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Abstract 

ABSTRACT 

Many patients suffering from Chronic Heart Failure (CHF), -exhibit sustained high 

levels of circulating catecholamines, through over-activation of the sympathetic system 
(Anker et al., 1997a). Many of these same CHF patients also experience a marked loss 

of their muscle bulk, which reduces their ability to move well and exercise, thereby 
decreasing their quality of life. As of yet there is no explanation for this phenomenon. 
This thesis tested the hypothesis that exposure to excess catecholamines causes 

significant myocyte death in both the heart and skeletal muscles. Whether this could 
lead to wasting of the skeletal muscles and how precisely the heart adapts to 

catecholamine-induced damage was determined. 

Male Wistar rats were injected with 20 mmol of isoprenaline, adrenaline, or 

noradrenaline kg" and killed at various time points over 28 days. Apoptotic and 

necrotic myocyte death and myocyte regeneration were detected 

immunohistochemically and morphologically, and quantified using image analysis. 
After characterising the acute myotoxic effects of a single injection of each 

catecholamine, the myotoxic and hypertrophic effects of chronic administrations of 
isoprenaline or adrenaline (20 mmol kg"'d"') were also investigated. 

A single injection of each catecholamine induced significant (P<0.05) myocyte necrosis 
and apoptosis in both the heart and slow-twitch soleus muscle, but not the fast-twitch 

muscles. Through its satellite cell system, the soleus muscle completely restored its total 

number of fibres by 28 days. The heart compensated for catecholamine-induced 
myocyte death and Joss through secondary myocyte hypcrtrophy and hyperplasia. The 

latter was produced by the activation and differentiation of cardiac stem-progenitor 

cells. The continuous infusion of the same dose of isoprcnaline over 28 days caused 

significant myocyte death, hypertrophy and fibrosis in the heart. Both fast and slow 

skeletal muscles in these same rats significantly increased in weight (P<0.05) and this 

was explained by increased fibre cross-sectional areas. Chronic catecholamine exposure 

still caused significant fibre death: their replacement met by a continual need for cycles 

of regeneration, in the soleus muscle. The current work describes the injurious effects of 

excess catecholamines on the heart and soleus muscle. Both striated muscles repair the 
loss of myocytes, in order to restore functional capacity. However, when the high levels 

of catecholamines are sustained, muscle wasting may result due to a compromised 
regenerative capacity. 
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Introduction 

1.0 INTRODUCTION 
1.1 Heart Failure and Adrenergic Activity 
Heart failure (1117) is a major public health problem in western society. A staggering 
2.7 million people are estimated to be living with coronary heart disease in the UK - 
a number that is rising year on year. This year almost one in eight people - or 12% - 
have been diagnosed with a disease of the heart or circulatory system. In 1989 this 

was just 7%. Despite 30 years in decline, the UK death rate from heart failure is still 

one of the highest in Western Europe - only Finland and Ireland have slightly 
higher rates. A working man is more than twice as likely to die from heart disease in 

the UK than in Italy. The UK death rate is also higher than most other developed 

countries, including the USA, Australia and Japan (British Heart Foundation 

Statistics, 2004). 

Heart failure is a complex clinical syndrome that can result from any structural or 
functional cardiac disorder that impairs the ability of the ventricle to fill with, or 

eject blood. Coronary artery disease is the underlying cause of HF in approximately 

two-thirds of patients with left ventricular systolic dysfunction (Hunt et al., 2001). 

The remainder have non-ischemic causes of systolic dysfunction and may have an 
identifiable cause e. g. hypertension, valvular disease, myocardial toxins, or 

myocarditis or may have no discernible cause, e. g. idiopathic dilated 

cardiomyopathy (116fit et al., 2001). 

Left ventricular (LV) dysfunction begins with some injury to the myocardium and is 

usually a progressive process, even in the absence of a new identifiable insult to the 

myocardium. The principal manifestation of such progression is a process known as 

remodelling, which occurs in association with homeostatic attempts to decrease wall 

stress through increases in wall thickness. This ultimately results in a change in the 

geometry of the left ventricle such that the chamber dilates, hypertrophies, and 
becomes more spherical. The process of cardiac remodelling generally precedes the 
development of symptoms, occasionally by months or even years. The process of 
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Introduction 

remodelling continues after the appearance of symptoms and may contribute 
importantly to worsening of symptoms despite treatment. 

It has been established that many patients suffering from Chronic Heart Failure 

(CHF) exhibit sustained high levels of circulating catecholamines through over 

activation of the sympathetic system (Anker et al., 1997a). Subsequently, this plays 

an important role in the progression of heart failure, with the severity of the disease 

increasing in proportion with the level of catecholamines (Francis ct al., 1990; 

Packer, 1992), or vice versa. 

Regulation by the sympathetic nervous system constitutes an important modulator 

of cardiac function. More specifically, the catecholamines, adrenaline and 

noradrenaline, perform hormonal and transmitter functions to regulate and control 

cardiac performance and metabolism, and re-direct systemic blood flow, substrate 

mobilisation and utilisation. All regions of the heart are innervated by sympathetic 

nerves to varying degrees. The density of P-adrenoceptors (AR) in a single 

myocardial cell is much higher than that of cc, -receptors, and the effects of 

catecholamines during normal functioning of the heart are mediated mainly by 

AR stimulation (Hiraoka, 2002). 

The fl, -AR constitutes approximately 80% of the cardiac fl-AR complement 
(Freedman and Lefkowitz, 2004). Like the fl2-AR (with 54% overall homology), the 

81-AR is a seven-membrane-spanning receptor, with three extracellular polypeptide 

sequences ("loops") connecting the transmembrane helices. With their intracellular 

domains, the fl-ARs couple to the stimulatory heterotrimeric GTP-binding protein 
(Gs). Activation of the fli-AR requires a specific receptor conformation; one that is 

stabilized by the agonist and the binding of certain immunoglobulin Gs (IgGs) to the 

second extracellular loop (Jahns et al., 2004). The seven-membrane-spanning 01-AR 

is stimulated by the physiological agonists, catecholamines. The receptor site is 

highly stereo-specific, the best fit among catecholamines being isoprenaline (ISO), a 

synthetic catecholamine, rather than adrenaline (Ad) and noradrenaline (NAd). 
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Introduction 

More specifically, in the case of 91 receptors, the order of agonist activity is ISO > 
Ad = NAd, whereas for #2 receptors the order is ISO > Ad > NAd (Opie, 200 1). 

The stimulated fl, -AR then activates the heterotrimeric G,, which dissociates into its 

G, and Gi substituents. The G, activates both adenyl cyclase (AC), which catalyses 

cyclic adenosine monophosphate (cAMP) formation, and the L-type calcium 

channel, which then permits calcium ions (Ca 2) to enter the cardiomyocyte through 

the sarcolemma of the T tubule. These C2+ ions release more Ca2+ from the 

sarcoplasmic reticulum (SR) to increase cytosolic Ca 2+ and to activate troponin C. 

On a slower time scale, this Ca2+ can also promote cardiomyocyte apoptosis by 

activating Ca2+/calmodulin kinase 11 (Katz, 2001). The cAMP produced by AC 

activates Protein Kinase A (PKA), which subsequently phosphorylates numerous 

substrates important to sarcoplasmic Ca2+ regulation: the L-type Ca 2+ channel, the 

ryanodine receptor (RyR) and phospholamban (PLB). Taken as a whole, there is 

greater and more rapid rise of intracellular free Ca 2+ concentration, increased 

calcium-troponin C interaction with de-inhibition of tropomyosin effect of actin- 

myosin interaction, and increased rate and number of cross bridges interacting with 
increased myosin ATPase activity (Opie, 2001). Activation of G. can also increase 

L-type Ca2+ channel currents directly. The increase in cytosolic Ca2+ concentration 
during a contraction is immediately followed by Ca 2+ removal, resulting in de- 

activation of the contractile machinery and muscle relaxation. Cytosolic Ca 2+ is 

pumped back into the SR by SR Ca 2+*ATPase (SERCA2). These sequences of 

events are illustrated in Figure I. I. The net effect of this activity in the short term is 

to augment sarcoplasmic Ca2+ and contractility, but in the long term this activity 

engenders cardiomyocyte toxicity (Freedman and Lefkowitz, 2004). 

Overall, the major effects of catecholarnines on cardiac function mainly exerted 
through the 91 receptor sub-type (Cui et al., 1996) are an increase in heart rate 
(chronotrophic effect) and force of contraction (inotropic), caused by enhanced 
myosin ATPase activity and increased activation of troponin C. There is also an 
increased rate of relaxation and acceleration of impulse conduction (dromotropbic 
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effect) through the AV node. The increased rate of' relaxation is mediated by tile 

phosphorylation of' P1,13 which controls the rate of' rc-uptakc of* Ca into the SR 

through SFRCA2 (()plc, 2001 ). 

Figure 1.1 Sigiial systems involved in the effects of fl-adrenergic stimula(ion 

(Opic, 2001). 

'I'lic O-AR sys(cm plays a major rolc ill licart Callurc xvith studics shoxvIng altcrallOlls 

01' (11C Cal-diac 0-i-cccptor systcm in failing licarts (Lolisc et al., 2003). Fngdhardt ct 

al. ( 1996) rcportcd a rccluction of' the [31 subtype and it's nIRNA by ilp to 50'%, 

which was con-clatcd to scvcrity of' the discasc, whilc the 02-i-cccl)(ol- Icvc1s 

rcmaincd uncliangcd. It is not c1car why down-rcgulation ill licart I'ailurc is spccilic 
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Introduction 

for the fl, subtype. The remaining P-receptors are desensitised and are uncoupled 
from Gs, via increased activity of the receptor kinases (Ungerer et al., 2003). Heart 

failure-induced elevated catecholamine levels are most likely the cause of all these 

alterations that functionally limit the contractile reserve. Even though these changes 
have been confirmed repeatedly, their interpretation is uncertain. They can be 

interpreted either as beneficial mechanisms that protect the heart from the 
detrimental effects of chronic fl-AR stimulation, including arrhythmias, 
hypertrophy, and apoptosis, even though they deprive the heart from the benefits of 

short-term P-adrenergic responsiveness. Alternatively, they may lead to further 

deterioration of the failing heart, since they hinder the heart to meet its demands. 

Clinically, the use of fl-receptor antagonists in heart failure, pioneered in the 1970s 

(Waagstein et al., 1975), is now standard treatment. Blocking fl-receptors when 

cardiac function depends on sympatho-adrcnergic drive long appeared 

counterintuitive. Today, studies using fl-blockade show a reduction in the risk of 

death by one-third or more; a benefit greater than of any other drug used in heart 

failure (Bristow, 2000). This is mainly due to a block of the detrimental 

consequences of sustained fll-receptor stimulation, i. e. arrhythmia, apoptosis, 

necrosis, hypertrophy (Lohse et al., 2003). Also, #-blockade may cause re- 

sensitisation of the cardiac fl-receptor system through upregulation of fl-receptor 

levels and normalisation of elevated receptor kinase activity and Gi levels (Lowes et 
T 

al., 2002). 

1.2 Catecholamine Cardiotoxicity 
For many years it has been established that excess catecholamines are cardio-toxic, 
directly damaging the heart (Rona et al., 1959; Todd ct al., 1980; Benjamin et al., 
1989; Teerlink et al., 1994; Heap ct al., 1996; Shizukuda et al., 1998; Xi ct al., 2000; 

Goldspink et al., 2004). In the early study conducted by Rona et al. (1959) it was 

reported that isoprenaline was capable of producing both gross and microscopic 

myocardial necrosis (most frequently found in the apex) to otherwise normal rats. 
Accordingly, the amount of necrosis depended on the dose of isoprenaline 

5 



Introduction 

administered (Rona et al., 1959). Benjamin et al. (1989) also found that a single 

subcutaneous injection of isoprenaline to rats resulted in the appearance of necrotic 

myocytes. This damage was largely confined to the subendocardial region of the 
heart and increased from 3 to 24 hours after administration. Similarly, Xi et al. 
(2000) reported the development of lesions, characterised by degraded 

cardiornyocytes and infiltrating cells, in the subendocardiurn of hearts administered 
10 mg of isoprenaline kg". This region of injury increased in a time dependent 

manner, from 3 to 16 hours after the isoprenaline injection. Furthermore, apoptotic 

myocytes were detected 8 hours following isoprcnaline injection (Xi et al., 2000). In 

support of these findings, Shizukuda et al. (1998) reported significant apoptosis of 

cardiornyocytes in the hearts of rats 12 hours after treatment with 40OAg kg"h", 
isoprenaline and this persisted up to 7 days of treatment. More specifically, 
Communal et al. (1998) reported that noradrenaline stimulated apoptosis in adult rat 
ventricular myocytes when exposed for 24 hours in vitro. This cell death was 
mediated through the activation of the fl-adrenergic pathway and protein kinase A, 

as this effect was completely blocked by the fl-adrenergic antagonist propranolol 
(Communal et al., 1998). More recently, in vitro work has been reported describing 

the anti-apoptotic effects of Pz-AR stimulation (Kang and Izumo, 2003). 

Teerlink ct al. (1994) investigated the adaptation of the heart, i. e. in terms of LV 

remodelling, to graded myocardial injury in the presence of a patent coronary 

circulation. These workers found that isoprenaline caused signiricant necrosis, 
increased LV-end diastolic pressure (LVEDP), myocardial hypertrophy, decreased 

the ratio of LV mass to volume, increased wall stress, vcntricular dilation and 

altered the pressure-volume relation (LV contraction and relaxation) (Teerlink et al., 
1994). Subsequently, these changes correlated with increased dose and time after 
isoprenaline shock. It was concluded that isoprenaline-induced myocardial necrosis 

resulted in enlargement of the LV cavity that is out of proportion to mass, similar to 

that observed after discrete myocardial infarction (Tcerlink et al., 1994). 
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The mechanisms and pathways by which elevated catecholarnines become cardio- 
toxic and cause progressive heart failure are controversial. Ile most popular theory 
is that alteration of the sarcolemma by catecholamine-induced cardiac injury, leads 

to myocardial calcium (Ca 2+) overload. This results in myofilament over- 

stimulation, increased contractile force and oxygen requirement, and excessive ATP 

breakdown; all contributing to cardiornyocyte injury (Rona, 1985). Supporting this 

view, Mann et al. (1992) found that catecholamine cardiotoxicity is a result of 
cAMP-mediated Ca 2+ overload. 

Defective Ca 2+ handling has been implicated in many pathological conditions. In 
Ca 2+. driven cell death, the Ca 2+ storage status of the endoplasmic reticulurn and the 
levels of cytoplasmic free Ca 2+ are proposed as the main determinants of cell fate. 
The spatial organization of Ca 2+ release channels, ryanodine receptors (RyR2 and 
RyRI in the heart and skeletal muscle, respectively), or inositol 1,4 5-trisphosphate 

receptors (IP3R) appears to be of key importance in determining cellular fate. RyRs 

are large hornotetrameric channels (molecular mass, 2.3 MDa) that mediate Ca 2+ 

release from SR in skeletal and cardiac muscle. Increased density of IP3R and RyR 
triggers cell death (Jayaraman and Marks, 1997; George et al., 2003), and the 
finding that both IP3R and RyR can directly sense cytoplasmic and luminal Ca2+ 

environments (Xu and Meissner, 1998; Koizumi et al., 1999) suggests that Ca 2+ 

itself is a key transducer in the activation of programmed cell death. Marx et al. 
(2003) have reported that in failing human hearts, there is PKA-hyper- 

phosphorylation of the RyR2 receptor, resulting in defectivc channel function and 
excitation coupling, in turn contributing to cardiac dysfunction. Furthermore, 
infusion of isoprenaline resulted in PKA phosphorylation of RyR2 in the rat, 
indicating that systemic catecholamines can activate phosphorylation of RyR2 in 

vivo, and therefore this could play a role in catecholamine cardiotoxicity (Reiken et 
al., 2003). 

Several other indirect mechanisms may contribute to the development of myocardial 
injury from catecholamines. These include mobilisation, of free fatty acids 
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(Kjekshus, 1975), increased intracellular acidity (Mosinger et al., 1997), increased 

platelet aggregation (Hoak et al., 1969), inefficient 02 utilisation (Horak and Opie, 
1983), and hindrance of coronary circulation (Handsforth, 1962). Interestingly, 

another factor which may be responsible for catecholamine-induced myocardial 
injury relates to the oxidative products of catecholamines and the subsequent 
generation of free radicals (Yunge et al., 1989; Rupp et al., 1994). These could 
damage cell membranes and other structures. Therefore, it could be that it is not 
catecholamines per se, but their oxidation products which cause cardiac injury. It is 

obvious that the development of myocardial injury from catecholamines is multi- 
factorial, but which mechanism predominates has yet to be ascertained. 

It has become apparent that many CIIF patients also experience a marked loss of 

muscle bulk. Through the loss of this metabolically important tissue, there is a 
decreased tolerance to exercise, thereby decreasing the patient's quality of life. The 

metabolic impact also potentially increases their risk of death (Ankcr et al., 1997b). 

As yet there is no explanation for this loss of muscle bulk. Chronic Heart Failure 

patients exhibit a greater proportion of type II fibres (fast), decreased oxidative 

enzymes and subsequent decreased exercise capacity and fatigue resistance (Minotti 

et al., 1991; Drexler et al., 1992). These changes are mainly due to the inactivity of 
these patients. When muscles become smaller and weaker, they become susceptible 
to injury (McArdlc et al., 2002). 

Ankcr ct al. (1997a) found that cachexia, of which muscle wasting is an important 

factor, was strongly associated with the hormonal changes that accompany CIIF. 

They (1997a) reported that CIIF patients who also exhibited signs of cachcxia had 

sustained higher than normal levels of noradrcnaline (x 3) and adrenaline (x 5), 

when compared to normal and non-cachexic CIIF patients. Furthermore, 

noradrenaline was found to correlate independently with wasting in CHF. 

Subsequently, Anker et al. (1997b) reported wasting as an independent risk factor 

for mortality in CHF. It is conceivable that sustained elevated catecholamines, 
instead of boosting cardiac performance (i. e. CO), may induce cumulative myocyte 
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damage and loss in both cardiac and skeletal muscles, leading to a generalised, 

rather than cardiac specific, myopathy (Opasich et al., 1999). 

Our laboratory and others have found a direct effect of catecholamines on skeletal 

muscle. Heap et al., (1996) found necrosis in both the subendocardial region of the 

heart and in the soleus muscle of rats administered a minimum of 5mg of 
isoprenaline kg". Data from our laboratory agree with these findings. We have 

recently shown in normal rats that acute exposure to high levels of isoprenaline 

causes myocyte death in both the heart and the skeletal muscles, via a combination 

of necrosis and apoptosis (Ng et al., 2002; Ellison et al., 2002; 2003; Goldspink et 

al., 2004). Such cell death and the ability or otherwise to regenerate them, will 
inevitably affect muscle function. 

1.3 Chronic fl-AR Stimulation 
Chronic P-AR stimulation results in cardiac hypertrophy and desensitization and/or 
downregulation of the fl-receptors (Kudej et al., 1997; Morisco et al., 2001). 

Furthermore, enhanced fl-adrenergic signalling through over-expression of upstream 

adrenergic signalling effectors, i. e. G,,, PI-AR or P2-AR, in transgenic mice results 
in either normal or increased cardiac function in young adult animals, but the 

development of cardiornyopathy with age (Vatner et al., 1999; Engelhardt et al., 
2001). This is characterized by reduced LV function (Engelhardt et al., 2001; 2002), 

LV hypertrophy and chamber dilation (Engelhardt et al., 1999; 2002), fibrosis 

(Engelhardt et al., 2001; 2002), and apoptosis (Geng et al., 1999). 

The mechanisms underlying these detrimental changes have been extensively 
investigated. Engelhardt et al. (2001) reported that abnormal Ca 2+ transients in 

cardiornyocytes were responsible for early contractile dysfunction, i. e. before the 

appearance of interstitial fibrosis and cardiomyocyte hypertrophy, and this was due 

to decreased expression of the SR protein, junctin (Engelhardt et al., 2001). Junctin 

plays an important role in sarcoplasmic calcium handling by mediating the binding 

of calsequestrin to RyR. 
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In another study Engelhardt et al. (2002) identified the importance of the cardiac 
Ne-H+ exchanger I (NHEI) in the detrimental effects of fl-adrenergic stimulation 
during the progression of heart failure. Compared with wild-type controls, 
Engelhardt et al. (2002) found a 140% and 30% increase in NHEI mRNA and 

protein levels respectively, in hearts of 5 month old #, -receptor over-expressed 

transgenic mice. Furthermore, the treatment of fli-receptor transgenic mice with 

selective NHE1 inhibitor, cariporide, completely prevented LV fibrosis, reduced 

cardiomyocyte hypertrophy by 88% and completely inhibited the impairment of LV 

systolic contraction (dp/dt,,,,,, ) and relaxation (dp/dt,,, I,, ). The mechanisms of how 

NHEI exerts its detrimental effects are currently unknown. However, it is 

postulated that an increased sodium load could be involved in inducing hypertrophy, 

with increased intracellular sodium being exchanged for Ca 2+ via the cardiac Na'- 

Ce exchanger. The resulting increase in Ca 2+ during diastole might exert several 
deleterious effects, including activation of protein kinase C and Ca 2+-dependent 

transcription factors. This concept is supported by the earlier finding of altered 
intracellular Ca 2+ handling in fli-AR transgenic mice (Engelhardt et al., 2001). More 

recently, in further support of this mechanism, Engelhardt et al. (2004) reported that 

altered calcium handling is critical for the detrimental effects of Pl-adrenergic 

signalling. This was shown by deleting the principal inhibitor of SR Ca2+ uptake, 

phospholamban (PLB) in PI-AR transgenic mice. Phospholamban knockout (PLB' 

fli-adrenergic receptor transgenic mice showed enhanced survival, less cardiac 
hypertrophy and fibrosis, and improved cardiac function. The latter was 
demonstrated by a preservation of LV systolic pressure, improved LV congestion 
(normalized LVEDP), LV contractility (dp/dt,,,,, ) and diastolic function (dp/dt,,, in). 

Engelhardt ct al. (2004) also showed a faster decay of intracellular Ca 2+ transients in 

fll-adrenergic receptor PLBT transgenic mice, when compared to 01-AR transgenic 

mice or wild-type controls. Subsequently, diastolic Ca 2+ levels and Ca2+ load were 

significantly decreased in fli-AR PLB/' transgenic mice. These findings are 

supported by Iwanaga et al. (2004) who found that the inhibition of PLB in rats after 
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myocardial infarction with gene therapy prevented the progression of heart failure 

by improving cardiac function and preventing fibrosis (lwanaga ct al., 2004). 

As with ovcr-cxprcssion of fl-receptors, it is well documented that ovcr-expression 

of G-protcin receptors results in chronically enhanced fl-AR signalling and either 

normal or increased cardiac function in young adult animals, but the development of 

cardiornyopathy with age (Iwase ct al., 1997). Furthermore, fl-AR blockade with 

propranolol prevented the development of cardiomyopathy (Asai et al., 1999). This 

was shown through the prevention of cardiac dilation and the decline in LV 

function, whilst also arresting myocyte hypertrophy, fibrosis and apoptosis. 
Consequently, premature mortality, usually seen in this transgenic animal model, 

was abolished (Asai et al., 1999). More recently, the cellular mechanisms of P-AR 

blockade were found to be related to alterations in mitogen-activated protein kinases 

(Karoor et al., 2004). Karoor and colleagues (2004) found that in G,,, over- 

expressed mice, there were significant increases in phospho-kinase levels of p38 
MAP kinase, p70S6K 9 ERK, Akt and JNK up to 15-20 months. However, following 

treatment with propranolol for 5 weeks there was a reversal in the levels and 

activities of these phospho-kinases, which are involved in the growth and death of 

cardiomyocytes (Karoor et al., 2004). Furthermore, Gaussin et al. (2003) found a 

role for uncoupling protein 2 (UCP2), a protein involved in the control of 

mitochondrial membrane potential, and four-and-a-half LIM domain protein-1 
(FHLI) for causing cardiornyopathy in mice over expressing G.,,,. However, fl-AR 

blockade treatment reversed the cardiomyopathy and suppressed the increased 

expression of UCP2 and FHLl (Gaussin et al., 2003). 

Caution should be exercised when interpreting these findings as signalling 

mechanisms caused by agonist stimulation and those by receptor over-expression 

might not be identical. 

Increases in catecholamine stimulation have been implicated as a causative factor in 

the development of cardiornyopathy (Dash et al., 2001). Using over-expression of 
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PLB transgenic mice Dash et al. (2001) reported that, as expected, there was 
initially a mild depression of ventricular contractility. Basal PLB phosphorylation 
was found to be substantially higher in transgenic mice, to relieve the inhibitory 

effects of PLB on SR function. The phosphorylation of PLB is mediated 
predominantly by fl-adrenergic drive and when the transgenic mice were treated 

with propanolol it resulted in a significant depression in contraction rate and a 
prolonging of the relaxation phase, whereas no changes in contractile parameters 
were found in wild-type littermates. Subsequently, there were reductions in cardiac 
noradrenaline, adrenaline and dopamine levels in the transgenic mice. Plasma 

noradrenaline levels however were elevated, reflecting a compensatory increased 

adrenergic drive in order to relieve the inhibitory effects of PLB (Dash et al., 2001). 

With aging, these over-expressing PLB mice developed cardiornyopathy exhibited 
by deterioration in LV function, dilated LV chambers as well as extensive 
interstitial fibrosis and myocyte hypertrophy. Aged transgenic mice also displayed a 
desensitised adenylyl cyclase response to isoprenaline, which was independent of 

any alterations in fl-receptor density. This decreased P-adrenergic response may 
have precluded adequate compensatory phosphorylation of PLB and thereby 
depressed myocardial function (Dash et al., 2001). 

These findings suggest an interaction between increased PLB expression and an 

enhanced sympathetic drive to attenuate its inhibitory effects. Over time this hyper- 

adrenergic compensatory mechanism, seems to progress to a maladaptivc one 
leading to cardiomyopathy. Therefore, it was concluded that increases in 

catecholaminc stimulation, in the absence of pre-existing heart failure, could be a 

primary causative factor in the development of cardiornyopathy and early mortality 
(Dash ct al., 2001). 

In further support of chronic catecholamine exposure resulting in cardiomyopathy, 
Benjamin et al. (1989) found that daily doses of isoprenaline, administered to rats 
for 10 days induced additional myocardial necrosis, cardiac hypertrophy and 
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significant fibrosis. In support of these findings, more recently Schlaich et al. (2003) 

found that LV hypertrophy was associated with increased sympathetic activity, and 

more specifically noradrenaline release was related to the development of LV 

hypertrophy. 

It has also been reported that the reason why myocardial G.,,, over-expressed 
transgenic mice develop cardiomyopathy is because they lack the protective 
desensitisation mechanisms against catecholamines and sympathetic stimulation 
(Vatner et al., 1998). This further suggests a link between increases in 

catecholamines and the development of cardiomyopathy. 

Chronic exposure to catecholamines has also been shown to have hypertrophic 

effects on skeletal muscles. Ishii et al. (1998) reported that 5mg of isoprenaline 

kg*ld" for up to 2 weeks induced hypertrophy to the fibres of the orbicularis oculi 

and stapedius muscles and improved muscle fibre function in rats. More recently, 
Kumar et al. (2003) reported that 1.5mg of isoprenaline kg", administered orally for 

120 days resulted in an increased body weight in growing chicks. This increased 
body weight was largely due to skeletal and cardiac muscle hypertrophy. 

In support of these findings it has been shown that the chronic administration of the 
fl2-AR agonist, fenoterol, for 4 weeks reversed the wasting and restored muscle 
mass and strength in the extensor digitorum longus and soleus muscles of aged rats 
(Ryall et al., 2003). This was specific to increases in muscle fibre cross-sectional 

areas. However, the authors also reported detrimental effects of hypertrophy in the 
heart (Ryall et al., 2003). Extreme over-expression of #2-ARs in the heart (140-fold 

increase) has been shown to cause cardiac hypertrophy (Dom et al., 1999). 

Furthermore, the anabolic effects of clenbuterol, a #2 agonist, have also been 

investigated (Choo et al., 1992). However, it has been reported that high doses of 
clenbuterol can have detrimental effects on skeletal and cardiac muscle, causing 
myocyte necrosis in both muscles (Bumiston et al., 2002). 
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1.4 Cell Death: Necrosis and Apoptosis 
Numerous studies have documented that myocyte death is an important variable in 

the development of ventricular dysfunction and failure in ischemic and idiopathic 

dilated cardiomyopathy, long-term systemic hypertension, and during myocardial 

ageing in animals and humans (Anversa, 2000). On the other hand, skeletal muscle 
fibre death has been described as a pathogenetic mechanism of several 

neuromuscular disorders and muscular dystrophies (Primeau et al., 2002). 

Apoptosis and necrosis (Figure 1.2) are presently recognised as the major types of 

physiological and pathological cell death. Apoptosis is a tightly regulated cell 
deletion process that differs morphologically and biochemically from necrotic cell 
death. Through the cell death pathway of oncosis followed by necrosis, there is a 

significant initial net increase in cytoplasmic Ca2+ (either by stimulating the uptake 

of extriicellular calcium or by facilitating the release of Ca 2+ stores from the 

endoplasmic reticulum) and swelling of the cell and mitochondria (oncosis), 

followed by membrane rupture and leakage of contents to the exterior. Cells suffer 

necrotic death when exposed to extreme environmental insults. Necrosis has been 

considered generally to be a chaotic decadence process that affects the inevitable 

demise of cells otherwise not destined to die (Syntichaki and Tavernarakis, 2002). 

Necrosis can be identified morphologically and from a standard haematoxylin and 

eosin (H&E) stain, dead necrotic cells appear completely demised with disrupted 

sarcolemmal membranes and pale cytoplasmic staining. Another method for the 

detection of necrosis involves the use of the large myosin antibody (Nolan et al., 
1983; Benjamin et al., 1989; KaJstura et al., 1996; Goldspink et al., 2004). This 

antibody is considered one of the most selective markers of necrotic myocytes due 

to its permeabilisation through leaky disrupted membranes and its specific binding 

to myosin once inside. 

The onset of apoptosis is characterised by shrinkage of the cell and the nucleus as 

well as condensation of nuclear chromatin into sharply delineated masses (Saraste 

and Pulkki, 2000). Later on, the nucleus progressively condenses and breaks up (i. e. 
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karyorrhexis). The cell detaches from the surrounding tissue and its outlines become 

convoluted and form extensions. Apoptotic budding is a process whereby these 

extensions separate and the plasma membrane seals to form a separate membrane 

around the detached solid cellular material. These apoptotic bodies are crowded 

with closely packed cellular organelles and fragments of nucleus. The fine 

structures, including membranes and mitochondria, are well preserved inside the 

bodies. The apoptotic bodies are rapidly phagocytosed into neighbouring cells, 

including macrophages and parenchymal cells. Apoptotic bodies can be recognised 

inside these cells, but eventually they become degraded (Saraste and Pulkki, 2000). 

If the fragmented cell is not phagocytosed it will undergo degradation which 

resembles necrosis and has been called secondary necrosis (Kerr et aL, 1994). 

CYTOMETRY IN CELL NECROBIOLOGY 

Cell dehydration (shrinkage) 

APOPTOSIS 

(v 

NECROSIS 

Chromatin condensati 
Nuclear fragmentation 

Cell and mitochondrial swelling 

Apoptotic bodies 

Membrane integrity preserved 

Plasma membrane rupture 

z, ". 0. 

Figure 1.2 Cell death pathways: necrosis and apoptosis (Darzynkiewicz et 

al., 1997). 
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The first molecular evidence of apoptotic cell death/survival machinery comes in 

the form of the Bcl2 gene. Numerous death signals and death receptors (including 

Tumor Necrosis Factor) and many growth factors culminate on a pathway regulated 
by pro-apoptotic (e. g. Bax, Bad) and anti-apoptotic members of the B62 family 

(e. g. B62, BcIX) (Satler et al., 1997). Relative balances of the two classes of B62 

proteins affect interaction of adaptor proteins, such as apoptotic protease-activating 
factor I (APAF-1) and Fas-associated death domain (FADD) with caspase enzymes 
(Chou et al., 1998), which are initially inactive but become activated on interaction 

with proteins such as APAF-I. Specifically, caspases are activated during apoptosis 
in a self-amplifying cascade. Activation of the upstream caspases, such as caspases 
2,8,9 and 10, by pro-apoptotic signals leads to proteolytic activation of the 

downstream or effector caspases 3,6 and 7. Caspase activation often leads to a 
feedback loop resulting in amplification of cell death signals (Nicholson and 
Thornberry, 1997). A class of inhibitor apoptosis proteins are thought to function in 

part by inhibiting caspases (Deveraux. et al., 1997). The effector caspases finally 

cleave a set of vital proteins and thus initiate and execute the apoptotic degradation 

phase including DNA degradation and the typical morphologic features, ultimately 

resulting in cellular demise. Regulation of cell death is also mediated through 

overlapping pathways involving the tumor suppressor p53 (Clarke et al., 1993). 

"lu 
A biochemical hallmark of apoptosis is the degradation of DNA by endogenous 
DNases. These enzymes cut the intemucleosomal regions of DNA into double- 

stranded DNA fragments of 180-200 base pairs which contain blunt ends as well as 

single base 3' overhangs (Didenko and Hornsby, 1996). With the terminal 

transferase mediated DNA nick end labelling (TUNEL) assay, cells containing 
DNA strand breaks become visible in light microscopic analysis. The validity of the 

TUNEL assay as a method to detect apoptosis has however been questioned (Kanoh 

et al., 1999), as DNA damage is not a unique feature of apoptosis, but can occur in 

necrosis and during repair of reversibly damaged DNA. 
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An alternative approach to study the presence of apoptosis is to demonstrate the 

activation of downstream caspases (Boatwright and Salvesen, 2003). These can be 

detected using cleavage-site-specific antibodies that detect only the cleaved and 

active forms of caspase substrates. They can be applied to detect apoptotic cells in 

tissue sections by light microscopy. 

Several studies have provided evidence of caspase activation in cardiomyocyte 
death. Active fonns of caspases 2,3 and 7 are generated in the ischemic-reperfused 

myocardium (Holly et al., 1999). Moreover, activated form of caspase 3 has been 

shown to co-localise with the TUNEL-positive cardiomyocytes in ischemic- 

reperfused myocardium (Black et al., 1998). 

In summary, both acute and chronic exposure of catecholamines have a detrimental 

effect on the heart causing necrosis, apoptosis, hypertrophy, fibrosis and impaired 

function. Patients with CHF exhibit sustained high levels of catecholamines, due to 

over-activation of sympathetic drive. It is possible that this elevation in circulating 

catecholamines could be related to the muscle wasting seen in some of these 

patients. The effects of catecholamines on skeletal muscle are much less well 
documented. There is however evidence to suggest that they can cause cell death, as 

well as having anabolic effects of promoting muscle growth and hypertrophy. 

1.5 Skeletal Muscle Regeneration 

Under normal circumstances mammalian adult skeletal muscle is a stable tissue with 
very little turnover of its fibre number and nuclei (Decary et al., 1997). In normal rat 

muscle, it is estimated that no more than 1-2% of myonuclei are replaced every 
week (Schmalbruch and Lewis, 2000). 

It has been known for many years that skeletal muscle has a remarkable capacity for 

rapid and extensive regeneration after injuries resulting in partial or complete 
damage to muscle fibres (Bodine-Fowler, 1994). Muscle regeneration is 

characterized by two phases; a degenerative phase, followed by a regenerative 
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phase. The kinetics and amplitude of each phase varies according to the extent of 
the injury and the specific muscles injured. The process of regeneration can be 

studied in a controlled and reproducible way, using animal models of muscle injury. 

The easiest way to induce damage is through the use of myotoxins, such as 
bupivacaine (Hill et al., 2003) or notexin (Harris et al., 1975). Harris et al. (1975) 

investigated the pathological responses of rat skeletal muscle to a single injection of 

a toxin isolated from the venom of the Australian tiger snake. They found that 12- 

24hr following intramuscular injection the muscles underwent degenerative 

necrosis, accompanied by oedema and the infiltration of lymphocytes, polymorphs 

and phagocytic macrophages. Factors released by the injured muscle activated the 

inflammatory cells residing within the muscle, which in turn provided the 

chemotactic signals to circulating inflammatory cells (Tidball, 1995). Three days 

after injecting the venom, Harris et al. (1975) reported that the muscle ocdema had 

subsided and the necrotic fibres had been completely destroyed by phagocytic cells. 
Such muscle degeneration is followed by the activation of a repair process. In order 

to provide a sufficient source of new myonuclei for muscle repair, there is an 

expansion of myogenic cells (satellite cells) through cellular proliferation. 

Harris et al. (1975) found the existence of myoblasts or myogenic cells (i. e. derived 
, 4. 

from satellite cells) 3 days post-injury. After 5 days the myoblasts had differentiated 

and fused to form new myotubes. Myotubes then developed or grew into 

histochernically distinct muscle fibre types which were evident 7 days following the 
injection of the toxin. In muscle cross sections, the morphological characteristics of 

newly formed muscle fibres are small and angulated, expressing 

embryonic/developmental forms of MHC and possessing centralized nuclei 
(Williams et al., 2001). In the animal model of muscle damage using the snake 

venom, the whole regenerative process was complete, with full restoration of the 
injured muscle fibres, 21 days following injection of the venom. The regenerated 

muscle was morphologically and functionally indistinguishable from normal un- 
damaged muscle (Harris et al., 1975). This is a 'typical' example of how skeletal 
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muscles can regenerate new fibres following injury and is as much as bona fide 

embryonic myogenesis (Charge and Rudnicki, 2004). 

Essential aspects of the muscle regeneration process are revascularisation, re- 
innervation and reconstitution of the extracelluar matrix and muscle fibre basal 

lamina. Whalen et al. (1990) reported that if re-innervation of the regenerating 

muscle was allowed to occur, then there was complete restoration of muscle fibres 

in the rat soleus muscle 28 days following injection of snake venom toxin. 

However, if the muscle was denervated (and hence functionally inactive) at the time 

of toxin injection, although the early stages of regeneration took place the 

regenerating fibres failed to increase in size. Instead, they showed significant 

atrophy or less growth, relative to the size of the regenerating fibres in normally 
innervated muscles. Furthermore, adult slow myosin was the exclusive form in 

innervated regenerating fibres, but adult fast myosin was the predominant isoform in 

denervated muscle once its damaged fibres were regenerated (Whalen et al., 1990). 

Hence, the pattern of contractility affects the type of MHC expressed. Another 

critical factor that influences the rapid and complete regeneration of fibres is the 

availability of a viable population of satellite cells. 

1.6 Muscle Satellite Cells 

The remarkable ability of skeletal muscle to regenerate following injury, as well as 

adapt to physiological demands such as growth and exercise training, is largely 

attributed to a small population of dormant cells, called satellite cells. These are 

resident in adult skeletal muscle and were first described by Mauro (196 1). 

Satellite cells are small, self-renewing, undifferentiated mononuclear cells located 

between the basal lamina and plasma membrane of skeletal muscle fibres (Figure 

1.3). Therefore, they have the defining characteristic of a continuous surrounding 
basal lamina (Carlson and Faulkner, 1983). While mitotically quiescent they express 

proteins, such as c-met receptor tyrosine kinase, m-cadherin, Pax7 and myocyte 
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nuclear factor (Irintchev et al., 1994; Comelison and Wold, 1997; Seale et al., 2000; 

Garry et al., 1997). 

When activated in response to fibre damage and degeneration, the satellite cells re- 

enter the cell cycle and also express myogenic factors such as MyoD, myogenin, 

MRF-4 and myf-5 (Cusella-De Angelis et al., 1992; Grounds et al., 1992; Koishi et 

al., 1995; Comelison and Wold, 1997; Dupont-Versteegden et al., 1998). From the 

ensuing proliferation, differentiation and fusion of active satellite cells new multi- 

nucleate myofibres emerge to replace the degenerating ones. Alternatively, if a fibre 

has been damaged in part, satellite cells fuse with the ends of existing damaged 

fibres, repairing the fibre by creating continuity between the damaged ends (Figure 

1.4). Therefore, under non-nal circumstances the total number of fibres should be 

I'ully preserved. 

Figure 1.3 The location of satellite cells in the muscle fibre (Hawke and 
Garry, 2001). 
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Figure 1.4 Satellite cell response to injury (Ilawke and Garry, 2001) 

111schoIT( 1985) first f'ound that muscle regeneration is initiated by the release ot'an 

endogenous mitogen f'rorn traUrnatised, crushed adult muscle. It is now accepted that 

the activation, ensuring prolit'cration and differentiation of' satellite cells, requires 

the timcly, controlled up-regulation of' muscle transcription factors and specific 

genes. This process is mainly governed by the endocrine and paracrinc/autocri tic 

regulatory mechanisms of' various growth factors. In particular, I lepatocytc growth 

I'actor/scattcr factor (116F/SF)-, Fibroblast growth Factors (FGFs); Insulin-like 

growth factors I and 11 (IGF-I and 11), Mechano-growth Cactor (Wil; 11111 ct al., 

2003) and thcTGF-0 Camily (Charge and Rudnicki, 2004). 

I lcpatocyte growth factor/scatter factor elicits mitogenic, I11otogcl1Ic and 

niorpliogenic activities during development and tissue regeneration (/, arncgar and 
MiclialOPOLI10S, 1995). It has becil tbund that the role of' IIGF In muscle 

regeneration is most Important in the early phase of' the repair process, and it 
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appears to act directly on muscle satellite cells due to the expression of its receptor 

c-met in quiescent satellite cells (Bottaro et al., 199 1). It was reported by Tatsumi et 

al. (1998) that HGF/SF was present in crushed muscle extract and was the factor 

responsible for activating satellite cells in vitro. Furthermore, when HGF/SF was 
directly injected into the normal tibialis anterior muscle of 12 month old rats it 

stimulated satellite cell activation (Tatsumi et al., 1998). HGF has also been 

implicated as a potent chernotactic factor (Bischoff, 1997) and as an inhibitor of 

myoblast differentiation through the transcriptional inhibition of the myogenic 

regulatory factors, Myol) and myogenin (Miller et al., 2000). 

The roles of IGF-I and II in regulating growth and development of tissues have 

been recognized for many years. It has been shown that both in vitro and in vivo, 

IGF- I and IGF-II are able to alter the expression of myogenic regulatory factors and 

promote both the proliferation and differentiation/fusion of myoblasts (Allen and 

Boxhorn, 1989; Chakravarthy et al., 2000; Rabinovsky et al., 2003). Also, IGF-1 

and IGF-II levels are upregulated in skeletal muscle undergoing regeneration (Hill 

et al., 2003a, b). Subsequently, increasing the levels of IGF-I leads to increases in 

hypertrophy and muscle mass due to augmentation of muscle protein and DNA 

contents (Musaro et al., 2001). The hypertrophic effects of IGF-1 have also been 

attributed to the activation of satellite cells and their proliferation to provide more 

myonuclei (Barton-Davis et al., 1999; Hill et al., 2003a, b). 

Recently, another factor has been implicated in the activation of satellite cells and is 

known as Mechano-growth factor (MGF). It was first discovered by Goldspink et al. 

(1992), and is a splice variant derived from the IGF-1 factor, although its sequence 
is different from the systemic IGF-I produced by the liver. MGF is expressed in 

mechanically overloaded muscle and has been shown to be involved in tissue repair 

and adaptation, in particular muscle hypertrophy (Goldspink, 2001). Hill et al. 

(2003a, b) induced local muscle damage in rats with either an injection of 
bupivacaine, a local anaesthetic which induces muscle fibre necrosis, or by a 

combination of stretch and electrical stimulation. It was found that the expression of 
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MGF mRNA was maximal as early as I day following stretch and stimulation and 

peaked 4 days following bupivacaine injection. These message levels then begun to 

decrease once regeneration and fusion of myoblasts had begun. Interestingly, the 

mRNA and protein levels of M-cadherin and MyoD (i. e. markers of quiescent and 

activated satellite cells) peaked at 4-7 days following both types of injury. In 

marked contrast, the expression of mRNA for IGF-lEa peaked much later, at -12 
days after inducing the injury. IGF-lEa is an isoform of IGF-1 in muscle and is 

similar to the hepatic endocrine type of IGF-l. These data suggest an individual role 
for MGF in initiating the proliferation and differentiation of satellite cells, as it 

precedes M-cadherin and MyoD expression (Hill et al., 2003a, b). In support of 

these data, stable transfection of cells in culture with MGF was shown to stimulate 

myoblast proliferation and suppress differentiation (Yang and Goldspink, 2002). 

Satellite cell number is dependent on muscle fibre type and age. The satellite cell 

content differs between muscle fibre types. The percentage of satellite cells in rat 

adult slow soleus muscle is 2- to Mold higher (11%) than in the fast tibialis anterior 

muscle (4%) (Schmalbruch and Hellhammer, 1977). The regulatory mechanisms 
behind these differences were identified as an increased density of satellite cells in 

association with the proximity of capillaries and myonuclei; capillaries being greater 
in the slow muscle (Schmalbruch and Hellhammer, 1977). Therefore, the increased 

number of satellite cells in the soleus muscle is understandable as slow-oxidative 

muscles are characterized by their increased capillary density when compared to 

fast-glycolytic muscles. In another study, more satellite cells were also observed at 

the motor neuron junctions (Wokke et al., 1989). Renault et al. (2002) reported a 
decrease in the number of satellite cells, expressed as a proportion of myonuclei, in 

biceps brachii and masseter muscle biopsies derived from older humans. That is 

1.5% in -75 years-olds, when compared to 5% in younger adults (-23 years old). 
Therefore, the important characteristic of self-renewal by satellite cells (Schultz, 

1996) may be compromised with age. 
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It has been shown that aged muscles display a lower adaptive and regenerative 

capacity (Grounds, 1998; Blough and Lindermann, 2000) caused by a decrease in 

satellite cell numbers and proliferative cell potential with ageing (Schultz and 
Lipton, 1982). However, not all studies are in agreement (Decary et al., 1997; 

Putman et al., 2001). Whether the age-related decrease in satellite cell number 

affects the regenerative capacity of skeletal muscle has been more recently 
investigated with cells in culture. Decary et al. (1997) showed that satellite cells 
isolated from muscles of aged human subjects are still able to make about 15 

divisions, which is enough to repair muscle damage. Furthermore, Putman et al. 
(2001) reported that the satellite cells and satellite cell progeny of ageing rats are not 

compromised and possess an unaltered capacity to contribute to the adaptive 

response of 50 days of chronic low-frequency electrical stimulation. Therefore, it 

was concluded that although the number of satellite cells decreased with age, the 

proliferative potential is not greatly affected. This suggests that the ability of 

skeletal muscle fibres to adapt, or regenerate, is maintained throughout life. 

The situation would be remarkably different however if the proliferation of the 

satellite cells were to be highly solicited, as observed in muscular dystrophies 

(Decary et al., 2000). In support of this, Reimann et al. (2000) proposed that the 
failure to regeneratj fibres in dystrophic muscle was due to exhaustion of the 

proliferative potential of the satellite cell pool and the continual need for satellite 

cell proliferation and fibre repair. This 'exhaustion' of the satellite cells ability to 

proliferate results in incomplete restoration of the muscle fibre numbers and 

significant muscle atrophy and wasting. 

Sadeh et al. (1985) found that the weekly administration of bupivacaine for 6 

months resulted in marked variability in terms of fibre size and atrophy, extensive 
fibre splitting, numerous internal nuclei and many 'whorled' fibres. These findings 

suggest that chronic exposure to bupivacaine results in incomplete fibre 

regeneration after several cycles of degeneration-regeneration. 
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One mechanism which has been suggested to control this limited proliferation, or 

mitotic clock, is the shortening of the telomeric sequences. It was found that in the 

quadriceps muscles there was only a very small decrease in the length of the 

telomeric DNA with increasing age. However, a dramatic decrease in telomeric 

DNA length was observed in the muscles of children with muscular dystrophy 

(Decary et al., 2000). This progressive loss of DNA could eventually destabilise 

telomere structure, leading to chromosome modifications (Counter et al., 1992) and 

triggering the entry of cells into a senescent programme (Torella et al., 2004). 

Therefore, the more cell divisions a satellite cell undergoes (i. e. as a result of the 

continual repair of chronic muscle damage) the resulting outcome is cellular 

senescence and consequent impaired skeletal muscle regeneration. 

Until recently, the muscle satellite cell was presumed to be the sole source of 

myonuclei in muscle repair. However due to the recent findings of multipotential 

stem cells in various adult tissues, the view that tissue-specific stem cells are pre- 
determined to a specific tissue lineage has been challenged. 

Ferrari et al. (1998) transplanted genetically marked (LacZ) bone-marrow (13M) 

derived cells (BMDC) into immuno-deficient mice. It was found that these cells 

migrated into areas of irradiation-induced muscle degeneration. Here, they 

underwent myogenic differentiation and participated in the regeneration of new 
fibres (Ferrari et al., 1998). However, the contribution of BM-derived progenitors to 

muscle regeneration was minimal. Nonetheless, these cells appeared to be recruited 

as a result of the inflammatory signals originating from the degenerating tissue, as 

they accessed the damaged tissue through the circulation (Ferrari et al., 1998). 

Furthermore, it was suggested that BM cells could serve as a reservoir of 

progenitors for muscle tissue, and that under conditions of extended damage these 

progenitors might expand or maintain the pool of resident, more differentiated, 

muscle-forming precursors (Ferrari et al., 1998). With this view, the ability of the 

skeletal muscle to regenerate, even after periods of chronic degeneration- 
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regeneration when the muscle satellite cell pool has become exhausted, would never 
be compromised. 

These findings of Ferrari et al. (1998) have been more recently supported by 

LeBarge and Blau (2002). In this excellent study, it was found that green fluorescent 

protein (GFP) labelled BMI)Cs became satellite cells, occupying the muscle stem 

cell niche, when transplanted following irradiation-induced damage. Also, these 

BMDC satellite cells gave rise to new fibres, a contribution to as many as 3.5% 

muscle fibres following subsequent exercise-induced damage (LeBarge and Blau, 

2002). Furthermore, this contribution of new multinucleated fibres from BMDCs 

was much greater than that reported by Ferrari et al. (1998). Therefore, the 

frequency of conversion of BMI)Cs into the myogenic lineage could be related to 

the conditions or extent of the muscle damage. Furthermore, there may be 

differences among different skeletal muscle types and the incorporation of BMI)Cs 

(Brazelton et al., 2003). 

There is strong evidence for the presence of progenitor cells with myogenic 

potential, other than satellite cells, within skeletal muscle (Asakura et al., 2001; 

Seale et al., 2000; Jankowski et al., 2002; Blaveri et al., 1999; Gussoni et al., 1999; 

DeAngelis et al., 1999; Qu-Petersen et al., 2002; McKinney-Freeman et al., 2002; 

Torrente et al., 2001). Asakura et al. (2001) identified a novel stem cell population 

which they named side population (SP) cells within skeletal muscle. These cells 

expressed the haernatopoietic stem cell marker, Sca-1, but were negative for 

markers of satellite cells. They possessed the ability to differentiate into 

haernatopoietic cells, satellite cells and skeletal muscle following transplantation 

(Asakura et al., 2001). Therefore, SP cells may be satellite cell progenitors capable 

of direct myogenic fusion. SP cells were also present in the muscles of Pax7 null 

mice, which lack satellite cells (Seale et al., 2000). Taken together, these findings 

suggest that SP and satellite cells represent distinct cellular populations within 

skeletal muscle. 
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It has been shown that when Scal+ and CD34+muscle-derived stem cells expressing 
the LacZ gene, were injected into the arterial circulation of the hindlimb of mdx 

mice, the late passage Scal+/CD34+ cells adhered to the endothelium (Torrente et 

al., 2001). However, following muscle and blood vessel damage they were able to 

migrate from the blood vessels into host muscle tissues, and participate in the 

formation of muscle fibres. This was evidenced by the presence of -12% fl- 

galactosidase positive fibres, 48 hours after their intra-arterial injection followed by 

damage to the tibialis anterior muscle (Torrente et al., 2001). These data would 

suggest that there are bi-potential (both haemopoietic and muscle lineage) stem cells 

present within the vasculature that may be activated to enter the myogenic lineage 

when the muscle receives extensive damage. However, it should not be excluded 
that these cells, like SP cells, could also represent progenitors of satellite cells. 
Regardless of this, it was concluded that these cells may prevent irreversible 

pathological damage and thus signals governing their migration need to be 

investigated further (Torrente et al., 2001). 

To summarise, upon injury skeletal muscle possesses the ability to regenerate 
damaged fibres and this is due to its resident satellite cells. However, considerable 

evidence now exists to suggest that other 'stem' cells (e. g. SP cells) are resident in 

skeletal muscle and these potentially originate from the bloodstream. The replicative 

potential of satellite cells diminishes following repetitive recruitment of the cells 
into the cell cycle, i. e. following chronic bouts of degeneration-regeneration. 

Whether the ability of the muscle to regenerate is ever completely compromised 

could be due to the presence of SP and other cells, e. g. BMDCs, that can also give 

rise to skeletal muscle fibres. These recent advances may offer an attractive means 

of cellular therapy for muscular dystrophy. 
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1.7 Cardiac Regeneration 
Over many decades the accepted paradigm has been that the heart is a post-mitotic 

organ without any regenerative capacity. Under this opinion, cardiac homeostasis is 

stagnant, cell renewal is non-existent and the cardiomyocytes are as old as the 

individual. Now it is believed that myocyte death and regeneration are part of the 

normal homeostasis of the heart. It was previously believed that hypertrophy was 

the only form of myocyte growth in the heart. However now, in addition to myocyte 
hypertrophy, it is thought that new myocyte generation predominates over cell death 

and contributes significantly to the normal growth of the heart into adulthood 
(Nadal-Ginard et al., 2003). This is supported by the detection of myocytes 

undergoing mitosis in the hearts of normal rat (Overy and Priest, 1966), mice 
(Anversa and Kajstura, 1998) and humans (Kajstura et al., 1998). Consequently, 

DNA synthesis persists in adult cardiornyocytes (Anversa and Kajstura, 1998). 

However, these data have been questioned. 

In many species cardiac myocytes become multinucleated and exhibit polyploidy 
(Anversa and Kajstura, 1998). So, some investigators dismissed the mitoses as 

examples of multinucleation with karyokinesis but without cytokinesis. However, 

myocytes undergoinpýtrue cytokinesis have been identified (Kajstura et al., 1998; 

Beltrami et al., 2001). Also, it has been reported that there is no increase in the 

number of multinucleated myocytes after puberty in hearts of both animals and man 
(Anversa and Olivetti, 2002). Therefore, if the DNA-replicating myocytes 

underwent karyokinesis without cytokinesis, there would be an increase in the 

number of multi-nucleated myocytes with age, which is not the case 

Another cause for dispute against the existence of myocyte replication and cardiac 

regeneration is the use of Bromodeooxyuridine (BrdU) as a marker for DNA 

synthesis, cell division and replication. Its use has sparked continued criticism due 

to its incorporation into DNA during DNA repair. BrdU is therefore not considered 

a selective marker of cell replication. However, Ki-67, a nuclear antigen which is 

expressed in all stages of the cell cycle (except G,, ) and is not involved in DNA 
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repair, has also been detected in myocytes, indicating cell cycling (Beltrami et al., 
2001; Anversa et al., 2002; Quaini et al., 2002; Urbanek et al., 2003). Furthermore, 

with the increased access to highly specialised equipment, i. e. confocal microscopy, 

analysis can be carried out with greater precision and accuracy than was previously 
the case. This is undoubtedly another reason why many investigators were unable to 

reach similar conclusions regarding this area of research. 

The strongest argument in favour of new myocyte formation in the adult heart is that 

there is an increase in myocyte number between birth and young adulthood in both 

animals and humans (Anversa. and Olivetti, 2002). Furthermore, the increase in 

cardiac mass seen over this maturational time period cannot solely be accounted for 

by myocyte hypertrophy (Anversa and Olivetti, 2002). Also, the increase in 

myocyte numbers in the adult heart is an under estimation due to concurrent cell 
death seen with maturation (Anversa and Olivetti, 2002). The finding of myocyte 

cell death in the adult heart further supports the concept of cardiac regeneration, 
because if myocyte renewal did not take place then the cardiomyocytes would 

simply disappear within a few decades of life (Nadal-Ginard et al., 2003). 

It has been shown'that cell death, through both necrosis and apoptosis, occurs in the 

normal heart. Hence, subsequently the number of myocytes will decrease with age 
(Anversa et al., 1990; Kajstura et al., 1996; Anversa and Olivetti, 2002). Kajstura et 

al. (1996) found that apoptotic and necrotic myocyte death occurs in the hearts of 3, 

7,12,16 and 24 month old Fisher 344 rats. Furthermore, the incidence of cell death 

increased with age and this was associated with ventricular dysfunction and failure, 

at 16 and 24 months of age (Kajstura et al., 1996). Therefore, myocyte cell death 

constitutes an important determinant of the ageing process, participating in the 

occurrence of ventricular dysfunction and failure in the 'old' heart (Kajstura et al., 
1996). Together with the occurrence of cell death there is myocyte regeneration, 
identified by nuclear mitotic division with BrdU labelling (Anversa and Kajstura, 

1998). This process of regeneration partially counteracts the death of cells seen with 

29 



Introduction 

ageing. Hence, there is ongoing cell death and regeneration throughout the entire 
life span. 

Cell death has been shown to correlate with the size of the cell and the level of 

cellular senescence (Brenner et al., 1998). It has been shown that large myocytes are 

older, do not react to growth stimuli and are prone to activate the cell death 

pathway. In contrast, smaller cells are younger, possess the ability to undergo 
hypertrophy and are less susceptible to cell death. Also, the smaller cells have been 

formed more recently and can still undergo a limited number of divisions before 

withdrawing from the cell cycle (Nadal-Ginard et al., 2003). This concept is 

supported further by the findings that young adult rats that have been subjected to a 

myocardial infarction, possess small replicating myocytes 7 days post infarction 

(Nadal-Ginard et al., 2003). 

1.7.1 Myocyte Hyperplasia and Pathological Conditions of the Heart 

The level of cell renewal increases significantly under a variety conditions. Studies 

which have been carried out on both humans (Kajstura et al., 1998; Beltrami et al., 
2001; Urbanek et al., 2003) and animals (Anversa and Kajstura, 1998) have 

provided evidence that myocyte replication occurs under physiological and 

pathological conditions of the heart (Anversa and Nadal-Ginard, 2002). In the male 
human heart suffering from advanced chronic ischaemic cardiomyopathy, the 

measured incidence of myocyte cell death by apoptosis and necrosis (at a given time 

point) are 0.18% and 1.2%, respectively. Using these data, the diseased heart could 

not continue to function in the absence of new myocyte formation. It has been found 

that myocyte regeneration is an important contributor to the maintenance of cardiac 

mass under these physiological and pathological conditions of the heart (Nadal- 

Ginard et al., 2003). 

The magnitude of haemodynamic stress may be the main determinant of whether 

cellular hypertrophy or hyperplasia is initiated in the pathological heart (Anversa 

and Kajstura, 1998). It has been shown that a gradual or moderate increase in 
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cardiac workload ensures that myocyte hypertrophy predominates (Anversa et al., 
1978). In contrast, a severe increase in workload, whether acute or chronic in nature, 

results in myocyte DNA synthesis, mitosis and proliferation in both animals and 
humans (Kajstura et al., 1994; Anversa and Kajstura, 1998; Kajstura et al., 1998; 

Beltrami et al., 2001; Urbanek et al., 2003). 

Anversa and Kajstura (1998) have shown the presence of DNA replication and 

mitotic divisions in myocytes of the decompensated post-infarcted rat heart. 

Subsequently, it was documented that the number of nuclei per cell does not change 
in the failing heart of rats (Anversa et al., 1990), verifying that increases in the 

number of myocyte nuclei must correspond to increases in myocyte number. In an 

excellent study by Kajstura et al. (1998) it was reported that in humans 882 x 103 

and 760 x 103 myocytes were undergoing mitosis in the entire ventricular 
myocardium affected by ischaemic or idiopathic dilated cardiomyopathies, 

respectively. These figures compare with 81.2 x 103 myocytes undergoing mitosis in 

normal control hearts. More recently, Beltrarni et al. (2001) found that in infarcted 
human hearts there was an increase in Ki-67 expression in myocyte nuclei in 

regions adjacent to and distant from, the infarcted area. Also, events characteristic 
of cell division, e. g. the formation of mitotic spindles and contractile rings, 
karyokinesis and cytokinesis, were identified. This further demonstrates that there is 

myocyte proliferation in the viable myocardium after a myocardial infarction 
(Beltrami et al., 2001). It should however be noted that the replicating myocytes are 
not detectable in the infarcted area, making regeneration in this area impossible 
(Anversa et al., 2002). 

With pressure-volume overload there is also evidence of myocyte regeneration. 
Urbanek et al. (2003) reported that in human aortic stenosis there is an increase in 

cardiac mass, resulting from a combination of myocyte hypertrophy and hyperplasia 

(Urbanek et al., 2003). These findings challenge the 'heart weight theory' that 

suggests that cell replication is secondary to exhausted myocyte hypertrophy 

(Nadal-Ginard et al., 2003). Therefore, evidence does exist which suggests that the 
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heart has the capability to replicate myocytes, which contributes to the formation of 

new muscle mass. However, where do these new cycling myocytes come from? 

The cycling cells could come from 2 possible sources; i) cells which are resident 

within the heart, i. e. cardiac stem cells, or ii) systemic cells, i. e. BM-derived stem 

cells which continuously colonise the myocardiurn and contribute to myocyte 

renewal (Nadal-Ginard et al., 2003). It has previously been shown that BMDCs can 

give rise to new myocytes either when injected into, or stimulated to 'home to', the 

heart by cytokine administration following a myocardial infarction (Orlic et al., 
2001 a, b). 

In a study performed by Quaini et al. (2002) human sex-mismatched heart 

transplants were performed. When a female heart was transplanted into a male host, 

this led to the findings that host cells homed to the transplanted heart and they could 
be identified by the presence of the Y chromosome (Quaini et al., 2002). They 

showed that 9%, 10%, and 7% of myocytes, smooth muscle, and endothelial cells, 

respectively possessed the Y chromosome. Furthermore, 17%, 14%, and 16% of 

these male (Y chromosome) myocytes, smooth muscle and endothelial cells, 

respectively, were replicating as identified by labelling with Ki-67. 

The study also reported cells expressing c-kit, MDRI or Sca-I in the atria and left 

ventricle, of which 12-16% of these cells contained the Y chromosome. These 

particular markers identify stem cells, but are not exclusive to this population of 

cells. These particular cells were undifferentiated and were negative for markers of 

BMDCs, e. g. CD45. They were also negative for markers of differentiated myocytes 
(e. g. sarcomeric a-actin), endothelial cells (e. g. CD31, Factor VIII and vimentin), 

smooth muscle cells (e. g. smooth muscle cc-actin and desmin) and fibroblasts (e. g. 

vimentin) (Quaini et A, 2002). These primitive cells were also present in control 
hearts, but at lower percentages. 
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To identify the cells involved in the generation of new myocytes, the transcription 

factors MEF21) and GATA4 were recognised in Y-chromosome bearing cells, 

showing that these cells were committed to myocyte differentiation. Also, the 

intermediate filament protein, nestin, was identified indicating a more advanced 

stage of myocyte differentiation (Quaini et al., 2002). Therefore, this study showed 

that undifferentiated, primitive cells expressing surface stem cell-related antigens (c- 

kit, MDRI, Sca-1) are present in both control hearts and in female transplanted 

hearts into male recipients. Because some of these cells were Y chromosome- 

positive, they must have translocated from the host into the atria and ventricles of 

the grafted heart. Once there, they lose the marker properties of stem cells, 

proliferate, acquire their mature phenotype, and subsequently give rise to myocytes, 

coronary arterioles and capillaries (Quaini et al., 2002). 

This study does not however identify the source of these primitive cells that lead to 

the cardiac chimerism. It is possible that circulating haernatopoietic stem cells from 

the recipient could have translocated to the implanted heart. Although Quaini et al. 
(2002) found that cells expressing c-kit, MDRI or Sca-1 were negative for markers 

of bone marrow differentiation, it is still possible that stem cells were mobilised 
from the bone marrow and reached and infiltrated the transplanted heart (Quaini et 

al., 2002). 

Interestingly, the same study did identify a high number of undifferentiated, 

primitive cells in the transplanted heart that were negative for the Y chromosome. 
This suggests that groups of primitive cells may reside in the heart, and are able to 

multiply and acquire cardiac cell lineages. This is supported by the presence of 

cycling myocytes (Ki-67 positive), which were present in the female heart but were 
Y chromosome negative (Quaini et al., 2002). 

Although the study of Quaini et al. (2002) failed to identify the origin of these 

primitive cells, it is significant that it provides clear proof of new myocyte 
formation in the adult heart and that there are 'stem-like' cells which are able to 
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differentiate into the 3 types of cell (myocyte, smooth muscle and endothelial cell) 

within the heart (Nadal-Ginard et al., 2003). But can these primitive cells be termed 

'cardiac stem cells'? 

Beltrami et al. (2003) recently reported the existence of Lin- c-kitpo' cells (Lin- is a 
blood lineage marker; c-kit a stem cell marker) in the rat myocardium, with the 

properties of cardiac stem cells. These cells are negative for myocyte (oc-sarcomeric 

actin, cardiac myosin, myosin, desmin, ot-cardiac actinin and connexin 43), 

endothelial cell (Von Willebrand factor, CD31 and vimentin), smooth muscle cell 
(cc-smooth muscle actin and desmin), and fibroblast (fibronectin, procollagen I and 

vimentin) cytoplasmic proteins. 

Beltrami et al. (2003) identified one Lin7 c-kitP` cell for approximately every 104 

myocytes. Also, all of the detected c-kit" cells were negative for CD45 and the 

endothelial/haematopoietic progenitor marker CD34. The Lin' c-kitp" cells were 
found in small clusters in the interstitium between well-differentiated myocytes. In 

agreement with Quaini et al. (2002), many of these Lin' c-kip" cells expressed Ki- 

67 (indicative of a cycling cell), and the transcriptions factors GATA-4 and MEF2, 

indicative of cells at the early stages of cardiac myogenic differentiation. Also, there 

were small amounts of sarcomeric proteins in their cytoplasm. This is strong 

evidence of their cardiac myogenic potential and fate (Beltrami et al., 2003). 

This study also established a precursor-product relationship. Lin7 c-kit"" cells were 
isolated from the rat myocardium and then injected into an ischaernic heart bringing 

about the formation of new blood vessels and myocytes, with the characteristics of 

young cells, encompassing -70% of the entire ventricle just 20 days after the 
infarction (Beltrami et al., 2003). Following in vitro and in vivo testing, Beltrami et 

al. (2003) reported that the cardiac Lin' c-kitP" cells were self renewing, clonogenic 

and multi-potent, giving rise to 3 different cardiogenic cell lineages; myocytes, 

endothelial cells and smooth muscle cells. 
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Beltrami et al. (2003) found that stem cell implantation into the area bordering the 
infarct resulted in a reduced infarct size, cavity dilation and diastolic stress, while 
increasing wall thickness, ejection fraction and improving end-diastolic pressure and 
dP/dt, an indicator of contractility. Also, Beltrami et al. (2003) reported that the 

myocytes produced by the cardiac Lin' c-kitP` cells were structurally and 
functionally competent when their contractile parameters (time-to-peak shortening; 

peak shortening and velocity of shortening) were compared with the spared 

myocytes in vitro. Therefore, Lin" c-kitPO' cells are able to generate bonafide cardiac 

myocytes, which are functionally and structurally similar to the spared myocytes 
(Beltrami et al., 2003). Subsequently, the new myocardial cells improved the overall 
function of the heart due to the complete differentiation of the isolated Lin' c-Up", 

cells into myocytes. Interestingly, the injected cells were attracted to the ischaernic 

zone, as it was shown that regenerating cells (i. e. BrdU positive) were located in the 

necrotic area and not the spared, surrounding viable myocardiurn even though the 

cells were injected at the border between the ischaernic and healthy myocardiurn 
(Beltrami et al., 2003). 

This excellent study by Beltrami et al. (2003) clearly shows the presence of 

undifferentiated cells in the adult heart, which could potentially be cardiac stem 
cells. However, whether these cells reside in the heart or continuously colonise the 
heart via the circulation still remains an unanswered question. Both possibilities 
may be correct. The isolated Lin' c-kir' cells were negative for markers of bone 

marrow (CD45) and endothelial/haematopoietic progenitor marker CD34, 

suggesting that if they did reach the myocardiurn from the circulation they may have 

resided in the myocardiurn for long enough to adopt the myocardial specific 

phenotype (Beltrami et al., 2003). But perhaps the most important point is that they 

actually exist and that new myocyte formation does occur in the heart. 
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