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ABSTRACT

Ischaemic heart disease is the most common causes of death in the United 

Kingdom. In addition to the mortality associated with this disease there are the 

human and economic costs associated with chronic illness. Many strategies for 
the treatment and prevention of heart disease are in use and under investigation. 
The consequences of myocardial infarction have been well described but the 

causes and mechanisms underlying the disease and its sequeli remain largely 

unknown. In order to investigate the mechanisms of ischaemic injury and the 

interventions that might lead to new or improved therapeutic strategies a number 
of model systems have been devised.
The work described in this thesis concerns the construction and validation of a 

new model system.

In order to investigate the mechanisms of ischaemic injury at the cellular level a 

model has been constructed based on the adult cardiac myocyte in culture.
In the first series of experiments described in this thesis the characteristics of 
adult cardiomyocytes in culture were investigated and a model of ischaemia / 
reperfusion injury was devised.
The model was tested to determine the effects of the individual components of 
the ischaemic milieu, in living tissues, on cells in culture. Combinations of these 

components that would cause reproducible lethal and sub-lethal stimuli 
analogous to those observed in other models and in living tissues were also 

investigated. It was also determined that cells in culture retained the responses 

to injury found in the in-vivo heart and that these responses could be modified by 

similar interventions.
The second series of experiments described in this study dealt with the potential 
for gene-transfer to myocardial cells as a strategy for modifying the response of 
these cells to ischaemic injury. This work was divided into three parts. The first 
was concerned with finding the optimal gene delivery vehicle for use in cells in 

culture that would also have utility in other model systems such as the in-vitro or 
in-vivo heart. In this section of the work, both viral and non-viral gene delivery 

systems were investigated. The second part of the work involved an 

assessment of the modification of response to injury of gene transfer techniques 

per se. The final part of the work was to have looked at the action of the transfer 
of specific genes on the response to ischaemic injury in the in-vitro model.
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AIMS OF THE PROJECT

1. to construct a cell culture based model of ischaemia /reperfusion injury using 

cells derived from the ventricular muscle of adult rabbit hearts.

2. To demonstrate that the mechanism of endogenous cytoprotection known as 

classical preconditioning existed in isolated cultured cardiac myocytes.

3. To characterise the preconditioning response in this model.

4. To identify an efficient gene transfer vector for use with myocytes in culture

5. To use the vector for the transfer of genes to the cultured cells to explore the 

potential for transfected gene products to mimic the protection seen with 

preconditioning.

1.1: ISCHAEMIC HEART DISEASE

Ischaemic heart disease is a major cause of death in the United Kingdom [1] and 

is increasing in incidence throughout the world [2]. The term ischaemic heart 

disease refers to the situation and symptoms pertaining when the blood flow to 

the heart is reduced. When circulation is restricted the supply of oxygen and 

nutrients to the muscle of the heart is insufficient to meet normal demand.

The commonest cause of circulatory insufficiency to the heart is a reduction in 

the diameter of the vessels supplying the tissue caused by atherosclerotic 

deposits in the walls of these vessels. These deposits are termed 

atherosclerotic plaques. The precise aetiology of atherosclerotic plaque 

formation is not known and a variety of inherited and life-style factors have been 

cited as causal or contributory in the development of the disease.

The mortality associated with ischaemic heart disease is a consequence of 

myocardial infarction [3], a loss of living muscle tissue in the heart muscle due to 

a period during which a major coronary artery is completely occluded. Occlusion 

is usually a consequence of a complicated atherosclerotic plaque. This involves 

the formation of an occlusive thrombus as a result of the damage to the vascular 

endothelium overlying the atherosclerotic plaque. Alternatively occlusion may 

result from the rupture of the plaque itself. A number of therapeutic strategies 

have been developed for treating the different phases of ischaemic heart 

disease, both before the development of complicated atherosclerosis and to 

salvage heart tissue during an acute myocardial infarction. In addition there are a 

number of approaches to altering the remodelling of the heart muscle that takes 

place after acute myocardial infarction.
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The current clinical approaches to the treatment of heart disease broadly divide 

into two categories, thrombolysis and revascularisation. Revascularisation can 

be achieved by either relieving occlusion with mechanical means such as 

balloon angioplasty or effectively replacing occluded vessels using coronary 

artery bypass surgery.

The prognosis for patients who have undergone an infarct will vary depending on 

the severity of the incident and the degree of irreversible tissue injury that has 

been sustained. The speed with which adequate perfusion is re-established 

using thrombolytic therapies is also a critical factor in recovery from infarct [4]. In 

the longer term it is the nature of the cells comprising cardiac muscle that 

determines that the inevitable outcome is some loss of contractile tissue and 

hence of cardiac function.

The cells of the myocardial muscle have been widely accepted to be terminally 

differentiated i.e. these are cells that do not divide during adult life. Recent work 

by Kajstura et al [5,6] has suggested that this may not be the case in both 

normal and injured myocardium. In general, however and certainly in culture the 

cells of cardiac muscle have not been widely observed to re-enter the cell cycle 

and divide in significant numbers. The last cell division, which results in the 

complete complement of cardiac muscle cells, takes place 2-4 days after birth in 

the rat [7]. Once the process of cell division has ceased the heart can increase 

in size, both by the accumulation of non-myocyte cells and the increase in size of 

individual muscle cells.

It follows that contractile tissue that is irreversibly injured during the course of an 

infarct is lost. Necrotic tissue is replaced by the formation of scar tissue at the 

site of injury. The scar, which is generated by the synthesis of connective tissue 

is neither as elastic as the original muscle nor can it effectively transmit the

18



electrical signals controlling the regular co-ordinated contraction of normal heart 

muscle. The process of scar formation and the associated changes in the shape 

and size of the heart are termed remodelling.

Often scar tissue formed in the muscular wall of the left ventricle stretches over 

time, this results in further loss of contractile function and can lead to what is 

commonly described as heart failure. The wall of the left ventricle has become 

irregular in shape and may be distended. In this condition the filling and 

emptying of the ventricle is abnormal. Cardiac output is affected and normal 

oxygenation and blood pressure cannot be maintained. As a result peripheral 

tissues are not adequately perfused. Often the failure to maintain normal blood 

pressure without excess venous pressure results in the accumulation of water, 

especially in the lungs and in peripheral tissues.

The long-term prognosis for this condition is poor because the changes in scar 

tissue in the left ventricle are progressive.

Deaths from heart failure contribute to the overall mortality of ischaemic heart 

disease.

While large numbers of people live for many years while receiving treatment for 

ischaemic heart disease the consequences in terms of reduced quality of life and 

life expectancy are severe. In addition the cost to any society of widespread 

chronic disease is large, in terms of both the social and economic factors 

involved.

A greater understanding of the processes leading to and underlying the clinical 

symptoms of ischaemic heart disease is required. Investigation of the molecular 

biology of the heart and coronary blood vessels will help towards furthering the 

accurate diagnosis and effective treatment of the genetic diseases of the 

cardiovascular system.
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At the same time this approach could lead to a greater understanding of the 

changes that occur in the cells of injured cardiac muscle. The molecular 

biological approach has shown potential in a number of strategies to the 

treatment of heart disease. These include the development of genetically 

modified donor animals for xenografting [8], targeted drug delivery systems, the 

use of recombinant proteins and gene therapy approaches. A deeper 

understanding of the effects of ischaemic injury on the heart will make it possible 

to devise novel therapeutic strategies.

1.2. PRECONDITIONING 

1.2a. The discovery and description of ischaemic preconditioning

In 1986 Murry, Jennings and Reimer [9] published the findings of a study 

conducted in in-vivo dog hearts. They described a series of experiments in 

which short periods of ischaemia followed by reperfusion conferred protection on 

the heart against the lethal consequences of a subsequent period of sustained 

ischaemia. They called this phenomenon preconditioning myocardium with 

ischaemia.

The experiments conducted by Murry et al were designed to test the hypothesis 

that intermittent periods of brief ischaemia followed by reperfusion might reduce 

the extent of ischaemic injury sustained during a longer ischaemic episode.

They had previously observed that several short periods of ischaemia followed 

by reperfusion did not result in necrosis. In addition they had observed that 

several episodes of brief ischaemia and reperfusion slowed the rate of ATP 

depletion in tissue subjected to a subsequent episode of prolonged ischaemia

[10].
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In their discussion Murry et al address the possible mechanisms for the 

observed protection and conclude that these were, at the time, completely 

unknown.

The myocardium rapidly becomes ATP depleted during episodes of ischaemia

[11]. As a result of the change from aerobic to anaerobic glycolysis and the 

failure of perfusion to remove metabolites the concentrations of lactate and H+ in 

the extracellular space rise. Similarly the extracellular K+ concentrations 

increase. Based on these observations the protective effect of preconditioning 

in terms of limiting infarct size might then involve the conservation of ATP. 

Equally the removal of accumulated metabolites during the brief reperfusion 

could contribute to protecting against osmotic injury.

In addition to the biochemical changes noted in preconditioned heart tissue 

effects were observed in terms of the functional responses of hearts 

subsequently exposed to prolonged ischaemia. Following an ischaemic episode 

there are changes in the contractile properties of the heart. These changes are 

observed both in the in-situ heart and can be measured in the ex-vivo model, the 

isolated perfused heart.

One consequence of a period of ischaemia is the development of cardiac 

arrhythmias upon reperfusion, a potentially life threatening development in-vivo. 

Other observed alterations in function include a reduction in force of contraction, 

elevation of the ST segment of the electrocardiogram; changes in end diastolic 

pressure and shortening of the cardiac action potential.

In a review of preconditioning edited by Marber and Yellon [12] it is pointed out 

by Parratt et al that as early as 1950 a reduction in post ischaemic arrhythmias 

had been described in an experimental model using a sequential coronary 

ligation technique. It is also noted here that partial coronary occlusion prior to
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total occlusion had also been observed to reduce both post ischaemic ventricular 

fibrillation and elevation of ST segment [13].

Later it was demonstrated that the preconditioning regimen demonstrated by 

Murry et al to reduce infarct size could also prevent or reduce the development 

of post ischaemic arrhythmias [14].

It seemed possible that the mediators of ischaemic preconditioning that lead to 

conservation of tissue might also lead to conservation of function.

As a consequence of the observed benefits of preconditioning the fundamental 

molecular mechanisms for the protective effect have been the subject of much 

investigative effort. As yet no definitive model of the processes leading to 

protection exists.

1.2b. Classical preconditioning

Murry et al also noted the transitory nature of the protection they had observed. 

After 180 minutes in the anaesthetised dog model used by this group the 

protection, measured as reduction in infarct size within a defined risk area, 

disappeared. This led them to state that preconditioning delayed rather than 

prevented cell death in tissue subjected to sustained ischaemia.

This brief, transitory protection has come to be known as early or classical 

preconditioning.

It was noted by Murry et al that such a powerful protective response, reducing 

the infarct size in the dog heart by 40% [6] might have therapeutic potential. 

Within a decade of the original report of ischaemic preconditioning the 

phenomenon had been observed and described in the rabbit [15,16], pig 

[17,18,19] and rat[14,20,21,22] and possibly in humans [23] and human tissues 

[24].
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In addition the protective effects of preconditioning had been demonstrated in a 

number of different tissues including rat brain [25], liver [26]and porcine skeletal 

muscle [27].

The discovery of this effect stimulated a great deal of interest. A search of the 

literature between the publication of Murry, Jennings and Reimers paper in 1986 

and the time of writing produced an extensive list (> 1000) of publications citing 

preconditioning in either title or text.

This large body of literature represents the reports of studies involving every 

aspect of ischaemic preconditioning, prevalence, distribution, duration, 

mechanism and therapeutic implications [28 Review].

The sheer size of the literature is an indication of the interest aroused by the 

phenomenon of preconditioning.

1.2c Proposed mechanisms of classical preconditioning

The mechanism of a cellular response to a change in the external environment 

can be broadly divided into three components, trigger, mediators and the end 

effector or effectors.

The primary trigger for ischaemic preconditioning is one or more brief periods of 

ischaemia and reperfusion.

Adenosine

Downey’s group [15] proposed that substances released during the 

preconditioning ischaemia were responsible for the protection observed during 

the subsequent long ischaemia. An increase in the rate of ATP hydrolysis was 

observed during the short ischaemic episode leading to preconditioning. This in 

turn was responsible for a large, local increase in levels of adenosine and
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adenine nucleotides. As a result of this observation the possible role of 

adenosine in the preconditioning effect was investigated. Downey’s group then 

proposed the hypothesis that adenosine was the natural trigger for 

preconditioning in the rabbit heart. If this was the case then giving exogenous 

adenosine or adenosine receptor blockers would respectively mimic or block the 

protection seen in preconditioning.

Studies by a number of groups have confirmed the role of adenosine in 

preconditioning in the rabbit [15] pig [19] and dog [6] but the role of adenosine in 

preconditioning in the rat remains controversial [29,30].

To begin the process of elucidating the mediators between the preconditioning 

stimulus and the protective effect it was necessary to identify the cell surface 

receptor involved. Fu et al [31] and Thornton et al [32] independently 

demonstrated that preconditioning could be blocked with the use of pertussis 

toxin. These results suggested that the adenosine receptor subclass involved 

were coupled to a Gi/G0 protein. It was also shown that a number of agonists 

that function via receptors coupled to this class of membrane protein could also 

mimic preconditioning.

Triggers acting via the G-protein coupled receptor family that have been shown 

to mimic preconditioning include bradykinin [33], catecholamines [34] and opiods 

[35,36,37].

Protein kinase C

Identifying the nature of the receptor mediating the response meant that it was 

now possible to begin the process of elucidating the cellular pathways leading to 

preconditioning. The signalling pathway downstream of G-protein coupled
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receptors involves the activation of protein kinase C (PKC) via diacylglycerol 

(DAG).

An outline diagram of the proposed early steps in the signalling pathway is 

shown in figure 1.1.

Although the arrows in the diagram represent possible steps in the signalling 

pathway the relationship between these steps remains largely unconfirmed. It is 

not clear whether or not additional intermediaries are present between these 

stages in the events leading to preconditioning.
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Figure 1.1. First steps in elucidating the signalling pathway leading to ischaemic 

preconditioning.
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The term protein kinase C (PKC) refers to a family of threonine/serine kinases. 

These enzymes phosphorylate protein substrates at sites containing threonine or 

serine amino acid residues. The PKC family consists, at the time of writing, of 12 

isoenzymes, divided into three groups.

Conventional PKC (cPKC) isoforms are activated only in the presence of Ca2+ and 

DAG. Novel isoforms (nPKC) are Ca2+ independent and the atypical isoforms 

(aPKC) are independent of both Ca2+ and DAG for activation. In each case the 

classification is based on the regulator molecules known to activate the isoform 

concerned. The members of the PKC family of isotypes identified so far are as 

follows:

Conventional PKCs: a, pi,(32, and y 

Novel PKCs: 5,e,£,r| and 0 

Atypical PKCs: i,X and 11

The precise role of each isotype is not yet known. There appears to be 

considerable overlap of function between the different isotypes with more than 

one isotype involved in preconditioning [38,39].

Expression of the different isotypes of PKC has been demonstrated to differ 

between tissues and this variation may hold some clue as to the roles of the 

various molecules in different signalling pathways.

The PKC isoform profile expressed in whole rat and rabbit heart [40,41]. heart has 

been determined by using immunoblot and western blot analyses. With the 

exception of nPKC 6 all of the conventional and novel isotypes were identified in 

the rabbit heart. The atypical isotypes were not measured as Ping et al [41] were 

not able to obtain specific probes for these molecules. The measurements 

obtained indicate that the cPKCs a and yand the nPKC eare the quantitatively 

predominant isotypes present in rabbit heart.
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At the time of writing it remains to be determined which are the predominant 

PKC isotypes in each different cell population in the heart.

The activation of PKC was confirmed as one of the mediators of the 

preconditioning response when substances known to block the action of PKC 

were seen to also block the protection conferred by preconditioning. 

Preconditioning has been shown to be abolished by staurosporine and 

polymyxin in the rabbit heart [40],and chelerythrine in the rabbit [43] and rat [44].

It must be noted that the selectivity and specificity of some PKC antagonist 

compounds is not yet fully characterised.

In addition the use of phorbol esters that enhance the activation of PKC were 

shown to mimic preconditioning in the rabbit [45] and in the rat [44].

Events in the signalling pathway downstream of the activation of PKC are far 

from clear. Investigations into the mode of action and possible targets for PKC 

in the preconditioning response have led to differences of opinion.

It has been proposed that the translocation of PKC to specific sites in the cell is 

necessary for its activation [46,47]. Others have produced experimental 

evidence disputing this view [48,49].

The questions pertaining to the mode of action of PKC in preconditioning remain 

open. Whether the apparently contradictory results obtained by different studies 

are due to differences in the models and methods used also remains to be 

resolved.

It is clear, however, that the activation of PKC forms a nexus point feeding into a 

number of signalling pathways.
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Metabolism and metabolic intermediaries in preconditioning

It has been proposed and demonstrated in several studies that PKC can activate 

the enzyme ecto-5’-nucleotidase in the canine model of ischaemic 

preconditioning [50], This enzyme represents an important step in the generation 

of adenine nucleotides. The enzyme dephosphorylates adenosine 

monophosphate (AMP) to adenosine and guanosine monophosphate (GMP) to 

guanosine. Its role in the generation of adenosine may suggest that it also plays 

a part in the initiation of the preconditioning response.

The protection due to brief ischaemic episodes and called classical 

preconditioning appears over a short time course and there has been much 

speculation about the possible end effectors for this response.

Some events that modify the behaviour of the cell can take place very rapidly. 

Examples are the activation of an existing protein pool by phosphorylation or 

other forms of post-translational modification such as glycosylation, the 

translocation of an effector substance from one cellular compartment to another 

or the rapid upregulation of protein synthesis.

A candidate for the end effector in early preconditioning that has been proposed 

by a number of investigators [51,52,53,54], is an ion channel present in the 

membrane of cardiac myocytes that appears to be involved in the stress 

response.

ATP-sensitive potassium channel

Several studies have reported that blocking the opening of the ATP-sensitive K+ 

(K a tp ) channel abolishes ischaemic preconditioning.
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The K a tp  channel, an outward potassium channel that is both voltage gated and 

gated by the levels of ATP was first identified in cardiac myocytes by Noma in 

1983 [55].

When the levels of ATP present in the cell fall, as they do in ischaemia, the 

reduction results in opening of the K a tp  channel and an outflow of K +.

The other metabolic intermediaries that have been shown to open this channel 

include adenosine and low pH,[56] ADP has also been shown to block K Atp  

opening and to compete for the inhibitory binding site on the channel protein with 

ATP.

It is difficult to discern what the beneficial effect of an efflux of K+ might be for the 

cell. The result of an outflow of K+ is a reduction in membrane potential and 

consequently a shortening of the action potential. This is associated with the 

early repolarisation of the membrane leading to the elevated ST segment seen in 

the ECG during ischaemia. On this basis the effect of enhanced K a tp  opening 

would appear to be to exacerbate injury.

One common observation in tissues that have received an ischaemic insult is the 

increase in extracellular levels of K+.

The picture with respect to the role of the channel in preconditioning has been 

further complicated by the discovery of K a tp  channels in the inner membrane of 

the mitochondria [57]. These mitochondrial channels also appear to be involved 

in the protection due to preconditioning as evidenced by the opening of these 

channels mimicking preconditioning.

Pharmacological characterisation of the mitochondrial channel has shown that it 

can be manipulated using some of the same substances that have been 

demonstrated to act on K a tp  in the cell membrane [58]. Using 5 -  

hydroxydecanoate (5HD) at the appropriate concentrations to block the
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mitochondrial channel has been demonstrated to abolish protection [59]. This 

blocker has been shown to abolish protection in a whole animal model of 

ischaemia [60].

It is unclear why the opening of this channel and the resultant swelling of the 

mitochondria exerts a protective effect on the response of the cell to ischaemia.

It is possible to speculate that the changes resulting from opening of the 

mitochondrial K a tp  channel are in some way involved in the conservation of ATP 

associated with preconditioning.

K a tp  channel blockers glyburide and 5 HD have been shown to block the 

protection due to ischaemic preconditioning in rat [61] rabbit [53] dog [51,53,62] 

and in human tissue [24].

Also bimalkalim a substance that is known to activate K a tp  has been shown to 

mimic preconditioning in the dog [63]. Furthermore PKC has been shown to 

activate K a tp  channels when applied in near physiological concentrations [64]. 

The involvement of PKC and the K Atp  channel permit a redrawing of the 

signalling map leading to early preconditioning.

Figure 1.2 illustrates one putative pathway to early protection
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Figure 1.2. Further steps in the possible signalling pathway for early 

preconditioning.

Studies performed using isolated, human atrial trabeculae as a model system, by 

Speechly-Dick et al [2 4 ] , demonstrated that glyburide, a K a tp  channel blocker not 

only abolished the protection due to preconditioning, but also blocked protection 

due to PKC activators. These results are highly suggestive of the scheme 

shown above in figure 1.2, but there remains little or no evidence regarding
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possible intermediaries in the path between PKC and K atp - In addition there 

remains no confirmation of whether the K a tp  channel in classical preconditioning 

is an end effector or a step in an as yet unidentified pathway.

The interactions of PKC with other kinases in signalling pathways leading to 

either modification of cellular processes or the up or down regulation of gene 

expression are being elucidated. It is considered likely that the alterations in 

gene expression brought about by the activation of transcription factors by 

kinase cascades are of more significance in delayed preconditioning. This view 

is in part supported by experiments performed using inhibitors of protein 

synthesis such as cycloheximide to try to block the onset of early 

preconditioning. It was found by Thornton et al that the prior administration of 

protein synthesis inhibitors did not block classical preconditioning in the rabbit 

[65].

The possible role of PKC in regulating gene expression will be discussed in the 

section of this introduction dealing with proposed mechanisms for delayed 

preconditioning.

Living organisms burn fuel in the form of carbohydrates and fats to generate 

energy. The energy generated is used to maintain the structures and function of 

the organism. The utilisation of fuel in the form of food takes place under two 

sets of conditions:

1. Aerobic metabolism in which oxygen acts as the final electron acceptor in the 

respiratory chain. The final breakdown products of aerobic metabolism are 

CO2 and H2O accompanied by the rapid generation of large amounts of the 

high energy phosphate compound ATP.
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2. Anaerobic metabolism in which, in mammalian cells, the breakdown of fuels 

to CO2 and H2O does not go to completion and instead the metabolic 

intermediary lactate is formed. This type of metabolism is far less efficient at 

generating ATP.

Heart muscle preferentially metabolises free fatty acids derived from the 

breakdown of triglycerides to generate ATP under conditions of adequate 

oxygenation. Where demand is high, oxygenation is poor or the supply of fuel is 

inadequate the heart muscle is able to utilise increasing amounts of other 

metabolic substrates to meet demand. The approximately 30% of normal 

cardiac demand fulfilled by glucose can increase and stored glucose in the form 

of glycogen is released and metabolised.

Levels of lactate in the tissue are diagnostic of the type of metabolism occurring 

in the heart. Under normal oxygenation lactate can be oxidised during the 

course of the glycolytic pathway leading to the TCA cycle, where oxygen supply 

is inadequate the route stops at lactate which then accumulates in the muscle. 

The accumulation of lactate denotes low oxygen levels and is termed anaerobic 

glycolysis.

The reduced rate of synthesis of ATP and the accumulation of lactate are both 

observed in the ischaemic heart.

It has been demonstrated that the brief periods of ischaemia / reperfusion that 

form part of the preconditioning stimulus reduce the accumulation of catabolites 

in the extracellular space during the long ischaemia, it is not clear whether this is 

part of the mechanisms of protection Van Wylen [66].

It has also been shown that during preconditioning ischaemia the glycogen 

stores in the heart become depleted and that the rate of regeneration of these 

stores is reduced during the early phase of protection [67]. The reduction of
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catabolite accumulation, particularly lactate and H+ associated with glycogen 

depletion may. be protective, in themselves. The role of glycogenJn. the response . 

to the preconditioning stimulus and the subsequent protection is far from clear. It 

has been shown that functional recovery after the long ischaemia is virtually 

independent of the state of glycogen stores prior to ischaemia and that glycogen 

depletion per se does not mimic the protection afforded by preconditioning 

[68,69].

The metabolic status of the myocardial muscle cell under conditions of 

ischaemia and reperfusion and particularly the role of cellular acidosis and the 

regulation of cytosolic H+ have been implicated in the mechanisms of 

endogenous cytoprotection. The intracellular pH is regulated to a large extent by 

the Na+ /  H+ antiporter. This electrically silent membrane bound ion channel 

responds to changes in cellular pH by exchanging intracellular H+ with 

extracellular Na+. The driving force for the antiporter is the sodium ion gradient 

across the membrane. The rise in intracellular Na+ is accompanied by an influx 

of water by osmosis and this is in turn dealt with by the Na+/ Ca2+ and Na+ / K+ 

ion exchangers. The assumption might be that both the potential for osmotic 

stress generated by the influx of sodium ion and the resulting increase in calcium 

influx would both contribute to the injurious effects of ischaemia. Inhibition of the 

Na+/H + antiporter and the resulting cellular acidosis during ischaemia have been 

shown to have protective effects against the injury seen on reperfusion. In 

isolated adult rat cardiac myocytes subjected to anoxia and reoxygenation the 

presence of an inhibitor of the Na+/ H+ was seen to delay the time to irreversible 

hypercontracture, the end point of cell viability used in the study [70] and 

similarly to delay or prevent the analogous response in the whole heart [71]. 

However the relationship of the protection observed on inhibition of
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the antiporter, the role of glycogen depletion and residual glucose availability in 

cellular acidosis and what, if any, part these mechanisms may play in the 

phenomenon of preconditioning remains unclear [72]. Some investigators have 

demonstrated that the protection seen with blockade of the Na7 H+ is at least 

partially additive to that seen with preconditioning [73],a result suggestive that 

these are parallel, but separate mechanisms * It is interesting to note that ^  

investigations into the role of the Na7 H+ antiporter in the secretory functions of 

specific cells it has been suggested that the channel may be activated by DAG 

activation of PKC. This, if it is generally the case, offers a mechanism for the 

activation of the channel that is linked with the known early steps in signalling 

leading to preconditioning [74].

It would appear from the current state of knowledge that the metabolic 

consequences of brief preconditioning ischaemia and reperfusion may be part of 

the process, but do not seem to represent possible end points for the observed 

protection.

1.2 d Delayed preconditioning

It had been observed some years before the description of ischaemic 

precondition that Drosophilla melanogaster exposed to higher than optimal 

temperatures for short periods could survive for longer when re-exposed to the 

same adverse conditions [75]. Thermotolerance, as this phenomenon was 

called, was subsequently demonstrated to be conferred by the increased 

synthesis of a family of proteins, the heat shock proteins (Hsps), belonging to 

class of proteins called chaperones [76]. The chaperone proteins play an 

important role in the correct post- translational folding of newly synthesised 

proteins [77].
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As a result of the role of the chaperones in thermotolerance it was proposed that 

these proteins also played an important part in the salvage and refolding of 

proteins damaged or partially denatured during physiological stress. In 1993 

Dillmann and co -  workers [78] described a rise in heat shock protein in isolated 

neonatal cardiocytes following prolonged hypoxia.

Subsequently this group and other workers continued examining the role of Hsps 

in myocardial protection discovered that heat stress conferred protection against 

ischaemic injury and that this protection was associated with a rise in Hsp 

expression [79]. The rise in protein expression due to heat stress occurred 24 

hours after the initial stimulus and this phenomenon was termed delayed 

protection.

Two groups investigating the role of Hsps in myocardial protection observed this 

delayed period of protection from ischaemic injury. In the rabbit [79] Marber et al 

observed that both ischaemia and heat stress generated an elevation in Hsps 

associated with delayed protection against ischaemic injury, measured as infarct 

size. In the dog Kuzuya et al described a reduction in infarct size measured 24 

hours after a sub-lethal ischaemia [80] having previously described elevation of 

endogenous antioxidant activity 24 hours after sub-lethal ischaemia in the same 

model [81]. This delayed resistance to infarction was termed the second window 

of protection (SWOP).

Some confusion in respect of terminology attaches to the phenomenon of 

preconditioning. Many reports (too numerous to mention) dealing with the 

characteristics of the second window of protection continued for some time to 

use the term preconditioning. Others immediately adopted SWOP or delayed 

preconditioning and a little later the term adaptive cytoprotection appeared. 

Throughout this thesis the term preconditioning is used when referring to early /
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immediate protection and the term SWOP will be used when referring to delayed 

protection.

1.2e Proposed mechanisms of delayed preconditioning

The immediate or classical preconditioning response may be mediated by 

activation of, rather than synthesis of subcellular components. The longer time 

course of delayed preconditioning implied that the cells have a ‘memory’ of the 

preconditioning stimulus persisting over a time course of days.

The heat stress proteins

The synthesis of new proteins is a possible mechanism for this ‘memory’. 

Alterations in the regulation of gene expression have been regarded as a 

candidate mechanism for the second window of protection [82, 83]. 

Demonstrating that this is the case would require the measurement of increased 

amounts of active protein and that this increase was the result of new protein 

synthesis. It has been shown that mRNA for Hsps 27,70 and 89 was 

upregulated in response to preconditioning with ischaemia, but did not result in 

expression of significantly increased amounts of protein [84]. Conversely 

several groups have shown that heat stress proteins produced in response to 

hyperthermic stress protect against ischaemic injury, in cultured neonatal 

myocytes [85,81], and in adult rabbit, Marber et al. [79,86,87]. In favour of the 

role of Hsps in delayed preconditioning is the evidence that the overexpression 

of exogenous genes for these proteins in transgenic mice[88] and in transfected 

primary cardiac myocytes and myogenic cells©9,90] confers protection against 

ischaemic injury. The possible role of heat stress proteins as end effectors in the 

pathways of late preconditioning has been supported by much of the
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experimental [91,92,93,94] evidence although it is clear that these are not the 

only mediators of protection, the upregulation of these genes in early 

preconditioning has not been demonstrated and not all investigators have found 

protection associated with increased Hsp expression [95].

The phenomenon of delayed preconditioning has an unusual property. This 

appears to be an adaptive response to a stimulus that has ceased to be applied 

some time before the response appears. It seems possible, therefore that the 

initiating signals for the delayed response are the same as those for the early 

response. It is the events taking place downstream of the primary cellular 

responses that are responsible for the distinction between early and late 

protections.

The more sustained protection observed in SWOP led several groups to begin 

investigating the underlying molecular mechanism of this effect. The longer time 

course of protection and the implied involvement of a relatively stable end 

effector or effectors increased the possibilities for finding a way of mimicking this 

protection using exogenous substances and thereby exploiting the protection in 

a controlled way for therapeutic applications.

To a considerable extent the steps in the pathways leading to the 

preconditioning responses, both classical and delayed are unknown. Several 

signal transduction pathways involving PKC have been at least partly elucidated, 

however there is much cross talk between pathways and the down-stream steps 

beyond the activation of PKC are by no means clear [96] (see figure 1.3).

In addition there is evidence that various pathways interact at points along the 

cascade making interpretation of the sequence of events flowing from the 

primary stimulus ever more difficult. It may be that subsequent to the activation 

of PKC a variety of transcription factors may be activated and the effect of these
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is to upregulate (or possibly downregulate) the expression of a gene or genes 

involved in the cytoprotective response. However while this may well account for 

the second window response and explain its duration it remains to be 

demonstrated whether the time-scale of the response at the level of the genome 

is too great to explain the rapid onset and transitory nature of the response seen 

in classical preconditioning.

It has been shown that more than one signal will initiate the preconditioning 

response.

To summarise, it is widely accepted that the binding of an extracellular ligand to 

a G-coupled receptor initiates the process leading to the activation of PKC. The 

endogenous extracellular ligand may be adenosine [97], which freely diffuses 

across the cell membrane and is produced by the rapid degradation of ATP 

during an ischaemic episode. Other ligands demonstrated to initiate the 

protection due to preconditioning are bradykinin, angiotensin and exogenous 

triggers such as morphine. Adenosine analogues such as CCPA have been 

shown to mimic preconditioning in a number of models, rabbit heart [98], isolated 

rabbit cardiac myocytes [99,100,101], but only when applied prior to the long 

ischaemia suggesting that early activation of the pathway is required for 

protection [102].

Ligand binding to this class of receptors in turn activates membrane bound 

phopholipase enzymes that convert the membrane phospholipid 

phophatidylinositol bisphosphate (PIP2) to inositol triphosphate (IP3) and 

subsequently to diacylglycerol (DAG), [103].

At the end of this chain of events lies the possible translocation and activation of 

PKC. IP3 stimulates the release of saf£olemmal calcium and the rise in 

intracellular calcium is thought to be the stimulus for the translocation of cPKC8
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to the membrane where DAG activates it. (The accuracy of this scenario will 

largely depend on which isoforms of PKC turn out to be involved in the 

preconditioning response as isotypes within the atypical subclass of this kinase 

are not activated by either calcium or DAG).

As discussed in the earlier section on classical preconditioning the events 

downstream from the activation of PKC may include ion channel activation, 

metabolic regulation or pathways of kinase cascades leading to activation of 

transcription factors and gene regulation.

Many of the triggers for the protection observed in classical and delayed 

preconditioning have been identified.

The evidence suggests that, with the possible exception of models based in the 

rat, the primary endogenous trigger is extracellular adenosine. The signalling 

pathways mediating protection are being elucidated, with each step identified the 

route becomes more complex (see figure 1.3). As far as identifying the end 

effector or effectors of the protection conferred by preconditioning is concerned 

the field remains open.

The possible roles in early and late protection of metabolic intermediaries, 

membrane ion channels, phosphorylation cascades and gene regulation are as 

yet undetermined. That all of these different parts of the cellular machinery are 

involved is supported by some of the experimental evidence.

Differences in observations between models, between species and between 

protocols have yet to be resolved. Preconditioning and adaptive cytoprotection 

represent important mechanisms in the control of injury in ischaemic heart 

disease.

Full elucidation of and thereby developing means of exploitation of these 

mechanisms have yet to be achieved.
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FIGURE 1.3: Putative signal transduction pathways and sites of action of the 

preconditioning response in cardiac myocytes.
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1.3 MODELS OF ISCHAEMIC HEART DISEASE

There have been differences reported in the behaviour of rat and other animal 

models of ischaemic injury and preconditioning. The hypothesis that adenosine 

is the primary endogenous trigger eliciting an activation of PKC and leading to 

the protective response is widely accepted and has been demonstrated in a 

number of models yet in the rat the position of adenosine in the chain of events 

is unclear [104] although it is clear that the rat heart can be preconditioned and 

protection observed [20].

In addition to creating confusion species differences are a matter worthy of 

serious consideration. Variation between models may arise from differences 

between levels of complexity i.e. whole heart, isolated muscle or isolated cells. 

They may arise from differences in the age [105] and stage of development of 

the subject animal i.e. foetal, neonatal, immature adult or mature adult. They 

may arise from experimental procedures, which, if any anaesthetics are used, or 

may be due to real differences in the physiologies of the animals concerned. 

Because of the utility of the laboratory rat as a source of experimental modelling 

systems a great deal of work in the field of ischaemic preconditioning has been 

done in this species. It is clear that the mechanisms of preconditioning persist 

throughout the animal kingdom from very early forms of life [106] and appear to 

have been conserved through the process of evolution to humans. It would be 

unreasonable to suggest that the mechanisms involved are unique to each class 

of organism, but they may not be identical. These are arguments that should be 

considered whenever interpreting results obtained from a model. As well as 

pointing out the difficulties always involved in the extrapolation of data derived 

from the laboratory [107] they are powerful arguments in favour of working in the 

most relevant species whenever possible.
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The spontaneous development of atherosclerosis and ischaemic heart disease 

in the rodent has not been reported. This may be a function of shorter life-span, 

nutrition or factors not yet identified. Conversely the type of experimental 

protocols available in animal models e.g. brief periods of ischaemia prior to the 

sustained, injurious ischaemia are not available in the clinical setting.

Although it is possible that animals closely related to human beings such as the 

primates may have the capacity to develop ischaemic heart disease 

spontaneously [108,109] there is no indication that the disease and its 

associated disorders form any part of the normal life processes of these 

animals[110]. On the basis that primates are the closest living relatives to 

humans these animals represent an excellent candidate species for a laboratory 

model. With a long life expectancy, for chimpanzees in excess of thirty years, the 

time scale is too great.

Representatives of the more usual animal model systems such as rats, guinea 

pigs and mice have been specifically bred or genetically engineered to exhibit 

signs and symptoms similar to those characterising various aspects of 

cardiovascular disease as described in humans [111], examples are the 

hypertensive rat [112] and genetically obese rats and mice [113].

Such models are generally designed to investigate one aspect of heart disease 

or a known risk factor such as obesity.

1.3a Whole animal models.

Using models of ischaemic injury and infarction based on anaesthetised or 

conscious whole animals such as the pig [114], dog [9], rat [115] and open-chest 

rabbit [116] has led to a number of important discoveries. The effects of
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ischaemia on the heart, vasculature, haemodynamic parameters and survival 

have all been studied extensively in whole animal models.

The characterisation of ischaemic injury in these models has enabled studies to 

be conducted exploring the efficacy of a range of interventions. The roles of 

early reperfusion and thrombolytic therapy in post infarct survival have been 

tested in animal models [117,118], but the overwhelming body of data collected 

in respect of this type of intervention has been based in clinical practice [Nee 

1977 review [119].

Both methods of investigation have led to advances in therapeutic approaches to 

the early treatment of heart disease.

Living organisms are complex interactive systems in which individual 

mechanisms are difficult to identify. While the influence of interactions on the 

outcome of any modification or perturbation of a system is a vital component to 

fully understanding the system it, at least initially, makes interpretation of 

experimental results difficult.

To dissect out mechanisms the use of simpler systems is often preferable, 

although an acknowledgement that the simplification is itself a negative as well 

as a positive characteristic of such systems is necessary.

For the modelling of biochemical and molecular biological parameters within the 

tissues of the heart and within specific cell populations in those tissues the whole 

animal model becomes too cumbersome.

1.3 b Ex-vivo whole heart and isolated muscle preparations

The isolated whole heart as a model has been an invaluable investigative tool 

since the very first report of its successful sustained use in an experimental 

setting by Langendorff. The use of in-vivo models has advantages in terms of
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avoiding oversimplification and retaining many of the levels of interaction present 

in life. The disadvantage of the in-vivo heart, as with all in-vivo models, are the 

difficulties incurred in controlling for the large number of variables present in a 

complex system.

The isolated, perfused heart is a useful modelling system for measuring the 

effects of inadequate perfusion. Mimicking myocardial ischaemia by restricting 

the flow of perfusate to the isolated heart and the measurement of infarct size, 

arrhythmia, diminished contractility and enzyme release have all been used as 

endpoints on injury.

Additional isolated tissue models have been developed, these include the 

isolated papillary muscle preparation. The isolated superfused or perfused 

papillary muscle preparation has been used to investigate electrophysiological 

[120], mechanical [121], physiochemical [122] and pharmacological [123] sequeli 

to simulated ischaemia and protective interventions in both crystalloid [120] and 

blood perfused [121] models. Tissues for this preparation have been derived 

from both laboratory animals including ferret, guinea-pig and rabbit and from 

humans.

Most isolated tissue preparations are perfused with carefully formulated 

crystalloid buffer solutions that are saturated with oxygen by directly gassing the 

solution. The stability of these preparations is short, in part due to crystalloid 

perfusion. Superfused tissue preparations may become under perfused a short 

distance from the surface of the tissue.

Perfusing isolated tissues with blood is one way to ameliorate these difficulties 

and is a technique that has been used to extend the life of such preparations 

during investigations of the mechanisms of ischaemic injury [124]. The life of 

isolated tissue preparations remains one of several hours, where investigations
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involve determinations of changes in gene expression this time scale is much too 

short.

1.3c Experimental models based in humans and human tissues.

In one sense all of the clinical procedures undertaken in the prevention and 

treatment of ischaemic heart disease represent experimental models. The 

precise aetiology and fundamental mechanisms of heart disease remain 

uncertain. However the objective of clinical intervention is to improve the 

situation for the patient, no procedure can be carried out in this arena simply to 

obtain information. It has been suggested that preconditioning exists in humans. 

The procedure known as coronary angioplasty where the obstructed coronary 

vessel is dilated mechanically by inflating a balloon catheter in the affected artery 

has provided one human modelling system for preconditioning. During this 

procedure the artery will be partially or completely obstructed as a consequence 

of the balloon inflation. Several studies of the effects of short sequential 

occlusions during angioplasty have been conducted since the introduction of the 

technique to clinical practice. Determination of whether the human myocardium 

displays adaptation to the ischaemic episodes during angioplasty has created 

controversy. The end points for measurement of adaptation such as less patient 

reported pain, reduction in ST segment shift of the ECG [23] and reductions in 

the release of lactate or adenosine nucleotide [125] have all been used. 

However the situation in humans is complex, the many studies conducted on 

patients undergoing angioplasty have failed to generate a consensus as to 

whether preconditioning has been observed. Improvements in blood flow due to 

the recruitment of collateral vessels [126] could account for the increased 

tolerance to subsequent balloon inflations after the initial occlusion, objective
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measurements of such as left ventricular contractile function, ECG changes and 

the presence of metabolic indices of injury [127] have not generated agreement. 

The presence in all of the patients recruited to these in Asand studies of 

symptomatic cardiovascular disease means that the heart and vasculature may 

already have undergone processes of adaptation to ischaemia and there is no 

possibility of conducting such studies in normal healthy human subjects.

It is also a common procedure to induce a brief period of global ischaemia during 

open-heart surgery using a technique called aortic cross clamping. During this 

brief occlusion the process of cardioplegia, or induced cardiac arrest is initiated. 

Temperature is reduced and / or high potassium ion concentrations or specially 

formulated crystalloid solutions that maintain the myocardium, but stop beating 

are introduced to allow the surgical procedure to be conducted. It has been 

reported [128] that cross clamping acts as a preconditioning stimulus in the 

human heart and that postischaemic recovery is improved by serial brief periods 

of cross-clamping.

The end point measured in studies involving humans has on occasion been the 

conservation of ATP. In other, laboratory based, studies it has been suggested 

that ATP conservation is not a good index of functional recovery after ischaemia 

[129,130]. The development of infarcted tissue does not normally occur in the 

context of the clinical applications of preconditioning. The comparison therefore 

of this situation with the endpoint of preconditioning frequently used 

experimentally i.e. infarct size is a difficult one to make.

As with the situation during angioplasty it is not entirely clear whether 

preconditioning is responsible for protection observed during cardiac

surgery.

48



1.3d The role of cellular models of ischsemia

E.B. Wilson wrote, in his work on the biology of the cell: The Cell in Development 

and Inheritance that “ The key to every biological problem must be sought in the 

c e l l T h i s  observation remains valid over six decades after it was written.

The individual cell can be viewed as the smallest representative functional unit of 

the living tissue of which it is part. For this reason the use of cell culture as a 

means of constructing model systems for the investigation of biological 

phenomena is an approach that has been growing in both range and size.

In cultured, terminally differentiated cells the multitude of interactions between 

cells of the same and different types and the array of signals from local and 

remote sources are frequently absent. As a consequence tissue culture 

represents a highly reductionist model of otherwise bewilderingly complex and 

interactive systems.

To develop a model of a disease specific to a living tissue such as ischaemic 

heart disease at a cellular level calls for a cautious approach. Nonetheless it is 

at the level of the cell that the potential for creating experimental models of 

ischaemic heart disease in humans exists.

A number of investigations have been conducted into the electrophysiological, 

metabolic and mechanical properties of cells derived from adult human heart 

tissue using acutely isolated adult cardiac myocytes [131,132,133]. Acutely 

isolated cells persist for only short periods and this has limited the nature of the 

investigations that could be conducted.

Several researchers have tried to develop long-term culture systems for human 

derived cardiac myocytes, these have either involved attempts to transform the 

cells to derive a stable cell line [134,135] or the use of immature cells derived 

from embryonic or neonatal tissues [136].
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The successful isolation of adult human cardiac muscle cells [137] from material 

obtained from biopsy and transplantation procedures has opened the possibility 

of modelling in adult human tissues. The culture of cells obtained from these 

sources has not been reported.

Several difficulties exist in developing the techniques for culturing adult human 

myocytes. The material can be difficult to obtain, the atrial appendage is often 

removed during coronary artery bypass surgery and this material has provided 

tissue for isolated muscle and cell preparations. Speechly-Dick et al 1995 [24] 

reported a model of ischaemia and preconditioning using the human papillary 

muscle derived from atrial tissue made available during bypass surgery. 

Ventricular biopsies are carried out, although this procedure will generally result 

in the procurement of small amounts of tissue that are from regions of the 

ventricular wall affected by disease. Similarly transplant heart tissue from the 

recipient is unlikely to consist of entirely normal and healthy tissue. Healthy 

human ventricular tissue is not a readily available resource.

Cell culture offers the opportunity to do a great deal with very little material, but 

to develop a model of ischaemic injury and preconditioning in cultured adult 

cardiac myocytes that can have application in human tissues it is necessary to 

first build the model using a more readily available resource. This is part of the 

aim of the study presented in this thesis.

The level of simplification represented by working in cell and tissue culture 

represents both the major advantages and disadvantages of these modelling 

systems.

The absence of intercellular interaction permits the direct observation of the 

effects of any stimulus on the functioning of the individual cell and provides the 

opportunity to dissect out responses at the sub-cellular level. The ability to
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investigate the mechanisms of interaction between the external environment and 

the living organism down to the level of the genome is unique to cellular 

modelling systems. The examination of cellular responses to specific stimuli 

under controlled conditions is the objective that the model described here has 

been developed to permit.

A modelling system fully developed for use with adult cells could create the 

opportunity to work with material derived from humans.

1.3d Existing cell based models

Armstrong et al 1994 [44], Cave et al [138]and Ikonimides et al 1997 [136] have 

described models of ischaemia and reperfusion injury in isolated cells.

In the Armstrong and Ganote pellet model adult rabbit cells were isolated and 

treated acutely and in the studies conducted by Ikonimides et al the cells used 

were derived from foetal human hearts and continuously cultured.

Ischaemic heart disease is amongst the most common causes of death in the 

United Kingdom, it is largely a disease of adults and as such a model that is 

based on the adult heart is the more appropriate method of investigation.

Some of the consequences of ischaemic injury such as the changes in gene 

expression in cardiac myocytes [139] may occur over periods of days rather than 

hours. It is clear that whatever mechanism represents the memory of the initial 

stimulus that leads to delayed preconditioning persists or acts over at least 24 

hours.

In order to address the mechanisms of injury and to investigate possible 

interventions to reduce or prevent injury a modelling system that is stable for this 

period of time is needed.
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1.3f A definition of ischaemia at the cellular level

In 1994 an editorial entitled ‘Myocardial ischaemia: can we agree on a definition 

for the 21st century?’ appeared in Cardiovascular Research [140]. The author, 

Professor DJ Hearse had sent a request for a definition of myocardial ischaemia 

to 33 eminent cardiologists. The article provides abstracts of the replies returned 

by 31 respondents. No two replies are the same although several are at least 

similar. Given the difficulty encountered in trying to define ischaemia in its 

‘natural habitat’ there is an element of impossibility about trying to do so in 

captivity.

The term ischaemia can be taken to mean the failure, total or partial, long or 

short-term of perfusion to an organ or part of that organ.

Even this simple definition cannot accurately be applied to the cell on a tissue 

culture plate, which is not perfused, but maintained in a static and largely 

invariant environment.

One definition of ischaemia is that used by Opie [141] which describes 

ischaemia as the situation resulting from metabolic demand exceeding supply. 

Others such as that provided by John Ross and Joanne Ingwall emphasis 

inadequate perfusion and cite the conditions existing in the tissue during 

ischaemia.

The conditions listed include the accumulation of extracellular lactate, reduction 

in pH, energy depletion and decreased oxygen tension. Using these definitions 

a simulation could be devised and applied to cells in culture to generate an 

acceptable analogy to ischaemia.
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1.4 GENE TRANSFER

1.4a. The scope of gene transfer techniques

Selection of a gene transfer method or vector is dependent on the ability of the 

vehicle to enter the target cell, the amount of space available in the vector for the 

gene of interest with its necessary regulatory sequences of DNA. In prokaryotic 

genomes the expression of groups of genes,or operons are regulated in tandem 

by sequences of DNA known as promoter/inhibitor sites that switch the 

processes of transcription on and off in response to cellular signals.

In eukaryotic cells the regulation of gene expression is more complex and less 

well understood. It is clear that in eukaryotes a single promoter sequence and a 

number of regulatory sequences regulate the process of transcription of any 

single gene. Regulatory sequences that respond to transcription factors and 

modulate gene expression may be adjacent to the protein coding sequence or at 

some physical distance from it [142].

The presence of apparently non-coding DNA or introns in eukaryotic DNA can 

often result in protein coding sequences existing in widely spaced segments. 

The net result of all of these characteristics of eukaryotic genetic material is that 

gene sequences can be large relative to the size of a gene transfer vector.

The available space in a vector is limited by the size of the vector, The amount of 

vector DNA required to permit penetration of the target cell and the size of 

regulatory sequences needed for transcription and translation of the imported 

genetic material.

A variety of vectors exist ranging from small circular sequences of bacterial 

extrachromosomal DNA termed plasmids, through virus particles to yeast 

artificial chromosomes (YAC’s).
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The sizes of available vectors vary and the choice of which is used will depend 

on a number of factors. Virus based vectors have the advantage of exploiting 

viral mechanisms for cell penetration, but because some of the virus 

characteristics are conserved may be immunogenic and able to take inserts of 

only limited size [143]. Other vector types may not interact effectively with the 

target cell resulting in very low transfection efficiencies [144] this is sometimes 

the case with liposome mediated gene transfer. Yet others, such as plasmid 

vectors may require modifications of the condition of the target cell membrane to 

gain access. In this instance the conditions required such as increased 

temperature or salt concentrations may be too severe to be well tolerated by the 

target cell. Where in-vivo gene transfer is the aim some of the available 

techniques for the transfer of DNA to target cell populations have no application 

at all.

Size limitation of some of the available vectors can result in the regulatory 

sequences normally present with the gene being omitted from the construct. 

This is particularly likely to occur where the open reading frame for the gene 

product is some distance from promoter or enhancer sequences in the original 

genome.

As a result of this and the frequent requirement for continuous expression, genes 

inserted into transfection vectors for gene transfer are often placed under the 

regulation of a powerful alternative promoters able to switch them on although 

not necessarily able to tightly regulate the expression of the gene. Unless 

specific regulatory sequences, termed response elements are incorporated 

alternative promoters cannot regulate the expression of a gene as would be the 

case in cells where it is normally expressed. The synthesis of mammalian DNA 

that contains only coding sequences for the desired protein, cDNA, has reduced
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space requirements for the insertion of mammalian genes into gene delivery 

vectors.

The general aims of gene transfer for gene therapy are to:

1. Express a protein in a cell in which it is not normally expressed, but 

considered beneficial.

2. To augment the expression of a protein that would normally be expressed, 

but either because of inherited or acquired insufficiency is functioning below 

optimal efficiency.

Supplementary to these general aims, but not unrelated are the application of 

genetic approaches to cancer treatment and targeted drug delivery.

Viral gene transfer vectors will often only efficiently transfer genes to cells that 

are actively replicating. Terminally differentiated cells are not a ‘desirable’ target 

for virus infection. The virus lifecycle exploits the replicative apparatus of the 

host cell and only few naturally occurring viruses will primarily infect non

replicating cells.

Two of these, the herpes simplex virus and the adenovirus have both been 

identified as able to infect non-dividing cells and transfection vectors also able to 

enter non-dividing cells have been derived from both. The development of a 

transfection vector requires primarily circumventing the viruses own agenda 

which is to infect the cell, modify the host cell genome and synthetic apparatus to 

the production of virus particles [145]. To achieve this sections of the virus 

genome are removed. These sections frequently include what are termed early 

genes. Deletion of these sequences deprives the virus of the ability to reproduce 

and thus render it non-infective in the classical sense[143]. The vector is able to 

enter a target cell but not to reproduce in it, such modified viruses are termed
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replication deficient. The deletion of viral early genes also provides space in the 

viral genome for the insertion of selected DNA.

In some instances additional viral DNA can be and has been deleted simply to 

make more room for the desired insert. It is fair to note that some level of 

mystery exists as to which sections of the viral genome are those vital to the 

process of entering the cell and which actually play an important role in the life 

cycle of the virus once it has infiltrated the cell.

Clearly the less viral genome that needs to be included in a vector the more 

additional material can be transferred to the cell. In addition the fewer viral 

proteins synthesised within the host cell the lower the risk of any subsequent 

immune response to either infected cells or repeated doses.

For the purposes of using the virus as a mechanism of gene transfer it is 

desirable to retain as little as possible of the original viral genome. Replication 

deficient viral particles that do not integrate into the host cell genome will persist 

in the cell for only a limited time conferring transient gene expression. Genetic 

material present in the cell that is not chromosomal in nature is termed episomal.

Quantification and qualifications

Levels of gene expression will be governed both by the nature of the promoter 

controlling the gene and the capacity of the host cell to tolerate the excess of 

gene product. It follows that individual cells in culture will express the gene 

product to different degrees. In addition the viral genome may however 

modified, continue to produce viral protein [143]. If any of the viral proteins 

synthesised by the vector are able to act as cell surface antigens the possibilities 

for repeated use of the vector are low. A second exposure to virus where cell
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surface antigens are present will elicit an immune response even though the 

virus has not caused symptomatic disease [146].

In a therapeutic setting the potential for transformed cells to become targets for 

the immune response represents a considerable difficulty. The use of an 

immunologically neutral gene delivery vehicle would overcome this problem.

An alternative strategy for avoiding the need for repeated exposure to a viral 

based vector would be to use one based on a virus that can integrate into the 

host cell genome. Retrovirus based gene transfer vectors with high tissue type 

specificity have been considered for use in human tissues [147] despite 

considerable advances in vector design it is not currently possible to precisely 

pre-determine the point at which a virus would incorporate into the mammalian 

genome. If the virus were to integrate within a protooncogene there is the very 

real risk that gene transfer using retrovirus based vectors could initiate 

tumorogenesis. Site directed integration is an area where research remains to 

be conducted.

Several non-viral gene delivery systems have been developed partly to avoid the 

problems associated with the introduction of virus and partly because some cell 

populations are refractory to viral vectors [148].

The experience of microbiologists and biotechnologists suggested it might be 

possible to transfer genes using naked DNA. This can be done in E Coli using 

heat shock or high concentrations of calcium phosphate to cause temporary 

permeabilisation of the cell wall and membrane. The techniques used for gene 

transfer to microorganisms however are often too aggressive for mammalian 

cells, which do not have a cell wall. Even in cells able to withstand the assault 

only low efficiencies of gene transfer by these methods have been reported. In 

bacteria, which reproduce rapidly low initial transfection rates are sufficient. As
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early as 1979 [149] the interaction between phospholipid monolayers, DNA and 

living membranes had been reported. The techniques for combining DNA with 

lipoproteins to form complexes that would attach to the cell membrane and 

stimulate absorption by endocytosis [148] were rapidly characterised and applied 

to a variety of cell types. The lipoproteins are termed liposomes although the 

term is also widely used to describe the lipoprotein-DNA complexes formed. The 

ability of liposomes to enter the target cell is dependent on the precise 

composition of the lipoprotein and its compatibility with the target cell membrane 

[149,150] The size of the complex will also have an influence on the ability of 

the target cell to absorb it.

Liposomal transfection has been successfully utilised for gene transfer to 

mammalian cells both in-vivo [151] and in mammalian cells [152] and cultured 

cell lines in-vitro [153]. Although some workers have reported problems with the 

use of this gene delivery vehicle in-vitro [154].

Other forms of non-viral transfection have been developed these include direct 

microinjection, virus and plasmid co-transfection, viral-plasmid conjugates and 

fairly recently synthetic integrin binding peptides. These peptides mimic the 

ability of viruses to bind to specific sites on the cell surface and stimulate 

endocytosis[155]. The clear advantage of this technique is that is makes 

exploiting the well developed viral techniques for gene transfer available without 

introducing any viral DNA into the cell at all. The peptides are mixed with 

plasmid expression vector containing the appropriate inserts and then simply 

added to the target cells.
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2.1 ANIMALS 

2.1a Animals, housing and feeding

For this work, male New Zealand White rabbits were used. Animals originated at 

Froxfield farm, Lincolnshire. Although the project relocated from University 

College to St Thomas’s hospital after one year all animals were supplied from 

the same breeding colony. Animals were ordered to arrive weighing 2.2Kg and 

were housed in the institutional animal house overnight or for a maximum of 

three days.

The animals were fed on standard rabbit / guinea pig diet supplied by B.K. 

Universal supplemented with fresh vegetables or a ‘chew’. All rabbits were 

housed individually in standard cages and supplied with food and water ad lib. 

No specific light-dark cycle was applied.

Room temperature was maintained between 18 - 20 0 C and critical humidity at 

55% +/. 10%. These conditions were continuously monitored. Animals were not 

fasted prior to procedures. All of the procedures carried out on these animals 

complied with Home Office guidelines.

2.1b. Animal handling

All animals were transferred between housing and operating areas by means of 

a carrying box. Rabbits were lifted by firmly gripping the scruff and supporting 

the spine. These procedures were followed to avoid stress that could introduce 

experimental variability.

2.2 ANAESTHESIA and PREPARATION FOR DISSECTION

The ultimate aim of the isolation procedure was to generate sterile cells for 

tissue culture. Although the use of antibiotics can permit cells that were not
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sterile at the time of plating to survive in culture it was clearly preferable to 

generate sterile cells. As a consequence the removal of the heart was carried 

out under aseptic conditions.

Prior to full anaesthesia, the animal was sedated with the veterinary sedative 

Hypnorm (Fentanyl citrate 0.315 mg/ml + Fluanisone 10mg/ml). To a rabbit 

weighing 2.2 - 2.5 Kg a dose of 0.8mls of this combination (0.25 mg Fentanyl 

citrate + 0.8 mg Fluanisone) was administered intramuscularly.

This combination of neuroleptic and narcotic produced effective sedation within 

1 0 - 1 5  minutes of administration. Once the animal was judged to be sedated it 

was lifted onto a clean operating area covered in two layers of surgical drapes. 

The top layer of drapes was used to wrap the animal and a butterfly cannula was 

introduced into the left ear vein. The cannula was attached to a 10ml syringe 

containing 5mls of 60mg/ml pentobarbitone sodium (Sagatal) and 0.1 mis of 

100IU/ml lithium Heparin; 1.0 - 1.5 mis of Sagatal / Heparin mixture was 

administered via the cannula and the condition of the animal monitored.

When there was no response to pressure to the hind limb the drapes were 

unwrapped, but left under the animal which was then turned onto its back. 

Under this level of anaesthesia there was complete loss of the righting reflex. 

The chest and abdominal area were then shaved using clippers and the fur 

removed from the preparation area with a vacuum cleaner.

Once the area was free of hair the chest and abdomen were sprayed with 

chlorhexidine in 70% absolute alcohol and the top layer of drapes was removed 

and discarded. The animal and operating area were now ready for the 

dissection to proceed.

Immediately prior to opening the chest the animal was re

61



covered with sterile drapes, sterile instruments were unpacked and the person 

performing the dissection applied sterile surgical gloves.

The remainder of the pentobarbital was then administered slowly via the ear vein 

cannula to kill the rabbit. The dissection proceeded immediately.

2.3 DISSECTION

The thorax was opened via an anterior mid - line incision. The rib cage was 

opened by cutting with scissors held parallel to the sternum. The ribs were then 

separated using a pair of retractors and the heart freed from the pericardium by 

gently snipping with scissors. The heart was then lifted forwards and downwards 

using the fingers so that the aorta could be clearly visualised and the aorta was 

cut as far from the heart as possible.

The heart was then freed from remaining blood vessels as quickly as possible 

and transferred to ice - cold, calcium free Krebs - Heinseleit solution containing 

120mM NaCI, 5.4 mM KCI, 5mM MgSC>4. 7 H2O, 5mM Pyruvate (sodium salt), 

20mM Glucose, 9.15mM HEPES (sodium salt) 20mM Taurine, pH adjusted to

7.2 at room temperature.

The heart was then rapidly transferred on ice, to a perfusion rig. The perfusion 

was initially conducted in the buffer as detailed above, all enzyme solutions were 

also made in this buffer.

The pH was adjusted at the appropriate temperature and the effect of dissolved 

enzymes on the pH was tested. No significant change in pH was observed in 

enzyme solutions.
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2.4 ENZYME EVALUATION AND BATCH TESTING

Collagenase to be used in the digestion of adult rabbit hearts was supplied by 

Lome Diagnostics. Worthington Biochemicals manufactured the reagent in the 

United States. The enzyme was extracted from the bacterium Clostridium 

histolyticum. A written report was provided with each batch of enzyme. Activity 

was reported as units per mg dry weight in terms of three main constituents of 

the lyophilised preparation. Units of activity were quoted as one unit being the 

amount of activity that liberated 1 jll mole of L-leucine equivalents from collagen 

in 5 hours at 37°C and pH 7.5.

Each batch varied slightly in the activity reported. The manufacturer was able to 

supply an aliquot of each batch for testing and would normally provide three test 

samples from batches with similar characteristics. An activity report as provided 

by the manufacturer is attached as an appendix to this thesis.

No correlation was ever observed between the stated activities of the enzyme 

components and the suitability of the batch for use. The information provided 

gave no discernible clue as to the effectiveness of any particular batch of 

enzyme. It was therefore necessary to perform isolations with a number of test 

samples of enzyme and select a batch on the basis of performance.

Once selected for use a particular batch could be bulk purchased or held by the 

manufacturer on reserve for up to one year. This procedure was followed 

several times throughout the course of this work.

Preparations of protease (Type XXIV, bovine) supplied by Sigma Chemicals 

were not batch tested and no variation in the performance of this enzyme was 

observed.
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2.5 MICROBIOLOGICAL SCREENING

The various protocols described above were conducted on different sites through 

both each individual experiment and during the conduct of the project. Initially 

the dissection was conducted in an ordinary laboratory in which a variety of 

animals were used and experimental procedures conducted. Although all cell 

preparation was conducted in a sterile field using a laminar flow cabinet 

contamination occurred and the organisms involved had to be excluded. In 

order to achieve this strictly aseptic techniques were applied and practised at all 

times. All glassware, solutions and suitable plastics were autoclaved, filtered or 

supplied sterile respectively, however problems continued and the option of 

using antibiotics was considered.

It was therefore necessary to identify the contaminating organisms and conduct 

an antibiotic resistance screen.

Blood agar plates kindly provided by the Medical Microbiology Department of 

University College Hospital were distributed around the bench surfaces in all 

areas in which this work was conducted.

The covers of the nutrient-coated plates were removed for a period of 60 

minutes then re-covered and collected. These were then placed in an incubator 

at 37°C, normal air, for 24 hours. In addition swabs were taken from surfaces 

inside the laminar flow cabinet and all surfaces that were utilised during the 

dissection, perfusion and isolation procedures and these swabs were applied to 

blood agar plates which were also incubated under the conditions described for 

24 hours. Finally an aliquot of visibly contaminated cell suspension was 

streaked onto a blood agar plate and sent to the medical microbiology 

department of University College hospital for an antibiotic resistance screening 

procedure.
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At the end of the incubation period the plates exposed to air and swab samples 

were examined for the development of visible bacterial or fungal colonies. On 

plates that had been exposed to air in the laboratory there were few if any 

colonies and those present were readily identifiable as colonies of Pseudomonas 

sp. Which appear as discrete, off-white, circular colonies.

The same organisms were identified on swabbed plates and by the microbiology 

department on the plate raised from the contaminated cell suspension. The 

medical microbiology department subsequently identified these as non- 

pathogenic organisms resistant to penicillin and streptomycin, but susceptible to 

gentamicin.

In consequence gentamicin at a concentrations of 10-25|LLg/ml [156] was added 

to all media used for cell isolation and culture. No further problems with bacterial 

contamination were encountered.

Later, after transferring to another site, the heart was removed, as described, in 

an operating theatre in the animal facility, the perfusion took place on a prepared 

bench area in a nearby laboratory and the cell isolation in a tissue culture 

laboratory adjacent to this. The same screening procedure was undertaken. No 

bacterial colonies were observed and the use of antibiotics was suspended.

In addition at intervals throughout the conduct of the research 0.5 ml samples of 

all stock solutions and the FCS provided by Gibco RL were added to 5ml 

aliquots of fresh tissue culture medium and incubated for 24 hours in a tissue 

culture incubator to check for contamination at source. After incubation the 

tissue culture plates used for this sterility check were examined under the light 

microscope.

Bacterial cells are generally too small for easy identification under the low 

magnifications available using light microscopy. The presence of large numbers
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of motile bacteria is readily apparent at x 100 magnification and the appearance 

of early fungal infection is also clearly visible. At this level of magnification single 

yeast cells appear as bright, flattened discs in the field of view.

2.6 WESTERN BLOTTING 

2.6a General Principle:

This technique, first described by Burnette 1981 [157], is used for the 

identification of proteins derived either from homogenates of whole tissue or 

lysates of cells in culture.

Protein separation is achieved by electrophoresis, the movement of charged 

molecules through an electric field. The commonest support media for 

electrophoretic separation are polyaci^lamide gels, which are chemically inert <  

and readily produced by the polymerisation of acrylamide. The pore size of the 

gel can be varied and acts as a molecular sieve to enhance separation.

Once separation is achieved the electrophoresed protein bands are transferred 

by electroblotting onto a nitro-cellulose membrane. Protein has a high affinity for 

nitro-cellulose.

The bound proteins can then identified by applying a specific probe. Antibodies 

are used as probes to identify proteins that have been transferred to a support 

membrane such as nitro-cellulose. In practice two antibodies are used in a 

“sandwich” with the primary, highly specific monoclonal antibody attached first 

followed by a second, polyclonal antibody that is labelled with a fluorescent 

marker.

The primary antibody both identifies and locates the protein while the secondary 

antibody provides a means of visualisation and amplification. Secondary 

antibodies are raised against the animal in which the primary antibody was
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derived for example if the primary antibody to the target protein was raised in 

mice the secondary antibody would be rabbit or rat antimouse. The secondary 

antibody can therefore be used to probe for any primary antibody raised in mice. 

In addition more than one secondary antibody molecule will bind to the primary 

as the secondary antibody is polyclonal, this polyvalent binding acts to amplify 

the signal from the activation of the fluorescent marker.

The labelled nitro-cellulose membrane is treated with a visualisation reagent and 

exposed to X-ray grade photographic film and a dark band appears where the 

protein was located. The use of control samples and standards of known 

molecular weight run on the same gels aid in confirming the identity of the 

visualised bands.

2.6b Western Blotting method:

Gels were poured vertically using plate forming apparatus (Bio Rad mini 

protean). Stacking gels for use in the mini-gel apparatus were made up as 3% 

w/v with respect to acrylamide. The purpose of the stacking gel is to focus the 

samples to facilitate separation. The running or separation gel was made at a 

concentration of 12.5% w/v with respect to acrylamide. Immediately prior to 

pouring the gel between the glass plates of the gel former apparatus the 

polymerisation reagent was added to the diluted, buffered acrylamide solution. 

Prepared samples that had been denatured with (3-mercaptoethanol and stained 

with bromophenol blue dye were applied to the electrophoresis gel in volumes 

determined by protein content ( see section on protein estimation). Gels were 

run at 65 V for two hours or until the bromophenol blue marker had reached the 

bottom of the gel. Electroblotting onto nitrocellulose gel was performed and 

bands were visualised by use of ECL reagent, (Amersham) the reagents in this
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system emits light via the interaction with the horse radish peroxidase bound to 

the secondary antibody.

Sample Preparation

Cells were treated for sample collection by using a lysis buffer containing 20% 

glycerol and 5% sodium dodecyl sulphate (SDS) in 0.12 M N-[2-Hydroxy-1,1-bis 

(hydroxymethyl)-ethyl] glycine (Tris) buffer at pH 6.8., 0.5mls of lysis buffer was 

applied to each well of cells to be collected for Western blot analysis and left in 

contact with the cells for 10 minutes. At the end of 10 minutes the resulting 

viscous solution was loosened from the well using a cell scraper. Finally an 

additional 0.5 mis of the lysis buffer was added and the suspension was pipetted 

into micro-centrifuge tube for storage. As the viscosity of the solution was high 

the pipette tip used for sample collection was trimmed with scissors a few 

centimetres from the tip and repeated pipetting was required to collect the entire 

sample. Samples were stored frozen until use.

For application to the electrophoresis gel samples were treated with p- 

mercaptoethanol at 20% v/v and heated at 100°C for 5 minutes to denature the 

proteins present. The treatment with mercaptoethanol reduces the viscosity of 

the sample and permits accurate pipetting.

Once cooled a small volume of the dye bromophenol blue was added so that the 

migration of protein down the electrophoresis gel could be followed by eye.

Protein determination

In order to compare the samples quantitatively it was necessary to ensure that 

the same overall amount of protein was applied to each well of the 

electrophoresis gel at the outset. A variety of simple protein estimations such as
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the Lowry or Bradfords colourimetric methods exist. However the detergent 

content of the lysis buffer would interfere with the commoner protein assays 

[158]. Estimates of the protein content were performed by running a protein 

loading gel and comparing the density of bands resulting from the same volume 

of each sample by using a scanned image of the loading gel and image analysis 

software (name). This method is approximate, but as gross changes in the 

expression of the proteins of interest would be visualised it was deemed 

adequate.

For the protein loading determination 1 OjllI of each sample was added to each 

well of the electrophoresis gel and electrophoresed at a constant 85V until the 

bromophenol blue stain had visibly reached the bottom of the gel. This had 

usually taken place in 2.5 hours when using a mini-gel apparatus.

The gel was then placed into a small tray containing coumassie blue stain that 

binds to protein and the gel was left to stain overnight.

After overnight exposure to the coumassie stain the entire gel was blue. 

Sequential washing of the gel with a de-staining solution containing 10% acetic 

acid, 50% methanol and 40% distilled water (v/v) removed all of the coumassie 

stain not bound to protein.

This procedure left a colourless gel in which blue-stained bands of separated 

protein could be clearly seen.

In Fig. 2.1 an example of the scanned image (NIH image software) of a protein 

loading gel and a table of the data yielded by the quantification technique are 

illustrated. To standardise the protein loading of each sample the value obtained 

from one sample on the protein loading gel was selected as the source of 

comparison. Each of the other bands was then compared with this one and the 

volume of sample to be applied calculated as follows: density of the selected
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sample (N), divided by density of the sample to be compared (X) and multiply by 

the volume of sample N to give the volume of sample X that would contain an 

equivalent amount of protein.

band no: 1 2 3 4 5 mwm 6 7

type: IB Vm C24 PC PC24 mwm C IH

Figure 2.1 Scanned image of a protein loading gel performed in preparation for

a Western blot analysis.

BAND

NUMBER

MAPPED

AREA/cm2

Sample Type Measured band 

density/arbitrary units

1 0.02 IB 138.64

2 0.02 Vm- freshly isolated cells 210.88

3 0.02 C -  experimental control 150.29

4 0.02 PC- Preconditioned 164.54

5 0.02 PC24-Peconditioned 24hs 

after PC

156.8

6 0.02 C24- Control 24hrs post PC 139.88

7 0.02 IH 102.93

Table 2.1 : The results generated by the image analysis software for band 

density. The molecular weight marker covered the range 14.3-200 Kilodaltons
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(Kd). standardisation was by comparing the uppermost band as viewed in the 

image, corresponding to a protein of approximately 150 -200Kd, myosin heavy 

chain.

2.7 CELL VIABILITY ASSAYS

1.5 Cell death and end points of viability.

Whilst it is simple enough to identify the loss of viable tissue in an injured organ 

by loss of function or the development of scar tissue, the apparently simple 

matter of defining when an individual cell is dead is fraught with difficulties.

The membrane surrounding the single mammalian cell is a fluid and complex 

structure that has evolved to maintain the internal environment of the cell in a 

different state from the outside world. When this primary barrier defining the 

internal from the external is breached is the cell dead?

Small breaches may be repairable and large ones fatal. What is large and what 

is small in this context? Even where the membrane is breached so that the cell 

can no longer maintain the internal environment if there are any energy reserves 

in the cell some of the processes of metabolism may continue for a brief period. 

What then is an appropriate and convincing measure of cell death and how can 

an ‘end-point’ be determined?

In the experiments detailed in this thesis the measurement of cell viability was 

conducted by measuring big and little holes in the membrane, using enzyme 

leakage and dye exclusion respectively. As for any remaining ability of the cell 

to conduct metabolic processes a substrate for dehydrogenase enzymes of the 

electron transport chain that is converted to a readily measurable coloured 

product by reduction has been used.
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Much disagreement is exhibited at meetings and in the literature in regard to end 

point selection and measurement and the only conclusion is that measurement 

of a single endpoint is insufficent.

A decision regarding what, for the purposes of an individual study, will be the 

endpoint must be made and adhered to.

In the very earliest experiments reported here during the development of a 

model of lethal ischaemia for cultured cells measurements of cell viability were 

undertaken immediately after, 30minutes and 1 hour after the protocols were 

applied. In these instances, although trends were observed no significant loss of 

cell viability was measured in treated cells when compared to controls. The 

model therefore is one of ischaemia / reperfusion injury.

The effect of culture conditions on the time-course of events has transpired to be 

considerable.

2.7a Trypan blue exclusion 

Principle:

Trypan blue is a relatively low molecular weight histological dye, 960.83d (Merck 

index reference 9701), that is soluble in water to form a deep blue solution. 

Trypan blue has been widely used as a stain for determining the integrity of 

biological membranes [159]. It is commonly assumed that the stain remains in 

the extracellular space if the cell membranes are undamaged. The stain does 

not passively diffuse across cell membranes and no known transport mechanism 

for transfer of the substance across undamaged cell membranes has been 

identified.
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Method:

Trypan blue was dissolved in an isotonic solution such as phosphate buffered 

saline at normal physiological pH for application to cells in culture or in 

suspension to a concentration of 0.4% weight to volume.

Cells that had taken up the dye appeared deep blue under light microscopy and 

were readily distinguished from unstained cells that remained completely 

colourless.

Quantification of trypan blue staining was achieved by manual counting of cells. 

As with all manual methods of counting cells this is open to error, labour 

intensive and time consuming. Imposing random field selection and counting 

large numbers of cells are strategies that both improve the accuracy and 

objectivity of the method.

Ideally an operator blinded to the treatments the cells have received during 

experimental procedures should count cells.

The technique adopted for ensuring whole plate coverage and unbiased 

selection of fields for counting was as follows:

The plate for counting was placed on the microscope stage and a marker pen 

was used to place a dot roughly in the centre. The first field was counted 

adjacent to this mark and then by moving up, down, left and right further fields 

were selected.

Between each field selection the plate was returned to the point at which the dot 

was roughly in the centre of the microscope stage. The operator did not 

continue to look down the microscope while fields were selected. This 

procedure was followed, moving the plate to a different position each time until a 

minimum of 400 and maximum of 1000 cells had been counted using a hand

held click counter.
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2.7b Lactate dehydrogenase ( LDH ) release 

Principle:

In addition to Trypan blue exclusion, cell viability after experimental procedures 

was determined by measuring the release of the intracellular enzyme lactate 

dehydrogenase (LDH), a tetramer of Mwt 140 Kd, into the medium. The assay 

was performed using a kit designed for diagnostic use (Sigma).

The diagnostics division of the Sigma chemical company also supply a quality 

control standard for use with diagnostic enzyme analysis kits, this standard 

called acutrol by the company was used to confirm that the kit was being utilised 

within the limits of accuracy and sensitivity defined for it.

NADH absorbs light of wavelength 340nm; it is the reduction in absorbance 

following the reduction in NADH concentration that is measured as the reaction 

proceeds.

The method employs the change in absorbance observed in a 

spectrophotometer at 340nm due to decrease in concentration of NADH 

according to the reaction:

Lactate dehydrogenase is an intracellular enzyme that is not found in the 

extracellular space in the presence of undamaged cells.

The enzyme exists as five isoenzymes known as LD-1 to LD-5. Heart tissues 

express a high proportion of LD-1 and 2 and although when measurements are 

taken for the purpose of clinical diagnosis it is sometimes necessary to 

determine which isoform predominates, in samples taken from pure cultures 

where only cardiac myocytes were present this was unnecessary.

Pyruvate + NADH + H+ LDH Lactate + NAD+

74



The reaction follows normal first order Michaelis-Menten kinetics and in the 

presence of an excess of substrate the rate of disappearance of NADH is directly 

proportional to the activity of the enzyme present in the sample.

The kit is widely used to support the diagnosis of myocardial infarction in clinical 

practice.

The recommended procedure for the interpretation of results involves a formula 

supplied by the manufacturer for the conversion of assay values to units of 

enzyme activity per litre of blood.

As in the context of this study the results were interpreted in terms of percentage 

release compared to the total amount of LDH in cells on an individual tissue 

culture plate this conversion was not used.

All estimations were made in the same volume of sample, being the total volume 

of medium available on the tissue culture plate and results are therefore 

expressed as percentages.

Method:

Samples for the LDH estimation were collected from all plates at two time points. 

In experiments using the hypoxia chamber samples from all treatments were 

taken 30 minutes after the treated cells were removed from the chamber. All 

wells then received 0.5 mis of fresh medium and were returned to the incubator 

overnight.

In early experiments both trypan blue and LDH estimations revealed that little 

cell injury could be measured in the period immediately after treatment with the 

lethal stimulus. It was proposed that although cells were injured there was a 

time course of cell death associated with the treatment they had been subjected 

to.

75



In all later experiments measurements of cell viability were made after overnight 

“reperfusion” of 15-16 hours. After overnight in a tissue culture incubator the 

supernatant was collected and the remaining cells were lysed using 0.5 mis of 

2% (v/v) SDS in water and gentle trituration. In the final estimation 10Ojul of 

SDS/protein solution was added to 2.5mls of the reaction mixture. When tested 

at this dilution of SDS did not have an absorbance above the reagent blank for 

the assay.

All three fractions were checked for volume and adjusted to ensure that they 

were 0.5mls. Overnight incubation at 37° C sometimes resulted in a small loss 

of volume due to evaporation.

2.7c Methyl thiazol tetrazolium (MTT) conversion assay 

Principle:

Methyltetrazolium assays are widely used both for assessing cell growth, 

and for determination of cell viability [160,161].

Tetrazolium salts are converted by mild reduction to formazan compounds. The 

five membered ring of the tetrazolim molecule is opened on reduction (see figure 

2.2) and the resulting compound is highly coloured.

The tetrazolium salts used in these assay systems were very water soluble and 

readily taken up by cells in culture. After reduction under mild conditions the 

formazans formed are highly coloured and in the case of MTT, a crystalline 

product completely insoluble in water.

The electron donating systems within cells present in the mitochondrial 

respiratory chain will reduce the yellow tetrazolium salts to blue or blue/purple 

formazans.
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Figure 2.2. The general structure of a tetrazolium salt and its reduction to 
a coloured formazan. Upon reduction the tetrazolium ring is opened and 
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The methyltetrazoliums act as artificial electron acceptors [162]. In this way the 

conversion of MTT to it’s coloured formazan derivative provides an index of the 

metabolic activity of cells and hence their viability.

The coloured formazan product derived from the reduction of MTT exhibits 

maximal absorbance of light of wavelength 570nm.

There are problems with this as with all techniques of assessing cell viability. 

The number of cells present will influence the quantity of the substrate converted 

as will the absolute capacity of any individual cell to convert the substrate. 

Where large numbers of cells are present the latter influence should be minimal, 

however the former requires careful consideration.

Adult cardiac myocytes do not divide in culture, as a result a plate of cells will 

never be confluent and the number of cells per plate and per area of a plate will 

vary. In most cases the variation will be small. If the same numbers of cells are 

plated on each well, similar proportions of the applied cells in suspension attach 

and all handling is standardised the result should be uniform plating throughout 

any individual preparation.

This appears to be the case with the variation in total numbers of cells per plate 

being acceptable. However the presence of 30% more cells on a plate will 

influence the result of the MTT assay substantially more than the LDH assay 

which is normalised to the number of cells on the plate by the measurement of 

the total amount of LDH present in cells on each plate. It would have been 

preferable to normalise the MTT measurement to the total protein on the plate as 

an index of cell numbers.

Due to the intense colour of the formazan derivative and the need to lyse the 

cells to collect and solubilise the product such an assay cannot be conducted on 

the same individual well as the MTT assay. Only between well comparisons
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could be made, e.g. average protein per well in a selection of wells, this measure 

would only go part of the way to solving the problem and is no closer to a truly 

reliable method of normalisation.

From the trypan blue exclusion assay it would be possible to determine a mean 

number of cells per well for most experiments, again however this does not 

quantify the number of cells present on the wells that are actually used for 

measuring MTT.

Methyl tetrazolium assays have become available that utilise analogues of MTT 

such as 5-(3 Carboxylmethoxyphenyl)-2(4-5-dimthylthiazolyl)-3-(4-sulfophenyl) 

tetrazolium, inner salt (MTS) which generate a water soluble, purple coloured 

formazan on reduction [163].

In any future project involving the culture of adult cardiocytes the use of a water 

soluble formazan product in this type of assay would be worthy of consideration.

Method:

A stock solution of MTT at 10% w/v in Phosphate buffered saline (PBS) at pH

7.4 was prepared and stored (protected from light) at 4°C. Continuous exposure 

to light resulted in the spontaneous formation of small quantities of the coloured 

product.

This solution was applied to cells such that the final concentration obtained on 

the tissue culture plate was 1.0 % MTT w/v in PBS.

The solution was warmed in a 37° C water bath. Tissue culture media were 

removed immediately prior to the addition of the MTT solution as the presence in 

the media of phenol red indicator was known to interfere with the 

spectrophotometric assay for the coloured product (Sigma chemicals technical 

information).
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Cells were then returned to the tissue culture incubator for 4 hours. At the end of 

4 hours incubation cells were briefly inspected under the microscope to check 

that a reaction had occurred.

Cells were lysed and the coloured formazan dissolved by the addition 1ml of 

acidified isopropanol (1.0% hydrochloric acid in isopropanol). Lysis and 

dissolution could be observed to be complete after 20 - 30 minutes’ exposure to 

acidified isopropanol at room temperature. More rapid lysis and elution could be 

achieved by adding 0.1% Triton X100, a non-ionic surfactant, to the acidified 

isopropanol.

The resulting blue solution was carefully collected using a pipette, the volumes 

checked to ensure conformity and the samples either stored overnight or read 

using a spectrophotometer immediately.

The absorbance was read at 570nm and duplicate samples were taken. Values 

obtained varied between 0.1 and 1 in absorbance units (meter reading as given 

by the spectrophotometer), these values were within the reported linear range for 

the coloured formazan [160].

2.8 STATISTICAL METHODS

Results from cell counts were expressed in most experiments as a percentage of 

the untreated controls for each experiment.

Enzyme release was normalised to measurement of the total enzyme present. 

In each experiment six replicates of each treatment were performed to provide 

two replicates for each of the three analyses used.

All data were used in final statistical analysis so that all experimental variation 

both within and between experiments could be dealt with in the analysis. Where 

values of n for any series of experiments are quoted these refer to the number of
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individual experiments e.g. n = 5 refers to the results obtained from five separate 

preparations. In most experiments treatments were performed on 6 or 24 well 

tissue culture plates with two wells each set aside for each end-point 

determination. Therefore values given are derived from two replicate 

measurements from each preparation.

Where two groups are compared the unpaired t-test was used, where more than 

two groups were compared a one way analysis of variance was used. 

Calculations were performed using the Statview statistical programme written 

for the apple Macintosh computer. Post hoc test applied for significance using 

analysis of variance was the Fischer PLSD.
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3.1. INTRODUCTION

The first published report of the successful isolation of adult mammalian 

ventricular myocytes appeared in 1974 [164], followed by the report of Powell 

and Twist detailing a method for the rapid isolation of large numbers of calcium 

tolerant cells from adult rat heart [165]

In this publication reference is made to previous attempts using a variety of 

tissue disruption techniques that had produced low yields of single cells unable 

to tolerate the reintroduction of calcium to the support medium.

The earliest reported successful culture of adult myocardial cells was of cells 

derived from amphibian hearts [166] and in 1981 Claycomb et al [167] reported 

the culture of adult mammalian cells.

Subsequently Schwarzfeld et al [168] Bihler et al [169] Pipers group in Germany, 

Jacobson et al [170] and Deckers group [156] in the USA were among a number 

of groups to report the successful isolation and culture of calcium tolerant adult, 

mammalian cardiac myocytes.

Although all of the methods reported in the literature had elements in common 

each group of investigators had developed a technique that provided myocytes 

in sufficient numbers and in good enough condition to satisfy the requirements of 

their own experimental protocols.

Bihler et al [169] quoted cell yields in excess of 107 rod shaped myocytes from a 

single rat heart and distinguished viable from non-viable cells by means of cell 

shape i.e. rod-shaped cells were counted as viable and rounded cells as non- 

viable. In this same paper the reported yields of viable cells were in excess of 

90% of the total number of isolated cells. This proportion declined to 60% within 

2 hours of exposure to normal physiological calcium ion concentrations in 

standard tissue culture medium.
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A number of reports detailing the characteristics of these isolated myocytes 

rapidly followed.

The investigations into the electrophysiology [171,172], morphology [173, 

174,175,176], culture conditions and the metabolism of adult myocytes in culture 

were examined by these and other investigators [177,178,179,180,181]

A review of the techniques then available published by Jacobson and Piper in 

1986 [170] lists 132 references.

In this review the authors list the isolation methods, plating techniques, culture 

type and conditions used in the laboratories of nine groups that were working 

with cultured cardiac myocytes. No two methods are the same.

The situation regarding these techniques and their application has changed little 

in the last twelve years. As recently as April 1998 [182] a review published by 

Mitcheson et al rehearsed the same questions as those addressed in the 1986 

review, namely the isolation and culture techniques available and suitability of 

experimental models based on adult cardiac myocytes.

The Mitcheson review places emphasis on the utility of such models for the 

exploration of the molecular biology of cardiac muscle. Molecular biology 

techniques offer the opportunity for both interrogating and modifying cellular 

processes.

Gene transfer techniques can potentially place the role of an individual gene 

product by offering the opportunity to either switch production on, the 

introduction of an exogenous gene, or off, the introduction of an antisense RNA. 

The elimination of the intimate cell to cell contact and communication that exists 

in intact tissues allows, particularly in the heart, for the consequences of this type 

of manipulation to be determined for the individual cell. Although as a first step in
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understanding the consequences of genetic or pharmacological manipulation of 

the cellular apparatus the isolated cell offers unique opportunities.

For a model of ischaemic injury large numbers of robust, calcium tolerant cells 

were required.

In order to achieve this a close study was made of many of the published 

techniques and from a modification of several published methods a reproducible 

technique for the isolation of large numbers of cells was developed. The final 

technique is described here.

The majority of the reported successful techniques for the isolation of adult 

myocardial cells adopted variations of the method reported by Powell et al [165]. 

The method involved the perfusion of the isolated heart with crystalloid calcium 

free buffers followed by solutions based on physiological buffers containing small 

concentrations of calcium and a variety of proteolytic enzymes.

3.2 PERFUSION 

3.2a Apparatus

The perfusion rig consisted of a combined glass warming coil and bubble trap 

connected via silicon tubing to a Watson - Marlow peristaltic pump. A 50 ml, 

double walled, glass reservoir was included in the circuit via a length of tubing 

connected to a plastic three-way tap inserted just prior to the pump.

Figure 3.1 is a diagram of the ‘mini’ perfusion rig routinely used in the 

experiments described in this work.
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Figure 3.1: Schematic diagram of the ‘mini rig’ and apparatus used for the isolation 

of sterile cardiac myocytes from the adult rabbit heart. (Not drawn to scale)
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The reduction in size of the apparatus by combining the warming coil, bubble 

trap and cannula assembly permitted the whole to be used in a specially 

constructed box so that asepsis could be maintained throughout the perfusion 

period.

The water jackets of the reservoir and warming coil were supplied with water at 

37° C from a circulating water bath.

The perfusate entered the apparatus via a length of sterile silicon tubing running 

from a reservoir of Krebs - Heinseleit solution: 120mM NaCI, 5.4 mM KCI, 5mM 

MgS0 4 . 7H20 , 5mM Pyruvate (sodium salt), 20mM Glucose, 9.15mM HEPES 

(sodium salt) and 20mM Taurine or with a Krebs- Heinseleit solution of the 

formulation: 119mM NaCI, 4.7mM KCI, 0.94 mM MgS0 4 .7 H2 O, 1.22mM 

KH2PC>4 , 25mM NaHCC>3, 10mM HEPES, 11.5 Mm Glucose and 1mM CaCI2.

The calcium free buffer was adjusted to pH 7.0 at 37° C and was continuously 

gassed with 100 % 0 2, the “normal” calcium buffer, when used, was gassed with 

95% 0 2/ 5% C 0 2.

It should be noted here that the normal circulating concentration of calcium ions 

in the rabbit is 2.5mmol/l [183,184].

The quoted values of [Ca2+] suitable for crystalloid perfusates for isolating 

myocytes vary from 0.25pM [165],through 25pM [169], to anything less than 

50|liM [185]

The reservoirs contained the two enzyme solutions, 0.3 mg/ ml protease 

followed by 0.5 mg /ml collagenase with 0.6 mg/ml hyaluronidase for the 

recirculation period. The enzyme solutions were gassed with 100 % 0 2 

independently. All of the components of the rig were sterile until unwrapped and 

re-assembled for use with each heart. Aseptic handling procedures were 

observed.
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(The glassware used for this apparatus was kindly donated by Dr David. 

Anderson of Glaxo -  Wellcome ).

3.2b Method

The heart was rapidly removed from the ice - cold Krebs - Heiseleit solution and 

mounted via the aorta on the cannula attached to the warming coil /  bubble trap 

assembly (see fig 3.1). The pump speed throughout each perfusion was 

maintained at 40 mis / min, hence perfusion was at constant flow rather than at 

constant pressure.

As mentioned above some of the published isolation methods recommended 

initial perfusion with a low calcium Krebs-Heinseleit solution and the re-addition 

of calcium after the period of calcium free perfusion.

In the earliest attempts to isolate cells the so called “normal” calcium buffer was 

used to warm the heart and wash clear of anaesthetic. It was assumed that the 

heart was recovered from cold and anaesthesia once observed to be beating. 

When perfused with the buffer containing 1mM Ca2+ the rabbit heart beat on the 

perfusion apparatus at between 60 - 80 beats/min.

This is far slower than the in-vivo heart rate of around 220 beats/min. The slow 

heart rate observed during the early wash out period of the perfusion may have 

been due, in part,to the residual effects of anaesthesia and cooling, but was 

most likely due to the low calcium ion concentration. Normal blood levels in the 

rabbit are 2.5 times greater than the concentration present in the buffer [183]. 

Following a washout period in the normal calcium buffer the heart was then 

perfused with oxygenated, calcium free Krebs-Heinseleit solution for 5minutes. 

The gap junctions between cardiac myocytes are in part maintained by the 

intracellular calcium ion concentration.
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Perfusion with calcium free buffer represents the first step in the isolation 

procedure.

Gap junctions have been shown to be present between cells that are coupled 

electrically [186]. These structures exist at points of intimate contact between 

adjacent cells and permit the flow of ions between cells. The structure of gap 

junctions has been proposed to consist of hexagonal arrangements of six units 

of a trans membrane protein called connexin.

The opening and closing of gap junctions is regulated by the binding of calcium 

to the connexin subunits which brings about a conformational change in the 

proteins comprising the gap junction and alters their alignment relative to each 

other. Perfusion with calcium free buffer and the resultant drop in intracellular 

calcium begins to disrupt the gap junctions and reduce the intimate attachment 

between adjacent cells.

The next stage in the isolation was the introduction into the perfusate of 

proteolytic enzymes. The function of these enzymes was to break down the 

extracellular matrix and liberate individual cells from the tissue. Many enzymes 

with proteolytic activity against matrix components are available.

Almost all reported myocyte isolation techniques have utilised collagenase as a 

crude lyophilised preparation. Various combinations of enzymes applied serially 

or concurrently have been reported, all methods use collagenase while others 

variously used in addition to collagenase, trypsin [187] protease [165,188], 

DNAase [177] and hyaluronidase [156].

Bihler et al recommended that a low concentration of calcium should be added 

back to the perfusate with the addition of enzymes. This was in part to ensure 

that the isolated cells were ‘calcium tolerant’ and in part because collagenase 

activity is improved in the presence of calcium.
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However each time the perfused rabbit heart was exposed to enzyme solutions 

containing added calcium the heart went pale and rigid. There was evidence that 

the reapplication of calcium, even at levels as low as 20|nM was causing a 

situation with the appearance of calcium paradox [189].

A series of isolations were performed, in each a different step of the procedure 

was modified in an attempt to determine which step was responsible for the 

damage to the perfused heart.

Ethyleneglycol-bis(p-aminoethyl ether)N,N,N’,N’ tetraacetic acid (EGTA) at a 

concentration of 300jiM was added to the buffer and calcium then added back to 

the perfusion solutions in the amounts required by the protocol. The calcium 

was added in the form of an aliquot of a volumetric standard solution of 1M 

CaCb (BDH Chemicals). Once again the heart went pale and rigid upon the 

reintroduction of calcium when the heart was perfused with the enzyme solution. 

One experiment each was performed using fresh supplies of protease, 

collagenase and hyaluronidase. In these experiments EGTA was used as 

described above and the calcium concentrations used continued to be added 

back as dilutions of a volumetric solution to give known concentrations. These 

changes did not prevent the damage to the heart.

2,3-Butanedione Monoxime (BDM) was added to the perfusion buffer in two 

isolations. The cytoprotective properties of this compound were not found to 

amend the situation.

Finally it was decided not to add exogenous calcium back with the enzyme 

solutions. In the absence of EGTA and BDM, but without adding calcium back to 

the perfusion solution the heart continued to remain dark and soft throughout the 

perfusion period.
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Subsequently all enzyme solutions were made up in the nominally calcium free 

buffer.

The calcium ion concentrations of all of the solutions used was checked using a 

calcium specific ion selective electrode, a cumulative plot of several calcium 

standard curves is shown in Fig 3.2.

In addition the wash out period utilising a Krebs-Henseleit buffer containing 

1mM Ca2+ was replaced with a 5 minute wash out period in calcium free, taurine 

and pyruvate supplemented buffer as used for the remainder of the perfusion. 

The low heart rate beating of the 1mM calcium perfused rabbit heart was not a 

useful indicator of the condition of the heart and contributed nothing to the 

efficiency of the isolation procedure. Increasing the calcium concentration 

during the washout period to more physiological levels would simply have 

extended the time required to create a low calcium milieu.

Providing the water used for the buffer solutions was of the highest purity and 

the reagents selected contained minimal trace element contamination (BDH 

Analar grade) the calcium levels measured in the buffer were 10 - 12p M. Once 

this modification was applied no further heart preparations exhibited the 

symptoms of calcium paradox. Hearts remained soft and dark in colour 

throughout the perfusion.

Modified perfusion method:

The heart was removed directly into ice-cold calcium free Krebs-He;nseleit 

solution and mounted as described. The preparation was then perfused for 5 

minutes with fresh, sterile, oxygenated, calcium-free Krebs-He;nseleit solution to 

wash the heart free of blood. At the end of this period the tap connecting the 

reservoir to the main perfusion tubing was opened and 50mls of filter sterilised
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protease solution (Sigma type XXIV, bacterial) 0.3mg/ml was allowed to perfuse 

the heart. After the protease solution had passed through the heart, 

approximately 1.25 minutes, the reservoir was filled with 50mls of filter sterilised 

0.5 mg/ml Type II Collagenase (Worthington biosciences) and 0.6 mg/ml 

Hyaluronidase (Sigma, type l-S, bovine). Once the apparatus has filled with the 

Collagenase - Hyaluronidase (C-H) solution the reservoir was arranged so that 

the remaining solution could re-circulate through the heart and apparatus.

All enzyme solutions were gassed continuously with 100% O2 that had been 

passed through a 0.22|Lim filter.

The C-H solution was re-circulated for 15mins in all experiments. At the end of 

the re-circulation period the heart was removed from the apparatus by cutting the 

ventricles free from the atria using a pair of sterile scissors.

The ventricles were placed in a petri dish containing 20mls of fresh, sterile C-H 

solution and the whole then transferred to a laminar flow cabinet. All 

subsequent manipulations of tissue and/or cells took place in a laminar flow 

cabinet.

3.3 ISOLATION OF ADULT RABBIT CARDIAC MYOCYTES 

3.3a Isolation procedure

Once transferred to the laminar flow cabinet the petri dish containing the rabbit 

heart ventricles was opened and the C-H solution was divided evenly between 

the two halves of the dish.

The right ventricle and any visible fatty tissue were dissected free of the left 

ventricle and septum and discarded. The remaining portion of the heart was 

opened out flat by dividing the septum with scissors and cut into to 

approximately equal portions. One portion was placed into each of the two
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halves of the petri dish containing C-H solution and chopped into pieces roughly 

equivalent to 1mm cubes. The chopped tissue and C-H solution were then 

transferred to two sterile 50ml centrifuge tube (Falcon).

One 23G and one 28G sterile needles were inserted through the lids of each 

tube and they were then transferred to a water bath kept at 37° C. A sterile 3- 

way tap closed to the atmosphere was attached to each of the larger two 

needles and via the taps the 50ml containers were gassed with 100% O2 which 

had been passed through a 0.22(i filter.

The tissue was then incubated at 37° C for 15mins.

At the end of the incubation period the 50ml tubes containing the tissue were 

returned to the laminar flow cabinet and the supernatant collected by gentle 

aspiration with a 10ml sterile pipette. A further 10 - 15mls of C-H solution was 

added to the tissue and the 50ml tubes were returned to the water bath for a 

further incubation.

The supernatant was collected into two 15ml capacity sterile centrifuge tubes 

(Falcon) and spun at 600rpm in a bench top centrifuge for 1 minute. At the end 

of centrifugation the tubes are returned to the laminar flow cabinet and the 

supernatant discarded. The resulting cell pellet was then re-suspended in 5 - 

10mls of washing buffer consisting of the taurine and pyruvate supplemented K- 

H solution as used for the perfusion with 10% foetal calf serum (FCS) and

0.5mM calcium added.

The cell suspension was added to a 25ml tissue culture flask and transferred to 

an incubator at 37° C gassed with 95% air / 5% CO2.

The digestion described was repeated a total of three or four times and the cells 

harvested pooled into the tissue culture flask in a final volume of 20mls of 

washing buffer.
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At the end of the final digestion the remaining tissue and the pooled cells were 

filtered through a piece of 100pm nylon gauze that had been sterilised by 

washing in 70% absolute ethanol and air dried in the laminar flow cabinet. The 

tissue residue remaining on the filter was washed several times with small 

volumes of washing buffer and the entire pooled cell suspension was then 

divided into 4 - 6 15ml sterile centrifuge tubes and spun at 600rpm for 1 minute. 

The supernatant was discarded and the cell pellet was re-suspended in fresh 

washing buffer to a final volume of 10mls. The cell suspension was then layered 

onto a 4% solution of essential fatty acid free Bovine Serum Albumin (BSA, 

Sigma chemicals) to which 0.5mM calcium has been added and spun at 600 rpm 

for 1 minute.

The resulting cell pellet was then washed once in fresh washing buffer and finally 

re-suspended in 10mls of tissue culture medium M199 with Earles salts, 

containing 5% FCS to assist attachment (plating medium). A 20pl aliquot was 

taken for counting using an improved Neubauer haemocytometer.

The suspension was applied to the counting chamber and the cells were allowed 

to settle under gravity for 2 minutes. This was necessary as the cells are large 

(>100p) and as the grid is 100p deep could be readily displaced by adding the 

coverslip.

Using the counting chamber in the normal way, by applying cell suspension to 

the edge of a firmly seated cover slip resulted in no visible cells in the grid.

Each square counted of the haemocytometer grid had a volume of 1/40000 cm3. 

Therfore counting the four corner sections permitted the following calculation:

Total cells in four grid sections x 40000 = cells/ml 

4
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This provided an estimate of the number of cells present in 10mls of suspension 

which was then further diluted to contain approximately 5 x 105 or 106 cells/ml. 

Plating densities were calculated based on this final cell suspension.

3.4. RESULTS 

Calcium measurement

Many ordinary laboratory reagents contain calcium at varying levels as a 

contaminant.

It is vital for the success of myocyte isolation techniques that the reagents to 

which cells are exposed are free from contamination with calcium. To ensure 

that the solutions used are free from calcium the highest purity of water and 

reagents must be used.

Figure 3.2. Illustrates the data gathered from using an ion-specific electrode for 

the measurement of calcium in buffer solutions used during the dissociation 

procedure.

The standard curve data shown were derived from twelve separate standard 

curves measured using serial dilutions of a volumetric stock 1M calcium chloride 

solution (BDH chemicals).
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Figure. 3.2: A graph of the means +/ - sem of twelve calcium standard 

curves.

The plot shows the meter reading obtained in mV versus the log of the calcium 

ion concentration. A fresh series of standards was prepared from the stock 

solution daily for each standard cun/e.
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[Ca2+] M

10*6 10'5 lO'4 10‘3 10'2

386 396 410 450 467
385 386 412 440 469
391 391 418 446 476y)

c 385 380 416 424 473
'■5 407 364 423 409 475
(0
0 352 403 410 450 461
DC 358 395 420 442 477
i—
0 378 395 411 444 470
0  > 388 398 417 451 472
2 E 378 398 406 449 446

380 400 387 450 436
375 384 430 436 474

MEAN 380.3 390.8 413.3 440.9 466.3

SEM 4.2 3.1 3.1 3.7 3.7

Table 3.1a: Values obtained for twelve standard curves used to 
estimate the concentration of calcium ion in buffer solutions used for 
the isolation of adult rabbit cardiac myocytes.

Table 3.1 b Variation in calcium ion 
concentrations measured on nominally 
calcium free cell isolation buffer using an 
ion specific electrode.

[Ca 2+]|i mol/l in 
nominally 
calcium free
buffer_______

10.0
7.5 

10.0 
12.0
6.5
9.0

14.0
10.0
7.5 

10.0 
10.0 
12.5

Mean 10.0 
SEM 2.2
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Cell Yields

The data shown in Figure 3.3 below were derived from 142 separate myocyte 

isolation procedures for which total cel! yields were determined. Although the 

values for total celi yield were variable, ranging, as shown, from >0.5 - >10 x 107 

cells per heart there appears to be a gross seasonal variation. The source of any 

such variation would be difficult to account for given that all animals were 

maintained under standard conditions at all times. (The source of the variation 

could lie with the person isolating the cells).

a L g s e p o c t r o / c f e c j a n f e b m B r a p '  ray j in jU 

IVE^CHLYBJDFffil̂ miaffi3\esRS

Figure 3.3 Mean cell yields for each month over the 3 years of the project.

Black bars : year one 
Grey bars : year two 
White bars : year three
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The standard errors are not shown on the graph in figure 3.3 as the variations in 

cell yield between preparations were large. This average cell yield became less 

variable with experience of the technique, but was still subject to sudden large 

and often inexplicable variations.

In general preparations yielding less than 107 cells per heart also produced cells 

of poor quality which were discarded as unsuitable for experimental procedures. 

In addition any preparation contaminated with microorganisms was discarded. 

The overall failure rate of the isolation over three years was 35%.

Whilst this seems high most of the losses occurred early in the project while 

isolation and culture methods were under development and do not appear in the 

figures quoted for successful isolations.
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Appearance of isolated myocytes

Figure 3.4 is a photograph taken under light microscopy of freshly isolated and 

attached adult cardiac myocytes.

Figure 3.4 Freshly plated adult rabbit cardiac myocytes. Cells were allowed to 

attach to gelatine / laminin coated six well tissue culture dishes for two hours in 

the presence of 5% FCS. After two hours the medium was removed and 

replaced with fresh medium 199 containing 1% FCS.

The photograph was taken at x 40 magnification and has subsequently been 

photographically enlarged.
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The background colour present in the photograph is due to the colouration 

caused by phenol red indicator present in the tissue culture medium. The 

majority of attached cells are rod-shaped and striated in appearance.

3.5 DISCUSSION

Despite the relatively small ,but detailed literature available on the isolation of 

adult cardiac myocytes adherence to techniques as described did not 

immediately result in the reproducible preparation of large numbers of calcium 

tolerant isolated cardiac myocytes. The major problems were experienced when 

trying to obtain sterile preparations.

Small numbers of cells could be obtained, but until the modified procedure 

described here was adopted as routine large numbers of sterile cells in good 

condition were not obtained.

The selection of enzymes, the duration of perfusion, composition of buffers and 

general state of cleanliness of all of the materials used are all factors that appear 

to be critical to the success of this technique. Similar observations were made 

by Trevor Powell in The Biology of isolated myocytes [190].

It is difficult to pinpoint specific reasons for the varying degrees of success 

experienced by each operator with each element of the technique.

In conclusion: The isolation and culture of adult cardiac myocytes remains a 

technically demanding technique which continues to evolve.[1^2-].
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4.1 INTRODUCTION

At the time of starting this project a small body of literature regarding the culture 

of adult cardiac myocytes was available. A search of the literature between 

1966 and 1996 produced 483 references of which over half concerned the 

isolation and culture of cells from non-mammalian species or non-adult 

mammals.

The culture of adult cardiac myocytes has been reported for rat 

[168,173,174,176,177], guinea pig [191] and rabbit [177]. Also culture techniques 

for adult feline cardiac myocytes have been published[192,193].

Many reported techniques used different plating substrates, extended the culture 

period for different times and reported varying rates and degrees of 

dedifferentiation in culture. None of the techniques used were able to slow the 

rate of dedifferentiation observed and the described remodelling of the cells in 

culture [194,195] appeared, from the literature to be independent of either plating 

substrate or the support media selected.

Lundgren et al [175] observed that the presence of high concentrations of foetal 

calf serum (FCS) appeared to facilitate the process of dedifferentiation, but that 

the withdrawal of this growth medium resulted in the death of the cells or a rapid 

decline in the number of cells remaining adherent to tissue culture plates.

It was clear from this body of literature that in order to maintain adult cardiac 

myocytes in culture for sufficient time to perform studies on the effects of 

ischaemia or the potential for preconditioning the techniques required to be 

optimised for the cells derived from the rabbit heart.

The following describes the process of optimisation undertaken.
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4.2 PLATING

4.2a Attachment substrates

Initially a number of different plating substrates were tested for efficacy in the 

attachment of adult rabbit cardiac myocytes.

Early attempts to plate and culture adult myocytes were conducted using 

collagen [196,197], fibronectin 175,197], foetal calf serum [170] and laminin 

[156,173,175].

Gelatine had proved very successful for plating and attachment of foetal rat 

cardiac myocytes [85], but was of only limited use for maintaining the attachment 

of adult myocytes to tissue culture plates. Growing cells secrete protein 

components of intercellular matrix onto the growing surface, a process that 

facilitates the maintenance of attachment once achieved.

In isolated adult cardiac muscle cells this process appeared to take place at a far 

lower rate, these cells were observed to be and had been reported to be virtually 

impossible to attach to unprimed tissue culture plastics [156,196,170].

It appeared that the attachment substrate must be one with which the cells 

actively interact to form long term attachment. Lundgren et al [198] using 

fluorescent antibody staining demonstrated the presence of cell surface 

receptors for laminin on the surface of adult rat cardiac myocytes. This is an 

important component of the extracellular matrix in the heart.

However it is clear from the literature that the affinity of myocytes from different 

species for each putative attachment substrate is different and mouse myocytes 

have been reported as initially failing to attach to this substrate (M. Eppenberger 

private communication).
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In order to establish the most effective attachment substrate for adult rabbit 

myocytes the number of cells remaining attached overnight was investigated for 

gelatine, FCS, collagen and laminin.

The results for three out of four of these are shown in Fig 4.1

Collagen is not shown as the rabbit myocytes failed to attach at all to two types

of collagen ( Type IV and a crude preparation of rat tail collagen).

The most effective attachment substrate was found to be laminin derived from 

the basement membrane of Engelbreth-Holm-Swarm mouse sarcoma (Sigma). 

Laminin was applied to 35mm petri dishes and 6 well plates at a concentration of 

10(ig/well, 3|ig to each well of a 24 well plate and 1 pig to each well of a 96 well 

plate.

Although a proportion of the plated rabbit myocytes initially attached well using 

this regime the number of attached cells declined rapidly with each subsequent 

change of medium.

It was observed that the rate at which the cells became detached was different 

using different types of tissue culture plate. It appeared that the problem was 

composed of two elements;

1. The ability of the cells to attach to the substrate and

2. The capacity of the attachment substrate to remain on the plate.

The rapid removal of substrate and cells by the repeated media changes during 

initial plating, maintenance and experimental procedures was effectively 

prevented by first coating with 1% gelatine, a method that had been reported as 

effective for attaching human atrial myocytes (Kerry Davia, private 

communication).
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The gelatine was applied for 45mins to 1 hour and the excess removed by 

aspiration. This was then followed by the laminin solution, which was left in 

contact with the gelatine-coated surface for 4 - 5  hours prior to use.

The excess laminin solution was removed completely by aspiration and the plate 

washed with fresh, unsupplemented tissue culture medium immediately before 

the aliquot of cell suspension was added to the tissue culture plates. Although 

this technique did not modify the rate of decline in cell viability (see figure 4.2) 

the proportion of plated cells that attached improved (see figures 3.4 and 4.2) 

and the absolute number of cells remaining attached also improved. In figure

4.1 the results of early experiments investigating the efficacy of plating 

substrates are shown. In each experiment a minimum of 5 x 105 cells was 

applied to each well. As the figures indicate less than 5% of the applied cells 

attached successfully. The rate of attachment was substantially improved when 

the plates were primed with gelatine prior to coating with laminin. Attached cells 

were counted prior to viral transfection protocols and data from these counts 

gives an attachment rate of 19.\f % +/- 1.6 sern in sixteen preparations for

transfection experiments. Whilst this remains a relatively small proportion of the 

total cells applied it is nonetheless a substantial improvement on the single 

coating technique.

4.2b. Media

The precise nutrient requirements of many micro-organisms are known and fully 

characterised media, termed defined media, are available for such cultures.

The selection of support media for mammalian cells in culture is hampered by 

there being few if any fully defined media available.
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Cells in culture require the addition of growth factors to facilitate attachment to 

tissue culture plates, support growth and to maintain them. Which factors and in 

what quantities remains largely unknown.

In order to provide a broad spectrum of trace chemicals and growth factors 

supplements such as foetal calf serum are used. Sera are used as 

supplements for mammalian cell culture on the assumption that the capacity of 

animal sera to support cells in the animal implies that all necessary elements for 

sustaining cells are present. Increasingly the precise composition of commonly 

used mammalian cell culture supplements is being elucidated. This may lead to 

precisely defined media for a variety of cell types.

As a consequence of the current rather ad hoc approach the selection of 

medium is a ‘hit and miss’ affair involving drawing on the experience of others 

and trying a variety of commercially formulated media to test the ‘preference’ of 

the cells in culture.

In deference to the efforts of large numbers of people in the field of mammalian 

cell culture it has to be noted that various forms of serum supplement have 

proved successful in sustaining cells in-vitro.

Comparing Dulbeccos minimal essential medium (DMEM) and standard Gibco 

minimal essential medium (MEM) with some complete media, Medium 199 

(M199) supplemented with Earle’s salts, M199 supplemented with Hanks salts 

produced no obvious, quantifiable evidence of superiority.

On inspection of individual wells on six well test plates after cells had been 

plated and maintained overnight using each of these media the cells appeared 

present in similar numbers and condition.

The published, detailed formulations of each of these media are provided by the 

manufacturers.
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A wholly subjective impression that the cells attached more quickly and spread 

slightly less rapidly in M199 with Earles was the sole reason for the selection of 

this medium for all subsequent cultures.

4.2c. Supplementary media and growth factors

Foetal calf serum facilitates the attachment of primary cells to tissue culture 

substrates [161] for this reason the medium in which the cells were originally 

plated down contained 5% FCS, concentrations of this supplement as high as 

25% [180] and as low as 1% [178] had been used for the plating and 

maintenance of adult rat and guinea pig cells in culture, for rabbit cells Haddad 

et al reported the use of 5% FCS for seven day cultures [156].

In an attempt to slow the processes of rounding, spreading and dedifferentiation 

that occur when adult cardiac myocytes are placed in two dimensional tissue 

culture the media used for maintaining cells was adjusted to contain 1% FCS. 

When FCS had been substituted with horse serum the cells also failed to thrive. 

In three preparations, on some plates, plating medium containing 5% FCS was 

replaced with maintenance medium containing 5% horse serum at the end of the 

attachment period. All of the cells treated in this way died overnight. In 

consequence cells were plated in medium M199 with Earles salts supplemented 

with 5% FCS -termed plating medium (PM) then transferred to an incubator at 

37° C gassed with 95% air / 5% CO2 for two hours to attach.

At the end of the attachment period the plating medium was removed by 

aspiration, gentle agitation of the plates before the plating medium was removed 

helped to ensure that any unattached cells were removed with the medium. 

Fresh medium M199 with Earles Salts containing 1% FCS (maintenance 

medium) was then added and the cells were returned to the incubator.
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A variety of supplements for tissue culture media have been recommended by 

people working with adult cardiocytes isolated from several species. Piper et al 

have suggested adding amino acids not commonly used in tissue culture media 

and the effect of insulin on glucose uptake and rates of oxygen consumption of 

adult cells in culture have also been investigated [199].

Neither of these strategies seemed to improve the tolerance of adult rabbit 

myocytes for culture conditions in my hands.

In addition the role of insulin and glycogen loading in the response of 

myocardium to ischaemia remains uncertain with some groups reporting 

beneficial effects of pretreatment with insulin [200] and others reporting 

exacerbation of ischaemic injury [201].

Given that no major observable benefit was gained by following any of these 

protocols the decision in regards to which medium to use was ultimately 

determined by time and cost considerations.

The spreading and dedifferentiation of cells in culture reported by all groups 

working with adult cardiac myocytes presented a different problem. The series 

of events that occurred following the taking of adult cardiocytes into culture, 

particularly in the presence of serum, had been previously described by several 

workers in the field [180,195,202,203].

Briefly attached cells exhibited two types of pattern of change. Cells that had 

successfully attached and were therefore viable at the time of plating would 

round up, but remain attached and rapidly spread, flatten and develop 

pseudopoda. Other cells remained rod shaped for periods of several days, 

rounding and flattening slightly at either end. After extended periods in culture 

the second group cells were also observed to spread and develop extensive 

psuedopoda.
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4.3 CELL SURVIVAL IN CULTURE

Attached adult rabbit cardiac myocytes would normally be left in the incubator in 

maintenance medium overnight. All experimental procedures were conducted in 

serum free medium.

In twelve preparations an assessment of the number of viable attached cells was 

made. The results of the Trypan blue exclusion tests performed are shown in 

figure. 4.2. In each of these preparations the number of viable cells remaining 

attached to the tissue culture plates was followed for three days after the day of 

isolation.

The value for each day is a mean of two replicates.

4.3a. Cell viability

As described above the initial yield of cells from any isolation was estimated by 

counting the total cell harvest suspended in 10mls of plating medium using the 

improved Neubauer haemocytometer. In all experiments described in this thesis 

106 cells were plated onto either 35mm petri dishes or each well of a 6 well 

tissue culture plate. Where 24 well tissue culture were used 5 x 105 cells were 

added to each well.

After the 2hour attachment period and change to maintenance medium the 

number of attached cells was estimated using a 1cm square eye-piece graticule 

divided into 10x10  mm squares (Southern Scientific Supplies).

The dimensions of the graticule were confirmed using a microscope stage 

micrometer.
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The mean of counts from several fields equal to 1 x graticule area taken at x100 

magnification was deemed to be the number of cells present on the plate per 

mm2.

Multiplying this result by the surface area of the plate in mm2 produced an 

estimate of the total number of cells remaining on the plate after attachment to 

the gelatine / laminin coating. Similarly cells stained with Trypan blue were 

counted using the eyepiece graticule.

Determination of cell viability was initially made using the Trypan blue 

(3,3’- [3,3’-Dimethyl [1,1 ’-biphenyl] -4,4’-diyl) bis (azo) ] bis [5-amino-4-hydroxy- 

2,7-naphthalenedisulphonic acid] tetrasodium salt ) exclusion technique and 

LDH release.

4.3b. Long - term culture of adult myocytes

As stated the overall aim of creating this model was to have available a situation 

in which the circumstances prevailing in the in-vitro heart during ischaemia could 

be reproducibly simulated and modified.

In order for the model to parallel the situation in living tissue as closely as 

possible it was considered desirable to try and retain the characteristics of the 

freshly isolated myocyte for as long as possible.

As already reported the cells adapted to culture by spreading and developing 

extensive membrane processes.

A photograph of adult myocytes cultured in 1% FCS supplemented tissue culture 

medium for 22 days is reproduced in figure 4.3.

The cells have been stained with Coumassie blue, a general histological stain 

that binds avidly to protein.
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The extensive processes seen in the photograph, taken at x100 magnification, 

were not clearly visible under light microscopy prior to staining. Several rounded 

cells are clearly visible in the photograph. Rounded myocytes have often been 

assumed to be non-viable cells, however close inspection of the picture reveals 

that several are developing extensions onto the culture plate. In addition the 

cells have been washed, stained, repeatedly washed and fixed prior to being 

photographed. Non-viable cells would normally come off of the tissue culture 

plate when handled to this extent.

It is not entirely clear from the photograph as to whether processes from different 

cells have joined together at a distance from the main body of the cultured cell, 

but it appears to be the case.

On several occasions cells that had maintained in culture for extended periods 

were seen to resume beating spontaneously. The rate of beating was irregular 

and the distribution of beating activity across an individual cell was not uniform. 

These cells had undergone dramatic phenotypic alteration . Freshly isolated 

adult rabbit myocytes were quiescent once successfully attached to a tissue 

culture plate.

In order to construct a simulation of ischaemic injury and to examine the 

potential for intervention to alter the response to this injury time was required. 

Using the techniques described thus far it was decided that a window of 

opportunity in which to conduct experiments of 3 days duration had been 

obtained. This decision was based on the observations of the proportion of 

plated cells remaining attached, the number remaining viable and the observable 

phenotypic changes during the culture period. Although the experimental 

procedures planned for this thesis could be conducted in the available, selected 

time efforts to improve cell survival in culture continued.
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4.3c. Embedding -  three dimensional tissue culture

In order to successfully transfer an exogenous gene, allow for and measure 

gene expression and determine whether the presence of a novel gene product in 

any way modified the responses of myocytes in culture a longer period of 

stability in culture would be preferable. In order to try to extend the time over 

which experiments could be conducted on quiescent, morphologically 

unmodified cells a technique called embedding was investigated.

Embedding as a cell culture method was developed for use in industrial 

biotechnology where large cultures of bacteria or yeast were grown in bioreactor 

vessels up to 1000 litres capacity to generate by-products of microbial 

metabolism that were of high value, such as antibiotics.

In all of these industrial processes the product must be separated from the 

biomass generated by microbial growth, purified and processed for use.

To facilitate separation and purification the technique of embedding the cells in 

an inert, highly permeable, solid support material was developed [204,205]. Like 

the solid substrates use for laboratory based microbial culture these materials 

were largely polymerised complex carbohydrates.

The most commonly used embedding medium for microbial and plant cell culture 

has been sodium alginate, the sodium salt of a complex carbohydrate derived 

from seaweed and polymerised by exposure to high concentrations of calcium 

ion (1M).

The usual procedure for embedding using this medium is to mix cells and 

unpolymerised alginate in isotonic solution and to then add this mixture, 

dropwise using a small syringe or micropipette , to a solution of one Molar 

calcium chloride.
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The drops of cell suspension and alginate mixture harden on contact with the 

calcium chloride solution to form fairly uniformly sized beads. The beads are 

then removed from the polymerisation medium by filtration, washed and rapidly 

transferred to the appropriate medium for culture.

This technique was tested by Decker et al [194] for use with feline cardiac 

myocytes that were to be used individually in electrophysiological studies.

The cells were removed from the embedding medium in the Decker study by 

adding the beads to a solution of EDTA that sequestered the calcium ion and 

depolymerised the carbohydrate embedding medium.

In these studies the cells were found to have retained their rod -  like morphology 

for a longer period than cells from the same preparations maintained for the 

same period in two dimensional culture on standard tissue culture plates.

This technique was unsuitable for the type of experiment where cells were to be 

studied in large numbers and had to be attached to a fixed support medium such 

as tissue culture plates.

In an attempt to adapt the technique for the requirements of these studies a 

method was sought for applying a thin top layer of polymerised alginate to plated 

adult myocytes. The polymerised alginate proved too fragile for use as a thin 

layer. Although the calcium was bound rapidly by the alginate solution the 

addition of 1M CaCl2 to the alginate layer damaged the underlying cells. Instead 

of using alginate a low concentration of tissue culture grade agar was tested as a 

potential substitute.

Solution of 0.5 or 1% agar in PBS were melted by placing in a microwave oven 

at full power for 1 minute. This solution was then placed in a 37°C water bath 

and allowed to equilibrate to this temperature. Cooling slowly by this method 

maintained the agar solution in a liquid state.
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The warm agar was then applied as a thin layer by careful pipetting over the top 

of attached cardiac myocytes on tissue culture plates. To pipette the agar 1ml 

plastic pipette tips were trimmed with scissors to approximately double the 

diameter of the opening and placed in warm sterile PBS. Warming the pipette 

tips prevented the agar solidifying on contact with the plastic. The process of 

adding the warm agar displaced some cells which then floated into the agar 

phase.

Calculation of the volume of agar to be added to a well of known surface area 

gave an estimate of the depth of embedding medium that had been applied.

It was not possible to obtain a depth of less than 1 mm and successfully cover 

the well before the agar solidified by applying the agar by hand.

In addition the bottom of the well of a multiwell tissue culture plate is not 

completely flat. The slight camber towards the outside edge resulted in there 

always being a greater depth of embedding medium at the edges than in the 

centre. Gentle agitation to prevent this only resulted in displacing the cells into 

the warm agar as it cooled and set.

Embedding cells that had been allowed to attach to substrate coated glass cover 

slips was also attempted. The cells attached well to coated glass cover slips that 

had been thoroughly acid washed and de-greased prior to coating.

However due to surface tension the embedding medium formed a dome-shaped 

layer across the cover slip making visualisation of the entrapped cells difficult.
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4.4 RESULTS 

4.4a Attachment

In each case the wells were coated with the attachment substrate under sterile 

conditions in a taminar flow cabinet and left at 37° C in a tissue culture incubator 

under 95% air / 5% CO2 overnight

Cells were isolated from a single heart and plated onto a six well culture dish. 

On each tissue culture plate two wells had been treated with each attachment 

substrate. One point on the graph represents the mean of two replicate values 

and there are two independent experiments shown on the same axes for each 

graph.

In the preliminary experiments illustrated here cells were left to attach to the 

plating substrate for 2 hours. In earlier attempts at attaching isolated myocytes 

to a variety of surfaces, both treated and untreated it had become clear that the 

time allowed was largely irrelevant. In short cells that do not attach within 2 - 3  

hours of plating will not attach at all. This observation was also made by 

Jacobson and Piper and become the basis of the ‘rapid attachment method’ 

[161] for culturing adult rat myocytes.

At the end of two hours 2mls of plating medium containing 5% foetal calf serum 

was removed and replaced with 2.5 mis of maintenance medium containing 1% 

foetal calf serum (FCS).

In addition to the need to reduce the FCS concentration to a minimum this 

change of medium, accompanied by gentle agitation, also removed unattached 

cells. The majority of the cells remaining after the medium change were rod

shaped and excluded trypan blue (85.5%± 5.5 sem n= 10). No further medium 

changes were made until after the 3 days of serial counting was completed.

117



♦ A
35500

30500

25500

20500

15500

10500

5500

500

35500

30500

25500

20500

15500

10500

5500

500

35500

30500

25500

20500

15500

10500

5500

500

♦♦

0.5 1 1.5 2 2.5 3 3.5

♦
♦

0 0.5 1 1.5 2 2.5 3 3.5

♦

♦

B

0 0.5 1 1.5 2 2.5 3 3.5 4

J>A V S

Figure 4.1: The effect of different cell attachment substrates on the number of 

cells remaining attached to 6 well tissue culture plates.

A. The attachment substrate used was 10jug / well laminin coated directly onto 

tissue culture plastic.

B. The attachment substrate was 1ml / well of 1% gelatine

C. The attachment substrate was 1ml / well Gibco RL (Australian) foetal calf 

serum.
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SUBSTRATE LAMININ GELATINE CALF
SERUM

1 39942 16354 12506
«►- 1 25974 33670 4810
O 2 17316 11544 7696
0)s i 2 25012 20202 2886

I  £ 3 12506 8658 1924
z  ■§ 3 11068 1759 988

Table 4.1 Numbers of cells remaining attached over 3 days for 3 different plating 
substrates. Each value is the mean of two replicates, the results of two tests are 
shown.

4.4b Survival

Cells were plated onto gelatine / laminin double coated six well plates at a 

density of 105 or 106 cells per well.

The number of viable cells counted as cells excluding trypan blue stain had 

declined by approximately 50% by the third day in culture.

As a consequence of the steady background rate of decline in viable cell 

numbers all experiments were conducted in the presence of concurrent 

untreated controls. Hence the effect of any treatments applied to the cells in 

culture could be observed in comparison to the behaviour of the cells undergoing 

no treatments, but being maintained in culture.

Although plating adult cardiac myocytes onto laminin coated tissue culture 

plastics is a successful method of obtaining large numbers of attached cells the 

cultures remain relatively fragile. Cell lines or actively dividing cells can attach 

very firmly to coated and uncoated tissue culture surfaces and rarely detach 

unless they have lost viability.

Adult myocytes are large, rectangular and non-dividing cells. Frequently as a 

result of the shape, size and condition of the isolated cells they can become 

detached if handled with anything less than the utmost care.
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In order to facilitate comparison all control wells of cultured cells underwent the 

same number of changes of media as experimental wells.

DAY % LIVE SEM
Table 4.2: Cell 
survival over 3

0 82.5 5.5
days in culture. 
Means of ten

1 81.6 4.0 values +/- sem.
2 60.5 4.6 Graph of these
3 35.5 7.8 values is shown

in figure 4.2
overleaf.
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4.4c Embedding

The embedding procedure used made quantification of the cells very difficult. A 

selection of photographs of embedded cells is shown in Fig. 4.4 The additional 

depth of the embedding medium and the tendency of the cells to form several 

layers within the medium has impeded the ability to focus on the cells under the 

microscope.

In 4.4c cells that had been exposed to adenovirus serotype V carrying a gene for 

the enzyme p-galactosidase had been exposed to the substrate X-gal, which is 

cleaved by the enzyme to generate a dark blue product.

Blue stained cells were visible through the embedding medium. The very dilute 

agar used as an embedding medium in these experiments permitted free access 

to the cells by the virus. As both components of the medium and molecules of 

gasses are far smaller than virus particles this result confirmed that free 

movement of the substances required by the cells in culture was possible 

through the embedding medium.

The photographs illustrate that at three days post plating there was no 

discernible improvement in cell survival.

The technique, having proved unsuccessful in extending the life of myocytes in 

culture was abandoned.

4.4d Long term culture

The long term culture of adult rabbit cardiac myocytes was possible using the 

attachment substrate and culture conditions described here. The essential 

component of the successful long term culture of these cells was obtaining a 

contaminant free isolate at the outset. Bacterial and fungal cells overgrow the 

non-replicative myocytes in a matter of 24 -  48 hours. The use of antibiotics will
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prevent the former providing the appropriate substance is applied and the 

contaminating bacteria are not resistant. However the use of antimycotics for 

myocyte cell culture is not advisable. The myocytes themselves may be killed by

the presence in medium of an antimycotic agent [169]. Figure 4.3 shows a 

photomicrograph of adult cardiac myocytes that had been cultured for 22 aays. 

Prior to the photograph the cells had been fixed using formol saline and stained 

with Coumassie blue.

-
?

Figure 4.3 Photomicrograph of adult cardiac myocytes cultured for 22 days. 

The cells have been stained with coumassie blue, a histological stain that has a 

high affinity for protein.
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Figure 4.4. Adult myocytes plated onto laminin coated tissue culture plates and 

embedded in a 1% agar overlay.

A: Cells are shown 24 hours after embedding 

B: Three days in culture.

C: Adv transfected cell, positive for [3-galactosidase.
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4.5 DISCUSSION

The isolation and culture of adult cardiac myocytes are techniques that have 

been under development for over two decades, Many groups use freshly 

isolated myocytes from adult and immature mammals to perform investigations 

into the physiology and electrophysiology of cardiac muscle cells.

In the light of the many published data derived from both acutely isolated and 

cultured cardiac myocytes the usefulness of the techniques as tools cannot be 

ignored. However the culture of adult cardiac myocytes is a difficult and 

intrinsically variable technique.

Extensive development and characterisation of primary cell cultures will 

continue.

The isolation, plating and culture conditions tested for this study produced large 

numbers of calcium tolerant, quiescent myocytes that attached well to gelatine 

primed laminin coated tissue culture plates.

These cells retained their native morphology for periods of several days, but the 

cell numbers began to decline rapidly after 3 days. Myocytes in two dimensional 

culture are sensitive to the turbulence and shear forces created by the removal 

and replacement of media and begin to lose their attachment to culture 

substrata when their viability declines.

For these reasons the decision was taken to perform all experiments within 3 - 5  

dayjS/of isolation while the numbers of cells in culture remained relatively stable. 

For the measurements used to determine cell viability endpoints large numbers 

of cells were required. Obtaining and retaining such large numbers of attached 

cells was the deciding factor in the selected time course for experimental 

procedures.
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The attempts to create a three dimensional culture environment for these cells 

were not successful, however the use of an attachment substrate throughout the 

embedding medium and more uniform distribution of the overlay are strategies 

that might weli have improved the outcome. The technique reduced the visibility 

of the cells under the microscope and limited access for the determination of cell 

viability using techniques such as dye exclusion. Nonetheless three dimensional 

culture for delicate cell populations is a potentially useful technique.
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CHAPTER 5 

SIMULATED ISCHAEMIA

5.1 INTRODUCTION

5.2 MATERIALS AND METHODS

a. Extracellular milieu

b. Oxygen limitation

c. Use of the hypoxia chamber
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5.4 SUMMARY

5.5 DISCUSSION

127



5.1 INTRODUCTION

Ischaemia in living tissue generates a complex series of changes to the 

environment surrounding the cells comprising that tissue. These changes in turn 

influence the internal environment of the individual cells. Many of these changes 

are uncharacterised although measurements of the consequences of ischaemia 

in terms of the concentrations of ions, oxygen and the accumulation of 

metabolites in the extracellular fluid have been undertaken both in-vivo and in- 

vitro.

One of the consequences of any extended period of inadequate perfusion will 

inevitably be the loss of viability of some of the cells comprising the 

compromised tissue. Dying cells will release into the immediate surroundings a 

range of materials not encountered by living cells under normal conditions. One 

of the commonly used endpoints for the measurement of loss of viable cells is 

the release into the extracellular space of intracellular enzymes such as creatine 

kinase and lactate dehydrogenase. Although there is not total agreement as to 

whether enzyme release adequately reflects cell viability [206].

Other substances released into the extracellular milieu could include lysosomal 

enzymes, in-tact and partially digested structural proteins, metabolic by products, 

lipids, lipoproteins and phospholipids, indeed all or any of the components of the 

intracellular environment may be released during the breakdown of non-viable 

cells.

As blood is excluded the scavengers in the circulation, the phagocytic cells will 

also be largely excluded. The environment created by extended ischaemic insult 

will be substantively different from normal physiological conditions and both 

complex and dynamic.
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Either measuring or simulating such a set of circumstances would present a 

series of virtually insurmountable logistical problems. As a consequence any 

simulation of the conditions that exist in ischaemia would be a gross 

simplification of the conditions in life.

An early report by Acosta et al [207] describes a simulation of ischaemia in 

cultures of neonatal rat cardiocytes. In this simulation the oxygen and glucose 

levels applied to the cells were reduced for periods of 4 - 2 4  hours and the 

leakage of intracellular enzymes into the supernatant medium was measured as 

an endpoint for cell injury.

Esumi et al [208] describe a simulated ischaemia based on the extracellular 

milieu of reversible myocardial ischaemia. The method involved the use of 

modified Krebs-Heinseleit buffers which contained metabolic inhibitors, 

increased lactate , proton and potassium ion concentrations. The method was 

developed for use with a single cell model of ischaemic injury in freshly isolated 

rat myocytes.

In 1995 Webster et al [209] published a model of ischaemic preconditioning in 

cultured neonatal rat cardiocytes using an environmental chamber to exclude 

oxygen, but not modifying either the extracellular pH or availability of substrate. 

A modification of this method utilising a custom built chamber to exclude oxygen 

from the extracellular environment of had been in use by Dr DV Cumming in the 

Department of Molecular Pathology UCL for application to cultured neonatal rat 

cardiac myocytes. This method used both a modified extracellular milieu and an 

environmental chamber to create a simulation of ischaemia .

Armstrong and Ganote [45,52,99] in the pellet model of ischaemia that they have 

developed, based on acutely isolated adult myocytes used packing of the cells 

by gentle centrifugation to control extracellular volume, exclusion of oxygen by
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applying a layer of oil over the pellet and withdrawal of metabolic substrate, in 

the form of glucose to create a simulation of ischaemia.

Ikonomidis et al published a simulated ischaemia protocol for use with cultured 

human paediatric ventricular myocytes. This simulation consisted of a specially 

constructed chamber in which conditions of anoxia and reduced extracellular 

volumes could be created.

This section describes the investigation of and adaptation of existing simulations 

for use with cultured adult rabbit cardiac myocytes.

5.2 Materials and Methods

In all of the experiments described here cells were plated onto 6 well tissue 

culture plates or 35mm petri dishes at an initial plating density of 106 cells per 

well or per dish.

Cells used in these initial studies had been maintained overnight in maintenance 

medium containing 1% FCS in a standard incubator gassed with air enriched 

with 5% CO2. Prior to use all tissue culture wells were examined under an 

inverted light microscope for visible signs of microbial contamination. 

Contaminated cultures were always discarded.

5.2a. Extracellular Milieu:

Simulated ischaemia consisted of a Krebs - Heinseleit buffer containing

NaCI 119mM, KCI 4.7mM, MgS04. 7H20  0.94mM, KH2P 04 1.22 mM, HEPES

10mM and CaCI2 1mM to which was added 12mM KCI and 20mM lactate.

The pH of this buffer was adjusted as required for the various experiments. No 

glucose was added and all controls were maintained in normal tissue culture 

medium.
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This buffer was based on the rabbit Krebs-Heinseleit solution originally used for 

the ‘normal calcium’ step in the cell isolation procedure. The calcium ion 

concentration in this formulation is close to that present in M199 tissue culture 

medium and this Krebs solution would therefore not introduce any difficulties 

that might be associated with alterations in extracellular calcium.

Metabolic inhibitors were not added to the final buffer composition as in this 

simulation hypoxia could be obtained using a specially designed and purpose 

built apparatus.

5.2b. Oxygen limitation:

Figure 5.1a is a simplified schematic diagram of the hypoxia chamber. In figure 

5.1b a photograph of the hypoxia chamber is presented.

The unit was originally designed and constructed by the engineers of the 

mechanical workshops at University College London for use with neonatal 

cardiac myocytes in the course of research conducted by Dr D Cummings in the 

department of Molecular Pathology.

A copy of the device was later constructed by the bioengineering department at 

St Thomas’s Hospital. The base, body and lid of the chamber were made from 

perspex and the body of the unit was insulated with expanded polystyrene.

Inside the unit a series of heating elements and temperature sensors were 

installed connected to a separate control device via a plug-in connection at the 

rear.

Two one-way valves were installed, one in the inwards direction in the base and 

one in the outwards direction in the lid to permit the flow of pressurised gas 

whilst excluding atmospheric air.
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A perspex baseplate was installed in the bottom of the body of the unit to 

support tissue culture plates and enhance gas and heat circulation and a simple 

oxygen electrode was inserted via the lid and sealed into position. The

electrode was connected to a meter external to the chamber as is illustrated in 

the photograph of the apparatus shown below.
i

The whole chamber was sealed by closing the lid with wing nut screw fittings, a 

rubber O-ring was rebated into the top surface of the base section to ensure a 

gas tight seai.

Figure 5.1a Photograph of the hypoxia chamber used in the experiments 

described in this thesis.
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Figure 5. 1b Schematic diagram of the main components of the hypoxia 

chamber. Diagram kindly provided by the bioengineering department, Rayne 

Institute, St Thomas’s Hospital
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5.2c. Use of the hypoxia chamber

In use the chamber was flooded with a mixture of 95% Argon / 5% CO2. This 

heavier than air gas mixture was selected with the intention of creating an 

environment within the chamber that would permit the removal and addition of 

tissue culture plates without introducing atmospheric air.

Although this was the intention it did not prove possible to manipulate the 

contents of the chamber without causing significant reintroduction of 

atmospheric air as measured using the in situ oxygen electrode.

All media and buffers for use in the hypoxia chamber were pre-gassed with the 

Argon / C 0 2 mixture for one hour prior to use. All solutions were sterile at the 

time of use.

While solutions were gassed the heating unit of the hypoxia chamber apparatus 

was activated and left to equilibrate to the pre-set temperature of 37°C. Despite 

normal rabbit core temperature being quoted as 38 -  40° C [184] all 

experimental procedures and incubations were conducted at the slightly lower 

temperature as facilities such as water baths, incubators and the hypoxia 

chamber were used by other workers.

It was specifically not possible to run a tissue culture incubator at the higher 

temperature.

Cells were removed from the incubator and transferred to the laminar flow 

cabinet. The maintenance medium was carefully removed by aspiration with a 

pipette and each well washed once with either buffer or medium as appropriate 

to the subsequent treatment.

All wells of the tissue culture plates were exposed to the same number of 

medium changes during an experiment. This procedure was followed to ensure
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that loss of or damage to cells due to handling was as uniform across the 

culture as possible.

5.3 RESULTS

5.3a The characteristics of the hypoxia chamber.

Figure 5.2: Graph showing the rate of decline of oxygen saturation in the 

hypoxia chamber as measured using in-situ oxygen electrode.
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The electrode configuration precluded measurement in less than 1ml of solution. 

Measurements in solution were taken in 5mls and 1ml of pre-gassed simulated 

ischaemia buffer in tissue culture plates of the appropriate size. Solutions were 

unstirred. The volume normally applied to one well of a six well plate or a 35mrn 

petri dish for use in the chamber was 0.5mls. All experimental protocols 

included a 30 minute equilibration period before the timing of the experiment 

commenced.

5.3b Components of the simulated ischaemia buffer.

The data illustrated in Figs 5.3 -  5.5 were from preliminary experiments 

performed on cultured adult rabbit cardiac myocytes to determine the effects of 

individual components of the simulated ischaemia.

The graphs of the results obtained when the putative ischaemia buffer (IB) was 

modified by altering one component at a time. Cell viability was estimated by 

trypan blue exclusion only or by trypan blue exclusion and the MTT conversion 

assay in this series of experiments.

The aim was to adjust the simulated ischaemia protocol to reliably and 

reproducibly cause a 50% loss in cell viability and for the purposes of all 

subsequent experiments to define this as the ‘lethal’ stimulus.

With a smaller loss in cell viability it might prove difficult to see a significant 

effect above the background decline in cell numbers already described.

Also if any of the strategies to be tested for modification of the response of cells 

in culture to this stimulus were to cause an increase in cell death then a lethal 

stimulus causing a larger than 50% decline in cell numbers could mask any 

detrimental effects.
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Figures 5.3 a and b:

Graphs of the trypan

blue and MTT results 

from 4 experiments to 

determine the effect of 

pH on the efficacy of 

the simulated 

ischaemia buffer. In 

two experiments 

plates were placed in 

the Hypoxia chamber 

for four hours plus 

30mins equilibration 

and in two

experiments the plates 

were kept in a tissue 

culture incubator for

4.5 hours.

c = untreated control 

i = ischaemia buffer

Without Hypoxia l- —J 

With Hypoxia

Table 5.1: Effect of pH on response to simulated ischaemia

pH
+Hypox.

%ex
tb

SEM MTT SEM pH
no Hypox

%ex
tb

SEM MTT+ SEM

c7.4 100 0 100 0.0 c7.4 100 0 100 0
i7.4 99.1 8.5 60.5 8.0 i7.4 93 2.9 122 38
i6.6 116.3 0.3 51.7 0.4 i6.6 90 2 108 7
i6.2 79.0 21.8 19.8 2.7 i6.2 68.7 2 56 5
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5.3c pH ± Hypoxia.

The effect of reducing the pH of the simulated ischaemia buffer is shown in 

figures 5.3a and 5.3b. The reduction in pH of the ischaemia buffer does not 

begin to have clearly deleterious effects as measured by trypan blue exclusion 

until the level is below 6.5, both with and without hypoxia. The effects seen 

using MTT conversion as the endpoint are more pronounced at higher pH. In 

addition the effect of adding hypoxia is clearer in the metabolic endpoint.

All subsequent experiments were performed using simulated ischaemia were 

performed using the buffers adjusted to pH 6.2.

5.3d Lactate and Glucose deprivation:

Figures 5.4 a and b show results obtained for trypan blue exclusion and MTT 

assays from two experiments to examine the effect of glucose deprivation and 

the addition of lactate to the simulated ischaemia buffer.

In these preliminary experiments the buffer was made up as a glucose free 

Krebs -  Heinseleit solution containing : 119mM NaCI, 4.7mM KCI, 0.94 mM 

MgS0 4 .7 H2 O, 1 .2 2 mM KH2PO4, 25mM NaHCC>3, 1 0 mM HEPES and 1 mM 

CaCI2 , pH adjusted to 7.4.

The aim was to determine the effect of the addition of each individual component 

of the simulated ischaemia on the proportion of viable cells surviving exposure. 

These experiments were performed with the basic buffer adjusted to normal 

physiological pH prior to the addition of the simulation components.

The results from these experiments were not normalised to control values . It is 

clear that at this early stage in the development of the techniques for handling 

and deriving measurements from cultured adult myocytes neither the numbers of 

cells obtained nor the condition of the cells in culture was optimal.
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By comparing these early sets of data with the overall picture obtained for cell 

yield, and survival in culture it can be seen that the situation steadily improved as 

experience was gained.

Controls were untreated controls. All control wells underwent the same number 

of medium changes as test wells.

Both the trypan blue and MTT results suggest that the addition of lactate to the 

buffer may actually have been beneficial, possibly due to the capacity of 

myocytes to utilise lactate as a metabolic substrate. It has been reported that 

mild acidosis can confer protection on isolated cells exposed to ischaemic 

conditions. It seems that of the conditions tested the removal of glucose in 

combination with a low pH is the most injurious set of conditions.

Table 5.2 Effect on cell viability of 4 hours exposure to components of the 

simulated ischaemia.

Treatment % Cells excluding MTT
trypan blue Abs.

UTC 59.2 13.6
LAC+ 59.6 22.8

GLUC- 36.5* 15.2
Combined 37.5* 16.0
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Figure 5.4 a and b:

Graphs of the results of trypan blue exclusion test and MTT assay in experiments to 

determine the effects of the addition of lactate (lac+) and removal of glucose (glue-) 

from the simulated ischaemia protocol. Note that the addition of lactate in the absence of 

hypoxia either has no effect or possibly even a beneficial effect. The withdrawal of glucose 

clearly reduces cell viability. n=2 experiments for each variation of buffer composition.
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5.3e Time course:

In the reported simulations of ischaemia the time courses for which the 

particular protocol was applied to simulate lethal ischaemia varied from 2

minutes [208], through 25 minutes [209], 90 minutes [138] ,3 hours [99] to 4 -  

24 hours [207]

To determine the time course needed to attain the desired “ lethal stimulus” for 

adult rabbit cardiocytes in culture a series of experiments was performed.

The results of these experiments are shown in figure 5.5.
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Figure 5.5 Time course of the lethal stimulus.

TIME %Cells excluding SEM
Trypan blue

UTC 100 0
1 Hr 58.4 4.6
2Hrs 45.2 11.1
4Hrs 32.3 8
6Hrs 35.5 9

Table 5.3: Time course data, 

means and standard errors, n 

as indicated in figure 5.5
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From examination of these results it was decided that 4 hours exposure to the 

stimulus consisting of the hypoxia chamber and the ischaemia buffer, pH 6.2, + 

20nM lactate and an additional 12mM K+ would count as the lethal simulated 

ischaemia for adult rabbit cardiocytes in culture. As a consequence a number of 

the early experiments conducted in this model to identify a preconditioning 

stimulus and demonstrate protection were conducted using a four hour protocol. 

Shortly after developing this simulation for adult rabbit cardiocytes a colleague 

began the process for use with neonatal rat cardiocytes. The simulated 

ischaemia buffer had been successfully used by Dr. R Heads in this model in 

our laboratory, however the combination of buffer and chamber was untried for 

neonatal rat cardiocytes. The results of the protocol in the rat model indicated 

that a six hour incubation was called for.

As the results obtained from the rabbit cells indicated that there was little 

difference between four and six hours exposure the six hour protocol was 

adopted in order to standardise the technique for all models in use in the 

laboratory.

5.3f The lethal stimulus, effect on adult cardiocytes in culture of the 

simulated ischaemia.

Presented in the tables and figures below are the results from a number of 

experiments in which the simulated “lethal stimulus” was applied to adult 

cardiac myocytes in culture and for which three end points of cell viability were 

measured. The method that was finally chosen for measuring LDH release in 

this model is described in the general methods section of this thesis.
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Table 5.4 Data from 4 hour preliminary experiment, all three endpoints. Non

normalised values.

TREATMENT % Cells excluding SEM MTT Abs. SEM LDH SEM
Trypan blue x 100 U/l

UTC 80.5 3.4 23.9* 4.7 132.5 24.8
IN 68.8 2.3 10.8* 1.0 115.0 8.9
CH 69.8 5.5* 14.2* 2.5 199.5* 14.6
IH 49.8 5.9 11.3 0.2 237.3 48.5

*p < 0.05 With respect to Controls.
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simulated ischaemia 
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Table 5.5 Data from preliminary six hour experiments. Means of 6 values 

+/- sem. Normalised data.

Treatment % Cells excluding SEM % LDH SEM MTT SEM

Trypan Blue Released Abs.

UTC 100.0 0.0 42.30 3.2 100.0 0.0

IN 37.1* 10.2 53.28 6.4 40.80* 13.7

CH 86.00 9.8 54.20 6.3 46.20 * 8.9

IH 32.3* 8.1 50.12 4.3 26.20* 6.1

*p < 0.05 With respect to controls
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5.4 Summary

It is apparent that each individual component of the protocol has some 

detrimental effect on cell survival over the 4 hour exposure used in the 

preliminary investigations. However it is not until the full range of changes in the 

extracellular milieu are applied that 50% loss of cell viability was consistently 

observed.

The additional effect of adding hypoxia to the simulated ischaemia protocol 

appears from the trypan blue data to be small, but the measurement of metabolic 

activity, the conversion of methyltetrazolium, shows a much larger effect. It 

seems from these results that metabolic processes are affected at a different 

rate during the simulation to the effects on the cell membrane. The decline in 

the metabolic activity appears not to be coupled directly to the loss of membrane 

integrity. A similar effect is seen with pH. It should be noted that the pH of the 

applied solution will not necessarily reflect the pH in the immediate environment 

of the cell in culture and will not be an accurate reflection of either cytosolic or 

mitochondrial matrix pH. The cell in culture, as with all particles in a liquid will 

generate what is known as a microenvironment [210] this consists of a small 

region at the solid/liquid interface where charge distribution is unlike that 

throughout the body of the solution. Microenvironments are more resistant to 

perturbation than the body of a solution and it may be that there is a lag phase 

between change in solution and change in the immediate environs of the 

individual cell.

The six hour experimental duration was selected for all subsequent experiments. 

As results reported in the following chapters will show the level of injury was not 

always consistent for reasons that are often not clear. It may in part be
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dependant on the condition of cells derived from a particular isolation, which as 

has already been discussed can be variable.

The results of the LDH estimations shown demonstrate that the normalisation 

technique undertaken produced greater consistency of results, but because of 

the persistently high background levels [206] measured statistical significance 

was not reached. The high background did not correlate directly with the viability 

estimations obtained using trypan blue exclusion or MTT conversion and 

although the trends shown in the LDH estimations often followed the results of 

the other end-point measurements the results were rarely statistically significant.

5.5 DISCUSSION

Based on the methods described by Esumi et al [208] a simulated ischaemia 

developed. The simulation was comprised of an extracellular environment of 

known composition. The composition was designed to reflect conditions in the 

extracellular milieu as known to exist in inadequately perfused tissues. Unlike 

the method of Esumi et al however, chemical inhibition of oxidative 

phosphorylation and blockers of glycolysis were not used.

Using a custom built apparatus filled with a heavy gas mixture hypoxia was 

added to this simulation. Components of the simulation were tested for their 

effects on cultured adult rabbit cardiac myocytes and a protocol that reproducibly 

resulted in a 50% loss of viable cells was constructed.

This protocol was termed the lethal stimulus and used as such in all subsequent 

experiments described in this thesis.
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6.1 INTRODUCTION

Ischaemic preconditioning was first described in the heart of the dog by Murry et 

al 1981. In their report they describe how repeated or single, short, exposure to 

ischaemia followed by reperfusion conferred protection against the injury caused 

by a subsequent longer period of ischaemia.

The mechanisms of ischaemic preconditioning have been investigated in several 

models including the in-vivo dog heart [9,211], the in-vivo and in-vitro rabbit heart 

[212,213,214,215] the in-vitro rat heart [216,217,218,219] and in foetal 

human[220], and neonatal rat [85,209] cells in culture. In addition the 

phenomenon has been explored in acutely isolated and dedifferentiated adult 

myocytes [45,221,222,223].

The advantage of a cellular model is the relative simplicity of the system, devoid 

of interactions between cells and between different cell types it is possible in this 

type of model to dissect mechanism at the level of the individual cell and begin to 

gain some understanding of the pathways of response involved.

A large body of work using the adult rabbit model has been done in-vivo and in 

the in-vitro whole heart to determine the possible mediators of preconditioning. It 

was with these investigations in mind and the fact that ischaemic heart disease 

is a disease largely of the mature organ that the model based on adult rabbit 

cells was tested to determine whether the preconditioning response could be 

observed at the level of isolated cells.

Armstrong and Ganote had reported measuring protection conferred by a 

preconditioning stimulus in acutely isolated adult cardiac myocytes. The model 

as described did not provide the opportunity to examine the changes in cells 

over periods of longer than several hours. The adult rabbit cardiac myocyte
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culture model could provide these opportunities. It had to be tested whether the 

protective effects of preconditioning could be observed in this model.

If intercellular communication or the presence of other cell populations were 

essential to the response then the model as constructed could not be used to 

test the possible benefits of interventions based on the proposed mediators of 

the endogenous cytoprotective response.

6.2 MATERIALS AND METHODS 

6.2a. Classical preconditioning

The simulated ischaemia protocol described in the previous chapter was defined 

as and used as the ‘lethal’ stimulus in all of the experiments detailed here.

A variety of preconditioning stimuli have been reported in both in-vivo and in-vitro 

models of preconditioning. In the experiments described here the following 

stimuli were tested .

1. Glucose deprivation: this form of metabolic inhibition was reported by 

Armstrong et al [45] to demonstrate preconditioning in freshly isolated cells.

2. Simulated ischaemia for a brief time prior to the lethal stimulus a technique 

designed to mimic the protocol used in in-vivo and whole heart models of 

preconditioning.

3. Individual components of the simulated ischaemia other than glucose 

withdrawal.

6.2b. Glucose deprivation.

Glucose deprivation was applied to cells using a custom-made tissue culture 

medium M199 with Earles salts from which glucose had been excluded. In all
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other respects the formulation was identical to that used for culture of adult 

cardiac myocytes.

6.2c. Culture handling protocols:

For each preconditioning stimulus involving a change in the medium applied to 

the cells the wells were emptied of normal medium by gentle aspiration and 

washed once with the new medium. The new medium, either fresh M199, the 

glucose free M199 or the simulated ischaemia buffer was then applied to the 

cells.

At the end of the preconditioning stimulus the medium or stimulus was removed 

and the medium replaced with normal tissue culture medium and the cells 

returned to the tissue culture incubator for a period that was designated the 

reperfusion or recovery period.

After the reperfusion/recovery period the cells were then exposed to the lethal 

stimulus. In all experiments the control wells were exposed to the same number 

of medium changes and washes as the experimental plates.

6.2d. Agonists and Antagonists:

2-Cloro-N6- cyclopentyladenosine (CCPA), a potent adenosine Ai receptor 

agonist [224] was applied to the cells diluted in normal tissue culture medium 

over a range of concentrations for either 30 minutes or 1 hour. CCPA was then 

removed by washing and replaced with normal tissue culture medium for 30 

minutes prior to exposure to the lethal stimulus. In experiments where CCPA 

was applied during the long ischaemia the dose was added to the tissue culture 

medium / buffer immediately before transferring the cells to the hypoxia 

chamber. Similarly 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) and
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chelerythrine were added to the cells at a range of concentrations either during 

or before the preconditioning protocol.

Both of these compounds were then removed by washing prior to the long 

ischaemia. In experiments where antagonists were applied during the long 

ischaemia the drugs were added immediately prior to placing the tissue culture 

plates into the hypoxia chamber for the period of the lethal stimulus.

All tissue culture media and buffers used during experimental procedures were 

serum free all solutions were sterile at the time of use.

When cells were removed from either the incubator or the hypoxia chamber at 

the end of the 6 hour incubation period samples were taken for the LDH 

estimation as described and all wells received fresh maintenance medium 

containing 1% FCS. Cells were then returned to the incubator overnight.

Heat stress proteins:

Samples for Western blotting were taken and processed as described in the 

general methods section of this thesis.

6.3 RESULTS

6.3a Preconditioning: With brief ischaemia.

The preconditioning protocol described by Murry et al [9] consisted of a brief 

ischaemia followed by a period of reperfusion. To simulate this protocol the cells 

in culture were exposed to a brief period of simulated ischaemia with hypoxia. 

The logistics of changing the media on a number of tissue culture plates and 

moving the plates physically from one location to another imposed limitations on 

the timing protocol.
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Figure 6.1 and table 6.1 show the results of two experiments in which cells were 

exposed to the simulated ischaemia for 1 hour followed by 30 minutes recovery

in normal medium and In the incubator and then returned to ischaemia buffer 

and the hypoxia chamber for the 6 hour lethal stimulus.

ONE HOUR 
PRETREATMENT

30 MINUTES 
RECOVERY

RS

PRECONDITIONING PROTOCOL
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Figure 6.1:

Preconditioning pilot experiments. Cells were exposed to 1 hr pre-treatment, 30mins 
recovery and 6hrs lethal ischaemia.
UTC= untreated control, IH= lethal ischaemia,PCI= preconditioning with ischaemia 
n = 2 experiments,

Table 6.1: Data from pilot preconditioning experiments

Treatment %Cells excluding MTT % LDH
Trypan blue Abs. Released

UTC 100 100 50
IH 33.3 70.8 55.7

PCI 72.9 85.4 63.7
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From table 6.1 it can be seen that the lethal stimulus reduced the number of 

viable cells, by trypan blue, to 33.3 % +/- 4.5 of controls and preconditioning the 

cells with a brief exposure to the stimulus resulted in an increase in the number 

of viable cells present after the lethal stimulus to 72.9% +/- 4.1 of controls by the 

same measure. The amount of MTT converted is reduced to 70. o % +/- 7.£j of 

the control value by the simulated ischaemia and restored to 85.4% +/- 2,5 by 

the precondtioning protocol. The changes in LDH released reflect the same 

general trend, but do not attain significance and the background level of release 

is high.

6.3b Preconditioning with metabolic inhibition/hypoxia

Armstrong and Ganote had reported preconditioning acutely isolated adult rabbit 

cardiocytes in suspension by brief periods of glucose deprivation [99]. In my own 

laboratory Dr. R. Heads had successfully preconditioned cultured neonatal rat 

cardiocytes using metabolic inhibitors and lkonomidis[136] had reported 

preconditioning cultured foetal human myocytes using hypoxia and reduced 

extracellular volume.

The results shown in figure 6.1 involved an experimental procedure during which 

a large number of medium changes had to be undertaken. Although the protocol 

appeared to have been successful it was decided to try to find a preconditioning 

stimulus that involved less handling and therefore less damage to the cultures. 

The results of these experiments are shown in figures 6.2 -  6.5 and 

accompanying tables below.

Glucose deprivation: For the reasons already outlined in this chapter the 15 

minute protocol as used by Armstrong et al to precondition with glucose

154



withdrawal was not available for use with cultured adult cardiac myocytes. In fig

6.3 the results of 2 experiments

are shown. It is clear that the withdrawal of glucose has not decreased the injury.
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Figure 6.2:
Preconditioning pilot experiments. Cells were exposed to 30mins or 1 hr pre-treatment 
with glucose free medium, 30mins recovery and 6hrs lethal ischaemia.
UTC= untreated controls, IH= lethal ischaemia 
n = 2 experiments,

Table 6.2: Results from glucose withdrawal experiments

Treatment %Cells 
excluding 
Trypan blue

MTT LDH

UTC 100 100 42.2
IH 55.9 60.5 69.4
30 MINS 42.2 65.1 74.0
60 MINS 52.0 72.1 64.3
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Two time- courses were investigated, 30minutes and 60 minutes of glucose 

deprivation, either of these pre-treatments was then followed by 30 minutes of 

recovery in normal tissue culture medium and then pre-treated cells were 

transferred to the hypoxia chamber for the lethal stimulus.

The results obtained from these experiments suggest that glucose withdrawal is 

not an effective preconditioning stimulus in this model.

Reduced extracellular volume and hypoxia:

A series of experiments was performed in which two elements of the lethal 

stimulus were applied to the cells in culture to determine if this form of 

attenuated stimulus would result in protection. The cells were placed in the 

hypoxia chamber under 0.5mls of normal tissue culture medium for 30minutes 

or 1 hour. At the end of this pre-treatment period the tissue culture plates were 

returned to an incubator under fresh medium for 30 minutes recovery. After the 

recovery period the cells were placed in the hypoxia chamber for the six hour 

lethal stimulus.

The two experiments in which this stimulus was applied for 30 minutes showed 

no protection, however the experiments in which the stimulus was applied for 1 

hour showed excellent protection.

This was chosen as the preconditioning stimulus for all subsequent experiments. 

Because this stimulus was used as a control for other variables in many 

subsequent experiments a large body of data was gathered.

In figure 6.3 and the accompanying table the data from 10 experiments are 

shown.
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Figure 6.3:
Preconditioning pilot experiments. Cells were exposed to 1 hr pre-treatment 
with hypoxia in a reduced volume of normal medium, 30mins recovery and 
6hrs lethal ischaemia.
UTC= untreated controls, IH= lethal ischaemia, PCH= hypoxic 
preconditioning
n =10 experiments, 20 rep licates

Table 6.3: Data from hypoxic preconditioning experiments

TREATMENT %Cells excluding 
Trypan blue

SEM MTT SEM LDH SEM

UTC 100 0 100 0 47.7 53.52
IH 48.7 6.16 25.17 7.22 56.44 6.1
PCH 74.43* 5.27 122.8* 20.2 50.26 4.2

* p< 0.05 with respect to lethal stimulus
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6.3c Mimicking preconditioning with adenosine and the adenosine 

receptor agonist CCPA:

It has been proposed that adenosine is one of the primary endogenous triggers 

for preconditioning . Adenosine and adenosine receptor agonists have been 

shown to mimic the protection due to preconditioning in the in-vitro rabbit heart 

[224] . There remains some controversy as to the role of adenosine in the rat 

heart.

To demonstrate that the protection observed in the cultured adult rabbit cardiac 

myocyte model is analogous to the preconditioning seen in other rabbit based 

models both adenosine and the adenosine receptor agonist CCPA were tested. 

From preliminary results obtained there was some suggestion that the 

application of adenosine did protect the cells against the lethal stimulus, however 

the effect was both small and equivocal.

CCPA has been described as a selective and potent adenosine Ai receptor 

agonist, approximately 100 times more potent than adenosine itself. One pilot 

experiment was performed using a dose of 1.0 pM CCPA over two time 

courses. In addition in this experiment the drug was given in medium to cells not 

exposed to the lethal stimulus to determine whether it was toxic to the cells in 

culture. Drugs given systemically do not reach the active site at large or often 

predictable doses, in a whole heart in-vitro other cell types are present also. In 

culture the target cell population is exposed directly to any agent added to the 

medium and an albeit crude test of cytotoxicity was deemed necessary. However 

testing a range of variables meant that only enough cells were available to 

perform the trypan blue exclusion assay and not all three end-point estimations. 

The results from this experiment are shown in figure 6.4 and the accompanying 

table.
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To determine the optimal dosage of this compound experiments were performed 

using the doses 0.1 and 1.0 pM and pre-treating for 1 hour.

The results of six experiments performed to determine the optimal dose are 

shown in fig 6.5 and the accompanying table.
Figure S.4 
Pharmacological 
protection pilot 
experiment. Cells were 
exposed to 30 minutes 
(C30) or 1 hr (C60) pre
treatment with CCPA 
+/- subsequent 
exposure to the lethal 
stimulus. The drug was 
removed at the end of 
the pre-treatment 
period and replaced 
with fresh medium. 
UTC= untreated 
controls
IH= lethal ischaemia 
PCH= hypoxic 
preconditioning 
n =1

h-<
LUCE IH 
h-

UTC

0 20 40 60 80 100

% Cells excluding trypan blue 

Table 6.4 Data from CCPA pilot experiment

N.B The statistical 
analysis for these 
results could not be 
very meaningful, the 
sample =2 replicates 
from 1 experiment.

Treatment
% Cells excluding 
Trypan blue

UTC 100
IH 49.4
C30 78.0
C60 86.7
IH30 61.9
IH60 99.7

Means are of two replicates from one experiment.
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Figure 6.5
Pharmacological protection pilot experiment. Cells were exposed to 30 minutes or 1 hr pre
treatment with 0.1 pi M or 1 .Op M CCPA for one hour prior to exposure to the lethal stimulus. 
The drug was removed at the end of the pre-treatment period and replaced with fresh 
medium. UTC= untreated controls, IH= lethal ischaemia 
n =6 12 replicates
d< 0.05 with resoect to lethal stimulus.

Table 6.5 Results of experiments to test the effects of CCPA, an adenosine A1 

agonist on cells in culture.

Treatment % Cells excluding SEM % LDH SEM MTT SEM
Trypan blue Released Abs.

UTC 100 0 42.1 3.3 100 0
IH 39.7 4.6 56.1 3.3 141.9 47.0
CCPA 0.1pM 42.9 8.76 47.3 6.56 32.6 12.64
CCPA 1 .OpM 65.7* 7.0 46.2 3.0 83.1 28.0
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A clear protective effect was seen at 1 .OjiM. From the data shown the number 

of viable cells was reduced, by trypan blue exclusion, to 37.96% ± 4.6 of the 

control value by the lethal stimulus. After treatment with CCPA at the maximal 

dose applied the percentage of viable celis remaining after the lethal stimulus 

was increased to 87.1% ± 5.2 of the control. Cells were pre-treated for 1 hour 

with CCPA, washed and rested for 30 minutes and then exposed to the lethal 

stimulus. It was clear from these experiments that there is a reduction in cell 

death as a result of pre-treatment with the adenosine Ai agonist CCPA.

CCPA applied in one experiment during the long ischaemia showed no 

protection.

6.3d Effect of the adenosine Ai antagonist DPCPX

In the preceding experiments it had been shown that the degree of injury, as loss 

of viable cells, caused by the lethal stimulus could be reduced using pre

treatment protocols analogous to preconditioning.

Preconditioning with a brief exposure to the full simulated ischaemia with 

hypoxia had been shown to confer protection as had preconditioning with 

hypoxia alone. It had also been demonstrated that this protection could be 

mimicked by applying the adenosine Ai agonist CCPA to the cells prior to the 

long ischaemia. It remained to demonstrate that the protection due to hypoxic 

preconditioning was mediated by adenosine.

Cells were exposed to the adenosine receptor antagonist DPCPX prior to 

hypoxic preconditioning to test if the protection observed was mediated via the 

action of adenosine as has been proposed in both the in vitro and in vivo rabbit 

heart Downey et al. A range of effective doses for this antagonist are cited for 

different model systems, 1 or 10|iM in rabbit cells [100] in the pellet model of
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Armstrong and Ganote. As the pellet model is also based on isolated cells the 

experiments to determine the effectiveness of DPCPX at blocking the observed 

protection in this model were constructed around this dose range, but a wider 

range was covered.

The dose range 0.1-100 pM DPCPX was tested, these doses were also 

screened for cytotoxic effects. Cells treated with DPCPX alone in one test 

showed no signs of toxicity.

The results of the preconditioning experiments show DPCPX abolished the 

protection due to hypoxic preconditioning. However at the lower end of the dose 

range the injury appears to be exacerbated and the higher doses exhibited the 

rather odd effect of apparently augmenting the protection.

Subsequent experiments performed using 10pM DPCPX, as reported by 

Armstrong and Ganote consistently show that the protection due to hypoxic 

preconditioning was blocked, interpreting the effects of doses on either side of 

this amount is rather difficult. (See discussion section).

Table 6.6. Results of experiments to test the effect of adenosine receptor 

blocker DPCPX on the response of cells in culture to hypoxic preconditioning.

Treatment % Cells excluding SEM MTT SEM % LDH SEM
Trypan blue Abs. Released

UTC 100 0 100 0 50.5 1.2
IH 73.95 3.8 59.1 8.8 72.9 7.4
PCH 86.9* 2.4 85.5 30.3 54.2 5.5

pM DPCPX
0.1 10.1* 0.9 10 10 85.9 5.2
1 30.95* 0.5 0 0 86.1 2.6
10 71.75 4.25 100 8.43 58.25 2.15
100 85.03 13 94.3 5.6 51.2 3.7
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Figure 6.6
Plot of concentration -  response curve for DPCPX vs hypoxic preconditioning. The 
graph illustrates the results for several series of experiments. Due to the size 
limitation of the hypoxia chamber and the restriction based on the number of plates 
available by the cell yield for each preparation it was not possible to test all of the 
doses in one experiment.
UTC= controls, n = 12 ,IH= lethal ischaemia, n = 12, PCH = hypoxic precon.n = 12 
1.0 pM DPCPX n = 4 
10.OpM DPCPX n = 4 
10O.OpM DPCPX n= 2 
p< 0.05 with respect to lethal stimulus.
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6.3e Effect on hypoxic preconditioning of cultured adult cardiac of the PKC 

inhibitor Chelerythrine.

The next event after activation of adenosine receptors in the signalling pathway 

to preconditioning in rabbit has been identified as the activation and/or 

translocation of protein kinase C (PKC). To test if the activation of PKC is 

involved in the cultured adult cardiac myocyte model of preconditioning the PKC 

inhibitor chelerythrine was administered to cells in culture during the 

preconditioning hypoxia.

A range of doses of the inhibitor between 1pM and 10|iM was tested. The 

results of these experiments are shown in figures 6.7 -  6.8 and the 

accompanying tables below.

In one experiment cells were exposed to the entire dose range of chelerythrine 

for one hour whilst maintained in a normal tissue culture environment. This was 

intended to determine if chelerythrine was lethal to the cells when administered 

alone. The lower dose seen to block preconditioning appeared to have no effect 

on cell viability whilst the higher dose, 10|iM, resulted in the loss of most of the 

viable cells when compared to the untreated cells. The PKC family of protein 

kinases are involved in a number of signalling pathways within cells some of 

which are likely to be essential to maintaining normal function. Chelerythrine is 

not an isoform specific inhibitor and is reported to inhibit by interaction with the 

catalytic domain. At the high dose it seems likely therefore that chelerythrine 

was causing a level of non-specific blockade.
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Figure 6.7
Cells were exposed to chelerythrine during preconditioning. The drug was removed 
prior to exposure to the lethal stimulus. UTC= untreated controls, IH= lethal ischaemia, 
PCH = hvooxic oreconditionina . + = with chelervthrine. doses are in uM/l. n =2 4 reo.

Table 6.7: Effects of chelerythrine

Treatment % Cells excluding SEM MTT SEM % LDH SEM
Trypan blue Abs. Released

UTC 100 0 100 0 56.7 2.1
IH 73.9* 3.6 54.1 6.25 65.35 1.15
PCH 117.4 7.4 107.35* 11.75 59.55* 0.15
PCH+ 1 83.9 7.3 52.2 2.2 72.65* 1.75
PCH+10 1.75 0.15 3.3 0.4 82.9 3.2
p< 0.05 with respect to lethal stimulus.

165



P C H +  1

P C H

IH

UTC ■ ■ ■ ■ ■ ■ I
0 1 0050

% C e ils  e x c lu d in g  t r y pa n  b lu e

P C H +  1

P C H
% LD H  R e l e a s e d

IH

U T C

60 7055 65 75

Figure 6.8
Cells were exposed to chelerythrine during the preconditioning hypoxia. The drug was 
removed prior to exposure to the lethal stimulus.
UTC= untreated controls, IH= lethal ischaemia, PCH = hypoxic preconditioning 
+ = with chelerythrine, doses are in pM/'l. 
n =5 10 repllicates

Table 6.8. Results of experiments to investigate the effect of chelerythrine on 

hypoxic preconditioning in cultured adult cardiac myocytes.

Treatment % Cells excluding SEM MTT SEM % LDH SEM
Trypan blue Abs. Released

UTC 100 0 100 0 62.06 1.88
IH 53.79 10.19 34.63 9.52 70.8 2.48
PCH 104.55* 12.29 49.28 14.44 60.79 3.47
PCH+ 1 80.63 14.5 25.7 7.87 69.14 2.79
*p< 0.05 with respect to lethal stimulus
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Figures 6.7 and 6.8 show that in the cultured adult cardiac myocyte model of 

simulated ischaemia and hypoxic preconditioning the PKC inhibitor chelerythrine 

blocks the protection due to preconditioning at a dose of IjxMolar. The higher 

dose of blocker, 10jiMolar was toxic to the cultured cells.

6.3f The second window in this model.

Two experiments were conducted to see if the second window of protection 

could be observed using similar protocols to those used for the experiments 

detailed above. These experiments were performed on single cell culture plates 

from isolations that had produced particularly high yields of cells and on which 

other experiments were conducted. Only trypan blue data are available. The 

protocol was identical to that used for hypoxic preconditioning except that the 

cells were not placed into the chamber for the lethal stimulus until 24 hours after 

preconditioning.

At this point the cells have been in culture for 3 days and at the end of the 

experiment for 4 days. The protocol, used in this form, was pushing the limits of 

the time window available and the quality of the data reflects this. Nonetheless 

the data are suggestive that the SWOP is present and quantifiable in this model. 

It would be necessary to redesign the preconditioning protocol to improve these 

results. Preconditioning on the day of isolation and applying the lethal stimulus 

24 hours later would have saved an entire day and possibly produced better 

results. As myocytes are a precious resource and other experiments and 

analyses were planned on a different time scale for each preparation this has not 

yet been possible.
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Figure 6.9
Graph of preliminary data from SWOP experiments in cultured adult rabbit 
myocytes

Table 6.9. Non -  normalised data from two pilot SWOP experiments.

Treatment % Cells Excluding SEM
Trypan blue

UTC 25.2 4.6
IH 1.8 0.3
PC24Hrs 7.18 2.2
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6.3g 72Kd Heat stress protein expression in hypoxic preconditioning of 

adult cardiac myocytes in culture.

Samples for Western blot analysis of 72Kd heat stress protein were taken 

through the course on several experiments looking at preconditioning In adult 

cardiac myocytes in culture. Samples from freshly isolated cells (VM), cells 

maintained overnight in culture (UTC), preconditioned (PC1), 24 hours after 

preconditioning (PC2) and after exposure to the lethal simulated ischaemia (LS) 

were collected and stored. The positive control for Hsp72 was a sample taken 

from heat stressed neonatal rat cardiocytes (+ve). MWM = molecular weight 

marker.

u s  Pc i p c a M'aJM V<L C

Figure 6.10 Image of Western blot for Hsp 70 on samples of adult cardiac 

myocytes. Primary antibody: Mouse monoclonal N27 to HSP 72/73 (Bioquote) 

Secondary antibody. Poly clonal goat anti mouse conjugated to horse radish 

peroxidase (Bioquote)

Sample Area mm2 Volume OD/ mm2 Adjusted Vs Background 

Volume OD/mm2

VM 21.0 3.8 1.4

UTC 18.1 3.2 1.1

LS 15.3 2.5 0.8

PC1 15.6 2.4 0.6

PC2 15.6 4.5 2.6

Background 80.6 9.4 0.0

Image and Optical Density data from image analysis program: Bio-Rad 

Multi-Analyst,m/PC Version1.1
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6.4 SUMMARY

In several series of experiments designed to compare the behaviour of adult 

myocytes in culture with the observations made in other models protection 

against the lethal stimulus was seen to be conferred by an adenosine A'i agonist, 

CCPA, as described for in-vitro whoie heart in the same species. Glucose 

deprivation, which has been described as a preconditioning stimulus in the rat 

myocyte model did not act as a preconditioning stimulus in cultured adult rabbit 

cardiac myocytes. Both brief exposure to the full simulated ischaemia protocol 

and hypoxia alone were seen to reduce the loss of viable cells on exposure to 

the lethal stimulus. The protection observed could be blocked by the adenosine 

Ai receptor antagonist DCPCX and by the PKC inhibitor Chelerythrine applied at 

doses similar to those used in other models in the same species. However the 

effects on the response to the lethal stimulus seen using DCPCX are not 

straightforward. In their investigations into the protection conferred by CCPA in 

their model Rice, Armstrong and Ganote [100] observed a biphasic response to 

CCPA only one component of which was blocked by DCPCX at doses similar to 

those used in this study. They proposed that the agonist was acting at two sites, 

either subtypes of one class of receptor or two distinct receptor sub-populations. 

In the experiments described here it is the antagonist that appears to have a 

concentration dependant biphasic mode of action. Lower doses of DCPCX show 

substantial augmentation of the injury due to the lethal stimulus while the higher 

doses appear to confer protection. None of the doses tested had toxic effects 

when applied to cells in culture for several hours. It seems likely from these 

results that the antagonist may be exhibiting two modes of action with only one 

mediated via adenosine Ai receptors and that the effect is dose dependent.
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6.5 DISCUSSION

The results obtained during this section of the study indicate that the adult rabbit 

cardiac myocytes in culture can provide a model of classical preconditioning in 

which the nature of the phenomenon parallels that observed in other models, it 

is clear that the classical preconditioning is similar in character to that observed 

in the whole animal and in the isolated, perfused heart.

It is interesting to note that the second window of protection may also be present 

and observable in the cultured myocyte model.

Upregulation of Hsp72 could be observed to occur in samples collected from 

cells that had been maintained in culture for 24 hours after the preconditioning 

stimulus was applied. No increase in Hsp 72 expression was seen in freshly 

isolated myocytes or in those maintained in culture as untreated controls. This 

implies that the isolation and culture procedures do not elicit a stress response in 

terms of this particular stress protein.

The upregulation of the inducible Hsp 70i in heat stressed and ischaemically 

preconditioned rabbits has been demonstrated [79] to be associated with the 

second window of protection. The over expression of Hsp 70i in a heart derived 

cell line HS9c cells has been shown to confer protection against a simulated 

ischaemia [226] and similarly in cultured neonatal rat cardiocytes [89] and 

blockade of Hsp 70 expression with an antisense RNA [93] was shown to 

increase the injury caused by hypoxia and re-oxygenation. Although there is a 

significant body of literature in a range of models in which an increase in Hsp 

expression is associated with the second window of protection there have been 

dissenting voices. Yang et al 1996 [212] reported a modest rise in Hsp 70i in 

ischaemically preconditioned conscious rabbits that developed the SWOP and
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Tanaka et al [84] reported a rise in Hsp 70i 24 hours after a preconditioning 

protocol that did not result in protection.

The measurement of Hsp 72 in the isolated cultured adult myocyte model serves 

to suggest that the cells going into the preconditioning protocol have not been 

stressed by the isolation procedure. The upregulation observed 24 hours after 

the preconditioning stimulus provides additional confirmation that the cultured 

adult rabbit cardiac myocyte model has similar characteristics to other models in 

the same species and that increased heat stress protein expression is a feature 

of delayed protection.
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GENE TRANSFER TO ADULT RABBIT CARDIAC 
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7.1 INTRODUCTION

Somatic cell gene transfer offers the potential for a powerful tool to investigate 

cellular processes in health and disease. In inherited and acquired heart 

disease there is also the possibility for using gene transfer as a therapeutic 

strategy in both treatment and prevention of disease [227].

The aim of this section of the project was to identify a suitable and efficient 

method of introducing a selected gene into the target cell, the adult cardiac 

myocyte.

The vehicle used to transport an exogenous gene into a cell is termed a vector. 

A number of transfection vectors and gene transfer techniques have been 

developed. Those used include direct microinjection, electroporation, 

diethylaminoethyl dextran, liposomes and viruses [228].

Viruses are natural gene transfer vectors. In viral infections the virus particle 

penetrates the host cell and switches the genetic and enzymatic processes of 

the cell to the manufacture of viral proteins and DNA.

As millions of years of evolution have precisely equipped the virus for the tasks 

of penetrating the host cell and modifying the host cell genome it seems in many 

ways the ideal vector. Sufficient is known about the infectivity and life cycle of 

several viruses to enable manipulation of the viral genome to both reduce or 

eliminate infectivity and to permit the import of a specific gene sequence for 

transfer to a target cell [229].

Adenoviruses have been isolated from humans and a number of mammalian 

species. Structurally the adenoviruses are naked, linear double stranded DNA 

viruses of 36 kilobase pairs (Kbp) contained within an icosahedral protein coat.
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Adenovirus causes upper respiratory tract infection in humans. Several of the 

variants, or serotypes of this virus have been well characterised and have been 

shown to have considerable utility as mammalian gene transfer vectors [230].

The viral particle is relatively stable and can be stored and handled without loss 

of structural integrity. In addition the genome is stable and does not undergo 

frequent spontaneous rearrangement, this allows foreign genes to be retained 

through several rounds of viral replication.

The adenovirus genome has also proved relatively easy to manipulate using 

existing recombinant DNA technology and can be grown in permissive cell lines 

to high titres. These characteristics added to the tropism of adenovirus for non

replicating cells has led to considerable interest in the use of adenovirus as an 

expression vector for mammalian cells including those of myocardium.

Herpes simplex virus (HSV) type 1 is also a candidate for use as a gene transfer 

vector to adult myocardial muscle cells. This virus is also an icosahedral double 

stranded DNA virus, but unlike Adv is enveloped and hence contains a more 

complex mixture of molecules than the naked Adv.

HSV has been reported to successfully transfer an indicator gene to neonatal 

cardiac myocytes and vascular smooth muscle cells [231]. HSV has a high 

tropism for neuronal cells and a biphasic life-cycle which includes long periods of 

latency. In this respect the HSV vector offers the potential for long-term 

expression of foreign genes in a target cell population.

Although viral vectors have the potential for rapid and efficient transfer of genes 

resulting in the augmentation of protein concentrations or expression of a novel 

protein in a target cell there are also drawbacks to the use of viruses.

Episomal gene expression is transient. The cells of multicellular organisms and 

particularly mammalian cells rarely contain episomal, non-chromosomal, DNA.
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Such material will be eliminated from the cell by enzymes that digest the DNA as 

a normal part of the genomic maintenance and repair processes and 

degradation will also take place in the cytoplasm.

The alternative of using vectors that can incorporate permanently and randomly 

into the host cell genome can give rise to insertional mutations in the host cell 

genome.

The absence of immunological consequences from the use of non-viral vectors 

makes their use attractive.

The chemical and mechanical means of gene transfer have been effective in 

microbial cells. Calcium chloride, heat shock, direct microinjection and 

electroporation techniques are all used in transforming such cells, however the 

transfection efficiencies are low and the conditions frequently too aggressive for 

more fragile mammalian cells, although gene transfer to tumour cells using a 

combination of intraarterial injection of vector and the electroporation of cells in 

the target tissue has been reported [232].

Liposomes are cationic phospholipid complexes that associate with DNA by 

electrostatic interaction and have been shown to carry the genetic material into 

the cell [150]. In this chapter a comparison of some of the various gene transfer 

vectors available is described.

Once an appropriate and efficient gene transfer vector had been identified the 

next stage was to introduce a gene into the cultured adult cardiac myocytes that 

would generate a product able to modify the response to the lethal stimulus. 

Several candidate genes were proposed. The cDNA sequences for the heat 

stress proteins, sequences coding for various isoforms of the PKC family of 

kinases and the gene coding for the endogenous inhibitor of the mitochondrial 

F1-F0 reversible ATPase.
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At the end of the electron transport chain leading to the synthesis of ATP in the 

mitochondria a large multiple sub-unit complex termed the F rF 0 mitochondrial

ATPase/synthase performs the transfer of an electron to the final electron 

acceptor, oxygen, In oxidative phosphorylation.

The complex contains at ieast 11 sub-units many of which appear to have 

catalytic properties regulated either allosterically by adjacent subunits or 

independently by the prevailing conditions in the mitochondria[233]. The 

complex is situated on the inner membrane with active components located in 

both the membrane and matrix spaces of the mitochondrion. See figure 7.1

MATRIX SIDE

0 0 0 0 0 0

0 0 6 6 6 6
I

0 0 0 0 0 0
INNER
MEMBRANE

0 0 0 0 0 0

CYTOSOLIC SIDE

Figure 7.1 . Diagram of the mitochondn<A| ATP synthase / hydrolase complex
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Under conditions of normal oxygenation this complex is responsible for the 

majority of ATP synthesis, however under ischaemic conditions the reverse 

reaction predominates and the complex is responsible for significant ATP 

hydrolysis.

In some species an active endogenous inhibitor (IF1 j of the reverse reaction has 

been identified and characterised, initially the inhibitor protein was isolated from 

bovine heart muscle[234]. The inhibitor is regulated by the pH in the 

mitochondrial inner matrix space [235]and cytosolic concentrations of inorganic 

phosphate from the breakdown of phosphocreatine [236] and high energy 

phosphate compounds. Conditions that exist in the ischaemic heart have been 

identified as regulators of the inhibitor of the hydrolysis reaction of the F1-F0 

complex.

The possible role of the reversible mitochondrial ATPase in the response to 

ischaemia and the phenomenon of preconditioning is unclear. Murry et als 

original observations [9] in the dog and experiments performed by Vuorinen et al 

[237] in the isolated rat heart showed that preconditioning was associated with 

conservation of ATP or at least slowed the rate of ATP depletion during 

subsequent prolonged ischaemia. This observation led them to suggest that 

inhibition of the reversible ATPase may play a role in preconditioning.

However experiments performed by Vander-Heide et al in the dog [238] and 

Grover et al in the rat [238] did not support the hypothesis that ATP 

conservation has a causal relationship with preconditioning. Determination of 

the role, if any of ATP conservation in preconditioning has been complicated by 

contradictory observations in different models, a lack of specific agonists or 

inhibitors of the synthase and hydrolase activities of the ATPase and difficulties 

in conserving the precise status of samples taken for assay[239].
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Oligomycin has been used to block the hydrolysis of ATP by the Fi-F0 complex, 

the protein subunit that confers sensitivity to oligomycin has been identified, but 

this substance may block the reaction in both directions making interpretation of 

the results obtained difficult. In addition the nature of F1-F0 regulation has been 

shown to be variable between species. Rouslin and Broge showed, using 

isolated mitochondria and sub-mitochondrial particles that two types of 

endogenous inhibitor could be identified. In fast heart rate species such as birds 

and small rodents[240,241], the inhibitor binds with low affinity whilst in slow 

heart rate species the inhibitor binds with high affinity to the hydrolysing sub-unit 

of the complex . In addition it was first demonstrated that in avian and reptilian 

species the low affinity inhibitor bound more effectively in the presence of two 

endogenous facilitatory proteins, the 9K and 15K binding proteins, subsequently 

it has been suggested that these binding proteins may be present in all 

species[233].

Sequencing of IF1 has shown that he inhibitor protein is a basic protein of 84 

amino acids that binds to the p-subunit of the Fi-F0 complex, the minimal 

inhibitory sequence was found to be a polypeptide 33 amino acids in length from 

residue 1 4 - 4 7  of the native structure. This short ,a highly conserved binding 

sequence blocks the hydrolysis reaction [242,243]. This sequence, derived from 

the human, was obtained from the Human Genome Mapping Project and the 

process of building a plasmid construct was undertaken.

Two approaches to the use of this construct were considered. In the first to 

introduce the exogenous gene with a mitochondrial locator sequence into cells 

derived from the rabbit to determine if the continuous expression of active IF1 

would protect against ischaemic injury . In the second approach to introduce the
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gene into rat derived cardiac myocytes to see if the high affinity IF1 would confer 

protection in a species in which it was not normally present.

7.2 MATERIALS AND METHODS 

7.2a. Herpes Simplex Virus

Herpes simplex virus type 1 derived vector was kindly supplied by the 

Department of Molecular Pathology at University College London.

Stocks of virus for use in in-vitro transfections were grown at The Rayne Institute 

by M. Wright. Purification of herpes virus stocks by CsCI gradient centrifugation 

resulted in virus suspensions containing between 108 - 101° plaque forming units 

(pfu) or virions per ml.

Titres are quoted herein as virions per ml.

7.2b. Construction of Adenovirus transfection vectors:

Bacterial cells from certain species contain small circular segments of non- 

chromosomal DNA. In the bacteria these plasmids often contain the genes 

conferring antibiotic resistance or for enzymes that enable the organism to 

metabolise unusual substrates. One such group of species are the E-coli, these 

organisms are derived from the gut flora of many species of animal, have a 

rapid growth rate and some E-coli sp. are capable of spontaneous transfer of 

genetic material. These microorganisms are extremely tolerant of culture 

conditions and genetic manipulation, some of the reasons why these are 

amongst the most commonly cultured and transformed organisms in molecular 

biology and genetics.

A range of bacterial plasmids have been developed which consist of circular 

forms of adenovirus serotype V [244]. These plasmids used in conjunction with

180



an appropriate shuttle vector simplify the construction of recombinant adenovirus 

vectors.

The shuttle vector consists of a small circular plasmid containing numerous 

restriction sites. The restriction sites are points at which specific enzymes will 

cleave the plasmid.

Each restriction enzyme recognises a short, unique sequence of bases and 

cleaves the DNA in a specific way leaving either a blunt end or sticky end at the 

cleavage site.

Sticky ends are comprised of unequally cleaved double stranded DNA so that 

one strand is one or more bases longer after cleavage than its sister strand. The 

sticky end will anneal, under the appropriate conditions, to any similarly free 

complimentary sequence. This results in rapid ligation when two complimentary 

sequences are present.

Blunt end cleavage results in DNA segments where both strands are of equal 

length. Ligation of blunt end sequences resulting from restriction enzyme 

cleavage is achieved using ligation enzymes under conditions that promote the 

reaction.

The system of plasmid shuttle vectors permits the insertion of cDNA sequences 

into the viral genome. cDNA is the term used to refer to genomic material that 

has been obtained free from any non-coding sequences.

In addition to the facility to insert selected coding sequences the shuttle vector 

contains a region permissive of recombination with the plasmid containing the 

remainder of the viral genome. In essence viral replication will only occur if the 

recombination event takes place. In the case of the vectors used for the work 

presented in this thesis the plasmid pJM17 was used for the construction of 

adenovirus. This plasmid contains an insert that makes the viral genome too
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large to package and hence the viral DNA generated by single transfection of 

host cells with this plasmid will remain within the host cells.

Plasmid pJM17 must be cotransfected into host cells with a shuttle vector 

designed to generate infectious Virions of packagable size.

The result of recombination with an appropriately designed shuttle plasmid is 

infectious virus containing the desired gene for transfer.

This virus will enter target cells, but due to a deletion in one or more of the early 

viral genes of the virus will be unable to replicate.

In order to generate quantities of infectious, but non-virulent virus for use as a 

gene transfer vector a permissive cell line, human kidney derived 293 cells, has 

been raised [245]. This adenovirus host cell line has been transformed so that 

the essential early viral genes deleted from the viral genome carried on the 

plasmids used for vector construction.

Linear maps of the adenovirus variants and herpes simplex derived vector are 

shown in figure 7.3.

7.2c. Growth and purification of viral stocks

Commercial suppliers of plasmids for adenovirus construction supplied 

circularised forms of adenovirus serotype V and a range of shuttle vectors 

suitable for the insertion of target genes into the viral genome by recombination ( 

Microbix Biosystems Inc.). Suggested protocols for the cloning and 

amplification of virus stocks were also provided.

In brief the plasmid DNA was pelleted from the solution in which it is supplied 

and resuspended to transform E-coli by calcium phosphate mediated 

transfection techniques. The plasmid contains a gene conferring resistance to 

the antibiotic ampicillin. The bacteria were plated onto solid support medium
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containing ampicillin on which only successfully transformed E-coli which have 

taken up the antibiotic resistance gene will grow.

Well defined colonies were selected for further amplification in liquid media (LB 

broth). After amplification of plasmid bearing microbial colonies in liquid medium 

the bacterial cells were pelleted by centrifugation and lysed.

Plasmid DNA was harvested by CsCI gradient centrifugation and the 

composition of the amplified plasmid was confirmed by restriction and agarose 

gel electrophoresis.

Once the vector containing the adenovirus backbone and a shuttle vector 

containing the desired gene plus a homologous adenovirus sequence permissive 

of recombination had been raised in sufficient quantity they were used to 

cotransfect cultures of 293 cells.

Only if a recombination event occurs between the adenovirus plasmid and 

shuttle vector will all of the components necessary for the replication of 

adenovirus particles be in place.

Dividing the adenoviral genome in this way achieves both control of the 

infectivity of the virus and a marker for the desired recombinant.

Cultures of low passage 293 cells were cotransfected with shuttle vector 

containing a marker gene coding for either p-galactosidase or green fluorescent 

protein and the circularised adenovirus backbone.

Cells were then maintained in culture under a 0.5% tissue culture grade agarose 

overlay. Cultures were then regularly monitored for the formation of plaques, 

areas of clumped and detached cells which appear as holes in a layer of 

confluent cells.

The presence of virus was confirmed by transferring supernatant from plates of 

293 cells that have undergone cotransfection onto fresh cultures of 293 cells.
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The appearance of plaques in these cultures confirmed the presence of virus in 

the supernatant from the transformed cultures.

To harvest and amplify recombinant virus the plaques were collected by picking 

out agarose plugs using a sterile pasteur pipette. The plugs were suspended in 

PBS supplemented with calcium and magnesium.

The agarose “ suspension” was used to inoculate dishes of 80-90% confluent, 

low passage 293 cells which were then maintained in culture until the cells were 

observed to be rounded and detached from the culture dish due to the presence 

of virus.

The “bunch of grapes” appearance of heavily infected virus host cells, also 

known as the viral “ cytopathic effect” indicated that virus was ready to harvest. 

Virus stocks were harvested by lysis of the host cells and centrifugation and 

virus suspensions were aliquotted and stored in the presence of 10% glycerol 

at -70°C.

Virus titres were determined by Dr. L. Wightman.

7.2d. Preparation of the IF-i plasmid.

The conserved sequence for the endogenous inhibitor of the F1-F0 ATP 

hydrolysis reaction form bovine heart was requested from Human Genome 

Mapping Project. The sequence was 360 base pairs in length. The plasmid 

map and the restriction sites on either side of the desired coding sequence were 

supplied by the Human Genome Mapping Project. Cells containing the plasmid 

were supplied on an agar slope and to obtain the plasmid DNA in quantity a 

maxiprep was performed. A petri dish was prepared with nutrient agar and 

ampicillin, the plasmid containing the required sequence for IF1 also carried the 

gene for resistance to this antibiotic and is termed amp+, under these culture
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conditions only transformed cells will form visible colonies. The inoculated plate 

was incubated overnight at 37°C and inspected for visible colonies. One colony 

was picked from the plate which was then stored at 4C. The selected colony 

was inoculated into iOmls of nutrient broth and incubated in a shaking incubator 

overnight at 37 °C. The resulting cell suspension was inoculated into a further 

500mls of culture broth and grown overnight at 37 °C in a shaking incubator. 

The culture was centrifuged at 5000rpm for 10minutes at 4 °C. The pellet was 

resuspended in 20mls of 50mM glucose, 10mM EDTA, 25mMTris buffer at pH 

8.0. All subsequent operations were performed on ice. The resuspended pellet 

was mixed with NaOH/SDS 0.2M/1% and incubated for 10mins. To this was 

added 30ml of acidic Kacetate acidified with formic acid and this was incubated 

for a further 10 minutes. The resulting solution was mixed with ice cold 

isopropanol and spun at 9000rpm for 15mins at 4 °C. The supernatant was 

discarded and the tube carefully drained. The pellet was then resuspended in

0.72mls of Tris/EDTA buffer, 1.4ml of 1.75g/ml CsCI and 1 20)llI of ethidium 

bromide. This final solution was left at 4 °C and in the dark overnight. The 

supernatant, containing DNA, was collected and spun under a solution of 65% 

CsCI at 100,000rpm for 2.5 hours at 16°C. The band of partially purified DNA 

was collected by needle aspiration and washed in water and absoulute ethanol, 

spun at 3,000rpm at room temperature. The resulting pellet was incubated with 

5M NaCI and 20mg/ml RNAse for 15 minutes. The solution is phenol/chloroform 

extracted and finally the DNA precipitated with ethanol. The precipitate was 

harvested and resuspended in ultrapure water. This final solution could be 

stored frozen.

To determine whether the maxiprep DNA contained the insert for IF1 an aliquot 

of the harvested DNA was cut by incubation with the appropriate restriction
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enzymes for the sites specified by the suppliers. Despite repeated attempts to 

cut out the IF1 sequence and further consultation with the Human Genome 

Mapping Project who supplied the sequence the electrophoretic separation of 

DNA fragments after restriction of the DNA did not generate a fragment of the 

appropriate size.

The gels resulting from several different restriction protocols are reproduced on 

page 174. Although the reproduction is poor due to the condition of the original 

photographs it is clear that multiple bands have been obtained with each 

restriction enzyme combination. None of the bands obtained corresponded to a 

fragment of the appropriate size.

7.2e. Transfection using adenovirus

Adult myocytes were plated onto gelatine/laminin coated 24 well tissue culture 

plates at densities of 103 - 105 cells per well. Once attached cells were counted 

and an estimate of attached cells per well was used to calculate the virus dilution 

required to achieve the desired ratio of virions per cell.

To each well for transfection 0.5 mis of the appropriate dilution of virus 

suspension was added. All virus suspensions were handled and dilutions 

performed on ice in a laminar flow cabinet. Cells exposed to virus and controls 

were returned to the incubator for 2 hours to allow virus to adsorb.

At the end of the two hour incubation the virus suspension was gently removed 

and replaced with normal maintenance medium. Cells were returned to the 

incubator for 24 hours to allow for expression of the transfected gene.
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Two polaroid photographs of ethidium bromide labelled DNA bands on 

electrophoresis gels. In 1 Not 1 and ECoR1 restriction enzymes have been used 

on A the construct reportedly containing the IF1 conserved sequence and B the

pEGFP-N! shutiie vector plasmid. The IF I sequence was to be inserted into 

this shuttle vector for virus construction at a later date.

In photograph 2 three combinations of restriction enzymes have been used.

A Sal 1 and ECoR1, B Hindlll and ECoR1 and C P a d  and E C orl. All of the 

alternative sites to Not 1 tried were reported present as unique sites on the 

plasmid supplied.

1 2

m u  I

1 ■
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7.2f. Confirmation of gene transfer.

Where p - galactosidase was used as the indicator gene for transfection cells 

were fixed using 500pl 25% glutaraldehyde in 50 mis of phosphate buffered 

saline (PBS) supplemented with 1 mM MgCI .̂

Fixative was applied to the cells for 30 minutes and removed by aspiration and 

washing once with fresh PBS.

Once fixed cells were tested for enzyme activity by applying developer solution 

3mM C6FeK4N6, 3mM C6FeK3N6, 1mM MgCI and 100 pM 5-Bromo-4-chloro-3- 

indonyl p-o-galactopyranoside (X-gal) this latter being a chromophore cleaved by 

p- galactosidase to generate a strongly blue coloured product.

The developer solution was incubated with the fixed cells for 2-4 hours at 37°C in 

an incubator.

Developed cells were examined under light microscopy.

Quantification was achieved by cell counting using an eyepiece graticule, 

counting procedures were similar to those used when conducting trypan blue 

exclusion assays.

In figure 7.7 enlarged photographs of cells that have been transfected with either 

of two variants of adenovirus vector carrying the p-galactosidase gene are 

shown.

Cells transfected with green fluorescent protein (GFP) as a marker of gene 

transfer were viewed under the fluorescent microscope and photographed. A 

field of GFP transfected cells photographed under fluorescent and non- 

fluorescent illumination is shown in figure 7.8.
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7.2g. Structure and mode of action of liposomes

Cationic liposomes were synthesised from 3p[N’,N’ - dimethylaminonethane) 

carbamoyl] cholesterol (DC-Chol and dioleoyl L-a-phosphatidylethanolamine 

(DOPE) mixed in a ratio of 3:2.[246]. The lipid molecules contain a charged, 

hydrophilic head, usually an amine which interacts with DNA, a short spacer 

group and a hydrophobic anchor region of cholesterol derived lipid. The 

liposome forms a bilayer structure which when complexed with 

DNA by electrostatic attraction form tubular structures of varying size consisting 

of supercoiled DNA and a single lipid bilayer.

It is postulated by Gao et al [246] that three steps are involved in the transfer of 

DNA to the recipient cell using DOPE rich liposomes as transfection vectors.

1. Binding to the cell membrane

2. Endocytosis of the liposome

3. Cytoplasmic release of the DNA

Efficiency of liposome transfection methods was dependant on the size of the 

liposome DNA complexes, the ratio of liposome to DNA, the composition of the 

liposome and the cell type to be transfected.

7.2h.Liposome transfection methods

A plasmid containing a gene coding for p-galactosidase under the control of a 

heterologous promoter (chicken p-actin promoter with the cytomegalovirus 

immediate early enhancer) was mixed with DOPE- DC-Chol liposome complex in 

a range of DNA to liposome ratios.

A typical dilution table for transfection ratios used is shown in Table 7.1. 

Liposome and DNA were mixed gently and left to stand for 20mins at room 

temperature. The mixture was then added to 0.5mls of serum free tissue culture



medium and applied to culture wells plated with adult cardiac myocytes. Cells 

were returned to a tissue culture incubator at 37°C for 30 minutes.

At the end of this incubation/adsorption period the cells were returned to the 

laminar flow cabinet and a further 0.5 mis of serum free medium was added to 

each well. Cells were returned to the incubator and left for 24 hours to permit

expression of transfected gene.

Well No. 10mg/ml DNA (il Liposome \i\ Virus 1011/ml pj Ratio

1&2 5 25 10 1:5:2

3&4 10 25 10 2:5:2

5&6 20 25 10 4:5:2

7&8 5 50 10 1:10:2

9&10 10 50 10 2:10:2

11&12 20 50 10 4:10:2

13&14 5 25 20 1:5:4

15&16 10 25 20 2:5:4

17&18 20 25 25 4:5:5

19&20 5 — — DNA control

21&22 — — 20 Positive

23&24 — 25 — Blank

Table 7.1 Typical dilution table for a series of liposome / Virus cotransfections. 

The DNA solution contains 10mg / ml plasmid DNA. Once the DNA and 

liposome had been mixed and incubated for 15minutes in 1.5 mis tubes 0.5mls 

of serum free medium was added and the mixture applied to the cells. The 

ratios shown here are an example of the range tested in a number of 

experiments. The plasmid DNA carried the gene for p-galactosidase activity and 

the adenovirus carried GFP.
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7.2i. Preparation of viral conjugates

The construction of plasmids containing genes of interest is now a well 

developed technology. Insertion of genes of interest and the appropriate 

regulatory sequences can present technical difficulties. On occasion the desiried 

DNA sequence may be too large for the vector to accommodate, although 

adenovirus can be engineered so that 7.5Kbp of foreign DNA can be introduced 

[247]. Even where the desired foreign gene sequence is not too large the 

recombination events required for the production of a vector are rare and 

random events and act as a rate limiting step in the production of novel vectors. 

Furthermore if the gene product is in some way injurious to the permissive host 

cell line in which vector is grown and amplified the production of quantities of 

transformed vector may be prevented.

Taking these problems into consideration a means of transferring plasmid with 

the efficiency of virus would be a very useful technique.

Several techniques have been developed for cotransfecting [248] and 

conjugating DNA molecules to virus bodies [249,250]. Essentially cotransfection 

involves the introduction of virus and plasmid DNA to the cells in culture 

simultaneously. The virus carries the DNA into the cell as a bystander molecule 

which is cointernalised in the endosome formed when the virus interacts with cell 

surface receptors 

[251].

Other techniques involve actively attaching the passenger DNA to the surface of 

the virus particle using linker molecule.

Polylysine ( mwt 34 -48 Kd) used as a linker molecule was effectively linked to 

passenger DNA and virus by mixing and incubating together for 30mins at room 

temperature. After incubation the plasmid DNA was added and a further 30
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minute incubation was allowed. In order to ensure that only conjugated virus 

particles were used in the transfection solutions the mixture was purified by CsCI 

gradient centrifugation. The size of the polylysine molecules was not uniform 

and two bands of conjugate appeared in the gradient after centrifugation. Both 

were collected by needle aspiration and used separately in the transfection 

protocols.

Polyethylenimine - plasmid - virus conjugate

Similarly to the technique used for polylysine the cationic polymer 

polyethylenimine (PEI) could be used as a linker molecule [252,253]. The 

advantage of using PEI was the uniformity of size of the resulting complex. A 

solution of 9mg of 50% PEI in water giving a final concentration of 10mM was 

prepared and adjusted to pH 7. This solution was sterilised by passage through 

a 0.22p,M syringe end filter and then mixed drop-wise with plasmid DNA in 

HEPES buffered saline (HBS). The mixture was left to stand at room 

temperature for 10 minutes and finally a suspension of adenovirus in HBS was 

added and allowed to incubate for a further 10 minutes.

The critical factor in successful complex formation and penetration of cells was 

the ratio of DNA : linker: virus and in addition to the recommended proportions 

for each linker a number of ratios were tested.

7.2j. Transfection with conjugates

Cells were isolated and plated either onto laminin and gelatine coated plates as 

has been described for other experiments or, in the preliminary experiments with 

viral gene transfer, plated onto laminin coated plates and embedded in 1% agar 

solution.
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Cells were washed and exposed to virus mixed with normal serum free tissue 

culture medium for 2 hours. At the end of the exposure the medium containing 

virus was removed and replaced with fresh maintenance medium. Cells were 

then returned to a tissue culture incubator at 37° C, gassed with 95% air / 5% 

C 6 2 overnight to allow transfected cells to express the viral protein.

7.3 RESULTS

7.3a Herpes Simplex virus derived vector

More than ten attempts to demonstrate gene transfer using herpes simplex virus 

derived vector with p-galactosidase as a marker gene generated no visibly 

positive cells. On several occasions the plates that had been exposed to high 

titres of this vector demonstrated clear evidence of cytotoxic effects with 

disrupted cells and debris clearly observable under the light microscope.

Three transfections were tried using suspended rather than plated cells. This 

strategy was suggested to us by R.Coffin from the department of Molecular 

Pathology UCL, who has worked extensively with herpes virus derived vectors in 

neuronal cells. A fresh preparation of vector was subjected to further purification 

by centrifugation and washing. Suspensions of 103 adult myocytes were used. 

The exposure time was two hours.

The proportion of cells successfully modified by exposure to herpes simplex 

derived vector was very small, an example of the type of transfection rates 

observed when exposing cells in suspension to both adenovirus and herpes 

virus is shown in the graph and table below. The vector was deemed unsuitable 

for use.
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moil 00 moil 000

VIRIONS/CELL

Table 7.2
Comparison of transfection efficiencies for
Adv and HSV for cells in suspension 

Virions per cell Adenovirus Herpes Simplex

moi 10
gen 1
6.8 0.8

moi100 11.6 6.2
moil 000 14.4 3.1

Figure 7.4

Transfection rates obtained by exposing cells in suspension to viral vectors.

The black bars show the results obtained using adenovirus first generation 

vector and the grey bars show the efficiency for herpes virus. The cells in 

suspension were transfected at a lower efficiency with adenovirus than when 

plated. The transfection efficiencies for herpes virus remained very low.

moi 10
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7.3b Liposomal gene transfer

Numerous attempts to transfer p-galactosidase using various ratios of liposome 

to DNA, naked DNA and different formulations of liposome failed to generated 

any visibly positive cells.

It was concluded that adult cardiac myocytes were refractory to gene transfer by 

the techniques applied. It is possible that a formulation of liposome and a ratio 

of liposome to DNA that will penetrate adult cardiac myocytes exists, it was not 

found in the course of these experiments.

7.3c Virus/plasmid conjugate gene transfer

None of the conjugate systems used resulted in the detection of significant 

numbers of cells positive for either p-galactosidase or GFP carried on the 

plasmid component of the conjugate although viral gene transfer was successful. 

On two occasions where the virus/ plasmid conjugate was applied at high titres 

to plates plated at 105 cells per well one or two p-galactosidase positive cells 

were observed on inspection of the entire plate surface. This represented a 

transfection efficiency < 1:10000.

7.3d Adenovirus serotype V mediated gene transfer vector

Figure 7.1a and b and 7.2 a and b show graphs of the observed transfection 

rates achieved with adenovirus gene transfer vectors in two series of 

transfections.

Each vector is described above. Quantification was by manual counting of cells 

showing p-galactosidase activity as visualised by the use of the X-gal stain 

developer solution.
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From the results shown there appears to be a difference in the transfection 

efficiencies of the two adenovirus derived vectors.

This discrepancy between the two virus containing the nuclear locator sequence 

attached to the gene product and the one without may be largely artefact. A low 

lever of cytoplasmic expression spread around the cell would be difficult to detect 

visually, while a similar level of expression concentrated in the smaller area of 

the nucleus would probably be easier to see.

However different sets of experiments gave differing results. In the series of five 

transfections shown in figure 7.3 the second generation appears more effective, 

while the reverse appears to be the case in the series of four experiments shown 

in figure 7.2. The virus stocks used for these early transfection experiments had 

been grown and stored in the Department of Molecular Pathology, UCL. The 

reported titres were 1011 virions/ml for generation 1 and 109 virions/ml for 

generation two. The transfections were performed on 24 tissue culture plates, 

attached cell density was approximately 104 cells per well or 103 cells per well.

A number of factors influence virus titre. Repeated freezing and thawing can 

reduce the number virus particles present and virus distribution through a 

suspension may not be homogenous. In figure 7.4 showing the use of 

adenovirus with p-galactosidase as the marker gene the transfections were 

performed with a fresh virus preparation that was divided into 1 O jllI aliquots prior 

to freezing.

The results of using a fresh aliquot each time are far more consistent. The 

reported titres of the virus preparations were 2 x 1011 virions/m for adenovirus 

generation 2 and 101° virions/ml for the generation 1 adenovirus.
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Table 7.3

VIRIONS/CELL 
GENERATION 1

% TRANSFECTED SEM

MOI0 0 0
MOM 0 0
MOI10 6.5 2.0
MOM 00 18.9 3.1
MOM 000 33.7 2.0
MOM 0000 50.3 1.8

GENRATION 2
MOI0 0 0
MOM 0.5 0.1
MOI10 4.8 0.1
MOHOO 13.7 3.1
m o ho oo 42.6 4.6

Figure 7 5 Graphs of 
transfection 
efficiencies for Adv 1 
and 2.
Results are shown in 
the table as means 
+/- sem.
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In this series of 
transfections gen 2 
appears more 
effective than gen 
1 .
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Table 7.4 Comparison of generations 1 and 2 adenovirus vectors.

VIRIONS/CELL % TRANSFECTED SEM

GENERATION 1
MOI0 0 0
MOM 0 0
MOI10 0.5 0
MOMOO 10.4 1.0
MOM 000 33.4 3.2
MOM 0000

GENERATION 2
MOI0 0 0
MOM 0.1 0.1
MOI10 8.3 0.7
m o h o o 45.2 3.4
m ohooo 75.6 0.8
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Figure 7.7 a. Photomicrographs of fixed and stained adult rabbit myocytes 

transfected with generation 1 or generation 2 Adv. vector. The generation 1 

vector contains the nuclear locator sequence and the p-galactosidase stain is 

clearly restricted to the nuclei of the transfected cell. The generation 2 vector 

has no nuclear locator sequence and the stain is visible throughout the 

cytoplasm.
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Figure 7.7 b. Shown in this figure are some photomicrographs of neonatal rat 

cardiac myocytes from an isolation I had performed three days prior to the 

photographs. Although the neonatal cardiocyte preparation was not used in the 

study reported in this thesis it was in use in the group working in the laboratory 

and I was asked to run some neonatal transfections with some of those for the 

adult cells to look at the efficiency of Adv vectors in these cell.



Adenovirus with green fluorescent protein as marker

In figure 7.8 two photographs of adult cardiac myocytes that have been 

transfected using adenovirus vector carrying the gene for green fluorescent 

protein as a marker of transfection.

The cells were viewed under a fluorescent microscope using the appropriate 

excitation and emission filters. The two photographs show the same field of cells 

under fluorescent and normal illumination. On inspection virtually all of the cells 

appear to display some fluorescence.

As discussed in the discussion section of this chapter quantification of 

transfection efficiencies depends on the ability of the technique selected to 

detect the gene product. The coloured product generated when p-galactosidase 

is used as a marker could easily be present in very low quantities 

indistinguishable to the eye.

Elution of gene product and spectrophotometric determination of X-gal 

chromophore is an available technique, but as with other measurements some 

means of normalisation would have to be developed. The major advantage of 

GFP as a marker gene was that it could be used to confirm transfection in live 

cells.

The sensitivity of photographic film is far greater and even low levels of 

fluorescence can be detected. Improved detection and the availability of 

quantification in live rather than in fixed cells makes GFP a marker of greater 

utility than p- galactosidase.

Untransfected myocytes examined under the excitation /emission wavelengths 

used to visualise GFP positive cells displayed no auto fluorescence and were all 

but invisible.
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Figure 7.8 Photomicrographs of adult myocytes transfected with adenovirus 

generation 2 vector carrying green fluorescent protein (GFP) as a marker. The 

cells were photographed under fluorescent light and with the activation 

wavelength switched off. On close examination it is possible to see that all of the 

cells in the field of view are showing some GFP activity under fluorescent light.

2 0 3



7.4 DISCUSSION

Most viral life cycles fit into one of two categories. Either the virus begins 

reproduction immediately on infection of the host cell and is liberated by lysis of 

the cell in what is called the lytic life cycle or the virus is incorporated into the 

host cell genome by ndn-site specific Recombination. The latter life cycle is 

common to so called retroviruses and generally applies to target cell populations 

that are growing. The infected cells reproduce both their own and the virus 

genome with each cell division. At some point the virus may well return to the 

lytic life cycle and destroy the host cell. Indeed herpes simplex derived gene 

transfer vectors have been reported as reverting to the lytic phase in brain tissue 

[254]. The signal for this is not known with any certainty. Some retroviruses 

stably integrate into the host genome. Potentially a retrovirus that integrates with 

the host genome and remains in the non-lytic phase would be an ideal gene 

transfer vector leading to the long term expression of the transferred gene. The 

scenario is not as simple as it appears. Virus integration with the host genome 

does not occur at specific sites and the viral DNA can be inserted into 

protooncogenes leading to the development of unregulated cell growth and 

tumorogenesis.

The solution to the problem lies in targeting the integration site for a retrovirus, 

this technology is not yet available. Whilst retrovirus vectors offer a valuable tool 

for use in cell culture they cannot currently be used for systems that are intended 

to transfer from cell culture models to in-vivo models. The virus vectors whose 

preparation and use are described here are non-integrating DNA viruses. They 

have been modified by removal of portions of the viral genome to both provide 

space for the insertion of the gene to be transferred and to delete genes involved 

in regulation of the lytic viral life cycle.
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Essentially genes are deleted from the viral genome whose absence prevents 

the replication of viral DNA and/or the assembly and packaging of mature virus 

bodies. As the viral genome does not integrate with the host chromosomal DNA 

it remains outside the nucleus and is termed episomal DNA. The life expectancy 

of extrachromosomal DNA in mammalian ceils is relatively short ranging from 

days to weeks. The eventual removal of episomal DNA means that the 

expression of the introduced gene will be transitory. As a therapeutic strategy 

such episomal DNA would require repeated doses. Thus far such viral transfer 

vectors have not been demonstrated to be without immunogenic activity. An 

immune response to repeated doses of viral vector or to the infected cells would 

render the vector useless.

It is clear from the results shown and problems described in this chapter that 

while virus mediated gene transfer is an efficient method of importing foreign 

DNA into a target cell population, both targetting and quantification of gene 

transfer are imprecise techniques. Transfer of genes to cells in culture 

guarantees that where the virus has some tropism for the target cell population a 

measure of success will result. However specificity is obtained by only one cell 

type being present. Virus species with little host cell specificity infect several of 

the cell types present in whole tissues. Using or designing vectors that have cell 

type specificity is a technology that is in the early stages of development. 

Targetting the expression of the foreign gene to specific tissues is also a 

possibility and may be achieved by the incorporation of specific regulatory 

sequences or response elements with the foreign gene to be transferred.

Finally quantification of the success rate of gene transfer presents a variety of 

problems. In cell culture the counting of cells displaying a characteristic 

endowed by the new gene is one option. Manual cell counting techniques are
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imprecise and time consuming. Where a fluorescent gene product is used 

quantification by fluorescence assisted cell sorting (facs) would be the technique 

of choice for isolated cells, but is not applicable to whole tissues or adult 

myocytes which are too large and the wrong shape to be interpreted by the 

detection device as Individual cells. In the event of transfer of a target gene the 

amount of gene product could be measured directly, however these 

measurements would be unable to distinguish between few cells producing 

much gene product and many cells producing little.
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CHAPTER 8 

GENERAL DISCUSSION AND CONCLUSIONS

8.1 Summary of the work and its implications

8.1. Summary of the work and its implications.

At the outset of this project the immediate intention was to construct a model of 

ischaemia / reperfusion injury to the heart and of ischaemic preconditioning at 

the cellular level.

The model was to be based on the adult cardiac myocyte in culture as ischaemic 

heart disease is most commonly a condition found in the mature myocardium. 

Models of the myocardium existing at the time of starting this work were based 

largely in cells from neonatal or foetal laboratory animals which were amenable 

to primary cell culture [79,201]. There are indications that the stage of 

development of the animal affects some of the putative mechanisms of 

preconditioning. Expression of the different isoforms of PKC, a proposed 

mediator of preconditioning have been observed to vary between adult and 

immature cells in culture[255]. Models have also been based on freshly isolated 

adult cardiocytes [45,225,256,138] or muscle derived cell lines [226].

The need for a clear insight into the mechanisms and endpoints of endogenous 

cytoprotection has been driven by the potential these mechanisms may have for 

exploitation in the development of therapeutic strategies. However interrogation
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of mechanism required a model that gave a window onto events at the cellular 

level and at the same time retained enough of the characteristics of isolated 

tissues and whole animal models to facilitate comparisons.

The existing models of preconditioning and endogenous cytoprotection at the 

level of the celt had not been able to demonstrate the very marked protection 

seen in whole tissues[45]. It also was not clear from these models whether the 

protection due to endogenous mechanisms was the same phenomenon as that 

observed in whole tissues or the living animal [256]. In part the difficulties arising 

from trying to compare whole heart and cellular models are based in the 

divergence of endpoint measurements used. Variations between species 

selected for modelling occurs in the size of the response, the apparent role of 

different triggers of preconditioning and a lack of clarity regarding the end point 

or end points of preconditioning point to the need for an in-vitro model.

One major difficulty in creating such a model has been simulating the effects of 

ischaemia in the environment of tissue culture. It remains equivocal as to 

whether the imposition of a limited number of controlled conditions in tissue 

culture can be a true simulation of the effects of ischaemia in living tissues. 

Long-term culture of terminally differentiated cells remains a controversial 

technique. The phenotypic alterations observed on adaptation of both immature 

[194] and adult cardiac myocytes [166,185,187,241] to culture have been shown 

to reflect underlying alterations in gene expression.

In addition there was the question of whether the processes involved in 

dissociation of the whole tissue were sufficient stress to result in isolated cells 

that were already preconditioned. An additional need was to find a method to 

isolate the cells so that they entered the cell culture environment 

uncontaminated with either other cell types or bacteria. Either contaminant
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would rapidly overgrow the non-replicating myocytes and render the cultures 

useless and results of any biochemical analyses unreliable.

It was necessary then to determine and remain within a window of opportunity 

within which the cells were deemed to appear and behave as primary cells. The 

appearance of the preconditioning response in cells that had been retained in 

culture for one to two days strongly indicated that the isolation procedure had not 

generated cells that were already preconditioned and that the overnight period 

was sufficient to allow the cells to recover from the stresses of isolation and the 

transition to the culture environment.

In the experiments described in this thesis the conditions selected were those 

that could be readily controlled in the tissue culture environment and the degree 

of both injury and protection closely reflects that seen in models based both in 

whole animals and in the isolated heart.

To characterise a model of ischaemic injury an acceptable simulation of the 

conditions pertaining in inadequately perfused tissues was required. A definition 

of ischaemia that is universally subscribed to did not appear to exist [133], 

although many of the changes in the extracellular milieu had been characterised 

and described.

The model selected was based on a system that simulated some of the 

conditions known to exist in ischaemic tissues. Each of the parameters selected 

could be easily manipulated and applied uniformly to the cells in culture. By 

definition the preconditioning stimulus is sublethal in character and all of the 

separate elements of the lethal stimulus were tested for the ability to stimulate 

endogenous cytoprotection. Anoxia had been used successfully to precondition 

isolated cells [256,257], in our model it was not possible to confirm a total
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absence of oxygen from the immediate environs of the cells and hence the term 

hypoxia has been applied.

In terms of the preconditioning protocols described here for cells in culture there 

is one striking difference. The time-scale of events in culture is clearly very 

different from that described in in-vivo or whole heart models. Many 

investigators using isolated hearts or in-vivo models of ischaemic preconditioning 

apply one or more 5 minute periods of global ischaemia followed by 10 minutes 

of reperfusion. Indeed this technique is used so widely it might even be 

regarded as standard. The immediate protection resulting from this regimen has 

been reported as lasting between 1 hour in the whole rabbit model and 180 

minutes in the open chest dog.

In the cellular model described here the preconditioning stimulus was applied for 

one hour and the lethal stimulus applied for six hours. In other cellular models 

such as the human embryonic and neonatal preparations described by 

Ikonimides et al similar extensions of the time-scale were observed.

Several possible factors may be involved in this difference. Adult cardiac 

myocytes in this culture system were quiescent and therefore can be assumed to 

have had lower energy requirements than the in-vivo or in-vitro beating myocyte. 

Even where immature, beating cells are cultured the load on each cell is lower 

than it would be in intact tissue. Another factor that may contribute to the 

altered time-scale of events is the generation in culture of a microenvironment 

around each cell. The microenvironment is more resistant to change than the 

body of solution and it follows that alterations to environmental pH and ion 

concentration will be transmitted more slowly to the cell. Another possible factor 

influencing the rate of change in the environment in cell culture is the large 

extracellular space. In the living tissue the volume of liquid surrounding each cell
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is small and changes are transmitted rapidly via the microcirculation. In the 

tissue culture plate there is an absolute lower limit to the volume that can be 

applied while still maintaining a moist environment around the cultured cells. 

Both the shape and size of the tissue culture plate contribute to what this 

minimum volume will be. Tissue culture wells are not completely flat and the 

distribution of fluid over the surface is therefore not uniform. Too low a volume 

will result in the culture drying out in the centre and the concomitant loss of cells 

to dehydration. To avoid this the minimum volume applied remains relatively 

large, 0.5 mis on a six well culture plate. Relative to the volume bathing a cell in 

living tissue this is a large body of solution and will affect the rate of change of 

conditions as perceived by any individual cell. In addition mixing or stirring of the 

medium applied to the cells was not possible.

It was possible* using cultured adult cardiac myocytes to construct a simulation 

of ischaemia/reperfusion injury in which at least 50% loss of cel) viability was 

defined as the lethal stimulus. Subsequent to defining the simulation it was 

possible to demonstrate that components of the ‘ischaemia’ when applied for 

short periods prior to the lethal stimulus and separated from it by a period of 

recovery or reperfusion protected the cells in culture from the long, lethal 

stimulus.

These results indicate that mechanisms of endogenous cytoprotection 

analagous to preconditioning exist as cellular phenomena and that the 

mechanisms underlying them can be both investigated and manipulated at the 

level of the cell.

With several days available in which to investigate the response of cultured adult 

cardiac myocytes to simulated ischaemia / reperfusion it was possible to 

consider investigation into and manipulation of gene expression in these cells.
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The aim was to find a rapid, reliable and non-injurious method of gene transfer to 

the cells in culture. Experiments were performed using both virus based and 

non-viral gene transfer vectors. Two virus specie known to infect non-replicating 

cell populations were tested. In the case of non-viral gene transfer systems no 

significant transfer of indicator gene activity was observed in cultured myocytes. 

Of the two viral vectors tested only adenovirus based vectors demonstrated 

rapid and efficient transfer of indicator gene activity to the target cells. The 

transfection rates obtainable using transfected bacterial p-galactosidase activity 

as the indicator gene were in excess of half of the exposed cell population. 

These efficient gene transfer rates implied that by employing a selected gene 

sufficient cells in the cultured population would be transfected for effects to be 

apparent. Changing to a fluorescent indicator gene permitted visualisation of 

transferred gene product in live cells and appeared to improve the transfection 

rate obtained. It is likely that the visualisation of fluorescent gene product was 

simply more efficient.

Cell culture whilst removing many layers of interaction and unaccountable 

variables can justifiably be viewed as an oversimplification and all assessments 

of the value of such models of complex events should take into account the 

limitations of the modelling system as well as the potential advantages.

A cellular model of ischaemia and reperfusion injury in which classical 

preconditioning has been demonstrated offers many possibilities for the 

elucidation of mechanism. To dissect out the individual components of a signal 

transduction pathway, particularly where steps in the pathway may be mediated 

by specific isoforms of widely distributed intercellular mediators is a complex 

process. To do so in a whole tissue comprising several distinct cell populations 

would be extremely difficult indeed. The existence of the mechanisms of interest
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in the cultured adult myocyte has been demonstrated and within the limitations of 

the technique it is now possible to look for individual components of the 

mechanisms of endogenous cytoprotection at the cellular level. A recent 

publication by Ping et al has shown the profile of PKC isoform expression in the 

whole heart, using the isolated myocyte it is now possible to follow up this work 

in one sub-population of cells, perhaps the most important. Up-regulation of 

individual gene products and regulatory proteins could be measured both in the 

virgin myocyte and in cells exposed to ischaemic injury and in cells that have 

been preconditioned.

Having set up the model, it was possible to generate a simulation of 

ischaemia/reperfusion injury. The simulation was shown to generate a 

reproducible loss in cell viability. Applying a protocol designed to be analagous 

to those used to precondition in other models from the same species, taking into 

account the different conditions pertaining in cell culture, generated protection. 

This protection could be mimicked by an adenosine receptor agonist and 

blocked by an adenosine receptor antagonist. In addition the protection due to 

the preconditioning protocol could also be abolished by the application of a PKC 

inhibitor. These results indicate that the model retains the characteristics 

described in other models derived from the same species and can be compared 

with them. It was possible to demonstrate, by Western blot analysis of samples 

collected at various stages of the project, that the heat stress protein expression 

was not increased in response to the isolation and culture procedures, but did 

increase 24 hours after the prec<$ditioning stimulus was applied. Hence it was 

demonstrated that the mechanisms underlying preconditioning remained in-tact 

in isolated heart muscle cells.
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It was possible using the culture system developed for the model to identify a 

suitable and efficient gene transfer vector. The investigation could then go on to 

identify gene products involved in the processes of endogenous cytoprotection 

and. attempt to modify the response of the cells to the simulation of ischaemic 

injury.

A very significant proportion of the time available to conduct this project was 

used in creating the methods required to isolate and culture the cells and to 

adapt and create reproducible and reliable models of injury that could be shown 

to parallel the definitions of ischaemia and preconditioning defined in other 

models.

Nonetheless initial experiments conducted using this model clearly show that it 

offers the opportunity to use the tools provided by molecular biology to 

investigate both the effects of injury and the endogenous defences against injury 

that exist at the level of the single cell.

FUTURE DIRECTIONS

The endogenous cellular mechanisms leading to the profound protection against 

injury seen in classical preconditoning are poorly understood. The model 

constructed in the course of this study will be used to test the following :

1. The model of ischaemia / reperfusion injury and classical preconditioning in 

cultured cardiac myocytes from the adult rabbit heart can be adapted for use 

with cells derived from human tissues.

2. Delayed preconditioning or the SWOP can be reproducibly demonstrated in 

the cell culture model

4. Protection can be mimicked by the continuous expression of transfected 

genes for known mediators of preconditioning transferred to cultured cells.

5. The signal transduction pathways downstream of receptor activation are 

mediated via specific isoforms of the enzyme PKC. This will involve the 

identification of the PKC expression profile of cardiac myocytes, quantification of 

PKC isoform expression and localisation of PKC isoforms in the cells in culture 

under normal and stressed conditions.

6. The processes of protection occur at the cellular level and can be observed in 

many cell types.

7. The interactions of stimulated and unstimulated myocyte cells in protected 

tissue and of different cell populations in that tissue.
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APPENDICES

1. ACTIVITY REPORT AS SUPPLIED BY WORTINGTON FOR THE 

LYPHILISED PREPARATION OF TYPE II COLLAGENASE

2. COMPUTER GENERATED STATISTICAL ANALYSIS OF ORIGINAL 

EXPERIMENTAL DATA
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APPENDIX TWO 
COMPUTER GENERATED STATISTICAL ANALYSIS
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m th iM t iN i m rrn iN  dLU t LUM M i l
mi...... » " Y 1 wm— mm ■ » Y 2 * b

1 CN 1 00.000 60.900 100.000
2 CN 100.000 61.500 100.000
3 CN 100.000 36.900 100.000
4 CN 1 00.000 30.400 100.000
5 CN 100.000 55.000 100.000
6 CN 1 00.000 55.900 1 00.000
7 CN 1 00.000 46.000 100.000
8 CN 100.000 47.100 100.000
9 CN 1 00.000 50.000 100.000

10 CN 1 00.000 33.300 100.000
11 IH 36.300 79.400 12.900
12 IH 38.800 78.800 25.800
13 IH 65.800 42.900 49.400
14 IH 65.200 44.900 61.600
15 IH 10.400 66.700 10.400
16 IH 25.600 41.100 22.900
17 IH 58.200 79.400 7.800
18 IH 57.200 64.200 3.900
19 IH 55.900 37.000 57.000
20 IH 68.300 30.000 0
21 PCH 61.300 68.500 258.100
22 PCH 5 5 .100 58 .900 200.000
23 PCH 95.800 28.100 135.100
24 PCH 84.600 27.600 144.200
25 PCH 54.300 63.000 57.300
26 PCH 64.000 50.000 63.500
27 PCH 73.000 54.300 96.700
28 PCH 67.600 52.200 102.000
29 PCH 89.700 50.000 85.700
30 PCH 98.900 50.000 85.700
31 • • • •
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One Factor ANOVA X 1 : TREATMENT Y 1 : TRYPAN BLUE

Analysis of Variance Table

Source: DF: Sum Squares: Mean Square: F-test:

Between groups 2 13432.538 6716.269 30.666

Within groups 27 5913.422 219.016 p = .0001

Total 29 19345.96

Model II estimate of between component variance = 649.725

One Factor ANOVA X 1 : TREATMENT Y 1 : TRYPAN BLUE

G roup:____________Count:____________ Mean:____________ Std. Dev.:_________Std. Error:

CN 1 0 100 0 0

IHH 1 0 48.17 19.473 6.158

PCH 1 0 74.43 16.669 5.271

One Factor ANOVA X 1 : TREATMENT Y 1 : TRYPAN BLUE

Comparison:______________ Mean Diff.:______Fisher PLSD: Scheffe F-test: Dunnett t:

CIN vs. IH 51.83 1 3t.58* 30.664* 7.831

CIN vs. PCH 25.57 13.58* 7.463* 3.863

I HI vs. PCH -26.26 13.58* 7.871* 3.968

* Significant at 95%
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One Factor ANOVA X 1 : TREATMENT Y 2 : LDH

Analysis of Variance Table 

Source:_________DR_____________Sum Squares: Mean Square: F -test:

Between gro'upS- 2 "■ ■ ■; ' .403:779 . 2 0 i .889 ,899 '. .
Within groups 27 6060.108 224.448 p = .4186
Total 29 6463.887

Model II estimate of between component variance = -2 .256

ii|l

[

i
!

One Factor ANOVA X 1 : TREATMENT Y 2 : LDH

Comparison: Mean Diff.: Fisher PLSD: Scheffe F-test: Dunnett t:

CN vs. IH -8 .74 13.747 .851 1.304

CN vs. PCH -2 .56 13.747 .073 .382

IH vs. PCH 6.18 13.747 .425 .922

One Factor ANOVA X 1 : TREATMENT Y 2 : LDH

Group:____________Count:____________ Mean:____________ Std. Dev.:_________Std. Error:

CN 1 0 47.7 11.141 3.523

IH 1 0 56.44 19.289 6.1

PCH 1 0 50.26 13.31 4.209

221



One Factor ANOVA X 1 : TREATMENT Y 3 : MTT

Analysis of Variance Table 

Source:_________ DR_____________Sum Squares: Mean Square: F-test:
Between groups- 2 • • 52194.045 "• ' 26037.022 ’ 17.087
Within groups 27 41237.882 1527.329 p = .0001
Total 29 93431.927

Model II estimate of between component variance = 2456.969

One Factor ANOVA X 1 : TREATMENT Y 3 : MTT

Group: Count: Mean: Std. Dev. Std. Error:

CN 1 0 100 0 0

IH 1 0 25.17 22.826 7.218

PCH 1 0 122.83 63.726 20.152

One Factor ANOVA X 1 : TREATMENT Y 3 : MTT

Comparison: Mean Diff.: Fisher PLSD: Scheffe F-test: Dunnett t:

CN vs. IH 74.83 35.861* 9.166* 4.281

CN vs. PCH -22.83 35.861 .853 1.306

IH vs. PCH -97.66 35.861* 15.611* 5.588

* Significant at 95%
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A MODEL OF HYPOXIC PRECONDITIONING IN ADULT RABBIT 
CARDIAC MYOCYTES IN CULTURE
M.Cooper and M:S:Marber Department of Cardiology, Rayne Institute, 
St Thomas’s Hospital, London. Department of Physiology, University 
College London.

To investigate the effects of transient gene expression in cardiac 
myocytes and the potential for gene transfer to protect against 
ischaemic injury we have developed an in-vitro model of 
preconditioning. We report the characterisation of the model. 
Bentricular myocytes were isolated from the hearts of adult male 
rabbits by enzymatic dissociation. Cells were cultured on plates 
prepared by coating with 1% gelatin followed by 10pg/ml laminin. The 
cells were allowed to attach for two hours in M199 containing 5% 
foetal calf serum (FCS). At the end of this period the medium was 
replaced with M199 containing 1% FCS and the cells were incubated 
overnight. Cells were exposed to lethal simulated ischaemia and 

^gypoxia. Simulated ischaemia consisted of a modified, glucose free 
Krebs solution containing 20mMK+ , 12mM lactate, pH 6.2, low volume 
and placed in an hypoxic chamber under 95% Argon/5%C02 at 37°C 
for 6 hours. Cell injury was measured by three endpoints, Trypan blue 
uptake, LDH (Lactate dehydrogenase) release and the conversion of 
MTT (2,3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) to 
an insoluble formazan dye.
The protocol reduced the number of viable cells present after 12 hours 
of reperfusion compared to controls p<0.05. Cells were preconditioned 
by exposure to hypoxia in a low volume of tissue culture medium for 
one hour followed by recovery in fresh medium for 30 mins prior to the 
lethal ischaemia. Protection was observed as an increase in the 
number of viable cells p< 0.05.
Similarly exposure to 1jiM CCPA (2-Cloro-N6- cyclopentyladenosine) 
an adenosine Ai agonist for one hour plus 30 mins recovery prior to 
lethal ischaemia caused a reduction in cell injury p< 0.05. 
Preconditioning in this model can be blocked by the adenosine A1 
antagonist DPCPX and by the protein kinase C (PKC) inhibitor 
Chelerythrine. In conclusion we have constructed a model of 
ischaemic injury in short-term cultured adult cardiac myocytes. In this 
model the effect of preconditioning seems to be mediated b\a 
adenosine and PKC inkeeping with in-vivo preconditioning in the same 
species.


