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ABSTRACT

Heart failure is a leading cause of death that is reaching epidemic
proportions. It is a clinical syndrome attributable to a multitude of factors that
begins with a compensatory response known as hypertrophy, followed by a
decompensation that eventually results in failure. Heart failure may be triggered
when the heart is subjected to chronic periods of pressure overload (PO) or
volume overload (VO). To date there have been no comparative serial studies
outlining the development and progression of hypertrophy in animals subjected to
PO versus those subjected to VO. We hypothesized that PO or VO would induce
differential left ventricular (LV) remodelling leading to cardiac contractile
dysfunction with subsequent heart failure. To address this hypothesis we used
echocardiography to study the serial progression of LV structure and function in
experimental models of both PO- and VO-induced hypertrophy. PO or VO was
induced in rats by performing abdominal aortic banding or aortocaval shunt
procedures respectively. Also, LV structure and LV function were assessed in both
models by M-mode and Doppler echocardiography at key time intervals. PO rats
showed progressive wall thickening consistent with concentric hypertrophy, while
VO rats showed marked LV dilatation consistent with eccentric hypertrophy.
Systolic dysfunction occurred early in VO compared to PO. Diastolic dysfunction
was evident in PO, while VO showed signs of enhanced diastolic function. PO and
VO induced differential changes in LV structure and function during the

progression of compensated hypertrophy to decompensated heart failure.
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I. INTRODUCTION

Heart failure is the leading cause of mortality in the United States (1) and
its incidence is projected to reach epidemic proportions (2). Approximately one in
two people in the developed world will die from cardiovascular disease (3). Heart
failure is a multifactorial syndrome wherein the heart’s ability to pump sufficient
blood to meet the metabolic demands of organs and tissues is compromised.
Diseases such as hypertension, ischemic heart disease, valvular heart disease,
cardiomyopathy, myocarditis (4) and diabetes (5) may lead to the development of
heart failure. Regardless of the initial stimulus, the heart counters these insults
with a mechanism known as hypertrophy — a compensatory enlargement of the
heart — due to increased biomechanical stress (6).

Cardiac hypertrophy may be categorized into two broad types: that due to
pressure overload (PO) or volume overload (VO). PO occurs in many clinical
settings such as hypertension, mitral valve stenosis and aortic valve stenosis.
When subject to one of these negative stimuli, the heart undergoes concentric
remodelling in order to normalize wall stress that results from the increased
pressure placed on the cardiac tissue. Concentric remodelling of the left ventricle
(LV) involves the thickening of the septal and posterior walls via the replication of
sarcomeres in parallel. Thus, an increase in pressure is offset by an increase in
wall thickness (7). The other type of cardiac hypertrophy, VO, occurs due to
anemia, heart block, regurgitant mitral or aortic valves, atrial or ventricular septal

defects, or other congenital diseases. The response to one of these stimuli is



11

eccentric hypertrophy, which results in dilatation of the LV and a concurrent
elevation in stroke volume in order to compensate for excess blood volume
delivered to, or remaining in, the LV. Dilatation of the LV chamber occurs via
elongation of the surrounding myocytes — the result of sarcomeric replication in
series (8).

To date, there have been very few studies that have addressed a detailed
time course analysis of cardiac structure and function in either PO or VO
experimental models of heart failure. Moreover, comparative analyses of PO and
VO in the same animal species are lacking. Therefore, we sought to carry out a
complete, detailed and comparative time course analysis of general characteristics,
structure, as well as systolic and diastolic function of rat hearts that undergo PO-
and VO-induced hypertrophy. We hypothesize that PO and VO lead to concentric
and eccentric remodelling respectively, with subsequent cardiac contractile

dysfunction leading to the early stages of heart failure.
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II. LITERATURE REVIEW

Heart Failure

2.1 Mortality and Morbidity Due to Heart Failure

Heart failure is the leading cause of mortality in the United States (1) and
worldwide (9). As well, it is the most common cause of morbidity and mortality in
industrialized countries (10). Heart failure is increasing in incidence and
prevalence (11) and it is projected to reach epidemic proportions (2). Moreover,
the 5-year mortality rate due to heart failure is about 50% (12) and approximately
one in two people in the developed world will die from cardiovascular disease (3).
The economic cost of cardiovascular disease in Canada has risen to $20 billion
each year (13). With the threat of heart failure reaching such staggering levels, the
need for basic research of the mechanisms of cardiovascular disease is of
paramount importance.
2.2 Modern Definition of Heart Failure

Heart failure is currently classified as a clinical syndrome, not merely a
disease. Heart failure may arise due to a multitude of factors leading to many
different clinical manifestations (14). Traditional definitions, which prevailed
throughout most of the 20" Century, defined heart failure as a hemodynamic
disorder due to impairment or failure of the heart’s pumping mechanism. Thus,
increased pulmonary and systemic venous pressures, fluid retention and low
cardiac output (CO) were encompassed in such a definition (15). However, this

merely covers a small aspect of heart failure as we know it today. It does not
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include critical aspects such as alterations in contractility, impairment of
relaxation and abnormal proliferative signalling. Accepted definitions of heart
failure in recent decades include aspects of organ physiology, biochemistry,
biophysics, and gene expression. Katz (14) put forth a comprehensive definition of
heart failure by describing it as “a clinical syndrome in which heart disease
reduces CO, increases venous pressures, and is accompanied by molecular
abnormalities that cause progressive deterioration of the failing heart and
premature myocardial cell death.” Mann (16) also clearly étates that heart failure
may no longer be defined in simple hemodynamic terms. He feels that a more
encompassing definition of heart failure involves “the summation of multiple
anatomic, functional, and biological alterations that interact together in an
exceedingly complex manner and in different genetic and environmental
backgrounds over a sustained (but variable) period of time.”
2.3 Causes of Heart Failure

Differences in physiological, biochemical, biophysical and proliferative
effects that a failing heart may exhibit, depend chiefly on the root cause of the
heart failure. Major causes of heart failure mayA be broadly categorized as:
coronary artery disease, hypertension, cardiomyopathies and valvular heart
disease. Other factors that lead to heart failure include lung disease, anemia,

hyperthyroidism and arrhythmias (17).



14

2.3.1 Coronary Artery Disease

Coronary artery disease (CAD) is the most common type of heart disease in
western countries and is a leading cause of death in the United States (18). CAD
may cause myocardial ischemia and its complications may result in myocardial
infarction (19). Ischemia of the myocardium may occur due to vascular spasms of
the coronary arteries, atherosclerotic plaques, thrombosis or thromboembolisms.
While vascular spasm is reversible and is thought to occur due to the release of
platelet activating factor from the endothelium as a result of reduced oxygen,
atherosclerosis, thrombi and emboli (thromboembolisms) may cause severe
myocardial damage. Atherosclerosis is a degenerative disease that leads to
coronary arterial occlusion. Initially, cholesterol-rich lipids build up beneath the
endothelial cells lining the artery. This is followed by the migration of smooth
muscle cells erm the muscular layer of the blood vessel onto and surrounding the
lipid deposit. The resulting plaque interferes with the nutrient exchange between
the blood and the endothelium, causing damage to the surrounding cells leading to
the subsequent recruitment of fibroblasts and the formation of a connective tissue
cap over the plaque. Gradual enlargement of the plaque eventually blocks
coronary flow leading to myocardial ischemia. Also, the plaque may rupture
exposing the collagen-rich connective tissue to blood platelets. This leads to the
formation of a thrombus which can block blood flow or break off to form an
embolus which can cause a thromboembolism by occluding a smaller downstream

arterial vessel (18). In the laboratory, coronary ligation techniques are performed
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on small animals to model clinical CAD so as to study the development of
myocardial infarctions.

2.3.2 Hypertension

Hypertension, or high blood pressure, may be of primary or secondary
origins. The cause of primary hypertension remains unknown in most cases;
however, a strong pattern of genetic inheritance is often associated with this
pathological state. Furthermore, obesity, stress, smoking and salt intake may
contribute to its development (18). Problems such as defective salt and water
regulation by the kidneys, plasma membrane abnormalities, defective genes
coding for angiotensinogen or an inactive hypothalamus may all cause primary
hypertension. Secondary hypertension may be the result of atherosclerosis, a
blockage of the renal artery, endocrine dysfunction or neurological lesions (18).

Hypertension is associated with both systolic and diastolic dysfunction (17)
and is the most common cause of diastolic dysfunction leading to heart failure
(20). Hypertension leads to both LV hypertrophy and fibrosis that causes reduced
myocardial compliance (20).

2.3.3 Cardiomyopathy

Cardiomyopathy is defined as a disease of the heart muscle that is
associated with cardiac dysfunction (21). Major forms of cardiomyopathies

include dilated, hypertrophic, restrictive/obliterative and diabetic.
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2.3.3.1 Dilated Cardiomyopathy

Dilated cardiomy(.)pathy (DCM) is the most common type of
cardiomyopathy as well as the most common cause of congestive heart failure
(CHF) (22). It may be of genetic origin (21, 23); due to infection from viruses
(24), bacteria, fungi or parasite; alcohol or drug-induced or caused by a collagen
disease during pregnancy. This condition results in left and/or right ventricular
dysfunction, and eccentric hypertrophy (21) (See Section 2.9). CHF is often
associated with LV systolic dysfunction and backward failure of the right ventricle
(See section 2.4.5) leading to edema. Arrhythmias as well as mitral and/or
tricuspid valve regurgitation may occur in patients with CHF (22). Approximately
30-40% of people with DCM have a genetic form, the majority of which are of
autosomal dominant inheritance. X-linked, autosomal recessive and mitochondrial
inheritance are far less common forms of DCM.

2.3.3.2 Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is an uncommon autosomal
dominant condition defined as LV hypertrophy in the absence of sufficient
hemodynamic stress to cause such hypertrophy. It is caused by mutations in genes
coding for sarcomeric proteins (25, 26) and may be diagnosed using
echocardiography (22, 25, 27). HCM causes thickening of the left ventricular
posterior wall (LVPW) and interventricular septum (IVS) resulting in asymmetric
septal hypertrophy leading to LV diastolic dysfunction. Subsequently, patients

with HCM exhibit exaggerated or hyper-contractile systolic function. Often,
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asymmetric septal hypertrophy seen in HCM may obstruct the aorta. Elevated end-
diastolic pressures are also often measured in these patients. Arrhythmias and
mitral valve regurgitation are also associated with HCM.

2.3.3.3 Restrictive Cardiomyopathy

Restrictive cardiomyopathy is the rarest form of cardiomyopathy
with the poorest prognosis (22). It is often caused by diseases such as endocardial
fibrosis or other disease conditions that result in myocardial stiffening. Restrictive
cardiomyopathy has also been shown to follow autosomal dominant or autosomal
recessive patterns of inheritance (21). Patients with restrictive cardiomyopathy
have a stiff LV wheréin diastolic dysfunction limits ventricular filling (21).
Asymptomatic diabetics commonly suffer from this type of cardiomyopathy (28).
Obliterative  cardiomyopathy, often referred to as severe restrictive
cardiomyopathy, occurs when diastolic filling is completely restricted.

2.3.3.4 Diabetic Cardiomyopathy

Diabetes mellitus is frequently known to affect heart muscle and is
acknowledged to be the cause of a specific type of cardiomyopathy without
significant coronary artery disease or hypertension (28). Older patients with
diabetes frequently exhibit signs of diastolic dysfunction without other symptoms
(29). However, in the presence of a myocardial infarction or ischemia, diabetic
cardiomyopathy may become severe (29). Systolic dysfunction and hypertrophy
are also associated with diabetic cardiomyopathy (28). Diastolic dysfunction

expressed as impaired ventricular filling is also very common in diabetic
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cardiomyopathy, which has been attributed to reduced end-diastolic volume.
Stiffness of the ventricle has been associated with mild or moderate obesity which
occurs in diabetics. Diastolic dysfunction is likely due in part to fibrosis, a
common characteristic of diabetic cardiomyopathy (30).

2.3.4 Valvular Heart Disease

Valvular heart disease may present itself in many forms. All types of
valvular heart disease place excess hemodynamic stress on either the left of right
ventricle for which the heart must compensate (31). Therefore, most valvular
diseases lead to the onset of cardiac hypertrophy and may result in congestive
heart failure (32). Over the past 15 years, non-invasive monitoring, improvement
of prosthetic valves, better valvular reconstruction techniques and timing of
surgical intervention have led to improvements in the outcome of patients with
valvular disease (32).

Valvular insufficiencies fall into two categories: those that regurgitate and
those that are stenotic. Regurgitation may be caused by a congenital defect (33),
by diseases such as endocarditis (32) or with aging (34). The consequence of a
regurgitant valve is that it does not seal properly; blood leaks back into the
chamber from which it came and leads to VO. Stenosis, on the other hand, is
defined as a narrowing of a valvular opening that restricts the amount of blood
able to travel through it. The causes of stenotic valves may be congenital (35),
calcific-degenerative (34), or due to rheumatic disease (32). The resultant

narrowing of the valvular opening increases the demand for the heart to pump
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blood through to the body at a higher pressure to meet the demands of the tissue
and organs. This increased demand leads to PO.

2.3.4.1 Mitral Valve Regurgitation

Mitral valve regurgitation is a disease caused by endocarditis,
myxomatous degeneration of the mitral valve, collagen vascular disease, rupture
of the chordae tendinae or rheumatic fever (32), and results in a fraction of systolic
blood being pumped from the LV to backup into the left atrium. Initially, acute
mitral valve regurgitation leads to VO of the LV, and thus to the formation of
eccentric hypertrophy (36) (See section 2.9), to compensate for the insufficiency.
Eventually, chronic regurgitation leads to heart failure once the purﬁping
mechanism of the heart becomes compromised. In terms of cardiac function,
patients with acute mitral regurgitation exhibit an increase in preload sarcomere
length, causing an increase in end-diastolic volume. This results in an increased
left ventricular ejection fraction (EF); however, nearly half of the volume of blood
ejected is being regurgitated into the left atrium, while the remaining 50% is sent
as forward stroke volume. Thus, despite an increase in EF, stroke volume is
reduced. Later, when the heart is in a chronic compensated state, end-diastolic
volume increases so much so that despite a 50% regurgitation rate, stroke volume
returns to normal. Once the heart can no longer compensate and the contractile
function of the heart starts to decline, EF and forward stroke volume both decline
causing a larger percentage of blood to be regurgitated into the left atrium. The

end result is backward failure (See section 2.4.5) which leads to pulmonary
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congestion and right ventricular dysfunction (32). Well-timed mitral valve repair
or replacement surgery is common today and often results in good prognoses for
patients (36).

2.3.4.2 Aortic Valve Regurgitation

Similar to mitral regurgitation, aortic regurgitation may be caused by
diseases such as endocarditis or rheumatic fever that affect the aortic leaflets.
Other causes of aortic regurgitation include diseases to the aortic root such as
aortoannular ectasia (dilatation of the ascending aortaA and aortic annulus),
Marfan’s syndrome (defective connective tissue fibrillin gene), collagen vascular
disease, aortic dissection (tear in the aortic lining) and syphilis (32). Regurgitant
aortic valves lead to an increase in LV end-systolic blood volume (dilatation),
resulting in chronic VO and eccentric hypertrophy of the LV (37, 38). This causes
an increase in stroke volume due to a large total stroke volume which is ejected
into the aorta. In addition to VO, aortic regurgitation causes an increased afterload
resulting in systolic hypertension. Therefore PO, and thus concentric hypertrophy
(See section 2.8), is also present. Symptoms of aortic regurgitation often do not
appear until LV dysfunction begins, long after the énset of the regurgitant valve.
Symptoms include those of left-sided heart failure (See section 2.4.4) as well as
angina, which is less frequent. Surgical intervention is often required in patients
with aortic regurgitation, and is recommended to occur before EF is reduced

below 55%. To delay surgeries to repair or replace aortic valves, drugs such as
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nifedipine may be used to improve LV performance and to reduce aortic
regurgitation (32).

2.3.4.3 Tricuspid Valve Regurgitation

Tricuspid regurgitation is often secondary to mitral or aortic valve
insufficiencies and is therefore a symptom of late stage valvular failure. It is
visible by echocardiography in almost two thirds of patients who have undergone
mitral valve repair (39). Patients with elevated right ventricular systolic pressure
often suffer from tricuspid regurgitation (40).

2.3.4.4 Mitral Valve Stenosis

Most cases of mitral valve stenosis occur in women who suffer from
rheumatic fever. Despite a decrease in the incidence of both rheumatic heart
disease and mitral stenosis in the developed world, both are still common in the
developing wqud (32). Symptoms of left—sid‘ed heart failure (See section 2.4.4)
and backward failure of the LV (See section 2.4.5) are characteristic of this
disease. Due to the narrowing of the mitral valve, mitral stenosis induces a
pressure build-up in the left atrium and reduces LV filling causing a decrease in
CO (32).

2.3.4.5 Aortic Valve Stenosis

Aortic  stenosis, which results from the degeneration and
calcification of the aortic leaflets, is usually of idiopathic origin (32). Symptoms of
aortic stenosis include angina, syncope and symptoms of CHF. A stenotic aortic

valve causes a build-up of pressure in the LV resulting in concentric hypertrophy
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(See section 2.8) and increased collagen deposition. This hypertrophy results in
diastolic dysfunction. Systolic dysfunction may also occur due to excess afterload
and decreased contractility (32).
2.3.4.6 Congenital Heart Diseases
There are many types of congenital defects of the heart, including

those that affect the mitral valve, tricuspid valve and aortic valve. Other common
congenital defects include ventricular septal defects, atrial septal defects and
patent ductus arteriosus. Often congenital abnormalities repair themselves over
time, but some do not and thus require surgical intervention.
2.4 Physiological Aspects of Heart Failure

The physiology of heart failure is complex and may be classified in many
different ways. The following are 5 different approaches to categorize heart.
failure; however, it is understood that none may exist without the other. Also, it is
possible for combinations of these types of heart failure to co-exist.

2.4.1 Systolic Versus Diastolic Failure

While systolic heart failure is defined as the inability of the LV to expel
sufficient blood, diastolic failure is explained by the inability of LV to fill
normally. However, there is a strong association between diastolic and systolic
failures, as without normal filling of the LV there will not be a sufficient amount
of blood to expel. Reduced CO is a sign of systolic failure which causes reduced
tissue perfusion and thus fatigue, weakness and exercise intolerance. In diastolic

failure, there can be an increase in resistance to the inflow of blood to the LV, or a



23

reduction in ventricular capacity (14). Characteristics of systolic dysfunction
include low EF, while diastoli.c dysfunction is often characterized by normal
ejection with impaired myocardial relaxation and diminished early diastolic filling
(17).

2.4.2 High Output Versus Low OQutput Failure

Models of low CO are secondary to factors such as ischemic heart disease,
hypertension, dilated cardiomyopathy, and valvular and pericardial diseasé. High
output models include secondary responses to factors such as hyperthyroidism,
anemia, pregnancy, arteriovenous fistulas, beriberi, and Paget’s disease (14).
Usually, heart failure due to PO leads to relatively low output failure, while heart
failure due to VO leads to high output failure.

2.4.3 Acute Versus Chronic Failure

Acute heart failure occurs suddenly in patients who suffer a myocardial
infarction or a valvular rupture. Often, acute heart failure results in systolic failure,
including reduced CO and hypotension. Conversely, chronic heart failure develops
and progresses over a period of time, as is the case in dilated cardiomyopathy as
well as clinical and laboratory models of PO and VO. Peripheral edema is often a
symptom of chronic failure (14).

2.4.4 Right-Sided Versus Left-Sided Failure

Left-sided heart failure, and more specifically LV failure, is the more
common of these two types of failure. Right-sided failure only occurs in patients

with congenital defects to the right side of the heart or in patients with pulmonary
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disease (14). Almost all other causes of heart failure lead to left-sided heart failure.
Symptoms of left-sided failure include dyspnea (17), othopnea and paroxysmal
nocturnal dyspnea (32).

2.4.5 Forward Versus Backward Failure

Forward failure, exemplified in aortic stenosis or DCM, occurs when an
obstruction inhibits ejection of blood from the LV or when damage to the
myocardium reduces systolic shortening. Mitral stenosis is an example of
backward failure wherein venous return to the LV is limited due to narrowing of
the valve. HCM also causes backward failure of the LV, as concentric LV
hypertrophy limits the volume of ventricular filling. Katz (14) notes that backward
and forward failures co-exist, as reduced filling limits ejection while reduced
ejection disrupts normal filling.
2.5 Biophysics and Biochemistry of Heart Failure

When the heart is subjected to hypertrophy (See sections 2.7-2.11) or is
undergoing failure, it becomes starved of energy, specifically due to a lack of
oxygen. This lack of oxygen leads to ischemia and may be due to alterations in the
size of cardiac myocytes, which cause reduced perfusion of oxygen to tissues,
and/or due to decreased capillary density and intercapillary space. The resulting
alterations in cellular metabolism lead to an overall reduction in the level of high-
energy phosphates like adenosine triphosphate (ATP) and creatine phosphate (14).

Not only can anatomical alterations cause impairment of cellular

metabolism, but so to can altered biochemical pathways. Altered gene regulation
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in the failing heart limits energy production by reducing levels of enzymes such as
creatine phosphokinase and those that oxidize fatty acids. The failing heart also
exhibits abnormalities in structures involved in excitation-contraction coupling,
which are caused by alterations in gene expression. However, little is known about
the connection between impaired pump function and the underlying cellular
pathways leading to changes in gene expression (14).
2.5.1 Oxidative Stress in Heart Failure

- Oxidative stress is thought to play a crucial role in the pathogenesis of heart
failure (41); however, the correlation between oxidative stress and the clinical
parameters of heart failure remain unclear (42). In the normal heart there is a
balance between reactive oxygen species (ROS) and antioxidants; however,
oxidative stress occurs when the balance shifts toward an increase in ROS and a
reduction in antioxidants. Major ROS include the superoxide anion (O;"),
hydroxyl radical (OH) and hydrogen peroxide (H,0,), whose harmful effects have
been studied for over 50 years (43). Nitric oxide radical (NO’) and peroxynitrite
(ONOQ"), which is derived from NO:, are also forms of ROS. Whereas O, is a
normal byproduct of oxidative phosphorylation (44), NO" is an enzymatic product
of the vascular endothelium through the L-arginine pathway (45). As the
cardiovascular system is a major target for ROS which may cause severe damage
to myocytes (45), understanding the effects of oxidative stress in heart failure is of

significant importance.
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Experiments using abdominal aortic banding as a model of PO in rats have
shown that concentric hypertrophy leads to increased antioxidant levels which are
responsible for: maintaining cardiac function in response to free radicals, better
recovery after ischemia/reperfusion and reduced incidence of arrhythmias (41).
These increased levels were due to an increase in the production of antioxidant
enzymes such as superoxide dismutase (SOD) and glutathione peroxidase (GPx),
which are responsible for the breakdown of ROS.

In the failing heart, the opposite change occurs; there is a shift toward
increased ROS and a decrease in antioxidants. Dhalla and Singal (46) showed
decreased levels of myocardial SOD and GPx in chronically failing guineé pig
hearts subjected to ascending aortic banding. Dhalla er al. (47) points to oxidative
stress as the initiating step from hypertrophy to heart failure, while other studies
have made the link between chronic ROS production and the development of
hypertrophy and the progression of heart (48). A recent study on mice subjected to
VO via arteriovenous fistula has shown that they exhibit signs of oxidative stress
which may be abolished by administering matrix metalloproteinase inhibitors (49).

Oxidative stress may also have a profound effect on calcium (Ca®")
handling at the level of the cardiomyocyte (45). Studies have shown that Ca®*

handling across the sarcolemma and the sarcoplasmic reticulum (SR) may be

altered due to oxidative stress when the heart is subjected to failure (50, 51, 52).
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2.6 Alterations in Calcium Handling in Heart Failure

Ca™ plays a major role in a variety of intracellular signalling pathways
including muscle contraction. Within the cardiomyocyte, Ca** influx and efflux
across the sarcolemma and the SR is required for sarcomeric contraction and
relaxation (53). When a myocyte depolarizes, Ca>* is able to enter the cell via L-
type voltage-dependent (dihydropyridine sensitive) Ca®* channels (DHPR). This
influx of Ca** triggers a much larger release of the Ca® from the SR, the major
Ca®* storage organelle, into the cytosol via the ryanodine 4recept0r (RyR2). This
process is called Ca®*-induced Ca’* release (54), and is required for cardiac
contraction. To initiate relaxation, cytosolic Ca”* is returned to the SR though the
sarco/endoplasmic reticulum Ca®*-ATPase (SERCA2a) which is regulated by the
inhibitory protein phospholamban (PLB). A smaller percentage of extraneous
cytosolic Ca™ is removed from the myocyte though the Na‘/Ca®* exchanger
(NCX) (53).

Key sarcolemmal proteins such as DHPR and NCX play an important role
in the pathogenesis of heart failure. A recent study has shown that cardiac NCX
activity decreases in spontaneously hypertensive rét hearts in order to maintain
high Ca™ levels for sufficient contraction in the presence of increased afterload
(55). Another study demonstrates that the expression of cardiac NCX is activated
upon adrenergic stimulation, which has been shown to induce hypertrophy (56).
DHPR has also been implicated in cardiac contractile dysfunction. A new study

demonstrates the possibility that, in hibernated myocardium (due to reversible
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coronary stenosis), a decrease in SR Ca”* release could be linked to decreased Ca®*
currents through DHPR (57). Benitah er al. (58) discuss the link between
inefficient Ca** current through DHPR and reduced Ca®* release, suggesting a
reorganization of the t-tubules system in failing cells.

The SR plays a vital role in the pathogenesis of heart failure. Over the
years, numerous experiments have linked alterations in SR protein expression to
the progression of hypertrophy and heart failure. Specifically, critical proteins
responsible for Ca** movement and thus cardiomyocyte contraction and relaxation
— SERCA2a, PLB, and RyR2 - have been studied extensively (59-61). Cardiac
contractile’ dysfunction has been linked to decreased expression and/or activity of
SERCA2a and increased PLB to SERCA?2a ratios (60). Reductions in myocardial
contractility have also been linked to RyR2 hyperphosphorylation (62).

Hypertrophy

2.7 Hypertrophy Defined

Cardiac hypertrophy is defined by Katz (14) as an enlargement of the heart
due to an increase in cell size without an increase in cell number (hyperplasia).
When referring to the heart, the dogma that still holds today is that soon after birth
the heart is terminally differentiated and may no longer increase in cell number.
Thus, an enlargement of the heart is a purely hypertrophic response. As described
above, there are many stimuli that may induce hypertrophy, including increased

pressure, increased volume, or a combination of the two. However, the type of
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hypertrophy that the heart exhibits as a result of these two distinct stimuli is
distinctly different.
2.8 Pressure Overload Hypertrophy

When the heart is subjected to a mechanical stimulus that causes excess
pressure on the ventricular walls, the heart responds with a specific hypertrophic
response. Such stimuli may be due to hypertension, valvular stenosis or HCM. In
response, the myocardiurri attempts to counter the increase in pressure by reducing
the excess amount of stress put on the ventricular walls. To do so, the myocardium
must thicken, which is achieved by sarcomeric replication in parallel. This
phenomenon, termed concentric hypertrophy, is thought to occur as result of
increased protein synthesis within the cardiomyocyte (7). As a result, the
biomechanical tension that was being placed on the walls of the heart due to PO is
reduced via a compensatory hypertrophic mechanism.
2.9 Volume Overload Hypertrophy

When the heart is overloaded with excess blood volume, the heart must
compensate accordingly. Diseases such as DCM, mitral valve regurgitation,
anemia and congenital defects may all lead to VO wherein the ventricle must
increase its ability to pump out an excess volume of blood present due to some
mechanical stimulus. As a result, the heart hypertrophies by increasing cell length
via sarcomeric replication in series — eccentric hypertrophy. Such a mechanism
allows the ventricle to increase stroke volume to compensate for that which is lost

due to the stimulus. In the case of aortocaval shunt, eccentric hypertrophy allows
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for the heart to compensate for excess venous return while supplying the rest of
the body with sufficient blood, \;vhile in mitral regurgitation eccentric hypertrophy
allows for an increase in total stroke volume to make up for the stroke volume that
is lost due to backflow to the left atrium.

2.10 Adaptive (Physiological) Versus Maladaptive (Pathological) Left
Ventricular Remodelling

When a heart undergoes hypertrophic remodelling due to PO or VO, it
makes the required changes to overcome the stimulus. However, are these changes
adaptive or maladaptive? Are they reversible or irreversible? Gaining the answers
to these questions is fundamental to understanding the hypertrophic processes and
treating disease states.

As hypertrophy initially compensates for a negative stimulus, it is thought
to be a beneficial adaptive response. However, chronic hypertrophy is associated
with increased morbidity and mortality, and thus is maladaptive (63). The main
difference between physiological and pathological hypertrophy is .that, in
pathological states, the hypertrophic adaptations of the LV are either unable to
meet the increased demands of the heart or that the adaptations made by the heart
compromise normal cardiac function (63). Remodelling is also considered to be
maladaptive when hypertrophy does not regress once the negative stimulus is
removed. Conversely, adaptive physiological hypertrophy, which is often seen in

athletes, regresses upon cessation of exercise (64).
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The differences between pathological and physiological hypertrophy may
be witnessed at the cellular level. In the case of concentric hypertrophy, both
adaptive and maladaptive responses to stimuli include the parallel addition of new
sarcomeres. However, pathological states such as aortic stenosis may include
necrosis and increased fibrosis of the myocardium. This may lead to diastolic
dysfunction, ventricular stiffness and reduced contractile function without the
possibility of regression. In adaptive models of concentric hypertrophy like weight
training, similar structural changes occur at the level of the sarcomeres; however,
this is accompanied by increased capillary density. The resulting changes lead to
normal or even enhanced contractile function and efficiency, while the possibility
for regression of hypertrophy remains upon removal of the stimulus.

In VO, there are similar cellular distinctions between adaptive and
maladaptive hypertrophic responses. Both pathological and physiological states of
VO demand the addition of new sarcomeres in series to counteract the stimulus in
place. However, pathological hypertrophy in cases such as mitral valve stenosis
may include both myocyte necrosis and thinning of the ventricular walls. This is
often associated with reduced systolic function due to myocyte slippage. In
physiological models of VO there is no necrosis and both contractile function and
cardiac efficiency remain normal or enhanced. In physiological states of VO such
as marathon training, the potential for regression of hypertrophy exists upon

cessation of exercise, while pathological eccentric hypertrophy is irreversible.
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2.11 Experimental Models of Pressure & Volume Overload-Induced Failure
There are many different experimental models available to study PO or VO
in animals. Rats, mice, rabbits, dog, cats and pigs are commonly used for in these
types of experiments, as they are useful models of mimicking clinically relevant
pathologies.
2.11.1 Pressure Overload
The following methods are used to induce PO in animals, often resulting in
different degrees of PO between and within models.
2.11.1.1 Abdominal Aortic Banding
The most common type of banding technique is the aortic banding
model which may be performed at many anatomical regions including the
suprarenal aorta. Abdominal aortic banding in rats is a common invasive
experimental model of PO (65-67).
2.11.1.2 Transverse Aortic Constriction
Transverse aortic constriction (TAC) is less invasive than suprarenal
abdominal aortic banding but requires fine microsurgical techniques (68). It
involves the constriction of the aorta at the level of the aortic arch, which is much
closer to the heart than abdominal aortic banding. In this regard, TAC may induce
a greater degree of pressure on the LV than abdominal aortic banding. However,

TAC produces variable degrees of cardiac hypertrophy (69).
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2.11.1.3 Other Animal Models of Pressure Overload
Other methods of inducing PO occur at the level of the lungs.
Pulmonary constriction is used -in larger animals such as dogs and induces
hypertrophy of the right ventricle (70).
2.11.2 Volume Overload
The following methods are used to induce VO in animals, often resulting in
different degrees of VO between and within models.
2.11.2.1 Mitral Valve Regurgitation
Animal models of mitral valve regurgitation can be created by
surgical catheterization to the left atrium followed by cutting the chordae
tendineae. (71).
2.11.2.2 Tricuspid Valve Regurgitation
Animal models of tricuspid valve regurgitation are useful for
mimicking right ventricular overload. Surgical procedure involves cutting the
chordae tendineae (72).
2.11.2.3 Aortic Valve Regurgitation
To surgically induce aortic valve regurgitation in animal models,
catheterization is performed at the level of the right carotid artery and is advanced
through the aorta and into an aortic leaflet until it is ruptured (38, 73). The

experiments are often performed under echocardiographic guidance (38, 74).
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2.11.2.4 Anemia

Animal models of anemia may be used to create VO while avoiding
surgical intervention. Restricting dietary iron in young animals combined with
bleeding induces this condition.

2.11.2.5 Arteriovenous Shunt (Fistula)

The most common type of arteriovenous shunt used in experimental
models is the aortocaval shunt (75-76), which has been performed on rats, dogs,
cats and pigs. An aortocaval shunt is created by puncturiﬁg the abdominal aorta
through to the vena cava, forming a short loop within the systemic blood
circulation. A less common type of shunt is the aortopulmonary (77).

Echocardiography

2.12 Echocardiography: General Overview

Echocardiography is a versatile, well-established and widely used
diagnostic tool that may be used to assess cardiac structure and function in both
human and veterinary medicine (78). Most importantly, it is a non-invasive,
painless and in vivo procedure that allows for serial analyses of the same subject
over a given period of time. As the resolution capab.ilities of this technology have
increased, echocardiography has become a useful and indispensable tool for
cardiac analysis in humans (79-81) and animals as small as rats (38, 74, 82-88) or
mice (89, 90)

Echocardiography in its modern form has a multitude of uses that include

acute and long term management of heart failure patients by monitoring the
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progression of regurgitant, stenotic or prosthetic valves, evaluating developing
cardiomyopathies, hypertension, the condition of major blood vessels and the
function of infarcted tissue. Prenatal ultrasound and fetal echocardiography can
accurately detect 93% of congenital heart defects (91). Surgeons also use
ultrasound, specifically echocardiography, as an indispensable tool to be able to
monitor and guide surgical procedures (38, 74). Today, the applications for
ultrasound are expanding from purely diagnostic toward both diagnostic and
therapeutic. Therapeutic uses for ultrasound include aiding in the delivery of gene
therapeutic molecules to specific target tissues (92) as well as having clot busting
properties that help dissolve thrombi in patients with acute stroke (93, 94).
2.13 Echocardiography and Hypertrophy

In cases of hypertrophy, echocardiography is especially useful. Often,
changes in cardiac structure and function in hypertrophy and/or early stage heart
failure may be asymptomatic. As well, the often slow onset and progressiion of
hypertrophy makes it easy to overlook in its initial stages. Therefore, early
echocardiographic detection may be critical in managing, delaying or preventing
the onset of heart failure. With the use of serial echocardiographic measurements,
even slight alterations in structure and/or function can be visualized.

In hypertrophy due to PO or VO, echocardiography is useful in determining
both cardiac structure and function. In terms of structure, measurements of wall
thickness and chamber dimensions may be used to determine which type of

hypertrophy is occurring, while measurements of left ventricular mass (LVm) may



36

be used as general indicator of hypertrophy. Parameters of systolic function may
also be determined echocardiographically and are mostly calculated using
structural data. These data are useful for assessing alterations in the contractile
function of the heart. Parameters of diastolic function may also be calculated using
Pulse Wave Doppler imaging, and may be useful for detecting changes in
ventricular filling or relaxation.

2.13.1 Echocardiography in Pressure Overload

Echocardiography is useful for detecting alterations in cardiac structure and
function due to PO (95). Furthermore, diastolic dysfunction in LV hypertrophy
due to PO stimuli has been shown echocardiographically for decades. For
example, Shapiro and Gibson (96) showed that PO in humans induces prolonged
IVRt and reduced diastolic filling velocities. More modern echocardiographic
studies in animals have demonstrated its versatility. Numerous studies of PO have
assessed diastolic and systolic function, LVm and chamber dimensions (82, 86,
88, 97, 98). Regression of PO is also detectable using echocardiography (100).
This is useful in clinical situations wherein the status of patients with aortic valve
replacements can be monitored (101).

2.13.2 Echocardiography in Volume Overload

Echocardiography is equally valuable for diagnosing and monitoring the
progression of a wide range of VO-induced hypertrophies including mitral
regurgitation (32), tricuspid regurgitation (39) and aortic regurgitation (38, 73).

Studies have shown that severe aortic regurgitation in rats induces increased LVm,
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increased LV chamber dimensions and systolic dysfunction measured as a

decreased percentage of left ventricular fractional shortening (FS) (38, 73).
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III. STATEMENT OF HYPOTHESIS

Despite a number of previous studies that have assessed echocardiographic
parameters in PO- and VO-induced hypertrophy, there have been no studies to
date that have performed an elaborate, serial echocardiographic characterization of
heart structure and function from the onset of hypertrophy to decompensatory
heart failure. Furthermore, there have been no studies that present a comparative
echocardiographic analysis of cardiac structure and function comparing the
differential changes that occur between different models.

We hypothesize that PO and VO will induce differential cardiac
remodelling that will manifest as unique echocardiographic parameters. Cardiac
remodelling will be associated with cardiac contractile dysfunction, although at
different time points and through different mechanisms. In VO, systolic
dysfunction will be prominent, while in PO systolic and diastolic dysfunction will
be evident. Also, general characteristics of PO and VO rats will show the presence
of cardiac hypertrophy and early signs of failure such as organ congestion and/or

ascites.
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IV. MATERIALS AND METHODS

The following experimental protocols were approved by the Animal Care
Committee of the University of Manitoba and are in agreement with the Canadian
Council on Animal Care Concerning the Care and Use of Experimental Animals
(Vol. 1, 2™ Edition, 1993).
4.1 Creation of the Animal Models

Male Sprague-Dawley rats weighing 75-150 g were kept in a temperature
and humidity-controlled room with a 12-hour light-12-hour dark cycle for one
week prior to creation of the PO and VO models, respectively. Standard rat chow
and tap water were available ad libitum. PO was induced via the abdominal aortic
banding method, while VO was induced via the aortocaval shunt. All rats were
anesthetized for surgery with 5% isoflurane carried by oxygen at a flow rate of
2L/min. Rats were then maintained under a surgical plane of anesthesia with 2%
isoflurane. For PO, a laparotomy was performed and the suprarenal abdominal
aorta was exposed. A silk suture was used to tie off the vessel using a blunt 21-
gauge needle as a guide. Successful bands were snug while still maintaining blood
flow to the kidneys and lower extremities. For VO, a laparotomy was performed
and the abdominal aorta and vena cava were exposed by blunt dissection between
the renal arteries and the iliac bifurcation. An 18-gauge needle was inserted into
the exposed aorta at a 45° angle and pushed through to the vena cava, creating the
shunt. Cyanoacrylate (Krazy Glue, Elmer’s Product Canada, Toronto, ON) was

used to seal the puncture. In successful VO rats, oxygenated blood from the
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abdominal aorta could be seen mixing in the vena cava with deoxygenated venous
blood. Sham operated animals served as controls for both groups and were
subjected to the same surgeries except for the creation of the band or the shunt.
Rat housing conditions, as described above, remained constant throughout the
duration of the 28-week experiment.
4.2 General Characteristics

Rats from both models were weighed and anesthetized using a cocktail of
ketamine (90 mg/kg) and xylazine.(10 mg/kg) prior to sacrifice. Hearts were
removed, washed in ice-cold saline and total heart weights were measured. Lungs
and liver were removed, washed in ice-cold saline and wet weights were recorded.
Lungs and liver were then set to dry and weighed again.
4.3 Echocardiography

Rats were weighed and anesthetized using isoflurane as described
previously. Two-dimensionally (2D)-guided M-mode echocardiography and Pulse
Wave Doppler echocardiography were performed using a Sonos 5500 ultrasound
system (Agilent Technologies, Andover, MA) equipped with a 12 MHz (s12)
transducer. For M-mode recordings, the parasternal short-axis view was used to
image the heart in 2D at the level of the papillary muscles with a depth setting of 3
cm. M-mode recordings were then analyzed at a sweep speed of 150 mm/s with
the axis of the probe aligned with the middle of the ventricle. The following
parameters were measured using the leading edge methods described by the

American Society of Echocardiography (102): FS, EF, CO, LVm, heart rate (HR),
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left ventricular internal dimensions at both diastole and systole (LVIDd and
LVIDs, respectively), left ventricular posterior wall dimensions at both diastole
and systole (LVPWd and LVPWs, respectively) and interventricular septal
dimensions at both diastole and systole (IVSd and IVSs, respectively). CO was
obtained echocardiographically and derived from the following formula:
CO = ((EDV-ESV)/1000)*HR
where EDV = LVIDd"® and ESV = LVIDs’
LVm was also obtained echocardiographically and derived~via the cubic equation
at end diastole:
LVm = 0.8(1.4)((IVSd + LVIDd + LVPWd)’ — LVIDd®) + 0.6
Stroke volume (SV) was calculated as:
SV =EDV-ESV

The following Doppler measurements were taken using the apical 4-
chamber view: peak early diastolic filling velocity (E wave), peak late diastolic
filling velocity (A wave), E/A ratio and E deceleration time (E decel time). The
apical 5-chamber view was used to assess aortic ejection time (AEt) as well as
IVRt, which is the time from aortic valve closuré to the onset of mitral flow.
Values obtained for statistical analysis were average data collected from three
cardiac cycles. Some studies were recorded onto standard VHS tapes while others
were recorded onto a magneto-optical disk for offline analysis. Photographs were
taken of data stored on the magneto-optical disk using a 4 Megapixel digital

camera.
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4.4 Experimental Protocol

Both experimental groups (PO and VO) were assessed for heart function by
M-mode echocardiography at 1, 2, 4, 8, 16 and 28 weeks post-surgery, while
Doppler measurements were taken at 2, 4, 8, 16 and 28 weeks post-surgery. At
each time interval, random rats from both control and experimental groups were
selected for analysis of general characteristics by the aforementioned techniques.
4.5 Statistical Analysis

Values are expressed as mean + standard error. One way analysis of
variance (ANOVA) was used to analyze variations between the means of groups.

Significant values versus sham controls are defined as P<0.05.
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V. RESULTS
5.1 General Characteristics

The heart-to-body weight (HBW) ratio is a general marker for cardiac
hypertrophy. As seen in Tables 1 and 2, the HBW ratio in both PO and VO models
significantly increased as early as 2 weeks and remained elevated compared to
sham controls throughout each time course. The same trend was observed with
wet heart weights in both models as well. Neither the PO nor the VO model
exhibited significant differences in body weights compared to their respective
sham controls, expect for the 28-week end point in the VO model, which showed
significantly elevated body weight.

The organ wet-to-dry weight ratio determines whether or not there is
congestion, while ascites, fluid build-up in the abdominal cavity, is a sign of
congestion and late-stage heart failure. Table 1 demonstrates that there was no
congestion of the lungs at any time point in PO rats, while the liver experienced
congestion at 28 weeks. Only a few PO rats at 28 weeks had significant fluid build
up in the abdominal cavity. Table 2 shows that lung congestion occurred only at
28 weeks in VO rats, while no congestion of the liver was observed at any time
point. VO rats displayed a few cases of ascites as early as 16 weeks. By 28 weeks,
ascites was visible in half of the rats.

5.2 Left Ventricular Mass
LVm obtained by echocardiographic methods is widely accepted and

commonly used as a marker for cardiac hypertrophy. In both PO and VO models
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we noticed a general overestimation of LVm values obtained via
echocardiography. These overes;[imations were determined upon collecting a large
number of wet heart weights following animal sacrifice (as seen Tables 1 and 2)
that were less than their corresponding echocardiographic LVm values (displayed
in Figure 5). Therefore, a linear regression analysis was performed in order to
determine the correlation between 28-week LVm values and corresponding wet
heart weights. LVm values were found to be highly correlated with wét heart
weights in PO (r=0.938) and in VO (r = 0.978) as demonstrated ianigure 5.
5.3 Left Ventricular Dimensions

In order to differentiate between concentric and eccentric hypertrophy, LV
dimensions were analyzed for chamber dimensions and wall thicknesses. Typical
M-mode echocardiograms are displayed in Figure 1. Figure 2 demonstrates the
changes that occurred in the left ventricular internal dimension (LVID), IVS and
LVPW at both diastole (Panels A, C, E) and systole (Panels B, D, F). From as
early as 2 weeks post-surgery, LVID (Panels A and B) significantly increased in
VO rats compared to controls. This trend continued to 28 weeks where VO rats
exhibited chamber dilatation at diastole that reached 140% (156% at systole) of
sham values. Conversely, no significant changes in IVS (Panels C and D) or
LVPW (Panels E and F) were found in VO rats with the exception of a slight but
significant thickening of the LVPW at 28 weeks (110% of sham values at diastole
and 105% of sham values at systole). PO rats exhibited significant thickening of

the IVS at 2 weeks which progressed to reach 117% of control values at 28 weeks.
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Also, the LVPW underwent thickening in PO rats, but reached its maximum size
by the 8-week time point in both sham and PO rats. In PO rats, LVPW was
significantly increased at all time points at diastole and systole. Subsequently, PO
rats exhibited no marked chamber dilatation; however, some time points showed
statistically significant yet marginal increases in LVID.
5.4 Systolic Function

Figure 3 demonstrates the changes in FS and EF that occurred over the time
course of changes in both PO and VO rats. In VO rats, reduced systolic function
was first noted at 2 weeks with reduced FS and EF. Both of these trends continued
throughout the time course. PO rats first displayed reduced systolic function at the
8-week time point, having both reduced FS and EF. These trends also continued
throughout the remainder of the time course.
5.5 Cardiac Output, Heart Rate and Stroke Volume

In order to differentiate between high and low output failure, CO and
cardiac index (CI), a ratio of CO-to-body weight, were measured and displayed in
Figure 4. In VO rats, both CO and CI increased significantly over time starting
from as early as 2 weeks. By 28 weeks, CO and CI more than doubled (200% and
219% of sham values, respectively). In PO rats, CO did not significantly increase
until 8 weeks. Both CO and CI at 28 weeks were only slightly, but significantly
elevated (117% and 124% of sham values, respectively).

With respect to HR, there were no significant changes between control and

experimental groups expect at the 28-week end point, where HR levels were
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elevated compared to controls in both PO and VO. As expected, stroke volume
was significantly elevated throughout the VO time course, reaching 222% of sham
values at 28 weeks. In PO rats, SV was significantly higher than controls at 8 and
16 weeks, however, this increase was relatively marginal (117% and 120% of
sham controls, respectively).
5.6 Diastolic Function

E wave, A wave and E/A ratios were collected as markers for ventricular
relaxation, compliance, and determination of diastolic function. VO rats exhibited
significantly elevated E wave and A wave values compared with sham controls
throughout the 28-week time course which resulted in an E/A ratio that
continuously decreased over time. There were no significant changes in E decel
time, IVRt or AEt. PO rats exhibited few changes in diastolic filling velocities
until the 16-week time point when both E wave and A wave values became
significantly elevated. PO rats then showed marked decreases in A wave velocities
at the 28-week end point while maintaining an elevated E wave. The resulting E/A
ratio was sharply elevated at 28 weeks. There were no changes in E decel time. PO
rats also exhibited significantly long IVRt and AEt, which are markers for

impaired myocardial relaxation and impaired LV systolic function, respectively.



Table 1. General characteristics of rats subjected to pressure overload (PO).

2 weeks 4 weeks 8 weeks 16 weeks 28 weeks
Parameter Sham PO Sham PO Sham PO Sham PO Sham PO
Heart Weight () 089%  108% 106 155+  136x 177x 139% 200& 172z 231x
188 0,03 0.08* 0.02 0.06* 0.02 0.05% 0.05 0.06* 0.03 0.09%
Body 2510+ 2438+ 3642+ 3484+ 4926+ 5065+ 6034+ 6062+ 7559+ T42.8 +
Weight (g) 9.5 5.6 4.6 577 7.4 8.3 11.6 14.6 14.5 15.6
%e(j‘ét ng;‘gh&/ 3577+ 4462+ 2921+ 4470+ 2765+ 3508+ 230.1+ 3307+ 2286+ 3103+
y welg 16.0 38.4% 4.8 18.7% 4.8 10.8% 5.4 10.8* 3.7 9.3%
(mg/100g)

Lunes WeyDry  475%  474% 428+ 457+ 442x 448 381+ 378x 393x 398%
ung Y 005 0.04 0.34 0.16 0.09 0.11 0.05 0.05 0.19 0.17
iver Wet/Dr 325+ 326+ 26l 267+ 290+ 285+ 280+ 276+ 281+ 3.04+
ver Weliry 0.03 0.05 0.02 0.04 0.01 0.03 0.01 0.02 0.02 0.08*
Ascites - - - - - - - - - +

#*P<0.05 vs. sham controls

- =0, + = few, ++ = half, +++ = most, ++++ = all

Ly



Table 2. General characteristics of rats subjected to volume overload (VO).

2 weeks 4 weeks 8 weeks 16 weeks 28 weeks
Parameter Sham VO Sham VO Sham VO Sham VO Sham vO
Heart Weight (g) 0.95 + 147 + 1.22 + 1.87 + 1.31 = 1.98 + 1.60 + 2.67 + 1.60 = 3.19 %
gntie) 003 0.09% 0.03 0.15% 0.03 0.13% 0.06 0.09% 0.03 0.17*
Body 2843+ 2833 4272+ 4246+ 5006+ 5215+ 6600+ 6668+ 7260+ 799.0+
Weight (g) 4.5 6.4 8.7 12.5 8.7 8.2 17.2 10.4 18.0 20.0%
}éeast V\:'f‘?lgt/ 3330+ S517.0+ 2852+ 4540+ 2625+ 3775+ 2296+ 4016+ 2214+ 4085+
ody welg 9.29 25.9% 7.11 31.3% 6.15 23.5% 5.19 13.9% 5.0 21.1%
(mg/100g)
Lunes Wet/D 484+ 494+ 451+ 455+ 418+ 421+ 404+ 422+ 411+ 439+
ungs Yo 021 0.26 0.11 0.06 0.12 0.11 0.22 0.10 0.04 0.05%
Liver Wet/Dr 3.06 £ 328+ 3.03 + 3.08 + 2.83 294 + 2.77 + 293 + 2.86 £ 297+
ry 0.13 0.14 0.06 0.07 0.04 0.06 0.02 0.14 0.02 0.05
Ascites - - - - - - - + - ++

*P<0.05 vs. sham controls
- =0, + = few, ++ = half, +++ = most, ++++ = all

8



Figure 1. M-mode echocardiograms of representative left ventricles from sham (A), pressure overload (B) and volume
overload (C) rats at 28 weeks.

61
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VI. DISCUSSION

Responses to PO and VO begin to occur in a similar manner, with the
development of hypertrophy that leads to a compensatory phase which is followed
by a subsequent decompensatory stage (heart failure). However, transition into
failure has been difficult to demonstrate in animal models (103, 104) and is often
inconsistent (105). Moreover, the specific mechanisms responsible for the
progression of hypertrophy and its transition into heart failure are still unknown
(105). For this reason, we conducted an extensive serial echocardiographic
analysis of both PO and VO rats in order to gain a better understanding of the
structural and functional changes that occur from the onset of cardiac hypertrophy
through to heart failure. In addition, we examined the differential changes that
occurred between the two models.

Our find'ings indicate that PO in rats led to the development of concentric
hypertrophy of the LV, low CO and general systolic dysfunction. Diastolic
dysfunction was also observed as indicated by poor compliance and reduced
myocardial relaxation capabilities. VO in rats similarly led to the rapid onset of
LV hypertrophy that was eccentric in nature. High CO and systolic dysfunction
were apparent, while diastolic function and compliance of the ventricle was
unchanged or enhanced in VO rats. Some rats from each model progressed into
congestive heart failure, and this occurred at different time points. Therefore, the
contributing factors that lead from compensated hypertrophy to overt heart failure

in either model are unclear.
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Rat models of hypertrophy that lead to heart failure have been used
extensively for studies involving cardiac function and related biochemical
changes. Modification of the technique in 1990 (76) has lead to wide use of the
aortocaval shunt model and is now well-established in studies mimicking
clinically relevant models of VO hypertrophy (105, 106). Abdominal aortic
banding is also a well-established model for inducing hypertrophy due to PO in
animals and it has been used extensively for many decades (65-67).

Early and progressive increases in heart weight along with consistently
elevated HBW ratios observed in our study suggest the early initiation and
continuous development of hypertrophy in both PO and VO models. Further, the
larger increases observed in these parameters in VO compared to PO were
indicative of the differential types of hypertrophy (concentric and eccentric) that
occur between models (7). Increased wet-to-dry weights combined with ascites
found in the abdominal cavity indicated that congestion of the lungs and the
transition to heart failure arose with greater frequency in VO rats compared with
PO rats at 28 weeks. Thus we noted that PO rats did not progress as far as VO rats
into the later stages of heart failure at 28 weeks. To our knowledge, this is a novel
finding, and few long-term time course studies of general characteristics have been
performed in rats subjected to either aortocaval shunt (106) or aortic banding (99).

In recent years, echocardiography has become a well-established method of
assessing cardiac structure and function in both human and veterinary medicine

(78). In light of recent technological advances, the resolution capabilities of
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ultrasound systems have allowed for more accurate analyses in humans and in
animals as small as rats (38, 74; 82-88) and mice (89, 90). Echocardiography is
versatile, safe, painless, non-invasive and most importantly an in vivo procedure
that allows for serial analyses on virtually any animal model (86). It is far superior
and more physiologically relevant than invasive techniques that open the chest
cavity and intubate vessels (90). Such techniques require time-consuming
surgeries with subsequent euthanasia and thus offer no opportunity for time course
studies.

Earlier studies have examined the effects of PO or VO on cardiac structure
and function via echocardiography in dogs, cats and mice (68, 107, 108).
Numerous studies have also assessed cardiac structure and function in rats
subjected to PO (82, 84, 88, 99, 109-112) and VO (37, 38, 73, 113-117). To date,
few conspecific comparative echocardiographic studies of PO versus VO using
any animal model have been performed (118-120), and long-term serial analyses
have not been carried out. Modesti ef al. (118) conducted a short-term study in
pigs that showed early cardiac adaptations, whereas studies by Carabello et al.
(119) and Plehn er al. (120) examined PO versus VO at single time points in
rabbits and dogs, respectively.

A recent study assessed M-mode and Doppler echocardiographic values in
normal male rats using a comparable anesthetization protocol and an identical
ultrasound machine and probe as used in our investigation (121). Although no

time course was assessed, their study showed reliable reproducibility with data
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corresponding to values obtained in our study conducted on rats with similar body
weights.

A strong correlation between LVm and wet heart weight was observed in
this study; however, M-mode echocardiographic determination of LVm is
relatively accurate yet highly overestimated in rats (122). Our regression analysis
showed two parallel lines, with the VO line shifted to the left relative to the PO
line. This suggests that VO rats had a greater degree of overestimation of LVm
compared to PO rats, which may be explained by differences in LV geometry
between models. Echocardiographic calculation of LVm assumes that the LV
chamber is spherical (78), which is more so the case in concentric hypertrophy
than in eccentric hypertrophy. Eccentric hypertrophy, as demonstrated in our
study, caused the LV chamber to be more oval-shaped than spherical, as one could
imagine if converting Figure 1C into a three-dimensional model of the LV. This
finding has significant clinical implications, considering LVm overestimation has
been shown to occur in patients with increased pressure (123) and volume loads
on the heart (124). These overestimations of LVm may underestimate disease
progression as all echocardiographic values are taken relative to others. However,
as the LVm increases, there is a greater degree of LVm overestimation (123).

In this study, VO rats exhibited changes in LV geometry distinct from that
observed in PO rats. In VO rats, significant chamber dilatation (increased LVID)
with little to no change in IVS or LVPW was indicative of pure eccentric

hypertrophy as seen in models of pure VO (8). In PO rats, significant increases in
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LVPW and IVS with only small increases in LVID were indicative of pure
concentric hypertrophy which is often seen in the early stages of pure PO. Most
PO studies that progress into heart failure show late stage chamber dilatation
which signifies the end of the compensatory response and the start of failure (85,
88, 99). We found that very few PO rats reached such an end stage, as seen by not
only the general lack of LV chamber dilatation, but also by the general lack of
ascites and congestion of the lungs. However, other early signs of failure did arise,
including reduced late diastolic filling velocities as well as reduced thickness of
the LVPW. Therefore, it is possible that these subtle characteristics precede the
more severe characteristics like ascites and chamber dilatation that could be
prominent in the later stages of failure.

In VO, eccentric hypertrophy is caused by myocyte elongation (7), which
contributes largely to increases in both the HBW ratio and the LVID. As the
thickness of the walls remained virtually constant in this model, evidence points to
chamber dilatation as a cause for the increase in heart mass. This may be
explained by sarcomeric replication in series, in order to accommodate for
chamber dilatation. In PO, other mechanisms were responsible for an increase in
heart weight and HBW. As only slight chamber dilatation occurred in PO,
concentric hypertrophy due to myocyte thickening was therefore responsible, as
demonstrated by the thickening of the ventricular septal and posterior walls (IVS

and LVPW, respectively) (7).
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With regard to systolic function, our results show that significant changes
in FS and EF occurred earlier in VO rats than in PO rats. Regardless, both FS and
EF slowly declined in each experimental model of heart failure, indicative of
progressive systolic dysfunction. Another difference between the two models was
that VO rats maintained an elevated CI, while PO rats did not, pronouncing the
differential changes between models, specifically that VO is a high output model
of hypertrophy and failure, while PO is a relatively low output model. As
expected, SV in VO rats was eleyated, accounting for the increased CO and
corresponding with increases in LVIDd. (See similarities between Figures 2A and
4D). A slight increase in CO found in PO rats may be attributed to elevated SV,
except at the 28-week end point, wherein CO may be affected by elevated HR.
Elevated HR in each model could be a compensatory response to maintain
adequate CO in failing hearts.

Throughout the time course of this study, diastolic filling velocities were
higher in VO rats than in PO rats. As the E wave is a marker for post-systolic
myocardial relaxation, these results were expected; higher filling velocities
equated with greater filling due to chamber dilatation. As well, the ventricular
myocytes in VO rats were expected to relax more so than in PO due to both the
lack of wall thickening in VO and the presence of fibrosis that is reported to occur
in PO (125). The fact that A wave velocity was significantly higher in VO rats
suggested better ventricular compliance than in PO rats. Further, at 28 weeks

ventricular compliance was greatly reduced in PO likely due to overwhelming
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concentric hypertrophy. Abnormal filling, also represented by altered E/A ratios,
was found in PO rats at 28 weeks, which was due to the lowered corresponding
peak A wave velocities. This suggested restrictive filling due to elevated filling
pressures (38). Other markers for impaired myocardial relaxation such as elevated
IVRt also demonstrated the inability of PO rats to relax as quickly and efficiently
as VO rats, thus further contributing to diastolic dysfunction. Also, the fact that
there were no changes in E decel time, which is a measure of LV stiffness, implies
that impaired ventricular relaxation may play a moré important role than
ventricular stiffness in the progression of PO (126).

While considering the effects of PO and VO on cardiac structure and
function, one must also consider whether gender differences play a role in the
cardiac response to these stimuli. It has been shown in rat studies that females are
generally more resistant to hypertrophic stimuli than are males. Gardner et al.
(127) showed that both male and female rats display increased LVm values after 8
weeks of VO due to aortocaval shunt, however, male rats had a much greater
degree of hypertrophy than did female rats. Male rats also showed significant
dilatation, increased compliance and signs of coAngestive heart failure, while
female rats exhibited no changes in these parameters. Despite these alterations,
male and female rats had comparable HR, SV and CI values. Similarly, 20 weeks
of PO in aortic-banded rats (but not 6 weeks) gave rise to gender-specific
responses. However, female rats in this study showed a greater degree of LV

hypertrophy than did males. Regardless, males displayed a transition to heart



63

failure though late-stage LV dilatation, elevated wall stress and diastolic
dysfunction. Male rats also had increased collagen levels compared to females
(128). These studies indicate that gender plays a significant role in the response to
hypertrophic stimuli, and that the mechanisms underlying female resistance to
heart failure should be studied further.

Echocardiography alone cannot distinguish physiological from pathological
hypertrophy or the transition that may occur from the former to the later (84).
However, data on cardiac structure and function may help to make our
understanding of this transition more evident. Further, a better understanding of
the mechanisms underlying hypertrophy and cardiac remodelling will allow for
intervention and the prevention of heart pathologies. Moreover, understanding the
differences between PO and VO hypertrophy, their causes and their consequences,
will allow for better diagnosis and more specific interventions in the future. The
next step in our research will be to look more closely at the subcellular
mechanisms responsible for changes in cardiac contractile function, specifically
the Ca2+-handling proteins that have been singled out as critical players in altering
cardiac contractility (110).

Our study is novel in that it is the first comparative, serial analysis to be
conducted on animals of the same species over a similar time course. We have
characterized the onset and progression of hypertrophy and heart failure in two rat
models via echocardiography and found that PO and VO in rats induced

differential changes in cardiac structure and function.
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