with
large nuclei and relatively small cytoplasmic domains. Other characteristics observed
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(and previously characterized) from isoproterenol-induced myocardial injury include
evidence of vacuolization and disarray of the cardiac myocytes [Beznak, 1962; Beznak
and Hacker, 1964; Meij et al, 2002; Opie, 2004; Rona et al, 1959; Teerlink et al, 1994].

The areas of myocardial damage increase in size relative to the dose of
isoproterenol administered [Teerlink et al, 1994].

Mortality rates also increase

proportionally with isoproterenol dose. A dose of 160 mg/kg was ultimately selected for
experimental use based on its ability to provide the greatest measurable effects on the
heart, for example, as reflected in measurements of areas of injury, with mortality rates
remaining at near 0%.

86

Figure 5. The characteristics of isoproterenol-induced myocardial injury.
Isoproterenol-induced myocardial injury induces apparent damage as reflected by
increased edema, vacuolation (green arrow) and myocyte disarray, as are shown here (B,
C, D) in comparison to the remaining healthy myocardium unaffected by the treatment
(A). Hearts from mice given one bolus of high-dose isoproterenol were paraffinembedded, sectioned, and stained for haematoxylin (blue/purple – nuclei) and eosin (pink
– cytoplasm). Red blood cells appear as darker pink dots (arrows). Bar is equivalent to
50 µm.
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A.3.

Increased heart weight-to-body weight ratio was observed in FGF-2
transgenic mice 28 days after isoproterenol administration

To assess the effects of isoproterenol on heart weight-to-body weight ratios in
FGF-2 transgenic and non-transgenic CD-1 mice, weights were measured at 1, 7, and 28
days post isoproterenol administration and compared with corresponding values from
saline-injected animals. Isoproterenol was given in either 80 or 160 mg/kg doses. A
significant 54% increase in heart weight-to-body weight ratio was observed only in the
FGF-2 transgenic mice at four weeks after administration of 160 mg/kg isoproterenol
(Figure 6). No significant change from controls was observed in other groups. These
results suggest that the high dose isoproterenol administration promoted a hypertrophic
effect only in hearts with increased FGF-2 expression.
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Figure 6. Increased heart weight-to-body weight ratio was observed in FGF-2
transgenic mice 28 days after high dose isoproterenol
FGF-2 transgenic and non-transgenic mice were given saline (dashed lines), 80 mg/kg
isoproterenol (open symbols), or 160 mg/kg isoproterenol (closed symbols), and
euthanized 1, 7, or 28 days later. Heart weight-to-body weight ratios are expressed as a
percentage of the mean value of the matching saline-treated group. *p<0.01 vs. salinetreated FGF-2 transgenic group. Data reproduced with permission from [Meij et al,
2002].
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A.4.

Increased myocardial infiltration and disarray were observed in FGF-2
transgenic mice after isoproterenol-induced myocardial injury

Due to previous evidence of FGF-2–induced cardioprotection upon acute
exogenous administration, it was hypothesized that a chronic increase in endogenous
FGF-2 would be cardioprotective in an in vivo model of injury.

To address this

hypothesis, homozygous FGF-2 transgenic mice were subjected to the high dose
isoproterenol model of injury. FGF-2 transgenic and non-transgenic mice were given one
bolus of 160 mg/kg isoproterenol i.p., then euthanized at 6, 12, and 24 hours and 2, 4, and
6 weeks post-injury. Mouse hearts were immediately fixed in formalin and subsequently
embedded in paraffin. Tissue blocks were sectioned at 400 µm intervals from apex to
aorta then assessed as previously described [Ferrans et al, 1964; Meij et al, 2002; Rona et
al, 1959; Rona et al, 1963].

Observation of haematoxylin and eosin-stained heart

sections using brightfield microscopy revealed no clear myocardial disturbance (looked
identical to saline-treated control hearts) at 6 hours post-injury in neither the transgenic
nor non-transgenic group (unpublished results). This is in agreement with observations
from Ferrans and colleagues using adult rats whereby infarct-like “lesions” were not
detected until 12 hours after isoproterenol administration despite enzymatic and
mitochondrial changes earlier on [Ferrans et al, 1964].

However, morphological

assessment of heart tissue from both transgenic and non-transgenic groups from time
points 12 hours and later revealed a clear increase in cellular infiltration and disarray in
myocardial tissue of mice that received high-dose isoproterenol (Figures 7 and 8). At
every time point assessed starting at 12 hours post-isoproterenol, cardiomyocyte disarray
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was always larger in transgenic compared to non-transgenic mice at the same time point,
and remained larger until 6 weeks post-injury, the last time point assessed (Figures 7 and
8). Although the cellular infiltration in some transgenic animals was more exaggerated
than others within the same group, as a whole, the transgenic group had larger “lesion”like/cellular infiltration areas. Therefore, instead of the hypothesized decreased injury
based on the demonstrated cardioprotective properties of FGF-2, our data suggested the
opposite, namely increased injury inferred by the increased cellular infiltration associated
with a chronic increase in endogenous FGF-2 levels. The rapidity of the response (within
12 hours) raised the possibility that this was potentially an exacerbated inflammatory
response.
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Figure 7. Transgenic mouse hearts have increased “lesion”-like/cellular infiltration
regions in comparison with non-transgenic animals after isoproterenol-induced
myocardial injury.
Transgenic and non-transgenic mice were given a 160 mg/kg isoproterenol bolus and
then euthanized 48 hours later. Hearts were sectioned and stained for haematoxylin and
eosin. “Lesions” were defined as areas with increased edema, vacuolization of cells
(green arrows), myocyte disarray (grey boxes; compare with uninjured regions within the
white box on left), and cellular infiltration (blue arrows). Bar is equivalent to 50 µm.
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Figure 8. Transgenic mouse hearts had increased regions of scarring 6 weeks after
isoproterenol-induced myocardial injury.
Transgenic and non-transgenic mice were given a single bolus of isoproterenol (160
mg/kg) and euthanized 6 weeks later. Hearts were sectioned and stained for
haematoxylin and eosin. Scars are defined as areas lacking cardiomyocytes and
presenting with increased extracellular matrix (grey boxes). Structures that resemble
blood vessels are also visible (blue arrows). Bar is equivalent to 50 µm.
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A.5.

Quantitation of areas of cellular infiltration show significantly increased
affected myocardium in FGF-2 transgenic mice compared with nontransgenic mice after myocardial injury in vivo

To quantitatively determine areas of disarray in the injured hearts, formalin-fixed
haematoxylin and eosin-stained tissue sections from FGF-2 transgenic and nontransgenic mice were assessed using Adobe Photoshop and ImageTool software. The
tissue sections assessed were taken from 10 to 13 ‘levels’ of each heart cut from apex to
base at 400 µm intervals (Figure 9). Features of areas considered part of the “injury”
included interstitial areas with increased cellular infiltration, edema, vacuolization, and
myocyte disarray. Areas of apparent damage were assessed as a percentage of the total
field of view assessed per ‘level’ of the heart (Figure 10). Quantitation revealed a
significant 6-fold increase in areas of apparent injury in FGF-2 transgenic mice when
compared to non-transgenic mice after isoproterenol-induced myocardial injury (p<0.05,
n=4).
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Figure 9.
Quantitation of “lesion”-like/cellular infiltration regions in the
isoproterenol-injured myocardium.
Tissue sections were stained for haematoxylin and eosin. Areas with the characteristics
of damage are defined in Chapter V.G.2.3 and V.G.2.4 using Adobe Photoshop and the
area determined using ImageTool software.
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Figure 10.
Quantitation revealed more, and significantly larger, “lesion”like/cellular infiltration areas in transgenic mouse hearts compared with nontransgenic mice after isoproterenol-induced myocardial injury.
Mice were injected with 160-mg/kg isoproterenol and euthanized one day later. Paraffinembedded heart tissue sections were stained with haematoxylin and eosin and assessed as
shown in Figure 9 and described in Chapter V.G.2.3-4. Five areas per ventricular section
and five sections per heart were assessed per animal. Lesion-like volume (mean) is
expressed as a percentage of the total cardiac ventricular volume assessed (5.25 × 107
µm3). *p<0.05 when compared to non-transgenic controls. Error bars indicate standard
deviation. Original data by Sarah K. Jimenez and reproduced with permission from
[Meij et al, 2002].
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A.6.

Pathological assessment of the myocardium after isoproterenol-induced
myocardial injury revealed a significant increase in infiltrating cells in
FGF-2 transgenic mouse hearts

The increase in myocardial disarray appeared to coincide with increased numbers
of infiltrating cells. To examine for any changes in cell populations between FGF-2
transgenic and non-transgenic mice, cells were assessed in six areas of the myocardium in
each animal for numbers of cardiac myocytes (healthy and damaged), as well as
infiltrating cells. A significant increase in damage (as defined by edema, vacuolation,
and myocyte disarray) was noted in transgenic hearts, whereas the total numbers of
cardiac myocytes counted in each group in the assessment were comparable (Figure 11).
Additionally, an increase in infiltrating cells in hearts of FGF-2 transgenic animals was
also observed.

Increased cellular infiltration suggested an exacerbated inflammatory response.
To assess for cells potentially involved in this response, “lesion”-like/cellular infiltration
areas were examined closely using brightfield microscopy. With the aid of two trained
pathologists, Dr. Carmen Morales (Medical Director of Hematology, Health Sciences
Centre, and Professor, Department of Pathology, University of Manitoba, Winnipeg,
Manitoba) and Dr. Yijun Fan (Research Associate, Department of Medical Microbiology,
University of Manitoba) cells within the cellular infiltrate of haematoxylin and eosinstained heart sections were identified.

Specifically, cells that play a role in the

inflammatory response, including neutrophils, macrophages, and T lymphocytes, were
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thus identified within the myocardial infiltrate (Figure 12). The identification of these
cells used the following criteria: neutrophils, ~10 µm diameter cells containing pink
granules, and whose nuclei contain 3 or 4 lobes; macrophages, granular cells of about 10
to 30 µm in diameter, with an irregular shape and kidney-shaped nuclei; and
lymphocytes, ~10 µm-diameter cells with round nuclei and little cytoplasm [Gartner,
2007]. It was also apparent that a relatively large number of T cells were present within
the myocardium 24 hours after initiation of injury.

These observations concerning T cells were validated by cell staining using
specific markers. FGF-2 transgenic mice were injected with isoproterenol and euthanized
24 hours later. Hearts were excised, embedded (O.C.T. compound), and subsequently cut
into 7 µm sections.

T lymphocytes were identified within the cellular infiltrate in

transgenic mouse hearts after myocardial injury. Due to the tendency of mouse cardiac
tissue to display autofluorescence (especially within the blue to green spectrum),
identification of T cells by immunofluorescence techniques required optimization of a
protocol combining confocal and Nomarski microscopy.

Fixed heart sections were

stained with haematoxylin to enable identification of cell nuclei, then rinsed well to
prevent the dye from masking the sought-after epitopes. Haematoxylin-stained slides
were subsequently treated with antibodies against CD3 (a protein expressed on the cell
surface of T cells) and secondary antibodies conjugated to fluorescent tags, allowing T
cell identification (Figure 13). To ensure specificity of CD3 tags, samples of mouse
spleen were used as positive controls, and tissue sections not treated with primary antiCD3 antibodies were used as negative controls.

CD3-positive cells were identified
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within the cellular infiltrate of isoproterenol-treated mouse myocardium. Thus, areas of
myocardial injury in the transgenic FGF-2 animals contained a population of infiltrating
T lymphocytes.
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Figure 11. Increased infiltrating cells correlates with number of damaged cardiac
myocytes in FGF-2 transgenic mice
FGF-2 transgenic and non-transgenic mice were administered 160 mg/kg isoproterenol
and euthanized 24 hours later. Six sections per heart were analyzed for healthy and
damaged cardiac myocytes, as well as infiltrating cells within the field of view. Stacked
bars show comparable numbers of myocytes in areas assessed. *p<0.05 versus nontransgenic mice. Reproduced with permission from [Meij et al, 2002].
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Figure 12. Initial assessment of cellular infiltrate of hearts from mice given highdose isoproterenol revealed the presence of immune cells.
Haematoxylin and eosin-stained heart tissue sections were examined under brightfield
optics. Neutrophils, macrophages, and T lymphocytes were identified within the cellular
infiltrate of mouse hearts after isoproterenol administration, as indicated by white arrows.
Figure provided by Sarah K. Jimenez and modified/reprinted with permission from [Meij
et al, 2002].
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Figure 13. Assessment of the cellular infiltrate of hearts from mice given high-dose
isoproterenol revealed CD3-positive cells.
FGF-2 transgenic mice were injected with 160 mg/kg IsP and subsequently euthanized
1 or 4 days later. Hearts were embedded in OCT compound then cryosectioned to 7 µm
thick, and subsequently fixed using acetone. Ventricular sections from 1-day (A-C) and
4-day (D-F) animals were stained with haematoxylin to identify nuclei (A and D) and
CD3 antibodies to identify T cells (B and E). Arrows in images separately showing
nuclei and CD3 staining identify CD3-positive cells. A spleen section stained for CD3
(G) and a ventricular section from a FGF-2 transgenic mouse without primary antibody
incubation (H) are shown as positive and negative controls, respectively. Bar is
equivalent to 20 µM (A-F) and 80 µm (G and H). Original data from Sarah K. Jimenez.
The image is reprinted with permission from [Meij et al, 2002].
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A.7.

CD4-positive cells co-stain for FGFR-1 within the areas of infiltration after
isoproterenol-induced myocardial injury

To examine whether the cells within the myocardial infiltrate of animals subjected
to high dose isoproterenol could be directly influenced by FGF-2, they were probed for
FGFR-1 expression. Mice were given high-dose isoproterenol, euthanized 24 hours later,
and hearts excised and prepared for immunohistochemistry. Heart tissues were sectioned
(7 µm), acetone-fixed, and then probed with antibodies against the T cell marker CD4 (a
protein expressed on the cell surface of a subset of T lymphocytes) as well as FGFR-1.
Nuclei were visualized by dipping slides in bisbenzimde (Hoechst 33258). All slides
were mounted and examined by epifluorescence microscopy. Cells co-staining for both
CD4 and FGFR-1 were identified in the myocardial infiltrate (Figure 14). These results
indicate the presence of FGFR-1-expressing T cells within the areas of infiltration, and
suggest a possible direct effect of FGF-2 on the T cells that migrate into the heart as a
result of isoproterenol-induced myocardial injury.
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Figure 14. Cells co-expressing the T cell marker CD4 and the FGF-2 receptor
FGFR-1 are identified within the myocardial infiltrate
FGF-2 transgenic mice were given a high dose bolus of 160 mg/kg isoproterenol then
euthanized the following day. Hearts were excised, sectioned in OCT blocks, and
subsequently fixed in acetone. Cryosections of 7 µm thickness were probed with
antibodies against CD4 and Flg (FGFR-1). Nuclei were visualized using Hoechst
staining. Cells co-expressing CD4 and FGFR-1 are indicated by arrows. Bar is
equivalent to 10 µm. Original data supplied by Dr. Hanneke Meij, and image modified
from [Meij et al, 2002].
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A.8.

Inhibition of T cells by immunosuppression using cyclosporine A or
anti-CD3ε antibodies decreases cellular infiltrate and myocardial disarray in
FGF-2 transgenic and non-transgenic mouse hearts after myocardial injury

The finding of increased T cell numbers within the FGF-2 transgenic heart
infiltrate suggested that T lymphocytes are potential candidates for affecting cardiac
outcome, and was therefore investigated. The effect of immunosuppression (specifically
targeting T-cell activation) on “lesion”-like/cellular infiltration area size was assessed. T
cell activation was inhibited using either cyclosporine A or antibodies against CD3ε.
Antibodies against CD3ε were also used in addition to cyclosporine to determine whether
a more specific inhibition of T cells would have similar results to a broad
immunosuppressive treatment. CD3ε is a molecule expressed on the T lymphocyte cell
surface and is required for proper development of mature lymphocytes [Dave, 2009].
Therefore, inhibition of this molecule would specifically prevent the activation of T cells.
Mice were given either (1) 75 mg/kg cyclosporine A by gavage, or (2) 50 µg anti-CD3
antibodies i.p. or (3) vehicle for controls, for 4 days before and 4 days after
administration of 160 mg/kg isoproterenol. The dose and timing of immunosuppressive
treatments were chosen to be those that have been shown to be effective in mice in vivo
[Batiuk et al, 1996; Hirsch et al, 1990]. Formalin-fixed, deparaffinized heart sections
from transgenic and non-transgenic groups were stained with haematoxylin and eosin and
assessed for cellular infiltration. Observations using bright-field microscopy revealed a
decline in lesion areas and numbers, as shown in representative images in Figure 15.
Cellular infiltration after immunosuppression and isoproterenol-induced injury is
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comparable between FGF-2 transgenic and non-transgenic mice, and between
cyclosporine A- and anti-CD3ε antibody-treated mouse hearts.

Haematoxylin and eosin-stained tissue sections were assessed for areas of
“lesion”-like/ cellular infiltration using Adobe Photoshop and ImageTool software as
described in Chapter V. Immunosuppression was associated with a significant decrease
in “lesion”-like areas and volumes in FGF-2 transgenic mice compared to nonimmunosuppressed transgenic mice after isoproterenol-treatment (*p<0.05, n=3-4).
Apparent “lesion”/infiltration size after immunosuppression with either cyclosporine or
CD3ε antibodies were comparable within groups and lower (although not significantly
different) than the isoproterenol only-treated non-transgenic group (Figure 16).
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Figure 15. Haematoxylin and eosin-stained sections of hearts treated with
immunosuppressive agents show decreased cellular infiltration.
Transgenic FGF-2 mice were given one of: (1) cyclosporine A, (2) antibody against
CD3ε, or (3) vehicle, for 4 days prior and 4 days after high-dose isoproterenol
administration. Heart sections (7 µm) were stained with haematoxylin and eosin to
enable morphological assessment of cellular infiltration. Bar is equivalent to 50 µm.
These images show the quality of the lesions and are not representative of quantity.
Quantification of lesion volume is shown in Figure 16.
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Figure 16. Effect of immunosuppression on the degree of cellular infiltration and
“lesion”-like areas.
FGF-2 transgenic and non-transgenic mice were treated daily with immunosuppressants
cyclosporine A or anti-CD3ε antibodies, or vehicle for 4 days before and 4 days after
160 mg/kg isoproterenol administration. Heart tissue sections were stained with
haematoxylin and eosin and assessed as described in Chapter V.G.2.3-4. Five areas per
ventricular section and five sections per heart were assessed per animal. “Lesion”
volume (mean) is expressed as a percentage of the total cardiac ventricular volume
assessed (5.25 × 107 µm3). Error bars indicate standard deviation. *P<0.05. Original
data from Sarah K. Jimenez and reproduced with permission from [Meij et al, 2002].
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Chapter findings:

In this chapter, the question of whether increased endogenous FGF-2 would affect
cardiac injury and repair upon β-agonist-induced myocardial injury was investigated.
Observations made from this study include:
1.

Isoproterenol induces myocardial injury in CD-1 mice, as measured by
morphological analysis of heart tissue sections.

2.

Myocardial “lesions,” as determined by myocardial disarray and cellular
infiltration, increased in area in an isoproterenol dose-dependent manner.

3.

Increased endogenous FGF-2 resulted in increased heart weight to body
weight ratio 28 days after administration of 160 mg/kg isoproterenol,
suggesting hypertrophy.

4.

Isoproterenol treatment resulted in a significant increase in damaged cardiac
myocytes as well as infiltrating cells in FGF-2 transgenic mice compared with
their non-transgenic counterparts.

5.

After isoproterenol-induced injury, a significant 6-fold increase in areas of
cellular infiltration (appeared “lesion”-like) was observed in FGF-2 transgenic
when compared with non-transgenic mice.

6.

Assessment of the myocardial infiltrate revealed the presence of inflammatory
cells including neutrophils, macrophages, and T lymphocytes.

7.

T cells expressing the FGF-2 receptor FGFR-1 were identified within the
myocardial infiltrate of FGF-2 transgenic mice, suggesting a possible role for
T cells in the phenomenon observed.

8.

Inhibition of T cell activation by cyclosporine A or by antibodies against
CD3ε resulted in the significant decline in “lesion”-like/cellular infiltration
area and volume in both FGF-2 transgenic and non-transgenic hearts after
isoproterenol-induced injury. Following immunosuppression, the areas of
cellular infiltration in FGF-2 transgenic mice were comparable in size to those
of non-transgenic animals receiving isoproterenol alone.
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CHAPTER VII

RESULTS

B.

CARDIAC FUNCTION IN FGF-2 TRANSGENIC MICE AFTER
MYOCARDIAL INJURY IN VIVO

B.1.

Assessment of left ventricular function in isoproterenol-induced myocardial
injury in transgenic mice overexpressing FGF-2 by tissue Doppler imaging

In the previous chapter it was shown that a chronic increase in FGF-2 expression in
transgenic mice is associated with a significant increase in infiltrating cells after
isoproterenol-induced myocardial injury and a, presumably related, increase in
myocardial disarray, which would appear to contrast with the acute and sustained
beneficial effects of administered FGF-2 [Detillieux et al, 2003; House et al, 2005; Jiang
et al, 2009; Kardami et al, 2007; Padua et al, 1998; Sheikh et al, 2001; Srisakuldee et al,
2009a]. In this chapter, the aim was to gain a better insight into this apparent conflicting
data. Firstly, instead of using FGF-2 homozygous transgenic mice, which express high
levels of FGF-2, heterozygous FGF-2 mice were pursued to provide a more modest
increase in endogenous FGF-2. Secondly, cardiac outcome was examined instead in
terms of cardiac function through Doppler Imaging.
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B.2.

Heterozygous FGF-2 transgenic mice have increased FGF-2 RNA and
protein in their hearts compared with non-transgenic counterparts

Like their homozygous counterparts, heterozygous (RSVp.metFGF2) FGF-2
transgenic mice are of normal phenotype and fecundity. To assess FGF-2 expression in
heterozygous FGF-2 transgenic mice, RNA levels from hearts of both FGF-2 transgenic
and non-transgenic CD-1 mice were compared. Total RNA was extracted from whole
hearts and used for reverse transcription-PCR; products were subsequently used for
quantitative realtime PCR analyses. FGF-2 RNA levels were determined using the CT
method and normalized using values for β-2-microglobulin (B2m) [Mahoney et al,
2004], which was assumed to be expressed constitutively.

A significant ~16-fold

increase in FGF-2 mRNA was observed in heterozygous transgenic mouse hearts
compared to non-transgenic controls (p<0.001, n=4) (Figure 17).

Total protein from whole hearts was also extracted from heterozygous transgenic
and non-transgenic animals. Tissue homogenization was performed using a mortar and
pestle with liquid nitrogen, and samples were kept constantly on ice to prevent
proteolysis.

Total protein was separated by SDS-PAGE and transferred to PVDF

membrane that was probed using antibodies specific against FGF-2, and then re-probed
for GAPDH to normalize for loading. FGF-2 protein levels in heterozygous FGF-2
transgenic mouse hearts was ~2.2-fold higher compared with non-transgenic control
hearts (p<0.01, n=3) (Figure 18).
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Thus, the 2.2-fold increase in FGF-2 levels in heterozygous FGF-2 transgenic
mouse hearts is ~10x less than the 22-fold stimulation of FGF-2 levels in homozygotes,
but remain significantly higher compared with non-transgenic controls.

112

Figure 17. Heterozygous FGF-2 transgenic mice have increased cardiac FGF-2
RNA levels compared to non-transgenic mice.
Total RNA was extracted from heterozygous transgenic (TG) and non-transgenic mouse
hearts. RNA expression levels were assessed by quantitative realtime PCR analysis.
Using the ΔΔct method of calculation, FGF-2 RNA in heterozygous FGF-2 TG mouse
hearts was found to be ~16-fold greater than non-transgenic animals (values arbitrarily
set to 1). FGF-2 expression was normalized using beta-2-microglobulin. ***p<0.001
compared to non-transgenic controls. Error bars indicate standard error from the mean.

113

Figure 18. FGF-2 protein levels are significantly higher in the heterozygote FGF-2
transgenic mouse heart when compared to wild type CD-1 mice.
Total protein was extracted from hearts of three transgenic (TG) and three non-transgenic
(non-TG) wild type CD-1 mice and subsequently assessed in a Western blot using
antibodies specific for FGF-2. Heterozygous FGF-2 transgenic mice were shown to have
a ~2-fold increase in FGF-2 protein in their hearts compared with wild type CD-1 mice.
**P<0.01.
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B.3.

High-dose isoproterenol treatment induces infarct-like histological changes
in both FGF-2 transgenic and non-transgenic mice

Previously, it was shown that isoproterenol administration results in myocardial
injury as determined by assessment of cardiac morphology in CD-1 mice; this injury is
significantly increased in homozygous FGF-2 transgenic animals (Chapter VI).
Assessment of myocardial injury after high dose isoproterenol administration was also
conducted using heterozygous mice. Heterozygous mice as well as age- and sex-matched
non-transgenic control mice were given one bolus of isoproterenol i.p. at a dosage of 160
mg/kg. Sections of mouse heart tissue at 24 hours were stained for haematoxylin and
eosin and assessed morphologically for areas of myocardial disarray and cellular
infiltration.

Heterozygous transgenic mouse hearts displayed increased cellular

infiltration compared with non-transgenic controls (Figure 19).

Thus, increased

endogenous FGF-2 in the heart (even as low as a 2.2-fold protein increase) appears to
increase cellular infiltration following in vivo isoproterenol-induced myocardial injury.

115

Figure 19. Heterozygous FGF-2 transgenic mice also have greater cellular
infiltration than their non-transgenic counterparts.
Heterozygous FGF-2 transgenic (TG) and non-transgenic (non-TG) mice were given one
bolus of high-dose isoproterenol (160 mg/kg) and euthanized 48 hours later. Heart tissue
were sectioned and stained for haematoxylin and eosin. Areas of infiltration are observed
as increased blue-stained nuclei (arrows). Bar is equivalent to 80 µm.
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B.4.

Tissue Doppler imaging predicts improved outcome in FGF-2 transgenic
mice after isoproterenol-induced myocardial injury

To assess cardiac function, two methods of echocardiography were utilized:
standard M-mode, and tissue Doppler imaging. These procedures were conducted in
collaboration with cardiologist Dr. Davinder Jassal (St. Boniface Hospital Research
Centre, Winnipeg, Manitoba).

Functional parameters were measured by M-mode echocardiography in mice at 24
hours, 2 weeks and 4 weeks after administration of high dose isoproterenol. Baseline
values for left ventricular end diastolic diameter, fractional shortening, and ejection
fraction all fall within the normal expected values range [Jassal et al, 2009]. Under the
conditions used, one bolus of 160 mg/kg isoproterenol did not cause significant changes
at the organ level as measured by M-mode echocardiography (Table 2, Figures 20 and
21). Although a trend towards a decrease in fractional shortening was observed (from
55±4 to 52±3), the change was not significant (Figure 21).

In contrast to M-mode echocardiography results, significant changes were
observed in mice after assessment of tissue Doppler imaging parameters left ventricular
endocardial velocity and strain rate (a derivative of left ventricular endocardial velocity).
Tissue Doppler imaging parameters were measured prior to isoproterenol administration
(baseline), as well as 24 hours, 2 weeks, and 4 weeks post injury in both FGF-2
transgenic and non-transgenic mice. Quantitative results are shown in Figure 24 and
representative tracings are shown in Figures 23. Baseline values for both left ventricular
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endocardial velocity and strain rate were within the normal expected range for mice. A
significant decrease in each parameter was observed in both groups by 24 hours postisoproterenol injection (Figure 24). Importantly, transgenic mice had improved function
when compared to non-transgenic values. For left ventricular endocardial velocity, nontransgenic animals averaged ~48% of baseline by 24 hours, declining to ~36% of
baseline by 2 weeks with no further change to 4 weeks post-injection. Transgenic
animals, by contrast, averaged ~76% of baseline at 24 hours, with no further decline by 4
weeks post-injection. Strain rate measurements showed a similar pattern, with non-TG
animals declining to ~53% of baseline by 24 hours and no further significant decline, and
TG animals declining to ~75% of baseline by 24 hours with no further decline.
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Table 2. M-mode echocardiography values of FGF-2 transgenic and non-transgenic
mice before and after high-dose isoproterenol administration

FGF-2 non-transgenics

FGF-2 transgenics

timepoint
baseline
24 h
2w
4w
baseline
24 h
2w
4w

n
10
9
7
7
11
9
7
7

LVEDD
3.0±0.2
3.1±0.2
3.1±0.2
3.2±0.3
3.2±.0.2
3.1±0.1
3.1±0.2
3.1±0.3

FS
55±4
55±5
53±2
52±3
55±5
55±5
53±2
53±3

EF
81±3
80±3
80±2
81±2
80±4
79±3
80±2
81±1

LVEDD, Left ventricular end diastolic diameter; FS, fractional shortening; EF, ejection
fraction
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Figure 20. No difference in ejection fraction was observed after isoproterenoladministration as measured by M-mode echocardiography.
Heterozygous FGF-2 transgenic (TG) and non-transgenic (non-TG) mice were given one
bolus of high-dose isoproterenol (160 mg/kg). Cardiac function was assessed by
measuring ejection fraction by echocardiography at baseline, at 24 hours, 2 weeks, and at
4 weeks post-injury. (n=7-11).
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Figure 21. No difference in fractional shortening was observed after isoproterenoladministration as measured by M mode echocardiography.
Heterozygous FGF-2 transgenic (TG) and non-transgenic (non-TG) mice were given one
bolus of high-dose isoproterenol (160 mg/kg). Cardiac function was assessed by
measuring fractional shortening by echocardiography at baseline, as well as 24 hours, 2
weeks, and 4 weeks post-injury. (n=7-11).
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Figure 22. A significant decline in cardiac function as assessed by of tissue Doppler
imaging was observed 24 hours after high-dose isoproterenol administration.
Representative images of left ventricular endocardial velocity tracings are presented
above. Normal CD-1 mice were given 160 mg/kg isoproterenol or vehicle, then assessed
24 hours later. The left panel shows a mouse treated with vehicle, whose left ventricular
endocardial velocity is reading at 3.34 cm/s. In contrast, in the right panel, a mouse
treated with isoproterenol shows a decline in cardiac function, reading at 1.01 cm/s.
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Figure 23. Representative tissue Doppler tracings of FGF-2 transgenic and
non-transgenic mouse hearts.
Measurement of left ventricular endocardial velocity was taken from FGF-2 transgenic
(TG) mice (bottom two panels) and non-transgenic (non-TG) controls (top two panels),
given vehicle (left panels) or high-dose 160 mg/kg isoproterenol (right panels). Noninjured, saline-treated myocardium show comparable tissue Doppler parameter values
between TG mouse hearts and controls (3.32 cm/s and 3.34 cm/s, respectively). After
isoproterenol administration, endocardial velocities of both TG and non-TG mouse hearts
(2.45 cm/s and 1.01 cm/s, respectively) decline compared to baseline and/or vehicletreated hearts.
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Figure 24. Mice overexpressing FGF-2 show improved recovery of myocyte
function after isoproterenol-induced myocardial injury.
Transgenic (TG) and non-transgenic (non-TG) mice were given high dose 160 mg/kg
isoproterenol. Cardiac function was assessed using tissue Doppler imaging at baseline
prior to injury, as well as 24 hours, 2 weeks, and 4 weeks after injury. Values for left
ventricular endocardial velocity and strain rate are presented. Statistical analyses are
presented as * for transgenic versus non-transgenic mouse values at the same time point;
† for transgenic or non-transgenic mouse values compared with the previous time point.
Error bars indicate standard deviation. ***p<0.001; † and ††† p<0.05 and 0.001,
respectively.
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B.5.

Pre-treatment of mice with cyclosporine A reduces functional recovery in
FGF-2 transgenic mice after isoproterenol-induced myocardial injury

Previously, we demonstrated that the increased cellular infiltration in FGF-2
transgenic mouse hearts after isoproterenol-induced myocardial injury was significantly
reduced to levels comparable to non-transgenic mice after treatment with cyclosporine A
(Figure 16). We have now examined the effect of cyclosporine A on the recovery of
cardiac function in FGF-2 transgenic, as well as non-transgenic, mice after injection with
isoproterenol. Tissue Doppler measurements in the presence of cyclosporine A treatment
are shown in Figure 25. At 24 hours post-isoproterenol treatment, endocardial velocity
values for non-transgenic mice averaged ~48% of baseline by 24 hours after
isoproterenol injection, declining to ~38% of baseline at 2 weeks, with no further
significant change at 4 weeks post-treatment.

FGF-2 transgenic mice treated with

cyclosporine A showed a statistically significant improvement in endocardial velocity
values, compared to non-transgenic mice, at all time points. However, strain rate values
were not significantly different in the FGF-2 transgenic mice compared to non-transgenic
mice, at 2 and 4 weeks post-injury.

Figure 26 shows the effect of cyclosporine A treatment on tissue Doppler
measurements from FGF-2 transgenic mice injected with isoproterenol. Values from
transgenic FGF-2 mice treated with or without cyclosporine A are shown side-by-side for
comparison: at 24 hours post-isoproterenol, neither left ventricular endocardial velocity
nor strain rate were significantly affected by cyclosporine A treatment. This changed at 2
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and 4 weeks post-isoproterenol whereby cyclosporine A treatment caused significant
decreases in endocardial velocity, and strain rate measurements. These results suggest
that the cardioprotection observed in FGF-2 transgenic mice is partially dependent on a
cyclosporine-sensitive component that becomes active at relatively later stages of cardiac
repair/remodelling.

The effect of cyclosporine A on functional parameters was also assessed for the
non-transgenic mice, and results are shown in Figure 27. There were no differences
observed between cyclosporine A-treated and untreated groups at any time point
assessed.
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Figure 25. Mice overexpressing FGF-2 continue to display improved recovery of
endocardial velocity after isoproterenol-induced myocardial injury in the presence
of cyclosporine A (immunosuppressive) treatment
Heterozygous FGF-2 transgenic (TG) and non-transgenic (non-TG) mice were treated
with cyclosporine A (CsA) for 4 days before and 4 days after receiving one high-dose
bolus of isoproterenol (160 mg/kg). Cardiac function was assessed using tissue Doppler
imaging at baseline prior to injury, as well as 24 hours, 2 weeks, and 4 weeks after injury.
Values for left ventricular endocardial velocity and strain rate are presented. Statistical
analyses are presented as * for values at the same time point, and † for values compared
with the previous time point. *** and ††† P<0.001. Error bars indicate standard
deviation.
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Figure 26.
Cyclosporine A decreases cardiac function in transgenic mice
overexpressing FGF-2 and subjected to isoproterenol-induced myocardial injury.
Heterozygous FGF-2 transgenic (TG) mice were treated with cyclosporine A (CsA) for 4
days before and 4 days after receiving one high-dose bolus of isoproterenol (160 mg/kg).
Cardiac function was assessed using tissue Doppler imaging at baseline prior to injury, as
well as 24 hours, 2 weeks, and 4 weeks after injury. Values for left ventricular
endocardial velocity and strain rate in comparison with transgenic mice that did not
receive CsA are presented. Statistical analyses are presented as * for values at the same
time point, and † for values compared with the previous time point. *, ***p<0.05 and
0.001, respectively. †††P<0.001. Error bars indicate standard deviation.

128

Figure 27. Cyclosporine A does not affect tissue Doppler indices after isoproterenolinduced myocardial injury in non-transgenic mice
Non-transgenic (non-TG) mice were treated with cyclosporine A (CsA) for 4 days before
and 4 days after receiving one high-dose bolus of isoproterenol (160 mg/kg). Cardiac
function was assessed using tissue Doppler imaging at baseline prior to injury, as well as
24 hours, 2 weeks, and 4 weeks after injury. Values for left ventricular endocardial
velocity and strain rate in comparison with non-transgenic mice that did not receive CsA
are presented. Statistical analyses are presented as * for values at the same time point,
and † for values compared with the previous time point. **P<0.01; †† and †††P<0.01
and 0.001, respectively. Error bars indicate standard error from the mean.
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B.6.

Treatment with anti-CD3 antibodies has no effect on cardiac function of
FGF-2 transgenic mice after isoproterenol-induced myocardial injury

To assess whether the decrease in cardiac tissue Doppler measurements observed
in FGF-2 transgenic mice after cyclosporine A treatment was a T cell-mediated effect, the
study was repeated using antibodies against CD3ε in place of cyclosporine A as a more
specific inhibitor of T cells (as introduced in Chapter V). CD3ε, found on the cell surface
of T cells, is required for cell activation. Antibodies against CD3ε were administered
intraperitoneally for 4 days before and 4 days after isoproterenol administration as
previously discussed.

Cardiac function was assessed at baseline before anti-CD3ε

antibody delivery, and at 24 hours, 2 weeks, and 4 weeks post-injury (Figure 28).

In agreement with previous results, baseline values were within the normal
expected range, and isoproterenol administration resulted in a significant decline in left
ventricular endocardial velocity and strain rate values in all mice at all the post-injury
time points assessed. Similarly, cardiac functional parameters of FGF-2 transgenic mice
were significantly improved, compared to those of their corresponding non-transgenic
counterparts. The anti-CD3ε treatment did not elicit any significant decline in cardiac
functional parameters in either the FGF-2 transgenic or the non-transgenic groups
(Figures 29 and 30). A decreasing trend was observed in the cardiac parameters of
FGF-2 transgenic mice that received antibodies compared to vehicle, but this observation
is not statistically significant (n=3-6). These results indicate that treatment with antiCD3ε antibodies to inhibit T cell activation does not have same effect observed in mice
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treated with cyclosporine A.

These issues will be discussed in Chapter XII.A.2.,

considering cyclosporine A and CD3ε as effective immunosuppressants and neutralizing
agents of all or some T cells in the heart.
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Figure 28. Mice overexpressing FGF-2 continue to display improved recovery of
endocardial velocity after isoproterenol-induced myocardial injury in the presence
of immunosuppressive treatment using antibodies against CD3ε
Heterozygous FGF-2 transgenic (TG) and non-transgenic (non-TG) mice were treated
with antibodies against CD3ε (anti-CD3) for 4 days before and 4 days after receiving one
high-dose bolus of isoproterenol (160 mg/kg). Cardiac function was assessed using
tissue Doppler imaging at baseline prior to injury, as well as 24 hours, 2 weeks, and 4
weeks after injury. Values for left ventricular endocardial velocity and strain rate are
presented. Statistical analyses are presented as * for values at the same time point; † for
values compared with the previous time point. ***, †††P<0.001. Error bars indicate
standard error from the mean.
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Figure 29. Anti-CD3ε antibody treatment has no significant effect on cardiac
function in transgenic mice overexpressing FGF-2 and subjected to isoproterenolinduced myocardial injury.
Heterozygous FGF-2 transgenic (TG) mice were treated with antibodies against CD3ε
(anti-CD3) for 4 days before and 4 days after receiving one high-dose bolus of
isoproterenol (160 mg/kg). Cardiac function was assessed using tissue Doppler imaging
at baseline prior to injury, as well as 24 hours, 2 weeks, and 4 weeks after injury. Values
for left ventricular endocardial velocity and strain rate in comparison with transgenic
mice that did not receive anti-CD3ε antibodies are presented. Statistical analyses are
presented as * for values at the same time point; † for values compared with the previous
time point. *P<0.05, and †††P<0.001. Error bars indicate standard error from the
mean.
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Figure 30. Anti-CD3ε antibody treatment A does not affect tissue Doppler indices
after isoproterenol-induced myocardial injury in non-transgenic mice
Non-transgenic (non-TG) mice were treated with antibodies against CD3ε (anti-CD3) for
4 days before and 4 days after receiving one high-dose bolus of isoproterenol (160
mg/kg). Cardiac function was assessed using tissue Doppler imaging at baseline prior to
injury, as well as 24 hours, 2 weeks, and 4 weeks after injury. Values for left ventricular
endocardial velocity and strain rate in comparison with non-transgenic mice that did not
receive anti-CD3 are presented. Statistical analyses are presented as † for +anti-CD3 or –
anti-CD3 compared with the previous time point. † and ††† p<0.05 and 0.001,
respectively. Error bars indicate standard error from the mean.
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Chapter findings:
Previous experiments have shown improved cardiac viability in transgenic mice
overexpressing FGF-2 in their hearts after an ex vivo model of ischemia-reperfusion
injury. However, in the studies described in Chapter VI, increased endogenous FGF-2
levels was associated with a significant increase in inflammatory cell infiltration in
response to isoproterenol treatment, which would be indicative of cardiac damage. In
this chapter, an attempt was made to reconcile these observations made about FGF-2 and
a cardioprotective role with ex vivo and in vivo models, by assessing cardiac function and
its relationship to cellular infiltration. Observations made from this study include:
1.

FGF-2 levels are increased about 2-fold in heterozygous FGF-2 transgenic
mouse hearts.

2.

Isoproterenol induces myocardial injury and increased cellular infiltration and
myocyte disarray in heterozygous FGF-2 transgenic mice.

3.

Myocardial lesions, as determined by myocardial disarray and cellular
infiltration, are decreased in both heterozygous FGF-2 transgenic and nontransgenic mice after cyclosporine A treatment.

4.

Isoproterenol-induced myocardial injury resulted in a significant decline in
cardiac function in both heterozygous FGF-2 transgenic and non-transgenic
mice as assessed by tissue Doppler imaging.

5.

Despite increased cellular infiltration, significant functional recovery was
observed in FGF-2 transgenic mouse hearts after isoproterenol-induced injury
compared with non-transgenic animals. This finding is in agreement with
previous results showing a beneficial effect of FGF-2 on the heart upon injury.

6.

Treatment with cyclosporine A resulted in a significant decline in functional
parameters in heterozygous FGF-2 transgenic mouse hearts at 2 and 4 weeks
after isoproterenol injection.

7.

Treatment with antibodies against CD3ε resulted in no significant changes in
left ventricular tissue Doppler indices compared with non-treated animals,
regardless of FGF-2 overexpression.
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CHAPTER VIII

RESULTS

C.

EFFECTS OF PRE-INJURY ACUTE EXERCISE ON CARDIAC
FUNCTION AFTER INJURY

In this chapter, we examined the effect of acute swimming exercise on functional
recovery in hearts after isoproterenol-induced myocardial injury and addressed the
question of whether acute exercise is sufficient to offer protection to the heart.

C.1.

Acute swimming significantly improves tissue Doppler imaging parameters
after isoproterenol-induced myocardial injury

Wild type CD-1 mice were subjected to an acute swimming protocol (1 bout, 30
minute duration; described in Chapter V.E; Figure 31) to assess the effect of one bout of
exercise on cardioprotection from myocardial injury. Two sets of controls were included:
(i) In the “water” group, mice were treated in an identical manner as the “swim” group,
except the depth of the water in the bath was limited so that it allowed the mice to touch
the bottom of the tank and keep their head above water and kept them from “swimming”;
and (ii) in the “cage” group, mice were not subjected to swim or exposed to water. There
were four mice per group. Twenty-four hours later, both swim and control mouse groups
were given a high-dose bolus of isoproterenol (160 mg/kg) to cause myocardial injury
(see Chapter V). Cardiac function was assessed by tissue Doppler imaging at 24 hours, 2
weeks, and 4 weeks post injury (Figures 32 and 33). As expected, left ventricular
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endocardial velocity significantly declined in all groups at 24 hours after isoproterenolinduced injury and further declined at 2 weeks but not declining further at 4 weeks after
injury. Left ventricular endocardial velocity parameters were not significantly different
between cage (1.76±0.08) and water (1.73±0.09) groups at 24 hours post-injury, but were
significantly lower than the swim group (2.12±0.06). The values further declined by 2
weeks, where the cage group (1.36±0.03) showed a trend towards declining compared to
the water group (1.49±0.03) although the difference did not reach significance. The
water group control values remained significantly lower than those of the swim group
(1.8±0.03), indicating that swimming induced cardioprotection. Similar findings were
obtained at 4 weeks post-injury.

Thus, one bout of swimming can stimulate

cardioprotection as measured by tissue Doppler imaging parameters after isoproterenolinduced myocardial injury.

Evidence of cardioprotection from one bout of swimming was observed using
normal CD-1 mice.

These results, although preliminary (n=4 per group), show

significant improvement in tissue Doppler indices in mice that were put through a
stressful and vigorous swim procedure compared with either water or cage control groups
(Figures 32 and 33). Interestingly, tissue Doppler indices for the water group showed a
trend towards some improvement compared with the cage group at the later time points
of 2 and 4 weeks when compared individually though differences did not reach
significance. One can speculate that even a minor increase in stress from being in water
and outside their normal “cage” environment might elicit some benefits.

137

Figure 31. Image of mice swimming in a water bath.
Mice were individually identified using toe tattoos as well as coloured marks using a nontoxic permanent marker.
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Figure 32.
Left ventricular endocardial velocity values predict significant
improvement in cardiac function in the exercise group up to 4 weeks post-injury.
Wild type CD-1 mice put through an acute exercise protocol consisting of one bout of 30
minute swim. Cardiac function was assessed using tissue Doppler imaging at baseline
prior to injury, as well as 24 hours, 2 weeks, and 4 weeks after injury. Values for left
ventricular endocardial velocity for swim in comparison with water and cage groups are
presented. Statistical analyses are presented as * for significant changes between groups
at the same time point; † for the same group compared with its value at the previous time
point. **, ***p<0.01 and 0.001, respectively. †, and ††† p<0.05, and 001 respectively.
Error bars indicate standard error from the mean. n=4 each.
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Figure 33. Strain rate predict significant improvement in cardiac function in the
exercise group up to 4 weeks post-injury.
Wild type CD-1 mice put through an acute exercise protocol consisting of one bout of 30
minute swim. Cardiac function was assessed using tissue Doppler imaging at baseline
prior to injury, as well as 24 hours, 2 weeks, and 4 weeks after injury. Values for strain
rate for swim in comparison with water and cage groups are presented. Statistical
analyses are presented as * for significant changes between groups at the same time
point; † for the same group compared with its value at the previous time point. **,
***p<0.01 and 0.001, respectively. †, and ††† p<0.05, and 001 respectively. Error bars
indicate standard error from the mean. n=4 each.
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C.2.

Chronic swimming significantly increases heart weight:body weight ratios in
non-transgenic CD-1 mice

Calculation of heart weight-to-body weight ratios after chronic swimming at 24
hours after the last swim was carried out to assess for development of physiological
hypertrophy. Mice from the swim group were compared to the water group control mice
in shallow water. Heart weight:body weight ratios were 1.14-fold higher in mice within
the swim group compared to both the water group (p<0.001, n=9=10), and 1.15-fold
higher than the cage group (p<0.01, n=4-9; Figure 34). As chronic exercise results in the
physiological enlargement of hearts, detection of hypertrophy in the chronic swimming
group validated the swim protocol as exercise for the mice.
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Figure 34. Chronic swimming significantly increased heart weight-to-body weight
ratios of mice.
Mice were put through a swim protocol in a waterbath of up to 1.5 hours in duration per
session, with 2 sessions per day (Swim), as described in Chapter V. Two groups of
control animals were used: (1) water controls (Ctrl), which consisted of mice placed in
an identical waterbath, but whose water levels remained about 1-2 inches deep so that the
mice are in water but do not require swimming to stay above water; and (2) cage controls
(Cage Ctrl), which consisted of mice that stayed within their cages throughout the
duration of the experiment. The chronic swim protocol consisted of one month of
swimming (5 days per week). Immediately prior to euthanasia, all mice were weighed.
Immediately after euthanasia, hearts were removed, blotted to remove excess blood, and
weighed. The ratios of heart weight-to-body weight are presented. *, **, and ***p<0.05,
0.01, and 0.001, respectively. Error bars indicate standard error from the mean.
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Chapter findings:
In this chapter an attempt was made to address the effect of acute exercise on
cardiac outcome following injury. Observations made from this study include:
1.

One acute bout of swimming 24 hours prior to isoproterenol-induced
myocardial injury resulted in a significant improvement in cardiac outcome
compared with control animals as assessed by tissue Doppler imaging. This
improvement was evident at least until 4 weeks post-injury.

2.

Chronic swimming significantly increased heart weight to body weight ratios
compared to control animals, suggesting that the swimming protocol used
involves cardiac work similar to that of physiological exercise.
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CHAPTER IX

DISCUSSION

A.

DISCUSSION OF OBSERVATIONS PRESENTED IN CHAPTER VI:
EFFECTS OF INCREASED ENDOGENOUS FGF-2 ON MYOCARDIAL INJURY IN VIVO

A.1.

Summary of findings

In this study, the effects of FGF-2 overexpression in the mouse heart upon
myocardial injury in vivo were investigated. Isoproterenol-induced myocardial damage
resulted in a significant increase in area and volume of myocardial cellular infiltration
and disarray in transgenic mice overexpressing FGF-2 in the heart compared to their nontransgenic counterparts. A significant increase in heart weight-to-body weight ratios was
also observed in FGF-2 transgenic mice 28 days after isoproterenol administration;
hypertrophy was not observed in non-transgenic injured mice or in non-injured FGF-2
transgenic mice. The increase in cellular infiltration and disarray were attributed to an
amplified number of T lymphocytes, as immunosuppressive treatments with either
cyclosporine A or antibodies against CD3ε resulted in significant reduction of cellular
disarray and infiltration. These results suggest that an increase in FGF-2 availability in
the heart can stimulate cardiac hypertrophy, and exacerbate myocardial injury through an
increase in the inflammatory response following the injury; this phenomenon appears to
be mediated by T lymphocytes.
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A.2.

Cellular infiltration after isoproterenol-induced myocardial injury

Assessment of cardiac tissue after myocardial injury reveals classical wound
healing-associated changes including dead and dying myocytes, edema, and cellular
infiltration, followed by a decline in infiltrate and the subsequent formation of a scar
tissue [Frangogiannis, 2008; Frangogiannis et al, 2002; F Yang et al, 2002].

This

description agrees with the observed morphological properties of hearts from mice given
isoproterenol in the studies presented here (Figure 5).

Cellular infiltration in the myocardium is generally considered to be part of an
immune and inflammatory response to wounding.

Previous characterization of the

immune response in mice revealed increased infiltration involving neutrophils and
macrophages [Frangogiannis, 2008; JI Virag and Murry, 2003]. The cellular components
of the immune system have long been known to play important roles in myocardial
injury, repair, and remodelling, similar to classical wound healing in other tissues, but the
contributions of individual players are still under heavy investigation. It has been shown
that the migration of neutrophils, macrophages, T cells, and other immune cells into the
areas of myocardium can occur as a result of cardiac injury. Their migration into the
myocardium is thought to exacerbate injury, as many studies whereby immune mediators
were suppressed resulted in smaller infarct sizes [Ikeda et al, 2001; Kanzaki et al, 2001;
X Liu et al, 2006]. Thus, based on these observations, it would appear that an increase in
immune cell infiltration post-injury leads to, and indicates, a more detrimental event.
However, clinical studies using steroids to limit inflammation after injury have shown no
significant benefits to myocardial repair, therefore questioning the convention that
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immune cell infiltration mediates a diminished cardiac outcome, or at least that it does so
in all cases (reviewed in [LeGal and Morrissey, 1990; Linfert et al, 2009]).

A.3.

Increased cellular infiltration with increased FGF-2 availability

Considering previous observations of FGF-2-induced cardioprotection, an
increase in myocardial disarray and cellular infiltration with increased FGF-2 availability
in the FGF-2 transgenic mouse was not anticipated. It was originally hypothesized that
an increase in endogenous FGF-2 would induce sustained beneficial effects, including
decreased cardiac cell injury and death when observed histopathologically. Migration of
inflammatory cells into the areas of myocardial injury is well documented, and occurs as
a result of free radical generation and complement activation [Frangogiannis et al, 2002].
In the case of the increase in cell infiltration in the FGF-2 transgenic mice observed in
this study, the question remains whether the increased inflammatory response in the heart
was indeed a direct measure of increased myocardial damage or whether the increased
number is a direct effect of FGF-2 on the inflammatory cells.

The data do not support a direct role for FGF-2 in the increased “lesion”formation observed after isoproterenol-induced myocardial injury, but rather to an
indirect effect by increasing cellular infiltration.

When immunosuppressive agents

(cyclosporine A and anti-CD3ε antibodies) were given in addition to isoproterenol,
cellular infiltration and myocyte disarray were decreased and levels were comparable
between FGF-2 transgenic and non-transgenic mice (Figure 16). This suggests that
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despite increased endogenous FGF-2, the increase in cellular infiltration observed can be
reduced upon immunosuppressive treatments.

This observation is consistent with

previous publications suggesting that cellular infiltration contributes to greater damage
after injury [LeGal and Morrissey, 1990].

A.4.

T lymphocytes and the myocardial infiltrate

Closer assessment of the myocardial infiltrate after isoproterenol-induced injury
in mice revealed an increased presence of T cells (Figures 12 and 13). Reports that
β-adrenergic-stimulation is associated with increased T cell survival, accumulation, and
mobilization [Anane et al, 2009; Loza et al, 2007; Mills et al, 1997] is consistent with the
increase in T cell numbers detected in the myocardium upon injury. Thus, it appears that
isoproterenol-induced myocardial injury stimulates the infiltration of a greater number of
T cells into the myocardium, in addition to the “usual” responders to myocardial injury,
specifically, macrophages and neutrophils [Frangogiannis, 2006; Frangogiannis, 2008;
Frangogiannis et al, 2002].

Furthermore, it appears that an increase in T cell infiltration might also result
from an increase in endogenous FGF-2 levels, as well as an increase in T cell activation
in response to β-adrenergic stimulation. FGF-2 release is increased upon contraction and
from damaged cardiac cells [Clarke et al, 1995; Clarke and Feeback, 1996; Kaye et al,
1996]. Therefore, FGF-2 availability in the FGF-2 transgenic mice may increase due to
constitutively higher levels in the heart, as well as increased “release” upon contraction
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and injury (transient sarcolemmal disruption), and from the eventual necrosis of cells in
the ischemic regions of the heart. T cells were shown to express the predominant FGF-2
receptor in the heart, FGFR-1 [Meij et al, 2002]. This finding is supported by the results
of a study done in Jurkat T cells showing expression of FGFR-1 [Zhao et al, 1995]. To
my knowledge, expression of other FGF receptors by T lymphocytes has not been
reported.

However, the presence of FGFR-1–positive T lymphocytes within the

myocardial infiltrate of the FGF-2 transgenic mice suggests that increased FGF-2
availability can stimulate and/or influence T cell signaling/behaviour. In Jurkat T cells, it
has been shown that co-stimulation of anti-CD3 antibodies with FGF-1 resulted in a
significant increase in IL-2 release [Zhao et al, 1995], confirming that FGF-FGFR
interaction on the T lymphocyte can significantly affect its cytokine production.

CD3-positive cells were identified within the myocardial infiltrate (Figure 13),
and CD4-positive cells co-expressing FGFR-1 were also observed (Figure 14). The
observed higher numbers of T cells could be attributed to an FGF-2–stimulated (1)
increase in basal T cell levels (potentially by acting as a chemotactic and/or survival
agent, or both, or (2) activation and/or proliferation of T cells in response to injury.
FGF-2 is not essential for T lymphocyte development, but some effect cannot be
discounted as multiple isoforms of the FGFR family, including FGFR-1, are highly
expressed in the thymus, and may therefore contribute to T cell maturation [Hughes,
1997; Zhou et al, 1998]. However, basal T cell numbers were not assessed in nontransgenic versus FGF-2 transgenic mice; it is therefore not known whether the increase
in T cells in the myocardial infiltrate stems from an increase in basal levels from
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gestation. FGF-2 is a chemotactic agent, and has been reported to stimulate significant T
lymphocyte infiltration into mammary tumour stroma in response to exogenous addition
[Tsunoda et al, 2009]. In our study, the T cell population was increased after injury in
FGF-2 transgenic mice compared to their non-transgenic counterparts (Figures 11 and
12), suggesting that it is likely due to a direct effect of the increased availability of
“endogenous” FGF-2 on the T cells. Whether or not this increase in cell number involves
an FGF-2-induced mitotic mechanism or an increase in T lymphocyte activation in
response to FGF-2 remains to be determined.

A.5.

T lymphocytes and the recruitment of the myocardial infiltrate

In the studies presented here, inhibition of T cells using cyclosporine A or
antibodies against CD3ε resulted in the significant decline of cellular infiltrate to levels
comparable between FGF-2 transgenic and non-transgenic groups (Figures 15 and 16).
Infiltrate levels after immunosuppression and injury decreased to levels lower than
observed in injured non-transgenic hearts without immunosuppression. Examples of
CD3, CD4, and CD8 positive cells were detected in an assessment of T cells within the
myocardial infiltrate; it is clear, however, that the T cell population does not compose the
majority of the cells in the infiltrate [Meij et al, 2002]. These results show that inhibition
of T cells significantly decreases myocardial cellular infiltration (in addition to T cells),
indicating that they play a significant role in the presence of the increased cellular
infiltration observed in both FGF-2 transgenic and non-transgenic mouse hearts after
isoproterenol-induced myocardial injury.
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A.6.

Immunosuppression and the myocardial infiltrate

An attempt was made to determine the role of T cells in the cardiac infiltration by
immunosuppression using either cyclosporine A or antibodies against CD3ε.
Quantitative analysis of cardiac cross-sectional tissue showed a significant decline in
cellular infiltration in both groups of animals that received immunosuppressive
treatments.

Immunosuppression, using either treatment modality, resulted in

(comparable) minimal cellular infiltration after isoproterenol-induced myocardial injury
(Figure 16). The difference between the suppressive effects of cyclosporine A versus
CD3ε antibodies on infiltrate count was not significant. However, a trend was observed
by visual assessment that slightly more infiltrate is present within the areas of
injury/disarray in the anti-CD3 antibody-treated group compared to the cyclosporine Atreated group (Figure 15). The actual number of cells within the infiltrate was not
quantified, however; thus this apparent difference, if true, might be explained by the
ability of the drug cyclosporine A to affect multiple different pathways. Although used
commonly as an immunosuppressive agent to inhibit T cells in the clinic, cyclosporine A
does not specifically inhibit T cells alone. Its mechanism of action is to inhibit the
translocation of the transcription factor nuclear factor of activated T cells (NFAT), an
event which proceeds from the direct inhibition by cyclosporine A of the phosphatase
calcineurin [Matsuda and Koyasu, 2000]. Both calcineurin and NFAT have been
documented to have effects on many different cell types including cells involved in the
wound inflammatory response as well as cardiac myocytes. Assuming that antibodies
against CD3ε target T cells specifically, it would be expected that less cells would
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infiltrate the damaged myocardium in animals that have received cyclosporine A.
However, the possibility that this might also translate into a functional difference in the
heart cannot be determined by morphometric analysis alone; rather a measure of cardiac
function is required. Perhaps more importantly, given the apparent contradiction between
evidence in support of the cardioprotective effects of FGF-2 versus increased infiltrate as
a reflection of increased cardiac damage in the FGF-2 transgenic mouse, could only be
resolved through an assessment of cardiac function, as pursued in Chapter IV through
tissue Doppler imaging.

A.7.

FGF-2 and cardiac hypertrophy

FGF-2 has been shown previously to stimulate hypertrophic growth of the heart
[Detillieux et al, 2003; Jiang et al, 2007; Kardami et al, 2004]. A significant 54%
increase in heart weight-to-body weight ratio was observed in FGF-2 transgenic mice 28
days after one high-dose bolus of isoproterenol (Figure 6). This increase in heart size
was not observed in non-transgenic animals or in the transgenic mice at the earlier time
points assessed. This result suggests that the increase in endogenous FGF-2 may play a
role in the development of cardiac hypertrophy.

Furthermore, the FGF-2-induced

increase in cardiac mass occurred in the context of myocardial injury; no significant
difference in heart weight-to-body weight ratio was detected between uninjured FGF-2
transgenic and control mice. In addition, heart weight-to-body weight ratios in FGF-2
transgenic mouse hearts were not significantly different from non-transgenic animals of
the same age and sex [Sheikh et al, 2001]. Accordingly, no significant difference in ANF
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RNA levels (a gene classically upregulated upon cardiac hypertrophy) in heart tissue was
detected between groups without cardiac challenge [Sheikh et al, 2001].

This increase in cardiac:body weight ratio following injury may be attributed to a
pro-hypertrophic property of FGF-2, particularly its high molecular weight isoform (hiFGF-2). Previously published data show that administration of hi-FGF-2 in adult rats
subsequent to LAD ligation surgery resulted in a significant increase in heart size
compared to rats that received vehicle alone, or those that received the 18 kDa low
molecular weight FGF-2 (lo-FGF-2); studies with myocytes in culture corroborated the in
vivo results, by showing that hi- but not lo- FGF-2 stimulated hypertrophy [Jiang et al,
2007].

FGF-2 transgenic mice were generated using constructs that predominantly

express lo-FGF-2. However, analysis of FGF-2 protein expression in transgenic mouse
hearts showed an increase not only in lo-FGF-2 but also in hi-FGF-2 as well when
compared with non-transgenic controls [Sheikh et al, 2001]. This might be related to the
ability of FGF-2 to stimulate its own gene expression in cardiac myocytes [Jimenez,
2003; Jimenez et al, 2004]. As a result, even exogenous addition of lo-FGF-2 to cardiac
myocyte cultures could result in increased production of hi-FGF-2 contributing to a prohypertrophic response. Thus, while an effect of lo-FGF-2 in our system cannot be ruled
out, the cardiac hypertrophy observed could be attributed to the increase in the
availability of hi-FGF-2. Nevertheless, this increase in heart size is associated with both
the isoproterenol-induced injury obtained, and the augmented levels of FGF-2.
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Cardiac hypertrophy is a compensatory response to changes in cardiac workload.
An increase in heart size can be considered beneficial as an adaptive response to
increased workload due to physiological reasons such as exercise. However, cardiac
hypertrophy can also be maladaptive when the increase in cardiac size is the result of a
continuous increase in cardiac stress and workload, for example, in hypertension and
following myocardial tissue loss and injury. In the mice overexpressing FGF-2, the
increase in cellular infiltration and myocyte disarray are typically considered to be
indicators of myocardial damage, and would therefore suggest that the increased
heart:body weight ratio observed 28 days after isoproterenol administration is evidence
of a hypertrophic maladaptive response leading to loss of function and subsequent failure.
However, whether the increase in heart size in mice overexpressing FGF-2 is linked to
adaptive or maladaptive response cannot be definitively determined by morphometric
analysis of injury alone and, again for this, functional analysis of the hearts is necessary.

A.8.

Cellular infiltration and late-stage remodeling of the myocardium

As shown in Figure 5, the morphological appearance of cardiac tissue from
FGF-2 transgenic mice after isoproterenol-induced myocardial injury, and specifically the
increase in T cell infiltration, would suggest a worsening of function and thus worse
prognosis.

However, most publications on the inflammatory cells that migrate post

myocardial injury focus on macrophages and neutrophils, likely because T cells are not
the predominant infiltrating cell observed within the first 48 hours after myocardial
infarction or ischemia/reperfusion injury [Fishbein et al, 1978; Hawkins et al, 1996].
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Thus, whether T cell presence post myocardial injury and repair contributes in a
beneficial or detrimental manner has not been elucidated.

Images of cardiac tissue stained for haematoxylin and eosin from FGF-2
transgenic mice euthanized 6 weeks post isoproterenol-induced injury show larger areas
of scarring than non-transgenic mice, consistent with the increased myocardial disarray
and cellular infiltration 24 hours after injury (Figure 8). However, haematoxylin and
eosin images of FGF-2 transgenic hearts also show structures with morphological
features of blood vessels. It is well established that FGF-2 is a potent angiogenic agent
(Reviewed in [Detillieux et al, 2003]). In addition, based on a study of a model of breast
cancer, Tsunoda and colleagues suggested that angiogenesis can be mediated by T
lymphocytes in an environment with increased FGF-2 availability [Tsunoda et al, 2009].
Thus, it is probable that the increase in endogenous FGF-2 levels in the transgenic mouse
heart, as well as the increase in T lymphocyte presence, stimulated an induction of
angiogenesis in the myocardium after isoproterenol-induced injury.

The data presented in Chapter VI describe the morphology of the myocardium
after isoproterenol induced injury, but did not include any measure of cardiac function.
This is important as the morphology seen in FGF-2 transgenic mice after isoproterenol
induced injury can be interpreted as both negative and positive in terms of anticipated
outcome.

While the cardiac morphology and exacerbated inflammatory response

observed within 1 week of injury suggests more damage, by 6 weeks structures
resembling blood vessels are apparent suggesting a well perfused and potentially more
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viable myocardium (Figures 7 and 8). It was therefore possible that an improvement in
cardiac function may still ensue in FGF-2 transgenic mice after isoproterenol-induced
cardiac injury. Furthermore, the increases in FGF-2 availability and cellular infiltrate
may also contribute to blood vessel formation as suggested by other studies of
angiogenesis [Jiang et al, 2004; Presta et al, 2009; Tsunoda et al, 2009].
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CHAPTER X

DISCUSSION

B.

DISCUSSION OF OBSERVATIONS PRESENTED IN CHAPTER VII:
CARDIAC

FUNCTION IN

FGF-2

TRANSGENIC MICE AFTER MYOCARDIAL INJURY

IN VIVO

B.1.

Summary of findings

In the current study, a heterozygous transgenic model of FGF-2 overexpression
was used to examine the effect of increased endogenous FGF-2 on isoproterenol-induced
injury in the heart. Assessment was conducted on both tissue morphology as well as long
term functional performance in vivo, by standard M-mode echocardiography and tissue
Doppler imaging.

As also observed in the homozygous FGF-2 transgenic mice

(discussed in the previous section), increased cellular infiltration, often associated with
myocyte disarray and cell vacuolation, and interpreted as ‘damage’, was more
pronounced at 24 hours as well as 2 and 4 weeks post-treatment in tissue sections of
heterozygous FGF-2 transgenic compared to non-transgenic mouse hearts. In vivo tissue
Doppler imaging, however, revealed that recovery of left ventricular function, as
indicated by left ventricular endocardial velocity and strain rate, was significantly
improved in the presence of increased FGF-2, in a sustained fashion, up to 4 weeks postisoproterenol treatment.

Improvement in tissue Doppler imaging indices suggests

increased cardiac myocyte survival and predicts improved cardiac outcome in FGF-2
transgenic mice and, thus, a positive and not negative correlation with cellular
156

infiltration. Furthermore, when cellular infiltration was inhibited through pretreatment
with cyclosporine A, there was a corresponding partial but significant decrease in the
beneficial effect of FGF-2 overexpression as assessed by tissue Doppler imaging. This
implies that a cyclosporine A-sensitive component contributes, but may not be solely
responsible for, to the sustained beneficial effect of FGF-2 in transgenic hearts. An
attempt at the inhibition of T cell activation by treatment using antibodies against CD3ε
did not result in any decrease in the beneficial effects of FGF-2 overexpression, which, if
true, would suggest no effect of T cells on FGF-2–induced cardioprotection. However,
the efficacy of the CD3ε antibody treatment was not assessed, and thus, cannot be
considered veritable results.

B.2.

Cyclosporine A-sensitive component of FGF-2-induced beneficial effects

Cyclosporine use in the clinic is predominantly for the inhibition of T cell
activation in organ transplantation to prevent rejection [Kahan, 2009]. As shown in the
studies with homozygous FGF-2 mice (Figure 15), treatment with cyclosporine A or
antibodies against CD3ε results in the virtual abolishment of cellular infiltration after
isoproterenol-induced myocardial injury [Meij et al, 2002].

In the current study,

cyclosporine A treatment decreased the beneficial functional effect of FGF-2
overexpression (Figure 27).

Cyclosporine A is effective in preventing the activation of T lymphocytes by way
of inhibition of calcineurin and NFAT [Matsuda and Koyasu, 2000; McCaffrey et al,
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1993; Meij et al, 2002]. The mechanism of action of cyclosporine A is through the
inhibition of calcineurin, which, normally promotes the translocation of the transcription
factor NFAT into the nucleus to induce transcription of a set of genes. However, the
calcineurin/NFAT pathway is not specific only to T cells; as such it can affect cells other
than T lymphocytes including macrophages, neutrophils, mast cells, basophils, and stem
cells [Arras et al, 1998; Benson and Ziegler, 1989; Cirillo et al, 1990; Draberova, 1990;
Kiani et al, 2004; Spisani et al, 2001; Wenzel-Seifert et al, 1991].

In addition,

cyclosporine A is also able to affect multiple cell types through NFAT-independent
mechanisms [Chan et al, 2007]. Cardiac myocytes can also be affected by cyclosporine
A [Altschuld et al, 1992; Nazareth et al, 1991]. The cyclosporine A target calcineurin is
a major calcium-activated phosphatase, which is linked to the development of abnormal
cardiac growth [Wilkins et al, 2004].

In addition, calcineurin is involved in the

dephosphorylation of several cardiac proteins, such as, for example, the gap junction
phosphoprotein connexin-43 [Chu et al, 2002]. It also is an important mediator of the
transcription of genes involved in cardiac hypertrophy [Bourajjaj et al, 2008; Wilkins et
al, 2004]. Thus a role for other cyclosporine A-sensitive cell types within (or outside) the
infiltrate, in FGF-2-mediated cardioprotection, cannot be ruled out. Furthermore, it is
possible that a direct effect of cyclosporine A on cardiomyocytes of the FGF-2
overexpressing mice contributed to a decrease in tissue Doppler imaging performance,
independently of or in addition to its effects on T cell activation/cellular infiltration.

It is noteworthy that cyclosporine A by itself has been documented to have
cardioprotective benefits including a mechanism by which it inhibits the opening of the
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mitochondrial permeability transition pore [Altschuld et al, 1992; Halestrap et al, 1997;
Massoudy et al, 1997; Nazareth et al, 1991; Novgorodov et al, 1992]. However, its
mechanism of action for cardioprotection remains under contention as many studies show
the inability of cyclosporine to improve infarct sizes, or to overcome cardiovascular risk,
for example, in obesity [Huhn et al, 2009; Lie et al, 2010]. In our hands, cyclosporine
had no significant effect on cardioprotection in non-transgenic mice (Figure 27) showing
it has no detrimental cardiac effect; rather, its effects are on a function in FGF-2
transgenic animals (Figure 26). The decline in cardiac parameters with cyclosporine A
treatment was observed at later time points (2 and 4 weeks post-injury), despite treatment
ending 4 days after induction of injury, suggesting that cyclosporine A treatment does not
have any immediate detrimental effects on FGF-2–induced functions.

A decline in

function observed weeks after injury suggests that it is likely an effect on angiogenesis or
late-stage remodelling. Calcineurin has been shown to contribute to FGF-2–induced
angiogenesis [X Liu et al, 2008]. In addition, cyclosporine has also been shown to
downregulate angiogenic proteins including VEGF, and has been shown to inhibit
FGF-2–induced angiogenesis by inhibiting endothelial cell proliferation [Shah et al,
2008; Sharpe et al, 1989]. Therefore, it is likely that the decline in function after injury
observed in cyclosporine A-treated FGF-2 transgenic mice is, at least in part, due to
cyclosporine effects on angiogenesis, possibly affecting endothelial cell proliferation and
migration.

B.3.

T lymphocytes in myocardial injury and repair
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A direct role for T lymphocytes in recruiting inflammatory cells to a wound area
is well-documented (reviewed in [Barbul and Regan, 1990]). In addition to physically
stimulating lysis of cells that have been tagged for death, T lymphocytes also release
cytokines that act as chemotactic and proliferative agents.

Additionally to cell

recruitment and proliferation, cytokine release also contributes to the microenvironment
of an area of injury as it determines which cells are recruited as well as their response.
For example, the cytokines interleukin (IL)-1, IL-6 and tumour necrosis factor can
usually stimulate a pro-inflammatory immune response, whereas IL-4 and IL-10 would
stimulate an anti-inflammatory cascade of events [Diwan et al, 2003; Opal and DePalo,
2000]. Thus, increased T cell presence in the hearts of FGF-2 overexpressing mice
would be expected to influence the balance of cytokines in the area of injury and create a
distinct microenvironment. T lymphocyte-related changes in cytokines, therefore, might
also play a role in the improved functional characteristics observed in the FGF-2
transgenic mice, a role not previously attributed to T lymphocytes. Overall, it is likely
that increased FGF-2 resulted in an “alternate” microenvironment for myocardial repair,
influenced by a change in cytokine production. Further studies are needed to address this
question.

B.4.

Cellular infiltrate and myocardial repair

In addition to T lymphocytes, cyclosporine A has been shown to affect
macrophages, and neutrophils, amongst many other cell types [Martin and Muir, 1990;
Wahl and Allen, 1988]. FGF-2 has been shown to be able to stimulate progenitor stem
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cell proliferation, survival and mobilization [Baddoo et al, 2003; Ma et al, 2009; Maric et
al, 2007; Rosenblatt-Velin et al, 2005; Schmidt et al, 2006]. It is therefore logical to
expect that these types of cells may also be components of the cellular infiltrate observed
in the FGF-2 overexpressing mice. Progenitor/stem cells can exert beneficial effects
through a paracrine contribution [Balsam et al, 2004; Murry et al, 2004] and may also
contribute by transdifferentiating into cell types that contribute to a regenerative response
(reviewed in [Gnecchi et al, 2008]). Progenitor cells trans-differentiating into functional
cardiac myocytes leading to improved contractility has been documented previously in
other animal models, and might also contribute to the FGF-2-induced improvement of
outcome [Beltrami et al, 2003; Kajstura et al, 2005].

B.5.

Cyclosporine A-insensitive component of the beneficial effect of FGF-2 on
recovery as assessed by tissue Doppler imaging.

FGF-2 exerts major cytoprotective/cardioprotective effects, and it does so in both
acute (bolus administration) and chronic scenarios, as previous studies in our and others’
laboratories using FGF-2 overexpressing transgenic mice have shown [Detillieux et al,
2003; House et al, 2003; Nishida et al, 2003; Padua et al, 1998; Padua et al, 1995; Sheikh
et al, 2001]. FGF-2 would be expected to continue to exert its cytoprotective effects
within the viable myocardium during the events following isoproterenol-induced injury.
We have shown that even after the cyclosporine A-induced decrease, functional recovery
in the FGF-2 transgenic mice remained higher than that of non-transgenic mice. Thus, it
is reasonable to suggest that cytoprotective effects on the viable myocardium are
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responsible for the cyclosporine A-insensitive component of the improvement detected
by tissue Doppler imaging.

B.6.

The isoproterenol model of injury and its functional assessment

Isoproterenol, under the conditions employed, did not induce enough damage to
the heart to be detected by M-mode echocardiography (Figures 20 and 21). Systolic
function (as measured by ejection fraction and fractional shortening) was not
significantly different between the isoproterenol-treated transgenic and non-transgenic
groups. Although chronic isoproterenol treatment normally results in hypertrophy and
subsequent changes in M-mode echocardiography indices, some studies employing acute
treatment with isoproterenol resulted in detrimental diastolic function, but not in systolic
function unless challenged by infusion with polyvinylyrrolidone [Anderson et al, 2008;
Beznak, 1962].

Furthermore, other studies using short-term isoproterenol infusion

(within one week) demonstrated significant heart mass increase (hypertrophy) but
ejection fraction and fractional shortening parameters remained unchanged between
control and treated animal groups [Anderson et al, 2008; TP Tan et al, 2003]. It is
therefore not unusual for a short-term acute isoproterenol treatment, as used here, to be
unable to stimulate significant changes in M-mode echocardiography indices. It is likely
that the damage induced by high dose isoproterenol treatment did not affect enough
myocytes to sufficiently affect function at the organ level. Nevertheless, functional
changes were observed by tissue Doppler imaging, the more sensitive technique that has
been shown to be able to confidently predict cardiac functional outcome.
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Based on a review of the literature, this also appears to be the first study to
employ the more sensitive ultrasound method of tissue Doppler imaging to measure
cardiac function after myocardial injury resulting from a high-dose β-adrenergic agonist
administration. The tissue Doppler imaging indices of left ventricular function, including
maximal systolic endocardial velocity and myocardial strain rate, are purportedly less
load-dependent compared to fractional shortening and ejection fraction, and can be used
to quantify regional and global systolic and diastolic function with greater accuracy
[Urheim et al, 2000]. Tissue Doppler imaging allows for quantitative assessments of
cardiac parameters at specific regions of the heart in real time, even before any
irregularities can be measured in the whole organ by standard M-mode echocardiography.
In a canine model of Duchenne’s muscular cardiomyopathy, strain rate was affected
before any changes to fractional shortening were observed [Chetboul et al, 2004]. In
addition, tissue Doppler imaging but not conventional echocardiography was shown to be
sensitive enough to distinguish between physiological (exercise induced) and
pathological (pressure overload) left ventricular hypertrophy in rats [Derumeaux et al,
2002]. Furthermore, the sensitivity of tissue Doppler imaging has been used in clinical
settings for early detection of cardiomyopathy and prediction of disease progression and
functional outcome [Nagueh et al, 2001; Nagueh et al, 2003].

Here, we have

demonstrated the increased sensitivity of tissue Doppler imaging in mice compared with
standard gray scale echocardiography, since the damage caused by isoproterenol injection
was evidenced by significant changes in both left ventricular endocardial velocity and
strain rate (Figure 26), but not ejection fraction or fractional shortening (Table 2). Thus,
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these results not only demonstrate that isoproterenol has an immediate effect on cardiac
function, but also that increased myocardial FGF-2 contributes to an injury-resistant state.
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CHAPTER XI

DISCUSSION

C.

DISCUSSION OF OBSERVATIONS PRESENTED IN CHAPTER VIII:
EFFECT OF PRE-INJURY ACUTE EXERCISE ON CARDIAC FUNCTION AFTER INJURY

C.1.

Acute exercise-induced cardioprotection

Exercise has long been established to be beneficial: it improves resistance to
disease and promotes the prevention and/or improved management of chronic diseases
such as diabetes and osteoporosis, as well as decreasing the risk for cardiovascular
disease [Dominguez et al, 2010; Hackam et al, 2010; Ignarro et al, 2007; Williams et al,
2007]. However, the question whether the cardiovascular benefits from exercise occurs
through effects on cardiac cell biology and physiology, or rather simply a direct effect of
healthy weight management subsequent to chronic exercise, remains to be determined.
Additionally, the question of “How much exercise is sufficient to impart cardiovascular
benefits?” also remains to be answered.

In Chapter VIII, a single bout of exercise was shown to be adequate to impart
beneficial effects on the heart, as measured by tissue Doppler imaging. Significant
improvements in left ventricular endocardial velocity and strain rate parameters were
observed with exercise after isoproterenol-induced myocardial injury (Figure 31). These
results suggest that an acute effect of exercise alone, without the contribution of weight
management or long-term changes on metabolism, can contribute to improved cardiac
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outcome. These results are supported by a recent study whereby significant changes in
circulating angiogenic cells (assumed to be associated with improved prognosis) were
observed in human cardiac patients after a single bout of exercise [Van Craenenbroeck et
al, 2010]. However, the improvement in function in the swim group in the studies in this
thesis was observed soon after injury, suggesting a preconditioning-like effect rather than
an improvement in function due to the promotion of angiogenesis.

An effect of

angiogenesis is strongly suspected to be a contributing factor resulting from chronic
exercise; however, in this study, the exercise was of an acute nature (30 minutes), and
improvement in cardiac function at the late timepoint (4 weeks) was not observed beyond
that at 24 hours and 2 weeks.

It is more likely that the cardioprotective effect observed here was similar to a
remote ischemic preconditioning effect. Previously, it has been shown that an ischemic
event in a remote organ prior to myocardial injury can stimulate improved functional
recovery [Kharbanda et al, 2009].

Remote preconditioning has been attributed to

activation of molecules including Erk1/2 and PKCε [Shimizu et al, 2009]. The physical
nature of exercise, in this case, swimming, result in brief intermittent “ischemic” events
(by increased oxygen demand of the leg muscles, an event similar to that leading to the
generation of lactic acid in exercising muscle in humans), which could contribute to the
improved cardiac function as observed here by tissue Doppler imaging.

C.2.

The swimming protocol
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The question arose as to whether the exercise as used in this study was sufficient
to cause physiological changes in the heart. Several laboratories have demonstrated the
ability of different swimming protocols to create exercise-induced physiological
hypertrophy in mice [Kaplan et al, 1994]. In humans, exercise (including swimming) is
known to increase the demand on the heart, and as a result, increase heart rate. However,
“arm cuffs” to quantitatively assess mouse heart rates were not available for this project.
Thus, evidence of cardiac hypertrophy was used indirectly to determine whether the
swimming protocol used here generated enough work (requiring an increased cardiac
output) for the experimental mice. Significant increases in heart weight-to-body weight
ratio were determined after a chronic one month swim protocol using wild type CD-1
mice when compared to control mice (Figure 34). It was thus reasonable to conclude that
swimming is a valid dynamic “exercise” that involves increased demand on the heart.
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CHAPTER XII

DISCUSSION
A.

FGF-2-INDUCED

CARDIOPROTECTION:

WHAT

COULD

BE

HAPPENING?
A.1.

FGF-2-induced cardioprotection

Studies using FGF-2 transgenic mice and immunosuppression implicates chronic
FGF-2 increase in cardioprotection against isoproterenol-induced myocardial injury. A
two-stage process was observed where protection could be important. The first, “early
stage” of cardioprotection occurs within the first 24 hours of injury.

A benefit of

increased FGF-2 availability is apparent and likely implicates the well-documented
cytoprotective effects of FGF-2. This would require FGF-2 ligand binding with its
receptor FGFR-1, but not necessarily FGF-imparted angiogenic properties [Jiang et al,
2004]. Protection by FGF-2 has been reported to occur via activation of protein kinase C
and other downstream proteins associated with this signaling pathway [Jiang et al, 2002;
Jiang et al, 2009; Padua et al, 1998; Srisakuldee et al, 2009a; Srisakuldee et al, 2006]. A
contribution of FGF-2-induced protection through the phosphorylation of connexin 43
(Cx43) is also expected likely leading to the inhibition of the opening of the
mitochondrial permeability pore [Srisakuldee et al, 2009a; Srisakuldee et al, 2006]. As
such, this component of the protective mechanism is likely an effect of lo-FGF-2 rather
than hi-FGF-2 [Srisakuldee et al, 2010]. In addition, a component of this FGF-2-induced
first stage protection must be partially sensitive to cyclosporine A. Although the raw data
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are not significantly different, a subtle decline in left ventricular endocardial velocity
values was observed in FGF-2 transgenic mice (from ~76% of baseline) compared with
FGF-2 transgenic mice treated with cyclosporine A (~65% of baseline). This decline in
function 24 hours after injury, if real, is likely not a direct effect of cyclosporine A alone,
but rather a combinatory effect with FGF-2, as it is observed in FGF-2 transgenic animals
given cyclosporine A, but not in non-transgenic mice that also received cyclosporine A.

Limited damage within the early stages of injury is expected to contribute to a
better outcome. This is observed in all groups assessed in the studies reported here.
However, it is also clear that a continual decline in tissue Doppler imaging parameters
occurs, as is also observed in all groups. A second, later stage of the remodeling process
also seemingly transpires. This “late stage” event occurs sometime between 24 hours and
2 weeks after induction of injury. This second stage is evident as a decline in tissue
Doppler imaging indices after injury in all groups assessed with the exception of the
FGF-2 transgenic group. This suggests that a protective mechanism against this second
stage of injury is in place in FGF-2 transgenic animals.

Cyclosporine A treatment

partially abolishes this protection; a significant decrease in tissue Doppler imaging
indices was observed from ~65% of baseline at 24 hours after injury to ~55% by 2 weeks,
and to ~45% by 4 weeks in FGF-2 transgenic animals. This is the greatest percent
decline from the initial 24 hour timepoint observed between all groups in the studies
reported here. This suggests that a significant detrimental effect of cyclosporine A acts on
FGF-2–induced effects at the later stage of the remodeling process after isoproterenolinduced injury.
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Thus, FGF-2’s cardioprotective benefits include protection at an early stage,
immediately after injury, as well as at a later stage of the cardiac repair response
(sometime between 24 hours and 4 weeks). This protection is partially dependent on a
cyclosporine-sensitive event, but this sensitivity plays a greater role in the late stage
protection. This is the first report showing a cyclosporine-sensitive component to FGF-2induced cardioprotection at multiple stages of the remodeling process.

A.2.

Increased endogenous FGF-2-induced cardioprotection:

conclusions and

new hypotheses

Assessment of the data reveals some hints as to the mechanisms that may be
occurring in chronic increased FGF-2-induced cardioprotection.

The early-stage

cardioprotection imparted in a preconditioning manner was previously discussed
(previous section), and was not unexpected. Here, the potential contribution of FGF-2
cardioprotection in late-stage remodeling is discussed.

Although many different cells are likely involved in the FGF-2-induced
cardioprotection at the late stages of remodeling, the data generated after cyclosporine A
treatment suggested that T lymphocytes may play an important role. This was also
supported by the observation that decreased cellular infiltrate corresponds to a decline in
tissue Doppler imaging parameters; and cellular infiltration was observed to be
significantly decreased upon treatment with cyclosporine A. However, an attempt at
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inhibiting T cells using antibodies against CD3ε did not result in any significant changes
in tissue Doppler indices in either FGF-2 transgenic or non-transgenic groups after
isoproterenol-induced myocardial injury. This anti-CD3ε study, however, did not include
assessment of antibody activity (a positive control), and thus cannot be used to draw
proper conclusions. However, assuming the immunosuppression using the antibodies
was sufficient to inhibit T cells, and then it is likely that the protection is related to a
cyclosporine A-sensitive event, rather than a T cell-mediated event.

Cyclosporine A is commonly used as an immunosuppressant because of its
efficient inhibition of T cell activation [Batiuk et al, 1996; Matsuda and Koyasu, 2000].
However, it is also known to have other effects as its mechanism of action is through the
inhibition of the transcription factor NFAT (which is not tissue/cell specific) [Benson and
Ziegler, 1989; Chan et al, 2007; Halestrap et al, 1997; Matsuda and Koyasu, 2000;
Spisani et al, 2001]. Based on the gavage method of administration of cyclosporine A,
systemic action is enabled and, hence, multi-factorial effects are possible, and likely. In
the heart alone, cyclosporine A has been shown to inhibit calcineurin-mediated
hypertrophic growth [Wilkins et al, 2004]. Here, treatment with cyclosporine A resulted
in a significant decline in cardiac function, but only in FGF-2 transgenic animals. This
raises the possibility that at least part of the FGF-2-mediated cardioprotection at the later
stage is through a hypertrophic remodeling process involving calcineurin. This was not
observed in non-transgenic mice, suggesting that an increase in FGF-2 levels above
normal physiological concentrations may be required to stimulate this second late-stage
cardioprotection.
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An FGF-2 effect on protective mechanisms other than compensatory hypertrophy
may also be occurring. Cyclosporine A can influence scar formation as well as new
collateral vessel formation through effects on fibroblasts, macrophages, and endothelial
cells. This is substantiated by a study by Murry and colleagues which demonstrated a
significant increase in proliferating myofibroblast cells and an earlier peak to
proliferating endothelial cells in FGF-2 transgenic animals [JA Virag et al, 2007].
Cyclosporine A has been shown to inhibit angiogenesis, by downregulation of VEGF
receptor [Shah et al, 2008]. FGF-2–induced proliferation of endothelial cells has also
been shown to be inhibited by cyclosporine A [Sharpe et al, 1989]. In addition, studies
using other FGF-2 transgenic mouse lines as well as studies in cancer research in
combination with our data hint at a cooperative mechanism between multiple cell types to
stimulate remodeling and growth of collateral vessels [Tsunoda et al, 2009; JA Virag et
al, 2007]. Furthermore, studies of myocardial injury where FGF-2 was administered to
the myocardium also showed increased c-kit-positive cells [Kardami et al, 2007],
suggesting a possible role for FGF-2 in the chemotaxis of progenitor cells (or other c-kitpositive cells) that may contribute to improved cardiac function.

Considering that

cyclosporine A treatment was completed by 4 days post-injury, and the decline in
function observed was not until 2 and 4 weeks, it is likely that cyclosporine effects were
on the microenvironment (composition or events) at an earlier stage of the remodelling
process. This further suggests that the effects must be of a multi-factorial nature. Thus,
FGF-2 could have effects on multiple cell types that migrate into the area of injury and
are involved in cardiac wound healing. Further study is required to delineate exactly
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which cells contribute, and how, to the FGF-2–induced cardioprotection observed in this
study.

Therefore, FGF-2 is cardioprotective when increased in the heart, and contributes
to at least two stages of myocardial remodeling: one in an immediate preconditioninglike manner evident within 24 hours of injury, and in a second, later-stage role that is
cyclosporine-sensitive.
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CHAPTER XIII

FUTURE DIRECTIONS

A.

RATIONALE

The finding that a chronic increase in FGF-2 levels in the heart confers
cardioprotection (observed by significant improvement in cardiac function) by 24 hours
after injury as well as 2 and 4 weeks later, provides an attractive option to exploit for
improved cardiac outcome for the general population. However, before such a possibility
can be considered, a better understanding of the mechanisms governing the
cardioprotection is necessary.

B.

CARDIOPROTECTION FROM INCREASED ENDOGENOUS FGF-2
LEVELS

The cardioprotection observed in FGF-2 transgenic mice as assessed by tissue
Doppler imaging was partially mediated by a cyclosporine-sensitive event, and coincided
with a significant increase in cellular infiltrate. To be able to understand the mechanisms
that govern FGF-2-induced cardioprotection, these cells/inflammatory events need to be
identified and characterized.

Treatment with cyclosporine A was originally intended to knock down T cell
activity to determine their role in FGF-2-induced cardioprotection. Due to the broad
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effects of cyclosporine A, additional, non T cell-dependent effects cannot be excluded. A
similar experiment, but using a more specific inhibitor of T cells (antibodies against
CD3ε), suggested that T lymphocytes were not critical in the cardioprotection observed.
However, this experiment was preliminary, and imperfect: although visual assessment of
cellular infiltration suggested that an immunosuppressive effect was achieved, its efficacy
was not quantified. Thus, partial immunosuppression could have occurred, or that certain
subsets of cells were more sensitive to the treatment. To verify a T cell-mediated effect
on FGF-2-induced cardioprotection, a more comprehensive experiment repeating the
immunosuppression experiments using antibodies against CD3ε would be necessary.
The effect of immunosuppression would also have to be verified.

Testing can be

achieved by quantification of T cells and activated T cells circulating in the bloodstream
(plasma samples from the animals on the last day of antibody treatment) of antibodytreated animals compared to their baseline levels prior to immunosuppression and those
of control animals. Assessment of cytokines released could also verify antibody activity.
Verification of immunosuppression can present a better picture of the role of T cells in
FGF-2-induced cardioprotection.

However, due to the likelihood of “incomplete” immunosuppressive therapies, a
more definitive method of assessment for the role of T lymphocytes in FGF-2–induced
cardioprotection, would be to utilize progeny from a cross between the FGF-2 transgenic
mouse (RSVp.metFGF2) and a Rag null mouse, and use their offspring to assess
cardioprotective effects after injury as described in this thesis.

Rag null mice are

characterized by an inability to produce mature T cells or B cells and, thus, their
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phenotype can be described as akin to that of a “non-leaky” severe combined immune
deficient mouse [Chen et al, 1994]. If such studies showed no change in cardiac function
after isoproterenol-induced injury, then it is likely that T lymphocytes do not have a
significant role in FGF-2–induced cardioprotection.

An assessment of the basal levels of circulating cells (that were identified within
the myocardial infiltrate in Chapter VI) should also be done and compared between
FGF-2 transgenic mice and non-transgenic mice. Such an experiment could be easily
conducted by flow cytommetry, or using hematology analyzer technology, to assess
whether the initial blood populations of the animals used in the study are comparable. It
is possible that basal cell numbers/populations could be altered by the availability of
increased FGF-2 from gestation and, thus, could also affect wound repair, for example, in
the heart.

To assess the contributions of FGF-2 on angiogenesis at the later stages of cardiac
injury as previously discussed, blood vessel densities need to be assessed using specific
stains for markers of blood vessels (for example, von Willebrand factor to identify
endothelial cells and highlight the capillaries, and α-smooth muscle actin to identify
larger vessels). Quantitation of blood vessels and comparing them to the density at
baseline would provide better insight into whether angiogenesis is a contributing factor to
FGF-2–induced cardioprotection in our model, and whether the declined cardiac function
with cyclosporine A treatment also coincides with decreased blood vessel densities.
Endothelial cells begin migrating and proliferating into a wound area several days after
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injury. Quantitation of these cells in transgenic FGF-2 versus non-transgenic mouse
hearts after isoproterenol and cyclosporine A treatment could also give insights as to the
effects of cyclosporine on FGF-2–induced angiogenesis. Another option would be to
generate mice whose FGF-2 gene has an alanine substituted for the serine at amino acid
position 117, which allows FGF-2–induced mitogenesis, but whose mutation diminishes
its ability to activate CK2 and subsequent cell proliferation [Bailly et al, 2000; Jiang et
al, 2004]. This construct has previously been shown to be unable to stimulate FGF-2–
induced angiogenesis. These mice could be used in identical experiments to those used
in this thesis to determine whether angiogenesis (which requires CK2 activation) is
responsible for the improved cardiac function observed in the later (2 and 4 week) time
points.

The contributions of different cell types could also be assessed by doing similar
immunosuppression studies conducted here, but using specific inhibitors of possible
target cells (for example, semapimod to inhibit macrophage activation [Kherani et al,
2004], or PR-39 to inhibit neutrophils [Hoffmeyer et al, 2000]). Results from such
studies would at least suggest whether any of the other components of the myocardial
infiltrate contribute to FGF-2–induced cardioprotection.

Contributions of compensatory hypertrophy (since previously reported to be
inhibited by cyclosporine A) could also be assessed. Firstly, a heart weight-to-body
weight or heart weight-to-tibia length ratio would need to be conducted to show effects
on hypertrophy, if any.

Direct measure of cardiac myocyte size would confirm
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hypertrophic growth. Experiments using pharmacologically inhibitory molecules against
any of the important pathways in the development of hypertrophy [Bernardo et al, 2010]
and subsequent assessment of cardiac function after injury could also suggest whether the
protection observed here could, at least partially, be attributed to an effect on the
hypertrophic process.

To determine the molecular mechanisms involved in cardioprotection observed
with increased endogenous FGF-2, studies assessing the levels of known mediators of
FGF-2 effects could be done. It has been shown previously that FGF-2 mediates its
effects through its cell surface receptor FGFR1 and intracellularly via PKC as well as
connexin 43 [Jiang et al, 2002]. New evidence has now emerged from our laboratory
that the ischemic preconditioning-like FGF-2–induced cardioprotection (at least in an ex
vivo preparation) occurs through the inhibition of the opening of the mitochondrial
permeability transition pore [Srisakuldee et al, 2010].

Whether this mechanism

contributes to the results observed in the FGF-2 transgenic mice in the studies described
here remains to be determined.

C.

EXERCISE-INDUCED CARDIOPROTECTION

The fact that exercise can induce cardioprotection has previously been established
[Ignarro et al, 2007; Williams et al, 2007].

The observations of exercise-induced

cardioprotection presented in this thesis showed some similarity to the effects seen with
overexpression of FGF-2 in the heart. Thus, the possibility exists that an increase in
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FGF-2 bioavailability in the heart contributes to exercise-induced cardioprotection. The
data presented here to support the exercise-induced protection is preliminary, and
therefore, repeating the experiment would be necessary.

The question whether exercise can stimulate an increase in FGF-2 in the heart
remains unanswered. Preliminary studies (n=3) using a swimming regimen on mice
showed an increasing trend for FGF-2 RNA in their hearts, but the difference compared
to shallow water controls is not significant. This could certainly be due to the small
number of animals tested, however, duration/extent of (1) exercise, and (2) timing of
RNA and protein isolation also need to be taken into account. In addition, consideration
of the exercise routine could also make a difference; a leisurely activity would not have
the same effects of a stressful forced one. For example, swimming is not a leisurely
activity for mice, but they voluntarily run on treadmills if given the opportunity. Exercise
has been shown to increase serum FGF-2 levels in men after a 6-month exercise regime
[Seida et al, 2003]. If exercise can be demonstrated to acutely increase FGF-2 levels in
the heart, the next question to be addressed would be whether an exercise regime could
be optimized to enable an increase in endogenous FGF-2 levels in the heart in a more
chronic manner.

Confirmation of FGF-2 participation in exercise-induced cardioprotection could
be addressed by conducting the same experiments here using FGF-2 null mice.
Abolishment of protection would definitively implicate the importance of FGF-2 in
exercise-induced cardioprotection.

However, if protection is still observed, it is
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important to note that functional redundancies among the other FGF molecules (for
example, FGF-1) may exist, and that negative results may not necessarily indicate a noninvolvement of FGF-2 in exercise-induced cardioprotection.

D.

FINAL THOUGHTS / RELEVANCE

Lessons learned from the studies conducted in this thesis could contribute to
possible therapeutic strategies translatable to the clinic.

The greatest challenge for

delivery of cardioprotection via ischemic preconditioning has been timing, due to the
inability to predict the occurrence of a cardiac insult, and the window of opportunity
remains small. A potential to exploit ischemic preconditioning-like protection (whether
by FGF-2 or not) is perhaps by simulating the protein profiles found in the cardiac
myocyte during its “protected” state. Such states could only be achieved after being able
to identify the protein complexes necessary for cardioprotection. The possibility of
exercise promoting a protein state similar to the cardioprotected cardiac myocyte also
remains to be identified.

In addition to mimicking the protein states in the myocyte upon ischemic
pre/postconditioning, it is also possible that players external to the cardiac myocyte could
mediate the promotion of a “protected” state. In this thesis, a cyclosporine-sensitive
component has been identified to be contributing to cardioprotection.

Whether this

component is internal to the myocyte, or external (perhaps a component of the cellular
infiltrate) remains to be identified, as discussed previously. Clearly, identification of
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either molecules or cells that can contribute to an improved cardiac functional outcome
after myocardial injury could be exploited at the clinic.

Such discoveries, as well as identification of the mechanisms mediating the
protective benefits of exercise, could be beneficial for a large patient population.
Additionally, patients who cannot perform vigorous exercise (for example, elderly or
physically handicapped persons) could also potentially benefit from protection
artificially, by delivery of the essential molecular events from exercise-induced
protection downstream from physical exertion.

Perhaps most importantly, the cyclosporine-sensitive event observed in this thesis
was shown to contribute beneficially at the later stages of remodeling (2 and 4 weeks
after injury). Identification of the molecular events involved in this process could be
exploited for improved cardiac remodelling after injury. This therapeutic strategy would
benefit a greater number of people because: (1) of the increased window of opportunity
for therapeutic delivery, and (2) this would also include not only patients at risk for MI,
but also those that could benefit from improved cardiac remodelling (for example, those
presenting with heart failure additionally to those who have already suffered from an MI).
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