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ABSTRACT 
 
 
 

Cardiac hypertrophy defines an adaptive process brought about in response to 

sustained increases in haemodynamic work. Cardiomyocytes undergo an initial 

compensatory phase in which enlargement and contractility alterations normalise 

wall stress and maintain adequate perfusion of organs. In pathological hypertrophy, 

this deteriorates to a decompensated state characterised by ventricular dysfunction 

and predisposition to heart failure. In contrast, physiological hypertrophy and 

associated enhanced cardiac functioning arising from chronic exercise training does 

not progress to heart failure. Determination of the molecular pathways underlying 

myocardial hypertrophy remains a challenge for cardiovascular research. The 

objective of the work presented in this thesis was to identify genes differentially 

expressed during pathological and physiological hypertrophy in order to enhance 

our knowledge of the mechanistic processes involved.  

 

A reverse Northern hybridisation method was applied to profile the expression of 

specifically selected genes in the hypertrophic models examined. Functional 

categories represented in the gene panel assembled included cardiac contractile and 

cytoskeletal markers, matrix metalloproteinases, vasoactive pathway factors, 

calcium handling genes, ion channels, cardiac regulatory factors, signalling 

pathway intermediates, apoptotic factors and histone deacetylases. In order to 

investigate pathological hypertrophy, a deoxycorticosterone acetate-salt (DOCA-

salt) rat model was utilised. DOCA-salt treated rats used in this study demonstrated 

a 1.4-fold increase in heart weight to body weight ratio compared to controls. 

Impaired cardiac function indicative of a decompensated pathological phenotype in 

the DOCA-salt treated group was demonstrated by way of decreased chamber size, 

impaired myocardial compliance and significantly reduced cardiac output. 

 

Reverse Northern hybridisation analysis of 95 selected genes identified a number of 

candidates with differential expression in hearts of DOCA-salt treated rats. 

Increased gene expression was demonstrated for the collagenase MMP1 and stress-

activated signal transduction factor Sin1. In contrast, the sarcoplasmic reticulum 
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calcium ATPase SERCA-2 and anti-apoptotic factor BCL2l-10 genes exhibited 

decreased expression. 

 

To investigate changes in gene expression associated with physiological 

hypertrophy, use was made of an endurance run-trained rat model. The run-trained 

rats used in this study demonstrated a 24.1% increase in heart weight to body 

weight ratio and improvements in performance consistent with physiological 

cardiac adaptation. These performance indicators included improvements in systolic 

volume, cardiac output, myocardial compliance and bio-energetic function. Reverse 

Northern hybridisation expression analysis of 56 genes identified a number of 

differentially expressed mRNA transcripts in run-trained hypertrophied hearts. Four 

genes shown to demonstrate reduced expression in the run-trained rat model were 

interleukin-1 receptor associated kinase (IRAK1) and the developmentally 

expressed transcription factors Nkx-2.3, dHAND, and IRX-2.  

 

Based upon the reverse Northern hybridisation results, four genes were selected for 

Western blotting analysis of rat cardiac tissue. Of these, MMP1 and a putative 

isoform of Sin1 exhibited increased levels in DOCA-salt treated hypertrophic left 

ventricular tissue, results that correlate with the findings of increased mRNA 

expression for these two genes. Therefore, this study identified MMP1 and Sin1 as 

candidates involved in pathological but not physiological hypertrophy. This finding 

is in accord with other recent investigations demonstrating that pathological 

hypertrophy and physiological hypertrophy are associated with distinct molecular 

phenotypes. 

 

An aside to the major objective of identifying genes differentially regulated in left 

ventricular hypertrophy involved the application of the P19CL6 cell in vitro model 

of cardiomyogenesis to compare protein expression during hypertrophy and 

development. The Sin1 isoform, found to be up-regulated during DOCA-salt 

induced hypertrophy, was also shown to be more abundant in differentiating, than 

non-differentiating, P19CL6 cells. This result is consistent with the developing 

paradigm that implicates ‘fetal’ genes in the hypertrophic remodelling process. 
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1.1 Introduction  
 

Chronic heart failure is the major cause of morbidity and mortality in Australia today. 

It is estimated that at least 30 000 new cases of heart failure are diagnosed in Australia 

each year, although the true number may be significantly higher than this due to errors 

in the diagnosis of patients exhibiting mild symptoms (Campbell, 2003). The human 

and economic costs of this growing epidemic are enormous. Reduction in the number 

of cases will improve the quality of life and work capacity of many in the population 

while relieving the medical system of considerable burden. In the United States, heart 

failure accounts for 6.5% of the total health care budget, requiring considerably more 

funding than cancer hospitalisations (Gaballa and Goldman, 2002). 

 

The main contributors to the aetiology of chronic heart failure are hypertension, 

myocardial infarction and ischaemic heart disease (Lloyd-Jones et al., 2002; Krum et 

al., 2001). Investigations, such as the Framingham Heart Study examining over 5000 

individuals, have identified left ventricular hypertrophy as a powerful indicator of 

increased risk of heart failure (Lips et al., 2003; Wilson et al., 1987; Kannel et al., 

1987; Kannel and Abbott, 1986). Classically, left ventricular hypertrophy is defined 

as an increase in the mass of contractile and ancillary proteins above that of normal, in 

the absence of significant hyperplasia (Shapiro and Sugden, 1996). Left ventricular 

hypertrophy results from haemodynamic overload due to complications such as 

hypertension or aortic stenosis (Shapiro and Sugden, 1996). Although left ventricular 

hypertrophy initially acts to maintain cardiac function despite increased workload, 

ventricular function progressively deteriorates to a state of decompensation. This 

pathological form of hypertrophy can ultimately lead to cardiac failure (Ritter and 

Neyses, 2003). 

 

The research presented in this thesis is part of an ongoing investigation to expand our 

understanding of the molecular basis of cardiac hypertrophy. An important part of this 

involves the use of a gene expression profiling method to explore the molecular 

phenotype of the DOCA-salt model of pathological hypertrophy. In contrast to such 

maladaptive models, exercise endurance training is known to induce an adaptive 

physiological form of left ventricular hypertrophy characterised by improved cardiac 

function (Woodiwiss and Norton, 1995). In order to further our understanding of 
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myocardial hypertrophy and possibly identify mechanisms that may mediate 

beneficial aspects of this response, gene expression was also examined in an 

endurance exercise model. This thesis describes these expression profiling 

experiments and the further characterisation carried out on selected genes. 

 

In addition to potentially identifying new therapeutic strategies for the treatment of 

cardiovascular disease, there are a number of reasons why research into cardiac 

hypertrophy is important. Further understanding of normal heart function and its 

adaptation to physiological and pathological stresses represents an important 

intellectual accomplishment, satisfying our curiosity of the mechanisms underlying 

biological function. Although much attention is focused upon regulatory events during 

cardiac development, further understanding of molecular cascades and processes 

maintaining ongoing function and controlling remodelling events in the adult heart is 

of considerable interest. Appreciation of such processes in the heart will provide 

useful paradigms for similar investigations into other tissues and organs.  

 

In the ensuing section, major events occurring in cardiac ontogeny will be introduced 

to provide necessary background into normal cardiac development and function. The 

discussion of heart development is pertinent to experiments using an in vitro model of 

cardiomyogenesis included in this study. Cardiac dysfunction and disease will next be 

addressed with particular emphasis on pathological models of cardiac hypertrophy. 

Another important process in this investigation, the physiological hypertrophic 

response resulting from exercise training, will be reviewed in the following section. 

Given the use herein of a gene expression profiling method to evaluate mRNA levels 

of specifically selected genes, a brief review of expression analysis techniques will 

next be included. Finally, the specific aims of this project will be outlined. This 

literature appraisal thus highlights fundamental issues relevant to the research 

described in this thesis. 
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1.2 A discussion of cardiac ontogeny 

1.2.1 An overview of vertebrate cardiomyogenesis  

 

Given the cardiovascular focus of this research project it is useful to review the heart 

in some detail. A key part of cardiac ontogeny is the formation of the heart within the 

developing embryo. As comparisons will be made herein between gene expression in 

cardiac hypertrophy and development, the major processes occurring during 

embryonic development will now be discussed. The heart is the first organ to develop 

in the vertebrate embryo, arising through a dynamic process involving interactions 

between cells of numerous lineages (reviewed in Farrell and Kirby, 2001; Twyman, 

2001; Sadler, 2002; Yutzey and Kirby, 2002; Tomanek and Runyan 2002; Gilbert, 

2003). During gastrulation, cardiac progenitor cells ingress into the primitive streak 

forming two bilaterally symmetrical fields within the anterior dorsolateral mesoderm 

(Garcia-Martinez and Schoenwolf, 1993; Arai et al., 1997). They are thought to be 

specified to the cardiogenic lineage following an inductive interaction mediated by 

signals emanating from the adjacent endoderm (Nascone and Mercola, 1995; Gannon 

and Bader, 1995; Lough and Sugi, 2000; Schulteiss et al., 1995; Zaffman and Frasch, 

2002). The cardiac progenitors migrate anterolaterally and then ventrally, ultimately 

reaching a common destination at the anterior midline of the embryo (reviewed in 

Ehrman and Yutzey, 1999; Olson and Srivastava 1996). Here the bilaterally arranged 

precursors are fused to form the primitive heart tube from which the multichambered 

mature heart will develop (Stalsberg and DeHaan, 1969). The schematic diagram 

presented in Figure 1.1 overviews the major stages in cardiomyogenesis from the 

emergence of the cardiac field to the partitioning of the four-chambered structure. 

 

The early heart tube consists of two concentric cell layers later separated by an 

extracellular matrix called the cardiac jelly. The outer layer of the heart tube, known 

as the promyocardium, develops into the thick muscular myocardial layer. The inner 

proendocardium goes on to form the internal lining of the heart. The heart tube begins 

to function while still developing, operating initially as a simple peristaltic pump 

(reviewed in Barton et al., 1995; Fishman and Chien, 1997; Taber, 1998; Harvey 

2002). The fused heart tube next undergoes a dramatic series of morphogenetic events 

known as cardiac looping. The linear heart tube begins rightward looping of the 
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ventricular portion assuming a ‘s’ shape configuration. Further morphological 

changes result in a ‘c’ shape and then finally a loop or ‘u’ configuration with the atria 

and outflow tracts now adjacent. It is from this ‘u’ shaped heart tube that the 

archetypal mammalian atrial and ventricular organisation emerges (reviewed in 

Barton 1995; Lyons, 1995; Harvey 1999). Although the cardiac chambers are not 

morphologically distinguishable prior to looping, it is becoming increasingly clear 

that part of later structure is already programmed within the linear heart tube 

(Stalsberg and DeHaan, 1969;Yutzey et al., 1994; Liberatore et al., 2000). Five 

primordial segments have been distinguished along the heart tube on the basis of 

conduction velocity measurements and further investigations have shown that the 

heart tube exhibits regional gene expression along the antero-posterior axis (Harvey 

1999; Yutzey and Kirby, 2002). Hence it is presently thought that the atrial and 

ventricular cells develop from separate lineages specified prior to the onset of looping 

morphogenesis with their developmental fate determined according to their respective 

position along the antero-posterior axis.  

 

The ballooning model has been proposed to incorporate recent findings and provide 

insight into the mechanisms underlying the formation of the cardiac chambers 

(reviewed in Harvey 1999; Srivastava and Olson, 2000). During looping 

morphogenesis the segments corresponding to the atrial and ventricular regions are 

considered to ‘balloon out’ along outer curvature of heart tube giving rise to the four-

chambered heart. As discussed above the ventricular and atrial chambers are then 

specified independently in a modular fashion within their respective segments. 

Consistent with this is the observation that congenital heart diseases seem to be 

specific to particular segments (Srivastava and Olson, 2000). Chamber specification is 

characterised by divergences in the morphological, electrophysiological, 

pharmacologic and contractile properties of the atrial or ventricular myocytes. These 

changes are thought to be mediated by the activation of specific regional programs of 

gene expression (Chien et al., 1993; Yelon and Stainier, 1999). For example, mice 

deficient for the cardiac transcription factor Nkx-2.5 show lethal anomalies in 

ventricular morphogenesis and fail to express other important genes involved in 

ventricular development such as the eHAND transcription factor (Biben and Harvey, 

1997). It should be noted that cells originating away from the heart-forming field also 

play an important role in cardiac development. Cells of the cardiac neural crest appear 
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to play a signalling role during aspects of looping morphogenesis and directly 

participate in a variety of processes including outflow tract septation and aortic arch 

patterning (reviewed in Creazzo et al., 1998; Waldo et al., 1999). 

 

 

Figure 1.1: Schematic overview of cardiac development in humans (adapted from
Olson and Srivastava, 1996). 
 
At day 15 of human embryonic development the cardiac crescent containing the heart

progenitor cells is apparent. This gives rise to the linear heart tube as depicted at day

21 with segments of cells already specified to different developmental fates in the

mature form. The cardiac chambers are next seen to balloon out along the segmented

looped heart tube with the archetypal vertebrate four-chambered structure apparent

by day 50. The aortic sac (AS) and aortic arch arteries (I, IV, and VI) are populated by

cells derived from the cardiac neural crest. Abbreviations: A, atrium; V, ventricle; CT,

conotruncal; RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle;

AVV, atrioventricular valve; PA, pulmonary artery; Ao, aorta; DA, ductus arteriosus;

LSCA, left subclavian artery; LCC, left common carotid; RCC right common carotid;

RSCA, right subclavian artery. 

Development of the trabeculae, heart valves and thickened ventricular wall are 

dependent upon the endocardium (Brutsaert and Andries, 1992; Fishman and Chien, 

1997). The endocardium signals ventricular cardiomyocytes to form finger-like 

projections resulting in a spongiform layer on the inner myocardial surface. This 

trebeculae network enables the developing heart to withstand the increasing 
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haemodynamic load during embryogenesis and is involved in force-generation 

within the developing ventricles (reviewed in Taber, 1998; Sollaway and Harvey, 

2003; Srivastava and Olson, 2000). The cardiac valves, which have an essential role 

maintaining the unidirectional flow of blood through the heart, develop following 

signalling interactions between the endocardium and myocardium in localised 

swellings of mesenchymal cells known as the cardiac cushions (Solloway and 

Harvey, 2003; Person et al., 2005). Similarly, the endocardial cushions are also 

involved in septation morphogenesis of the atria and ventricles, development of the 

atrioventricular canals and formation of the aortic and pulmonary channels (reviewed 

in Sadler, 2002). Other important processes in the further maturation of the 

developing vertebrate heart are formation of the epicardium and myocardialisation. 

The epicardium begins to develop during looping morphogenesis with cells spread 

onto the myocardium forming the outermost layer of the heart. In addition to its 

structural role, the epicardium is required for normal myocardial chamber growth, 

development of the septa and myocardialisation of the endocardial cushions 

(reviewed in Kirby and Waldo, 2002; Solloway and Harvey, 2003). 

Myocardialisation refers to myocardial ingrowth into mesenchymalised cardiac 

tissues such as the endocardial cushions of the septa and outflow tract (van den Hoff 

et al., 1999). The remodelling during this process thus represents a replacement of 

mesenchyme with cardiac muscle cells, the molecular basis of which is yet to be 

determined (van den Hoff et al., 2001; Tomanek and Runyan, 2001; Solloway and 

Harvey, 2003).  

 

1.2.2 Maturation and aging of the heart 

 

Birth does not mark the end of dynamic growth and developmental processes in 

cardiac ontogeny. This section will discuss both important remodelling events 

occurring early during post-natal growth and research into cardiovascular aging. 

Important recent findings regarding the roles of myocyte cell death and regeneration 

are then introduced and serve to further demonstrate a key aspect in this 

investigation, the plasticity of heart function.  

 

Early postnatal life is characterised by ongoing cardiomyocyte proliferation. Shortly 

after, cardiomyocytes are arrested in the G1 phase of the cell cycle. This arrest was 
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thought by many to be irreversible, with all later growth exclusively by hypertrophy. 

However, findings discussed later in this section challenge this dogma. Regardless, 

the mechanisms underlying the transition from hyperplasic based growth to the 

largely hypertrophic phase seen later in development remain to be determined. One 

regulator shown to be involved is the β-adrenergic receptor (Tseng et al., 2001). 

Blockade of the β-adrenergic receptor has been found to significantly attenuate p70 

ribosomal protein S6 kinase dependent proliferation of rat cardiomyocytes in vivo.  

 

Modulation in cardiac mRNA expression or isoform switching has been observed for 

a number of genes during the post-natal switch from hyperplasia to hypertrophy. 

Important among these are contractility proteins such as titan (Opitz et al., 2004), 

slow skeletal troponin and cardiac troponin isoforms (Kim et al., 2002; Averyhart-

Fullard et al. 1994). Other important genes known to show differential expression 

during early postnatal development include mitochondrial cytochrome c oxidase 

(Kim et al., 1995), sarcoplasmic reticulum Ca2+-ATPase (Lompre et al., 1991) and 

nitric oxide sensitive soluble guanyl cyclase (Behrends et al., 2002). Chim et al. 

(2000) sought to comprehensively analyse gene expression in the rat neonatal heart. 

This study demonstrated the extent of expression changes during this developmental 

period, identifying the differential expression of genes involved in signal 

transduction, cell cycle control, transcriptional regulation and translation. 

 

Structural and functional changes continue to occur during cardiac aging such that 

the biology of the aged myocardium can be viewed as a distinct aspect of 

cardiovascular science. Characteristic effects of the aged heart include increased 

heart weight, decreased cardiomyocyte number, defective sarcoplasmic reticulum 

Ca2+-ATPase activity, myosin isoform switching, changes in diastolic filling, and 

reduced responsiveness to β-adrenergic and catecholamine stimuli (reviewed in 

Lakatta and Levy, 2003; Ferrari et al., 2003; Cheitlin, 2003). Systolic function is 

maintained with no significant variation observed in left ventricular ejection fraction, 

cardiac output or resting stroke volume (Oxenham and Sharpe, 2003; Lewis and 

Maron, 1992). The ability of the heart to respond to exercise however is also known 

to decline (Coudert and Van Praagh, 2000). As some aspects of cardiovascular aging 

lead to increased risk of cardiovascular disease, a detailed understanding of these 

processes is necessary in order to identify predictors of individual susceptibility and 
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to determine what lifestyle and pharmacological interventions may be effective 

(Ferrari, et al., 2003).  

 

Although it is difficult to eliminate the effects of complicating conditions such as 

cardiovascular or other illness (Ferrari et al., 2003), investigators are applying 

molecular tools to identify gene expression changes associated with the aging 

myocardium. Age-related changes are not completely associated with generalised 

degeneration. Some have little effect and others can actually improve cardiac 

function (Ferrari, et al., 2003). Expression studies by Bodyak et al. (2002) identified 

similarities between the mRNA expression profiles of aging mouse cardiac myocytes 

and known heart disorders. Changes were seen in the expression of genes involved in 

a number of important cardiac processes, including those encoding stress-responsive 

factors, bioenergetic proteins and cardiac transcription factors. Elucidation of these 

detrimental aspects of cardiac aging may provide important information relevant to 

the investigation and treatment of heart disease (Anisimov and Boheler, 2003a). 

 

Important to our knowledge of cardiac ontogeny are recent investigations 

challenging the notion that from an early post-natal stage, the heart is a terminally 

differentiated structure lacking stem cells and therefore incapable of generating new 

myocytes. Under the previous paradigm, all myocytes are as old as the individual, 

with myocyte death a rare and costly event (reviewed in Nadal-Ginald, 2003a).  

Myocyte cell death is now regarded as a fundamental aspect of cardiac homeostasis. 

Given that even conservative values indicate the normal heart would lose most of its 

myocytes within decades (Nadal-Ginard, 2003a), it is not surprising that regeneration 

has indeed been found to occur in the normal (Anversa and Nadal-Ginard, 2002) and 

failing myocardium (Sarkar et al., 2004). This research is likely to have considerable 

impact on future cardiovascular research. Investigations have been performed to 

examine the role of myocyte death and regeneration in aging models and heart 

disease (Torella et al., 2004; Kajstura et al., 2004; Urbanek et al., 2003). The 

findings demonstrate the dynamic nature of heart function and through the 

identification of a population of cardiac stem-like cells raise new possibilities for 

reconstituting the diseased myocardium (Nadal-Ginard et al., 2003). 
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1.3 Cardiac dysfunction and disease 
 

1.3.1 Introduction to cardiac hypertrophy 

 

Heart failure remains a major cause of morbidity and mortality in developed nations 

today, with a lifetime risk of approximately 20% for both men and women. With the 

population aging and increases observed in the prevalence of risk factors such as 

obesity and diabetes, the incidence of this debilitating disease is likely to further rise 

(reviewed in Campell, 2003). Heart failure is characterised by decreased cardiac 

output associated with impaired systolic and/or diastolic function (Lips et al., 2003), 

and commonly defined as when the heart is no longer able to maintain required 

nutrient supply to bodily tissues (Braunwald, 1992). The major causes of death in 

heart failure patients are pump failure and the development of fatal cardiac 

arrhythmias (Ritter and Neyses, 2003). Four histological characteristics define the 

failing heart. These are fibrosis, ‘slippage’ or disorder of aligned myocytes, 

apoptosis, and as discussed further below, myocyte hypertrophy (Ritter and Neyses, 

2003). 

 

As introduced previously, a major determinant of cardiac dysfunction and heart 

failure is pathological left ventricular hypertrophy resulting from sustained increases 

in haemodynamic work (Tarone and Lembo, 2003; Arnett et al., 2004). In order to 

maintain function under greater haemodynamic load, the heart enhances its 

contractile capacity by increasing the mass of the cardiac contractile and ancillary 

proteins above that of normal (reviewed in Shapiro and Sugden, 1996; Lorell and 

Carabello, 2000; Komuro, 2001). Although pathological hypertrophy results in an 

initial compensatory phase, it is characterised by progressive deterioration to a 

decompensated state in which ventricular function is compromised. Investigations 

into the basis of cardiac hypertrophy and the transition from the compensatory to 

decompensatory phases can subsequently be regarded as starting points for 

examining the initial stages of heart failure (Ritter and Neyses, 2003; Chu et al., 

2002). 
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This section will examine important aspects of pathological myocardial hypertrophy 

relevant to this investigation. These include discussions regarding hypertrophic 

stimuli, physiological and metabolic changes during left ventricular hypertrophy, and 

the molecular mechanisms involved. The types of models used to study left 

ventricular hypertrophy will next be considered including that used in this 

investigation, the DOCA-salt mineralocorticoid model of pathological hypertrophy. 

 

As will be seen by the variety of animal hypertrophic models discussed below, a 

number of different stimuli induce left ventricular hypertrophy. Although some 

disparity can be seen in the exact nature of the response, there is evidence that 

common mechanisms are involved (Wagner et al., 1999). Clinically, cardiac 

hypertrophy also results from a variety of intrinsic and extrinsic stimuli. These 

include hypertension, valvular disorders, endocrine dysfunction, myocardial 

infarction and altered contractility (McKinsey and Olson, 1999). Further aspects 

such as ischemia, senescence, diabetes or neurohumoral responses may further 

complicate the remodelling process (Swynghedauw and Baillard, 2000). In terms of 

future direction, some fundamental questions still remain to be answered, such as 

how does the heart respond to hypertrophic stimuli and what are the principal 

mechanisms involved? Future research stemming from the finding that myocyte 

regeneration occurs during the progression of cardiac hypertrophy to heart failure is 

likely to further contribute to our understanding of the mechanisms involved. 

 

Cardiac hypertrophy is associated with changes in the expression of proteins 

participating in a diverse range of processes. For example, genes implicated in 

hypertrophic signalling include cardiac ion channels, signal transduction 

intermediates, calcium handling factors, and regulators of transcription and 

translation (Figure 1.2). This section will highlight just some of those factors known 

to contribute to the hypertrophic process (for a detailed review refer to Frey and 

Olson, 2003). One hallmark change characteristic of left ventricular hypertrophy is 

the re-expression of fetal protein isoforms involved in cardiac contractility (Wagner 

et al., 1999). For example, in rodent models, left ventricular hypertrophy is marked 

by a switch from α-myosin heavy chain (α-MHC) to β-myosin heavy chain (β-

MHC), resulting in enhanced economy of muscle contraction (Ritter and Neyses, 

2003). Myosin light chain-2, α-smooth muscle and α-skeletal muscle actin are also 
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re-expressed in cardiomyocytes following exposure to hypertrophic stimuli 

(reviewed in Lijnen and Petrov, 1999). Human hearts exhibiting chronic heart failure 

due to dilated cardiomyopathy similarly demonstrate changes in the expression of 

contractile myofilament and cytoskeletal proteins (Hein et al., 2000). 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Factors involved in hypertrophic signalling (adapted from Frey and Olson, 2003) 

 

Abbreviations: α-AR: α-adrenergic receptor; AC: adenylate cyclase; AKAP79: A kinase (PRKA)
anchor protein 5; AKT/PKB: protein kinase B; ATII: angiotensin II; β AR: β-adrenergic receptor;
CaMK: calcium/calmodulin-dependent protein kinase; cAMP: cyclic adenosine monophosphate;
CsA: cyclosporin A; eIF2B: eurykaryotic initiation factor 2B; eIF4E: eurykaryotic initiation factor
4E; ERK: extracellular signal regulated kinase; ET-I: endothelin-1; FAK: focal adhesion kinase;
FK506: tacrolimus; GATA: GATA binding protein; gp130: interleukin 6 signal transducer (gp130);
Gs: Gs stimulatory G protein; Gq/11: G protein subtype; GSK3β: glycogen synthase kinase-3β;
HDAC: histone deacetylase; HMG: Hydroxymethylglutaryl coenzyme A; IGF: insulin-like growth
factor; JNK: c-jun NH2-terminal kinase; MAPK: mitogen activated protein kinase; MAPKK:
mitogen activated protein kinase kinase; MAPKKK mitogen activated protein kinase kinase
kinase; MCIP: modulatory calcineurin interacting protein; MEF: myocyte enhancer factor; NFAT:
nuclear factor of activated T-cells; MLCK: myosin light chain kinase; mTOR: mammalian target
of rapamycin; p38: p38 kinase; p70S6K: p70 ribosomal S6 kinase;  PI3K: phosphatidylinositol 3-
kinase; PKA: protein kinase A; PKC: protein kinase C; PLC: phospholipase C; ROCK:  Rho-
associated, coiled-coil containing protein kinase; SRF: serum response factor; STAT3: signal
transducer and activator of transcription 3. 
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Calcium handling proteins are also known to be involved in the physiology of left 

ventricular hypertrophy, impacting on calcium flux, contractility and potentially 

excitation-contraction coupling (McCall et al., 1998). Important roles have been found 

for the calcium transport protein sarcoplasmic reticulum calcium ATPase (SERCA) 

(Ju et al., 1996), T-type Ca2+ channels (Martinez et al., 1999), and calsequestrin 

(Schmidt et al., 2000). Left ventricular hypertrophy also affects proteins involved in 

cardiac bioenergetics. For instance, both mitochondrial energy metabolism (Chen et 

al., 1995) and the creatine kinase system are compromised in pathological models 

(Ingwell, 1993). Cardiac hypertrophy is also associated with a switch to the fetal 

energy metabolic characteristic of reduced fatty acid oxidation and increased β-

oxidation. The fatty acid-activated nuclear receptor protein, peroxisome proliferator-

activated receptor alpha (PPAR(alpha)), is believed to play a key role in mediating the 

decreased expression of fatty acid oxidation enzyme genes in response to hypertrophic 

growth (Lehman and Kelly, 2002). Other proteins implicated in the hypertrophic 

program include vasoactive pathway factors like atrial natriuretic peptide and 

endothelin-1 (Bianciotti and de Bold, 2000), matrix metalloproteinases (Seccia et al., 

1999; Kim et al., 2000) and electrical conductance proteins such as ion channels 

(Borlak and Thum, 2003). 

 

In addition to identifying structural and functional changes associated with left 

ventricular hypertrophy, much cardiovascular research has sought to uncover 

regulatory pathways involved in the initiation and maintenance of the hypertrophic 

response.  Once again, a diverse suite of genes have been implicated, including 

growth factors, vasoactive peptides, hormones, signalling intermediates, 

neurotransmitters and transcription factors (Arnett et al., 2004; Lips et al., 2003). One 

important pathway linked to the development of myocardial hypertrophy is the 

cardiac renin-angiotensin system (Wagner et al., 1999; Lijnen and Petrov, 1999). 

Angiotensin II is known to activate a G-protein coupled signalling cascade that 

promotes myocardial hypertrophy in response to mechanical stretch (Yamazaki et al., 

1999). G-protein signal transduction following β1 adrenergic receptor activation also 

participates in cardiac hypertrophy and the progression to heart failure. Another well 

characterised pathway of cardiac hypertrophy mediated through the endothelin-1 

receptor is also coupled to G protein activation (Ritter and Neyees, 2003). 
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 Significant research has been performed into the roles of stretch-sensitive ion 

channels and extracellular matrix/cytoskeletal receptors in the initiation of cardiac 

hypertrophy. Such molecules are able to detect increased myocardial load and respond 

via the activation of associated signal transduction networks. As stretch-sensitive ion 

channels affect intracellular Ca2+ passage, much interest has recently centred on the 

roles of the calcium-dependent protein phosphatase calcineurin and associated 

proteins (Saito et al., 2003). In facilitating translocation of NF-AT (nuclear factor of 

activated T cells) transcription factors to the nucleus, signal transduction cascades 

involving these proteins have been found to activate the expression of genes involved 

in the hypertrophic response (Rothermel et al., 2003; Ritter and Neyees, 2003). 

Evidence suggests that the Na+/H+ exchanger is similarly involved in the induction of 

cardiac hypertrophy by mechanical stretch (Yamazaki et al., 1999).  Investigations 

have also shown that integrins convert mechanical stress stimuli into hypertrophic 

signals, in this case via a pathway involving FAK, Src and p38MAPK (Komuro, 

2001). 

 

As increased protein synthesis is essential for cell growth, the molecular pathways 

facilitating increased translational efficiency and capacity are likely candidates to be 

involved in the hypertrophic response (Hannan et al., 2003). Indeed, recent 

investigations have implicated a number of genes involved in the regulation of 

ribosomal assembly in cardiac hypertrophy. The mTOR protein (mammalian Target 

of Rapamycin) is known to regulate a number of genes involved in mRNA translation. 

Blocking mTOR protein function by rapamycin treatment has been found to attenuate 

increases in heart weight and to stimulate regression in an overload model of cardiac 

hypertrophy (Shioi et al., 2003; McMullen et al., 2004). Furthermore, rapamycin has 

been shown to block the growth of cardiomyocytes treated with a number of different 

hypertrophic agents (Proud, 2004). Important downstream targets of mTOR include 

the ribosomal S6 kinases (S6Ks). These have been shown to function as determinants 

of organ size and investigations have revealed S6K1 is up-regulated in both in vitro 

and in vivo models of cardiac hypertrophy (Hannan et al., 2003). Transgenic studies 

have shown that deletion of S6Ks is not sufficient to block cardiac hypertrophy, 

suggesting that other molecules are also involved (McMullen et al., 2004a). 
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Other investigations have shown various growth factors represent additional 

mediators of the hypertrophic response. Treatment of isolated rat neonatal 

cardiomyocytes with fibroblast growth factor-2 (FGF2) resulted in the re-expression 

of genes associated with cardiac hypertrophy (Kaye et al., 1996), and mice lacking 

FGF2 develop significantly less hypertrophy in a pressure overload model (Schultz et 

al., 1999). Further studies have shown that two specific FGF2 isoforms are involved, 

with a switch to a higher molecular weight FGF2 isoform (hi-FGF2) marking the shift 

from adaptive to maladaptive hypertrophy (Kardami et al., 2004). Insulin-like growth 

factor-1 (IGF-1) is another growth factor known to induce transcription of 

hypertrophic markers in isolated neonatal cardiomyocytes (Ito et al., 1993). 

Transgenic mice over-expressing the IGF1 receptor (IGFR) display compensated 

hypertrophy without evidence of adverse pathology (McMullen et al., 2004b). Other 

growth factors implicated in the hypertrophic process include epidermal growth factor 

(EGF) (Rebsamen et al., 2000), transforming growth factor β-1 (TGFβ1) (Schultz et 

al., 2002), and platelet-derived growth factor-C (PDGF-C) (Ponten et al., 2003). 

 

As discussed earlier, re-expression of fetal contractility and metabolic proteins 

represents an established facet of cardiac hypertrophy. Such is the observation of 

recapitulation of fetal gene expression during cardiac hypertrophy that Schoenfeld et 

al. (1998) used a real-time PCR approach to analyse the molecular phenotypes 

associated with these tissue states. This study was successful in identifying a number 

of developmental genes re-expressed in the myocardium of hypertrophic mice. Other 

investigations have sought to determine whether the switch to fetal expression is 

accompanied by the re-enlistment of developmental regulatory apparatus. As 

reviewed by Wagner et al. (1999), up-regulation of MLC-2 expression during cardiac 

hypertrophy is dependent on transcriptional response elements also involved in 

development. Implicated in this process are the Mads box transcription factors MEF-

2C and BBF-1. Another well characterised developmental transcription factor 

implicated in both cardiac development and hypertrophy is GATA-4 (Figure 1.3) 

(Pikkarainen et al., 2004).  
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Figure 1.3: Proposed mechanical load-induced signalling pathways leading to the 
activation of cardiac transcription factors including GATA-4 (adapted from Pikkarainen 

et al., 2004) 

 
Abbreviations: 14-3-3: tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 

protein; AKT (PKB): protein kinase B; Ang II: angiotensin II; CaMK: calcium/calmodulin-

dependent protein kinase; CN: calcineurin; ERK: extracellular signal regulated kinase; ET-I: 

endothelin-1; GATA-4: GATA binding protein-4; GPCR: G-protein coupled receptor; GSK3: 

glycogen synthase kinase-3; HDAC: histone deacetylase; ISO: isoprenaline; MAPK: 

mitogen activated protein kinase; MEF-2: myocyte enhancer factor-2; MEK1: Mitogen 

Activated Kinase Kinase 1; NFAT: nuclear factor of activated T-cells; Nkx-2.5: NK2 

transcription factor related, locus 5; p38: p38 kinase; p300: nuclear hormone receptor 

transcriptional coactivator; PE: phenylephrine; PI3K: phosphatidylinositol 3-kinase; RhoA: 

ras homolog gene family, member A; ROCK:  Rho-associated, coiled-coil containing 

protein kinase; SRF: serum response factor. 

1.3.2 Models of maladaptive hypertrophy 

 

Advances in our understanding of human cardiovascular disease can be largely 

attributed to the range of in vitro and animal models currently available today. Ideally 

a model should mimic human heart failure exactly. However, given the complexity of 
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heart disease and differences between different species, this is not possible. 

Representative models of various stages of heart disease have been obtained and are a 

valuable resource in the investigation of molecular mechanisms involved and benefits 

of drug intervention (Elsner and Riegger, 1995; Muders and Elsner, 2000). 

Experimental systems using cultures of cardiac cells have been useful in 

characterising the response of cardiomyocytes to hypertrophic agents (Shapiro and 

Sudgen, 1996; Hefti et al., 1997; Micheson et al., 1998). Nonetheless, the selection of 

a suitable animal model is essential when considering integrative aspects of cardiac 

function and effects on the organism as a whole (Muders and Elsner, 2000). 

 

The decision regarding which animal model to select is an important aspect of 

cardiovascular research and should be based on the nature of the hypothesis to be 

investigated and the available resources (Power and Tonkin, 1999). The findings of 

such investigations should therefore be interpreted taking account of the limitations of 

the experimental model used (Yarbrough and Spinale, 2003). A common limitation is 

the onset of sudden heart failure as opposed to the more gradual development seen in 

humans (Muders and Spinale, 2000). Species varying from small rodents to sheep and 

pig have been used in the study of heart failure. Cardiovascular models using larger 

animals may more accurately demonstrate human left ventricular function and 

volumes; however these are frequently more expensive and are sometimes avoided 

due to ethical considerations. Large animal models most often used include dogs, 

sheep and swine (Muders and Elsner, 2000; Power and Tonkin, 1999; Yarbrough and 

Spinale, 2003).  

 

Small animal models are most commonly used in cardiovascular research as they are 

less expensive and enable increased sample groups to be examined. Models applicable 

to a range of cardiovascular disorders have been developed in mice, rats, guinea pigs 

and rabbits (Muders and Elsner, 2000). The rat remains the most popular of the small 

animal models (Figure 1.4). The mouse is also increasingly being used in response to 

our knowledge of its genetics and ability to manipulate the mouse genome (Franz et 

al., 1997; Chu et al., 2002).  
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Figure 1.4. Number of publications on hypertrophy appearing in
the "PubMed" database for different species from December
1994 - December 2004 (including cardiomyocyte studies) 

 

 

 

 

Given the choice of rat models in the research described in this thesis, the advantages 

and disadvantages of rats will be briefly discussed. In addition to economic and 

gestation factors, the rat is a useful choice due to the large body of literature available 

for the various models. Results using one rat model can be compared to those 

obtained using another and any inconsistencies or trends analysed. As reviewed 

elsewhere, the major limitations are in regard to differences between myocardial 

function in rats and humans (Hasenfuss et al., 1998; Muders and Elsner, 2000). In 

contrast to humans, the rat myocardium exhibits a decreased action potential usually 

lacking a plateau phase (Bers in Hasenfuss et al. 1998). Furthermore, cytosolic 

calcium removal is predominated by sarcoplasmic reticulum calcium pump activity in 

the rat, with a lesser role observed for the Na+/Ca2+ exchanger (Pieske et al., 1997). 

Another difference in the rat myocardium is the predominance of the α-myosin heavy-

chain isoform and switching towards the β-chain isoform in response to 

haemodynamic load or hormonal changes (Swynghedauw et al., 1986). Heart rate is 

also five times higher in rats compared to humans and the force-frequency 

relationship inversely proportional (Bers in Hasenfuss et al. 1998). Available small 

animal models used in the investigation of cardiac pathological hypertrophy will now 

be introduced, including the DOCA-salt model investigated in this work. 
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Transgenic models 

 

More than 100 transgenic models of hypertrophy or cardiomyopathy have now been 

reported in the mouse alone (Chu et al., 2002). Unfortunately, the relevance of 

transgenic approaches to human hypertrophy and heart failure is sometimes 

controversial. Over-expression of transgenes may disrupt the stoichiometry required 

for normal cardiac function, leading to non-specific secondary effects. The 

phenotypes observed can also vary between different strains (Chu et al., 2002). 

Dominant negative experiments may be complicated by gene redundancy and 

compensatory responses (Chu et al., 2002). Improvements leading to more precise 

spatial and temporal control of expression will be of considerable benefit in the final 

interpretation of transgenic experiments. Nevertheless, transgenic animal models 

remain a powerful tool in the analysis of candidate genes or signaling pathways. As 

reviewed in Bader (2002), numerous transgenic models have been generated to 

examine the role of the renin-angiotensin system (RAS) in the induction of cardiac 

hypertrophy. Similar genetic techniques have been used to investigate cardiac calcium 

signaling (Morad and Chau, 2004). Transgenic studies have implicated a range of 

genes in the hypertrophic process, including transforming-growth-factor-β-activated 

kinase (Zhang et al., 2000), platelet-derived growth factor-C (Ponten et al., 2003), 

H11 kinase (Depre et al., 2002), Interleukin 1alpha (Isoda et al., 2001) and calcineurin 

(De Windt et al., 2001).  

 

Pressure loading by aortic banding  

 

Partial constriction of the ascending and descending aorta results in a rapid 

progression to left ventricular hypertrophy (Imamura et al., 1990; Feldman et al., 

1993; Christoffersen et al., 2005). As reviewed in Doggrell and Brown (1998), a silver 

or Week hemoclip is used to constrict the ascending aorta to around 30% of its normal 

cross-sectional area. Conversely, a spiral polyethylene catheter tube is positioned 

around the abdominal aorta resulting in aortic constriction. This model has been used 

to define many aspects of myocardial hypertrophy. After 20 weeks of banding, 

Feldman et al. (1993) observed characteristic changes in gene expression in treated 

rats demonstrating left ventricular hypertrophy. These changes included increased 
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atrial natriuretic factor (ANF) and β-myosin heavy-chain (βMHC), in addition to 

decreased Ca2+-ATPase expression.  

 

Due to the relatively low mortality rate of this procedure and high success of 

hypertrophic induction, the aortic banding model remains popular in the study of left 

ventricular hypertrophy (Doggrell and Brown, 1998; Chu et al., 2000). Recent 

investigations have used this model to investigate the importance of such diverse 

processes as peroxisome-proliferator-activated receptor mediated regulation (Ogata et 

al., 2002), accumulation of the cytoskeletal protein dystrophin (Maeda et al., 2003) 

and bioenergetic status of the hypertrophied heart (Gong et al., 2003). Aortic banding 

is not generally used as a model for heart failure and does not mimic a human clinical 

condition with the exception of heart failure patients with stenosis of the aortic valve 

(Doggrell and Brown, 1998; Chu et al., 2000). 

 

Arteriovenous fistula volume overload model  

 

Volume overload based models have also been utilised to provide insight into cardiac 

hypertrophy. The arteriovenous (AV) fistula model has similarities to conditions such 

as hyperthyroidism and demonstrates increases in cardiac mass ranging from 20% to 

100% (reviewed in Wang et al., 2002). Recent investigations have used this model to 

investigate such processes as collagen cross-linking (Herrman et al., 2002), 

microtubule function (Liu et al., 2003) and electrical remodelling (Peschar et al., 

2003) in ventricular hypertrophy. Wang et al. (2003), using a needle based method to 

create a shunt between the aorta and vena cava, observed compensatory hypertrophy 2 

to 8 weeks after surgery. This progressed to decompensatory hypertrophy and heart 

failure between 8 and 16 weeks.  

 

Renovascular hypertension models 

 

Cardiac diseases are a major cause of mortality in patients with end-stage renal 

failure. In the United States cardiac complications contribute to more than 50% of 

deaths in end-stage renal disease (reviewed in Kennedy et al., 2003). A number of 

renovascular hypertension models are available, such as the one kidney one clip 

(1K1C) model which involves the removal of one kidney and a clip placed on the 
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renal artery of the remaining (Rabindranauth et al., 1998) and the corresponding two-

kidney two clip (2K2C) model (de Simone et al., 1992). These are both classified as 

volume overload models as they stimulate the renin-angiotensin (RAS)-aldosterone 

system in the absence of renal excretion or the loss of fluid (Doggrell and Brown, 

1998). The exact clinical value of the 1K1C model remains uncertain although the 

2K2C version is representative of bilateral renal stenosis in humans. The 1K1C model 

has been used in a number of studies into hypertension and hypertrophy. Gupta et al. 

(2003) observed changes in Ca2+ uptake consistent with compensatory hypertrophy 

in 1K1C rats that progressed to heart failure in later stages. Similarly, Nass et al. 

(2002) used the 1K1C rats as a model of left ventricular hypertrophy (LVH) in 

investigating the effect of pre-existing hypertrophy on ventricular dysfunction 

following myocardial infarction. 

 

The two-kidney one-clip (2K1C) model of renovascular hypertension is also known to 

induce ventricular hypertrophy (Kharin et al., 2005). Consistent with hypertension 

models, the hypertrophy seen in the adult heart is characterised by a lateral increase in 

myocyte size as opposed to an increase in cell number or myocyte length. The 2K1C 

model represents a pressure overload model as renin-angiotensin system (RAS) 

activation and vasodiliation occur in the presence of renal excretion and fluid loss 

(Doggrell and Brown, 1998). The 2K1C model is commonly used in the investigation 

of cardiac hypertrophy, with recent investigations using it to study myocyte loss 

(Buzello et al., 2003), the role of the NAT1 translational repressor (Sangaralingham et 

al., 2003), cardiac apoptosis (Thone-Reineke et al., 2003) and atrial natriuretic factor 

(ANF) regulation (An et al., 1999). 

 

Spontaneous hypertension 

 

Spontaneously hypertensive rats (SHR) are commonly used in the investigation of 

cardiac hypertension. As reviewed in Pinto et al. (1998), Wistar rats displaying high 

blood pressure have been inbred to develop this strain which demonstrates 

spontaneous hypertension. SHR feature high blood pressure at 12-14 weeks of age 

and develop many characteristics of hypertensive end-organ dysfunction. According 

to Doggrell and Brown (1998), the SHR model is useful in the investigation of 

hypertension-induced cardiac hypertrophy as these animals develop hypertrophy 
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which progresses to heart failure during the final six months of their two year lifespan. 

The model is particularly relevant given the important role of hypertension in the 

induction of human cardiac hypertrophy (Boluyt and Bing, 2000; Bing et al., 2002). 

The SHR model also displays predictable chronic and stable symptoms that can be 

monitored to provide valuable biochemical and physiological data (Doggrell and 

Brown, 1998). SHR are not complicated by mortality associated with surgery or drug 

intervention, however the time required for the onset of hypertrophy and heart failure 

represents one disadvantage (Muders and Elsner, 2000). 

 

Cultured cardiac myocytes 

 

Cardiac cell cultures have provided a valuable means of investigating cardiac 

hypertrophy at a cellular level. Recent experiments have used ventricular cultures to 

investigate the roles of a variety of factors in cardiac myocyte hypertrophy including 

the eukaryotic translation initiation factor 2βε (Hardt et al., 2004), the zinc finger 

cardiac transcription factor GATA-4 (Pikkarainen et al., 2003) and the thyroid 

hormone triiodothyronine (Liang et al., 2003). A number of agents induce cultured 

cardiomyocytes to undergo hypertrophy. These include hormones, vasoactive 

peptides, catecholamines, various growth factors and mechanical stretch (Shapiro and 

Sugden, 1996; Schaub et al., 1997). Cardiomyocyte cell cultures have been particular 

useful in enabling the elucidation of cytoplasmic signaling pathways and cellular 

responses activated by hypertrophic stimuli (Molkentin and Dorn II, 2001). 

Cardiomyocytes from embryonic and neonatal animals have been found to be the 

easiest to culture and remain the most commonly used (Hefti et al., 1997). Adult 

cardiac myocytes may constitute a more representative model however they 

proliferate more slowly in culture and can be poorly amenable to gene transfer (Hefti 

et al., 1997).  

 

Mineralocorticoid hypertension 

 

Given the choice of a rat mineralocorticoid model of pathophysiological hypertrophy 

in this thesis, the mineralocorticoid hypertension model will be discussed in some 

detail. Aldosterone activates mineralocorticoid receptors and under normal conditions 

maintains sodium homeostasis (Young and Funder, 2000). It regulates salt appetite 
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(Lucas et al., 2000; Stellar and Epstein, 1991), Na+ reabsorption and K+ excretion 

(reviewed in Funder, 2000). Significant evidence suggests that aldosterone also plays 

an independent role in target organ damage, including in cardiovascular disease 

(Struthers and MacDonald, 2004). Infusion of aldosterone or deoxycorticosterone 

acetate (DOCA) in uninephrectomised rats maintained on 1% NaCl drinking water 

produces cardiac hypertrophy, hypertension and cardiac fibrosis (Brilla and Weber, 

1992; Young and Funder, 1996; Brown et al., 2000; Fiebeler and Haller, 2003). The 

importance of the mineralocorticoid receptor in cardiac hypertrophy has been further 

demonstrated in transgenic mice in which glucocorticoid activation was prevented, 

thus enabling aldosterone occupancy (Qin et al., 2003). These mice spontaneously 

developed myocardial hypertrophy and heart failure, even on a normal diet. 

 

Interest in the role of aldosterone in cardiac hypertrophy has prompted investigation 

into the therapeutic applications of mineralocorticoid receptor blockade (Pitt et al., 

2003; Magni and Motta, 2003). The RALES (Randomized Aldactone Evaluation 

Study) human clinical trial evaluating the aldosterone blocker spironolactone was 

terminated after only half of the planned 3-year program. It reported 30% reduced 

mortality and a 35% decline in hospitalisation in patients with left ventricular 

dysfunction and severe chronic heart failure (reviewed by Funder, 2004; Young and 

Funder, 2000). The EPHESUS (Eplerenone Post-Acute Myocardial Infarction 

Efficiency and Survival Study) trial examining the effects of eplerenone reported 

benefits for patients with acute myocardial infarction and left ventricular systolic 

dysfunction (Pitt, 2004; Davis, 2003; Teerlink et al., 2003). Patients undergoing 

eplerenone treatment exhibited reduced morbidity and mortality, and minimal adverse 

effects. 

 

Although the importance of aldosterone in cardiac hypertrophy has been clearly 

demonstrated, the molecular mechanisms underlying its functions remain to be 

elucidated. A recent investigation using rat neonatal cardiomyocytes identified 

angiotensin-converting enzyme (ACE) as one possible important downstream target 

of myocardial mineralocorticoid receptor activation (Wang et al., 2002). Research 

performed by Muthalif et al. (2000) suggests that Ras/MAP kinase is involved in 

promoting DOCA-salt hypertension, possibly via cytochrome P450. Aldosterone has 

also been implicated in the regulation of tumour necrosis factor-α, a factor known to 
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be involved in the pathophysiology of heart failure (Higuchi et al., 2004; Janczewski 

et al., 2003; Diwan, 2003; Dibbs et al., 2003; Yokoyama et al., 1997). It was found 

that DOCA administration resulted in increased levels of TNF- α within the brain, 

heart and blood of normal rats (Francis et al., 2003). Recent studies have also found 

links between aldosterone and other genes linked to cardiac hypertrophy, including 

the endothelin receptor (Ammarguellat et al., 2001) and nitric oxide synthase (Chun et 

al., 2003). 

 

1.4 Exercise training models of physiological hypertrophy 

 

1.4.1 Introduction to physiological hypertrophy  

 

In marked contrast to pathological hypertrophy, chronic exercise training induces a 

form of physiological hypertrophy that is considered to be a beneficial adaptive 

response (Braun, 1991; Fenning et al., 2003). Exercise trained hearts demonstrate 

maintained or improved cardiac function despite being subjected to increasing 

demand. This enhanced function is characterised by improvements including 

decreased myocardial stiffness, increased left ventricular internal diameter, greater 

cardiac output, enhanced bioenergetic function and increased stroke volume (Fenning 

et al., 2003; Jin et al., 2000; Woodiwiss et al., 1998; Di Bello et al., 1996; Woodiwiss 

and Norton, 1995). Cardiomyocytes from 11-week run-trained rats demonstrate 

increased velocity of loaded shortening and peak power output (Diffee and Chung, 

2003). This section will further discuss physiological hypertrophy and experimental 

models used to explore fundamental questions. The molecular basis underlining 

exercise induced cardiac adaptation and comparisons between this and pathological 

models will be further detailed in Chapter 4. 

 

Unlike the 50% or greater increases in heart to body weight ratio observed in 

experimental studies of heart failure, models of exercise training usually elicit a mild 

form of hypertrophy. In humans, although exercise training may result in 45% 

increases in left ventricular mass, pathological conditions can bring about 2-3 fold 

increases (reviewed in Hart, 2003). Endurance exercise training predominantly 

induces what is defined as an eccentric form of left ventricular hypertrophy, 
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associated with increased cellular length. As depicted in Figure 1.5, here the volume 

and internal diameter of the left ventricle increase, while the ratio of wall thickness to 

internal diameter remains the same. In contrast, concentric hypertrophy is observed in 

maladaptive pressure overload models such as the DOCA-salt model (Igalz et al., 

2003). Concentric morphology is defined where the volume and internal diameter of 

the left ventricle remain constant, but the ratio between left ventricular wall thickness 

and internal diameter is increased (Shapiro and Sugden, 1996; Kramer et al., 1998). 

 

 

Figure 1.5: Schematic representation of eccentric physiological and concentric 
maladaptative hypertrophy (adapted from Glenn Harrison, Griffith University) 
 
LVW = left ventricular wall thickness; LVID = left ventricular internal diameter  

A number of recent investigations provided further insight into the mechanisms 

underlying the improved cardiovascular functioning observed in exercise trained 

models. A study by Wistloff et al., (2001) suggested that enhanced myofilament Ca2+ 

sensitivity, improved Ca2+ intracellular handling and pH-regulation may contribute to 

the superior contractility observed in endurance trained rats. Increased Ca2+ 

sensitivity of tension has also been observed in the myocytes of exercise trained 

animals (Diffee et al., 2001). Thus, in the hearts of trained animals, significantly 

improved tension output occurs at submaximal Ca2+ levels, which is the case for a 

significant proportion of the cardiac twitch (reviewed in Diffee, 2004). This benefit is 

not therefore dependent on intracellular Ca2+ concentration, although as discussed 

previously, calcium handling is also enhanced by exercise training (Tibbits, et al., 

1978; Lebine and Kinasewitz, 1986; Moore and Korzick, 1995). 
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Increasing evidence attests to the importance of nitric oxide (NO) in the regulation of 

haemodynamic and metabolic adaptation to exercise training. The vascular 

endothelium lining produces nitric oxide via the epithelial NO synthase protein 

(eNOS) whereupon it acts predominantly as a vasodilator. Exercise increases cardiac 

output causing greater shear stress on blood vessels that in turn results in greater 

release and bioavailability of nitric oxide (Shen et al., 1995; Kingwell, 2000). 

Furthermore, increased expression of neuronal NO synthase (nNOS) has been 

reported in parasympathetic and sympathetic neural tissue following chronic exercise 

(reviewed in Danson et al., 2005). A number of studies have found nitric oxide to 

have anti-hypertrophic effects (Ritchie et al., 1998; Kempf and Wollert, 2004). These 

are likely mediated through the activation of pathways that interfere with pro-

hypertrophic signalling cascades, such as the calcineurin-NFAT pathway (Fiedler et 

al., 2002). Nitric oxide has also been proposed to exhibit cardioprotective properties 

(Maiorana et al., 2003) and recently, in a rat myocardial infarct model, nitric oxide 

treatment was found to attenuate detrimental cardiac remodelling (Smith et al., 2005).  

 

Exercise training has also been found to enhance bioenergetic performance. The 

myocardium of trained canines, for example, displays superior glycolytic and beta-

oxidative enzymatic activity (Stuewe et al., 2000), a result also observed in high 

intensity treadmill trained rats (Zonderland et al., 1999). A recent review by Ascensao 

et al. (2005) postulated that redox modifications resulting from moderate exercise 

might also act to improve mitochondrial respiratory function. High blood lactate and 

non-esterified fatty acids resulting from exercise are also suggested to improve 

cardiac energy homeostasis (Goodwin and Taegtmeyer, 2000). Metabolic substrate 

utilisation has been found to be considerably different to that observed in pathological 

models (Allard, 2004). A study by Iemitsu et al. (2003) similarly found differences in 

the expression of genes involved in energy metabolism in pathological and 

physiological rat models of hypertrophy. 

 

While some of the variation observed in the different models of physiological 

hypertrophy can be attributed to training regimen, age, and gender, the varied 

outcomes from investigations on myocytes may be attributable in part to regional 

differences recently observed within the myocardium of trained animals. Diffee and 

Nagle (2003) showed variation in protein levels and cardiomyocyte contractility 
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across the ventricle. Ca2+ sensitivity of tension overall was greater in the cells of run-

trained than in sedentary control animals. However, this observed difference was 

greater in endocardial cells compared to subepicardial cells. Furthermore, atrial 

myosin light chain (aMLC1) expression was increased in endocardial as compared to 

subepicardial myocytes. An understanding of these regional differences may be 

essential in the design of experiments using isolated myocytes and to our 

understanding of the physiological adaptation process. 

 

Exercise training has been found to confer cardioprotective benefits and improve 

cardiac function in a number disease models. Following ischemia, and in aged rats, 

exercise training has been found to improve myocardial function and energy 

metabolism (Burelle et al., 2004; Bowles et al., 1992; Starnes et al., 2003; Starnes et 

al. 1983). Exercised animals are also able to better tolerate hypoxia (Cutilletta et al., 

1979; Wei et al., 1989). Supervised exercise training has similarly been shown to 

improve physiological functioning and quality-of-life in human patients following 

heart failure without any observed adverse effects (Willenheimer et al., 2001; 

Willenheimer et al., 1998). Endurance exercise brought about enhanced contractile 

function, Ca2+ handling, and Ca2+ sensitivity in rat hearts following myocardial 

infarction (Wisloff et al., 2002). Detrimental cardiac effects associated with aging, 

such as reduced adrenergic signal transduction and catecholamine response, are also 

somewhat attenuated by exercise training (Roth et al., 1998; Mazzeo et al., 1986) 

 

Despite the compensatory status of the physiological hypertrophy associated with 

endurance training, it has been postulated that some cases of sudden death in trained 

athletes may be attributable to cardiac hypertrophy and accompanying variations in 

electrophysiology (Hart, 2003). Sudden death in healthy trained athletes is however 

extremely rare, estimated at approximately 1 in 200 000 (Hart, 2003). Furthermore, 

where death does occur, it can sometimes be attributable to non-cardiac effects or 

linked to drug abuse. As reviewed in Oakley (2001), there is no compelling evidence 

that healthy athletes can train themselves into a pathological state. However, risk 

groups do exist, such as individuals with undiagnosed cardiomyopathy or other 

cardiovascular disorders. 
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1.4.2 Models of physiological hypertrophy 

 

As is the case for research into other cardiovascular disorders, most investigations of 

physiological hypertrophy use the rat as the animal of choice. Care must be taken 

regarding animal age and gender as there is evidence these can influence cardiac 

adaptation to exercise (Schible et al., 1981; Konhilas et al., 2004; Li et al., 1986). 

Unlike investigations into pathological hypertrophy where there are a plethora of 

available models to choose between, studies into physiological hypertrophy revolve 

around a few main types. One of the most popular is the endurance run-trained model. 

This model incorporates rigidly structured endurance exercise programs in which 

animals are run-trained on a modified treadmill for periods ranging from 6 to 12 

weeks. Of clinical importance, this controlled exercise format is representative of that 

adhered to by training human endurance athletes (Fenning et al., 2003). The protocol 

has been further refined recently by intensity controlling work rate using maximal 

oxygen uptake (VO2 max) measurements (Wistloff et al., 2001; Kemi et al., 2002).  

 

A caveat of the treadmill run training program described above is the potential of 

animal stress to affect the experimental results observed. These programs are 

involuntary in nature as the animals are encouraged to continue running through the 

use of an electric shock plate located at the back of the treadmill. Hence some 

laboratories have developed voluntary run training models. One laboratory reported 

left ventricular hypertrophy in rats after 16 weeks of habitual exercise (Woodiwiss et 

al., 1998). Konhilas et al. (2005) developed a voluntary run training model using a 

cage running wheel set to differential loadings of no resistance, low resistance or high 

resistance. Physiological adaptation was seen in rats groups trained under each of the 

loading conditions. One important limitation of voluntary models however is variation 

in the amount of running performed by individual animals over a given time. 

Furthermore, these voluntary models do not necessarily imitate the strict routines of 

training athletes.  

 

Swimming training has been proposed to be the most efficient exercise type in 

inducing physiological hypertrophy (Schaible and Sheuer, 1979). Evangelista et al. 

(2003) recently optimised a mouse swim training regimen for the consistent induction 

of exercise hypertrophy. The optimum swim training program was determined to be 
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90 minutes twice each day for 5 days each week over a 4-week period. The validity of 

the swim training model has been questioned, as there is evidence that swimming 

alone may stress the animals (Salman et al., 1999; Evangelista et al., 2003). 

Nonetheless, such models have been used to study a variety of aspects of cardiac 

adaptation to exercise training (Scheinowitz et al., 2003; Kaplan et al., 1994). 

 

Like endurance training, resistance training (RT) can also induce cardiac hypertrophy 

(Haykowsky et al., 2002). Barauna et al. (2005) evaluated cardiac adaptations in a rat 

model in which animals performed repetitions of a squat exercise over a four week 

period. The study reported significant hypertrophy within the trained animal group 

and furthermore indicated that these changes were mediated by the resistance training 

and not stress, as there were no changes in circulating catecholamine levels or adrenal 

gland weight. Sprint training exercise models have also been investigated (Ricci et al., 

1982). Recent studies have shown sprint training improves calcium dynamics and 

contractile function in post-infarction rat myocytes (Zhang et al., 2000; Zhang et al., 

2000a; Zhang et al., 1998). 

 

1.5 Gene expression profiling in the study of complex biological   

      systems 

 
The identification of genes involved in cardiac hypertrophy represents an important 

component of the research presented in this thesis. This section will discuss methods 

used to profile gene expression in biological systems and the applications of this 

information. The well-established Northern blotting technique was proven very 

effective in early investigations evaluating the expression of structural and functional 

cardiac genes such as troponin C (Berezowsky and Bag, 1988), ANF (Mercadier et al. 

1989), myosin heavy chain and actin (Swynghedauw et al., 1984). This technique 

unfortunately requires large quantities of mRNA starting material and involves 

significant experimental manipulation for each of the genes examined. A recent study 

comparing Northern blotting analyses with DNA microarrays found Northern blotting 

to be slightly more sensitive and possibly more consistent (Taniguchi et al., 2001). 

Therefore, although superseded in terms of large-scale transcriptome analysis 
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experiments, Northern blotting is still successfully used in studies focused on 

analysing relatively small numbers of genes (Chen et al., 2004a).  

 

As processes such as cardiac hypertrophy involve complex interplay between 

numerous genes, this investigation utilised a method capable of profiling the 

expression of multiple targets. The reverse Northern hybridisation method (discussed 

further in Chapter 3) involves binding known cDNA targets on to nylon membranes 

and probing these with radiolabelled cDNA derived from the various tissues being 

compared (Chalifore et al., 1994). In addition to enabling the simultaneous evaluation 

of multiple targets, this technique requires relatively small amounts of starting RNA 

material compared to conventional Northern blotting approaches. Although, as 

discussed below, recently developed techniques such as microarray technology allow 

many more genes to be analysed, reverse Northern hybridisation represented an 

economical and effective option for this project. 

 

Our ability to analyse changes in gene expression in different cellular types and 

contexts has benefited enormously from ongoing improvements in technology 

(Choudhuri, 2004). Oligonucleotide and cDNA microarray expression profiling 

potentially enable simultaneous evaluation of potentially thousands of genes (Hegde 

et al., 2000; Xiang et al., 2003; Enders, 2004). Microarrays involve hybridising 

labelled cDNA targets derived from cells or tissues of interest to cDNA probes printed 

onto a substrate. Digital images are generated from the hybridised arrays and signal 

intensity measured for each of the probe spots using specialised software (Hess et al., 

2001). The design of superior robots for preparing arrays, advancements in surface 

technology, development of new labelling methodologies and further accumulation of 

genomic data, will all enable further improvement in the quality and power of 

microarray experiments (Schulze and Downward, 2001). 

 

Cardiovascular research has been just one area to benefit from the increasing 

availability of microarray technology (Juhasz et al., 2002; Archacki and Wang, 2004). 

Microarray analysis has recently been used to probe cardiac gene expression in many 

physiological and disease contexts. These include models of hypertension induced 

heart failure (Ueno et al., 2003; Sharma et al., 2005), postnatal development and aging 

(Chen et al., 2004a; Bodyak et al., 2002; Anisimov and Boehler, 2003), 

 30



cardiomyopathy (Hwang et al., 2002), radiation-stress induced cardiomyocytes 

(Boerma et al., 2005), fibronectin induced hypertrophy (Chen et al., 2004), chronic 

hypoxia (Graham et al., 2004), aortic constriction (Zhao et al., 2004), hyperthyroidism 

(De et al., 2004) and diet induced hyperlipidemia (Puskas et al., 2004). 

 

Serial analysis of gene expression (SAGE) is another recently developed technique 

that can be applied to examine large-scale cardiac gene expression (Anisimov and 

Boheler, 2003; Ye et al., 2002). It enables specifically tagged short sequences of 

reverse transcribed cDNA to be prepared and identified by DNA sequencing. The 

number of each short sequence identified within a specific sample can then be used 

for qualitative and quantitative measurement of mRNA abundance (Henriksen and 

Kotelevtsev, 2002; Anisimov et al., 2001). As is the case with other large-scale 

approaches, SAGE data can be publicly deposited and used to assemble searchable 

gene expression libraries.  

 

Technological innovation has also resulted in the development of PCR methodologies 

that allow improved quantitative determination of gene expression (Giuletti et al., 

2001). Real-time RT PCR strategies are now frequently used to validate the gene 

expression results generated using higher throughput based approaches (Rajeevan et 

al., 2001). Real-time RT PCR requires minimal amounts of cDNA with up to 1000 

genes able to be validated from as little as a microgram of total RNA. PCR has also 

been used as a primary method to analyse cardiac gene expression. For example, 

Schoenfeld et al. (1998) used an analytical real-time PCR approach to compare gene 

expression in murine development, growth, and pathological hypertrophy. 

 

The gene profiling techniques outlined in this section represent powerful tools for 

expanding our knowledge of the cardiac transcriptome during normal function and 

disease (Lamirault et al., 2004; Napoli et al., 2003). Such information is critical as 

cardiac disease involves dynamic and complex interplay between large numbers of 

gene products (Chein, K. R., 2000; Mann, D. L., 1999). Although care must be taken 

with respect to the pitfalls and limitations associated with each method, gene 

expression studies promise to have continued impact on the diagnosis, prognosis 

determination and treatment of cardiovascular disorders. 

 

 31



1.6 Aims of the project 
 

The major objective of this investigation was to identify genes involved in cardiac 

hypertrophy. Paramount to uncovering prognostic indicators and designing 

therapeutic strategies relevant to heart disease is a detailed understanding of the 

molecular basis of cardiac hypertrophy. Identification and characterisation of genes 

involved in these processes represents a critical step in the pursuit of elucidating 

fundamental mechanisms underlying the hypertrophic process. Specifically, this 

project aimed to optimise and apply the reverse Northern hybridisation expression 

profiling technique to evaluate expression levels of a diverse panel of ‘candidate’ 

genes in our selected models of physiological and pathological cardiac hypertrophy. 

Criteria used to define and choose the candidate genes examined in this study are 

outlined in Section 3.1.  

 

When this project commenced, few investigations had been reported analysing the 

mRNA expression of multiple gene targets in endurance training models of 

physiological hypertrophy. Furthermore, large scale transciptome analysis has not 

been reported for the DOCA-salt model of pathological hypertrophy. In identifying 

genes exhibiting altered expression, this project aimed to further increase our 

knowledge of changes occurring in these models. Also, it was hypothesised that the 

identification of differences between detrimental pathological hypertrophy and the 

beneficial physiological phenotype may highlight important molecular pathways 

relevant to clinical research. Another important aim was therefore to compare and 

contrast gene expression in the DOCA-salt treated and run-trained animal models 

used in this study. 

 

 As cellular protein levels can be controlled post-transcription and post-translation, the 

next aim of this project was to analyse protein expression for selected genes showing 

differential expression in the reverse Northern hybridisation experiments. A 

secondary objective in this section was to investigate protein expression of these 

genes in a developmental model of cardiomyocyte differentiation. This information is 

of use in examining an often-raised question in cardiovascular research; to what 
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extent do the gene expression changes in cardiac hypertrophy recapitulate the fetal 

program?  

 

In summary, the aims of this project are briefly stated in the points below: 
 
 

1) To identify genes differentially expressed in DOCA-salt induced pathological 
cardiac hypertrophy. 

 
2) To identify genes differentially expressed in run training induced 

physiological cardiac hypertrophy. 
 

3) To use our gene expression data to augment our understanding regarding the 
differences in the molecular pathways facilitating beneficial physiological 
hypertrophy versus the detrimental pathological condition. 

 
4) To analyse the protein levels of selected genes shown to display altered 

mRNA expression in our models of pathological and physiological 
hypertrophy. 

 
5) To determine the protein levels of these selected genes in a model of cardiac 

development in order to examine the extent to which embryonic regulatory 
pathways are re-expressed during the hypertrophic process.  

 
 

It is hypothesised that this investigation will show that pathological and physiological 

hypertrophy are associated with distinct mRNA and protein expression profiles. 

Despite this, due to phenotypic similarities between these models such as the onset of 

cellular hypertrophy, it is anticipated that there will be substantial overlap between the 

genes involved. For example, expression of the protein kinase Akt3 has been found to 

enhance cardiac function in physiological and compensatory hypertrophy (Taniyama 

et al., 2005; Wakatsuki et al., 2004). However, prolonged overexpression is actually 

detrimental, contributing to a maladaptive phenotype (Shiojima et al., 2005). As 

reviewed by O’Neil and Abel (2005), a similar result has been reported for Akt1. It is 

likely that the ‘distinct’ nature of molecular phenotypes identified will therefore be 

characterised by differences in the level of expression of individual genes, in addition 

to the absence or presence of particular genes in either model. 

 

The experimental techniques and reagents utilised in this investigation are outlined in 

the following chapter (Chapter 2). Chapter 3 describes the work carried out to identify 

genes differentially regulated in the DOCA-salt model of pathological cardiac 
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hypertrophy. In Chapter 4, expression profiling experiments analysing the run-trained 

model of physiological hypertrophy are detailed. Chapter 5 describes experiments 

performed to investigate the protein levels of selected genes chosen for further 

characterisation in our models of cardiac hypertrophy and development. In the final 

chapter, the overall findings of this thesis and significance of this study are discussed. 
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Chapter 2: 

 

Materials and Methods 
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2.1 Materials 

2.1.1 Biochemicals 

 

Biodegradable counting scintillant and Sephadex G-50® fine DNA grade were 

procured from Amersham Biosystems (Foster City, California, USA). Dextran 

sulphate was obtained from Astral Scientific (Ohio, USA). Glycerol, 2-

mercaptoethanol, sodium chloride and dimethyl sulphoxide (DMSO) were purchased 

from AJAX chemicals (Auburn, NSW, Australia). Acetic acid, Bromophenol Blue, 

chloroform, ethylene-diaminetetraacetic acid (EDTA), formaldehyde, formamide, 

hydrochloric acid, isopropanol, methanol, potassium acetate, sarkosyl, sodium 

hydroxide and sodium acetate were obtained from BDH Chemicals (Kilsyth, Victoria, 

Australia). Boric acid, glucose, glycine, sodium citrate and sucrose were obtained 

from Chem-Supply (Gillman, SA, Australia). Ficoll 400 and diethyl pyrocarbonate 

(DEPC) were from ICN Biochemicals (Ohio, USA). Isoamyl alcohol was obtained 

from May and Baker (Essex, England). Sodium dodecyl sulphate (SDS) was obtained 

from Rielel-de Haën (Seelze, Germany). Amberlite MB-1 mixed bed exchanger, 

Bovine serum albumin (BSA), chloroform-isoamyl alcohol, isopropyl-β-D-

thiogalactopyranoside (IPTG), guanidine (aminomethanamidine) thiocyanate salt, 2-

[Morpholino]ethanesulphonic acid (MES), 3-[N-Morpholino]propanesulphonic acid 

(MOPS), octyl phenoxy polyethoxy ethanol (Triton X-100), polyoxyethylene-sorbitan 

monolaurate (Tween-20), polyvinylpyrrolidine, Ponceau S, Tris base and 5'bromo-4-

chloro-3-indolyl-β-D-galactopyranoside (X-gal) were purchased from the Sigma 

Chemical Company (St. Louis, Missouri, USA).  
 

2.1.2 Molecular biology reagents 

 

BigDye™ terminator cycle sequencing mix was purchased from Applied Biosystems 

(Foster City, California, USA). Superscript II™ RNase H- Reverse Transcriptase, 

Ribonuclease H, Benchmark™ Prestained Protein Marker and 1Kb Plus™ DNA 

Ladder were obtained from Invitrogen™ Life Technologies (Carlsbad, California, 

USA). Clean H2O for molecular biology applications was obtained by filtering house 

deionised water through a Milli-QPLUS (MQ-H2O) filtration system (Millipore 

Australia, North Ryde, NSW). Genescreen Plus® nylon membrane was procured from 
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NEN® Life Science Products (Boston, Massachusetts, USA). ECL Plus™ Western 

Blotting Detection Reagent was obtained from Amersham Biosystems (Foster City, 

California, USA). Supersignal® WestDura Extended Duration Substrate was obtained 

from Pierce Biotechnology (Rockford, Illinois, USA). Acrylamide solution, broad 

range prestained molecular markers, low range prestained molecular markers and the 

DC Protein Assay Kit were bought from Bio-Rad Laboratories (Richmond, 

California). T4 DNA Ligase, deoxynucleotide triphosphates (dNTPs) and pGEM®-T 

Easy PCR cloning vector were purchased from Promega Corporation (Annandale, 

NSW, Australia). QIAquick Gel Extraction Kits, QIAquick PCR Purification Kits, 

QIAprep Spin Miniprep Kits and QIAfilter Plasmid Midi Kits were obtained from 

QIAGEN GmbH (Hilden, Germany). Lysozyme, ampicillin, kanamycin, tetracycline, 

herring sperm DNA, Random Primed DNA Labelling Kits, restriction endonucleases 

and SuRE/Cut™ restriction endonuclease buffers were purchased from Roche 

Diagnostic (Castle Hill, NSW, Australia). Ribonuclease A was obtained from the 

Sigma Chemical Company (St. Louis, Missouri, USA). Synthetic oligos were 

provided by Sigma Genosys (Castle Hill, NSW, Australia) or Genset Pacific (Lismore 

NSW, Australia). 

 

2.1.3 Cell culture reagents 

 

For culture of P19CL6 embryonic carcinoma cells, Minimum Essential Medium (α 

Medium) without ribonucleosides or deoxynucleosides containing L-glutamine, 

qualified fetal bovine serum (US), L-glutamine, trypsin-EDTA, phosphate buffered 

saline (PBS) pH 7.4, and penicillin/streptomycin were procured from Gibco™ 

Invitrogen™ Cell Culture Products (Grand Island, New York, USA). DMSO used for 

P19 cardiogenic differentiation was obtained from the Sigma Chemical Company (St. 

Louis, Missouri, USA). Falcon brand flasks and culture dishes for use in cell culture 

were purchased from Becton Dickinson Labware (Franklin Lakes, New Jersey, USA). 
 

 

 

 

 

 

 

 37



2.1.4  Bacterial strains and media 

 

Escherichia coli (E.coli) DH10B Electromax™ cells were purchased from Invitrogen™ 

Life Technologies (Carlsbad, California, USA). Luria-Bertani (LB) broth and 

bacteriological agar were obtained from Difco (Detroit, Missouri, USA). LB broth 

was prepared by dissolving 20g of LB in 1L of deionised H2O and autoclaving the 

media. LB-agar plates were comprised of LB broth and 1.5% bacteriological agar. 

MacConkey agar was obtained from Oxoid (Basingstok, Hants, England) and 

prepared by autoclaving 55g of media previously dissolved in 1L of deionised H2O. 

To enable the selection of plasmids, appropriate antibiotics were added to the media 

after it had cooled to below 60˚C. The final concentrations of antibiotic used were: 

100 µg/mL ampicillin, 25µg/mL kananycin, and 12.5µg/mL tetracycline. 

 

2.1.5 Antibodies 

 

A commercially produced monoclonal antibody raised against amino acid residues 

332-350 of human MMP-1 was used in the immunodetection of rat and mouse MMP-

1. This antibody (supplied by Calbiochem, SanDiego, California, USA) was used at 

dilutions ranging from 1/200 to 1/1000 in Western blot experiments. A polyclonal 

antibody recognising the amino terminus of murine dHAND was obtained from Santa 

Cruz Biotechnology (Santa Cruz, California, USA). This antibody was used at 1/50 in 

Western blot experiments. IRAK-1 was immunodetected using a 1/200 dilution of a 

polyclonal antibody from by Neo Markers (Fremont, California, USA). A polyclonal 

antibody raised against GAPDH was kindly provided by Dr Francis Clarke (Griffith 

University, Nathan, Australia). The anti-Sin1 polyclonal antibody used in this 

investigation was a kind gift from Dr Gillian Bushell and Nicole Cloonan (Griffith 

University, Nathan, Australia). 

 

Goat anti-rabbit and goat anti-mouse IgG horseradish peroxidase-conjugated 

secondary antibodies were procured from Bio-Rad Laboratories (Richmond, 

California, USA). Donkey anti-goat IgG horseradish peroxidase-conjugated secondary 

antibody was a gift from Dr Dianne Watters, Griffith University. 
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2.1.6 Animals 

 

Male Wistar rats used in this investigation were supplied by the Central Animal 

Breeding House of the University of Queensland. The treatment of the DOCA-salt 

and run-trained animals is discussed in detail in Sections 3.2 and 4.2 respectively. 

 

2.2 Methods 

2.2.1 Preparation of hypertrophic and control rat cardiac tissue for reverse 
Northern blotting experiments 
 

Euthanasia of the adult rats used in this investigation was performed via the 

administration of a lethal dose of pentobarbitone (Lethabarb). This was given by 

intraperitoneal injection at the recommended dose. Sacrificed rats were then weighed 

and the hearts rapidly removed. The total heart wet weight was determined before the 

atria, right ventricle and left ventricle/septum were separated by dissection.  These 

dissected parts were then weighed and individually homogenised in ice-cold solution 

‘D’ (refer to Section 2.2.2) using a hand held Ultra-turrax tissue grinder. The 

homogenised samples were then divided into 1mL aliquots and stored at -80˚C. These 

aliquots were later used as starting material in the RNA isolation protocol outlined in 

the following section. 

 

2.2.2 Isolation of total RNA from mammalian tissues 

 

The method selected to prepare total RNA was based upon that described by 

Chomczynski and Sacchi (1987). Tissue (100-300mg) or cell pellets (from one well of 

a 6-well plate) were placed in 1mL of ice cold solution ‘D’ (4M guanidium 

thiocynate, 25mM sodium citrate, 0.5% sarkosyl, 0.72% β-mercaptoethanol, pH 7.0). 

The samples were then rapidly homogenised as described in the preceding section. 

The homogenate was divided into two 1.5mL microcentrifuge tubes and 50µL of 2M 

sodium acetate, pH 4.0, 500µL of H2O-saturated phenol and 200µL of chloroform 

isoamyl alcohol (49:1) added to each. The tubes were mixed by inversion after the 

addition of each of these solutions before being vigorously shaken and incubated at 

4˚C for 15min. RNA samples were centrifuged at 10 000g for 20min at 4˚C and the 
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aqueous phases transferred to new microcentrifuge tubes. An equal volume of 

isopropanol was then added and the RNA left to precipitate at -20˚C for at least l h. 

The tubes were centrifuged at 10 000g for 30min at 4˚C and the RNA pellets 

resuspended in 150µL of solution ‘D’. One volume of isopropanol was then added 

and the RNA placed at -20˚C for at least l h to precipitate. The RNA was pelleted by 

centrifugation at 10 000g for 30min at 4˚C and washed in 75% ethanol. The RNA 

pellets were dried, resuspended in 45µL of MQ-H2O and stored at -80˚C until 

required. 

 

2.2.3 Preparation of first-strand cDNA from RNA samples 

 

First-strand cDNA synthesis was performed using Superscript II™ reverse 

transcriptase (Invitrogen). Briefly, 2-5µg of total RNA, 1µL of 10mM dNTP mix, 1µL 

of 10µM poly dT30MN primer and MQ-H2O to make a final volume of 12µL were 

combined in a nuclease-free tube. This mixture was heated at 65˚C for 5min and 

rapidly chilled on ice. Next, 4µL of 5X first-strand buffer, 2µL of 0.1M DTT and 1µL 

of RNaseOUT (40U/mL) were added and the tube contents incubated at 42°C for 2 

min. The reaction mixture was made up to a final volume of 20µL by the addition of 

1µL of Superscript II™ reverse transcriptase. Reverse transcription then proceeded 

during a 50min incubation at 42˚C after which the reaction was stopped by a 15min 

incubation at 70˚C. First strand cDNA preparations were then stored at -20˚C until 

required. 

 

2.2.4 Denaturing agarose gel electrophoresis of RNA 

 

The integrity of purified RNA samples was analysed by electrophoresis using 

formaldehyde-agarose gels. To prepare a 60mL gel, 0.6 g of agarose was boiled in 

43mL of MQ-H2O until dissolved. The mixture was cooled to approximately 60˚C 

before 6mL of MNE buffer (200mM MOPS, 50mM sodium acetate, 10mM EDTA, 

pH 7.5) and 11mL of formaldehyde were added. The gel suspension was mixed and 

allowed to set in a clean casting apparatus. Formaldehyde-agarose gels were prerun at 

100V for 30min before being loaded with RNA samples. To prepare RNA 

purifications for electrophoresis 2–5µg RNA was diluted in 5X loading buffer (20% 
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glycerol, 4mM EDTA, 0.9M formaldehyde, 0.1M formamide in 1X MNE buffer) and 

denatured at 65˚C for 5min. Bromophenol blue (0.25%) was added prior to loading 

the RNA samples. Electrophoresis was performed at 60V for 30min followed by 

100V until desired resolution had been achieved. The resolved gels were stained in 

0.5µg/mL ethidium bromide and destained in several washes of MQ-H2O. They were 

visualised using a UVP white/UV transilluminator system and digital images recorded 

using VisionWorks™ Imaging Software (UVP Inc., Uplands, California, USA). 

 

2.2.5 Rapid boiling preparation of plasmid DNA 

 

A miniprep method described by Sambrook et al. (1989) was adapted to determine 

whether transformed bacterial cells carried plasmids containing inserts of interest. 

Colonies selected for evaluation following transformation were picked with a sterile 

toothpick and used to inoculate LB-antibiotic cultures. These were grown at 37˚C 

overnight, transferred to 1.5mL microcentrifuge tubes and pelleted by centrifugation 

at 10 000g for 60s. The media was aspirated and bacterial pellets were resuspended in 

400µL of STET solution (8% sucrose, 0.5% Triton X-100, 50mM EDTA, 10mM Tris-

Cl, pH 8.0) and 30µL of 10mg/mL lysozyme. The cells were lysed in a boiling bath 

for 60s and centrifuged for 15min at 10 000g, 4˚C. The cell debris pellet was removed 

from the tubes with a toothpick and one volume of cold isopropanol added to the 

supernatants. The tubes were mixed thoroughly and centrifuged for 10min at 10 000g, 

4˚C to pellet precipitated plasmid DNA. The DNA pellets were washed in 70% 

ethanol, dried and resuspended in 60–100µL of MQ-H2O. The plasmid solution was 

heated at 65˚C for 20min and positive clones identified by restriction endonuclease 

digestion as described in Section 2.2.9. 

2.2.6 High quality DNA purification using the QIAGEN Spin Miniprep Kit 

 

To prepare high purity plasmid DNA samples for DNA sequencing and cloning 

experiments the QIAprep Spin Miniprep Kit was used (QIAGEN GmbH). The 

protocol used is outlined in detail in the manufacturer’s instructions. Briefly the 

procedure involved incubating a 2-5mL bacterial culture containing the plasmid of 

interest overnight at 37˚C. The bacterial cells were then lysed by alkaline lysis the 
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following day. The plasmid DNA was next bound to a QIAgen Anion-Exchange spin 

column under low salt, low pH conditions. Several washes were then performed to 

removed impurities and the DNA eluted from the resin in 50µL of MQ-H2O. 

 

2.2.7 Spectrophotometric quantitation of nucleic acid preparations 

 

The concentration of aqueous DNA and RNA solutions was determined using the 

method described by Sambrook et al. (1989). Briefly, nucleic acid samples were 

diluted in MQ-H2O and the absorbance measured at 260 nm using MQ-H2O as a 

reference. Each optical density (OD) unit is equivalent to 50µg of double stranded 

DNA per mL or 40µg of RNA per mL, thereby enabling determination of the sample 

concentration. 

2.2.8 Agarose gel electrophoresis of DNA samples

 

Electrophoresis of DNA was carried out using 0.5-3.0% (w/v) agarose gels depending 

on the size of the DNA fragments to be resolved. Gels were prepared by adding DNA 

grade agarose to an appropriate volume of 1X TBE buffer (0.09M Tris-borate; 2mM 

EDTA, pH 8.0). This mixture was then boiled until the agarose completely dissolved. 

The gel mix was cooled to below 50˚C, and 0.05% ethidium bromide added. The gel 

was left to set in a casting apparatus with appropriate combs in place and transferred 

into an electrophoresis tank containing 1X TBE. DNA samples were mixed with a 1/6 

volume of 6X loading dye (0.25% w/v bromophenol blue, 30% glycerol, 10mM Tris-

Cl, pH 8.0) prior to loading. One microgram of 1 kb DNA Ladder was run alongside 

the DNA samples as a molecular marker. Electrophoresis was carried out at 50-120V 

until appropriate resolution of the DNA fragments had been achieved. The DNA 

fragments were then viewed on a UVP white/UV transilluminator system and digital 

images captured using VisionWorks™ Imaging Software (UVP Inc., Uplands, 

California, USA). 
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2.2.9 Restriction endonuclease digestion of plasmid DNA  

 

Restriction endonuclease digestion of DNA was performed in 20µL reaction volumes 

according to the manufacturer’s directions. Briefly, 1–5U of the required restriction 

enzyme was added to a reaction mixture consisting of 1X buffer, 1–5µg of DNA 

template and MQ-H2O. Restriction enzyme digestions were incubated at 37˚C for 1-

3h and analysed by agarose gel electrophoresis as described in Section 2.2.8. 

 

2.2.10 Gel extraction of electrophoresis-separated DNA fragments 

 

DNA required for further manipulation was purified from agarose gels using the 

QIAquick™ Gel Extraction Kit (QIAGEN GmbH). DNA fragments of interest were 

excised from gels using a clean scalpel, weighed, and resuspended in 3 volumes of the 

recommended buffer. The gel fragments were dissolved at 50˚C with occasional 

vortex mixing. Briefly, the gel extraction procedure involved binding the DNA onto a 

spin column containing a silica-gel membrane. The bound DNA was then washed and 

eluted, as per manufacturer’s instructions, in 30–50µL of sterile H2O. The 

concentration of the eluted DNA was then determined according to the method 

described in Section 2.2.7. 

 

2.2.11 Ligation of PCR products into host plasmids 

 

Cloning of PCR products was carried out using the pGEM®-T Easy plasmid. This 

cloning vector contains single 3´ terminal thymidine residues at both ends of the 

insertion site. These 3´-T overhangs facilitate efficient ligation of DNA amplified 

using Taq polymerase as this enzyme frequently adds a single 3´-deoxyadenosine to 

the PCR products. The 10µL ligation reactions contained insert DNA, 25ng of 

pGEM®-T Easy plasmid, 1X T4 DNA ligase buffer, 3U of T4 DNA ligase and MQ-

H2O as required. The amount of insert added to the ligation reaction was calculated by 

using the following equation as directed in the manufacturer’s users manual. 

 

    ng of insert   = 
(size of insert).(ng of vector).(desired insert:vector molar ratio) 

size of vector  
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Ligation reactions were prepared using 3:1 insert to vector ratios and incubated at 4˚C 

overnight. The following day the T4 DNA ligase was inactivated by heating the 

ligated products to 72˚C for 10min and various dilutions of the reaction were then 

used to electrotransform DH10B cells as described in Section 2.2.13. 

 

2.2.12 Preparation of electrocompetent cells 

 

This procedure was based on that recommended in the Bio-Rad GenePulser™ 

instruction manual. To prepare electrocompetent DH10B cells a colony from a freshly 

streaked plate was used to inoculate a 25mL starter culture of LB Broth. This was 

grown at 37˚C overnight under constant shaking. The following day the culture was 

added to 1L of LB broth and grown to an OD600 of 0.4–0.6. The cells were rapidly 

cooled by swirling in ice water for 5min and centrifuged for 15min at 5000g, 4˚C. 

Care was taken throughout the rest of the procedure to keep the cells cold and work as 

quickly as possible. The media was discarded and the cells resuspended in 1 L of cold 

autoclaved MQ-H2O. The cells were centrifuged for 15min at 5000g, 4˚C and the 

supernatant again discarded. This step was repeated with a reduced volume of 500mL 

of the autoclaved MQ-H2O. Cell pellets were then resuspended in approximately 

40mL of cold 15% glycerol and centrifuged for 15min at 5000g, 4˚C. The supernatant 

was removed and the cells thoroughly resuspended in 0.5mL of cold 15% glycerol. 

This final suspension was divided into single use tubes and immediately frozen in 

liquid nitrogen. The cells were then stored at -80˚C until required. 

 

2.2.13 High efficiency transformation of E.coli cells by electroporation 

 

Plasmid DNA samples to be transformed were overlayed with 20µL of thawed 

electrocompetent DH10B E.coli cells (Section 2.2.12) and incubated for several 

minutes on ice. The DNA-cell mixture was placed into a Gene Pulser®
 cuvette (Bio-

Rad) with a 0.1cm electrode gap and electroporated at 1.75kV/ 200 Ω/ 25µFD. The 

electroporated cells were quickly transferred into 1mL of LB liquid media (containing 

no antibiotic) and left to recover at 37˚C for 1-2h. Different volumes of the cell 

suspension were then spread onto dry LB plates containing appropriate antibiotic and 

grown at 37˚C overnight to select for transformed cells. 
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2.2.14 Preparation and storage of frozen bacterial glycerol stocks 

 
Bacterial glycerol stocks were prepared by inoculating 2mL of LB broth with a single 

bacterial colony. Cultures were then grown overnight at 37˚C with constant shaking in 

the presence of the required antibiotic. The bacterial culture was then mixed with an 

equal volume of 80% glycerol and frozen at -80˚C. 

2.2.15 Amplification of DNA fragments using the polymerase chain reaction

 

The polymerase chain reaction (PCR) was used to amplify DNA probes for reverse 

Northern experiments and to analyse the expression of selected genes in cell and 

tissue samples. A list of the primers used to amplify specific targets is given in Table 

2.1. The standard PCR reaction mixture consisted of 1-100ng of template DNA, 1X 

PCR buffer, 0.2mM dNTP mix, 10pmol of each primer, 1.5mM MgCl2, 0.5-2U Taq 

polymerase and sterile water as required. Prepared reaction mixtures were placed into 

a MJ Research Inc. Minicycler™ and amplified using a heated lid to prevent 

evaporation. Reaction conditions were tailored to achieve optimal target amplification 

for each primer pair. Due to the sensitivity of PCR amplification, care was taken to 

ensure that reagents were not contaminated with DNA from other sources. In general 

the thermal cycling programs were performed using a general format involving the 

following steps: 

 

1. Initial denaturation  (3min at 94˚C) 

2. 30 cycles of denaturation (30s-1min at 94˚C), primer annealing (30s–

1min at  50-62˚C) and primer extension (30s–2 min at 72˚C) 

3. Final product extension  (3min at 72˚C) 
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Table 2.1:  Primer sequences used to amplify DNA probes for selected genes

 

  ACE   atctgcccaccagttgctcg   tcctccacgaacctgttagcc 461
  ETAR   atgtgtttaagctgttggcg   aggatccagatggagacaat 226
  dHAND   ggagaacccctatttccacacgg   tgttgatgctctgagtcctgcg 236
  MRG-1   ctgtccctctatgtgctgctgag   gctggtttgtgtcccgttcatctg 546
  MSG-1   atgccaaccaggagatgaac   atcagcacctcctcatccac 445
  Nkx-2.5   gacatcctgaacctggagcag   cagctccactgccttctgca 317
  SMAD1   cgttccccgactccttccag   ttcgtgtccataggctgagagc 223
  SMAD5   agcactcctttccccttatctcc   gcaacaggctgaacattctgc 248
  SMAD7   ccctgctgttgttgctgtcg   ggatggtggtgacctttggc 350
  SRF   gctagcggagtcgaaagactc   gcatagacataccgaactcgc 312
  BMP-2   gttgctgcttccccaggtcc   gccacttccaccacaaaccc 654
  BMP-4   tggtaaccgaatgctgatcg   tcacagtgttggctctgctg 347
  IGFR   ccgaacctcacagtcatccg   ctcgcttcccacacacacttg 367
  AR-1A   ctttcagaatgtcctgcgaatcc   tagacttcctccccgttttcacc 392
  AR-1B   gtcatcctgtcggtggcctgc   cggcagtacatgaccaggatg 478
  AR-1D   cgtgtgctccttctacctacc   gcacaggacgaagacacccac 303
  AR-2A   cacgttcgtgctggcggtggtgat   ggtctgtaagcagcacagcccgag 264
  AR-2B   cacctttgtgctggccgtggtcat   cagcatttttgtcctttccccttc 395
  Hermes   tcctgaaatcccgcaaacgc   aactgccgtgacttccagcc 327
  GAPDH  acagtccatgccatcactgcc  gcctgcttcaccaccttcttg 228

  Gene   Forward Primer (5'-3')   Reverse Primer (5'-3') Amplicon Size 
(bp) 

 

2.2.16 Purification of PCR products 

 

Purification of PCR amplicons from other reaction components, such as primers, 

nucleotides, salts and Taq polymerase, was achieved using the QIAquick™ PCR 

Purification Kit. The procedure was carried out according to the manufacturer’s 

instructions. Briefly, the completed PCR reaction mixes were added to 5 volume of 

supplied buffer. The amplified DNA was next bound to a silica membrane and 

washed several times to remove any remaining unwanted PCR reaction components. 

The purified DNA amplicon was then eluted from the column in 30µL of MQ-H2O. 
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2.2.17 Cycle sequencing of DNA fragments 

 

Cloned DNA plasmids and PCR amplicons were sequenced using the ABI PRISM™ 

BigDye™ Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems) 

according to the manufacturer’s instructions. The 20µL 0.5X sequencing reaction 

mixtures consisted of 4µL of Terminator Ready Reaction Mix, 0.5µg of dsDNA or 

0.1µg of PCR product, 3.2pmol of primer, 4µL of 2.5X sequencing buffer (200mM 

Tris-Cl, 5mM MgCl2, pH 9.0) and MQ-H2O as required. Cycle sequencing was 

performed using a MJ Research Minicycler™ with the following cycle repeated 25 

times: 

• rapid ramping to 96˚C 
• 96˚C for 30 s 
• rapid ramping to 50˚C 
• 50˚C for 15 s 
• rapid ramping to 60˚C 
• 60˚C for 4 min 

 

Unincorporated fluorescent terminators were removed from the sequencing reactions 

by ethanol precipitation. The reaction mixtures were transferred to a 1.5mL 

microcentrifuge tube and made up to a volume of 36µL with MQ-H2O. Next, 64µL of 

95% ethanol was added and the tubes mixed by vortexing before being incubated at 

RT for 15min. The precipitated DNA fluorescent complexes were then centrifuged at  

14 000g for 30min and the supernatant discarded. The DNA pellets were washed with 

70% ethanol and air dried. The dried pellets were processed at the Griffith University 

DNA Sequencing Facility using an ABI 377™ automated sequencer (Perkin Elmer, 

Boston Massachusetts, USA). The DNA sequencing results were viewed with 

Chromas Version 1.5.6 (Technelysium, Helensvale, Queensland, Australia) and 

further analysed using MacVector™ Version 6.5.3 software (Oxford Molecular 

Group/Accelrys Inc., San Diego, California, USA). 

 

2.2.18 Preparation of labelled cDNA probes using the random primed method 

 

The Random Primed Labelling Kit (Roche Diagnostic Australia, Castle Hill, NSW) 

was used to prepare radiolabelled probes by random hexamer priming. Random 

primed labelling reaction mixtures consisted of 100-500ng of denatured cDNA 
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template, 1µL  of 0.5mM dTTP, dCTP and dGTP solutions, 50µCi of  [α-32P]dATP 

(3000Ci/mmol; 10 mCi/mL), 2µL of hexanucleotide mix and 2U of Klenow. MQ-H2O 

was added to a final volume of 20µL. The prepared labelling reactions were incubated 

at 37˚C for 1h and then stopped by the addition of 5µL of 0.5M EDTA. The probes 

were then diluted in an appropriate volume of MQ-H2O and unincorporated 

radionucleotides removed using an equilibrated Sephadex™ G-50 spin column 

prepared as described in the following section. Briefly, diluted reaction mixtures were 

loaded onto G-50 spin columns and centrifuged at 1000 g for 5 min. Eluates 

containing the radiolabelled cDNA were then transferred into fresh microcentrifuge 

tubes until required.  

 

2.2.19 Preparation of Sephadex G-50 spin columns 

 

Sephadex G-50 spin columns were used to remove unincorporated [α-32P]dATP from 

DNA labeling reactions. Sterile 1ml syringes were plugged with glass wool and filled 

with hydrated sterile Sephadex G-50. The columns were placed in sterile 10ml 

polypropylene tubes and packed by centrifugation at 900g for 5min. Additional 

Sephadex G-50 was added until the packed bed volumes of the columns exceeded 

0.8ml. Columns were equilibrated twice with the addition of 100µL of sterile TE 

(10mM Tris-HCl, 1mM EDTA, pH 8.0) followed by centrifugation at 900g for 5 min. 

Once equilibrated the spin columns were stored at 4˚C until required. 

 

2.2.20 Reverse Northern analysis of cardiac gene expression 

 

To limit variation brought about by such factors as the use of different batches of 

reagents on different days, all reverse Northern experiments were performed and 

analysed using a pairwise approach. This firstly involved loading DNA probes for 

pairwise experiments onto the Genescreen Plus®
 membranes on the same day using 

identical gene target DNA preparations. The rest of the experiment was similarly 

performed in parallel, including the preparation of reverse transcription reactions, G-

50 probe clean up, prehybridisation and subsequent overnight hybridisation.  
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DNA target probes for selected genes were prepared by PCR and DNA preparation 

methods as described previously. PCR targets were purified using a QIAgen™ PCR 

Purification Kit prior to use (Section 2.2.16). These target sequences were denatured 

by boiling for 10min, cooled rapidly on ice for a further 10min, and loaded in 

triplicate onto MQ-H2O-equilibrated GeneScreen Plus nylon membranes (Du Pont) 

using a Hybri-Dot vacuum manifold (BRL). A total of 50ng of DNA target was 

loaded for each dot for purified PCR probes or 150ng for plasmid probes. The loaded 

membranes were cross-linked by incubation at 80˚C for 90-120 min and at this stage 

could be stored at 4˚C until required.  

 

Loaded membranes were pre-wet in 2X SSC solution and prehybridised for 2-3h at 

62.5˚C in 20mL of hybridisation solution (1% SDS, 10% Dextran Sulphate 500, 1M 

sodium chloride, 3X Denhardts solution). Radiolabeled probe was prepared from 

RNA extracted from hypertrophic and control rats by labeling cDNA with [α-P32]-

dATP during reverse transcription. This involved performing reverse transcription 

reactions as outlined in Section 2.2.3, in the presence of 5µL of [α-P32]-dATP 

(approximately 111 TBq/mmol: 370MBq/mL). Following reverse transcription the 

RNA template was removed from the probe preparations by incubation for 30min at 

37°C in the presence of 1U of RNase H. The cDNA probes were then passed through 

TE-equilibrated Sephadex G-50 columns to remove unincorporated [α-P32]-dATP 

(Section 2.2.19) and the total radioactivity determined using a Packard TRI-CARB 

Liquid Scintillation Analyser. This information was then used to equalise the activity 

of cDNA probe added to the pairwise compared DOCA and control hybridisations. 

Following the addition of 1mg of herring sperm DNA, the final probe solutions were 

boiled for 10min and added to the prehybridised membranes. Hybridisation was 

allowed to proceed for 16-20h at 62.5˚C and the membranes washed to remove non-

specifically bound radiolabeled cDNA. The blots were washed twice in 2X SSC for 

10min at RT, twice in 2X SSC, 1% SDS for 30min at 65˚C, and finally in 0.5X SSC 

at RT as required. 
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2.2.21 Autoradiography 

 

[32P]-labelled cDNA fragments linked to Genescreen Plus® hybridisation transfer 

membranes were exposed to medical X-ray film in cassettes (Fuji) containing an 

intensifying screen. The cassettes were exposed at -80˚C for the desired period and 

warmed to room temperature prior to development. The exposed films were 

developed using a Konica automatic medical film processor according to the 

manufacturers instructions. 

 

2.2.22 Phosphorimager quantitation of reverse Northern hybridisation 

experiments 

 
Reverse Northern blot experiments were quantified using a BioRad Molecular Imager 

FX®
 phosphorimager. Hybridised membranes were exposed against blanked BioRad 

Screen K® phosphorscreens for the required periods of time. The screens were laser 

scanned at 635nm using the Molecular Imager FX®. A setting of 50µm resolution was 

used and saturated pixels were highlighted so that dots recording high levels of 

phosphorescence could later be analysed using a shorter exposure time. The blot 

results were viewed and analysed using Quantity One™
 4.0.3 software. Briefly, a 

square box of uniform size was placed within the circumference of each dot on the 

pairwise compared blots and the counts within that region (given in CNTS/mm2) 

determined using the softwares image quantitation tool. 

 

2.2.23 Preparation of protein samples for immunoblotting experiments 

 

The mortar, pestle, and homogenisers used in the preparation of protein samples were 

cleaned immediately prior to the commencement of this procedure. Tissue samples 

were removed from storage in an -80˚C freezer and placed in a mortar under liquid 

nitrogen. The tissue was ground to a fine powder using a pestle and transferred to a 

1.5mL microcentrifuge tube. The tissue was then resuspended in 200–300µL of 

sample buffer (10% glycerol, 2% SDS, 250mM Tris-Cl, pH 6.8) and manually 

homogenised thoroughly using a disposable plastic homogeniser. The sample was 

then passed 15 times through a 23-G needle and boiled for 7min. After cooling on ice, 
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cell debris was removed by centrifugation at 14 000g for 1min. The supernatant was 

then dispensed into single use aliquots and stored at -80˚C until required. 

 

2.2.24 Estimation of protein concentration 

 
The concentrations of prepared protein samples were determined using the DC Protein 

Assay Kit and performed according to the manufacturer’s instructions (Bio-Rad). 

Briefly, the samples were firstly diluted between 1/5 and 1/50 in sample buffer (10% 

glycerol, 2% SDS, 250 mM Tris-Cl, pH 6.8) depending on the estimated sample 

concentration. From this starting mix, the samples were serially diluted in two-fold 

stages a further 5 times. To provide a standard, a 2 mg/mL stock solution of BSA was 

serially diluted in 2-fold stages down to a final concentration of 0.125 mg/mL. 

Duplicate 10µL additions of each protein sample and BSA serial dilutions were then 

sequentially placed into the wells of a 96-well plate. Zero protein additions containing 

only sample buffer were included for each dilution series. To each well, 40µL of 

Reagent A' and 200µL of Reagent B were next added. The plate was then mixed for 

5min in a plate reader and left standing in the dark at room temperature for a further 

15min. The absorbance for each dilution was read at 750nm and the concentration of 

the protein samples calculated by comparison to a standard curve plotted from the 

absorbance values of the BSA dilution series. 

 
2.2.25 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) of protein samples 

 

SDS-PAGE was performed using a Bio-Rad Protean Mini-Gel System III to resolve 

proteins for analysis or Western blotting.  The gel casting equipment was set up 

according to the manufacturers instructions and a 10% separating gel usually prepared 

(10% acrylamide, 0.1% SDS, 0.05% ammonium persulphate (APS), 0.0004% 

tetramethylethylene diamine (TEMED), 0.375M Tris-Cl, pH 8.8). The poured gel mix 

was overlayed with H2O-saturated butanol and left to polymerise for approximately 

45min. Once the gel had set, the butanol layer was removed and a 4% stacking gel 

poured above (4% acrylamide, 0.1% SDS, 0.1% APS, 0.001% TEMED, 0.125M Tris-

Cl, pH 6.8). Loading combs were inserted and the stacking gel left until polymerised. 

Protein samples were diluted in sample buffer (10% glycerol, 2% SDS, 5% 2-
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mercaptoethanol, 0.7% bromophenol blue, 62.5 mM Tris-Cl, pH 6.8), denatured for 

5min by boiling and loaded into designated wells. Molecular weight markers or pre-

stained markers were loaded alongside the protein samples. Electrophoresis was 

carried out at 100-120V for 90min or until required resolution had been achieved. To 

visualise protein, SDS-PAGE gels were Coomassie stained (0.25% Coomassie 

brilliant blue R, 50% methanol, 10% acetic acid) for 2h to overnight and destained as 

required in 5% methanol, 10% acetic acid. 

2.2.26 Detection of protein expression by immunoblotting 

 

In order to detect the expression of specific proteins by immunoblotting, a SDS-

PAGE gel containing 50–100µg of protein sample per lane was firstly prepared and 

run as described in the previous section. The resolved protein samples were then 

transferred onto either nitrocellulose or PVDF membranes using the Bio-Rad transfer 

apparatus for the Protean Mini-Gel System II according to the manufacturer’s 

instructions. PVDF membranes were activated prior to transfer in 100% methanol for 

30s. Transfer was performed at 100V for 1h at 4˚C. Successful protein transfer was 

indicated by the complete transfer of pre-stained molecular weight marker (Bio-

Rad/Invitrogen) and the equal loading of samples was assessed by Ponceau S staining 

for 1min followed by destaining in dH2O. Membranes were then blocked overnight at 

4˚C or for 1h at RT in 10 % BLOTTO (10 % non-fat dry milk powder in TBST {150 

mM NaCl, 0.1 % Tween-20, 50 mM Tris-Cl, pH 7.5}). The blocking solution was 

removed and the membranes incubated for 2h in 10 % BLOTTO containing 

appropriately diluted primary antibody. The membranes were then washed five times 

for 5min in 10% BLOTTO and incubated for 1h in horseradish peroxidase-conjugated 

secondary antibody diluted 1/2000-1/7500 in 10% BLOTTO. To remove non-

specifically bound secondary antibody, the membranes were washed five times for 

5min in TBST. To detect bound antibodies ECL Plus™ Western Blotting Detection 

Reagent (Amersham) or Supersignal® WestDura Extended Duration Substrate were 

used as recommended by the manufacturers. To image the results, the membranes 

were exposed to X-ray film (Fuji) for various time periods and developed as described 

in Section 2.2.21, or alternatively digital images were captured using the Fujifilm 

LAS-3000 Imaging System and analysed using Science Lab ImageReader LAS-3000 
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Lite software (Fuji Photofilm Co., Ltd.). Quantitative analysis of immunoblot bands 

was performed using the Quantity One™
 4.0.3 software as described for the reverse 

Northern hybridisation experiments in Section 2.2.22. 

 

2.2.27 P19CL6 cell culture  

 

P19CL6 embryonal carcinoma cells are undifferentiated stem cells that efficiently 

differentiate into beating cardiac muscle in response to treatment with DMSO 

(Habara-Ohkubo, 1996). P19CL6 cells represent a popular model of cardiomyocyte 

differentiation (Monzen et al., 1999; Peng, et al., 2002; Ghosh-Cloudhury et al., 2003) 

and were used for this specific purpose in this project. These cells were cultured as 

described by Habara-Ohkubo (1996), in Minimum Essential Medium (α Medium) 

containing L-glutamine but no ribonucleosides or deoxynucleosides (αMEM). This 

media was supplemented with 10% FBS, 100µg/L penicillin and 100U/L 

streptomycin. Cultures were incubated in 5% humidified CO2 at 37˚C in tissue culture 

grade flasks and dishes. To passage cells the media was aspirated and monolayer 

washed twice with PBS, pH 7.4. Trypsin-EDTA (0.05% trypsin, 0.53mM tetrasodium 

EDTA) was washed over the monolayer and the excess removed. Trypsinisation was 

then allowed to proceed at 37˚C until the cells detached. Fresh media was then added 

to the flask to inactivate the trypsin and the cells gently resuspended. The P19CL6 

cells used in this study were split every second day at a 1/10 ratio.  

2.2.28 P19CL6 cell differentiation  

Cardiogenic differentiation of P19CL6 cell was performed using a modified version 

of the protocol described by Habara-Ohkubo (1996). To induce P19CL6 cell cardiac 

differentiation, 1.85 X 105 cells were plated onto a 60mm dish in 4mL of fresh media 

containing 0.5% DMSO. This DMSO-containing media was changed every two days, 

with cell beating observed after 10-12 days. Control cells were prepared in parallel, 

but grown without DMSO in the media. 
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2.2.29 Generation of frozen P19CL6 cell stocks for long term storage 

 

To prepare frozen P19CL6 stocks cells were grown until nearly confluent in a 75cm2 

flask. They were then harvested by trypsination as described above and resuspended 

in 2mL of freezing media (αMEM with 10% DMSO). The cells were placed into 

cryotubes in 1mL aliquots, frozen slowly at -30˚C, and stored at -80˚C until required. 

2.2.30 Propagation of P19CL6 cells from frozen stocks 

 

To propagate P19CL6 cells from frozen stocks, the cryotubes were removed from 

storage at -80˚C and rapidly warmed in a water bath heated to 37˚C. The thawed cells 

were placed into a sterile 10mL tube and 4mL of warmed complete media added 

dropwise under constant agitation. An additional 5mL of complete media was then 

added, the suspension mixed, and centrifuged at 300g for 5min. The supernatant was 

removed and the cells washed with an additional 10mL of complete media to remove 

any remaining DMSO. The cells were centrifuged at 300g for 5min before being 

resuspended in 5mL of complete media. This suspension was transferred into a 25cm2 

tissue culture flask and the cells grown at 37˚C in a 5% humidified CO2  incubator 

until ready for splitting. 

2.2.31 Statistical analysis 

 

Where possible, data is presented as mean ± standard error of the mean calculated 

within Prism ® 3.0 and Microsoft Excel. Rat experimental data was analysed using 

one-way ANOVA with post-hoc comparisons of the treated and control groups using 

unpaired Student's t-tests. Comparisons were deemed statistically significant where 

p<0.05. 

 54



 

 

 

 

 

 

 

 

 

 

Chapter 3: 

 

Gene expression in the  

DOCA-salt model of pathological 

hypertrophy 
 

 

 

 

 

 

 

 

 

 

 

 55



3.1  Introduction 
 

 

As discussed in Chapter 1, cardiac hypertrophy represents a progressive adaptive 

physiological remodelling response to increased haemodynamic load upon the heart. 

Cardiomyocytes undergo an initial compensatory phase in which enlargement and 

contractility alterations normalise wall stress and maintain adequate perfusion of 

organs. In pathological hypertrophy, this deteriorates to a decompensated state 

characterised by ventricular dysfunction and predisposition to heart failure (Hwang et 

al., 2000; Wong et al., 1997).  Heart failure affects 10% of the elderly population and 

is associated with cardiovascular morbidity and mortality (Hasenfuss, 1998). It 

remains one of the leading causes of death within the industrialised world (Ho et al., 

1993). Much research has centred on identifying the molecular interactions 

stimulating hypertrophic remodelling. Although many important factors have been 

identified, the mechanisms underlying the initiation of the hypertrophic response and 

progression to cardiac dysfunction remain to be determined (Hwang et al., 2000).  

 

An important aspect of any investigation into pathological hypertrophy involves 

selection of an appropriate animal model. As outlined previously, cardiovascular 

research has benefited greatly from the availability of representative models for a 

variety of cardiovascular disorders (Hasenfuss, 1998). For the purposes of this study, 

the rat DOCA-salt model was utilised. Dietary administration of deoxycorticosterone 

acetate (DOCA) and 1% NaCl, in conjunction with unilateral nephrectomy, is known 

to induce cardiac fibrosis, hypertension and left ventricular hypertrophy (Pinto et al., 

1998; Doggrell and Brown, 1998; Tiritilli, 2001). The DOCA-salt rat model is well 

established and has been utilised in mice, guinea pig (Tiritilli and Ruff, 1994; Tiritilli, 

2001), dog (Constantopoulos et al., 1975) and pig (Terris et al., 1976). Only male rats 

were used in this study, as the extent of the hypertrophic response is known to be 

more than in females (Crofton and Share, 1997). The DOCA-salt model represented a 

rapid and economical animal model in which to examine the mechanisms of 

pathological hypertrophy. It should be noted however, that differences between this 

model and other alternative rat models, such as reduced response to β-adrenoceptor 

activation (reviewed in Brown et al., 2000), have been identified. Furthermore, like 
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many other animal models, the rapid onset of pathological hypertrophy is not 

representative of the slower progression usually observed in human patients. 

 

Previous investigations using animal models of hypertrophy have implicated 

numerous genes in the hypertrophic process. Prior to this project, Schoenfeld et al. 

(1998) used a real-time analytical PCR method to profile the expression of 29 genes 

in a mouse model of cardiac hypertrophy. As discussed in Chapter 1, microarray 

technology is now having considerable impact, enabling mRNA expression profiling 

of many thousands of genes (Napoli et al., 2003). Investigations such as that carried 

out by Weinberg et al. (2003) examining pressure overload-induced hypertrophy used 

a microarray approach to implicate novel genes in pathological models. No large-

scale investigations have yet analysed gene expression changes in the DOCA-salt 

model of hypertrophy, although previous studies have uncovered a number of genes 

differentially regulated in this process. For example, Capuano et al. (2002) 

demonstrated that mRNAs for specific K+ channel genes were differentially regulated 

during DOCA-salt induced hypertrophy.  

 

To provide further insight into gene expression in DOCA-salt induced hypertrophy, 

this project selected the reverse Northern hybridisation method to profile the 

expression of specific mRNA transcripts. The work presented in this chapter primarily 

aimed to identify differentially expressed mRNA transcripts within the hypertrophic 

heart. The reverse Northern hybridisation method has been successfully used by 

Chalifore et al. (1994) to analyse gene expression in RNA derived from a number of 

tissues. A similar protocol has also been previously used in our laboratory to confirm 

the results of differential display experiments (Kaarbo et al., 2003). As discussed in 

Chapter 1, the reverse Northern hybridisation technique enables efficient and 

simultaneous expression analysis of a significant number of genes. It requires 

relatively small amounts of total RNA starting material when compared with other 

methods such as Northern blotting and RNase protection. Furthermore, it represents a 

cost-effective option when compared to microarray strategies and requires only 

standard laboratory equipment.  
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One advantage of the reverse Northern hybridisation method is that it enabled the 

expression of a selected gene panel to be evaluated. The gene panel chosen consisted 

of known hypertrophic markers in addition to genes anticipated to be involved in the 

hypertrophic response. To assist in determining the success of the reverse Northern 

hybridisation experimental approach, the hypertrophic marker group included genes 

known to be up-regulated and down regulated during the remodelling process. For 

example, cardiac hypertrophy is associated with increased expression of Atrial 

Natriuretic Factor (ANF) and decreased Sarcoplasmic Reticulum Ca2+ ATPase 2 

(SERCA-2) mRNA levels (Komuro et al., 1989; Schoenfeld et al.; 1998 Bianciotti 

and de Bold, 2000). Molecular probes specific for each of these genes were included 

in the list of hypertrophic markers evaluated. One limitation of the approach used was 

that by only examining mRNA expression of ‘known’ genes this study could not 

identify novel transcripts involved. Despite this, a significant number of those genes 

included remain largely uncharacterised, and many others are undefined in terms of a 

role in cardiac hypertrophy. 

 

The final candidates chosen (listed in Table 3.1) for analysis in this chapter included 

95 genes encoding cardiac contractile and structural proteins, vasoactive pathway 

components, calcium handling proteins, apoptotic regulators, metabolic enzymes, 

cardiac ion channels, endocrine factors and transcription factors. This list comprised 

only a fraction of those that could have been investigated, however, it included 

candidates from a range of functional groups associated with cardiac hypertrophy. As 

discussed previously, microarray and other studies have recently implicated a 

significant number of additional genes in the hypertrophic process. These genes 

represent ideal candidates for inclusion in future reverse Northern expression studies.  

 

In addition to known hypertrophic markers, the gene panel prepared comprised of a 

number of functional groups of particular interest to this investigation. For example, a 

number of developmental genes were included to enable later comparison between 

fetal and hypertrophic cardiac phenotypes. Of special interest were transcription and 

growth factors participating in the regulation of cardiomyocyte differentiation. Given 

that cardiac hypertrophy involves significant ventricular remodelling resulting in 

changes in the expression of many structural and functional genes, this investigation 

sought to analyse whether regulatory factors controlling cardiac gene expression 
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during development might also be differentially regulated during the hypertrophic 

process. With recent interest in the role of apoptosis in cardiac hypertrophy (Li et al., 

1997; van Emel and De Windt, 2004; Kang et al., 2004), apoptotic and anti-apoptotic 

genes were also regarded as important candidates for analysis in this study.  

 

Table 3.1  List of genes analysed in the DOCA-salt model of hypertrophy 

 

 Gene Description Abbreviation Probe origin╒

    
 Contractile/Cytoskeletal   

    
 Myosin Heavy Chain (α and β isoforms)1 MHC W. Murrell 

 Cardiac Troponin C cTnC W. Murrell 

 Alpha Cardiac Actin c-α-actin prepared herein* 

 Cardiac Troponin I cTnI W. Murrell 

 Connexin 43 CX43 S. Grimmond 

 Myosin Light Chain 2 Ventricular Isoform MLC-2v W. Murrell 

 Sparc Related Protein SRG S. Grimmond 

    

 Matrix Metalloproteinases   

    

 Matrix Metalloproteinase 1 MMP1 A.Tresize  

 Matrix Metalloproteinase 2 MMP2 A.Tresize  

 Matrix Metalloproteinase 3 MMP3 A.Tresize  

 Matrix Metalloproteinase 9 MMP9 A.Tresize  

 Membrane-Type 1 Matrix Metalloproteinase MT1-MMP A.Tresize  

 Membrane-Type 3 Matrix Metalloproteinase MT3-MMP A.Tresize  

 Membrane-Type 4 Matrix Metalloproteinase MT4-MMP A.Tresize  

 Membrane-Type 5 Matrix Metalloproteinase MT5-MMP A.Tresize  

    

 Vasoactive Pathway   

    

 Angiotensin Converting Enzyme ACE prepared herein* 

 Atrial Natriuretic Factor ANF W. Murrell 

 Endothelin-A-Receptor ETAR prepared herein* 

    

 Calcium Handling   

    

 Calcineurin Binding Protein 1 CABIN1 S. Grimmond 

 Calcineurin Inhibitor (AF263240) mdscr S. Grimmond 

 Sacroplasmic Reticulum Ca2+ ATPase 2 SERCA-2 S. Grimmond 
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 Electrophysiology Related   

    

 Chloride Channel 1 CLC1 A. Tresize 

 Chloride Channel 2 CLC2 A. Tresize 

 Cystic Fibrosis Transmembrane Conductance Regulator CFTR A. Tresize 

 Potassium Channel Type 2 LM2 A. Tresize 

 Potassium Channel Type 4 LM4 A. Tresize 

 Potassium Channel Type 7 LM7 A. Tresize 

 Potassium Channel Kv4.2 Kv4.2 M. Tamkun 

 Multidrug Resistance 1A MDR1A A. Tresize 

 Multidrug Resistance 1B MDR1B A. Tresize 

 Calcium-Sensitive Chloride Conductance Protein 1 CaCL1 A. Tresize 

    

 Transcription Factors   

    

 dHAND Helix-Loop-Helix Protein dHAND prepared herein* 

 eHAND Helix-Loop-Helix Protein eHAND D. Srivastava 

 Friend of GATA 2 FOG-2 J. M. Leiden 

 GATA-Binding Transcription Factor 4 GATA-4 J. D. Molkentin 

 GATA-Binding Transcription Factor 5 GATA-5 J. D. Molkentin 

 GATA-Binding Transcription Factor 6 
 

GATA-6 J. D. Molkentin 

 Hairy/Enhancer of Split Related With YFPW Motif 2 Hey2 M. Gessler 

 Homeobox Protein 3.3 Hox-3.3 E. M. De Robertis 

 Homeobox Protein 4.3 Hox-4.3 E. M. De Robertis 

 Iroquios Homeodomain Protein 1 IRX-1 V. M. Christoffels 

 Iroquios Homeodomain Protein 2 IRX-2 V. M. Christoffels 

 Iroquios Homeodomain Protein 3 IRX-3 V. M. Christoffels 
 Iroquois Homeodomain Protein 5 IRX-5 V. M. Christoffels 

 Myocyte Enhancer Factor 2A MEF-2A S. Grimmond 

 Myocyte Enhancer Factor 2B MEF-2B S. Grimmond 

 Myocyte Enhancer Factor 2C MEF-2C S. Grimmond 

 Myocyte Enhancer Factor 2D MEF-2D S. Grimmond 

 MSG Related Gene 1 MRG-1 prepared herein* 

 Melanocyte Specific Gene 1 MSG-1 prepared herein* 

 msh homologue Transcription Factor MSX-1 D. Srivastava 

 MSX-2 interacting nuclear target protein MSX-2 D. Srivastava 

 NK2 Transcription Factor Locus 3 Nkx-2.3 R. P. Harvey 

 NK2 Transcription Factor Locus 5 Nkx-2.5 prepared herein* 

 Pax 3 Transcription Factor Pax-3 S. Grimmond 

 Mad Homologue 1 Transcription Factor SMAD1 prepared herein* 

 Mad Homologue 5 Transcription Factor SMAD5 prepared herein* 

 Mad Homolgoue 7 Transcription Factor SMAD7 prepared herein* 
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 Serum Response Factor SRF prepared herein* 

 T-Box Transcription Factor (Tbx-5) Tbx-5 K. Yutzey 

 Tbx Transcription Factor (Tbx-12) Tbx-12 B. Parr 

    

 Growth Factors/Growth Factor Receptors   

    

 Bone Morphogenetic Protein Type 2 BMP-2 prepared herein* 

 Bone Morphogenetic Protein Type 4 BMP-4 prepared herein* 

 Bone Morphogenetic Protein Receptor Type 1A ALK-3 A. Mackay-Sim 

 Bone Morphogenetic Protein Receptor Type 1B ALK-6 A. Mackay-Sim 

 Bone Morphogenetic Protein Receptor Type 2 BRK-3 A. Mackay-Sim 

 Insulin-like Growth Factor 1 IGF-1 S. Grimmond 

 Insulin-like Growth Factor Receptor IGFR prepared herein* 

 Platelet Derived Growth Factor Receptor Type 1 Alpha PDGF-1α A. Mackay-Sim 

 Platelet Derived Growth Factor A PDGF-A A. Mackay-Sim 

 Platelet Derived Growth Factor B PDGF-B A. Mackay-Sim 

 Transforming Growth Factor Beta 2 Type 1 Receptor TGFβ2R1 A. Mackay-Sim 

 Transforming Growth Factor Beta 2 Type 2 Receptor TGFβ2R2 A. Mackay-Sim 

 Transforming Growth Factor Beta 2 Type 3 Receptor TGFβ2R3 A. Mackay-Sim 

 Actinin Receptor Type 1 Act1 A. Mackay-Sim 

 Actinin Receptor Type 2 Act2 A. Mackay-Sim 

    

 Interleukin Related   

    

 Interleukin-1 Receptor Associated Kinase IRAK1 S. Grimmond 

    

 Adrenergic Receptors   

    

 Adrenergic Receptor Type 1A AR-1A prepared herein* 

 Adrenergic Receptor Type 1B AR-1B prepared herein* 

 Adrenergic Receptor Type 1D AR-1D prepared herein* 

 Adrenergic Receptor Type 2A AR-2A prepared herein* 

 Adrenergic Receptor Type 2B AR-2B prepared herein* 

    

 Signalling intermediates   

    

 Stress Activated Protein Kinase [SAPK]-Interacting Protein 1 Sin1 W. Schroder 

 Small GTPase RhoA RhoA W. Murrell 

    

 Apoptosis    

    

 BCL-2 Associated Athanogene 1 BAG1 S. Grimmond 

 BCL-2 Associated Athanogene 3 BAG3 S. Grimmond 

 BCL-2 Like 10 protein BCL2l-10 S. Grimmond 
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 BCL-2/adenovirus Like Interacting Protein 3-Like Bnip3l S. Grimmond 

 BCL-2 Interacting Killer Like Biklk S. Grimmond 

    

 Histone Deacetylases   

    

 DMNT1 Associated Protein 1 DMAP1 S. Grimmond 

 Histone Deacetylase 1 HDAC-1 S. Grimmond 

 Histone Deacetylase 2 HDAC-2 S. Grimmond 

 Histone Deacetylase 3 HDAC-3 S. Grimmond 

    

 Other   

    

 Paxillin Like Focal Adhesion Protein Hic-5 S. Grimmond 

 RRM-Type RNA Binding Protein Hermes Hermes prepared herein* 

 
 

 
 
 
 
 
 
 
 
 
 
 

╒ Probe donors: W. Murrell, School of Biomolecular and Biomedical Science and Eskitis Institute for Cell and
Molecular Therapies, Griffith University; S. Grimmond, Institute for Molecular Bioscience, The University of
Queensland; A. Tresize, School of Biomedical Science, The University of Queensland; M. Tamkun, Department of
Biochemistry and Molecular Biology, Colorado State University; D. Srivastava, Departments of Pediatrics and
Molecular Biology, University of Texas Southwestern Medical Center; J. M. Leiden, Departments of Medicine and
Pathology, University of Chicago; J. D. Molkentin, Department of Pediatrics, Children's Hospital Medical Center,
University of Cincinnati; M. Gessler, Harvard School of Public Health, Massashusetts General Hospital; E. M. De
Robertis, Department of Biological Chemistry, School of Medicine, University of California; V. M. Christoffels,
Department of Anatomy and Embryology, University of Amsterdam; R. P. Harvey, Victor Chang Cardiac Research
Institute, St Vincent's Hospital; K. Yutzey, Division of Molecular Cardiovascular Biology, Cincinnati Children's Hospital
Medical Center; B. Parr, MCD Biology, University of Colorado; A. Mackay-Sim, School of Biomolecular and Biomedical
Science and Eskitis Institute for Cell and Molecular Therapies, Griffith University; W. Schroder, The Queensland
Institute of Medical Research. 
1The probe used for Myosin Heavy Chain detects both α and β isoforms and is therefore unable to distinguish between
them. 
 
* Primer sequences used to prepare probes from selected genes in this investigation are provided in Table 2.1. 
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3.2  Materials and Methods 

 
3.2.1 General overview of the experimental approach used in this chapter 

 

The experimental strategy used to profile the mRNA expression of selected genes in 

DOCA-salt mediated hypertrophy is outlined in Figure 3.1. A detailed description 

regarding the preparation of the DOCA-salt animal model of pathological hypertrophy 

is given in Section 3.2.2, and all other methods are described in relevant sections of 

Chapter 2. 

 

3.2.2  Induction of pathological hypertrophy in rats by DOCA-salt treatment  

 

Male Wistar rats were housed at the Central Animal Breeding House of the University 

of Queensland. Surgical and DOCA-salt treatment was performed in the laboratory of 

Dr Lindsay Brown at the Department of Physiology and Pharmacology, the 

University of Queensland. All procedures were performed with the approval of the 

University of Queensland Animal Experimentation Ethics Committee. The rats were 

given at least one week to acclimatise before the initiation of treatment. They were 

housed under light and temperature controlled conditions, fed with standard 

laboratory rat chow and given water ad libitum. At 8 weeks of age the rats underwent 

uninephrectomy. At this stage they were divided into control and treated groups. Rats 

in the treated group were administered 25 mg of deoxycorticosterone acetate (DOCA 

group) every four days for at least 4 weeks. Their drinking water was supplemented 

with 1% sodium chloride over this period. No treatment was performed on the aged-

matched control animals following uninephrectomy (UNIX group). Upon completion 

of DOCA-salt treatment regime, hypertrophic and control rats were lethally 

anaesthetised, and their cardiac tissue processed as described in Section 2.2.1. 
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 Figure 3.1: Experimental strategy used to analyse the expression of

selected genes in DOCA-salt treated rats 
 
The method selected was based upon the reverse Northern hybridisation
technique in which radiolabelled cDNA derived from DOCA-salt treated and
aged-matched control (uninephrectomy) rat cardiac tissue is hybridised against
a nylon membrane containing gene probes of interest.  
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3.3  Results 
 
 
3.3.1  DOCA-salt treatment of male rats 

 

The DOCA-salt treatment used in this study was successful in inducing significant 

cardiac hypertrophy in hearts of the treated male rats. Previous experiments 

performed within the Brown laboratory demonstrate that the degree of hypertrophy 

induced increases over successive weeks of DOCA-salt administration. Increases in 

left ventricular wet weight per kilogram of 35% have previously been observed after 4 

weeks, progressing to 71% after 8 weeks of treatment (Brown et al., 2000). In order to 

achieve a significantly hypertrophic phenotype, this study initially aimed to treat the 

animals over a 6-8 week period. Due to considerable mortality in the treated group 

however, the protocol was revised such that hearts were excised after 5 weeks of 

DOCA-salt administration. As shown in Table 3.2, these DOCA-salt treated rats 

displayed a 1.4-fold increase in left ventricular wet weight normalised to body weight, 

when compared to aged-matched uninephrectomised (UNIX) controls.  

 

Table 3.2: Analysis of animal and heart weight in DOCA-salt treated and UNIX 

control ratsa 

 

Rat BW (g) HW (g) LVSW (g) HW/BW  
(mg/g) 

LVSW/BW 
(mg/g) 

UNIX2 486 1.7 1.3 3.5 2.7 
UNIX3 491 1.5 1.1 3.1 2.2 
UNIX4 457 1.6 1.1 3.5 2.4 

UNIX Mean 478±18 1.6±0.1 1.2±0.1 3.4±0.2 2.4±0.3 
DOCA1 318 1.7 1.1 5.3 3.5 
DOCA3 305 1.6 1.0 5.2 3.3 
DOCA4 342 1.7 1.2 5.0 3.5 

DOCA Mean 322±19 1.7±1 1.1±0.1 5.2±0.2** 3.4±0.1* 
 

a BW = body weight, HW = heart wet weight, LVSW = left ventricular and septum
wet weight, DOCA= DOCA-salt treated, UNIX = Uninephrectomised aged-
matched control. 
 
Mean ± SE shown. * p<0.005, ** p<0.0005 versus UNIX controls. 
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The hypertrophic response in the DOCA-salt treated group was further demonstrated 

by physiological investigations after 4 weeks of treatment by Dr Lindsay Brown and 

colleagues. As shown in Table 3.3, the DOCA-salt treated rats displayed hallmark 

features of cardiac hypertrophy including increased left ventricular wall thickness and 

decreased left ventricular internal diameter (chamber size). The DOCA-treated rats 

exhibited decreased myocardial compliance, as measured by an increase in diastolic 

stiffness, and recorded significantly reduced cardiac output. The bioenergetic 

functioning of the DOCA treated rat hearts appeared normal, with no significant 

changes in ADP and AMP concentrations or the PCr/ATP ratio. 

 

Table 3.3: Physiological analysis of DOCA-treated and aged-matched control 

ratsa

 
Characteristic Age Matched 

Controls DOCA-treated

  LV weight (mg/g bwt) 1.74±0.01 3.11±0.09*
  LVPWd (mm) 1.82±0.08 1.99±0.02*
Diastolic stiffness (k) 22±1 30±2*
  LVIDd (mm) 6.89±0.30 5.90±0.31*
  CO (ml/min) 74±12 53±7.0*
  [ADP] (mmol/L) 0.042±0.007 0.055±0.006
  [AMP] (µmol/L) 0.22±0.06 0.35±0.08
  PCr/ATP 1.90±0.11 1.82±0.15

 

 

 

 

 

 

 a LV = left ventricle, bwt = body weight, LVPWd = left ventricular posterior
wall thickness, LVIDd = left ventricular internal diameter in diastole, CO =
cardiac output, ATP = adenosine triphosphate (measured in mmol/L),
ADP = adenosine diphosphate, AMP = adenosine monophosphate, PCr =
phosphocreatine (measured in mmol/L). 
 
Values indicate mean ± SE. *p<0.5 versus respective UNIX control group 
(n=6).  

 

 

 
 
 
 

3.3.2  Preparation of total RNA from DOCA-salt treated and control rats 

 
 
RNA was prepared from left ventricular and septum tissue of the DOCA-salt and 

control animals listed in Tables 3.2. The concentration of each sample was quantified 

using spectrophotometric analysis and the sample quality determined by denaturing 

agarose gel electrophoresis. A denaturing gel containing the final samples used in this 

study is presented in Figure 3.2. No visible degradation of RNA was apparent in any 

of the samples and the ratio between the 28 S and 18 S ribosomal RNA bands was as 

 66



expected for high quality RNA preparations. The RNA was therefore considered of 

sufficient quality for use in the reverse Northern expression profiling experiments.  

 

 
                28 S  
 
 
 
 
                18 S 

     Lane           1      2       3      4      5   
 
Figure 3.2: Analysis of total RNA preparations
from DOCA-treated and control animals  
 
RNA samples were denatured and 5µL of each
loaded onto a 1% denaturing agarose gel.
Electrophoresis was performed at 60V for 30 min
followed by 100V for a further 60 min. The gel
was stained in 0.5 µg/uL ethidium bromide for 5
min and destained overnight in sterile H2O. Lane
1, UNIX1 total RNA; Lane 2 UNIX3 total RNA;
Lane 3, UNIX4 total RNA; Lane 4, DOCA1 total
RNA; Lane 5, DOCA3 total RNA; Lane 6,
DOCA4 RNA. The 28 S and 18 S ribosomal bands
are visible in each of the samples, as indicated, and
the mRNA clearly apparent as a background
smear.   

 
 

3.3.3  Reverse Northern hybridisation mRNA expression analysis 
 

After initial procedural optimisation of the reverse Northern hybridisation method, 

DNA probes for each of the genes listed in Table 3.1 were prepared. For those gene 

sequences provided from other laboratories, this involved transforming the plasmids 

into electrocompetent E.coli host cells by electroporation, preparing plasmid DNA, 

and checking the plasmids by restriction enzyme digestion. Those gene probes 

specifically prepared during this investigation were amplified from rat heart cDNA by 

RT-PCR and cloned into the pGEM®-T Easy cloning vector (Promega). These gene 

probes were verified by DNA sequencing and purified in significant quantities for the 

expression profiling experiments performed.  

 

The reverse Northern hybridisation experiments analysing mRNA expression in the 

DOCA-salt treated and UNIX control rats were performed as described in Section 

2.2.20. The animals analysed were compared in the following pairs in these 

experiments: DOCA4 and UNIX4, DOCA3 and UNIX2, and DOCA1 and UNIX3. 
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The hybridised reverse Northern hybridisation blots were initially examined by 

autoradiography and, if successful, selected for phosphorimaging. Typical 

phosphorimage results for reverse Northern blots, hybridised with labelled cDNA 

derived from DOCA3 and UNIX1 rats, are presented in Figure 3.3. The Quantity 

One™
 4.0.3 software program was used to quantify dot intensity, given in counts per 

square millimetre (CNTS/mm2), for each of the genes examined. These values were 

background adjusted and then normalised against that of the pairwise compared 

animal using GAPDH.  

 

The final results for each of the genes evaluated in the pairwise comparisons are 

presented in Table 3.4 as a single number representing the signal intensity 

(CNTS/mm2) recorded for the DOCA rat divided by that of its pairwise compared 

UNIX control. A value of 1.0 therefore indicates that there is no difference in dot 

intensity for that gene for the DOCA rat compared to its UNIX control. A value of 2.0 

indicates the dot intensity for a particular gene for the DOCA animal is twice that of 

the UNIX control, while a value of 0.5 indicates a 2-fold decrease. Genes displaying 

signal intensities less than 5-fold that of the background in any individual in pairwise 

comparison were marked as low abundance for that experiment (final fold difference 

is marked in blue font in Table 3.4). Those recording CNTS/mm2 values less than 2-

fold that of the background for either animal in a pair were excluded from further 

analysis (final fold difference is marked in red font and no ‘all pairs’ ratio recorded in 

Table 3.4). As discussed later, an exception to this rule was made in the case of the 

Sin1 gene. 
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         Schematic demonstrating gene target loading for the ‘Blot A’ format.  
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Figure 3.3: Reverse Northern blot phosphorimages for the pairwise
compared UNIX2 and DOCA3 rats 
 
Reverse Northern experiments were performed as described in section 4.2. (A)
Loaded nylon membrane (‘Blot A’ format) hybridised against radiolabelled
cDNA prepared from UNIX2 rat (B) Loaded nylon membrane (‘Blot A’
format) hybridised against radiolabelled cDNA prepared from DOCA3 rat.
Gene target loadings for the designated ‘Blot A’ format are described on the
facing page, with gene abbreviations defined in Table 3.1. GAPDH positions
are coloured green. 
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Table 3.4:  Reverse Northern hybridisation mRNA expression pairwise 
analysis of DOCA-salt treated and UNIX control rats 
 

  Average CNTS DOCA rat / Average CNTS Control Average ratio  
     
  Gene DOCA4/UNIX4 DOCA3/UNIX2 DOCA1/UNIX3 (all pairs) 
     
  MHC* 1.0 1.3 1.4 1.2 
  cTnC 2.4 0.6 0.4 1.1 
  cTnI 2.3 0.6 2.1 1.7 
  ETAR 1.5 1.1 1.4 1.3 
  c-α-actin 2.3 0.6 0.6 1.2 
  MLC-2v 0.9 1.4 0.3 0.9 
  ACE  0.6 1.9 1.8 1.4 
  ANF 14.1 1.0 1.0 5.4 
  SERCA-2 0.3 0.9 0.1 0.5 
  MMP1 1.5 3.9 1.5 2.3 
  MMP2 0.6 2.6 1.1 1.4 
  MMP3 1.0 1.9 0.8 1.2 
  MMP9 1.8 3.3 0.7 1.9 
  MT1MMP 2.2 5.4 0.4  
  MT3MMP 9.0 6.5 0.7  
  MT4MMP 2.2 0.9 1.3  
  MT5MMP  1.7 2.8 0.7 1.7 
  CX43 2.0 1.5 1.4  
  SRG 0.5 2.3 1.0  
  BAG1  3.0 2.3 1.4  
  BAG3-like  1.6 1.2 1.6  
  BCL2l-10  0.7 0.6 0.4 0.5 
  Biklk  1.0 2.2 na  
  Bnip3l  0.4 0.5 0.4  
  IRAK1  1.5 0.7 0.1 0.8 
  Hic-5  1.0 1.5 0.9 1.1 
  Act1 1.8 1.3 2.0 1.7 
  Act2 0.7 0.7 2.5 1.3 
  PDGF-1α 1.9 0.2 3.8  
  PDGF-A  2.4 0.1 2.7  
  PDGF-B 1.4 0.5 3.9 1.9 
  ALK3 1.8 0.8 2.0 1.5 
  ALK6 0.5 0.5 1.4 0.8 
  BRK-3 1.1 0.8 1.0 0.9 
  IGFR 3.5 0.8 1.2 1.8 
  TGFβ2r1 1.5 1.1 1.4  
  TGFβ2r2 4.1 1.0 1.7 2.2 
  TGFβ2r3 2.1 1.2 1.6 1.6 
  Sin1 1.9 2.2 3.3 2.5 
  RhoA 3.9 1.0 1.1 2.0 
  SMAD1 1.2 1.4 0.9 1.2 
  SMAD5 1.4 1.0 3.3 1.9 
  CABIN1 9.0 2.2 1.3  
  mdscr1 1.3 0.9 3.0 1.7 
  CaCL1 2.8 1.0 3.7 2.5 
  CLC1 1.3 1.0 1.9 1.4 
  CLC2 2.3 0.8 1.9 1.6 
  Kv4.2  1.3 0.8 1.7 1.3 
  CFTR 0.3 0.1 1.0  
  MDR1A 1.4 1.2 2.5 1.7 
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  MDR1B 71.4 0.1 1.6  
  LM2 1.9 0.7 0.9 1.2 
  LM4 2.1 0.7 1.6 1.5 
  LM7 1.9 1.4 3.0 2.1 
  BMP-2 -2.1 -9.9 na  
  BMP-4 1.1 1.1 0.9 1.0 
  IGF1  2.2 4.5 1.4  
  Nkx-2.5 1.8 0.1 1.0 1.0 
  Pax-3 1.5 8.2 1.2  
  Hox4.3 0.7 2.0 3.3  
  Hox3.3 1.8 0.4 1.1  
  MRG-1 1.3 0.9 5.3 2.5 
  MSG-1 1.4 3.2 0.6  
  MEF2A  1.0 4.4 1.0  
  MEF2B  0.5 0.1 1.1 0.6 
  MEF-2C 1.3 2.9 0.7 1.6 
  MEF2D  1.1 1.2 3.0 1.7 
  Hermes 1.6 1.8 0.7 1.3 
  MSX-1 0.7 4.4 2.0  
  Msx-2  1.0 0.3 0.9 0.7 
  IRX-1 2.1 6.6 1.0  
  IRX-2 1.5 1.1 1.6  
  IRX-3 1.2 0.9 0.9 1.0 
  IRX-5 1.3 1.7 1.1 1.4 
  SRF  1.0 1.3 0.8 1.0 
  eHAND  1.2 2.1 1.0 1.4 
  dHAND 0.7 1.1 0.5 0.8 
  Hey-2 7.1 15.6 0.6  
  FOG-2  2.2 12.4 0.9  
  GATA-4 1.7 2.6 0.3  
  GATA-5 0.9 3.8 0.7  
  GATA-6 1.5 2.4 1.2  
  1A-AR 0.9 0.8 0.7 0.8 
  1B-AR 1.3 1.3 0.5 1.1 
  1D-AR 0.9 0.7 0.6 0.7 
  2A-AR 1.6 0.7 4.4  
  2B-AR 0.9 -58.0 1.1  
  HDAC1  2.1 0.8 1.7 1.5 
  HDAC2  0.9 4.9 0.5 2.1 
  HDAC3  3.7 1.2 2.3  
  DMAP1 1.2 1.1 1.5 1.3 
  Tbx-5  1.0 10.3 3.0 4.8 
  SMAD7 0.7 1.1 0.1  
  Nkx-2.3 1.2 1.2 1.2 1.2 
  Tbx-12 1.7 0.7 1.2 1.2 

  
Following reverse Northern hybridisation and blot quantitation, the average counts recorded
for genes on DOCA blots were normalised against GAPDH and divided by that of their
respective pairwise compared UNIX controls. This ratio represented the relative difference in
signal intensity for each gene on the DOCA blots versus their controls. Hence a value of 3
indicates that the signal intensity recorded for a gene on the DOCA blot was 3-fold greater
than that of the pairwise compared UNIX control. Conversely a value of 0.2 indicates that the
counts for a particular gene were 5-fold less for the DOCA animal when compared to its UNIX
control. The values for pairwise compared animals where the counts recorded for either rat
were less than 5 times that of the background are in blue font. Where the counts are less
than 2-fold that of the background (marked in red font) the gene was excluded from further
analysis. The pairwise compared DOCA-treated and UNIX control animals listed above each
data column are DOCA4 & UNIX4, DOCA3 & UNIX2 and DOCA1 & UNIX3. 
 
*The probe used to analyse Myosin Heavy Chain (MHC) detects both the α and β isoforms. 
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As can be seen from Table 3.4, a number of genes exhibiting consistent changes in 

expression across all of the animal pairs examined were identified in this study. 

Transcript levels for the sarcoplasmic reticulum ATPase2 SERCA-2 were down-

regulated in the DOCA-treated rats relative to that of their respective UNIX controls. 

Similarly, mRNA expression of the anti-apoptotic BCL2l-10 gene was consistently 

reduced. Conversely, expression of the matrix metalloproteinase MMP1 was found to 

have been consistently elevated in the DOCA-treated animals. Transcript levels for 

ACT1 and LM7 were also consistently up-regulated in each of the animal pairs 

examined. Other genes, including cardiac alpha actin, BRK-3, SMAD1 and BMP-4, 

consistently displayed little or no variation in transcript levels between the DOCA-salt 

treated and UNIX rats compared.  

 

Variation in expression data for the different animal pairs was unfortunately seen for a 

number of genes examined. As is discussed further in Section 3.4, this is likely to 

have resulted from experimental factors or animal variation. Only genes displaying 

consistent trends across all three animal pairs were considered for further analysis, 

although a number did show similar trends in two of the three pairs included. In the 

case of Sin1, despite this exhibiting low signal intensities in one of the DOCA-salt 

and UNIX control animal pairs examined (DOCA1 and UNIX3), it was highlighted 

for further analysis. The dot intensities recorded for the UNIX3 rat were very close to 

meeting the deemed minimal threshold, while the intensity values recorded for the 

DOCA2 animal were well above this. Therefore, given the consistency of this result 

with those seen in the other pairs, and our particular interest in this gene, Sin1 was 

included as a possible candidate for further characterisation. The reverse Northern 

hybridisation results for those two genes showing the largest consistent down-

regulations (SERCA-2 and BCL2l-10), and conversely up-regulations (Sin1 and 

MMP1) across all animal pairs, are shown in Figure 3.4 and Figure 3.5 respectively. 
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B) BCL2l-10 

UNIX
 3

0

25000

50000

75000

Fold Difference
(Pair 1) = -2.7

Fold Difference
(Pair 2) = -1.8

Fold Difference
(Pair 3) = -1.5

C
N

TS
/m

m
2

DOCA 
1

UNIX
 2

DOCA 
3

UNIX
 2

DOCA 
3

UNIX
 4

DOCA 
4

0

1

2

3

N
eg

at
iv

e 
fo

ld
 d

iff
er

en
ce

(D
O

C
A/

U
N

IX
)

-2.0 ± 0.4 

 

Figure 3.4: Genes down-regulated during DOCA-salt induced cardiac 

hypertrophy   

 

Graphs show normalised dot intensities (CNTS/mm2) in each run-trained and aged-

matched control rat pair and average negative fold difference for all rat pairs (Mean ± 

SE) for (A) SERCA-2 and (B) BCL2l-10. 
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B) Sin1 
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Figure 3.5: Genes up-regulated during DOCA-salt induced cardiac hypertrophy   

 

Graphs show normalised dot intensities (CNTS/mm2) in each run-trained and aged-

matched control rat pair and average positive fold difference for all rat pairs (Mean ± 

SE) for (A) MMP1 and (B) Sin1. 
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3.4  Discussion 

 
In this part of the project, reverse Northern hybridisation was used to screen for 

changes in the expression of a selected panel of genes following DOCA-salt induced 

left ventricular hypertrophy. After 5 weeks of DOCA-salt administration treated rats 

exhibited an overall 1.4-fold increase in left ventricular wet weight (normalised to 

body weight) relative to that of aged-matched UNIX controls. Physiological data 

provided by Dr Lindsay Brown (School of Biomedical Science, University of 

Queensland) and Dr Glenn Harrison (Heart Foundation Research Centre, Griffith 

University) confirmed the success of the DOCA-salt hypertrophic stimuli, with treated 

rats demonstrating characteristic features of pathological hypertrophy after 4 weeks of 

administration: these features included increased posterior wall thickness, decreased 

chamber size, impaired myocardial compliance and significantly reduced cardiac 

output.  

 

The reverse Northern hybridisation analysis identified a number of genes displaying 

consistent changes in mRNA expression in the DOCA-salt treated animals tested. 

Firstly, the collagenase MMP1 showed an overall elevation in mRNA expression in 

the hearts of the treated rats. This is consistent with a number of studies that have 

previously identified variations in the expression of matrix metalloproteinases 

(MMPs) during cardiac hypertrophy and within the failing heart (Spinale et al, 2000; 

Barton et al., 2003; Li et al., 2001). MMPs are a large family of proteins involved in 

the degradation of the extracellular matrix. The extracellular matrix (ECM) provides a 

supportive foundation for adhering cells and plays an essential role in maintaining the 

structural integrity of tissues (Lee, 2001). The cardiac ECM maintains proper 

alignment of cardiac myocytes and myofibrils, thereby enabling optimal force 

transduction during contraction (reviewed in Kim et al., 2000). Furthermore, the 

cardiac collagen network has important roles in determining myocardial tensile 

strength and compliance.  

 

Interestingly, it has also been proposed that rather than simply representing a 

consequence of myocardial hypertrophy, MMP remodelling may participate more 

directly in the hypertrophic process (reviewed by Lee and Libby, 2000; Lee, 2001). 
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Kim et al. (2000) reported that transgenic mice constitutively over-expressing MMP-1 

developed compensatory hypertrophy after 6 months and displayed cardiac 

dysfunction after 12 months. Furthermore, investigations on rats showed that beta-

adrenergic-induced cardiac hypertrophy was suppressed by MMP inhibition (Miura et 

al., 2003). Similarly, Chancey et al. (2002) demonstrated that MMP inhibition 

resulted in a significant reduction in volume-overload mediated left ventricular 

hypertrophy. The importance of MMPs in the heart was further illustrated by 

experiments showing that MMP9 deletion in rats resulted in more favourable left 

ventricular remodelling post infarct (Ducharme et al., 2000; Romanic et al., 2002).  

 

In contrast to MMP1, the anti-apoptotic BCL2l-10 gene showed a reduction in mRNA 

transcript levels in the DOCA-salt treated rats assessed. BCL2l-10 is a BCL-2 related 

protein differentially expressed in human tissues, including the heart (Zhang et al., 

2001). BCL2l-10 has been found to block the mitochondrial death apoptotic pathway 

but not the death receptor pathway. Although the ortholog Diva/Boo was not detected 

in the adult myocardium of mice, Diva was highly expressed in the mouse embryonic 

heart at stage E15 (Inohara et al., 1998; Song et al., 1999). The extent and functional 

significance of cardiomyocyte apoptosis in ventricular remodelling has historically 

been the subject of some controversy. For example, for the failing hearts of 

spontaneously hypertensive rats, Li et al. (1997) reported an increased number of 

apoptotic cells using the terminal deoxynucleotidyltransferase-mediated 2'-

deoxyuridine 5'-triphosphate nick end-labelling technique [TUNEL]. In contrast 

Tamura et al. (2000) observed no significant increase in the number of apoptotic cells 

in either hypertrophic or failing spontaneously hypertensive rats.  

 

More recent evidence regarding the role of apoptosis in pathological hypertrophy has 

lead to speculation that pathways controlling myocyte survival and death may indeed 

represent potential therapeutic targets (van Empel and De Windt, 2004). Myocardial 

cell death has been observed in the transition from cardiac hypertrophy to heart failure 

(Kang and Izumo, 2000; Sarkar et al., 2004) and it has recently been suggested that 

alterations in regulatory factors leading to increased sensitivity to apoptosis during 

pathological hypertrophy may contribute to heart failure (Kang et al., 2004). These 

alterations included changes in the mitochondria-dependent pathway affected by 

BCL2l-10. Verification of BCL2l-10 down regulation would be intriguing as reduced 
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levels of this anti-apoptotic protein could potentially represent another mechanism by 

which the heart is rendered sensitive to apoptosis in pathological hypertrophy. 

 

Another gene found in this study to be consistently down-regulated in the hearts of the 

DOCA-salt treated rats was SERCA-2. Following myocardial contraction, the 

sarcoplasmic reticulum calcium ATPase pumps Ca2+ back into the sarcoplasmic 

reticulum, replenishing Ca2+ stores and leading to myocardial dilation. A family of 

three highly conserved SERCA proteins has been identified and designated SERCA-1, 

SERCA-2 and SERCA-3. The SERCA-2 gene is alternatively spliced into two 

isoforms, SERCA-2a and SERCA-2b (Periasamy and Huke, 2001). SERCA2a is the 

predominant isoform involved in cardiac calcium handling. Investigations in a number 

of laboratories have previously shown that SERCA-2 mRNA expression decreases 

during hypertrophy and end-stage heart failure (Komuro et al., 1989; Cory et al., 

1994; Matsui et al., 1995; Anger et al., 1998; Arai et al., 1994; Schoenfeld et al., 

1998; Hashida et al., 1999; Takizawa et al., 1999; Borlak and Thum, 2003). As 

reductions in SERCA-2 expression seem to contribute to cardiac dysfunction, this 

protein is being investigated as a promising therapeutic target to improve myocardial 

function in the failing heart (Periasamy and Huke, 2001). Of interest, Muller et al. 

(2003) recently reported that transgenic rat hearts over-expressing SERCA-2 

displayed improved cardiac performance following pressure overload hypertrophy. 

 

The Sin1 (stress activated protein kinase [SAPK]-interacting protein 1) gene was also 

highlighted as an interesting candidate for further possible analysis based upon its 

observed up-regulation in the reverse Northern hybridisation experiments. It is 

encoded by a single gene in all species so far examined, and is highly conserved in 

vertebrates (Schroder et al., 2005; Wang and Roberts, 2005). In humans, Sin1 mRNA 

encodes a 522 amino acid protein with five identified splice variants. Sin1 mRNA is 

widely distributed in human cells and tissues, with highest levels of expression 

occurring in skeletal muscle and cardiac tissue (Loewith et al., 2002; Schroder et al., 

2004). Sin1 was initially identified in a screen to find genes that disrupted 

constitutively activated Ras2G19V function in yeast (Colicelli et al., 1991). Sin1 was 

also found to participate in the fission yeast stress-activated Sty1/Spc1 MAP kinase 

pathway (Wilkinson et al., 1999). Recently, evidence for the role of Sin1 in signal 

transduction has been further implied by experiments in mammalian cells in which 
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colocalisation with endogenous JNK has been observed in cells transfected with Sin1 

and over-expression of Sin1 was found to reduce JNK activation following UV-

irradiation in DG75 cells (Schroder et al., 2005). Another study has shown that Sin1 

associates with the type I interferon receptor β-chain, from which it has been 

suggested that Sin1 might function to link type I interferon action to stress-activated 

signal transduction (Wang and Roberts, 2004).  

 

Of particular relevance to this investigation, Loewith et al. (2002) identified the 

Saccharomyces cerevisiae Sin1 protein Avo1p in a complex with the yeast rapamycin 

2 target TOR2. This association was similarly demonstrated in Saccharomyces pombe 

in another study (Wedamen et al., 2003). An interaction between the human Sin1 

protein and the mammalian TOR2 orthologue (mTOR) has not been shown, however 

very similar expression profiles have been observed for these genes in mammalian 

tissues (Loewith et al., 2002). As discussed in Section 1.3.1, mTOR is regarded as an 

important potential regulator of the hypertrophic process through its critical role in the 

translation of mRNA. Investigations have also linked Sin1 to oxidative stress in 

mammalian cell lines (N. Cloonan, personal communication). This is of interest as a 

number of studies have shown oxidative stress may play an important role in the 

pathogenesis of myocardial remodelling in the failing heart (Sawyer et al., 2002; 

Byrne et al., 2003). Furthermore, aldosterone is known to elicit oxidative stress in 

animal models and patients with congestive heart failure (Brown, 2005). Also of note, 

analysis of publicly accessible microarray data correlated expression of Sin1 with a 

number of genes linked to cardiac disease and heart failure (N. Cloonan, personal 

communication). Finally, a recent investigation by Cloonan et al. (in submission) 

revealed that Sin1 over-expression induces apoptosis in HEK293 cell. This is of 

particular interest given the results for the anti-apoptotic BCL2l10 gene described 

above. Therefore, despite the lack of direct evidence, there is some preliminary data 

suggestive of a possible role for Sin1 in cardiac disease. 

 

The reverse Northern expression results for SERCA-2 and MMP1 are important in 

that they support findings from other models of pathological hypertrophy, thus 

endorsing the experimental strategy used. The apparent up-regulation of IGF-1 and 

GATA-6 further concur with the findings of other investigations (Chien et al., 1995; 

Schoenfeld et al., 1998). Further confirmation of the reverse Northern blot data would 
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have been provided through the expression results of markers such as ANF, TGFβ2r1 

and cardiac troponins. Unfortunately variation between the different DOCA-treated 

and UNIX-control pairs, or low expression levels in the case of TGFβ2r1, made it 

difficult to conclusively interpret the data for these genes. ANF up-regulation is 

regarded as a defining characteristic of left ventricular pathological hypertrophy 

(Chien et al., 1995; Ogawa et al., 1997). However in the experiments performed here 

an increase in ANF mRNA was only seen in one of the three animal pairs compared.  

 

It is difficult to establish the major factors contributing to the inconsistent results 

observed for a number of genes tested in the reverse Northern hybridisation 

experiments. As highlighted previously, the physiological data of Dr Lindsay Brown 

and Dr Glenn Harrison indicated that the DOCA-treated rats consistently exhibited 

hallmark characteristics of left ventricular hypertrophy. As discussed below, it is 

possible that the reverse Northern hybridisation procedure per se, rather than 

individual variation within the rats, was the source of the discrepancies seen. 

Nevertheless, the possibility that the low number of animals used in this study (n=3 in 

both the hypertrophic and control groups) potentially affected the results obtained 

must be acknowledged. The low n number may have lead to inadequate sampling of 

the hypertrophic rat group resulting in inaccurate findings for some genes. Sampling 

of an increased number of rats in the experimental and control groups would therefore 

enable more precise determination of the gene expression changes occurring. In this 

study however, limitations of the reverse Northern hybridisation method in examining 

such a large panel of genes, meant that the candidates for further characterisation were 

selected on the basis of the results with the six animals examined. To further verify 

these mRNA expression results future experiments using a greater number of animals 

and an alternate expression profiling technique, such as real-time PCR, are required. 

 

It should be commented that as mentioned previously, the 5-week DOCA-salt 

treatment regime elicited only a modest 1.4-fold increase in left ventricular wet 

weight relative to the UNIX controls. The expression changes observed with this mild 

phenotype were mostly less than 2-fold. It is possible that greater changes in 

expression may have been observed with a longer treatment time as the rats developed 

a more pronounced hypertrophic phenotype. Extending DOCA-salt treatment further, 

however, may have introduced additional complications, with rats exhibiting 
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expression profiles more representative of failing rather than hypertrophic heart. 

Although small mRNA expression changes can be physiologically significant, one 

disadvantage is that their detection may be beyond the capability of the reverse 

Northern hybridisation approach used, in terms of accurate and precise detection. Use 

of a more sensitive method such as real-time PCR mentioned above, may therefore 

have provided more accurate data for the genes examined. Nevertheless, the reverse 

Northern hybridisation experiments described were successful in fulfilling the 

principal aim of highlighting genes differentially regulated in DOCA-salt induced 

cardiac hypertrophy for further characterisation. 
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4.1 Introduction 

 

Determination of the molecular pathways facilitating the physiological changes 

defining myocardial hypertrophy remains a challenge for cardiovascular research. As 

discussed in the previous chapter, a large amount of research has investigated the 

mechanisms underlying pathological hypertrophy, and has identified a number of 

genes involved. Less, however, is known about physiological cardiac adaptation. 

Chronic exercise training is known to induce left ventricular hypertrophy, commonly 

known as athletic heart. In contrast to pathological hypertrophy, this is a beneficial 

condition characterised by improvements in left ventricular structure, metabolic 

function, myocardial contraction, and cardiac output (Moore and Korzick 1995; 

Douglas et al., 1997). A detailed understanding of the mechanisms underlying 

favourable aspects of exercise-induced remodelling, and why this form of hypertrophy 

does not deteriorate to a decompensated state, is likely to provide valuable therapeutic 

information.  

 

Initial studies into alterations in gene expression in exercise trained animals focused 

on genes involved in cardiac contractility, and ‘fetal genes’ such as β-MHC, atrial 

myosin light chain (MLC1a), atrial natriuretic factor (ANF) and cardiac α-actin. The 

results of these investigations were often inconsistent, most likely due to variation in 

the exercise models used. For example, a study examining the expression of 11 

cardiac genes in run-trained rats reported no significant changes in mRNA levels of 

the marker of pathological hypertrophy, ANF (Jin et al., 2000). Azizi et al. (1995) 

similarly observed no increase in ventricular ANF gene expression in run-trained rats, 

in agreement with another study investigating run-training in beagles (Mantymaa et 

al., 1994). In contrast, increases in ANF expression have been observed in swim-

trained rats (Buttrick et al., 1994) and voluntary wheel trained mice (Allen et al., 

2001). More recently, Edwards (2002) also reported increased ANF expression using 

a swim-trained rat model.  

 

As with investigations into pathological hypertrophy, microarray technology has 

recently contributed to our understanding of physiological remodeling. For example, 

Diffee et al. (2003) used microarray expression analysis to evaluate gene expression 
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in the trained heart, finding altered expression of 27 genes. With more data now 

emerging regarding gene expression changes in physiological models of hypertrophy, 

some important distinctions between these and pathological models are now 

emerging. A recent study by McMullen et al. (2003) revealed phosphoinositide 3-

kinase (p110α) appears to have a critical role in the induction of exercise-induced, but 

not pathological hypertrophy. As discussed further in Chapter 6, other investigations 

have identified differences intracellular calcium signaling, thyroid hormone receptor 

levels and metabolic gene expression (Strom et al., 2005; Selvetella et al., 2004; 

Iemitsu et al., 2001; Kinugawa et al., 2001).  

 

The objective of the work described herein was to undertake a comprehensive 

investigation of the expression levels of a divergent set of candidate genes in an 

endurance run-trained rat model of physiological hypertrophy. It was anticipated that 

this study would provide valuable information regarding the expression of previously 

implicated genes such as ANF, and identify new genetic pathways involved in 

exercise-induced hypertrophy. The experimental approach used was identical to that 

described for the DOCA-salt induced pathological model of hypertrophy in the 

previous chapter. The expression profile of 56 genes, consisting of representatives of 

a number of functional gene groups, were evaluated in 12-week run-trained and aged-

matched sedentary control rats by reverse Northern hybridisation.  

 

The rationale used to select genes for evaluation in this study was identical to that 

described in the previous chapter (Section 3.1). Again, the gene panel chosen included 

important cardiac physiological markers, in addition to those belonging to functional 

groups anticipated as being involved in hypertrophic remodelling. As listed in Table 

4.1, these included genes encoding cardiac contractile and structural proteins, 

vasoactive pathway components, calcium handling proteins, ion channels, endocrine 

factors and transcription factors. Each one of the 56 genes examined in this chapter 

was included in the reverse Northern experiments described in Chapter 3. It was 

anticipated that investigation of genes examined previously in the DOCA-salt treated 

rats, would enable valuable comparison of the molecular phenotypes associated with 

physiological and pathological hypertrophy.   
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Table 4.1:  List of genes analysed in run-trained rats 

 

 

 Gene  Description Abbreviation 

 
 
    

 Contractile/Cytoskeletal  
     
 Myosin Heavy Chain (α and β isoforms)1 α + β MHC 
 Alpha Cardiac Actin  c-α-actin 
 Cardiac Troponin I  cTnI 
 Connexin 43  CX43 
 Myosin Light Chain 2 Ventricular Isoform MLC-2v 
     
 Matrix Metalloproteinases  
     
 Matrix Metalloproteinase 3 MMP3 
 Matrix Metalloproteinase 9 MMP9 
 Membrane-Type 4 Matrix Metalloproteinase MT4-MMP 
 Membrane-Type 5 Matrix Metalloproteinase MT5-MMP 
     
 Vasoactive Pathway   
     
 Angiotensin Converting Enzyme ACE 

 Atrial Natriuretic Factor ANF 

 Endothelin-A-Receptor                                                               ETAR 

     
 Calcium Handling   
     
 Calcineurin Binding Protein 1 CABIN1 
 Calcineurin Inhibitor (AF263240) mdscr 
 Sacroplasmic Reticulum Ca ATPase 2 SERCA-2 
     
 Electrophysiology Related  
     
 Chloride Channel 1  CLC1 
 Cystic Fibrosis Transmembrane Conductance Regulator CFTR 
 Potassium Channel Type 2 LM2 
 Potassium Channel Type 7 LM7 
 Multidrug Resistance 1A MDR1A 
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 Multidrug Resistance 1B MDR1B 
     
 Transcription Factors   
     
 dHAND Helix-Loop-Helix Protein dHAND 
 Friend of GATA 2  FOG-2 
 GATA-Binding Transcription Factor 6 GATA-6 
 Hairy/Enhancer of Split Related With YFPW Motif 2 Hey2 
 Iroquios Homeodomain Protein 1 IRX-1 
 Iroquios Homeodomain Protein 2 IRX-2 
 Iroquios Homeodomain Protein 3 IRX-3 
 Myocyte Enhancer Factor 2B MEF-2B 
 Myocyte Enhancer Factor 2D MEF-2D 
 MSG Related Gene 1  MRG-1 
 Melanocyte Specific Gene 1 MSG-1 
 msh homologue Transcription Factor MSX-1 
 MSX-2 interacting nuclear target protein MSX-2 
 NK2 Transcription Factor Locus 3 Nkx-2.3 
 NK2 Transcription Factor Locus 5 Nkx-2.5 
 Mad Homologue 1 Transcription Factor SMAD1 
 Mad Homologue 5 Transcription Factor SMAD5 
 TBX Transcription Factor (Tbx-12) TBX12 
     
 Growth Factors/Growth Factor Receptors  
     
 Bone Morphogenetic Protein Type 4 BMP-4 
 Bone Morphogenetic Protein Receptor  Type 1B ALK-6 
 Bone Morphogenetic Protein Receptor Type 2 BRK-3 
 Insulin-like Growth Factor 1 IGF-1 
 Platelet Derived Growth Factor Receptor Type 1 Alpha PDGF-1α 
 Platelet Derived Growth Factor B PDGF-B 
 Transforming Growth Factor Beta 2 Type 1 Receptor TGFβ2R1 
     
 Interleukin Related   
     
 Interleukin-1 Receptor Associated Kinase IRAK1 
     
 Adrenergic Receptors   
     
 Adrenergic Receptor Type 1A AR-1A 
 Adrenergic Receptor Type 1D AR-1D 
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 Signalling intermediates  
     
 Stress Activated Protein Kinase [SAPK]-Interacting Protein-1  Sin1 
 Small GTPase RhoA  RhoA 
     
 Apoptosis     
     
 BCL-2 Like 10 protein  BCL2l-10 
 BCL-2/adenovirus Like Interacting Protein 3-Like Bnip3l 
     
 Histone Deacetylases   
     
 Histone Deacetylase 1  HDAC-1 
     
 Other    
     
 Paxillin Like Focal Adhesion Protein Hic-5 
 

1The probe used for Myosin Heavy Chain detects both α and β isoforms and is therefore 
unable to distinguish between them. 

 

  

 

4.2 Materials and Methods 

 

4.2.1  Experimental strategy used to profile gene expression in a rat physiological   

model of cardiac hypertrophy 

 

The general outline of the reverse Northern hybridisation strategy used to profile the 

expression of the selected 56 genes is given in the schematic presented in Figure 4.1. 

A detailed description of the run-training regime used to induce physiological 

hypertrophy is provided below, with all other procedures discussed in relevant 

sections of Chapter 2.  
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to determine gene expression in 
run-trained and control animals 

 

 

 

 

 Figure 4.1: Experimental strategy used to analyse the expression of
selected genes in run-trained rats 
 
This method was based upon the reverse Northern hybridisation technique in
which radiolabelled cDNA derived from run trained and aged-matched control
(sedentary) rat cardiac tissue is hybridised against a nylon membrane
containing gene probes of interest.  
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4.2.2  Endurance exercise training and cardiac tissue preparation   

 

The animal work for this study was performed by Dr Glenn Harrison at the Heart 

Foundation Research Centre, Griffith University Gold Coast, Australia. Male Wistar 

rats, 8 weeks of age, were obtained from the Central Animal Breeding House at the 

University of Queensland. All procedures were performed with approval from the 

Griffith University Animal Experimentation Ethics Committee. The rats were given at 

least one week to acclimatise before experimentation.  They were housed in a light 

and temperature controlled room, fed standard rat laboratory chow and given water ad 

libitum. Rats were randomly divided into 4 groups: 6-week exercise trained, 6-week 

aged-matched sedentary controls, 12-week exercise trained and 12-week aged-

matched sedentary controls. The run-trained groups were exercised for 30 min/day at 

0.8 km/hr, 0% grade, for 5 days per week on a treadmill. The treadmill was modified 

to contain 6 ventilated perspex lanes of 600mm length, 120mm width and 140mm 

height as illustrated in Figure 4.2. To provide stimulus for running an electric copper 

grid shock plate under constant voltage and current was placed at the rear of each 

running lane. 

 

 

              

            Figure 4.2: Rats undergoing run training on the modified treadmill 
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On the sixth day of each week an endurance test was performed to measure time run 

(in minutes) at 1.2 km/hr at 0% grade until exhaustion (Figure 4.3). Aged-matched 

sedentary control rats were allowed to familiarise themselves with the treadmill in the 

first week by running for 5 min at 0.8 km/hr, 0% grade and also included in the 

weekly endurance tests to enable evaluation of the effects of run training on physical 

condition. Rats were deemed exhausted upon accepting electric shock three 

consecutive times rather than continuing to run. Rats without the desire to run were 

excluded from the study. After one week of training electric shock plates were needed 

only rarely in the training runs. To determine systolic blood pressure and heart rate, 

rats were lightly anaesthetised with intra-peritoneal Zoletil (tiletamine 15 mg/kg, 

zolazepam 15 mg/kg). A tail pulse transducer (MLT1010) and an inflatable tail cuff 

connected to a Statham P23 force transducer were used via connection to a PowerLab 

data acquisition unit. 

 

Upon completion of the exercise training regime, trained and untrained rats to be used 

in the mRNA expression experiments were lethally anaesthetised by intraperitoneal 

injection with 100 mg/kg pentobarbitone sodium. The hearts were dissected, weighed 

and rapidly frozen. Remaining rats in each of the four groups were used by the Heart 

Foundation Research Centre and collaborating groups for physiological and metabolic 

investigations that included: echocardiography, diastolic stiffness determination, 

purine efflux studies, cardiac energetics evaluation and collagen distribution analysis 

(Fenning et al., 2003). 
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4.3 Results 
 
4.3.1  Run-training of exercise rats 

 

Significant effects were observed in the run-trained rats used in this study, consistent 

with physiological adaptation to the run-training program. The exercise routine used 

by Dr Glenn Harrison and colleagues resulted in marked improvements in the 

performances of the run-trained rats relative to the aged-matched sedentary controls 

on the test day evaluations over successive weeks (Figure 4.3). The performance of 6- 

week run-trained animals had increased by approximately 300%, and by 12 weeks, 

exercise endurance had improved by over 600%. 
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Figure 4.3:  Endurance test day
performances of run-trained
and aged-matched sedentary
control rats over the 12-week
training period 
 
Graph shows improvements in
test day performances measured
in time (y axis) for run-trained
(solid circles) versus aged-
matched sedentary control rats
(open squares) over the 12-week
training period (x-axis). Data
provided by Dr Glenn Harrison
and Dr Andrew Fenning.  
 
* p<0.05 compared to aged-
matched sedentary controls.   

 

 

Heart weight to body weight ratios increased by 10.2% in the exercised rats over the 

first 6 weeks of run-training, and by 24.1% after 12 weeks, the latter being statistically 

significant (p<0.05) (Figure 4.4). Consistent with the physiological model of 

hypertrophy, there were also significant improvements in cardiac function (Table 4.2) 

as measured by increased left ventricular internal diameter, systolic volume, cardiac 

output, and myocardial compliance (as determined by a decrease in diastolic 
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stiffness). 31P-NMR spectroscopic analysis of run-trained hearts showed decreased 

purine efflux (data not shown), increased AMP/ADP concentrations and decreased 

PCr/Cr ratio, indicative of enhanced cardiac bio-energetic performance (Fenning et 

al., 2003). The data collected for the various experimental groups therefore 

demonstrated that the run-trained rats displayed defining features of athletic heart, 

mild hypertrophy and enhanced cardiac performance. These data showed that the 

degree of hypertrophy induced in the 12-week run-trained group was significantly 

greater than that of the 6-week group, with the 12-week group also displaying 

superior cardiac performance overall. It was therefore decided to perform the mRNA 

expression analysis experiments using the 12-week trained rats and their respective 

aged-matched controls. 

 

 

 Figure 4.4: Left ventricular
wet weights of trained and
control experimental groups 
 
Left ventricular weight (mg/g
body weight) for the 6 week
trained (T6wk) and 12 week
trained (T12wk) rats relative to
their respective aged-matched
sedentary controls. Heart tissue
was dissected and wet weight
measured. Data from Dr Glenn
Harrison and Dr Andrew
Fenning.  
 
* p<0.05 compared to aged-
matched sedentary controls. 
   Experimental Group 
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Table 4.2: Analysis of animal weight, cardiac function and cardiac performance    

                  in run-trained and control (sedentary) rat groups╒

 

Characteristica  
6week UT 

         Animal 
6week RT 

 Categoryb

12week UT 
 

12week RT 

  animal and cardiac physiological analysis 

  N 10 10 10 10 
  Body weight (g) 449±15 448±16* 524±25 484±11* 
  Systolic BP (mmHg) 119±4 112±4 115±11 114±8 
  LV weight (mg/g bwt) 1.87±0.06 2.06±0.06* 1.74±0.04 2.16±0.06* 
  LVPWd (mm) 1.79±0.09 1.85±0.07 1.74±0.07 1.80±0.06 
  LVIDd (mm) 6.68±0.26 7.08±0.24* 6.39±0.32 7.90±0.17* 
  LV mass (g) 0.697±0.08 0.880±0.05* 0.716±0.09 0.922±0.03* 
  LV systolic volume (ml) 0.046±0.011 0.054±0.020* 0.049±0.007 0.083±0.011* 
  CO (ml/min) 72.6±4.5 85.1±3.9* 74.9±3.3 106.6±8.0* 

  metabolite analysis (resting contractile performance) 

  N 5 7 4 3 
  [ATP] (mmol/L) 8.80±0.25 10.84±0.89* 9.07±0.74 9.06±0.31 
  [ADP] (mmol/L) 0.042±0.007 0.090±0.030* 0.057±0.011 0.080±0.005* 
  [AMP] (µmol/L) 0.22±0.06 0.79±0.19* 0.37±0.11 0.68±0.06* 
  [PCr] (mmol/L) 16.7±1.18 13.11±0.89* 14.77±0.93 11.78±0.22* 
  [Cr] (mmol/L) 10.29±1.18 13.89±0.89* 12.23±0.93 15.22±0.22* 

 

 a n = number of hearts tested, BP = blood pressure,  LV = left ventricle, LVPWd = left
ventricular posterior wall thickness, LVIDd = left ventricular internal diameter in
diastole, CO = cardiac output, ATP = adenosine triphosphate, ADP = adenosine
diphosphate, AMP = adenosine monophosphate, PCr = phosphocreatine, Cr =
creatine. 
 

UT = untrained control, RT = run trained. 
 
Data provided by Dr Glenn Harrison, Dr Andrew Fenning and Dr Lindsay Brown.   
 
* p<0.05 versus respective untrained control group. 
 

 

 

 

 b 

 ╒ 

 

 

 

 

 

 

 

 

 93



4.3.2  Preparation and testing of total RNA from run-trained and sedentary rats 

 
RNA was prepared from the left ventricles of three 12-week run-trained and three 

aged-matched sedentary control animals as described in Section 4.2.2. The 

concentration of each RNA preparation was determined by spectrophotometric 

quantitation and the sample quality evaluated by denaturing agarose gel 

electrophoresis. A denaturing agarose gel showing the final samples selected is 

provided in Figure 4.5. These samples contained insignificant amounts of degraded 

RNA product, and the 28 S and 18 S bands were in the relative ratio expected for high 

quality total RNA preparations. The 12-week run-trained samples are designated 

RT12-1, RT12-3 and RT12-4, and the aged-matched sedentary controls are UT12-1, 

UT12-2 and UT12-4. 

  
Figure 4.5: Denaturing agarose gel
electrophoresis analysis of total RNA
preparations from run-trained and
control animals  
 
RNA samples were denatured and 5µL
of each loaded onto the 1% denaturing
agarose gel. Electrophoresis was
performed at 60V for 30 min followed
by 100V for a further 40 min. The gel
was stained in 0.5 µg/uL ethidium
bromide for 5 min and destained
overnight in sterile H2O. Lane 1, RT12-
1 total RNA; Lane 2 UT12-1 total RNA;
Lane 3, RT12-3 total RNA; Lane 4, UT
12-2 total RNA; Lane 5, RT12-4 total
RNA; Lane 6, UT12-4 RNA. The
positions of the 28 S and 18 S ribosomal
bands are indicated.   

      Lane           1      2      3      4      5      6 
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4.3.3  Reverse Northern hybridisation mRNA expression analysis 

 

Reverse Northern hybridisation experiments analysing the expression of the genes 

listed in Table 4.1 were performed as described in Section 2.2.20. Prior to final 

quantification, the reverse Northern blots were analysed by autoradiography to 

determine whether they were of suitable quality for quantitative analysis by 

phosphorimaging. Autoradiographs of a typical reverse Northern pairwise experiment 
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are shown in Figure 4.6. Genes loaded onto nylon membrane as depicted for ‘Blot A’ 

were probed with radiolabelled cDNA derived from the untrained rat UT12-4 and run-

trained rat RT12-3. Each probed membrane contained 28 different target gene 

triplicates and 4 GAPDH normalisation triplicates. The pairwise compared blots 

displayed low background radiation counts and uniform triplicate dot intensity, 

making them suitable for final quantification. 
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    Schematic demonstrating gene target loading for the ‘Blot A’ format 
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Figure 4.6: Reverse Northern blot autoradiographs for the pairwise compared 
UT12-4 and RT12-3 rats 
 
 
Reverse Northern experiments were performed as described in Section 2.2.20. (A) 
Loaded nylon membrane (‘Blot A’ format) hybridised against radiolabelled cDNA 
prepared from UT12-4. (B) Loaded nylon membrane (‘Blot A’ format) hybridised 
against radiolabelled cDNA prepared from RT12-3. Gene target loadings on 
membranes were as described for ‘Blot A’ with 50 µg of denatured DNA loaded per 
dot for PCR generated targets and 150 µg for plasmid DNA. A schematic diagram 
detailing the gene target loadings for the ‘Blot A’ loading format is shown on the 
facing page. GAPDH positions are coloured green. 
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Dot intensities, given in counts per unit area (CNTS/mm2), were determined following 

phosphorimager analysis as described in Section 2.2.22. Background counts were 

subtracted and mean CNTS/mm2 values calculated for each target gene in triplicate. 

This value was then normalised against that of the pairwise compared blot based on 

the dot intensities for GAPDH on each membrane. Gene expression results were 

represented as a ratio between the signal intensity recorded for the run-trained rat and 

the sedentary control. A ratio value of 1.0 once again indicated there was no change in 

the amount of radiolabel hybridised to a target gene in the run-trained rat relative to its 

respective control. Such a value was therefore indicative of equal mRNA expression 

in the trained and untrained rats. A value exceeding 1.0 indicated an increase in 

mRNA expression in the run-trained rat relative to its aged-matched sedentary 

control, and a value less than 1.0 indicated a down-regulation. The ratios for all 56 

genes examined in the three sets of run-trained and sedentary control rats are 

presented in Table 4.3. Genes with very low signal intensity (CNTS/mm2) relative to 

the background (less than 2-fold of background intensity) were excluded from further 

analysis (fold difference values marked in red font in Table 4.3), and those with low 

but acceptable counts (less than 5-fold of background intensity) are indicated in blue 

font in Table 4.3.  

 

Four genes (dHAND, Nkx-2.3, IRX-2 and IRAK) were found to consistently show 

greater then two-fold changes in apparent mRNA expression. Interestingly, each one 

of these exhibited a down-regulation in the hearts of the run-trained animals. The 

normalised CNTS/mm2 for these genes in each animal pair and the overall fold 

difference between the run-trained and sedentary control rats is given in Figure 4.7 

and Figure 4.8. Counts were 3.47 ± 1.18-fold less in the run-trained rats versus 

sedentary controls for the cardiac transcription factor dHAND, 3.43 ± 0.58-fold less 

for the homeodomain transcription factor Nkx-2.3 and 3.17 ± 1.05-fold less for a third 

transcription factor, IRX-2. The Interleukin-1 Receptor Associated Kinase (IRAK1) 

gene recorded a 2.40 ± 0.44-fold decrease in CNTS/mm2 in the reverse Northern 

experiments. A number of other genes, including LM7, CABIN1, IRX-1, MDR-1B 

and GATA-6, also showed consistent, though relatively small, changes in expression 

in the run-trained animals. Others were excluded from further analysis due to very 

low expression (Nkx-2.5, Sin1, RhoA, MSG-1, MSX-2, SMAD-5 and AR-1D) or 

showed inconsistencies between the animal pairs analysed.  
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Table 4.3: Results of reverse Northern mRNA expression analysis for the run-

trained and sedentary control pairs examineda

 

 Normalised Run Trained CNTS / Control CNTS Average ratio  
   Gene RT12-1/UT12-1  RT12-3/UT12-4  RT12-4/UT12-2 (all pairs) 
     
   MHC* 0.3 1.2 3.0 1.5 
   cTnI 0.2 0.6 1.1  
   c-α-actin 0.2 0.7 1.4 0.8 
   MLC2v 0.4 0.3 1.6 0.8 
   Nkx-2.3 0.2 0.3 0.4 0.3 
   ACE 0.4 0.5 1.2  
   ANF 0.3 1.3 0.6  
   ETAR 1.7 0.8 0.7  
   SERCA2 0.3 1.1 0.8 0.7 
   LM7 0.8 0.6 0.6 0.6 
   CABIN1 0.4 0.6 0.7 0.6 
   FOG2 0.4 0.7 2.0  
   Act1 2.6 0.7 2.6  
   Sin1 0.4 0.7 0.8  
   RhoA 0.4 0.8 0.4  
   SMAD1 2.0 0.6 0.2  
   IRX-1 0.4 0.8 0.5 0.6 
   MSG1 0.4 0.6 0.7  
   PDGF-B 1.7 1.0 0.8  
   MDR1B 0.5 0.8 0.9 0.7 
   MSX2 0.8 0.8 0.6  
   IRAK1 0.4 0.6 0.3 0.5 
   MT5MMP 0.3 1.0 0.3 0.5 
   AR2A 1.0 0.4 0.1  
   IRX-2 0.3 0.7 0.2 0.4 
   CFTR 1.8 0.6 0.2  
   BRK3 7.9 0.9 0.7  
   GATA6 0.5 0.4 0.8 0.6 
   MT4MMP 0.5 1.6 2.5 1.6 
   MMP3 0.2 1.8 2.9 1.6 
   MMP9 0.3 1.7 2.0 1.3 
   BCL2l-10  0.3 0.7 2.0 1.0 
   Nip3l  0.2 0.7 2.1 1.0 
   SMAD5 0.7 0.7 0.6  
   ALK6 8.5 1.8 0.6  
   CLC1 0.4 1.6 1.0 1.0 
   MDR1A 0.4 1.1 0.7 0.7 
   LM2 0.2 1.5 0.7 0.8 
   IGF1 1.2 0.8 0.8  
   PDGF-1α 0.5 0.8 1.8 1.0 
   CX43 1.8 0.5 2.6  
   AR-1D 0.7 0.5 0.5  
   TGFβ2r1 0.9 N/A 0.3  
   CABIN1 0.1 36.4 0.3  
   Hey2 0.3 1.0 0.6 0.6 
   MRG1 0.5 1.5 0.3  
   DHAND 0.2 0.4 0.6 0.4 
   TBX12 0.1 1.1 5.6 2.2 
   IRX-3 0.3 0.6 1.0 0.6 
   MEF2B  0.5 3.5 1.2  
   MEF2D 0.4 2.1 1.0 1.2 
   MSX1 0.6 0.5 1.0  

 99



   Nkx-2.5 0.3 0.6 0.3  
   BMP4 0.4 0.3 1.2  
   HDAC1 0.3 0.5 1.7 0.8 
   Hic-5 0.4 0.8 1.5 0.9 

 

 a Normalised average counts recorded for the genes examined in the run trained rats
were divided by that of their respective age matched controls. The value presented
thus represents the ratio of gene expression seen in the exercise animals relative to
their pairwise compared untrained control. Genes expressed in low levels in either the
hypertrophic or control animals are marked in blue bold font if the counts recorded
were less than 5-fold that of the background. Genes displaying counts less than 2-fold
that of the background are marked in red bold font and excluded from further analysis.
The run-trained and aged-match sedentary control animals compared, listed above
each column are RT12-1 & UT12-1, RT12-3 & UT12-4 and RT12-4 & UT12-2. 
*The probe used to detect Myosin Heavy Chain (MHC) detects both the α and β isoforms. 
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Figure 4.7: Reverse Northern results for dHAND and Nkx-2.3. 

Graphs show normalised dot intensities (CNTS/mm2) in each run-trained and aged-
matched control rat pair and average negative fold difference for all rat pairs (Mean ± 
SE) for (A) dHAND and (B) Nkx-2.3. 
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A) IRX-2 
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B) IRAK1 

 

 

 

 

 

 

 

 

 

 

 

 

 

UT12
-1

RT12
-1

UT12
-4

RT12
-3

UT12
-2

RT12
-4

0

10000

20000

30000

40000

Fold Difference
(Pair 1) = -2.3

Fold Difference
(Pair 2) = -1.7

Fold Difference
(Pair 3) = -3.2

C
N

TS
/m

m
2

0

1

2

3

N
eg

at
iv

e 
fo

ld
 d

iff
er

en
ce

(R
T/

U
T)

-2.40 ± 0.44

Figure 4.8: Reverse Northern results for IRX-2 and IRAK1 

Graphs show normalised dot intensities (CNTS/mm2) in each run-trained and aged-
matched control rat pair and average negative fold difference for all rat pairs (Mean ± 
SE) for (A) IRX2 and (B) IRAK1. 
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4.4  Discussion 
 

The reverse Northern hybridisation experiments described in this chapter identified a 

number of candidate genes differentially regulated during exercise-induced 

physiological hypertrophy. Importantly, the run-trained rat model described herein 

demonstrated physiological characteristics consistent with the athletic heart phenotype 

of enhanced cardiac functioning in response to increased haemodynamic load. The 

rats responded favourably to the run-training regimen with the test day performances 

consistently improving over the 12-week period. This was accompanied by a 24.1% 

increase in heart weight to body weight ratio in the hypertrophic rat group relative to 

the aged-matched controls by the end of the run-training program.  

 

Also consistent with hallmark features of physiological cardiac adaptation were 

substantial improvements in cardiac performance (Woodiwiss and Norton, 1995; 

Woodiwiss et al., 1995; Jin et al., 2000; Moraska et al., 2000; Wistoff et al., 2001). 

The hearts of the run-trained rats exhibited improved systolic volume, cardiac output 

and myocardial compliance. They displayed increased left ventricular diameter 

measurements and enhanced bio-energetic functioning in metabolic analysis 

experiments. For example, purine efflux was reduced within the working myocardium 

of the run-trained hearts, indicative of improved intracellular salvage of purine 

nucleosides. Furthermore, elevated ADP and AMP were detected in hearts of the run-

trained trained animals thereby providing an increased pool of precursors for ATP 

biosynthesis (Fenning et al. 2003). The run-trained model was therefore deemed 

suitable for use in expression analysis experiments investigating the molecular 

phenotype associated with physiological hypertrophy. 

 

The reverse Northern expression profiling experiments identified a number of genes 

showing consistent changes in mRNA expression in the run-trained rats tested. The 

four genes exhibiting the largest responses, dHAND, Nkx-2.3, IRX-2 and IRAK1 are 

discussed further below. Others displaying consistent responses included IRX-1, 

GATA-6, LM7, CABIN1 and MDR1B. Of interest, Nkx2.5, Sin1, RhoA, MSG-1, 

MSX2, SMAD5 and AR-1D all displayed similar trends in expression, but were 

excluded from further analysis due to low expression in at least one animal pair. 
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Further investigation of these genes could be carried out using a more sensitive 

technique such as RT-PCR. A number of genes examined in the reverse Northern 

hybridisation experiments exhibited inconsistent results between different animal 

pairs. These were also discarded as candidates for subsequent examination. Due to the 

low sample number used in these experiments, as was discussed for the DOCA-salt 

model in the previous section, further investigation using a greater number of rats 

would likely provide more accurate data regarding the mRNA expression of these 

genes in the endurance run-trained heart.  

 

The largest fold difference in expression in the run-trained versus control animals, 

was observed for the transcription factor dHAND. The HAND genes encode basic 

Helix-Loop-Helix (bHLH) transcription factors with essential roles during cardiac 

development (Srivastava et al., 1997; Thomas et al., 1998). Of interest to this study, 

down-regulation of dHAND expression has been found to accompany the left 

ventricular hypertrophy associated with human cardiomyopathy (Natarajan et al., 

2001; Thattaliyath et al., 2002). dHAND was also found to be differentially expressed 

during right ventricular hypertrophy (Bar et al., 2003). The importance of dHAND in 

central cardiogenic regulatory processes highlights it as an interesting gene for further 

examination. Recently dHAND has been found to cooperate with MEF2C in the 

regulation of myocardial genes, including the activation of ANF (Zang et al., 2004; 

Zang et al., 2004a). Given the importance of ANF in cardiac hypertrophy (Woods, 

2004), it is intriguing to speculate a possible role for dHAND in the regulation of 

cardiac genes during hypertrophy. 

 

Another transcription factor found to be down-regulated in the hearts of the run-

trained rats investigated in this study was Nkx2.3. The Nkx2.3 protein belongs to the 

NK-2 homeodomain family involved in early specification of the cardiac mesoderm 

and differentiation of cardiomyocytes in Drosophilia, zebrafish, Xenopus and mouse 

(Bodmer 1993; Lee et al., 1996; Tonissen et al., 1994; Buchberger et al., 1996; Lints 

et al., 1993). No information is available regarding the role of Nkx2.3 in cardiac 

hypertrophy, although expression of the NK-2 transcription factor Nkx2.5 is reported 

to be altered in feline right ventricular pressure overload (Thompson et al., 1998) and 

mouse adrenergic-induced cardiac hypertrophy (Saadane et al., 1999). As reviewed by 

Evans (1999), Nkx-2.3 is expressed in the cardiac mesoderm in Xenopus and chick 
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embryos, but not in mouse. Therefore, further investigation is required to confirm if 

Nkx2.3 is expressed at the significant levels observed here in the adult heart, and to 

verify the down regulation seen in the run-trained model of physiological 

hypertrophy. To eliminate the possibility of a NK-2 paralogue hybridising to the full-

length Nkx2.3 probe used in the reverse Northern hybridisation experiments, a more 

specific DNA probe could be utilised. 

 

As discussed previously, a significant reduction in transcript expression was also seen 

for the Iroquios family homeobox transcription factor IRX-2. The IRX genes 

demonstrate restricted spatiotemporal expression during heart development, 

suggesting that they have highly specific functions during cardiomyogenesis 

(Christoffels et al., 2000; Houweling et al., 2001). Consistent with a role in post-natal 

cardiac function, IRX-4 deficient mice develop cardiomyopathy characterised by 

hypertrophy and cardiac contractile dysfunction (Bruneau et al., 2001). Of note, IRX-

4 deficient embryos showed increased levels of IRX-2 and reduced eHAND 

expression. Transgenic lacZ reporter studies have shown IRX-2 is dynamically 

expressed during cardiac development, however IRX-2 deficient mice display normal 

cardiac structure and function (Lebel et al., 2003). 

 

 It is noteworthy that three genes down-regulated in the left ventricles of the exercise 

trained rats discussed above are cardiac transcription factors. The complex 

combinatorial interactions of transcription factors regulating cardiac specification and 

differentiation have been the subject of much research (reviewed in Cripps and Olson, 

2002; Firulli and Thattaliyath, 2002). One of the presumptions of this investigation 

was that the cardiovascular remodelling associated with left ventricular hypertrophy 

would involve a similarly intricate regulatory network involving multiple transcription 

factors. Recent findings on the transcriptional regulation of the hypertrophic gene 

program support this view (reviewed by Akazawa and Komuro, 2003). Given that 

cardiac hypertrophy involves changes in the expression of a large number of cardiac 

structural and functional proteins, this study was biased towards transcription factors 

regulating these proteins during embryonic development. This strategy seems to have 

been useful as each of the down-regulated transcription factors found belonged to 

families with important roles in cardiomyogenesis. 
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The fourth gene found to consistently exhibit significant differential expression in the 

hearts of the run-trained animals used in this study was interleukin-1 receptor 

associated kinase gene (IRAK1). IRAK1 was first identified following the mapping of 

the mouse X chromosome (Centanni et al., 1998). The involvement of IRAK1 in 

cardiovascular events is not unexpected given the postulated roles of cytokines in 

cardiovascular diseases such as reperfusion injury and cardiac hypertrophy. Research 

by Deten et al. (2002) suggests that interleukin-1 (IL-1) expression is altered during 

compensatory cardiac hypertrophy. Furthermore, transgenic mice over-expressing IL-

1 alpha demonstrated 1.4 - 2.2-fold increases in heart weight to body weight ratio and 

showed functional characteristics associated with myocardial hypertrophy (Isoda et 

al., 2001). Similarly IL-1 beta has been found to elicit aspects of pathological cardiac 

hypertrophy, such as increased secretion of A-type and B-type natriuretic peptides 

[ANP and BNP] (Harada et al., 1999).  

 

While there is no published data regarding the role of IRAK1 in physiological 

hypertrophy, it has been found to participate in burn-triggered contractile dysfunction 

(Thomas et al., 2002). Based on this and other data, Thomas et al. (2003) sought to 

investigate whether the Toll/IL-1 inflammatory response pathway in immune cells 

might also function in the heart. This investigation showed that lipopolysaccharide 

(LPS) activated cardiac expression of IRAK1, and implicated IRAK1 in acute LPS-

mediated contractile dysfunction. It further suggested that disruption of the Toll/IL-1 

pathway, through inactivation of IRAK1, might protect the heart against contractile 

dysfunction. This study in the endurance exercise trained rats, therefore raises the 

interesting possibility that decreased expression of IRAK1 might promote 

cardioprotection.   

 

In summary, the endurance run-trained rats used in this study displayed characteristic 

features of physiological hypertrophy and were therefore appropriate for use in the 

expression profiling experiments. The reverse Northern hybridisation technique 

identified a number of interesting candidates for verification and further 

characterisation. Four genes were highlighted, each down-regulated in the hearts of 

the run-trained rats relative to the sedentary controls.  
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5.1 Introduction 
 
 
An important caveat of mRNA expression profiling experiments is that changes in 

gene expression do not always correlate with protein synthesis and final cellular 

protein levels (Napoli et al., 2005). Translational and post-translational mechanisms 

exist that can modulate or block the effects of changes in transcript abundance. With 

this in mind, an important starting point in determining that a change in transcriptional 

activation might be biologically significant is to show that the observed difference is 

associated with a similar change in protein expression. The importance of proteins in 

specifying cell phenotype is evident by the rapid growth of the field of proteomics in 

bridging the gap between genetic analysis and cellular function (Zerbowski et al., 

2004). Proteomics explores the protein population, or proteome, associated with 

different cellular types or contexts. It further distinguishes between different protein 

variants resulting from post-translational modifications. Proteome analysis techniques 

are therefore being promoted as powerful tools for increasing our understanding of 

complex biological processes such as cardiovascular disease (Arrell et al., 2001; 

Marci and Rapundalo, 2001). 

 

The aim of the work presented here was to further extend the findings of Chapters 3 

and 4. The reverse Northern hybridisation approach identified a number of candidate 

genes indicated as being differentially expressed in the pathological and physiological 

models of cardiac hypertrophy. Rather than performing real-time PCR, or a 

compatible technique, to verify the changes in mRNA expression observed, it was 

decided to instead progress directly to analysing the expression of genes at the protein 

level. This would provide valuable data on whether the observed trends correlated to 

changes in protein expression, and avoid the considerable cost associated with real-

time PCR experiments. Given the number of genes highlighted from the mRNA 

expression analysis experiments, specific criteria were used to select the final 

candidates for further examination in this section. These criteria included availability 

of a suitable antibody, inclusion of genes demonstrating expression up-regulation or 

down-regulation, representatives from the analysis of both models of hypertrophy 

investigated, and our interest in the candidates based on their presumed biological 

functions.  
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The final genes selected for further characterisation in this chapter were MMP1 and 

Sin1 from the DOCA-salt mRNA reverse Northern experiments, and IRAK1 and 

dHAND from the run-training study. For each of these candidates, protein levels were 

analysed in both the pathological and physiological models of hypertrophy, with the 

goal of providing valuable comparative information with the gene expression data. 

Furthermore, protein levels were also investigated in the in vitro P19CL6 model of 

cardiomyogenesis. The aim of this approach was to provide information potentially 

relevant to questions regarding the extent to which embryonic cardiac expression 

patterns recur during hypertrophic remodelling. As discussed in Section 1.3.1, a 

number of cardiac developmental genes and regulatory pathways are re-activated 

during hypertrophy. For example, the GATA-4 and GATA-6 transcription factors 

have defined roles in the regulation of cardiac morphogenesis. Overexpression of 

these genes in cultured rat neo-natal myocytes however is able to induce hypertrophic 

growth, and further culminative data is suggestive of an involvement of GATA-4 in 

the regulation of gene expression during cardiac hypertrophy (Pikkarainen et al., 

2004). 

 

 In order to examine protein expression for selected genes in the developing 

cardiomyocyte, this investigation made use of the P19 derived cell line P19CL6. The 

original P19 embryonal carcinoma (EC) cell line was established from a 

teratocarcinoma in C3H/He mice, formed after an E7.0 mouse embryo was grafted to 

the testes of an adult male mouse (McBurney and Rogers, 1982; van der Heyden and 

Defize, 2003). Treatment with DMSO induces P19 cells to differentiate into 

cardiomyocytes after 6-7 days. They form large regions of rhythmically contracting 

muscle possessing junctional structures reminiscent of the intercalated disks seen 

within cardiac muscle (Smith et al., 1987). At the molecular level, P19 derived 

cardiomyocytes express myocyte isoforms of actin and myosin, including those 

specific to cardiac muscle. There are a number of intrinsic properties that make these 

cells particularly useful in the genetic analysis of developmental events. P19 EC cells 

undergo rapid division and can be induced to differentiate after many passages (Bain 

et al., 1994). Furthermore, P19 EC cells possess a normal karyotype and, importantly, 

their developmental potency is similar to that of early embryonic cells. The P19 

cardiogenic model has also been successfully applied to further investigate the 
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functions of cardiac regulatory genes such as GATA-4 (Grepin et al., 1995), Nkx-2.5 

and MEF2C (Skerjanc et al., 1998).  

 

Habara-Ohkubo (1996) successfully isolated a clonal line from P19 EC cells with 

enhanced cardiogenic potential. Designated P19CL6, this subline is proposed to 

represent a further developmental stage toward the differentiated cardiomyocyte. 

P19CL6 cells show significantly elevated cardiac differentiation frequency following 

exposure to DMSO and are less able to generate cells of other lineages.  Microarray 

investigation has identified numerous novel candidate early regulatory genes that are 

switched on in response to DMSO stimulation and further confirmed the activation of 

structural factors and signalling pathways known to be critical in cardiomyocyte 

differentiation (Peng et al., 2002). Recent experiments have used the P19CL6 

cardiogenic models to further delineate the roles of BMP-2 (Ghosh-Cloudhury et al., 

2003), Smad signalling intermediates (Monzen et al., 2001) and the transcriptional 

cofactor myocardin (Ueyama et al., 2003). Given their demonstrated power as an 

established cell culture system for the investigation of global changes in expression 

during cardiomyogenesis, this investigation utilised P19CL6 cells to examine the 

developmental expression of the selected gene candidates listed above. 

 

In summary, the major objectives of this chapter were to: 

 

1) Evaluate the levels of selected candidate proteins (MMP1, Sin1, IRAK1 and 

dHAND) in the DOCA-salt and endurance exercise models in order to further 

characterise their roles in the cardiac hypertrophic process. 

 

2) To analyse the levels of these same proteins in the P19CL6 model to enable 

comparison between their levels during cardiac hypertrophy and development. 
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5.2 Materials and Methods 

 

A brief outline of the experimental approach used to analyse protein expression for 

chosen candidates is given below in Figure 5.1. It should be noted that the Western 

blots shown for the DOCA-treated animals and run-trained animal (Figures 5.5, 5.6 

and 5.7) were repeated in triplicate with representative blots shown. The blots using 

the P19CL6 cardiogenic model are representative of two independent experiments 

using different batches of P19Cl6 cells. For each of these experiments three individual 

control and DMSO-treated dished were pooled to provide samples for the Western 

blot analysis. 

 

 

Preparation of whole cell 
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Selection of genes for 
further charactisation 
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Western blotting experiments to 
analyse protein levels in the 

various cardiac samples 

 

 

 

 
Figure 5.1: Experimental strategy used to determine tissue/cellular levels
of selected proteins in hypertrophy and heart development   
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5.3 Results 

 

5.3.1 Preparation of cardiac protein samples from the DOCA-salt model of 

pathological hypertrophy 

 

DOCA-salt treated, and UNIX control rats, used in this investigation were prepared as 

described in Section 3.2.2. The DOCA-salt treated rats were designated DO-1, DO-2, 

and DO-3; and the UNIX control rats UN-1, UN-2, and UN-3. The total heart wet 

weights and left ventricular wet weights recorded for these animals after the 4-week 

treatment regime are shown in Figure 5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A)  
Figure 5.2: Total heart wet
weight, and left ventricular
wet weight, for the DOCA-
salt treated and UNIX
control animals  
 
 
Total heart and left ventricular
weight were determined prior
to rapid freezing of cardiac
samples. (A) Total heart wet
weights of the three DOCA-
salt treated rats (DO-1, DO-2,
& DO-3), and three UNIX
control rats (UN-1, UN-2, &
UN-3) used in this study. (B)
Left ventricular wet weights
recorded for these same
animals. Mean ± SE values are
shown for the DOCA-treated
and UNIX control groups
above each groups graph.
*p<0.005 and **p<0.001,
compared to UNIX controls.
Graphs compiled from data
provided by the laboratory of
Dr Glenn Harrison. 
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DOCA-salt administration induced a 1.4-fold increase in total heart wet weight in the 

treated animals relative to the UNIX controls. Similarly a 1.4-fold overall increase in 

left ventricular wet weight was observed for the DOCA-salt treated rats. The DOCA-

salt treated rats described here therefore exhibited a similar degree of left ventricular 

hypertrophy to those used in Chapter 3. Protein lysates for use in Western blotting 

experiments were prepared from the left ventricles of the DOCA-salt treated and 

UNIX control rats using the method described in Section 2.2.23. Protein concentration 

was determined for each lysate to enable equal sample loading during the Western 

blotting experiments (Section 2.2.26). 

 

5.3.2 Preparation of cardiac protein samples from a rat endurance run-trained 

model of physiological hypertrophy 

 

 The endurance run-trained rat model was once more used in order to provide left 

ventricular protein samples representative of the physiological hypertrophic 

phenotype. The run-trained rats (designated RT-1, RT-2, RT-3 & RT-4) were 

endurance trained over a 12-week period as described in Section 4.2.2. Relative to the 

aged-matched sedentary (untrained) controls (designated UT-1, UT-2, UT-3 & UT-4), 

the run-trained rats exhibited significant hypertrophy (Figure 5.3), with approximately 

1.3-fold increases observed in total heart wet weight and left ventricular wet weight 

(normalised to body weight) relative to the aged-matched sedentary controls. This 

mild hypertrophic induction was similar to that recorded for the 12-week run-trained 

rats in Chapter 4. These rats were therefore deemed suitable for use in experiments 

seeking to further explore physiological hypertrophy. Cardiac protein samples were 

prepared and quantified from these animals as described for the DOCA-salt model 

above. 
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Figure 5.3: Total heart wet
weight, and left ventricular wet
weight, for the 12-week run-
trained rats and aged-matched
sedentary controls 
 
 
Total heart wet weight and left
ventricular wet weight for each
animal were measured prior to
rapid freezing of the cardiac
tissues. (A) Total heart wet
weights of the four 12-week run-
trained rats (RT-1, RT-2, RT-3
and RT-4), and four aged-
matched sedentary control rats
(UT-1, UT-2, UT-3 and UT-4).
(B) Left ventricular wet weight
values for these same animals.
Mean ± SE values are shown for
the run-trained and control groups
on each graph.  *p<0.05 and
**p<0.005, compared to aged-
matched sedentary controls.
Graphs prepared from data
provided by the laboratory of Dr
Glenn Harrison. 

 

 

5.3.3 Preparation of developmental cardiomyocyte protein samples using the 

P19CL6 in vitro cardiogenic model 

 

In order to analyse the developmental expression of the selected candidate genes 

MMP1, Sin1, IRAK1, and dHAND, the P19CL6 model was used. Some initial 

experiments carried out using the parental P19 embryonal carcinoma cell line failed to 
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induce consistent cardiogenic differentiation following DMSO-treatment. Given the 

reported enhanced cardiogenic potential of the P19 derived P19CL6 sub-line, this cell 

line was next investigated. Optimisation experiments indicated that a DMSO 

concentration of 0.5%, and a seeding density of 1.85 X 105 cells per 60mm2 dish, 

resulted in reproducible induction of P19CL6 cardiomyocyte differentiation. Beating 

clusters first became visible after 10-12 days of DMSO treatment, consistent with 

results reported from other investigations (Habara-Ohkubo, 1996). Un-induced 

P19CL6 cultures continued to grow, with cells detaching and lifting off into the 

media. There was no morphological evidence of specialised phenotype in the 

untreated cells after 30 days of culturing. In contrast, DMSO-treated P19CL6 cultures 

developed progressively increasing zones of synchronously beating cells from day 10. 

In some dishes, by day 18, beating cells encompassed the majority of the monolayer. 

Panel D in Figure 5.4 shows an area where vigorous beating forced an area of 

P19CL6 cardiomyocytes to detach, forming an uplifted sheath. The other panels 

presented in Figure 5.4 clearly display the cardiac phenotype of day 18 DMSO-treated 

cells and embryonal carcinoma morphology of day 12 untreated control cells. 

 

Further verification of the cardiac phenotype of DMSO-induced P19CL6 cells has 

been provided by other work performed in our laboratory; in particular, expression of 

the cardiac marker cardiac-Troponin I was detected by immunocytochemistry in 

DMSO-treated, but not untreated control cells after 16 days (KaarbØ, 2005). For the 

purpose of this study, protein samples were prepared from DMSO-treated P19CL6 

cells after 13 days of treatment and, from untreated cells grown in parallel for the 

same period. At this stage the expression of muscle-specific isoforms has been 

reported to be increasing as the DMSO-treated P19CL6 cells continue to differentiate 

towards the cardiac lineage (Habara-Ohkuba, 1996). 
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 Figure 5.4: Morphology of DMSO-induced P19CL6 cardiomyocytes and untreated

controls 

 
(A) Untreated P19CL6 cells after 12 days of incubation. These untreated cells continued to
grow without morphological evidence of specialisation (past this stage they could not be
photographed due to the number of floating detached cells). (B) and (C) DMSO-treated cells
at day 18. The cardiac phenotype is clearly apparent at day 18. Panel (D) shows a ‘sheath’ of
P19CL6 cells found beating above the monolayer at over 100 beats per minute. The white
arrow indicates the adherent monolayer visible below a tear in this structure. Objective lens
magnification is indicated on bottom right of each panel. 
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5.3.4 Measurement of MMP-1 protein levels in hypertrophic tissue and 

differentiated P19CL6 cells 

 

MMP1 was highlighted for further examination following the reverse Northern 

hybridisation experiments on the DOCA-salt model of pathological hypertrophy, 

where MMP1 signal intensity was 2.3 ± 0.8-fold higher in for the DOCA-salt treated 

rats relative to the UNIX controls. Unfortunately MMP1 was not included in the gene 

list used in the parallel investigation of mRNA expression in physiological 

hypertrophy. In this section, MMP1 protein levels were evaluated in DOCA-salt 

treated rats, in addition to the models of physiological hypertrophy and P19CL6 

cardiomyocyte differentiation.  

 

MMP1 protein levels were measured using the Western blot method outlined in 

Section 2.2.26. Analysis of the MMP1 Western blots showed a high band 

corresponding to a molecular mass of approximately 100 kDa and lower band at the 

55 kDa size expected for latent MMP1 (secreted, inactive form). The identity of the 

high molecular mass band is unknown, but interestingly the abundance of this protein 

was higher in samples from the DOCA-salt treated rats than the UNIX controls 

(Figure 5.5A). The lower latent MMP1 band was detected at lower levels in the 

DOCA-treated rats, but was below the detection limit in the UNIX control animals. 

This result therefore suggests that the up-regulation of MMP1 mRNA expression in 

left ventricular samples from the DOCA-treated rats is parallelled by increased MMP1 

protein. 

 

Analysis of Western blot experiments evaluating MMP1 expression in the exercise 

model of physiological hypertrophy indicated similar levels of the high molecular 

mass band (100 kDa) in left ventricular samples from run-trained and aged-matched 

control rats (Figure 5.5B). In addition, this band was also detected at comparable 

levels in DMSO-induced and control P19CL6 cells (Figure 5.5C). However, bands 

corresponding to the 55 kDa latent MMP1 were not detected in any of these samples. 
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C) P19CL6 Figure 5.5: Levels of MMP1 in left

ventricular hypertrophy and P19CL6
differentiated cells 
 
Western blot analysis of MMP1 protein
in left ventricle tissue from the DOCA-
salt (A), run-training (B) and P19CL6
(C) models used in this study. GAPDH
levels were detected in parallel to
indicate protein loading. Estimated
protein masses (in brackets), were
determined against pre-stained mass
standards run in parallel. 
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5.3.5 Measurement of Sin1 protein levels in hypertrophic tissue and 

differentiated P19CL6 cells 

 

The reverse Northern hybridisation results described in Chapter 3 indicated that Sin1 

mRNA expression was up-regulated (2.5 ± 0.4 fold) during pathological hypertrophy 

in the DOCA-salt rat model. Western blotting experiments, using a polyclonal 

antibody to detect characterised isoforms of Sin1, were unable to detect the full-length 

Sin1 protein (85 kDa) but did identify a protein band of approximately  70  kDa  

expressed  at  higher levels  in  the  DOCA-salt  treated  rat left ventricular  samples  

than  in  the  UNIX samples  (Figure  5.6A).  This  band  corresponds  to  a  Sin1  

isoform  previously identified  with  the  polyclonal  antibody  provided  (N. Cloonan,   
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Figure 5.6: Levels of Sin1 in left
ventricular hypertrophy and P19CL6
differentiated cells 
 
Western blot analysis of Sin1 protein in
left ventricle tissue from the (A)
DOCA-salt and (B) P19CL6 models
used in this study. GAPDH levels were
detected in parallel to indicate protein
loading. Estimated protein masses (in
brackets) were determined against pre-
stained mass standards run in parallel. 
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Griffith University, personal communication). These results therefore correlate with 

the mRNA expression data for Sin1. Neither full-length Sin1 protein (85 kDa) nor any 

of its isoforms, could be detected in Western blot experiments analysing Sin1 levels in 

the run-trained and aged-matched control rats. This result accords with the reverse 

Northern hybridisation findings, where low expression of Sin1 in each of the animal 

pairs examined resulted in this gene being withdrawn as a candidate for further 

analysis. In the P19CL6 cardiogenic model, as shown in Figure 5.6B, full-length Sin1 

protein was detected at similar abundance in both DMSO-induced and control cells. 

Expression of the 70 kDa Sin1 isoform was also observed in the P19CL6 cells, with 

levels of this isoform being greater in the DMSO-induced cells than untreated 

controls. In summary, levels of this Sin1 isoform were found to be greater during both 

pathological cardiac hypertrophy and cardiomyocyte differentiation.  

 

5.3.6 Measurement of IRAK1 protein levels in hypertrophic tissue and 

differentiated P19CL6 cells 

 

Given the down-regulation of IRAK1 expression (-2.4 ± 0.4) observed in the 

endurance run-trained model of physiological hypertrophy, this section sought to 

examine IRAK1 protein levels in hypertrophic tissues and differentiated P19CL6 

cardiomyocytes. Western blotting using an IRAK1 polyclonal antibody detected 

protein bands in each of the tissue or cell samples analysed. Two major bands close to 

the expected molecular mass of 80 kDa were apparent: a higher mass band of 

approximately 80 kDa, and a lower mass band of approximately 60 kDa. As shown in 

Figure 5.7(A&B), these two bands were detected at similar levels in the left ventricles 

of DOCA-salt induced and run-trained hypertrophic rats relative to their respective 

controls. Similarly, there was no significant difference in the intensity of either band 

in protein samples prepared from DMSO-induced P19CL6 cardiomyocytes and 

untreated P19CL6 cells (Figure 5.7C). The presence of the 60 kDa band is unexpected 

given that this band has not been reported in other investigations analysing IRAK1 

protein levels. In addition to the two bands described, other bands were also 

consistently detected using the IRAK1 antibody selected, especially when using 

longer film exposure periods (not shown). Further investigation may therefore be 

required to more clearly demonstrate that the 80 kDa band is IRAK1, but assuming 
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this is the correct one, these findings indicate that IRAK1 levels did not behave as 

predicted from the reverse Northern data. 
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Figure 5.7: Levels of IRAK1 in left
ventricular hypertrophy and P19CL6
differentiated cells 
 
Western blot analysis of IRAK1 protein in
left ventricle tissue from the (A) DOCA-salt,
(B) run-trained and (C) P19CL6 models used
in this study. GAPDH levels were detected
parallel to indicate protein loading. Estimated
protein masses (in brackets) were determined
against pre-stained mass standards run in
parallel. * Note, (A) shows a low exposure
blot due to high background levels; band
intensities at usual exposure approximate that
those shown for IRAK1 in (B) 
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5.3.7 Measurement of dHAND protein levels in hypertrophic tissue and 

differentiated P19CL6 cells 

 

The reverse Northern hybridisation experiments outlined in Chapter 4 highlighted the 

transcription factor dHAND as another interesting candidate for further examination. 

Expression of dHAND was significantly down-regulated (-3.43 ± 0.58 fold) in the 

hearts of the 12-week run-trained rats compared to aged-matched sedentary controls. 

This section aimed to characterise levels of the dHAND protein in the physiological 

and pathological models of cardiac hypertrophy examined herein. Unfortunately, 

Western blotting experiments using the dHAND antibody procured were unable to 

detect the dHAND protein in any of the hypertrophic or control samples analysed, 

despite the use of different Western blot conditions (range of antibody concentrations 

and various secondary antibodies). dHAND levels were also to be evaluated in 

differentiated P19CL6 cardiomyocytes; however, once again, protein could not be 

detected in these cell extracts. These negative outcomes were unexpected given the 

known role of dHAND in the regulation of cardiac development (Srivastava, 1999; 

Bruneau et al., 2000), but as a result do not enable further comment as to the 

expression of the dHAND transcription factor in the hypertrophic and developmental 

models investigated. 

 

5.4 Discussion 

 

5.4.1 Hypertrophy 

 

One aim of the work described in this chapter was to measure left ventricular levels of 

selected protein candidates in the DOCA-salt and endurance run-training models of 

cardiac hypertrophy. The DOCA-salt model of pathological hypertrophy was 

developed as described in Chapter 3. Four weeks of DOCA-salt administration 

induced a 1.4-fold increase in both left ventricular wet weight and total heart wet 

weight compared to the UNIX controls. The endurance run-trained rats used in this 

study also demonstrated significant hypertrophy with 1.3-fold increases observed in 

left ventricular and total heart wet weight relative to the aged-matched sedentary 
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control group. Western blotting was used to analyse protein levels of MMP1, Sin1, 

IRAK1 and dHAND in each of these tissues. 

 

MMP1 was selected for further investigation following the observation of up-

regulation of MMP1 mRNA expression in the DOCA-salt model of pathological 

hypertrophy. Western blotting analysis detected faint levels of latent MMP1 protein in 

the left ventricular extracts of DOCA-salt treated rats, but not UNIX control animals. 

Hence, the observed up-regulation of MMP1 mRNA expression was found to 

associate with increased protein levels. As reviewed in D’Armiento (2002), MMPs are 

secreted in a latent form and require extracellular activation by serine proteases in 

order to be able to proteolytically cleave their specific targets within the extracellular 

matrix. Active MMP1, the proteolytically processed form of the latent protein, has an 

expected molecular mass of 46/42 kDa and was not detected in the tissues analysed. 

Given the low levels of latent MMP detected, it is possible that any active MMP1 may 

have been below detection limit in the cardiac samples analysed. MMP1 was not 

included in the panel of candidates evaluated in the reverse Northern hybridisation 

experiments analysing physiological hypertrophy using the endurance run-trained rat 

model. Western blotting experiments however did not detect latent or active MMP1 in 

cardiac samples prepared from either trained or untrained animals. 

 

It is of interest that, a band of greater intensity than that corresponding to latent 

MMP1 was observed at an approximate molecular mass of 100 kDa in all of the 

hypertrophic tissues investigated. Levels of this band were also significantly greater in 

left ventricular protein samples prepared from DOCA-salt treated animals than UNIX 

controls. As this band is considerably larger than MMP1, and has not been reported in 

other investigations of this protein, it is unlikely that it corresponds to a post-

translationally modified MMP1 population. Furthermore, the 100 kDa band was also 

detected in P19CL6 cells, which as discussed further below, do not express the murine 

MMP1 homologues (Young et al., 2004). The 100 kDa band may therefore result 

from cross-reactivity of the MMP1 antibody with another member of the matrix 

metalloproteinase family, or a different protein type possessing a recognised epitope.  

 

Sin1 was another protein selected for further investigation based on the reverse 

Northern hybridisation experiments analysing mRNA expression in the DOCA-salt 
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hypertrophic model. The Western blotting experiments described in this chapter 

detected a band of approximately 70 kDa at significantly higher levels in left 

ventricular protein samples prepared from DOCA-salt treated rats than from UNIX 

controls. Although this protein molecular mass is lower than expected for the full-

length Sin1 protein, as discussed in Section 3.4, a number of Sin1 isoforms have been 

characterised. On the basis of molecular mass, this band may correspond to the Sin1-

Beta or Sin1-Gamma isoforms, however given that there is evidence of Sin1 protein 

post-translational modification, the identity of this band cannot be accurately 

determined without further investigation (N. Cloonan, personal communication). 

Neither this 70 kDa Sin1 isoform, nor any other Sin1 splice variant, were detected in 

the left ventricle extracts of endurance run-trained or aged-matched control rats in 

Western blotting experiments. This result correlated with the low levels of Sin1 

mRNA expression seen in the reverse Northern hybridisation experiments described 

in Chapter 4. 

 

IRAK1 was highlighted as another interesting candidate for further examination based 

upon its observed down-regulation in the left ventricles of endurance run-trained rats. 

On the other hand, the reverse Northern expression analysis results for the DOCA-salt 

model were unfortunately very inconsistent. The Western blotting experiments 

performed here successfully detected a band of approximately 80 kDa, corresponding 

to the molecular mass expected for IRAK1. This band was detected at similar levels in 

the hearts of both pathological and physiological hypertrophic animals relative to their 

respective controls. Thus, this result seemingly indicates that IRAK1 protein levels 

are not affected during cardiac hypertrophic remodelling. This result is certainly 

plausible, as changes in mRNA expression do not necessarily reflect final protein 

levels. Indeed, determination of whether the changes observed for the selected genes 

at the mRNA level correlated with final protein levels in the models evaluated 

represented a major objective of this work.  

 

The detection of a 60 kDa band and an additional lower band, both of similar intensity 

to the 80 kDa band, in all of the samples examined was surprising. An IRAK1 splice 

variant designated IRAK1b has been identified, however this form has a molecular 

mass of 73 kDa, and migrates only slightly faster than IRAK1 in Western blot 

experiments (Jensen and Whitehead, 2001). The same investigation also identified a 
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number of IRAK1 phosphorylation forms migrating at higher molecular masses. The 

lower bands seen in the cardiac samples analysed here could potentially represent 

uncharacterised IRAK1 isoforms, degradation products, or non-specific bands. 

Therefore, further investigation using a different antibody may be warranted in order 

to verify that the 80 kDa band is IRAK1 and not a non-specific band. Alternatively, 

the IRAK1 antibody could be used against protein samples prepared from tissues or 

cells associated with both high and low levels of IRAK1 protein expression to further 

test whether it does bind to IRAK1.  

 

The final protein to be investigated in this chapter was the transcription factor 

dHAND. As discussed in Section 5.3.7, Western blotting optimisation experiments 

were unsuccessful in detecting dHAND in any of the cardiac samples analysed. These 

samples included DMSO-treated P19CL6 cells.  This is surprising as (discussed in 

Chapter 4), dHAND is known to play an important role in mammalian heart 

development. Therefore, further investigation is required in order to determine 

whether dHAND protein levels are affected in pathological or physiological cardiac 

hypertrophy.  

 

5.4.2 Cell Model of Differentiation 

 

Another objective of this chapter was to analyse whether those genes identified as 

being differentially regulated during cardiac hypertrophy are also involved in cardiac 

development. To provide some insight into this issue, the P19CL6 in vitro model of 

cardiomyogenesis was utilised. As with previously reported investigations (Habara- 

Ohkubo, 1996; Pang et al., 2002), after some initial optimisation, the P19CL6 cells 

could consistently be induced to differentiate to the cardiac lineage. Beating clusters 

of cells could be observed after 10 days of DMSO-treatment, with the number of 

synchronously beating cells steadily increasing after that. By day 18, virtually the 

entire monolayer could be seen to be beating in some DMSO-treated culture dishes, 

and, the cardiac morphology of these cells was clearly apparent. Further confirmation 

of the cardiac phenotype comes from other investigations performed in the laboratory 

in which the cardiac specific marker cardiac-Troponin I was detected by 

immunohistochemistry in DMSO-induced but not control P19CL6 cells by 

immunocytochemistry (M. KaarbØ, 2005).  
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Western blot experiments analysing MMP1 protein levels in DMSO-induced and 

untreated P19CL6 cells failed to detect active or latent MMP1. This is consistent with 

a study carried out by Young et al. (2004) analysing matrix metalloproteinase 

expression in differentiated P19CL6 cardiac myocytes. Of note, the unknown 100 kDa 

band on the MMP1 blots was present at similar levels in both DMSO-treated and 

control cells. Despite this investigation not detecting any developmental variation in 

MMP1 protein levels, studies investigating other MMPs, such as that of Young et al. 

(2004), have demonstrated that differential expression of some MMPs does occur 

during cardiomyocyte differentiation.  

 

There are no reported investigations analysing expression of Sin1 during heart 

development. Therefore, the Western blotting experiments analysing Sin1 levels in 

the P19CL6 cells were of particular interest. The Sin1 protein was detected at similar 

levels in both DMSO-treated and control P19CL6 samples. This is in contrast to the 

adult hypertrophic and control tissues in which Sin1 could not be detected. The 

unassigned 70 kDa Sin1 isoform however was detected at significantly greater levels 

in DMSO-treated P19CL6 cardiomyocytes compared to untreated cells.  

 

In the case of IRAK1, Western blotting experiments measuring IRAK1 levels in 

DMSO induced and control P19CL6 failed to detect any significant changes in the 80 

kDa and 60 kDa bands detected by the IRAK1 antibody used. 

 

Therefore the Western blotting experiments analysing the cellular levels of the 

candidate proteins in the P19CL6 model produced some intriguing results. These will 

be reviewed in further detail within the next chapter, however, it is apparent that at 

least some of the genes exhibiting differential regulation in the hypertrophic models 

might also contribute to cardiac development. For example, increased levels of the 

putative Sin1 isoform were detected in DOCA-salt induced hypertrophic left 

ventricular tissues and the P19CL6 cardiogenic model. Although the dHAND Western 

blotting experiments described in this chapter were unsuccessful in detecting this 

protein, as discussed in Section 4.4, the importance of the dHAND transcription factor 

in cardiac development is well defined. MMP1 protein levels were not increased in 

the P19CL6 in vitro model of cardiac differentiation, however members of the MMP 
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family have been linked to both cardiac development and hypertrophy. It should be 

noted however that this study is somewhat biased towards identifying genes involved 

in both cardiac hypertrophy and development due to the over-representation of cardiac 

developmental genes in the panel used in the reverse Northern hybridisation 

experiments. 

 

The work described in this chapter was successful in evaluating the expression of 

MMP1, Sin1 and potentially IRAK1, in the models of cardiac hypertrophy and 

cardiomyocyte differentiation utilised. The up-regulation of MMP1 and Sin1 observed 

in the reverse Northern expression profiling experiments analysing the DOCA-salt 

model of pathological hypertrophy was found to correlate here with increases at the 

protein level. Increased levels of both latent MMP1 and a Sin1 splice variant were 

detected in left ventricular samples prepared from DOCA-salt treated rats. While this 

increased expression of MMP1 corresponds with results from other investigations of 

pathological hypertrophy, the Sin1-Beta result represents a novel experimental 

finding. Although other studies have linked Sin1 to major intracellular signalling 

cascades (Wilkinson et al., 1999; Schroder et al., 2005), the data reported implicate a 

splice variant of Sin1 in an important physiological process. 

 

Finally, it is of note that the increased protein levels reported for MMP1 and Sin1 

were observed in each of the DOCA-salt treated animals relative to the UNIX 

controls. No significant changes in protein level were observed for any of the 

evaluated candidates in the run-trained model of physiological hypertrophy. This may 

due to a less severe hypertrophic phenotype in this physiological model, although this 

is not supported by the data on the increase in heart weight to body weight ratio in the 

run-trained animals, which was only slightly less than that observed in the DOCA-salt 

model. Finally, although the protein levels of only a few candidates could be 

examined here, it should be emphasised that those demonstrating increased protein 

levels in the DOCA-salt model of pathological hypertrophy (MMP1 and the Sin1 

splice variant) did not exhibit similar differences in the run-trained physiological 

model. This result is supportive of other studies that, as will be discussed in detail in 

the following chapter, suggest different molecular mechanisms underlie physiological 

and pathological cardiac hypertrophy. 
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6.1  Discussion of project outcomes 

 

6.1.1  Reverse Northern hybridisation analysis of pathological and physiological 

hypertrophied hearts 

 

Chronic heart failure represents a major health problem in developed countries. 

Accumulating evidence suggests that the number of affected patients is likely to 

further increase due factors such as rising obesity, diabetes and the aging population 

(Yusuf and Pitt, 2002; Coviello and Nystrom, 2003). An important step in the 

progression to chronic heart failure is the development of left ventricular hypertrophy. 

Although initially acting to maintain cardiac function during situations of increased 

haemodynamic load, cardiac hypertrophy is associated with progressive deterioration 

to a decompensated state (Ritter and Neyses, 2003; Shapiro and Sugden, 1996). As 

such, the mechanisms contributing to maladaptive pathological hypertrophy are 

regarded as key targets in the treatment of chronic heart failure. 

 

A major objective of this project was to investigate changes in gene expression 

associated with pathological left ventricular hypertrophy. The DOCA-salt model was 

suitable for use in these investigations as treated rats develop significant hypertrophy 

and exhibit decompensated cardiac function, a hallmark feature of the pathological 

condition. The DOCA-salt treated rats used in this study displayed a modest 1.4-fold 

increase in total heart and left ventricular wet weight (when normalised against 

bodyweight) compared to the UNIX control animals. This is comparable with other 

investigations using rat DOCA-salt models. For example, Fareh et al. (1997) reported 

a 1.6-fold increase in heart weight to body weight ratio after 4-5 weeks of DOCA-salt 

treatment, while Bianciotti and De Bold observed a 1.3-fold increase in left 

ventricular weight to body weight ratio after a similar treatment period. However, it 

should be noted that the DOCA-salt model has also been used to induce more severe 

hypertrophy as demonstrated a near three-fold increase in heart weight to body weight 

ratio (Momtaz et al., 1996). As outlined in Chapter 3 of this study, declining heart 

function in the DOCA-salt model utilised was demonstrated by decreased myocardial 

compliance and reduced cardiac output in treated rats.  
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The analysis of gene expression in the hearts of DOCA-salt treated rats, using the 

reverse Northern hybridisation technique identified a number of genes displaying little 

variation in expression levels, and others differentially expressed within the 

hypertrophic animal group. Four genes highlighted from these expression profiling 

experiments were MMP1, SERCA-2, Sin1 and BCL2l-10. The observed down-

regulation of the hypertrophic marker SERCA-2 provided an element of validation for 

the reverse Northern strategy used, and, furthermore, indicated that expression of this 

gene in the DOCA-salt treated rats is consistent with results from other models of 

pathological hypertrophy (Anger et al., 1998; Hashida et al., 1999). The differential 

expression of MMP1 was particularly relevant given the results of other studies 

linking matrix metalloproteinases to cardiac hypertrophy (D’Armiento, 2002). In view 

of accumulating evidence regarding the importance of apoptosis in cardiac 

hypertrophy, the down-regulation of the anti-apoptotic factor BCL2l-10 represented 

another intriguing finding. Finally, the up-regulation of Sin1 expression was also of 

interest, especially in regard to its possible role in oxidative stress, apoptosis, and 

potential interaction with the mTOR pathway discussed in Chapter 3. 

 

In contrast to the maladaptive phenotype associated with pathological hypertrophy, 

exercise training induces a form of physiological hypertrophy characterised by 

enhanced cardiac functioning (Woodiwiss et al., 1998; Braun, 1991). The molecular 

mechanisms underlying the remodelling events defining physiological hypertrophy 

remain to be elucidated. In Chapter 4 of this thesis, the reverse Northern method was 

employed to analyse gene expression using an endurance run-trained rat model of 

physiological hypertrophy. Results from this model showed that the heart weight to 

body weight ratio was increased by approximately 24% in 12-week run-trained rats, 

when compared to aged-matched sedentary controls. This compares favourably to 

other models of physiological hypertrophy, such as the 11-week treadmill training rat 

model described by Diffee et al. (2003) which led to a 14.4% increase in heart weight 

to body weight ratio in the exercise trained group. Consistent with the beneficial 

cardiac function associated with exercise models of hypertrophy (Section 1.4), the 

run-trained rat group demonstrated improvements in myocardial compliance, 

bioenergetic performance, systolic volume and cardiac output.  
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The reverse Northern hybridisation gene expression analysis experiments identified a 

number of genes exhibiting consistent changes in mRNA expression in the run-trained 

rats examined. In addition to the interleukin-1 receptor associated kinase (IRAK1), 

differential expression was also observed for the transcription factors Nkx-2.3, 

dHAND and IRX-2. As detailed in Section 4.4, cardiac expression has previously 

been reported for IRAK1, dHAND and IRX2. Collectively, these genes have been 

implicated in a range of relevant processes that include cardiac development, 

cardiomyopathy, right ventricular hypertrophy, and burn-triggered contractile 

dysfunction. Although not expressed in the developing murine heart, Nkx2.3 is 

involved in heart development in other species, and, furthermore, belongs to a 

homeodomain transcription factor family already linked to the regulation of cardiac 

development and hypertrophy (Lints et al., 1993, Sepulveda et al., 2002; Sandane et 

al., 1999). 

 

One important factor in this project that contributed to the successful identification of 

candidate genes differentially regulated during pathological and physiological 

hypertrophy was the selection of the gene panel evaluated in the reverse Northern 

hybridisation experiments. The categories analysed included cardiac contractile and 

cytoskeletal markers, matrix metalloproteinases, vasoactive pathway factors, calcium 

handling genes, ion channels, cardiac regulatory factors, signalling pathway 

intermediates, apoptotic factors and histone deacetylases. Based upon our 

understanding of cardiac hypertrophy, it was anticipated that these gene categories 

would be highly represented among those both affected by, and mediating, the 

hypertrophic process. For example, transcription factors involved in the regulation of 

cardiac development were regarded as potential candidates for examination in the 

hypertrophic models investigated. Of the four genes shown to demonstrate the largest 

fold differences in expression for the run-trained rats, three of these belong to 

transcription factor families associated with the regulation of heart development. 
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6.1.2  Analysis of protein levels of selected candidates in hypertrophic tissues  
 
 
Transcriptional regulation represents an important step in the control of gene 

expression. As reviewed in Section 1.5, mRNA expression profiling techniques have 

effectively utilised this paradigm to identify factors involved in numerous important 

physiological processes, including cardiovascular disease. However, cellular protein 

levels may also be influenced by regulatory processes occurring at translational and 

post-translational levels (Weaver and Hedrick, 1992). Therefore, the experiments 

analysing protein levels of the selected candidates (Chapter 5), provided valuable 

complementary information regarding the molecular phenotypes of the pathological 

and physiological hypertrophied hearts examined. 

 

Of particular interest, two of these investigated proteins, MMP1 and Sin1, showed 

changes consistent with those observed at the mRNA level in the reverse Northern 

hybridisation experiments. These will be discussed further below. The results for 

IRAK1, however, indicated that there was no change in levels of this protein in either 

hypertrophic model, despite the differences observed at the mRNA level in the 

experiments described in Chapter 4.  This may indeed reflect the true physiological 

state, with changes in IRAK1 expression in the left ventricles of run-trained rats not 

correlating with the IRAK1 protein levels. However, as discussed in Section 5.4, the 

presence of possible non-specific bands in the Western blotting experiments 

performed does cast some doubt on those results obtained. Therefore, these findings 

should be verified using another, better characterised, antibody for the IRAK1 protein. 

Alternatively, real-time PCR could be used to verify the mRNA expression results or 

IRAK1 activity measured in run-trained and control rat hearts. The Western blotting 

experiments described were unfortunately unable to detect the dHAND protein in any 

of the tissues analysed. Further investigation is required in order to determine whether 

the dHAND protein is indeed absent from adult left ventricular tissue, or if this result 

is due to difficulties with the antibody used. 

 

An important finding from this investigation was the observation of increased MMP1 

protein levels in the hearts of DOCA-salt treated rats. As outlined briefly in Section 

3.4, this finding is consistent with other recent investigations demonstrating the 

importance of MMP1 in cardiac hypertrophy. Notably, chronic transgenic expression 
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of the MMP1 collagenase has been found to deplete cardiac levels of interstitial 

collagen and disrupt normal sarcomeric architecture (Kim et al., 2000). Importantly, 

other changes in this murine MMP1 transgenic model included the development of 

compensatory cardiac hypertrophy, and later progression to cardiac dysfunction as 

characterised by impaired systolic and diastolic function. The authors speculated that 

the cardiac hypertrophy observed might have resulted from MMP1 mediated 

degradation of the cardiac extracellular matrix, leading to increased haemodynamic 

stress or the activation of signalling pathways following disruption of myocyte cell-to 

cell contacts.  

 

Of further relevance to the MMP1 results presented here is a study by Seccia et al. 

(1999) showing that hypertrophied left ventricles from spontaneously hypertensive 

rats demonstrate increased MMP1 expression with age. Another study involving 

human patients similarly linked increasing MMP1 expression and deteriorating heart 

failure (Barton et al., 2002).  Based on these observations, and the results presented in 

Chapter 5, MMP1 must now be regarded as an interesting candidate for further 

examination regarding its role in DOCA-salt induced pathological hypertrophy. In 

addition to MMP1, other matrix metalloproteinases are also known to play important 

roles in cardiac hypertrophy (D’Armiento, 2002). For example, a deficiency of the 

gelatinase MMP9 in transgenic mice has recently been shown to attenuate left 

ventricular hypertrophy in a pressure overload model (Heymans et al., 2005). Another 

study of human patients reported changes in the expression of numerous MMPs and 

their tissue inhibitors (TIMPs) in hearts progressing from compensated hypertrophy to 

heart failure (Polyakova et al., 2004). 

 

The successful detection of MMP1 in the DOCA-salt rat model analysed in this 

investigation requires further comment, as some previously published investigations 

have stated that rat species do not possess the MMP1 orthologue (Vincenti et al., 

1998; Kim et al., 2000). As discussed by Dolgilevich et al. (2001), a rat collagenase 

isolated from an osteoblastic cDNA library (Quinn et al., 1990), initially thought to be 

MMP1, was later shown by Lindy et al. (1997) to more similar to human MMP13, 

prompting suggestion that MMP13 was the only rat collagenase. However, given the 

expression of MMP1 in guinea pig (Huebner et al., 1998) and rabbit (Vincenti et al., 

1998), Dolgilevich et al. (2001) sought after and detected rat MMP1 in Northern 
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blotting experiments stringently performed using a human MMP1 probe. Other recent 

investigations have also reported MMP1 expression in rat tissues, including the heart 

(Chen et al., 2003), intramembranous bone (Collins et al., 2005) and basilar arteries 

(Satoh et al., 2005). Of further note, a predicted rat MMP1 sequence (GeneID 

300339) from the Rat Genome Database is now listed in the National Centre for 

Biotechnology Information (NCBI) Entrez Gene Database.  

 

The second gene to show differential mRNA expression and corresponding changes in 

protein levels in the DOCA-salt model of hypertrophy investigated in this thesis was 

Sin1 (stress activated protein kinase [SAPK]-interacting protein-1). While Sin1 

protein was detected in the P19CL6 cells but not hypertrophic tissues (Chapter 5), a 

70 kDa band proposed to represent an isoform of Sin1 was identified at increased 

levels in the hearts of DOCA-salt treated rats. As introduced in Chapter 3, Sin1 is a 

largely uncharacterised protein involved in the eukaryotic stress-activated MAP 

kinase (SAPK) signalling pathway (Wilkinson et al., 1999). Five Sin1 isoforms have 

been identified in humans to date, although the specific functions of these splice 

variants remain to be determined (Schroder et al., 2004). Interestingly, transiently 

transfected GFP-tagged Sin1-isoforms exhibit varied cellular localisation and the 

endogenous isoforms have been found to respond differently to stresses such as serum 

starvation (N. Cloonan, Griffith University, unpublished results). Although Sin1 is 

expressed in all metazoan species and known to be highly conserved in vertebrates 

(Schroder et al., 2004; Wang and Roberts, 2005), the phylogeny of the Sin 1 isoforms 

has yet to be investigated in detail. 

 

As mentioned in Chapter 3, Sin1 is expressed in many human tissues, including the 

heart, where it is present at high levels (Schroder et al., 2004; Loewith et al., 2002). In 

human cells Sin1 has been implicated in JNK signalling (Schroder et al., 2005), 

although the biological importance of its involvement in this pathway is yet to be 

elucidated. The observed interaction between Sin1 and the cytoplasmic domain of the 

ovine type 1 interferon subunit 2 (IFNAR2) provides insight into another aspect of 

Sin1 function requiring further investigation (Wang and Roberts, 2004). Given the 

involvement of Sin1 in important signal transduction pathways, and evidence for 

divergent functioning of the various Sin1 isoforms, the increased levels of the 70 kDa 

Sin1 isoform in the hearts of DOCA-salt treated rats is intriguing. As Sin1 expression 
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seems to be affected by oxidative stress (N. Cloonan, Griffith University, personal 

communication), and given increasing evidence that attests to the importance of 

oxidative stress in the myocardial remodelling leading to heart failure (Sawyer et al., 

2002), it is tempting to speculate that Sin1 is involved in signalling pathways relevant 

to oxidative stress in heart failure. One germane signalling pathway now thought to 

involve Sin1 is that regulating cellular apoptosis. As discussed in Chapter 3, recent 

findings by Cloonan et al. (in submission) show over-expression of Sin1 induces 

apoptosis in HEK293 cells. Further exploration is required to determine whether Sin1 

might have a similar function in maladaptive cardiac hypertrophy. 

 

Potentially even more pertinent to the investigations described in this thesis, is 

preliminary data linking Sin1 to the mTOR pathway. As stated in Chapter 3, the Sin1 

orthologue, Avo1p, has been found to interact with the yeast mTOR orthologue TOR2 

(Wedaman et al., 2003; Loewith et al. 2002). While this interaction has not been 

demonstrated in mammalian cells, human Sin1 and mammalian mTOR display similar 

tissue expression profiles (Loewith et al., 2002) and partial colocalisation in HeLa 

cells (N. Cloonan, personal communications). Further evidence linking Sin1 and 

mTOR comes from investigations analysing the expression of these genes in the 

developing hindbrain. Christiansen et al. (2001) showed that Sin1 localises to 

rhombomeres 3 and 5 of the embryonic chick hindbrain. Similarly, high expression of 

mTOR has been reported in rhombomeres 3 and 5 in the developing mouse (Hentges 

et al., 2001). 

 

mTOR belongs to the phosphoinositide kinase-related kinase (PIKK) family of 

protein kinases and has a central role in the regulation of translation, cellular growth, 

proliferation and energy metabolism (Inoki et al., 2005; Hay and Sonenberg, 2004). 

Given the role of Sin1 in stress related signalling pathways, it is interesting to note 

that mTOR signalling is known to be affected by a range of stressful stimuli (Proud, 

2004a). mTOR signalling has also been linked to a number human disorders including 

hamartoma syndromes, neurodegenerative protein aggregation diseases, and cardiac 

hypertrophy (Inoki et al., 2005; Tee and Blenis, 2005). As was discussed in Chapter 1, 

mTOR signalling is believed to play an important role in the activation of increased 

protein synthesis in adult cardiomyocytes following exposure to hypertrophic agents 

(Proud, 2004; Shioi et al., 2003). Further research is required to determine whether 
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Sin1 is associated with mTOR mediated signalling pathways involved in the induction 

of pathological cardiac hypertrophy.  

 

To summarise the results of the reverse Northern and Western blotting experiments 

described in this thesis, Figure 6.1 depicts those genes showing differential expression 

in the pathological and physiological models of cardiac hypertrophy examined. One 

limitation of this study is that it was unable to discriminate between genes that induce 

and mediate the hypertrophic phenotype, versus those that change as a consequence of 

cardiac hypertrophy. As outlined in Section 6.2, future investigation is required to 

address this issue and the functional importance of the expression changes observed.  
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Figure 6.1:  Schematic diagram summarising gene and protein expression results from the 
models of pathological and physiological hypertrophy investigated. 
 
Abbreviations: BCL2l10: B cell leukemia-2 like 10; dHAND: dHAND helix-loop-helix protein; 
ECM: Extracellular matrix; IRX-2: Iroquios homeodomain protein 2; MMP1: Matrix 
metalloproteinase 1; mTOR: Mammalian target of rapamycin; Nkx-2.3: NK2 transcription factor 
locus 3; SERCA2: Sarcoplasmic reticulum Ca2+ ATPase 2; Sin1: Stress activated protein 
kinase [SAPK]-interacting protein 1.  Note: the functional consequences for the listed genes 
(designated by hashed arrow lines) are hypothetical only. Future investigation is required to 
determine the exact functional relevance of the expression results observed. 
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6.1.3. Further perspectives regarding the outcomes of this thesis 

 

This investigation identified two proteins, MMP1 and Sin1, seemingly expressed at 

increased levels in the left ventricles of pathologically hypertrophied, but not 

physiologically hypertrophied, hearts. Given the different phenotypes associated with 

these different types of hypertrophy, these results are not unexpected. Furthermore, 

the observation of genes differentially expressed within these models is consistent 

with other studies demonstrating that physiological and pathological hypertrophy are 

associated with distinct molecular phenotypes. For example, Iemitsu et al. (2001) 

analysed the expression of a number of important cardiac genes in both pathological 

and physiological models of cardiac hypertrophy. The levels of brain natriuretic 

peptide (BNP), angiotensin converting enzyme (ACE), endothelin-1 and β-adrenergic 

receptor kinase mRNA transcripts were found to be significantly elevated in 

pathological cardiac hypertrophic rats, but not control or swim-trained physiologically 

hypertrophic animals. Adrenomedullin expression was found to be decreased in swim-

trained hearts but not those of control or pathologically hypertrophied animals. A 

study analysing thyroid hormone receptor mRNA levels similarly reported differential 

expression of specific receptor isoforms in pathological and physiological models of 

cardiac hypertrophy examined (Kinugawa et al., 2001). 

 

Interestingly, differences in the signalling pathways mediating pathological and 

physiological hypertrophy were recently demonstrated by McMullen et al. (2003) who 

showed phosphoinositide 3-kinase (p110α) is critical in the induction of 

physiological, but not pathological hypertrophy. While all of the proteins involved in 

this signalling pathway were not identified, Akt was found to be a downstream target 

of phosphoinositide 3-kinase (p110α). Although phosphoinositide 3-kinase (p110α) 

was not required for the induction of pathological hypertrophy, its expression did 

appear essential for the maintenance of contractile function in the model examined. 

Conversely, another investigation found that the calcineurin-NFAT signalling 

pathway associated with hypertrophic myocardial growth, is involved in pathological 

but not physiological cardiac hypertrophy. As further described in Chapter 1, other 

investigations have reported important differences in the expression of metabolic 

genes in physiological and pathological cardiac hypertrophy (Iemitsu et al., 2003; 

Strom et al., 2005). Another recent expression profiling investigation once more 
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reported significant differences in gene expression between these types of cardiac 

hypertrophy. Gene clustering analysis of microarray data generated in this study 

identified significant variation in genes involved in important cellular processes 

including insulin signalling, apoptosis, and epidermal growth factor signalling (Kong 

et al., 2005). 

 

In addition to comparing pathological and physiological hypertrophy, another 

objective of the work presented in this thesis was to explore the question regarding the 

extent to which cardiac hypertrophy involves recapitulation of the embryonic program 

of gene expression. As discussed in Chapter 1, cardiac hypertrophy involves re-

expression of multiple fetal contractility and metabolic proteins (Wagner et al.,1999; 

Lehman and Kelly, 2002). Indeed, in addition to some genes reverting to similar 

expression levels as those occurring during cardiac development, as discussed in the 

next section, left ventricular hypertrophy is also associated with changes in the 

myocardial localisation of some genes, representative of spatial expression patterns 

observed in the developing heart (Wong et al., 2000).  

 

In this study, the levels of MMP1, Sin1, IRAK1 and dHAND were investigated in the 

P19CL6 cardiogenic model introduced (Chapter 5). The investigation of the Sin1 

protein produced the most interesting results, as although the full length protein was 

identified in both DMSO-induced P19CL6 cardiomyocytes and uninduced controls, 

increased levels of the 70 kDa putative isoform band were observed in the cardiac 

differentiated cells. This result correlated with the observed up-regulation of the 70 

kDa putative isoform band in the hearts of DOCA-salt treated rats. Therefore, these 

data suggest that the Sin1 70 kDa isoform is up-regulated in both cardiac hypertrophic 

and developmental contexts. Unfortunately, attempts to detect the dHAND 

transcription factor described in Chapter 5 were unsuccessful. However, based upon 

the results of other investigations, dHAND also has roles in both cardiac disorders 

(Natarajan et al., 2002; Bar et al., 2003) and development (Srivastava et al., 1997). 

 

The involvement of the dHAND transcription factor in both cardiac hypertrophy and 

development is similar to that observed for other important cardiac transcription 

factors including GATA-4, Nkx-2.5 and MEF2 (Pikkarainen et al., 2004; Akazawa 

and Komuro, 2003; Saadane et al., 1999). Indeed, transcription factors implicated in 
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cardiac development were preferentially analysed in the reverse Northern 

hybridisation experiments as many of their developmental targets are known to be re-

expressed during left ventricular hypertrophy. By identifying genes involved in both 

cardiac hypertrophy and development, this study has provided further interesting 

information regarding cardiac gene expression during ontogeny. Thus, rather than 

regarding molecular cascades as either hypertrophic or developmental, it is becoming 

increasingly clear that some of these pathways may instead be viewed from an 

ontogenic perspective, whereby they may be partially or completely re-expressed and 

utilised in different contexts throughout cardiac ontogeny. Furthermore, 

demonstration of the involvement of characterised developmental cardiac regulatory 

factors in molecular pathways associated with left ventricular hypertrophy, further 

identifies these categories of genes as interesting candidates for further examination 

regarding their roles in the hypertrophic process. 

 

6.2 Future directions 

 

This study primarily sought to identify genes differentially expressed in pathological 

and physiological cardiac hypertrophy. Although successful in achieving this aim, a 

number of approaches could be pursued in order to further advance this project. 

Firstly, due to time and resource constraints, only four of the genes highlighted in the 

reverse Northern hybridisation experiments were further investigated. Indeed, as this 

project progressed directly from the reverse Northern hybridisation mRNA profiling 

experiments to Western blotting analysis of protein levels, interesting candidates for 

which there were no commercially available antibodies were excluded from further 

examination. Therefore, antibodies could be further sought, or raised in the laboratory, 

to enable further investigation of candidates such as the Nkx-2.3 transcription factor 

and the anti-apoptotic factor BCL2L-10. Furthermore, it is important that real-time 

PCR should be performed to verify the changes in mRNA expression observed in the 

hypertrophic models investigated.  

 

In order to increase the number of candidate genes available for further 

characterisation, additional mRNA expression profiling experiments could be 

performed. This could involve carrying out reverse Northern hybridisation 
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experiments using a greater number of animals in order to obtain more reproducible 

and statistically significant results, and hence, enable the identification of other 

differentially expressed transcripts. Furthermore, a smaller panel of genes was used in 

the reverse Northern experiments analysing the run-trained model of physiological 

hypertrophy. The full gene panel used in Chapter 3 could therefore be analysed in the 

run-trained rats, and additional genes of interest included. Ideally, projects such as this 

seeking to uncover genes involved in complex biological processes such as cardiac 

hypertrophy can benefit considerably from the power of alternative technologies, such 

as gene microarray and cell/tissue proteome analysis. Such approaches would enable 

analysis of thousands of genes, and therefore potentiate the identification of more 

genes associated with left ventricular hypertrophy. 

 

The experiments performed in this investigation identified two candidates of 

significant interest for further examination in terms of their roles in cardiac 

hypertrophy. Notably, neither MMP1 nor Sin1 were detected in the hearts of run-

trained or aged-matched sedentary control rats in the Western blotting experiments 

described in Chapter 5. As only low levels of these proteins were detected in the 

DOCA-salt treated rats, it would be interesting to apply a more sensitive method to 

ascertain with further certainty, whether the expression of these genes is affected by 

physiological cardiac remodelling in response to exercise training.  

 

Previous investigations have found that, in addition to changes in gene expression, left 

ventricular remodelling is associated with alterations in myocardial localisation. For 

example, Wong et al. (2000) demonstrated that the expression profile of the cystic 

fibrosis transmembrane conductance regulator (CFTR) along the epicardial to 

endocardial gradient reverted to a profile reminiscent of the embryonic pattern 

following the induction of left ventricular hypertrophy. Therefore, in situ 

hybridisation could be used to analyse the localisation of selected genes in 

hypertrophied hearts, or similarly immunohistochemistry applied to investigate the 

myocardial protein distributions. Such analysis would also enable the cell types 

expressing these genes to be determined. This is important as the protein lysates 

analysed in the Western blotting experiments described in Chapter 5 were derived 

from left ventricular tissues containing multiple cell types. Of particular relevance to 

this project, cardiac non-myocytes (composed predominantly of fibroblasts) have 
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been implicated in the induction of mechanical-stretch mediated hypertrophy of 

myocytes (Harada et al., 1997). 

 

In order to further our understanding regarding the roles of MMP1 and Sin1, future 

investigations must explore the functions of these proteins in selected hypertrophic 

models. As discussed previously, MMP1 has been the subject of numerous other 

investigations into cardiac hypertrophy. Despite this, the exact role played by MMP1 

in the hypertrophic process remains uncertain. Of further note, collagen remodelling 

of the extracellular matrix is known to vary in different models of left ventricular 

hypertrophy (reviewed in Thomas et al., 2000). Levels of interstitial collagen are 

known to be increased in DOCA-salt treated hearts, reducing myocardial compliance 

(Fenning et al., 2005; Fugisawa et al., 2001). Therefore, the explanation of the 

incongruous increase of both MMP1 protein and collagen deposition in the DOCA-

salt model requires further investigation.  

 

In contrast to MMP1, the biological functions of Sin1 remain largely undefined.  

Given the evidence presented previously regarding the possible involvement of Sin1 

in mTOR signalling and oxidative stress, a feasible approach to investigate Sin1 might 

involve analysing the role of Sin1 in these processes using an in vitro cardiomyocyte 

system. The response of Sin1 and its isoforms to various hypertrophic stimuli could 

be investigated, along with the effects of knocking down Sin1 expression. A model 

appropriate for use in the cellular analysis of Sin1 function in cardiac hypertrophy is 

the cultured neonatal cardiac myocyte model described in Chapter 1. Also of potential 

use in the investigation of cellular hypertrophic pathways is the immortalised HL-1 

cardiac myocyte cell line (Claycomb et al., 1998). This latter model has been used to 

provide valuable data regarding molecular aspects of cardiac function, and, recently, 

for example, to demonstrate pro-hypertrophic signalling mediated by the Interleukin-

18 cytokine (Chandrasekar et al., 2005). Furthermore, techniques such as co-

immunoprecipitation or mammalian two-hybrid could be used to show that Sin1 can 

interact with the mTOR protein. 

 

In conclusion, the investigations described in this thesis established a reverse 

Northern hybridisation mRNA expression profiling approach to identify genes 

differentially regulated during pathological and physiological cardiac hypertrophy. 
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Using tissues from the DOCA-salt and endurance run-trained rat models described, 

these expression profiling experiments identified a number of genes demonstrating up 

or down regulated mRNA expression. Based on these results, four candidates were 

chosen for further analysis MMP1, Sin1, IRAK1 and dHAND. Of these, MMP1 and 

Sin1 showed alterations in protein levels correlating with the mRNA expression 

changes observed in the reverse Northern hybridisation experiments. The expression 

of these genes was found to change in pathologically hypertrophied hearts but not the 

physiologically hypertrophied hearts. This finding is consistent with an important 

tenet of this thesis further demonstrated by other recent investigations, that 

physiological and pathological cardiac hypertrophy are associated with distinct 

molecular phenotypes. 
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