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ABSTRACT

Left ventricular hypertrophy (LVH) refers to the compensatory enlargement of the heart

aimed at reducing the stress caused by pressure overload (PO) or volume overload (VO)

and maintaining adequate blood supply to tissues and organs; however, sustained

hypertrophy leads to heart failure. The mechanisms underlying the transition from

hypertrophy to heart failure are poorly understood. The aim of this study was to examine

the involvement of cardiac sarcoplasmic reticulum (SR) in the development of contractile

dysfunction due to PO or VO. We hypothesized that hypertrophy due to PO or VO will

induce cardiac contractile dysfunction that will be associated with changes in the function

of the SR. We also hypothesized that the alterations in SR calcium Gt\ handling and its

regulation due to PO will be distinct from those induced by VO.

PO and VO were induced surgically by performing abdominal aortic banding and

aortocaval shunt procedures, respectively. Cardiac structure and function were assessed

via echocardiography at 2, 4, 16, and 28 weeks following the surgeries. SR function and

its regulation were also examined. Over the course of the study, PO rats exhibited

progressive thickening of LV walls while VO rats demonstrated progressive dilatation of

LV cavity. Rats subjected to PO exhibited signs of diastolic dysfunction from 4 weeks

onwards while systolic dysfunction became evident only after 28 weeks. In contrast, in

VO rats, only systolic function was impaired at 16 as well as at 28 weeks. SR Ca2*-

uptake was enhanced in PO as early as 4 weeks, but not in the VO group. SR Ca2*-uptake

was elevated at 16 weeks, which conesponded to higher levels of sarco/endoplasmic

reticulum Ca2*-ATPase (SERCA2a) (inboth PO and VO) and increased phosphorylation

of phospholamban (PLB) at Serl6 and Thr17 (only in PO). At 28 weeks, SR Ca2n-uptake



normalized to control levels in PO hearts while it still remained elevated in VO. Ratio of

PLB:SERCA2awas unchanged in both PO and VO at 28 weeks. The observed reduction

of the Ca2*-uptake at 28 weeks in PO could be due to the increased activities of the

phosphatases. Interestingly, in VO, reduced kinase and increased phosphatase activities

did not impair SR function. We conclude that the progression of hypertrophy due to PO

and VO in rats is accompanied by differential alterations in cardiac structure and

function, as well as in SR function and its regulation.
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I.INTRODUCTION

Heart failure is a leading cause of mortality in most parts of the developed world

(4,8) and it is simply defined as the inability of the heart to deliver adequate amounts of

blood to tissues and organs. Heart failure is a progressive condition that is often preceded

by cardiac hypertrophy - a compensatory enlargement of the heart resulting from

hemodynamic stress. As a consequence of the hypertrophic response to pressure

overload (PO) or volume overload (VO), the heart undergoes remodellingby a series of

changes in its structure and function (16,37,56,58). Cardiac hypertrophy, in its early

stages, is an adaptive mechanism that offsets the stress the heart is subjected to; however,

sustained hypertrophy leads to heart failure. There are many diseases, such as

hypertension, ischaemic heart disease, valvular heart disease, myocarditis,

cardiomyopathy and diabetes that are associated with abnormal hemodynamic load (PO

or VO) on the walls of the heart andlor lead to the activation of the sympathetic nervous

system, the renin-angiotensin system (RAAS) and various other mediators (3,5,6,16,37).

Cardiac hypertrophy induced by either PO or VO are distinct phenomena likely mediated

through different mechanisms (16,37,55-60). 'While PO results in concentric hyperlrophy

wherein the ventricular wall thickness increases without simultaneous chamber

enlargement, VO results in eccentric hypertrophy wherein the chamber volume increases

without any change in the ventricular wall thickness (16,56).

Volume overload is characterizedby an increase in diastolic stress which induces

replication of sarcomeres in series resulting in increased myocyte length and increased

left ventricular cavity size. This remodeling process, also known as eccentric remodeling,

allows the ventricle to increase its total stroke volume to compensate for the excess



volume. Pressure overload induces concentric remodeling of the left ventricle. Concentric

remodeling is characterized by the replication of sarcomeres in parallel resulting in

increased myocyte diameter, thereby leading to the thickening of the LV walls and the

normalization of wall stress (16,37,55-60).

Contractile dysfunction is the hallmark of heart failure. It is now well established

that the sarcoplasmic reticulurø (SR), an intracellular membranous network, plays a

central role in modulating cardiac contractility through its ability to regulate intracellular

calcium (Cu'*) levels which are essential for cardiac contraction and relaxation

(54,103,109). Due to its critical role in the control of intracellular Ca2* homeostasis,

irregularities in cardiac systolic and diastolic function can be linked to alterations in SR

function (152-154). SR Ca2*-uptake was reported to be compromised in PO and VO

hearts (161-163,249,250); however, the major challenge lies in discovering the

mechanisms by which this occurs.

The two major channel proteins associated with Ca2*-release from the SR and

Ca2*-uptake back into the SR are the Ryanodine Receptor (RvR) and the

sarco/endoplasmic reticulum Ca2*-ATPase (SERCA2a), respectively

(54,104,105,109,110,113). There are other important regulatory proteins, such as SR-

associated c-AMP dependent protein kinase A (PKA), Ca2*-calmodulin dependent

protein kinase II (CaMKII), protein phosphatases I and II (PPI, PPII), phospholamban

(PLB) and FKBP12.6, which can alter the activities of SR-associated channel proteins

and thereby affect SR Ca2* movement during contractile cycle of the muscle

(106,177,118,122,192,255).It is therefore feasible that impairment of SR Ca2*-cycling

and regulatory proteins may lead to cardiac contractile dysfunction in the diseased heart.



The mechanisms underlying the transition from compensatory hypertrophy to

heart failure still remain unclear and are therefore a prime area of cardiovascular

research. The present study aims to examine the changes in cardiac contractile function

and SR function and its regulation in well-established rat models of PO- and VO-induced

hypertrophy leading to heafi failure (199).



II. LITERATURE REVIEW

2.lHeart Failure - Definition, Causes and Prevalence

Old and outdated def,rnitions describe heart failure as a multifactorial syndrome

wherein the heart's ability to pump sufficient blood to meet the metabolic demands of

organs and tissues is compromised. The modem definition of heart failure, in addition to

encompassing pathophysiology of the organ itself, also recognizes the importance of

complex pathological alterations occurring at the cellular, subcellular, and molecular

levels (1). Diseases such as hypertension, ischemic heart disease, valvular heafi disease,

cardiomyopathy, myocarditis, diabetes and others can often result in heart failure if left

untreated (2-7).

Heart failure is a leading cause of mortality and it is a major public health

problem in most parts of the world (4,8). In westem societies, the incidence of death

related to cardiovascular disease has approached the 50%o mark and continues to rise

dramatically (4,8-10). Such staggering numbers underscore the necessity of exploring

new strategies in the treatment and prevention of heart failure and other cardiovascular

conditions that might lead to heart failure. Research on the molecular mechanisms that

underlie the progression of heart disease into heart failure will be an essential tool in

devising new therapeutic interventions for combating this condition in the future.

2.2 General Cellular Events in Diseased Heart:

Oxidative stress, necrosis, apoptosis, and fibrosis are pathophysiological events

that are commonly observed/associated with the end-stage heart failure (overt heaft

failure) and cardiac hypertrophy (pre-heart failure stage) (4,II-16).



2.2.1Oxidative Stress

The progression of hypertrophy and the development of heart failure have been

linked to oxidative stress (17-19). Reactive oxygen species (ROS), such as nitric oxide

(No), hydroxyl radical (oH'), superoxide anion (oz-), hydrogen peroxide (H2o2) and

peroxynitrite (ONOO-) are by-products of aerobic lifestyle (20). While at the same time

playing a number of important regulatory and signaling roles, ROS have also been

implicated in a number of pathophysiological conditions such as inflammation,

cardiovascular diseases and neurodegenerative diseases (20-22). When present in

abnormal quantities ROS can outcompete natural antioxidant defense systems, thus

creating an imbalance (oxidative stress) which results in different pathologies. There is a

strong association between heart disease and overactivation of the renin-angiotensin-

aldosterone system (RAAS). It has been shown that increased levels of aldosterone and

angiotensin II (Ang II) promote myocardial production of ROS which in turn cause

cardiac dysfunction (23,24). Several molecular studies have shown the overproduction of

ROS is related to overactivation of NAD(P)H oxidase and xanthine oxidase, low levels of

NO derived from endothelial nitric oxide synthase (eNOS) and a dysfunctional

mitochondrial electron transport chain in hypertrophy and hearl failure (4,23-21).

Oxidative damages to mitochondrial electron transport chain proteins and mitochondrial

DNA renders cells incapable of producing ATP, ultimately leading to an energy deficit,

abruption of energy-demanding cellular processes and cell death (27-29). Another

common feature of hyperlrophy and heart failure is a lack of adequate perfusion of the

organ in the face of increased oxygen demand (30). This also results in a depletion of

energy stores (ATP and creatine phosphate) due to the lack of oxygen, thus reducing the
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capacity of the cardiomyocytes to carry out oxygen-dependent, energy-yielding metabolic

processes such as oxidative phosphorylation (1,28,31). Moreover, there are important

antioxidant enzymes, such as superoxide dismutase (SOD) and glutathione peroxidase

(GPx), the levels of which have been shown to be altered in hypertrophy and heart

failure. The levels of these enzymes have been reported to be upregulated in a pressure

overload (PO) model of cardiac hypertrophy and downregulated in heart failure (17,18).

2.2.2 Apoptosis

Apoptosis is defined as "cell suicide" or "programmed cell death". In contrast to

necrosis, which is characterized by cell lysis and spillage of the intracellular material,

apoptosis is characterized by the shrinkage, disintegration and removal of the cell in a

"clean" fashion (32). Although the rate of apoptotic cell death was shown to be

significantly elevated in ischemic heart disease, hypeftrophy, and heart failure, the actual

contribution and significance of apoptosis in progression of heart disease and in the

development of heart failure has not been agreed upon yet (4). The apoptotic cascade can

either be initiated at the level of cell surface receptors in which case it is termed the

extrinsic apoptotic pathway or at the level of mitochondria in which case it is termed the

intrinsic pathway (32,33). The activation of death receptors such as Fas/FasL or tumor

necrosis factor receptor (TNFR) activates caspase 8 which in turn activates procaspase 3

(32,33). The activated and cleaved form of procaspase 3, caspase 3, then triggers the

downstream proapoptotic machinery (32,33). Activation of the mitochondrial death

pathway is triggered by intrinsic factors, such as oxidative stress and ischemia. Cellular

stress can lead to the activation of proapoptotic Bax and Bad family proteins, which in

turn leads to the release of cytochrome c (cyt c) from mitochondria by increasing the

11



permeability of the mitochondrial membrane (32,33). The release of cyt c ultimately

results in the activation of caspase 3 which sets in motion the rest of apoptotic cascade

(32,33).In addition to the stimulation of sarcolemmal receptors, apoptosis can also be

initiated by hypoxia, oxidative stress, calcium overload, and by hormonal factors, such as

Ang II and tumor necrosis factor-alpha (TNFo) (13). Several groups have reported

beneficial effects of apoptosis inhibition (via the inhibition of caspase signaling) on the

heart in different experimental models (34-36). It has also been shown that apoptotic

signaling inhibition results in the preservation of cardiac function as well as in the

attenuation of maladaptive remodelling (36).

2.2.3 Fibrosis and ECM remodeling

Fibrosis is defined as an excessive deposition of extracellular matrix (ECM)

proteins, such as collagen and fibronectin (13). This matrix remodeling is commonly

observed in the hypertrophied myocardium and is the result of an imbalance between

deposition and breakdown of the matrix material. In the hypertrophied heart, the fibrotic

process is usually a consequence of the stimulation of fibroblast proliferation by

transforming growth factor-beta (TGFP) and other humoral factors, and is paralleled by

an ovelproduction of collagen (13,16). Due to the overabundance of fibrillar collagens,

overt fibrosis is associated with increased passive stiffness of the myocardium which

leads to impaired relaxation as well as systolic dysfunction (13). The important regulators

of interstitial matrix remodeling are matrix metalloproteinase (MMP) enzymes and their

negative regulators, tissue inhibitors of MMPs (TIMPs). While MMPs are involved in the

breakdown of f,tbrous material, TIMPs prevent further degradation by inhibiting the

MMPs. Under normal conditions, the balance between MMP and TIMP activities is

12



tightly regulated, however, in the failing heart or in post-myocardial infarction (MI)

remodelling there is an overactivation of MMPs thus leading to degradation of the ECM

and subsequent cardiac dilatation (l 6,37,3 8).

2.2.4 Neurohormonal Stimuli in Diseased Hearts

It is well known that the adrenergic system and the RAAS are overactivated in the

instances of hypertrophy and heart failure (13). It is also well established that B-

adrenergic system gets activated when more load is placed on the heart, such as during

the "fight or flight" response. Activation of the B-adrenergic system initiates a signaling

cascade within the heart that improves contractility and increases heart rate, both of

which is being required to meet the increased metabolic demands of the body. However,

animal and human studies have demonstrated a reduced contractile response of the

hypertrophied and failing heart to B-adrenergic stimulation (39-41). It seems that the

overactivation, which is initially beneficial to the stressed myocardium, becomes

maladaptive and inefficient if prolonged, and leads to increased energy demand,

ischaemia, apoptosis and calcium imbalances (13). In heart failure patients, the heart is

unable to perform well under situations of high physical stress due to the defective

response of the heart to B-adrenergic stimulation. Overactivation of the adrenergic system

leads to stimulation of MMPs which further exacerbate the pathological remodeling

process (16,42) Activation of the RAAS and corresponding cellular signaling has been

similarly associated with adverse cardiac remodeling, cardiac dysfunction, ROS

ovetproduction, apoptosis and inflammation (4). Many studies have shown an increase in

the levels of profibrotic cytokines (TGFB) and proinflammatory cytokines (TNFa, and

interleukin-6) in the failing hearls in response to RAAS activation (16,43,44). However,
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stretch induced release of TNFû, initially has salutary consequences as it has been shown

that TNFu, can interact with cardiotrophin 1 (CT-1) leading to gpl30 receptor stimulation

and subsequent adaptation in the instances of volume overload (VO) or antiapoptotic

response in PO myocardium (76,45,46). On the other hand, prolongation of RAAS

overactivation leads to oversecretion of TNFo and a negative outcome.

2.3 Cardiac Hypertrophy - Definition and Causes

Heart failure is often preceded by cardiac hypertrophy although there are

conditions that can result in heart failure, such as sudden cardiac death, without the

involvement of the hypertrophic response. Cardiac hypertrophy refers to enlargement of

the heart which is characterizedby the increase in cardiac cell mass without concomitant

cell proliferation. Many disease conditions that ultimately lead to heart failure are known

to impose biomechanical stress on the heart resulting in cardiac remodeling and

hypertrophy (10,73,47-49). Irrespective of the primary cause, the hypertrophic response

is thought to be a compensatory mechanism in its initial stages as it allows the heart to

counter the insult, and enable it to adapt and match the demands of the body. A

compensatory hypertrophic response includes activation of the sympathetic nervous

system, the RAAS and various other mediators (6,50-53). As a consequence of this

response, the heart undergoes remodelling by a series of changes in its structure and

function (6,37,50-55). Although hyperlrophy may be beneficial to the stressed

myocardium, sustained hyperlrophy leads to heart failure. In the adult heart, the

hypertrophic response is characterized by re-induction of fetal genotype, increased

contractile protein synthesis, ECM remodeling, apoptosis, and restructuring of

t4



myofibrils. These alterations ultimately lead to left ventricular (LV) heart failure

(6,37 ,50-53,55).

2.4 Pressure Overload (PO) versus Volume Overload (VO) Induced Cardiac

Hypertrophy

Hypertrophy may be categorized into two types: pressure overload (PO) or

volume overload (VO) (16,37,55-60). Cardiac hypertrophies induced by PO or VO are

distinct phenomena likely mediated through different mechanisms (16,37,55-60). The

mechanisms underlying the transition from hypertrophy to heart failure are poorly

understood and are therefore a prime area of cardiovascular research.

2.4.1 Pressure Overload

Pressure overload on the heart occurs in many clinical settings that include

hypertension, mitral valve stenosis and aortic valve stenosis. V/hen subject to one of

these negative stimuli, the heart undergoes concentric remodeling in order to normalize

wall stress from the increase in pressure placed on the cardiac tissue. Concentric

remodeling of the LV involves thickening of the septal and posterior walls via the

replication of sarcomeres (contractile units of a muscle) in parallel. Thus, an increase in

pressure is reduced by an increase in wall thickness (16,37,55-60). In a clinical setting of

hypertension, excess pressure is placed on the heart as it attempts to eject blood into the

constricted and narrowed arteries (7). In aortic valve stenosis, the aortic valve cannot

open properly thus placing additional pressure on the ventricles to pump blood through it

(61). Hypertrophic cardiomyopathy is a genetic disease which is characterized, by

mutations of sarcomeric proteins that affect their contractile properties. These mutations

15



contribute to cardiac dysfunction, PO, and also concentric remodeling of the LV chamber

(62).

2.4.2Yolume Overload

The other type of cardiac hypertrophy, VO, occurs in different clinical situations

such as anemia, heart block, regurgitant mitral or aortic valves, atrial or ventricular septal

defects, and other congenital diseases (16,37,55-60). The response to any one of these

stimuli is eccentric hypertrophy and it results from an increase in diastolic stress which

causes replication of sarcomeres in series, thereby increasing myocyte length and leading

to increased chamber size (16,56). These changes allow the ventricle to increase its stroke

volume to compensate for the excess volume of blood returning to the ventricle

(16,37,55-60). In a clinical setting of mitral regurgitation, the mitral valve becomes

defective and cannot close properly which in turn allows blood to flow back into the

ventricles (63). In congenital heart disease, the presence of a hole in the septal wall (wall

that divides left and right ventricle) enables abnormal blood flow between ventricles with

an increased volume of blood entering the receiving ventricle @{. Increased venous

return to the heart, and hence VO, also occurs in anemia when there is a reduction in the

viscosity of blood and arterial dilatation (65).

2.5 Molecular Mechanisms of Cardiac Hypertrophy

The molecular mechanisms underlying the progression of cardiac hypertrophy

from its developing stage to the decompensatory stage and ultimately heart failure have

not been elucidated yet and thus remain an important focus of cardiovascular research.

The cardiac hypertrophic response is initiated by a combination of mechanical andlor

t6



hormonal factors resulting in the re-induction of certain genes which bring about the

remodeling of cardiomyocytes (7 6,37,5 5 -60,66,67 ).

2.5.1 Mechanotransduction in Cardiac Hypertrophy

The exact mechanism detailing how an extracellular mechanical stimulus, such as

PO or VO, is translated into biochemical signals inside the cell that ultimately results in

the re-organization of contractile units (sarcomeres) is not well understood. There are

currently two possible transducers, namely integrins and mechano-sensitive ion channels,

which are thought to trigger the expression of certain hypertrophic genes by transmitting

physical stress into a set of biochemical signals and molecular pathways inside the cell

(67-10).Integrins transmit physical force by undergoing conformational changes which

affect their binding interactions, or, indirectly, by passing on a mechanical stimulus to

other adjacent cytoskeletal proteins (67). Mechano-sensitive ion channels adopt an open

conformation in the presence of physical stress allowing an influx of Caz* ions. Once

inside the cell, Ca2* ions act as secondary messengers to activate calcineurin and

calcium/calmodulin-dependent kinase II (CaMKII), among many other important

calcium-dependent effectors (68). Once activated by Ct* ions, calcineurin and CaMKII

become integrated into elaborate signal transduction pathways that ultimately alter gene

expression. In addition to the aforementioned players, other candidates for

mechanotransduction include the sarcomere, cytoskeletal elements such as microtubules,

and the intranuclear stretch-induced changes in chromatin (67,70). Despite a relative lack

of information on the topic, stretch-induced mechanotransduction is generally accepted to

be an impofiant component in the heart's ability to adapt to pathologic stimuli.
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2.5.2Hormonal Factors in Cardiac Hypertrophy

Cardiac hypertrophy can also be initiated by hormonal mediators. As with

mechanotransduction, hormonal activation is also benehcial to the stressed heart;

however, it contributes to maladaptive response down the line (16,31,55-60,67-10).

Activation of the B-adrenergic system, and increased production of Ang II, endothelin

(ET) and growth factors, either alone or in combination with other factors, stimulate

cardiac remodeling. This stimulation is initiated at the level of G-protein coupled

receptors (GPCRs) followed by the activation of Gs protein in the case of B-adrenergic

system, or Gq protein in response to Ang II, ET, and growth factors. Upon B-adrenergic

stimulation, Gso, associates and activates adenylyl cyclase (AC) which catalyzes the

conversion of adenosine monophosphate (AMP) into cyclic AMP (cAMP) which in turn

activates cAMP dependent protein kinase A (PKA) (71,72). PKA phosphorylates and

regulates the function of Ca2* handling proteins at the levels of the sarcolemma (the cell

membrane of a muscle cell) and the sarcoplasmic reticulum (SR). Prolonged activation of

PKA has been shown to lead to increased intracellular Caz* concentration (71,71). The

outcome of B-adrenergic receptor activation is regulated downstream by the levels and

the activity of stimulatory Gs proteins and inhibitory Gi proteins. The balance between

Gs and Gi proteins determines the activity of AC. Hormones like Ang II lead to

activation of Gq proteins which associate with different isoforms of phospholipase C-beta

(PLCP). PLC catalyzes the reaction in which phosphatidylinositol bisphosphate (PIP2) is

converted into inositol 1,4,5-trisphosphate (IP¡) and diacylglycerol (DAG), both

important secondary messengers; IP3 leads to increases in intracellular Ca2* and DAG

activates protein kinase C (PKC) (7I,72).
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It has been shown that chronic activation of B-adrenergic receptor signaling can

induce the development of pathological hypertrophy (53). Overexpression of the

mediators of B-adrenergic signaling in the heart, namely, B(1)-adrenergic receptor (73),

its associated G-protein, Gso (74), and its downstream effector, pKA, has been

demonstrated to result in ventricular hypertrophy (75). However, a depression of Gsu, has

also been linked to cardiac hypertrophy in PO and VO hearts (76). Similarly,it is well

known that ch¡onic activation of potent vasoconstrictor peptides such as Ang II, and ET-1

plays a prominent role in the pathogenesis of maladaptive hypertrophy (77-79). The

prohypertrophic role of Ang II has been elucidated through studies wherein the cardiac

overexpression of angiotensinogen (the precursor of Ang I), angiotensin converting

enzyme (ACE) (which catalyzes the conversion of Ang I to Ang II) and Ang II receptor

type I (AT1R) was shown to produce hypertrophy (77-79). The overexpression of ET-l

also resulted in ventricular hypertrophy (80). As with B-adrenergic signaling, the

overexpression of ET-1 and Ang II signaling mediators, namely, Gq protein and its

downstream effectors PKCB and PKCe has been demonstrated to result in cardiac

hypertrophy (81,82). Pathological hypertrophic response has also been associated with

cytokines, such as interleukin-l (IL-l), IL-6 and TNF, and growth factors such as

myotrophin, platelet-derived growth factor-C (PDGF-C), TGFP and nerve growth factor,

the overexpression of which led to the development of cardiac hyperlrophy (83-89).

Both hormonal factors and physical stress trigger a wide array of complex

intracellular signaling pathways which result in altered gene expression and ventricular

remodelling. Many of these pathways rely on important downstream effector molecules

such as, calcineurin, CaMKII, PKA, glycogen synthase kinase 3p (GSK3p) which liave

l9



been implied as mediators of maladaptive ventricular remodeling (16,37,55-60,90,91).

These effectors, in turn, regulate the activity of several transcription factors via

phosphorylation or dephosphorylation. The activation of transcription factors implicated

in maladaptive remodeling, such as, inducible oAMP early repressor, nuclear factor of

activated T cells (NFAT), myocyte enhancer factor 2 (MEF2) and GATA-4, re-induce the

expression of different gene produ cts (7 6,37,55 -6 0,90, 9 I ).

2.6 P atholo gical Versus Physiolo gical Hypertrophy

2.6.1 Physiology of Pathological versus Physiological Remodelling

As already stated, cardiac hypertrophy is defined as enlargement of the heart

which is due to an increase in the size of the individual cardiomyocytes. The hypertrophic

process is a part of a normal developmental process that enlarges the heart to match the

increasing metabolic demands of the growing body (92). Developmental hypertrophy,

therefore, is a physiological process which is beneficial and essential for survival.

Cardiac hypertrophy also occurs as a result ofpregnancy and physical exercise and it is

commonly observed in trained athletes (4,93). The nature of physical exercise will also

determine the kind of physiological remodeling and the final phenotype of the heart. For,

example, isometric exercise, such as weight-lifting, imparts pressure overload on the

heart resulting in concentric remodeling, whereas isotonic exercise, such as running or

swimming, leads to eccentric remodeling which is due to volume overload (92,93,94).

Pathological hyperlrophy, as mentioned before, also develops as a result of PO and/or

VO. However, while hemodynamic overload is intermittent in exercise-induced

hypertrophy, the chronic stimulus that occurs in pathological hypertrophy might explain

the maladaptive nature of hypertrophy in a clinical setting of PO and VO. In addition,
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physiological hypertrophy is reversible upon termination of exercise regimen, whereas

pathological hypertrophy in its advanced stages may only be partially reversed with

treatment. However, due to the lack of efficient treatment strategies, cardiac hypertrophy

as observed in different clinical settings is a major independent risk factor which predicts

the subsequent development of heart failure.

2.6.2 Intracellular Signalling in Physiological versus Pathological

Hypertrophy

From a molecular point of view, pathological and physiological hypertrophy

appear to be involved in recruiting different molecular pathways, although the exact

mechanisms responsible for adaptive versus maladaptive cardiac remodeling have not

been elucidated yet. It has been demonstrated that pathological hypertrophy is

characterized by an increase of intracellular Ca2* levels and the stress- or hormonally-

induced activation of Gq/PLC/PKC pathway (95). In contrast, it has been shown by

animal studies that exercise induced hypertrophy is associated with insulin-like growth

factor I receptor (IGFIR) signaling which involves activation of the phosphatidylinositol

3-kinase (PI3K) and its downstream effectors, such as protein kinase B (AkÐ (4,92,96-

99). Inactivation of this pathway, by knocking out the aktl gene prevented exercise

induced hypertrophy in rats (92,99).Inactivation of the same pathway in rats subjected to

PO, however, did not prevent cardiac hypertrophy, which indicated this signaling

molecule as one of the cellular markers capable of distinguishing pathological and

physiological remodeling (57,95,96,98,99). Furthermore, it has been shown that

overactivation of the p110o isoform of PI3K has a protective role in a mouse model of

PO and operates by attenuating pathological growth and fibrosis (100). On the other
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hand, Ang II, TNFa, or ET-l induced activation

and PKC (some isoforms) has been implicated in

maladaptive hypertrophy (4,92,9 5).

2.7 Calcium Handling in Normal Heart

of p38, c-Jun N-terminal kinase (JNK)

pathophysiological signaling leading to

Calcium homeostasis is crucial for cardiac contraction and relaxation. Under

normal physiological conditions, as the action potential gets propagated down the cell

membrane, it ultimately reaches the t-tubules, which can be simply described as

invaginations of the cell membrane. The t-tubule membrane contains dihydropyridine

receptors (DHPR) or L-type voltage gated, Ct* channels in close proximity to the

sarcoplasmic reticulum (SR). Depolarization of the t-tubules leads to the opening of L-

type Ct* channels on the sarcolemmal (SL) membrane of the t-tubules and subsequent

entry of Ca2* from the extracellular space into the cell (54,101,102). This is termed

inducer Ca2* as it binds to Ca2* release channels (RVR) on the SR causing these channels

to open and release massive amounts of Ct* from the SR into the cytosol (54,101,102).

This process is thus termed Ca2*-induced Ca2* release (CICR) and is the major

mechanism whereby the contraction of the heart is generated. The abundant release of

Ca2* ions leads to contraction, which is mediated by the interaction of these ions with the

contractile elements or myofibrils (54,101 ,102). Contraction is terminated when Ca2*

dissociates from the myof,rbrils and is actively pumped back into the SR by

sarco/endoplasmic reticulum Ca2* ATPase (SERCA), as well as by extrusion out of the

cell by the sarcolemmal (SL) Sodium-Calcium Exchanger (NCX) and SL Ca2*-ATPase

(54,101 ,102). SERCA accounts for the majority of Caz* removal (75-g0o/o, varies from

species to species), whereas the SL Ca2* handling proteins account for the remainder
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(54,103,104). Once the Ct* levels in the cytosol are reduced by the aforementioned

processes, relaxation occurs and the cycle can take place again.

2.7.1 SR Function in Normal Heart

It is now well established that the major player involved in regulating intracellular

calcium (Cu'*) concentrations essential for cardiac contraction and relaxation is the

sarcoplasmic reticulum (SR) (54). As mentioned earlier, SR Ca2*-uptake occurs through

SERCA2a (110 kDa), an integral protein present in the SR membrane. The function of

SERCA2a is regulated by the low molecular weight protein phospholamban (27 kDa)

which interacts with the cytosolic portion of SERCA2a (105-107). When in its

unphosphorylated form, phospholamban (PLB) acts as a negative regulator of SERCA2a,

thus preventing Ca2*-uptake into the SR (106,107); ye| upon phosphorylation by

regulatory proteins such as CaMKII and PKA, this inhibition is relieved (I07,108). Since

SERCA2a accounts for the majority of Ca2* re-sequestration into the SR and since the

extent of SR loading determines the extent of subsequent Ca2*-release, SERCA2a is

therefore regarded as not only the major determinant of cardiac relaxation but also of

cardiac contractility (109,110). Interestingly, it has been shown that a minor leak of Ca2*

from the SR of isolated cardiomyocytes through SERCA2a operating in reverse mode can

generate ATP (111).

The release of Ca2* from the SR occurs through the Ryanodine Receptor (RyR),

an integral 565 kDa SR membrane protein (112,113). In cardiac muscle cells, RyR2 is the

dominant isoform. The function of RyR2 is regulated by FK506 binding protein 12.6

(FKBP12.6) (1i2,113). Unlike PLB, FKBPI2.6 does not inhibit RyR2 but rather

stabilizes its closed conformation thus preventing diastolic leak of Ca2* ions from the SR
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and preserving optimal intraluminal SR Ca2* levels (112,113). The RyR2 is also

regulated by calsequestrin (CSQ), an intraluminal (45 kDa) SR protein concerned with

Ca2* storage. This interaction, however, is not direct and occurs through the formation of

a complex that includes RyR2 and CSQ, as well as junctin and triadin, which are located

in the SR lumen (114,115).

2.7.2 SR Regulation in Normal Heart

The function of the SR is regulated through a balance between protein

phosphorylation by kinases and dephosphorylation by phosphatases. In the heart, the

activities and function of the SR-associated C** handling and regulatory proteins are

modulated by kinases, such as CaMKII and PKA, and phophatases, such as protein

phosphatase I (PPI) and protein phosphatase2A (PP21t) (i 16-119). Specifîc regulation of

Ca2* handling proteins is attained through anchoring proteins that allow the formation of

complexes wherein the kinases and phosphatases are brought into close proximity of their

target SR proteins (119,120). The localization of kinases and phosphatases relative to the

SR membrane facilitates their interaction with SR membrane proteins, allowing them to

specifically target and control the status of the SR proteins.

It has been reported that both PKA and CaMKII are endogenous to the SR having

the ability to phosphorylate various SR proteins (121-123). It is well known that both

PKA and CaMKII promote Ca2*-uptake by phosphorylating PLB which in turn

disinhibits SERCA2a and allows it to pump more Ca2* into the SR (106,107). When it

comes to phosphorylation of PLB, PKA mediates phosphorylation at Serine 16 (Serl6)

residue while CaMKIi targets the Threonine 17 (Thr17) residue. The phosphorylation of

Ser16 is reported to be required for subsequent phosphorylation of Thr17 (124,125);
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however, both are thought to improve Ca2*-uptake by increasing Vmax and/or increasing

the affinity of SERCAZa for Ca2* ç124-129). Direct phosphorylation of SERCA2a by

CaMKII at the Ser38 has also been reported and this modification has been shown to

promote Ca2*-uptake as well (130-132). However, this finding has been challenged by

some other studies which showed no change in Ca2*-uptake upon phosphorylation of

SERCA2a by CaMKII (133,134).

The rate of Ca2*-release is determined by the open probability of RyR channels. It

has been reported that PKA-dependent phosphorylation of RyR2 at Ser2809 residue

stimulates the open conformation of RyR2 and thus promotes Ca2*-release (113,135-

137). The phosphorylation of RyR2 is thought to increase dissociation of FKBP12.6 from

the channel which, in turn, would favor its open state (113). This view, however, has

been challenged as some studies have shown that PKA-mediated phosphorylation of

RyR2 does not affect the rate of Ca2*-release from the SR (138). In addition, CaMKII has

also been shown to positively regulate Ca2*-release through RyR2 by increasing the

responsiveness of the channel to Ca2+ ions and increasing its open probability (139). As

with PKA, CaMKII can phosphorylate at Ser280812809 as well as at Ser2815, which

appears to be the CaMKII specific target site on RyR2 (139,140). There is less

information available in the literature on the status of protein phosphatases in the context

of SR regulation in the heart. The two major PPs present in the heart are PP1 and PP2A

and they account for 90%o of phosphatases in the heart (14i,142); other important

subtypes of the PP2 family include PP2B and PP2C (141,142). PPl has been shown to

negatively regulate Ca2*-uptake by dephosphorylating PLB at both Serl6 (PKA site) and

ThrIT (CaMKII site) thus leading to increased inhibition of SERCA2a (143,144). The
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rate of Ca2*-release may also be regulated through dephosphorylation of RyR2 by PP1,

PP2A, and PP2B which could in turn reduce the extent of Ca2*-release (1 13,119,145).

2.8 Calcium Handling in Cardiac Hypertrophy and Heart Failure

Many studies have implicated aberrant Caz* handling in cardiac hypertrophy and

other cardiovascular diseases. The intracellular Ca2* concentration is predominantly

regulated by the SR. Upon stimulation, this organelle releases Ca2* into cytosol where it

interacts with contractile proteins and induces a series of conformational changes in these

proteins resulting in cardiac contraction. Relaxation occurs as the levels of C** return to

normal via active Ca2* re-uptake back into the lumen of the SR. Several studies have

reported abnormal Ca2* handling in PO at the level of the SL as well as the SR. The

activity of sarcolemmal L-type Ct* channel was found to be unaltered in the

compensated stage and increased in the decompensated stage of PO-induced hypertrophy

(146,147). Other studies have repofied reduced activity of NCX in compensatory

hypertrophy, induced by aortic banding, in spite of increased expression of the exchanger

(148). Oxidative stress, which is known to occur in hypertrophied and failing hearts, has

been implicated in altered Ca2* handling by the SL as well as the SR (22,149- 1 5 1).

2.8.1 Sarcoplasmic Reticulum in Heart Disease

Contractile impairment is the hallmark of heart failure. Due to its critical role in

the control of intracellular Caz* homeostasis, irregularities in cardiac function have been

linked to alterations in SR function (152-154). Numerous studies have reported changes

in SR function as well as the status of SR-associated Ca2* handling proteins in diseased

heart (152-i58). The importance of SERCA2a and RyR2 has been demonstrated in

mouse knockout studies. Deletion of the SERCA2 gene generated no homozygous
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mutants, whereas absence of the RyR2 gene resulted in embryonic lethality in mice

(159,160). Therefore, these proteins are absolutely essential for life.

While earlier reports have suggested that SR Ca2*-uptake was compromised in PO

hearts (161,162) and VO hearts (163), the major challenge lies in discovering the

mechanisms by which this occurs. So far it has been well established that SERCA2a and

the phosphorylation status of PLB play a major role in determining the rate of Ca2* re-

uptake. Most studies have therefore concentrated on examining the involvement of these

proteins in PO models. It has been demonstrated that PO results in the reduction of Ct*-

uptake, protein levels and activity of SERCA2a, and mRNA levels of SERCA2a and PLB

at different stages of hypertrophy (152-158,164,765). Others have shown inconsistent

findings in spontaneously hypertensive rats (SHR) which is a genetic model of PO. These

studies have shown varying results in terms of Ca2*-uptake as well as SERCA2a activity,

protein and mRNA levels (166-168). One study has shown no change in SERCA2a and

PLB in the compensated stage of hypertrophy in SHR (169).

Although there is a general lack of information on the mechanisms behind cardiac

dysfunction in PO-induced hypertrophy and heart failure, a few studies have shed some

light on the importance of SR regulatory mechanisms in diseased hearts (170,171). An

increase in CaMKII-ô content has been observed in the SHR model at the developing

hypertrophy stage (172).In the same model, another group has reported enhanced PLB

phosphorylation which reflected an increase in the activities of both PKA and CaMKII

without concomittant alterations in protein phosphatases (166).

Cardiac dysfunction has also been attributed to impaired Ca2*-release. The

decrease in Ca2*-release may be due to a depletion of SR Ca2*. The decrease in SR Ca2*
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load is thought to be brought about by an increase in extrusion via NCX (which is found

to be upregulated in heart failure), RyR2 hyperphosphorylation (which results in diastolic

leak of Ca2* from the SR), and reduced SR Ca2*-uptake (173-175). Release of Ca2* from

the SR has been shown to be reduced at different stages in the aortic banding model of

hypertrophy along with a depression in the levels of both RyR2 protein and mRNA

(118,179). on the other hand, one study has shown no change in RyR2 in the

compensated stage of hypertrophy in the SHR (169).

Recent work has implicated defects occuring at the level of RyR2 as key in the

deterioration of SR function. For instance, different studies have shown

hyperphosphorylation of the RyR2 by both PKA and CaMKII to be associated with

dissociation of FKBP12.6 from the RyR2 and subsequent spontaneous Ca2* leakfrom the

SR which, in turn, causes delayed afterdepolarizations, ventricular arrythmias,

maladaptive remodeling and cardiac contractile dysfunction (113,1 17,175-177). In

addition, miscommunication between L-type Ca2* channels and the RyR2 specifically

decreased responsiveness of RyR2 to extracellular Ca2* entry and has been shown to be

associated with decreased Caz* transients and reduced contractility (i 80). The

intermolecular defects between L{ype Ca2* channels and the RyR2 have been attributed

to a decrease in the protein levels of junctophilin which anchors the SR membrane to the

SL membrane (180). However, at present, there is a lack of a widely shared consensus

regarding regulation of the RyR2 in hypertrophy and HF. This area, however, holds great

promise, and combating heart failure via modulation of a leaky RyR2 is a likely focus of

future work.
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2.9 Treatment Strategies for Hypertrophied and Failing Heart

As already stated, cardiac hypertrophy is an important predictor for subsequent

heart disease that can lead to heart failure. The progression of hypertrophy from the

adaptive to the maladaptive stage and heart failure is poorly understood and is currently a

prime area of cardiovascular research. In addition, cardiac hypertrophy is an established

independent risk factor for subsequent development of heart failure. Therefore, a major

emphasis is being placed on discovering molecules and pathways that promote the

hypertrophic response, as well as on pathways that blunt or prevent the adverse

remodeling process. In an attempt to prevent hypertrophy from progressing into heart

disease, therapeutic approaches that target well-known hypertrophic pathways, such as B-

adrenergic signaling pathway as well as the RAAS are being investigated. Although, the

benef,rts of B-blockers, ACE inhibitors and Ang II receptor blockers have been linked to a

reduction in the hypertrophic response, complete reversal of the condition has not been

shown in patients receiving these agents (5-7). Recently, the antihypertrophic potential of

treatment with statins (hydroxymethylglutaryl-coenzyme A reductase inhibitors) has been

explored. Despite showing an ability to prevent the hypertrophic response, statins caused

a depletion of low density lipoprotein (LDL) and coenzyme Q10, which limits their use

in a clinical setting (181,182).

Studies have shown that overexpression of several endogenous proteins, such as

GSK3, caveolin 3, phospholipase 42, peroxisome proliferator-activated receptor, histone

deacetylase 9 and inositol polyphosphate l-phosphatase prevented hypertrophy while

their dowruegulation has been reporled to promote hypertrophy (90,183). Therefore,
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upregulating the levels of these molecules might provide another promising strategy for

prevention andlor treatment of maladaptive cardiac hypertrophy.

2.9.1 Gene Therapy - SR Targets

Many studies have linked cardiac dysfunction to abnormalities in the function and

the regulation of the SR (152-154,170). Therefore, SR proteins continue to be attractive

therapeutic targets for the treatment of cardiac disease. SERCA2a has been shown to be a

major determinant of cardiac contractility and its activity is often found to be reduced in

failing hearts. The activity of SERCA2a is determined by the level of SERCA2a protein

as well as the level and phosphorylation status of its negative regulator PLB. Gene

therapy approaches, aimed at restoring or increasing the levels of SERCA2a in failing rat

hearts, have shown promising results. These studies, conducted using adenoviral transfer

of SERCA2a into the failing hearts, showed an improvement in contractility (184,185).

One study showed that despite improving cardiac contractile function in a large animal

model of diastolic dysfunction, SERCA2a gene transfer resulted in a reduced cardiac

response to B-adrenergic stimulation (185). Although a reduction of PLB has been

viewed as a promising approach for enhancing SR Ca2*-uptake by disinhibiting

SERCA2a and improving cardiac function in failing hearts (187,188), one human study

has reported that the deletion of PLB results in dilated cardiomyopathy (189). In addition,

there also appears to be a link between mutations in PLB and the development of heart

failure in humans (190). Dephosphorylation of PLB, which is mediated by PPs, is a major

cause of depressed SERCA2a function in diseased hearts (I70,19I,192). Therefore, the

inhibition of PPs could be another useful therapeutic approach for preserving SERCA2a

function in hypertlophied and failing hearts. Along these lines, one study has recently
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reported beneficial effects of overexpressing PP1 inhibitor (inhibitor 1) on cardiac

remodeling and cardiac dysfunction in mice subjected to PO (193). Defective RyR2

gating has been recognized as a critical abnormality in anhythmias and heart disease

progression making this channel protein another attractive molecular therapeutic target in

heart failure (113,117,194,795). Along those lines, the restoration of the function of

hyperphosphorylated RyR2 has been reported via generation of FKBP mutant protein

with a higher binding affrnity for RyR2 (196). Diastolic leakage and cardiac dysfunction

have also been prevented via treatment with the 1,4-benzothiazepine derivative, JTV519,

which is a RyR2 stabilizing molecule that binds to the channel and increases FKBP

affinity for RyR2 (194,197,198).

2.10 Experimental Models of Cardiac Hypertrophy

2.10.1Advantages of Animal Models

Animal models of progressive cardiac hypertrophy and heart failure have been

invaluable in studying comparable human conditions. The suitability of animal models is

founded on the fact that human hearts at different stages of hypertrophy, namely

developing, compensatory and decompensatory stage, are difficult to obtain. What this

means is that human samples can only be obtained from end-stage heart failure patients

when only maladaptive mechanisms can be studied. Therefore, the progressive nature of

cardiac hypertrophy and the underlying molecular mechanisms can only be followed via

experimental animal models. Moreover, in contrast to animal samples, human hearts are

"impure" in the sense that they often have been exposed to various treatment

interventions that target the heart as well as other ailments. Animal tissues, on the other

hand, can be obtained in their controlled form where the only variable affecting organ

31



function is the causal physiological event, such as the case with pressure or volume

overload. Our experimental rat models of PO and VO, induced surgically by well

established aortic banding and aortocaval (AV) shunt procedures, respectively, are well

suited to address the above concerns. Furthermore, since in our models, hypertrophy is

induced by hemodynamic overload, this simulates what happens in the clinical setting.

These models, therefore, provide a better alternative to studying the condition than

genetic means wherein the alterations in gene expression could account for the

remodeling process. Based on the studies done so far, the models that we employ are

fairly reproducible and are ideal for studying the transition of hypertrophy from

compensated to decompensated stage (199).

2.10.2 Pressure Overload Models

Abdominal aortic banding (AAB) has been used by many groups to simulate PO

as seen under clinical situations, such as hypertension and valvular stenosis (200,201).

The abdominal aortic banding procedure is performed by tying a ligature around the

suprarenal aofia. Transverse aortic constriction (TAC), on the other hand, is performed at

the level of the aortic arch and its proximity to the heart induces higher pressure on the

organ compared to AAB (202). The one-kidney, one-clip (lKlC) procedure involves the

removal of one kidney and the placement of a metal clip on the opposite renal artery thus

producing a luminal stenosis which induces systemic hypertension (203,204). A model of

pulmonary constriction is commonly used when studying right ventricular hypertrophy

and is generated by banding the pulmonary artery or by injecting monocrotaline which

induces pulmonary hypertension (1 57,205).
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2.10.3 Volume Overload Models

For almost two decades the aortocaval (AV) shunt has been widely used to mimic

the clinical condition of VO which manifests under the conditions of mitral regurgitation

and anemia (206,207). An aortocaval shunt is constructed between the renal arteries and

iliac bifurcation by puncturing the aorta with a needle, which is inserted through to the

vena cava (208,209). An AV shunt procedure can also be performed at the

aortopulmonary level as well as between left common carotid artery and external jugular

vein (210,211) Anemia can be induced by creating iron-deficiency, typically achieved by

reducing dietary iron intake (in combination with bleeding) (212,213). Volume overload

can also be induced by creating an atrio-ventricular (A-V) block by insertion of an

electric knife through the right atrial wall followed by electrocoagulation of the nodal

region (214). Mitral valve regurgitation is surgically created by advancing a catheter to

the left atrium followed by grasping and disrupting mitral valve chordae tendinae

(215,216). Similarily, tricuspid valve regurgitation and aorlic valve regurgitation are

created by cutting tricuspid valve chordae tendinae and rupturing the aortic leaflet,

respectivel y (2I7,2 I 8).

2.10.4 Combination of Pressure and Volume Overload

The contribution of both PO and VO in the development and progression of

hypertrophy can also be studied using an experimental model of myocardial infarction

(MI) created by coronary artery ligation. This model mimics the clinical situation of

ischemic hearl disease and is a mixture of PO and VO (16,219).
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III. STATEMENT OF HYPOTHESIS

We hypothesize that pressure overload (PO) and volume overload (VO) in the

advanced stages will induce abnormalities in SR function (Ca2*-uptake) and its regulation

by protein phosphorylation and dephosphorylation. In addition, changes in SR protein

composition will contribute to progression of hypertrophy from the compensated to the

maladaptive stage with impaired cardiac function. We also hypothesize that PO will

induce changes in SR function and its regulation which will be distinct from the

alterations induced by VO.

The aims of this study will be accomplished by examining the effects of PO or

VO on cardiac structure and performance, and SR function and its regulati on at 2, 4, 16

and 28-weeks. Cardiac structure and performance will be analyzed via echocardiography.

The specific parameters pertaining to SR function/regulation will include: SR Ca2*-

uptake; protein levels of SR Ca2* cycling and regulatory proteins, SERCA2a and PLB,

respectively, and PLB phosphorylation status (Ser16-PLB, ThrlT-PLB); SR-associated

kinase (CaMK and PKA) activities and SR-associated protein phosphatase (PP) activities.

The results of this work will shed important light on the mechanisms underlying

contractile dysfunction in PO- versus VO-induced hypertrophy in male Sprague-Dawley

rats. The findings will aid in identiÛring mechanisms behind SR dysfunction and thus in

unraveling possible therapeutic targets for improving cardiac function in these two

distinct forms of cardiac hypertrophy.
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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 (Yol. 1,

2nd Edition,Igg3).

Creation of the animal models

Male Sprague-Dawley rats weighing 150-200 g were subjected to abdominal

aortic banding (200) and aortocaval shunt (206) procedures as described previously by us

and others (199,200,206). Briefly, 5-week-old rats were kept in a temperature and

humidity-controlled room with a l2-hour light to l2-hour dark cycle for one week prior

to creation of the PO and VO models. Standard rat chow and tap water were avallable ad

libitum. PO was induced via the abdomìnal aortic banding method, while VO was

induced via the aortocaval shunt method. All rats were anesthetized for surgery with 5o/o

isoflurane carried by oxygen at a flow rate of 2 Llmin. Rats were then maintained in

surgical plane of anesthetic with 2Yo isoflurane. For PO, a midline laparotomy was

performed and the suprarenal abdominal aorta was exposed. A silk suture was used to tie

off the vessel using a blunt Zl-gauge needle as a guide. Successful bands were snug while

maintaining blood flow to the kidneys and lower extremities. For VO, a midline

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

insefied into the exposed aorta at a 45o 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.In both models, the abdominal

musculature and the skin incisions were closed by standard techniques with absorbable

suture and autoclips. 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.

Echocardiography

Two, fout, sixteen and twenty-eight weeks post-surgery, rats were weighed and

anesthetized using isoflurane as described previously. Transthoracic 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 12MHz (s12) transducer. For M-mode recordings, the parastemal short-

axis view was used to visualize the left ventricle in 2-D 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 method described by the

American Society of Echocardiography (220): percentage of left ventricular fractional

shortening (%FS), left ventricular ejection fraction (EF), cardiac output (CO), heaft rate

(HR), left ventricular internal dimensions at both diastole and systole (LVIDd and

LVIDs, respectively), left ventricular posterior wall dimensions at diastole and systole

(LVPWd and LVPWs, respectively) and interventricular septal dimensions diastole and

systole (IVSd and IVSs, respectively).
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The Doppler measurements were taken using the apical 5-chamber view to assess

isovolumic relaxation time (IVRt), which is the time from aortic valve closure to the

onset of mitral flow. Values obtained for statistical analysis were aveÍage data collected

from three cardiac cycles.

General characteristics

After the 2,4,16 and 28-week echocardiographic assessments, rats 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 their weights were

measured. Left ventricular tissue was separated, flash-frozen in liquid nitrogen and

subsequently stored at -85'C until used for further experimentation. Lungs and liver were

removed, washed in ice-cold saline and wet weights were recorded. The organs were then

set to dry, and subsequently to be weighed again.

Preparation of SR vesicles

SR vesicles were obtained by a method described previously (22I-225). Left

ventricular tissue was pulverized and homogenized with a polytron homogenizer

(Brinkmann, 'Westbury, NY) in a buffer containing: 10 mM NaHCO3, 5 mM NaN3, 15

mM Tris-HCl at pH 6.8 (10 ml/g tissue). The homogenate was centrifuged for 20 min at

10,919 x g. The resultant pellet was discarded and the supematant was fuither

centrifuged for 45 min at 43,666 x g. (Beckman, JA 20). The resultant pellet was

resuspended in a buffer containing 0.6 M KCI and 20 mM Tris-HCl (pH 6.8) and

centrifuged for 45 min at 43,666 x g. The f,rnal pellet containing the SR fraction was

suspended in a buffer containing 250 mM sucrose and l0 mM histidine, pH 7.0. This was

aliquoted and frozen in liquid nitrogen prior to storage at -85"C. All buffers used for
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isolation contained a cocktail of protease inhibitors consisting of 1 prM leupeptin, i pM

pepstatin, and 100 ¡rM phenylmethylsulphonyl fluoride to prevent protein degradation

during the isolation procedure. The protein content of the SR fraction was determined

using the Lowry method (226).

Measurement of SR Ca2*-uptake

SR Ca2*-uptake was measured by a procedure described earlier (221-225). The

reaction mixture contained: 50 mM Tris-Maleate (pH 6.8), 5 mM NaN3, 5 mM ATP, 5

mM MgClz, 120 mM KCl, 5 mM potassium oxalate, 0.1 mM EGTA, 0.1 mM otcacl2

and 25 pM ruthenium red. Ruthenium red was added as an inhibitor of the Ca2* release

channel. The reaction was initiated by adding SR vesicles (2 mglml protein) to the

reaction mixture at37oC and terminated after 1 min by filtration. The filters were washed,

dried and counted using a Liquid Scintillation System LS 1701 fi'om Beckman.

Western blot analysis

The protein content of SR Ca2*-cycling proteins SERCA2a, PLB and its

phosphorylated forms Ser16-PLB and Thr17-PLB was determined by Western blot

analysis as described previously (221-225). Protein samples (1 mg/ml of SR) were

separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

and transferred to polyvinylidene difluoride (PVDF) membranes. PVDF membranes were

probed with a monoclonal anti-SERCA2a antibody obtained from Affinity Bioreagents

Inc. (Golden, CO), monoclonal anti-PLB antibody obtained from Upstate Biotechnology

(Lake Placid, NY), polyclonal anti-Ser16-PLB and polyclonal anti-Th17-PLB obtained

fi'om Badrilla (Leeds, UK). Appropriate secondary antibodies were used, and the

antibody-antigen complexes in all membranes were detected using an ECL kit from
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Amersham (Buckinghamshire, UK). GAPDH was used as a loading control. An Imaging

Densitometer model GS-800 from Bio-Rad Ltd. (Hercules, CA) was used to scan the

protein bands which were quantified using the Quantity One 4.5.0 software. Background

subtraction was achieved by reading the absobance of an equally sized area adjacent to

the band. In the cases were data were generated from samples placed on multiple gels,

one sample was chosen as a reference and loaded onto each gel. The absorbances of the

samples were adjusted according to the intensity of the reference sample band.

Measurement of SR-associated CaMKII and PKA activities

CaMKII and PKA activities were measured using Upstate Biotechnology (Lake

Placid, NY) assay kits as described previously (221-225). The assay kit for CaMKII

activity is based on the phosphorylation of a specific substrate, autocamtide, and

measuïes the transfer of the y-phosphate of [y-32P] ATP by CaMKIL The assay kit for

PKA activity measurement is based on the phosphorylation of a specific substrate,

kemptide, after transfer of the y-phosphate of [y-32P] ATP by PKA. The reactions for

CaMKII and PKA were started by adding [y-32P] ATP to the reaction mixture containing

1 mg/ml of SR, the respective assay dilution buffers, substrates and inhibitor cocktails

(all provided in the kits) and after incubating for 10 min at 30oC the reaction was stopped

by spotting the reaction mixture onto phosphocellulose filter papers. Subsequently, the

filters were washed three times with phosphoric acid and once with acetone and counted

using a Liquid Scintillation System LS 1701 from Beckman. The activities of CaMKII

and PKA were calculated as the difference between values obtained in the presence and

absence of the exogenous substrate.
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Measurement of SR-associated protein phosphatase activify

The measurement of SR-associated protein phosphatase (PP) activity was based

on a technique established previously (221,222,225,227) using the Serine/Threonine

assay kit obtained from Upstate Biotechnology (Lake Placid, NY). This assay is based

upon the principle of dephosphorylation of the synthetic phosphopeptide KRpTIRR. The

reaction was initiated by the addition of 2.4 mg/ml of SR to a microtiter well in the

presence or absence of the synthetic substrate (200 pM) and incubated for aperiod of 30

min at room temperature. Termination of the reaction was achieved by the addition of

Malachite Green solution, and the absorbance was read after 15 min at 650 nm to

determine the amount of inorganic phosphate released.

Statistical analysis

Values are expressed as mean + standard error (S.E.). 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

General characteristics of rats subjected to 2, 4, 16 and 28 weeks of pressure

overload (PO) or volume overload (VO).

The general characteristics of PO and VO rats are depicted in Tables 1 and 2. In

this study, heart-to-body weight (HBW) ratio was calculated and used as an index of

cardiac hypertrophy. As shown in Table 1 and Table 2, the HBW ratio was observed to

be significantly increased in rats subjected to PO or VO compared to sham controls at all

time points. Body weight of the animals remained relatively constant throughout the

study except for 16 week VO group which was slightly but significantly elevated

compared to its sham operated group (Table 2). There were no major differences between

the sham groups of the PO and VO studies, except body weight, which was slightly but

significantly higher in the 4-week sham group from the VO study.

The organ wet-to-dry ratio determines the presence of congestion which is a marker

of heart failure. The ratio of wet-to-dry liver in PO and VO rats remained unchanged

throughout the study while congestion was observed in the lungs only at 28 weeks in the

VO model (Tables 1 and 2). Abdominal fluid build-up/ascites (another marker of

congestion/heart failure) was not observed at any time point in either experimental model

during the course of the study (Tables 1 and 2).

Echocardiographic analysis of cardiac structure/function in rats subjected to 21 4r16

and 28 weeks of pressure overload (PO) or volume overload (VO).

Table 3 and Table 4 include a series of measurements of LV parameters in vÌvo,

such as LV structure at systole and diastole as well as diastolic and systolic function of

the LV in PO and VO, respectively, as obtained by utilizing 2-D guided M-Mode
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echocardiography and Doppler wave measurements. To examine whether cardiac

contractile dysfunction occurred in PO or VO animals, in vivo cardiac performance was

assessed by echocardiography. Heart rate in PO animals was significantly higher at l6

weeks and28 weeks following the surgery compared to the corresponding sham operated

controls (Table 3). Throughout the course of the study, the heart rate in VO animals did

not change significantly compared to their respective control group (Table 4). Ejection

fraction (EF) refers to the fraction of the end diastolic volume pumped out of a ventricle

with each heart beat and is a measure of the systolic function. The percent fractional

shortening (%FS) is also a measure of the systolic function and is defined as the ratio of

the difference between the end-diastolic and end-systolic LV dimension divided by the

end-diastolic dimension. The %FS and EF were reduced at 16 and 28 weeks in VO

animals (Table 4). Approximately the same degree of the reduction was observed at the

two time points. In contrast, in PO, the impairment of systolic function was observed

only at 28 weeks, as evident by the significant reduction in %FS (Table 3). The rats

subjected to VO exhibited significant increase in cardiac output (CO) at all time points;

the output v/as more prominent at i6 and 28 weeks, with approximately a2-foldincrease

compared to sham group. CO in PO rats was elevated only at 28 weeks. There were no

statistically significant differences between the sham groups of the PO and VO studies,

with the exception of CO, which was elevated in the 4-week sham group from the VO

study.

The time that is needed for the heart to relax following the end of one contractile

phase and the beginning of a new one is tenned IVRt and is used as a measure of the

diastolic function. Table 4 shows significantly reduced IVRt in rats subjected to VO
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when compared to their sham controls at all time points. The reduction was similar at all

time points. The rats subjected to PO exhibited significantly prolonged IVRt at 4 weeks

and subsequent time points (Table 3). The extent of increase in the IVRt in PO rats was

similar at 4, 76 and28 weeks.

In this study echocardiography was also used to monitor the changes in LV

structure during the progression of PO- or VO-induced hypertrophy. The left ventricular

internal dimension (LVID), left ventricular posterior wall thickness (LVPW) and

interventricular septal wall thickness (IVS) were evaluated for each time point, at both

systole and diastole (Tables 3 and 4). PO rats exhibited prominent increase in IVS and

LVPV/ at systole and diastole at all time points in the study; however LVID was slightly

increased only aÍÌer 28 weeks. In contrast, in VO rats there was a signif,rcant increase in

LVID at all time points when compared to sham operated rats. The thickness of the LV

walls remained unchanged in VO rats for the most part except at 28 weeks where the

walls exhibited significant thickening.

SR Ca2*-uptake.

Alterations in diastolic function of the hearl could in major part be linked to

abnomalities in SR Ca2*-uptake. Figure lA-D shows SR Ca2*-uptake measurements

taken at 2, 4, 16 and 28 weeks for both PO and VO groups. In PO animals Ca2*-uptake

was unchanged compared to control group at 2 weeks following the surgery (Fig. 1A). At

4 and 16 weeks Ca2*-uptake was found to be significantly elevated in PO rats compared

to the sham operated group (39o/o and 670/o, respectively) (Fig. 18 and C). At 28 weeks,

the uptake was not significantly different between PO rats and control (Fig. 1D). In the

rats subjected to VO, Ca2*-uptake was unchanged compared to the control group at2 and
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4 weeks following the surgery (Fig. 1A and B). At 16 and 28 weeks VO rats exhibited

significant increase in Ca2*-uptake (76% and,52o/o,respectively) compared to the control

group (Fig. lC and D).

Protein levels of SERCA, PLB, Ser16-PLB and Thrl7-PLB.

Changes in SR Ca2*-uptake may be directly linked to the protein levels of

SERCA2a and its negative regulator phospholamban (PLB) as well as the

phosphorylation status of PLB. Western blot analysis was used to examine the protein

level of SERCA2a as well as PLB and its phosphorylated forms (Serl6-PLB and ThrlT-

PLB) at 16 weeks (Fig.2) and28 weeks (Fig. 3) -time points when alterations in SR

Ca2*-uptake were observed in both experimental models - in PO and VO rats. In the PO

group, the levels of SERCA2a werc found to be significantly increased by 2I2%o at 16

weeks compared to sham operated animals (Fig. 2A). SERCA2a expression was not

found to be significantly different in PO rats versus sham control at 28 weeks (Fig. 3A).

The levels of PLB were found to be unaltered in PO rats at 16 and 28 weeks when

compared to their respective controls (Fig. 28, Fig. 3B). The levels of SERCA2a were

signif,rcantly increased in VO rats at 16 weeks (103% increase) compared to sham (Fig.

2A). At 28 weeks there was no significant difference between VO and control with

respect to SERCA2a levels (Fig.3A). The levels of PLB in VO rats did not differ

significantly when compared to control at 16 and 28 weeks (Fig. 2B, Fig. 3B).

Figure 2C and Figure 2D show a signif,rcant increase in Serl6-PLB and Thrl7-

PLB in PO rats at 16 weeks (1.84-fold vs. sham and 1.55-fold vs. sham, respectively). In

VO rats, Serl6-PLB was significantly reduced by approximately 42.4% compared to

control at 16 weeks (Fig.2C) while the level of Thrl7-PLB was foundunaltered atthis
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time point (Fig.2D). As shown in Fig. 3C and D, at28 weeks, Serl6-PLB and Thr17-

PLB were reduced in PO rats by a significant 63% and J9%o, respectively, compared to

controls. The levels of Ser16-PLB and Thri7-PLB were found to be significantly reduced

by 69% at 28 weeks in VO rats relative to their respective control groups (Fig. 3C and

D).

The activities of SR-associated PKA, CaMKII and phosphatases.

The phosphorylation status of PLB has been associated with alterations in the

activities of SR-associated kinases, such as PKA, CaMKII, and protein phosphatases. The

activities of kinases and phosphatases, shown in Fig. 4 and Fig. 5, respectively, were

examined at the 28-week time point (time point when phosphorylation of PLB was

reduced in both models). SR-associated PKA activity was found to be unaltered between

PO rats and control group (Fig. aA). As shown in Figure 4B, SR-associated CaMKII

activity was significantly increased in PO animals (16.3% vs. sham). The phosphatase

activity shown in Fig. 5 represents the total SR-associated phosphatase activity. SR-

associated phosphatase activity in PO animals was found to be significantly higher

compared to sham operated rats (1.59-fold vs. sham). As shown in Fig. 4A and 48, VO

rats exhibited a significant reduction in the activities of PKA and CaMK compared to

control (29o/o decrease vs. sham and 26Yo decrease vs. sham, respectively). Figure 5

indicates a significant increase in the activities of phosphatases in VO when compared to

sham-operated rats (1.48-fold vs. sham).
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Table 1. General characteristics of rats subjected to pressure overload (PO).

Parameter

Heart Weight
(e)

Body Weight
(e)

HBV/ ratio
(mgl100g)

Lungs
Wet/Dry

Liver
Wet/Dry

Ascites

Sham
(n:6-7)

2 weeks

0.94+
0.04

262.3+
3.2

359.3+
15.7

439+
0.08

2.85+
0.01

PO
(n:6-8)

1.27+
0.05*

276.5+
10.1

486.8+
29.4*

4.56+
0.0s

2.88t
0.02

4 weeks

Sham
(n:8)

The mortality rate associated with the aortic banding procedure was 260/o. Results are expressed as means + SE.
Statistically significant differences (indicated with an asterisk, *) between sham operated and PO animals were
determined by one-way ANOVA (P < 0.05).

1.17+
0.03

385.5+
tL7

302.6+
4.2

4.23+
0.04

2.80+
0.03

PO
(n:12-15)

Ào\

1.44+
0.05r

364.3+
7.r

383.5+
I 1.8x

4.30t
0.03

2.87+
0.03

l6 weeks

Sham
(n:9)

1.42+
0.04

609.9+
10.7

232.4+
5.3

3.85+
0.04

2.78+
0.02

PO Sham
(n:i5-17) (n:6-11)

2.00+
0.06*

600.6+
I 1.3

334.5+
10.2*

3.84+
0.0s

2.75+
0.02

28 weeks

1.57+
0.03

694.9+
17.6

216.1+
6.4

3.9r+
0.04

2.63+
0.04

PO
(n:6-9)

2.Il+
0.1 1*

715.9+
20.6

288.4+
8.9x

3.84+
0.07

2.80+
0.0s



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

Parameter

Heart Weight
(e)

Body Weight
(e)

HBW ratio
(mgll00g)

Lungs
Wet/Dry

Liver
WelDry

Ascites

Sham
(n:5-6)

2 weeks

0.95+
0.03

284.3+
4.5

332.9*
9.3

4.67+
0.15

2.96+
0.09

VO
(n:6-10)

1.43+
0.05*

286.6+
7.32

482.1+
17.2*

4.44+
0.03

2.94+
0.02

Sham
(n:6-8)

4 weeks

The mortality rate associated with the aortocaval shunt procedure was 7o/o. Results are expressed as means + SE.
Statistically significant differences (indicated with an asterisk, *) between sham operated and VO animals were
determined by one-way ANOVA (P < 0.05).

1.24+
0.03

423.8+
9.0

284.9+
4.9*

4.00+
0.07

2.71r
0.01

VO
(n:II-24)

À\ì

1.83+
0.06*

402.8L
6.0

459.8+
14.9*

4.IOT
0.06

2.76+
0.02

Sham VO
(n:10-13) (n:11-14)

16 weeks

1.42+
0.04

595.1+
9.5

238.9+
2.5

3.78+
0.05

2.79+
0.02

2.47+
0.72*

635.0+
15.0*

399.2+
21.7*

3.87+
0.04

2.79*
0.03

Sham VO
(n:21-28) (n:19-29)

28 weeks

1.65+
0.03

761.8L
t7.4

216.2L
2.7

4.01+
0.04

2.81L
0.03

2.84+
0.1 5*

782.6+
17.4

362.5+
16.7*

4.35+
0.05*

2.88+
0.03



Table 3. Echocardiographic parameters of cardiac function and structure in rats subjected to 2, 4,16 and 28 weeks of
pressure overload (PO).

Parameter

Heart rate
(bpm)

FS (%)

EF

CO (ml/min)

IVRt (ms)

LVIDd (cm)

LVIDs (cm)

IVSd (cm)

Sham
(n:13-17)

2 weeks

385.6+
8.9

43.98+
0.77

0.802+
0.008

279.2t
14.6

22.5+
0.9

0.737+
0.0i 5

0.407+
0.012

0.146+
0.006

0.252+
0.007

0.145+
0.006

0.256+
0.008

PO
(n:19-23)

381.8+
6.5

42.97L
1.00

0.790+
0.010

272.5+
12.3

23.8+
0.6

0.733+
0.014

0.427+
0.014

0.1 84+
0.005*
0.306+
0.007r
0.205+
0.007*
0.321+
0.008x

Sham
(rv25-28)

4 weeks

353.0+
4.6

41.82*
0.96

0.772+
0.011

297+
13.2

20.9+
0.7

0.172+
0.013

0.451+
0.009

0.162+
0.005

0.26r+
0.007

0.1 55+
0.006

0.254+
0.005

IVSs (cm)

LVPWd (cm)

LVPWs (cm)

PO
(n:30-38)

À
oo

364.2L
4.2

43.15+
1.10

0.777r
0.0r2
2943t

14.0

24.5+
0.6*

0.754+
0.013

0.468+
0.013

0.211+
0.006x
0.330+
0.006*
0.215+
0.007*
0.332t
0.008x

Sham
(n:14-18)

Results are expressed as means + SE. Statistically significant differences (indicated with an asterisk, *) between
sham operated and PO animals were determined by one-way ANOVA (P < 0.05).

16 weeks

33 i.3+
5.1

4238+
0.9s

0.782+
0.010

0.369+
0.020
22.2+

0.8

0.908+
0.014

0.51 1+
0.014

0.1 83+
0.010

0.300+
0.009

0.167+
0.009

0.289+
0.008

PO
(n:15- l8)

350.1+
6.0*

41.33+
1.s3

0.768+
0.018

0.409+
0.024

26.2x.

0.7*
0.936+
0.021

0.563+
0.023

0.222+
0.008*
0.339+
0.008x
0.224+
0.008*
0.356+
0.01 1*

Sham
(rrl7-20)

28 weeks

315.9+
2.5

44.10+
0.69

0.788+
0.010

0.464+
0.017
24.1+

0.5

0.969L
0.014

0.542+
0.014

0.1 55+
0.005

0.295+
0.007

0.165+
0.004

0.301+
0.00s

PO
(n:12-22)

340.3+
4.2*

40.51+
1.18*

0.775r
0.015

0.574+
0.031*
28.3+
0.5*

0.997+
0.019

0.598+
0.013x
0.211+
0.010*
0.353+
0.010x
0.220+.
0.009r
0.358+
0.007*



Table 4. Echocardiographic parameters of cardiac function and structure in rats subjected to 2,4,16 and 28 weeks of
volume overload (VO).

Parameter

Heart rate
(bpm)

FS (%)

EF

CO (ml/min)

IVRt (ms)

LVIDd (cm)

LVIDs (cm)

IVSd (cm)

Sham
(n:9-l 5)

2 weeks

363.1+
6.8

43.37+
1.32

0.793+
0.013

302.7+
t8.7

22.1+
0.ó

0.778r
0.0r7

0.440+
0.013

0.1 53*
0.006

0.277+
0.013

0.150+
0.007

0.265r
0.010

VO
(n:24-30)

373.2r
3.0

44.02+
0.82

0.797+
0.009

513.8+
22.6*
18.4+
0.6*

0.920+
0.016*
0.500+
0.011*
0.143+
0.005

0.267+
0.006

0.146+
0.004

0.275+
0.00s

Sham
(n:8-la)

4 weeks

335.3+
5.0

42.95+
1.53

0.786*
0.015

352.9+
15.9

21.5+
0.7

0.825+
0.029

0.489+
0.015

0.154+
0.009

0.262+
0.008

0.142t
0.008

0.251+
0.008

IVSs (cm)

LVP'Wd (cm)

LVPWs (cm)

VO
(n=18-28)

À\o

344.7+
4,7

42.49+
r.20

0.777+
0.012
659.6+
36.9*
17.6+
0.6*

1.0i 5+
0.021*
0.587+
0.013*
0.153+
0.005

0.276+
0.007

0.158+
0.004

0.285+
0.007*

Sham
(n:13- 18)

16 weeks

Results are expressed as means + SE. Statistically significant differences (indicated with an asterisk, *) between
sham operated and VO animals were determined by one-way ANOVA (P < 0.05).

318.7+
5.4

42.45t
1.37

0.787+
0.016

0.395+
0.032
2l.l+

0.5

0.943+
0.021

0.544+
0.022

0.164+
0.009

0.287+
0.009

0.167+
0.007

0.288+
0.011

VO
(n:15-17)

322.8+
s.8

37.50L
0.88*

0.731+
0.008*
0.828+
0.049*
18.6+
0.6*

1.214+
0.030*
0.770+
0.022*
0.159+
0.010

0.281+
0.011

0. i 87+
0.007

0.309+
0.007

Sham
(n:13-18)

28 weeks

313.0+
3.s

44.77+
1.15

0.807+
0.013

0.478+
0.025

23.5+
0.5

0.986+
0.019

0.518+
0.018

0.157t
0.006

0.300+
0.012

0.162+
0.004

0.301+
0.008

VO
(n:11-19)

323.3+
4.5

37.69+
0.78*

0.721+
0.009x
0.974+
0.035*
20.9+
0.6*

1.284+
0.016*
0.820+
0.01 1x

0.181+
0.005*
0.356+
0.01 1*
0.233+
0.006r
0.354+
0.009x



SR Ca2*-uptake at 2 weeks
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Figure 1. SR Ca2+ uptake in 2-week (panel A),4-week (panel B), 16-week (panel
C) and 28-week (panel D) pressure overload (PO) and volume overload (VO) rats.
The n values are given for each group at2,4,16 and 28 weeks in sequential order:
Sham PO (5,5,4,9); pO (3,5,6,9); Sham VO (3,4,6,5); VO (3,4,9,5). The data are
presented as means + SE. Statistically significant differences (P < 0.05) between
sham operated controls and PO samples are indicated (*), as are the differences
between sham operated controls and VO samples (T). One-way ANOVA was used
to analyze variations between the means of groups.
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Figure 2. Western blot analysis of sarco/endoplasmic reticulum Ca2*-ATPase
(SERCA2a) (panel A), phospholamban (PLB) (panel B), Serl6 phosphorylated
phospholamban (Serl6-PLB) (panel C) and ThrIT phosphorylated phospholamban
(Ttrrl7-PLB) (panel D) in 16-week pressure overload (PO) and volume overload
(vo) rats. The n values in panels A-D are given in sequential order: Sham po
(4,4,6,4);PO (6,3,5,4); Sharn VO (5,7,5,a); VO (7,7,4,4). The absorbance of sham
operated controls was set to 100%. The data are presented as means t SE.
Statistically significant differences (P < 0.05) between sham operated controls and
PO samples are indicated (*), as are the differences between sham operated
controls and VO samples ('i'). One-way ANOVA was used to analyze variations
between the means of groups.
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Figure 3. 'Western blot analysis of sarco/endoplasmic reticulum Ca2*-ATPase
(SERCA2a) (panel A), phospholamban (PLB) (panel B), Ser16 phosphorylated
phospholamban (Ser16-PLB) (panel C) and Thrl7 phosphorylated phospholamban
(Thrl7-PLB) (panel D) in 28-week pressure overload (PO) and volume overload
(VO) rats. The n values in panels A-D are given in sequential order: Sham PO
(5,7,6,5);PO (4,6,6,6); Sham YO (5,7,5,5); VO (5,1,4,6). The absorbance of sham
operated controls was set to 100%. The data are presented as means + SE.
Statistically significant differences (P < 0.05) between sham operated controls and
PO samples are indicated (*), as are the differences between sham operated
controls and VO samples (T). One-way ANOVA was used to analyze variations
between the means of groups.
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Figure 4. SR-asso-ciated cyclic AMP-dependent protein kinase (PKA) activity
(panel A) and Ct*/calmodulin-dependent protein kinase II (CaMKII) activity
(panel B) in 28-week pressure overload (PO) and volume overload (VO) rats. The
n values in panels A and B are given in sequential order: Sham PO (5,7); PO (5,4);
Sham VO (4,5); VO (4,4). The data are presented as means + SE. Statistically
significant differences (P < 0.05) between sham operated controls and PO samples
are indicated (*), as are the differences between sham operated controls and VO
samples (j'). One-way ANOVA was used to analyze variations between the means
of groups.
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Figure 5. SR-associated protein phosphatase (PP) activity in 28-week pressure
overload (PO) and volume overload (VO) rats. The n values are given in sequential
order: Sham PO (5); PO (a); Sham VO (6); VO (6). The data are presented as
means + SE. Statistically significant differences (P < 0.05) between sham operated
controls and PO samples are indicated (*), as are the differences between sham
operated controls and VO samples (t). One-way ANOVA was used to analyze
variations between the means of groups.
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VI. DISCUSSION

This study is the first of its kind to assess the etiology-specific differences

between PO and VO hearts, their function and their association with changes in the status

of the SR over an identical time course in the same animal species. Echocardiographic

changes in left ventricular geometry and performance in PO and VO models of cardiac

hypertrophy have been previously documented (1 84,185,I99,207,227). However, there is

scattered, inconsistent and limited information in the literature regarding the status of the

SR and its contribution to contractile abnormalities caused by hypertrophy due to chronic

PO or VO. A few studies have performed short time course comparative analysis (227) or

single time-point comparisons of cardiac performance in PO versus YO (228,229);

however, the status of the SR was not examined. We have therefore conducted a carefully

designed, detailed analysis of cardiac performance and SR function as well as its

regulation over an elaborate time course entailing the progression of cardiac hypertrophy

due to PO as well as VO.

Basic characteristics

Both PO and VO resulted in cardiac hypertrophy which developed as early as 2 weeks

andpersistedthroughoutthe 28-week course of the study (Table 1, Table 2). Ithas been

well established that cardiac hypertlophy, although adaptive in response to hemodynamic

stress, proceeds to heart failure if prolonged (1,37). Some signs of overt heart failule

were visible in the advanced stages of hypertrophy. A slight, but significant pulmonary

congestion was observed at 28 weeks only in the rats subjected to VO indicating that the

condition in this group progressed to pre-heart failure stage. With regards to VO, the

difference in results between other reporls and our study could be attributed to the species
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specific response to the stimuli, the age of the animals at the time of induction of VO, the

size of the aoftocaval (AV) shunt and methods of measurement of heart function

(163,250). Ohkusa et al. (230) observed no signs of severe heart failure 10 months after

the induction of PO by abdominal aortic banding (AAB) in male Wistar rats. Gupta et al.

(203) on the other hand reported the presence of pulmonary congestion, and thus overt

heart failure in Lewis rats after 8 weeks of PO induced by one-kidney, one-clip (1K1C)

procedure. The earlier onset of heart failure in this study was likely due to the use of a

different rat species and a dissimilar technique for achieving PO on the left ventricle as

compared to the ones used by Ohkusa et al. (230). Heart failure was also reported at the

27-week time point in Sprague-Dawley rats (185) and at the 19-23 weeks in Wistar rats

(184) subjected to PO; in these studies, the PO on the heart was achieved by constricting

ascending portion of the aorta and thus placing more severe load on the heart compared

to our model wherein the occlusion was placed more distal (descending aorta in

abdominal region). This might be one of the reasons why in our case hypertrophy did not

progress to heart failure after28 weeks of PO.

Heart structure

Echocardiographic analysis of LV structure revealed morphological difference

between the hearts subjected to PO or VO. in this study, the rat hearts subjected to PO

remodeled in a typical concentric fashion as expected. Conversely, VO rats for most part

showed evidence of pure eccentric hypertrophy. Rat healts subjected to VO remodeled in

eccentric fashion which is characterized by the enlargement of LV internal dimensions

without notable wall thickening and is reported elsewhere in the setting of VO

(56,799,231). At 28 weeks, however, as shown in Table 4, the LV walls in VO hearts
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became significantly thicker. This could be due to more extensive hypertrophy in VO

compared to PO hearts (Table l, Table 2), as indicated by higher HBW ratios for VO

rats. In our VO model, PO may be also involved as the extra blood (that is shunted back

to the heart) is being pumped out into high pressure systemic circulation. This would in

turn increase systolic pressue resulting in PO on the heart (214,232). Whether this is the

case in our model is unknown, however, the increase in thickness that we observe d at 28

weeks seems to indicate that PO may be a factor in our model of cardiac hypertrophy.

The enlargement of hearts in PO rats is primarily due to the walls becoming thicker,

whereas in VO rats, the enlargement is primarily, as already stated, due to increase in the

LV chamber size and in this case with LV wall thickening also contributing (at later

stages). Cardiac structure in our models was consistent with other comparable studies that

subjected animals to PO (47,184,185,199) andlor VO (199,207) over a long time course.

Heart function

Although very few studies of cardiac hypertrophy in animal models of PO or VO

have assessed diastolic dysfunction, our hndings are consistent with the studies

conducted to date (199,233). Diastolic dysfunction, including a prolonged IVRt, LV wall

thickening and the absence of dilatation, was reported in PO Wistar rats throughout the

course of 4-12 weeks study (233). Likewise, our study has shown that PO and resulting

concentric remodeling was associated with early diastolic dysfunction. Also, the IVRt

interval was prolonged at 4 weeks onwards, which is consistent with f,rndings published

earlier (199). It is well known that hypertrophy due to PO generally induces fibrosis of

cardiac tissue (59,234-237), which we feel may be responsible for impaired left

ventricular relaxation. Diastolic dysfunction is frequently observed Ltpon assessment of
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patients with endomyocardial fibrosis and in animal models that mimic the condition

(234,236-238).

In contrast, VO-induced cardiac hypertrophy was associated with improved

diastolic function, as indicated by the reduced IVRI interval, which is consistent with a

previous study of chronic VO (199). One of the striking features of the VO heart was a

prominent elevation in cardiac output, which is of course the consequence of a larger

volume of blood being shunted back to the heart - this being an example of a

compensatory mechanism aimed at ensuring continuous and adequate blood delivery to

the periphery in the face of increased preload on the heart. Conversely, fibrosis in VO

typically does not occur. Therefore, with enhanced venous return and dilatation of the left

ventricle, enhanced diastolic function should be expected in the compensatory stage of

vo.

Whether systolic dysfunction is evident in hypertrophic animal models is

controversial and disputed. Some studies of PO showed enhanced systolic function in

early stages of hyperlrophy, followed by a progression into failing stages and subsequent

systolic dysfunction (184). The enhancement of systolic and diastolic function has been

reported in male Wistar rats subjected to 10 days,4 weeks and 8 weeks of PO (230). In

contrast, Müller et al. (239) demonstrated both systolic and diastolic dysfunction in rats

subjected to 10 weeks of PO. Furthermore De Stefano et al. (240) also showed systolic

and diastolic dysfunction in their 2O-week old rats subjected to 8 weeks of VO (induced

by AV shunt). De Stefano et al. (240) noted no signs of oveft heart failure in their

animals which they attributed to increased LV compliance as a consequence of eccentric

remodeling and chamber dilatation. In a dog model of VO (induced by A-V block) one
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group showed impairment of diastolic function with no abnormalities in systolic function

with the progression of eccentric remodeling (213).

Our study, however, showed that in PO the signs of systolic dysfunction became

evident only at 28 weeks when the %FS was found to be significantly reduced. Increased

heart rate and cardiac output at 28 weeks developed perhaps as a late stage compensatory

mechanism directed towards counteracting systolic and diastolic dysfunction and

progression into heart failure and ensuring adequate blood perfusion of tissues and

organs. Systolic dysfunction in VO became apparent at 16 weeks and continued until 28

weeks as evidenced by a significant reduction in both EF and %FS. The absence of

systolic dysfunction prior to 16 weeks is in agreement with the study by Dudas Gyorki et

aL Qal) who showed no systolic impairment in dogs subjected to 12 weeks of VO. The

absence of systolic dysfunction at 4 weeks is in general agreement with Hashida et al.

(208) who reported normal fractional shortening 3 weeks following AV shunt creation.

Although we observed significant systolic dysfunction at 16 weeks into the study, we are

not sure when systolic impairment starts to occur in our rats. Even though both PO and

VO led to the development of systolic dysfunction, the dysfunction was more prominent

in VO model. The larger extent of systolic impairment might in part explain the slight but

significant pulmonary congestion observed in animals subjected to VO at 28 weeks.

Systolic dysfunction would compromise the heart's ability to pump blood out into the

systemic circulation resulting in pooling of the blood in other places such as the lungs.

Our study shows that despite not being in oveft failure stages, both PO and VO models

exhibit significant systolic dysfunction. We believe that this systolic dysfunction (in PO)

is a secondary response to the aforementioned diastolic dysfunction that begins much
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earlier in the time course. On the other hand, systolic dysfunction in VO is likely an

independent response, as diastolic function in VO is enhanced at all time points.

These data suggest that 28 weeks of PO or VO in rats induces compensatory

hypertrophic responses, albeit differential in nature, as supported by the etiology-specific

alterations in left ventricular geometry and performance. Some signs of overt heart failure

were visible in the advanced stages of hypertrophy in the VO model but not in PO rats. In

the current study, our results on cardiac structure and function are generally in agreement

with our previous report (199).

Association between SR Ca2*-uptake & cardiac function

Cardiac dysfunction, systolic or diastolic, observed in various types of cardiac

pathologies has been attributed in part to impaired Ca2* handling by the SR, the largest

intracellular store of Caz* .In this study, one of our goals was to establish the role of the

SR in the regulation of cardiac function during the plogression of PO- or VO-induced left

ventricular hyperlrophy (LVH).

In early stage LVH, namely at 2 and 4 weeks, there was no clear-cut association

between SR function and cardiac function in PO or VO. Although at 2 weeks, in PO

heafis, Ca2*-uptake was unaltered with systolic and diastolic function being preserved,

which was as expected, 4-week PO rats, however, exhibited diastolic impairment in spite

of elevated Ca2*-uptake. If SR function is elevated, what counteracts it to depress

diastolic function in the early, 4-week stage of PO? The presence of fibrosis, which is

known to occur in PO, results in a stiffer chambel possibly outweighing the benefits of

hyperfunctional SR and thus leading to diastolic impairment. However, several studies

have shown that the functional alterations at the level of the SR (i.e. elevated Ca2*-
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uptake) might be a part of the compensatory hypertrophic response to hemodynamic

overload (203,230,242-244).In other words, elevated Ca2*-uptake, we speculate, may be

an important mechanism for preventing further deterioration of diastolic function at the

early stages of PO.

In 2- and 4-week VO rats, systolic function was preserved as well; however, the

improvement in diastolic function, as evident from shortened IVRI interval, did not

correlate with Ca2*-uptake which was unaltered. If the SR function is normal, what else

could have an effect on improving cardiac relaxation in the early stages of VO? Since SR

Ca2*-uptake was unaltered at the 4-week time point, improved diastolic function could be

attributed to the other major determinant of relaxation, the sodium-calcium exchanger

(NCX) and sarcolemmal Ca2*-ATPase, or other processes, such as activity and

concentration of Ca2* ligands that remove cytosoli c C** (54,101,102,245). However, the

status of the NCX and other relev ant Ct* binding proteins which could aid in relaxation

were outside the scope of the current investigation.

At the 16-week time point both PO and VO exhibited a similar increase in Ct*-

uptake. Sixteen-week VO rats exhibited a significant increase in Ca2*-uptake, which was

associated with the observed improvement in diastolic function (decreased IVRt). The

elevation in SR Ca2*-uptake may be a compensatory mechanism for preventing the

transition from compensatory hypertrophy to the decompensatory stage of cardiac

hypertrophy. Increased SR Ca2n-uptake in 16-week VO rats was consistent with an

increase in the protein level of SERCA2a. Since phosphorylation of PLB at Ser16 and

Th17 relieves the inhibitory action of PLB on SERCA2a, and stimulates SR Ca2*-uptake

(108), it was surprising to observe a reduction in Serl6-PLB phosphorylation in 16-week
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VO hearts; Thrl7-PLB was unaffected. Thus, it is possible that there may be other

mechanisms which have offset the reduction in Ser16-PLB phosphorylation. In VO,

despite the decreased Seri6-PLB and unaltered Thrl7-PLB phosphorylation, which

would favor a reduction in Ca2*-uptake, the elevation observed was probably due to an

increase in SERCA2a levels as documented in Fig. 24.

Sixteen-week PO rats failed to demonstrate improvement in IVRt (remained

prolonged) despite the increase in SR Ca2*-uptake. The elevation in Ca2*-uptake in PO

rats could be correlated with the increase in the level of SERCA2a and increased PLB

phosphorylation at both Ser16 and Thrl7 residues. As previous studies have shown, there

is a direct link between cardiac contractility and the level of expression of key SR-

associated Ca2*-handling proteins (184,246,247). In parlicular, SERCA2a is a major

player in cardiac contractile performance, as demonstrated by Schultz et al. (248). Their

study assessed the role of chronically reduced SERCA2a levels in PO mice and

demonstrated that after 10 weeks of aortic banding no mice went into failure, while

almost two-thirds of mice heterozygous for SERCA2a went into heart failure stages.

Therefore retaining SERCA2a function is critical in maintaining adequate cardiac

performance. Arai et al. (243) have shown that the downregulation of SERCA2a gene

reduced Ca2*-uptake and led to severe hypertrophy in the instances of PO. Gupta et al.

(203) showed that PO in rats via the lKlC procedure reduced SERCA2a expression,

which led to decreased Ca2*-uptake after 8 weeks, and resulted in pulmonary congestion

and heart failure (decompensation).

The chronic effects of PO on cardiac function and concurrent status of the SR in

rats have been examined by others (230,249). Ohkusa et al. (230) have shown elevated
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SR Ca2*-uptake at an early compensated stage of hypertrophy (4 weeks), a time point

which was associated with improved cardiac function (systolic and diastolic function) in

male Wistar rats. At a later stage, 8 weeks, Ohkusa et al. (230) still showed improved

cardiac function despite normalized SR activity. We also show an improvement in SR

Ca2*-uptake at 4 weeks which, however, was not correlated with an improvement in

cardiac function - systolic function was noñnal and diastolic function was impaired in

our study at this time point. Important to note is that the discrepancies between the study

by Okhusa et al. (230) and our work could be due to the differences between rat species

and the methods used to assess cardiac function. In another study, Qi et al. Qa9)

examined cardiac and SR function in aortic banded male rats at 8 and 16 weeks. In

agreement with our study, Qi et al. (249) also reported diastolic impairment in their 16-

week PO rats as well as at earlier time points. However, while a significant reduction in

SR activity was observed by Qi et al. (249), this being attributed to reduced levels of

SERCA2a, our 16-week PO rats showed the enhancement in SR Ca2*-uptake and

elevated levels of SERCA2a despite impaired myocardial relaxation. Similarities between

this study and our work relate primarily to the fact that progressive deterioration of

cardiac function between 8 and 16 weeks, as observed by Qi et al. (249), and between 16

and 28 weeks, as observed by us, is paralleled by a decline in the SR activity/SERCA2a

levels or the nomalization, respectively.

Few studies have examined the effect of chronic VO on cardiac flinction, SR

Ca2*-uptake and phosphorylation of PLB. Hisamatsu et al. (163) observed reduced SR

Ca2*-uptake without any impairment in cardiac function in l2-week VO rats. Nediani et

al. (250) showed a slight reduction in SR Ca2*-uptake in 4-week VO pigs, but there were
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no alterations at the 8 or 12-week stage of VO; SERCA2a levels were downregulated at

all time points while PLB levels or its phosphorylation status (Seri6- PLB) were

unaltered at all time points (4, 8 and 12 weeks); cardiac function was only altered at the

4-week stage of volume overload. These results are at variance with our study which

showed no alterations in SR Ca2*-uptake or cardiac function at the 2- and,4-week stages

of VO but increased SR Ca2*-uptake and significant alterations in cardiac function after

16 weeks of VO. The difference between the results of these studies and our study could

be attributed to the species specific response, to the stimuli, the age of the animals at the

time of induction of VO, the size of the AV shunt or the methods used to measure heart

function.

It is unknown, however, to what extent the phosphorylation of PLB versus the

overexpression of SERCA2a contributed to the increased Ca2*-uptake in PO at i6 weeks.

In our study, the only significant change observed was in the level of SERCA2a at 76

weeks. With regard to total PLB (both phosphorylated and unphosphorylated),

hypertrophic stimuli had no effect on its level of expression within the SR membrane.

This finding is highly significant, as the PLB:SERCA2aratio is a useful determinant of

the ability of the SR to take up Ca2*. Without a coresponding increase in PLB levels at

16 weeks, the disproportionately higher levels of SERCA2a as detected in both PO and

VO at this stage may be free from inhibition and thus able to take up Caz* ata greater rate

as was observed.

At 28 weeks, Ca2*-uptake returned to sham control levels in the banded (PO)

group, but remained significantly elevated in AV shunted (VO) rats. The elevation in SR

Ca2*-uptake in 28-week VO rats, howeveï, was not as much as seen at the 16-week time
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point, however, the diastolic function remained improved (decreased IVRÐ similar to that

observed at the 16-week time point. Increased SR Ca2*-uptake did not correspond to a

proportional increase in SERCA2a protein level in 28-week VO hearts. On the contrary,

SERCA2a levels were noÍnalized (to sham control levels). Furthermore, phosphorylation

of PLB at Serl6 and Thr17 was severely downregulated and this decrease was associated

with reduced activities of SR-associated PKA and CaMKII, respectively, and increased

SR-associated phosphatase activity. Despite normalized SERCA2a protein levels and

severe inhibition of SERCA2a by dephosphorylated PLB at the 28-week time point,

Ca2*-uptake was still enhanced; it therefore appears that other compensatory mechanisms

may be involved in maintaining the hyperfunctional state of SERCA2a in YO. One such

mechanism could be an increase in the activity of acylphosphatase, a cytosolic enzyme

that hydrolyzes acyl-phosphorylated (EP) intermediate of SERCA thus enhancing the

activity of the SERCA pump (25I). It is, however, tempting to speculate that any further

reduction in PLB phosphorylation could compromise SR Ca2*-uptake and diastolic

function, thereby triggering the transition from the early stage to the overt stage of heart

failure.

Unlike improved diastolic function observed in 2S-week VO hearls, PO rats

continued to show diastolic dysfunction. Regarding the protein levels, in contrast to 28-

week VO group, the decline in SERCA2a protein content back to control levels as well as

concurrent reduction in phosphorylation of PLB may be suff,icient to explain the

normalization in SR Ca2*-uptake in 28-week PO rats. The reduction in PLB

phosphorylation status is known to occur in diseased heart and it has been documented

that in post MI induced heart failure the levels of Ser16-PLB were reduced while those of
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Thrl7-PLB were unchanged (252). Again, between the changes in PLB phosphorylation

and SERCA2a levels the extent to which either contributes to overall Ca2*-uptake by the

SR is unknown. The examination of PKA and CaMKII activity in PO at the 28-week time

point revealed no change in PKA, while CaMKII was slightly but significantly elevated.

The reduction in the phosphorylation of PLB at Serl6 and Thrl7 signifies that PKA and

CaMKII served other cellular purposes, or were cancelled out by concurrently elevated

phosphatase activity. In PO, the elevation in phosphatase activity was comparable to VO

and was alone enough to cause and perhaps explain the marked dephosphorylation of

PLB despite the slight increase in CaMKII activity. Increased CaMKII activity is a

condition commonly found in disease states and possibly reflects Ca2* handling

impairments and Ca2* overload which might lead to enhancement in CaMKII activity in

the instances of PO. The elevation of CaMKII activity has been shown to occur in failing

rabbit hearts (253) and human hearts (254). Similar to our PO results, Huang et aL. (255)

demonstrated the reduction in both Serl6-PLB and Thrl7-PLB phosphorylation that was

associated with the elevation of phosphatase activity in post-Ml prior to the onset of overt

heart failure in rats exhibiting diastolic impairment. Sande et al. (252) showed an

association between reduced Ser16-PLB phosphorylation and upregulation of

phosphatases (PP1 and PP2A), which depressed SERCA2a activity, and SR Ca2*-uptake

in rats which were in an oveft stage of heart failure. In addition, CaMKII can also act as a

direct modulator of SERCA2a as it has been shown that it can directly phosphorylate and

therefole stimulate Ca2* re-uptake by the SR (130-132). Although, highly speculative at

this point the increase in CaMKII activity in PO rats might thus be an adaptive response

aimed at minimizing further deterioration of myocardial relaxation by preserving Ct*-
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uptake via enhancement of SERCA2a activity in the face of decreased PLB

phosphorylation.

Summary

The findings obtained from echocardiographic assessment of LV geometry

demonstrate characteristics of concentric remodelling in PO animals, whereas VO

resulted in eccentric remodeling of the LV chamber. Differences between PO and VO

rats were also observed when cardiac function was examined. Systolic dysfunction was

evident in 28-week PO, while in the case of VO, the dysfunction was apparent at 16 and

28 weeks. Diastolic function was impaired in 4, 16, and 28-week PO rats, while VO rats

exhibited an enhanced diastolic function at all time points. SR alterations in the PO

model seem to progress faster than in VO. SR Ca2*-uptake becomes elevated earlier in

PO than in VO, and it also normalizes at the end point (28 weeks) while in VO the

activity of the SR still remains high. The normalization in SR Ca2*-uptake in 28-week PO

rats may be a contributor to the systolic dysfunction observed at this time point. It is

unclear whether in VO the improved diastolic function is associated with augmented SR

Ca2*-uptake at 16 and28 weeks.

In PO, the increased Ca2*-uptake at 16 weeks was associated with increased levels

of SERCA2a and increased phosphorylation of PLB at Ser16 and Thr17 residues. At28

weeks, the normalization of SR Ca2*-uptake was due to anormalization of SERCA2a

levels, dephosphorylation ofPLB at Serl6 and Thrl7, and increased protein phosphatase

activity. The increased Ca2*-uptake in 16-week VO rats was most likely due to increased

levels of SERCA2a protein, while at 28 weeks no such association was observed (SR

Ca2*-uptake was elevated while SERCA2a was normalized and PLB was
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dephosphorylated). It is clear, however, that the reduction in PLB phosphorylation was

associated with elevated PP activity in both 28-week PO and VO.

The decrease or normahzarion in SR-associated SERCA2a protein expression in

our model of PO is likely the major contributing factor to leveling off of SR Ca2*-uptake

and possibly systolic dysfunction (at the 28-week time point). Although atlater stages (28

weeks) VO rats exhibited the same pattern of SERCAZa and PLB phosphorylation status

and expression as PO rats, the enhanced SR Ca2*-uptake and improved diastolic function

in VO rats was unexpected in this setting of normalized SERCA2a levels, decreased

levels of phosphorylated form PLB, decreased kinase (PKA and CaMKII) and increased

protein phosphatase activities. Based on what we observed, this mechanism of promoting

diastolic Ca2*-uptake, in the instances of VO, could be independent of the level/status of

SERCA2a and PLB.

Conclusions & Future Directions

One can speculate that PO- and VO-induced hypertrophies share some common

pathways leading to some similarities in the way the function of the SR is regulated. At

the same time, however, some of the responses evoked by VO are distinct form those

generated by PO as this and previous studies have shown (199,227-229).It is possible

then that PO and VO rely on different stretch receptors leading to the differences in the

phenotype as well as in the recruitment of underlying molecular pathways.

Clearly, there might be other important mediators of Ct* movements across the

SR membrane besides the ones examined in this work. In that regard, one of our next

goals would be to examine SR Ca2*-release which is one of the major determinants of

cardiac systolic function. The investigation of SR Ca2*-release, as well as the levels and

68



the status of key SR proteins involved in this process, such as RyR2 and FKBPI 2.6, will

be useful in obtaining a more complete picture of SR Ca2* handling processes and their

relation to cardiac function in the settings of PO and VO. Identifying the exact

mechanism that maintains SR function in VO would also be useful, as the discovery of

such could also be applied in the treatment of PO-induced hypertrophy which is a far

more prevalent condition in a clinical setting of heart failure.

The question we want to answer in the future is: what allows the SR in VO heart

to be "immune" to increased phosphatase activity? It would also be interesting to target

phosphatases in an attempt to restore SR function in our model of PO. It has been shown

that inhibition of type I phosphatase (PPI) prevents the progression of heart failure

(1 19,193). Besides affecting the phosphorylation status and activity of RyR2, SERCA2a,

and PLB, increased phosphatase activity would also have an effect on many other target

molecules, including genes. It has been shown that the calcineurin (type 2B

phosphatase)/l{FAT pathway becomes activated in instances of hemodynamic stress,

such as PO, leading to the expression of fetal genes and playing an imporlant role in

pathological cardiac hypertrophy and heart failure (179,256-258). It would thus be

interesting to determine which phosphatases have a dominant role in our models and

whether their inhibition would benefit the overloaded heart.

No study has mapped the profile of cardiac proteins during the development and

progression of cardiac hyperlrophy induced by PO or VO. Exploring the whole protein

profile of the SR, therefore, might lead to a discovery of other impofiant, but, as of yet,

unknown or un(der)appreciated molecular mediators of hyperlrophy in both PO and VO.

Upon identification of potential target proteins, gene manipulation strategies could be
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used to overexpress or knockout these proteins in hearts of normal mice. Subjecting these

mice to VO or PO could, in turn, reveal whether these genetically modified animals

would be resistant to the development of cardiac hypertrophy.
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