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The Involvement of ATP-Sensitive Potassium Channels 
in Novel Forms of Myocardial Protection

Theresa Jane Pell 

ABSTRACT

Introduction. Ischaemic heart disease is the main cause of mortality and 

disability in the United Kingdom. Current treatments are not wholly  

successful, therefore, new therapies are required. One area of research that 

may provide such a treatment is ischaemic preconditioning, in which  

transient myocardial ischaemia results in acute and delayed protection 

against sustained ischaemia. The aims of this study were to investigate one 

aspect of the underlying mechanism, namely the role of ATP-sensitive 

potassium (K̂ tp) channels, in novel forms of myocardial protection. 

Methods. In v iv o  rabbit models of myocardial infarction, 30 m inutes 

coronary artery occlusion followed by two hours reperfusion, were used. 

Katp channels were studied in delayed protection afforded by heat stress 

(15 minutes at 42 ”C) or ischaemic preconditioning (four cycles of five  

minutes myocardial ischaemia each separated by 1 0  minutes reperfusion), 

and, in addition, acute and delayed protection afforded by transient 

ischaemia of the kidney (10 minutes renal artery occlusion). The effects of 

ischaemic preconditioning and  heat stress on mRNA expression of the 

Katp channel subunit Kir6.2 were also determined. Results. Blockade of 

Katp channels prevented delayed myocardial protection afforded by heat 

stress at 24 hours and acute protection induced by transient renal ischaemia. 

Ischaemic preconditioning and transient renal ischaemia failed to elicit a 

delayed phase of protection at 48 hours in this study. Neither heat stress nor 

ischaemic preconditioning resulted in changes in Kir6.2 mRNA expression 

at one, three or 24 hours. Conclusions. Katp charmels, perhaps located in the 

mitochondria, appear to be involved in delayed protection afforded by heat 

stress and acute myocardial protection induced by transient renal ischaemia. 

It seems that protection does not occur via increased expression of Kir6.2 

containing Katp channels.
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CHAPTER 1 
Cardiovascular Disease and Ischaem ic  
Preconditioning

1.1 Cardiovascular Disease
Cardiovascular diseases are the main cause of mortality and disability in the 

United Kingdom, resulting in the death of nearly 350,000 adults and 

children each year. These diseases arise from genetic, environmental and 

age-related factors which cause degeneration of the coronary vascular system 

and /  or the heart itself. In particular, acute myocardial infarction caused by 

coronary artery thrombosis, results in the admission of 180,000 patients to 

hospital each year in Britain. Current practice relies on early thrombolysis or 

percutaneous transluminal coronary angioplasty (PTCA) to open and 

maintain the patency of occluded arteries. Available treatments, however, 

are not totally successful in fulfilling these aims. In particular, delay in  

applying these treatments imposes the need for cardioprotective therapies 

that are able to slow the evolution of necrosis. New therapies are, therefore, 

required; one area of research which may provide such a novel 

cardioprotective agent is myocardial ischaemic preconditioning.

1.2 Myocardial Ischaemia and its Consequences
Ischaemic Syndromes
Myocardial ischaemia results as a consequence of an imbalance between 

oxygen and nutrient supply and the removal of their metabolites. This can 

lead to three outcomes depending on the duration and severity of the 

ischaemia. First, stable angina pectoris, which arises when myocardial 

oxygen demand increases in excess of supply, but is relieved by a reduction 

in the workload resulting in short, sub-lethal ischaemia. Second, 

hibernation characterised by chronic mechanical dysfunction caused by 

severe, sub-lethal, chronic ischaemia which is ameliorated when adequate 

perfusion is restored. Third, infarction which results from prolonged
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Chapter 1

ischaemia causing irreversible cell injury. Myocardial ischaemia can also 

result in post-ischaemic mechanical dysfunction, in the absence of 

irreversible cell injury, which persists after perfusion has been restored. This 

phenomenon, termed stunning, is fully reversible if adequate perfusion is 

maintained.

Cellular Consequences of Myocardial Ischaemia
Ischaemia results in the rapid inhibition of fatty acid oxidation. The 

subsequent reduced levels of |3-oxidation metabolites prevents their 

inhibition of glycolysis causing a switch from fatty acid oxidation to th^ 

glycolytic metabolism of glucose and glycogen. This, however, occurs in an 

anaerobic environment leading to the accumulation of anaerobic 

metabolites (lactate and protons) which inhibit ATP synthesis and cause 

accumulation of acyl CoA, free fatty acids and triglycerides in the cytosol. 

The imbalance between ATP synthesis and consumption eventually leads to 

a fall in intracellular ATP (ATPJ, once the creatine phosphate pools are 

exhausted, with a concomitant rise in inorganic phosphate. The fall in ATPj 

is also associated with an increase in hypoxanthine and xanthine levels 

which, in the presence of intracellular acidosis and increased levels of 

reducing equivalents, favours the production of free radicals during 

reperfusion [1 ].

Ischaemia also disrupts ionic fluxes; these changes have been reviewed in  

detail by Petrich et al [2]. Briefly, a rapid efflux of ions from the cell occurs 

within the first few minutes of ischaemia leading to extracellular 

accumulation of and membrane depolarisation. A number of 

mechanisms are proposed to explain the efflux of including anion- 

coupled efflux, the Na^/K^ ATPase pump and outward movement through 

either ligand operated channels or channels. Intracellular Na'" also 

rises progressively during ischaemia; current belief proposes a role for the 

Na^/H'' exchanger (NHE). Ischaemia causes extracellular acidosis 

culminating in the complete inhibition of the NHE. The prevention of 

proton extrusion results in intracellular acidosis causing a fall in  

intracellular pH (pĤ ) to less than 6 . 8  within two minutes of the onset of

18
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ischaemia. Intracellular accumulation of Na% and inorganic phosphate 

also induces osmotic swelling which predisposes the membrane to 

rupturing. Intracellular calcium (Câ ^̂ ) rises during the reversible phase of 

ischaemia with a time course parallel to the development of acidosis. This 

early rise in Ca.̂ "̂  may occur due to reduced buffering by the cytoplasm which 

may induce Câ  ̂ release from the sarcoplasmic reticulum. In addition, the 

rise in intracellular Na"" may also reverse the Na' /̂Ca^  ̂ antiporter, thus 

promoting the influx of Câ .̂ Increased Câ ^̂ , in the presence of intracellular 

acidosis, impairs impulse propagation. In summary, K'" efflux causes 

membrane depolarisation and action potential duration (APD) shortening  

which may delay irreversible injury by reducing Na"̂  influx and contractile 

activity. This, however, contributes to electrical inhomogeneity thereby 

potentiating lethal arrhythmia formation. As ischaemia progresses injured 

tissue becomes electrically uncoupled and, therefore, less able to develop  

lethal arrhythmias. The increased intracellular levels of calcium and 

acidosis then induce cell death and loss of contractility.

Metabolic stresses such as ischaemia, as a result of imbalances in metabolic 

and ionic homeostasis, cause extensive damage to the cytoskeleton largely as 

a result of osmotic swelling. These changes include collapse of the 

intermediate filament network, re-organisation of the cytoplasmic network, 

re-localisation of actin fibres around the nucleus, disruption of the 

microtubules and mitotic spindle, mitochondrial swelling and uncoupling 

of oxidative phosphorylation [1, 3].

"Reperfusion Injury"
Further injury may occur to the myocardium on the rapid restoration of 

oxygen and nutrients. It is, however, extremely difficult to separate the 

contributions of ischaemia and reperfusion to myocardial damage. The 

return of perfusion allows washout of harmful metabolites accumulated 

during ischaemia and restoration of pĤ  but is also associated with a rise in  

Cdi^* which may be arrhythmogenic and delay cell recovery. The return of 

oxygen to the myocardium also has the potential to induce the production

19



Chapter 1

of highly reactive oxidising agents [1 ] such as, superoxide anions ("Ô  ),

singlet oxygen ( O), hydroxyl radicals (‘OH) and hydrogen peroxide (H^Oz). 

A number of potential sources of free radicals exist in the ischaemic- 

reperfused heart (for review [4]) the relative contributions of which to 

myocardial injury have yet to be determined. The "leakage" of 

mitochondrial electron carriers, however, is likely to be the major source [5]. 

The production of free radical species is counteracted by the activity of 

anti-oxidant enzymes which include the superoxide dismutases (SOD; 

cytosolic Cu/Zn and mitochondrial Mn isoforms), catalase, reduced 

glutathione, glutathione (GSH) peroxidase and ascorbic acid. Excess 

generation of free radicals may lead to peroxidation of cell lipids thus 

altering membrane structure and function [6 , 7, 8 ].

1.3 Ischaemic Preconditioning

1.3.a Definition and Properties
The phenomenon of ischaemic preconditioning was first described by Murry 

et al in 1986 [9] as an adaptation of dog myocardium to ischaemic stress 

induced by brief repetitive episodes of ischaemia and reperfusion (four 

cycles of 1 0  minutes ischaemia each separated by 1 0  minutes reperfusion). 

Previously the same group [10] had demonstrated, contrary to expectation, 

that repetitive periods of ischaemia-reperfusion did not lead to cum ulative 

ATP depletion. In addition, infarction was not observed even though the 

same overall duration of un-interrupted ischaemia (40 minutes) caused 

severe necrosis. This led to further investigation of this model and its 

cardioprotective properties. Canine myocardium was preconditioned with  

four cycles of five minutes regional ischaemia each separated by five  

minutes reperfusion prior to either 40 or 180 minutes of sustained 

ischaemia. Preconditioning limited infarct size, expressed as a percentage of 

the risk zone, resulting from 40 minutes ischaemia by 75%. This protection 

was lost when sustained ischaemia was extended to three hours suggesting 

that ischaemic preconditioning delays rather than prevents cell death [9 ].
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This phenomenon is now referred to as "classic" or acute ischaemic 

preconditioning.

Since these original studies were performed ischaemic preconditioning has 

been further characterised in terms of its time course and end-points of 

cellular injury. Protection against ischaemia has been observed in every 

species examined to date including the chicken [11], dog [9], mouse [12], pig 

[13], rabbit [14], rat [15] and sheep [16]. There is also limited evidence that the 

human myocardium can be preconditioned [17, 18, 19]. Cardioprotection 

afforded by ischaemic preconditioning is the most potent and reproducible 

known to date. Thus it has led to extensive research to elucidate its 

underlying mechanisms.

The original description of ischaemic preconditioning [9] defines the 

preconditioning stimulus as a transient cessation of myocardial blood flow  

to part of the heart (regional ischaemia) and the end-point as infarct size. 

Preconditioning has since been described ex v iv o  in buffer perfused hearts 

induced by a reduction in coronary flow [2 0 ] and by hypoxia in buffer [2 0 ] or 

blood perfused [21] hearts. Isolated cardiac muscle preparations can also be 

preconditioned using the combined stimuli of hypoxia, substrate-free 

perfusion and pacing [22]. Finally, preconditioning can be induced in  

ventricular cardiac myocytes by hypoxia in the presence of glucose-free 

substrate [23].

End-points of Cellular Injury
The traditional end-point used for assessment of protection is infarct size 

expressed as the percentage necrosis of the risk zone. In isolated cell 

preparations cell damage is determined by morphological changes or by the 

uptake of an indicator dye. The latter is usually combined with the 

measurement of lactate dehydrogenase (LDH) release, a marker of cell 

membrane injury since cells which appear abnormal morphologically can 

still exclude dye. In vitro  isolated heart studies use either infarct size or 

recovery of contractile function as their end-point. Beneficial effects on  

functional recovery are, however, inconsistent suggesting that ischaemic
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preconditioning does not protect the myocardium against stunning [14, 24]. 

Until the signalling cascade of ischaemic preconditioning is elucidated 

caution should be exercised in extrapolating findings from simulated 

ischaemia and recovery of contractile function to true ischaemia and 

reduction in infarct size. Ischaemic preconditioning reportedly affects the 

incidence of ischaemia- and reperfusion-induced arrhythmias. However, 

some studies report a reduction [25] and others an aggravation [26].

Time Course of Protection
"Classic" preconditioning protection lasts one to two hours following the 

ischaemic insult, depending on the species [27, 28]. In 1993 a delayed phase of 

preconditioning protection against infarction was described in the rabbit [29] 

and dog [30]. This phenomenon has been termed the "Second Window of 

Protection" ("SWOP") [31] and exists between 12 and 72 hours following the 

preconditioning stimulus [30, 32]. Delayed preconditioning has since been 

described in isolated rat ventricular myocytes against enzyme release [33] 

and cell death [34], in the in v iv o  rat versus infarction [35] and endothelial 

dysfunction [36], in the anaesthetised dog [25] and conscious rabbit [37] versus 

arrhythmias and in the conscious pig [38] and rabbit against stunning [39].

Preconditioning Stimulus
The critical feature of preconditioning is that a brief period of reperfusion, 

between the transient and sustained ischaemia, is essential for protection 

suggesting that the release of an endogenous cytoprotective factor from the 

ischaemic myocardium is vital [9]. The minimum duration of ischaemia 

required to precondition the myocardium varies between species. In the 

rabbit two cycles of two minutes of regional ischaemia are sufficient to 

induce protection [40]. Both forms of preconditioning appear to be "all or 

nothing" phenomena in the dog [41], human [42] and rabbit [32] in which a 

threshold stimulus is required to initiate preconditioning. In the pig, 

however, increasing durations of low-flow ischaemic preconditioning 

resulted in a graded level of protection. Bradykinin was the main trigger for 

protection afforded by three minutes of preconditioning, j  whereas, for 

10 minutes of preconditioning adenosine was the principal trigger. These
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results suggest that the importance of each preconditioning trigger is 

dependent on the relative concentration of other triggers present [43].

A form of preconditioning against ischaemia can be afforded by other 

physiological stresses such as transient whole body hyperthermia 

(heat stress) [44], exercise [45] and the endotoxin lipopolysaccharide (LPS) or 

its non-toxic derivative monophosphoryl lipid A (MLA) [46, 47]. Protection 

afforded by exercise and MLA both display a similar temporal profile to 

ischaemic preconditioning. In the case of heat stress, however, an early 

phase of protection does not appear to exist [48].

Preconditioning of Non-Cardiac Tissue
Ischaemic preconditioning is not solely limited to the heart. An acute phase 

of protection has also been found in the brain [49], liver [50], lung [51] and 

skeletal muscle [52]. There is also limited and controversial evidence for 

preconditioning of the kidney [53, 54]. Very recently a delayed phase of 

protection has been found in skeletal muscle against microvascular 

perfusion but not tissue injury [55]. Perhaps the time course of protection 

varies between tissue types. Thus further investigation of preconditioning 

in non-cardiac tissue is required.

1.3.b "Remote" Preconditioning of the Myocardium 

Intra-organ / "Remote" Preconditioning
Ischaemic preconditioning has been demonstrated to protect the 

myocardium both within and outside the perfusion territory of the occluded 

artery [56]. This phenomenon is termed ""remote" or intra-organ 

preconditioning of the myocardium.

Inter-organ / "Remote Organ" Preconditioning
Subsequently, McClanahan et al [57] discovered that brief ischaemia- 

reperfusion of an organ distinct from the heart also confers acute protection 

on the myocardium. To distinguish this form of protection from ""remote"' 

preconditioning it is referred to as ""remote organ" or inter-organ
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preconditioning. To date, protection has been conferred on the myocardium  

by transient ischaemia-reperfusion of the intestine [58], kidney [57, 58] and 

skeletal muscle [59]. Inter-organ preconditioning has also been demonstrated 

in muscle. Liauw et al [52] were able to precondition one skeletal (gracilis) 

muscle by transient ischaemia-reperfusion of the contralateral muscle. 

These two forms of preconditioning "at a distance" lend further weight to 

the hypothesis that one or more cytoprotective factors are released from the 

ischaemic zone inducing a systemic protective effect.

1.4 Mechanisms of Ischaemic Preconditioning
The mechanism of ischaemic preconditioning is independent of collateral 

blood flow to the ischaemic zone [9]. Instead a number of "triggers" appear to 

be involved which may have differential roles depending on the species. 

These triggers appear to act, through a signalling cascade, on one or more 

"end-effectors". The respective triggers, mediators and end-effectors of acute 

(section 1.4.a) and delayed (section 1.4.b) preconditioning will be considered 

separately. One important consideration in determining the mechanism of 

preconditioning is that the mode of action must be consistent with the time 

course of protection, often referred to as "memory".

1.4.a Mechanisms of Acute Ischaemic Preconditioning 

Triggers
A  number of triggers appear to elicit the acute phase of protection against 

infarction including: acetylcholine [60], adenosine [61, 62], angiotensin II [63], 

bradykinin [64], endothelin-1 (ET-1) [65, 6 6 ], noradrenaline (NA) [67, 6 8 ] and 

opioids [69]. All of these act at seven transmembrane receptors coupled, via  

pertussis sensitive G-proteins (GJ, to either phospholipase C (PLC) or 

phospholipase D (PLD).

Adenosine. The most important trigger appears to be adenosine, acting via  

Aj-adenosine receptors, in rabbit [61], dog [70], pig [71] and human [18] hearts. 

A role for the A^-adenosine receptor has also been described in the rabbit 

[72]. Early evidence did not support a role for adenosine [73] in
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preconditioning of the rat heart. However, in recent studies protection was 

prevented by blockade of adenosine receptors [74]. The rat heart releases 

significantly greater amounts of adenosine during ischaemia than other 

species [74], therefore, the concentration of competitive antagonist required 

to block protection may be much greater than that used in the earlier rat 

studies.

Free Radicals. The ability of free radicals to trigger preconditioning is 

controversial as a number of studies using anti-oxidant enzymes report 

abrogation of protection whilst others do not (for review [75]). One reason 

for this discrepancy was proposed by Baines et al [76] who showed that one, 

but not four, cycles of preconditioning was blocked by the cell-permeable free 

radical scavenger N-2 -mercaptopropionyl glycine (MPG). They suggested 

that free radicals act in concert with other triggers to induce preconditioning. 

The source of these radicals has been suggested to be the mitochondria [77].

M ediators
Adenosine. In addition to triggering protection adenosine appears to act as a 

mediator in the rabbit since blockade of A^-adenosine receptors either 

during preconditioning or sustained ischaemia abolished protection [78].

Nitric Oxide (NO). NO, synthesised by nitric oxide synthase (NOS) from  

L-arginine, regulates vascular tone and reactivity in the coronary circulation 

[79], prevents platelet [80] and leukocyte adhesion [81], and preserves 

vascular impermeability [82]. In excess, however, NO can be toxic due to the 

formation of NO-derived free radical species [83] and inactivation of 

iron-sulphur-centred enzymes involved in, for example, mitochondrial 

respiration [84]. The role of NO in preconditioning is controversial since 

many different models have been used with a variety of end-points. Vegh et 

al [85] abolished the protective effects of ischaemic preconditioning against 

arrhythmias, in the dog, using the non-specific NOS inhibitor, N^-nitro-L- 

arginine methyl ester (L-NAME). Against infarction, however, L-NAME 

limited infarct size in rabbit [8 6 ] but not rat hearts [87].

25



Chapter 1

Phospholipase C. Other mediators under consideration include those which  

form the signalling cascade initiated by binding of ligands to G^-protein 

coupled receptors. The first point in this cascade appears to be the activation 

of PLC or PLD. PLC catalyses hydrolysis of inositol-containing phospholipids 

such as phosphatidylinositol, phosphatidylinositol 4-monophosphate, and 

phosphatidylinositol 4,5-biphosphate (PIP2 ) found in the plasma membrane. 

The latter is hydrolysed, by PLC, to diacylglycerol (DAG) and inositol 

1,4,5-triphosphate (IP3). DAG alters the sensitivity of protein kinase C (PKC) 

to Câ '̂" allowing its activation at physiological levels of Câ ^̂ . In addition,

ttj-adrenoceptor agonists [6 8 ], angiotensin II [8 8 ], bradykinin [64] and ET-1 [65] 

all activate PKC via PLC, however, this does not hold true for A^-adenosine 

receptor agonists [89].

Phospholipase D. PLD modifies the polar region of phosphatidylcholine 

(PtdCho) and other phospholipids by catalysing the hydrolytic formation of 

phosphatidic acid (PtdOH) with the concomitant release of the 

non-phosphorylated base, choline. PtdOH is in turn metabolised by PtdOH 

phosphohydrolase to DAG resulting in the activation of PKC. Ischaemic 

preconditioning increases PLD activity in rabbit [90] and rat [91] myocardium. 

The Aj-adenosine receptor agonist (R)-N^-(2-phenylisopropyl)-adenosine 

[90], NA [92] and ET-1 [92] can stimulate PLD, as well as PLC, in the rabbit. In 

addition, the M 2 -muscarinic receptor agonist, carbachol, stimulates PLD in  

the chicken heart [93]. The enhancement of PLD activity was attenuated by 

tyrosine kinase inhibition [94] suggesting a negative feedback loop. Cohen et  

al [90] proposed PLD as a mechanism for the '"memory" of preconditioning 

protection. The rate-limiting step of this mechansim may be the activation 

of DAG kinase which phosphorylates DAG prior to its activation of PKC. 

DAG kinase exists as a relatively inactive form in the cytosol, stimulation of 

which is associated with its translocation to the cell membrane. Whilst the 

cytosolic form has no substrate preference the membrane-bound form  

prefers arachidonic acid (AA)-rich DAG. Both PLC and PLD catalyse the 

formation of DAG, however, due to the environment of the initial 

substrate, DAG formed from IP3  via PLC is AA-rich. DAG derived from  

PtdCho hydrolysis, via PLD, is AA-poor and thus not favoured by
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membrane-bound DAG kinase. This substrate distinction results in the 

biphasic activation of PKC. IP3  hydrolysis by PLC results in fast, transient 

phosphorylation of AA-rich DAC, peaking at 30 seconds. In contrast, 

AA-poor DAC derived via PLD is slowly phosphorylated by both forms of 

DAC kinase, peaking at 2-15 minutes and is much longer lasting. Ovize et al  

[95] showed that preconditioning inhibits DAG formation from PIP2  whilst 

stimulating that from PtdCho in the first few minutes of prolonged 

ischaemia in the rabbit. Prolonged DAC production by PLD may contribute 

to prolonged activation of PKC. DAC is also able to activate cellular 

cytidyltransferase which may enhance DAC's own conversion to PtdCho 

with the eventual termination of the PKC activation signal. The activities of 

PLD are reviewed in detail by Billah and Anthes [96]. The activation of PKC 

by DAG is summarised in Figure 1 .1 .
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Figure 1.1: Diacylglycerol Activation of Protein Kinase C.
DAC-P = phosphorylated DAC.

© = activation.

Protein Kinase C. There is good evidence in chicken [97], rat [98, 99], rabbit 

[100,101] and human [22] hearts that PKC is involved in preconditioning. In 

the dog [1 0 2 ] and pig [103], however, the role of PKC remains controversial.
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A number of PKC iso-enzymes exist in the heart which are sub-divided 

into three classes: (i) conventional, Ca^^-sensitive: a, pi, p2  and y;

(ii) non-conventional, Ca^^-insensitive: 9, e, rj/L and 0; and (iii) atypical,

DAG-insensitive: Ç, X, T and \i [104]. Some PKC isoforms may have  

detrimental effects and others beneficial effects on the myocardium. Many 

proteins have been proposed as substrates for phosphorylation by PKC 

which may lead either to positive or negative feedback responses. Those of 

potential interest in cardioprotection include the NHE, glucose transporter, 

myosin light chain and its kinase, troponins T and I, cardiac C-protein, 

microtubule-associated proteins, stress proteins, myelin basic protein, 

glycolytic regulatory enzymes (glycogen phosphorylase kinase, glycogen 

synthase, phosphofructokinase) and cytochrome P450 (for review: [105]). 

PKC itself may solely comprise the "'memory" of preconditioning. It is 

proposed [106] that this may result from the time taken for activation of 

PKC, perhaps by translocation from an inactive state in the cytosol to an 

active membrane-bound state and its subsequent de-activation, thought 

to take approximately 60 minutes. Preconditioning induces selective 

translocation of PKC-e and PKC-q from cytosolic to particulate fractions of 

rabbit heart cell preparations [107]. In addition, selective inhibition of PKC-e 

translocation and function with eVl-2 peptide abolished protection afforded 

by hypoxic preconditioning in neonatal rat cardiocytes [108]. Transfection of 

constitutively activated PKC-5 has also recently been shown to be protective 

against simulated ischaemia in neonatal rat cardiocytes [109]. Yang et al [110], 

however, abolished protection, using the PKC inhibitor staurosporine, only 

when it was present prior to and continuing into the sustained ischaemia 

and not when given during preconditioning. These results suggest that PKC 

is not required to initiate the preconditioning state and is thus unlikely to be 

responsible for the "memory" of protection.

Protein Kinase Signalling Cascade. Other kinases implicated in the 

mechanism of protection include the tyrosine kinases which are known to 

be activated by PKC [111]. Preconditioning can be blocked by the tyrosine
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kinase inhibitor genistein in the isolated rat [1 1 2 ] and rabbit heart, only  

when given prior to sustained ischaemia [113], but not in the in v i v o  dog 

heart [114]. Much attention is now focused on the other kinase cascades 

present in cells particularly the stress-activated protein kinases (SAPKs) 

and the mitogen-activated protein kinases (MAPKs). Three families of 

these kinases exist in eukaryotic cells: (i) p42/p44 MAPKs (or p42/p44

extracellular-signal-related kinases (ERKs)); (ii) p38 kinase; and (iii) the 

stress-activated c-jun N-terminal kinase (JNK). PKC is known to 

phosphorylate and activate raf- 1  kinase which provides a direct link to the 

p42/p44 MAPKs. Transient ischaemia, in the rat heart, increased the activity 

of PKC, MAPK and MAPK-activated protein kinase 2 (MAPKAPK2) all of 

which were inhibited by genistein [94,115]. One target for phosphorylation 

by the tyrosine kinases is the p38 MAPK which is activated by ischaemia- 

reperfusion [116], endotoxin [117], heat stress [118], H 2 O2  [119], inflammatory 

cytokines [117], environmental stress [117]. Activation of p38 occurs via dual 

phosphorylation of tyrosine and threonine residues [117]. Preconditioning 

induced phosphorylation of p38 during sustained ischaemia and, in  

addition, the p38 activator anisomycin mimicked preconditioning [120]. 

Infarct size limitation and phosphorylation of the 27kD heat stress protein 

(HSP27) were both prevented by blockade of MAPKAPK2, via inhibition of 

p38 [115]. Adenosine has also been shown to activate MAPKAP2 and 

stimulate HSP27 phosphorylation [121]. This evidence suggests a role for a 

protein kinase signalling cascade and perhaps HSP27 phosphorylation in the 

mechanism of preconditioning. The activators and targets for the SAPKs 

and MAPKs are summarised in Figure 1.2.
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Figure 1 .2 : Protein Kinase Signalling Cascade. EGF = endothelium-derived  
growth factor, HS = heat stress, I-R = ischaemia-reperfusion, MAPKK = 
MAPK kinase, MAPKKK = MAPK kinase kinase, MEK = MAPK/ERK 
kinase, MEKK = MEK kinase, PLA2  = phospholipase A 2 , SEK = SAPK/ERK 
activating kinase.

End-Effectors
ATP-Sensitive Potassium Channels. One end-effector which has received 

much attention is the K̂ p̂ channel. The properties of this channel and its 

role in preconditioning will be discussed in depth in Chapter 2 . Blockade of 

this channel abolishes ischaemic preconditioning in dog [1 2 2 ], human [2 2 ], 

[123], pig [124], rabbit [65, 125] and rat [126] myocardium. In addition, 

protection can be conferred on the heart by specific K̂ p̂ channel openers 

(KCOs) using intact hearts both in v it ro  and in v i v o ,  and in isolated cardiac 

myocytes. The effects of these pharmacological agents, in most cases, are 

reversed by K̂ p̂ channel blockers (for review; [127]). Protection afforded by 

agents which mimic preconditioning including A^-adenosine receptor

agonists [11, 128, 129], acetylcholine [60], calcium [130], ET-1 [6 6 ], Ô^-opioid 

receptor agonists [131] and prostaglandins [132] can also be abolished by 

Katp channel blockers.
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Anti-Oxidant Enzymes. The effect of preconditioning on anti-oxidant 

defences is currently equivocal. In the rabbit, preconditioning did not alter 

the activities of a range of anti-oxidant enzymes including catalase, 

Mn-SOD, Cu/Zn-SOD, GSH peroxidase and GSH reductase [133]. In the dog 

[134], however, preconditioning increased the activity of Mn-SOD w ithin  

five minutes with a concomitant decline in Mn-SOD protein, increase in  

GSH peroxidase activity and decrease in GSH reductase activity. 

Preconditioning of the rat heart induced catalase mRNA, Mn-SOD m R N A  

and proto-oncogenes {c-fos and c-myc) with an increase in the activities of 

Mn-SOD, peroxisomal catalase and GSH peroxidase [135].

Others. Other end-effectors which may result in cardioprotection include a 

critical step in energy expenditure or alterations to the cytoskeleton. 

Preconditioning in the canine heart was associated with reduced ATP levels 

prior to sustained ischaemia and a slower rate of ATP depletion during 

ischaemia. These changes resulted in temporary preservation of high  

energy phosphates and a delay of ultrastructural injury. In addition, 

preconditioning reduced glycogen utilisation and accumulation of the 

glycolytic metabolites lactate, glucose-6 -phosphate, glucose-l-phosphate and 

protons [136, 137]. The reduced production of protons resulted in reduced 

intracellular acidosis [137]. During early reperfusion preconditioned hearts 

have improved mitochondrial oxygen consumption capacity and adenine 

translocator content. In addition, lactate levels returned to basal levels 

within a few minutes and the ratio of fructose 1 ,6 -biphosphate (glycolysis) : 

glucose-6 -phosphate + fructose-6 -phosphate (glycogen synthesis) was 

increased versus controls. These results suggest that preconditioning 

preserves the normal capacity for mitochondrial function and facilitates 

glycolysis early in reperfusion [138]. Kobara et al [139] also showed that 

preconditioning preserved mitochondrial ATPase and adenine nucleotide 

translocase activities on reperfusion perhaps allowing for rapid restoration 

of high energy phosphate levels following ischaemia.

Changes in the cytoskeleton during ischaemia are characterised by severe 

disruptions of the sarcomere structure, Z bands and intermediate filament
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attachments to cell organelles, and bleb formation caused by the separation 

of the plasma membrane from the cytoskeletal network. These alterations 

result from severe ATP depletion during ischaemia and cause weakening of 

the cytoskeletal attachments. When cells are exposed to the stresses 

associated with re-oxygenation /  reperfusion these weaknesses result in cell 

death due to membrane rupture. These weakened cells can, however, 

recover if membrane rupture during re-oxygenation is prevented allowing 

rapid reconstruction of the cytoskeletal apparatus [140].

Figure 1.3 summarises the mechanisms proposed for acute preconditioning.
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Figure 1.3: Summary of Acute Preconditioning Mechanisms. The ligands 
and their respective receptors, in parenthesis, are depicted. It is not 
clear whether bradykinin and opioids act through PLC or PLD. mito-K^jp
channel = mitochondrial K.^p channel, ‘R = free radicals, sarc-K.^p channel =
sarcolemmal K̂ p̂ channel.
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1.4.b Mechansims of Delayed Ischaemic Preconditioning
It is generally believed that the delayed phase of protection arises from the 

synthesis of, as yet unidentified, cytoprotective proteins and /  or 

post-translational modification of the activities of such proteins. The 

mechanisms underlying this protection also parallel those of acute 

preconditioning, i.e. triggers initiate a signalling cascade with the ultimate 

activation of one or more end-effectors resulting in cardioprotection.

Triggers
In the rabbit, as with acute ischaemic preconditioning, adenosine appears 

to trigger protection against necrosis via activation of adenosine receptors 

[141]. Delayed preconditioning can be mimicked by the selective 

Aj-adenosine receptor agonist 2-chloro-N^-cyclopentyladenosine (CCPA), in  

the in v i v o  rabbit. Protection also exhibits the same temporal profile as 

ischaemic preconditioning [142]. Furthermore, CCPA induced delayed 

protection has been extended to 1 0  days by repeat bolus dosing, every 

48 hours, with 100 lig/kg i.v. CCPA in the rabbit [143] suggesting that it may 

be possible to maintain the myocardium in a preconditioned state. In the 

setting of myocardial stunning, on the other hand, free radicals [144] and NO  

[145] are important triggers of delayed preconditioning.

Mediators
Protein Kinase Signalling Cascade. There is growing evidence for the 

participation of a protein kinase signalling pathway in the mechanism of 

delayed preconditioning. A role for PKC and tyrosine kinases has been 

demonstrated in both ischaemic and CCPA preconditioned rabbit hearts [146, 

147, 148, 149]. In contrast, delayed heat stress protection in the isolated 

perfused rat heart appears to involve PKC but not tyrosine kinases [150]. 

In dog myocardium NA and cardiac pacing "preconditioning" caused

translocation of PKC-e [151]. The role of SAPKs and MAPKs in delayed 

cardioprotection has received little attention. Protection afforded by NA was 

not associated with activation or re-distribution of p42/44 MAPK [151].
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Nitric Oxide. Non-specific NOS inhibitors and those specific for the 

inducible isoform (iNOS) abolish delayed protection against infarction in  

the rabbit afforded by ischaemic preconditioning [152, 153] and MLA [154] 

suggesting a role for NOS, particularly iNOS. MLA induced iNOS activity in  

ischaemic versus non-ischaemic myocardium at 15 or 30 minutes of 

ischaemia, however, this was lost by 24 hours of recovery [154] suggesting 

that MLA may enhance iNOS activity during ischaemia. In the rat, MLA 

induced expression of iNOS mRNA between four and eight hours following 

treatment. Inhibition of NOS abolished MLA's protective effect against 

recovery of function and arrhythmias [155]. Recently Takano et al [156] 

preconditioned rabbit myocardium against stunning and infarction using  

two structurally dissimiliar NO donors. Protection was abolished in each 

instance by administration of the peroxynitrite anion (ONOO ) and "OH 

scavenger MPG suggesting a mechanism which involves the generation of 

oxidant species. Furthermore, NO generated by NOS has been proposed as a 

mediator, as well as a trigger, of delayed preconditioning protection against 

stunning in the conscious rabbit [157]. A role for NOS or cyclo-oxygenase has 

also been alluded to in delayed protection against arrhythmias [158].

End-Effectors
Anti-Oxidant Enzymes. Mn-SOD has been implicated as an end-effector 

in delayed protection following ischaemic preconditioning [134]. Mn-SOD

detoxifies "Og by reduction to H 2 O2  and water [4]. Hoshida et al [134] 

demonstrated an increase in Mn-SOD activity in ischaemic versus 

non-ischaemic myocardium immediately following preconditioning in the 

canine heart. This increased activity was lost by three hours and reappeared 

at 24 hours after preconditioning. This study elegantly demonstrated a 

profile of Mn-SOD activity which reflected the biphasic mode of protection. 

In addition Mn-SOD content was increased at 12 and 24 hours following  

preconditioning but not at six hours or earlier. These results would be 

consistent with the rapid activation of a previously synthesised inactive 

precursor of Mn-SOD by preconditioning followed hy de n o v o  synthesis of 

Mn-SOD protein [159]. No changes in Cu/Zn-SOD activity or protein content
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were observed. An increase in GSH peroxidase activity was observed 

immediately following preconditioning and a decrease in GSH reductase 

activity in the ischaemic versus non-ischaemic myocardium. At three and 

24 hours, however, there were no differences in the activities of these 

enzymes compared to the non-ischaemic myocardium. HS also induced 

Mn-SOD activity in rat cardiac myocytes and tolerance to hypoxia which was 

abrogated by the administration of Mn-SOD anti-sense oligonucleotides. The 

concomitant increase in HSP72 expression was unaffected [160]. Dana et al 

[148] also reported an increase in Mn-SOD activity 24 hours following CCPA 

treatment which was attenuated by prior administration of PKC and 

tyrosine kinase inhibitors. Together these studies provide good evidence for 

a role of Mn-SOD in "SWOP" although anti-oxidant defences including 

Mn-SOD, Cu/Zn-SOD, catalase, GSH and its enzymes were not altered in  

delayed preconditioning against stunning in the conscious pig [161].

Heat Stress Proteins. Physiological stress induces the synthesis of HSPs, 

within minutes, via a mechanism involving the activation of heat stress 

factor-1 (HSF-1) and its subsequent binding to heat shock elements (HSEs) in  

the promoter region of stress-inducible HSP genes (reviews [162, 163]). The 

activation of HSF does not require new protein synthesis since HSFl exists 

in an inactive form under non-stress conditions. The cardiovascular 

properties of the HSPs have recently been reviewed in detail [164]. 

Expression of HSP genes can be induced by diverse stresses including heat, 

oxidative stress, ischaemia, heavy metals, inflammatory mediators and 

amino acid analogues. They function as molecular chaperones facilitating 

the folding, assembly and disassembly of other proteins. Under conditions of 

stress they prevent protein aggregation and promote restoration of 

enzymatic activity. Four types of HSPs are of particular interest in the setting 

of cardioprotection, namely HSP27, HSP60, HSP70 and HSP90 [165]. Proteins 

of the HSP70 family are concentrated at membranes, in nuclei and in  

nucleoli. They possess weak ATPase activity and bind peptides and extended 

polypeptide chains in the absence of ATP although release of the substrate 

requires hydrolysable ATP. They stimulate protein transport across 

organelle membranes, bind nascent polypeptides, dissociate clathrin from
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clathrin coats and promote lysosomal degradation of cytosolic proteins. 

In addition to the cytosolic forms of HSP70 (constitutive HSP73 and 

inducible HSP72) a mitochondrial matrix-localised isoform (mt-HSP70) 

exists which facilitates translocation of polypeptide chains across the inner 

mitochondrial membrane in an ATP-dependent manner. HSP60 belongs to 

the chaperonin family found in mitochondria it works, in co-operation with 

mt-HSP70, to mediate folding of newly imported proteins in the 

mitochondrial matrix. Under stress conditions HSP60 prevents 

dénaturation of a large number of pre-existing mitochondrial proteins [166]. 

Proteins of the HSP90 family are located in the cytosolic /  nuclear 

compartments and in the endoplasmic reticulum. They interact with a 

number of proteins, perhaps as molecular chaperones, including casein

kinase II, haeme-regulated eIF-2a kinase, several steroid hormone receptors, 

oncogenic tyrosine kinases, calmodulin, actin and tubulin. HSP27 is a 

member of the small HSP family and is constitutively expressed in the 

cytoplasm under non-stressed conditions or on recovery from stress. During 

stress, however, this protein re-distributes to sites inside or around the cell 

nucleus. HSP27 is phosphorylated by a signal transduction pathway (see 

Figure 1.2) and appears to be a necessary component of a signalling pathway 

linking mitogens and actin polymerisation under non-stressed conditions. 

Thermotolerance has been associated with increased phosphorylation of 

HSP27 and in some cases increased protein levels of HSP27. Protection, in  

part, appears to be linked to its ability to stabilise the actin microfilament 

network [167].

Heads et al [168] assessed the effects of one cycle of ischaemic 

preconditioning immediately followed by prolonged ischaemia-reperfusion 

on rabbit myocardial levels of HSP60, HSP70 and HSP27 mRNAs and 

protein. HSP60 mRNA was elevated by preconditioning but this was lost by 

the end of the sustained ischaemia-reperfusion. Elevation of HSP60 m RN A  

was not observed when preconditioning was blocked by inhibition of 

adenosine receptors but CCPA did not induce HSP60 mRNA. In contrast, 

preconditioning did not induce expression of HSP70 mRNA, however, both 

sustained ischaemia and reperfusion produced a marked increase in
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mRNA. HSP27 mRNA expression was not altered by preconditioning, 

ischaemia or reperfusion. This response was not modified by blockade of 

adenosine receptors during preconditioning. Neither one cycle of 

preconditioning, sustained ischaemia nor reperfusion modified protein 

levels of HSP60, HSP27 or HSP72. Although HS and four cycles of 

preconditioning ischaemia did induce HSP72 protein expression. Maulik et  

al [112] recently demonstrated that HSP72 and HSP27 mRNA was induced, 

in the rat heart, when assessed at the end of a protocol consisting of four 

cycles of ischaemic preconditioning followed by ischaemia-reperfusion 

compared to hearts which were not preconditioned. Induction of HSP72 and 

HSP27 mRNA as well as infarct size limitation were both lost with prior 

inhibition of tyrosine kinases. HSP72 has been proposed as an end-effector of 

preconditioning since protein levels of HSP72 have been directly correlated 

with the amount of protection [169, 170]. In addition, studies using HSP72 

transgenic mice [171,172] or transfection of HSP72 into cardiac myocytes [173,

174] display increased tolerance to ischaemia. There is no doubt that HSP72 

is cytoprotective but the precise nature of its role in preconditioning is 

controversial. Ischaemic preconditioning and HS can induce HSP70 m R N A  

(elevated at two to four hours; returned to baseline at 24 hours) [175] and 

HSP72 protein expression (increasing from two to 24 hours) in the rabbit [29,

175]. Other stimuli known to mimic preconditioning, however, fail to 

induce HSP72 expression such as A^-adenosine receptor activation [142], PKC 

activation [147] and MLA [176], although in rat cardiac myocytes MLA did 

induce HSP72 [177]. Again some interventions which prevent delayed 

myocardial protection afforded by HS do not alter HSP72 induction [150, 160, 

178] whilst others attenuated induction [179]. In addition, the time course of 

HSP72 induction following HS in the rat differs to that for infarct size 

limitation [179,180], although these reports disagree on the exact temporal 

profile of HSP72 induction. Qian et al [180] demonstrated increasing HSP72 

protein levels from two hours to a peak at 12 hours, dropping slightly by 24 

hours and then remaining stable until 30 hours. Yamashita et al [179], 

however, observed peak HSP72 induction at three hours after which protein 

levels were reduced, although markedly increased above controls, at 24 

hours and remained stable until 72 hours. These studies suggest that HSP72
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is not the end-effector of preconditioning, in fact it may simply be an 

epiphenomenon. Further investigation is required to determine the precise 

role, if any, of HSP72 in preconditioning. It appears that simple 

measurement of protein levels is insufficient to provide this information. 

Future studies should instead focus on the expression of mRNA and the 

functional state of the protein. HSP27 is now the focus of attention due to its 

ability to be phosphorylated by the MAPK pathways [115]. Reduction of 

HSP27 levels, achieved by transfection of HSP27 anti-sense oligonucleotides 

into rat neonatal cardiocytes, also resulted in decreased cellular integrity 

measured by LDH release [181].

ATP-Sensitive Potassium Channels. The role of channels has been 

established in "classic" ischaemic preconditioning. However, its role in the 

delayed phase of protection has received much less attention. Kj ĵp channels 

have only been demonstrated to be involved in delayed protection afforded 

by MLA [182] and CCPA [183, 184]. A role for these channels may, therefore, 

be found in the mechanisms of other endogenous forms of delayed 

myocardial adaptation. The properties of the channels will be discussed 

in more detail in Chapter 2.

1.4.C Summary of Acute and Delayed Preconditioning 

Mechanisms
Since adenosine, a kinase signalling cascade and Kŷ p̂ channels have been 

implicated in both acute and delayed myocardial adaptation to stress perhaps 

both phases of protection utilise the same mechanism leading to an 

immediate effect and a longer term adaptation. How this may occur, 

however, requires further investigation. The mechanisms involved in  

acute and delayed ischaemic preconditioning are summarised in Figure 1.3 

(acute) and Figure 1.4 (delayed).
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CHAPTER 2
ATP-Sensitive Potassium Channels in the 
Myocardium

2.1 Types of K̂ xp Channel
The channel was first described in 1983 by Noma [185] in cardiac cell 

membranes. It was characterised by the inhibition of channel opening at 

physiological millimolar concentrations of ATPj. Subsequently these 

channels have been identified in the sarcolemmal membranes (sarc-Kŷ p̂ 

channel) of skeletal [186], vascular and other smooth muscle [187]; also in

neuronal [188], endothelial [189], renal (review: [190]) and pancreatic P [191] 

cells. Inoue et al [192] also identified a Kŷ p̂ channel in the inner 

mitochondrial membrane (mito-Ky ŷp channel) of rat liver. Mito-Ky ĵp 

channels have since been detected in the heart as well [193].

2.2 Molecular Structure
Cloning and reconsititution studies [194] have demonstrated that sarc-Kŷ jp 

channels are multimeric structures formed from two unrelated subunits. 

A small subunit which is a member of the inwardly rectifying potassium  

channel superfamily (Kirb.x) and a large subunit belonging to the 

ATP-binding cassette family which binds ATP, KCOs and Kŷ p̂ channel 

blockers; termed SUR (Figure 2 .1 ). The properties of these subunits have  

been reviewed in detail by Babenko et al [195]. An octameric structure w ith  

1 : 1  stoichiometry has been demonstrated for the pancreatic channel 

[196,197]. In this instance the channel pore is lined by four Kir6.2 subunits, 

each of which requires one SURl subunit for functionality (Figure 2 .2 ). 

Whether non-pancreatic sarc-Kŷ p̂ channels or mito-Ky ŷp channels possess an 

octameric structure has yet to be determined.
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2 . 2 .a SUR Subunit

Tw o SUR genes have been identified. First, SU R l encodes the high-affin ity  

SUR found in pancreatic a-, P- and 3-cells, brain and other n eu roen d ocrine  

cells. Second, SUR2 encodes tw o low-affinity receptors, SUR2A and SUR2B,
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which are thought to form cardiac, skeletal, and vascular and non-vascular 

smooth muscle cell channels. SUR2A has 6 8 % amino acid homology 

with SURl, whereas SUR2B possesses 97% homology with SUR2A but only 

67% with SURl [199]. Northern blotting demonstrated that SUR2 isoforms 

were expressed at the highest levels in the heart (atrium and ventricle) and 

skeletal muscle but at lower levels in all other tissues. Furthermore, they 

showed that SUR2B appeared to be ubiquitously expressed whilst SUR2A 

was exclusive to the heart [199, 200].

2.2.b Kir6.x Subunit
Two Kir6 .x genes have been identified which encode for subunits of 

Katp channels. Kir6.1 is ubiquitously distributed [201] and can be activated 

by SUR2B (vascular smooth muscle [202]) but not SUR2A [194]. 

Immunofluorescence staining of Kir6.1 has revealed its location in both the 

inner mitochondrial membrane and the plasma membrane of rat liver and 

skeletal muscle [203].

Kir6 . 2  reconstitutes functional Katp channels when co-expressed with SURl 

(pancreatic [201]), SUR2A (cardiac [204]) and SUR2B (vascular sm ooth  

muscle-like [199]). Although Kir6.2/SUR2B forms a channel with properties 

similar to the vascular smooth muscle Katp channel the distribution of 

Kir6.2 is limited to heart, brain, skeletal muscle and insulinoma cells [205]. 

Interestingly, Kir6.1/SUR1 [206], Kir6.2/SUR1 [201] and Kir6.2/SUR2B [199] 

channels are all activated by diazoxide, whereas the Kir6.2/SUR2A channel 

is not [204]. Isomoto et al [199] noted that the carboxyl-terminal end of SURl 

and SUR2B are highly homogenous suggesting that it may be required for 

diazoxide activity. More recently. Cribble et al [206] demonstrated that lysine 

residues in the Walker A motifs of the first, but not second, NBF of SURl 

are essential for diazoxide activation of Kâ p channel currents. The effects of 

Mg-ADP instead required the presence of Walker A motif lysines in both 

domains. Each NBF contains two of these highly conserved Walker motifs 

(A and B) (Figure 2 .1 ). A lysine residue in Walker A interacts w ith  

phosphate groups on ATP and is essential for ATP hydrolysis whilst an 

aspartate residue in Walker B co-ordinates the Mĝ '" ion of Mg-ATP and is
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required for nucleotide binding. Garlid et al [207] recently demonstrated that 

diazoxide is 2 0 0 0 -fold more potent at opening cardiac mito-K^^p channels 

versus sarc-K^ p̂ channels. Taken together this evidence suggests that 

Kir6.2/SUR2A probably forms the cardiac sarc-K ĵp channel whilst the 

mito-K^TP channel, which is diazoxide sensitive, may consist of a 

combination of either Kir6.1 or Kir6.2 with SURl or SUR2B. It is also 

possible that other subunits of these families exist which have not yet been 

identified.

2.3 Properties of the Sarcolemmal K^tp Channel
The properties of the sarc-K^^p channel were recently reviewed in depth [208, 

209, 210]. Briefly, the sarc-K^ p̂ channel is permeable to and Rb  ̂ ions but 

discriminates against external Na^ ions. It demonstrates inward rectification, 

opening allows efflux which shifts the membrane potential towards the 

equilibrium potential for ions (-80 mV). K̂ p̂ channel activity appears to 

be under dual regulation by ATPp On one hand activity is strongly inhibited 

by increased ATP ,̂ for which ATP hydrolysis is not required but on the other 

hand ATP hydrolysis is necessary to maintain the channel in an operative 

state [211]. The kinetics of channel opening are complex. Bursts of openings 

are separated by relatively long closed periods consistent with at least one  

open state and two closed states. Terzic et al [212] proposed that two 

operating conditions exist determined by two sites regulated by either 

phosphorylation or a Mg-ATP dependent reaction. One site allows 

spontaneous opening on phosphorylation whilst a second site permits 

opening in response to nucleotide diphosphates on phosphorylation. 

PKC can also affect the stoichiometry of the channel. At low levels 

of ATPj, PKC inhibits ventricular K̂^̂p channel activity [213] whilst at 

physiological ranges of ATP ,̂ PKC upregulates the K̂ p̂ channel [214], both of 

these effects can be reversed by the membrane-associated type 2A protein 

phosphatase which causes dephosphorylation. Estimates for the total density 

of sarc-K^pp channels range from 0.5/|xm^ in ventricular cells to 1 .5 -8 /pm^ in

pancreatic p-cells and more than lO/pm^ in skeletal muscle cells. The 

number of channels functionally active at any one time, however, is m uch
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smaller. Sarc-K̂ ŷp channels couple intracellular metabolic changes to the 

electrical activity of the plasma membrane. In the pancreatic p-cell closing of 

sarc-K̂ PP channels plays a key role in initiating insulin release. In cardiac 

muscle these channels are partly responsible for the efflux seen during 

anoxia causing APD shortening which may lead to reduced contraction and 

salvage of ATPp The role of these channels in skeletal muscle is less clear, 

perhaps they play a role during anoxia. channel activation has also been 

demonstrated to be involved in vasodilatation [208, 209].

Inhibition of sarc-K^ p̂ channels by ATP  ̂ does not require its metabolism, 

phosphorylation or the presence of Mĝ "" ions. Inhibition appears to take 

place by binding of ATP to a specific site on the channel rather than by ATP 

entering the pore and blocking the permeation of ions. An accurate value  

for the concentration of ATP yielding 50% inhibition is difficult to achieve 

due to rundown of the channel activity in isolated cell preparations. 

Estimates range from 10-200 pM with 1 mM being sufficient to inhibit more 

than 95% of channel activity in the inside-out patch. Other adenine 

nucleotides are also able to block the channel. However, their potency is 

much lower: ATP > ADP > AMP > adenosine. Changing the adenosine 

moiety of the molecule to another purine or pyrimidine nucleotide also 

reduces the degree of inhibition.

2.4 Properties of the Mitochondrial K^tp Channel
The mito-Ky p̂p channel is highly selective for ions and is reversibly 

inactivated by matrix ATP, with 50% inhibition at 0.8 mM ATP and almost 

complete blockade at >2 mM ATP [192]. There are, however, discrepencies in  

the ability of ATP, ADP, Mĝ  ̂ ions and Mg-ATP to inhibit the channel 

depending on whether mitoblasts of mito-K^^p channels are used or purified 

mito-K^PP channels reconstituted in lipid bilayers. Mito-K^pp channels appear 

to function in tandem with the K /̂H  ̂ exchanger [215] to regulate matrix 

volume under normal conditions. Opening of mito-K^pp channels allows 

influx which is accompanied by an electroneutral flux of anions and 

osmotically obliged water. Whilst this has little effect on matrix
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concentration it has profound consequences for matrix volume, resulting 

in significant swelling. This increase in matrix volume acts to '"dilute" the 

concentration of matrix Mĝ  ̂ and ions both of which inhibit the K /̂H  ̂

exchanger. ion influx thus promotes its own efflux through the 

exchanger thereby compensating for matrix swelling. Increased matrix 

volume is known to stimulate respiratory chain activity [216] and fatty acid 

oxidation [217]. In addition, mito-K^^p channels are inhibited by long chain 

acyl-CoA esters suggesting feedback regulation [218]. Paucek et al [218] 

hypothesise that mito-K^jp channels open in the glucose-depleted state, 

when long chain acyl-CoA ester levels are low, resulting in mitochondrial 

matrix swelling and activation of fatty acid oxidation. These investigators 

suggest that mito-Kŷ p̂ channel opening may be physiologically regulated by 

GTP and long-chain acyl CoA esters rather than by matrix ATP itself. Liu et  

al [219] demonstrated that the mito-K^^p channel opener diazoxide induces 

reversible oxidation of mitochondria, in intact rabbit ventricular myocytes. 

They hypothesised that this occurred via dissipation of the inner membrane 

potential established by the proton pump which would accelerate the 

transfer of electrons along the respiratory chain resulting in mitochondrial 

oxidation, if uncompensated by increased production of electron donors.

2.5 Katp Channels and Cardioprotection
Katp channel activity can also be manipulated by pharmacological agents 

which either open or block the channel. A role for Katp channels in  

ischaemic preconditioning of the myocardium was first discovered by Gross 

and Auchampach [220] in the dog. Since then preconditioning has been 

mimicked by KCOs and prevented by blockers of these channels in a variety 

of animal species and models (review [126]). The structures of the KCOs are 

diverse and include cyanoguanidines (eg: pinacidil), benzopyran analogues 

(eg: cromakalim), and thioformamides (eg: aprikalim). All of these produce 

vasodilatation and, therefore, act on the sarc-KATP channel. Opening of 

cardiac sarc-KAT? channels results in APD shortening which is sufficient to 

slow the influx of Câ  ̂ ions, thus decreasing contractile force and 

consumption of ATP. It was thought that this mechanism was integral to 

ischaemic preconditioning. However, more recent evidence suggests
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otherwise. Some KCOs, particularly the cromakalim analogue BMS180448 

[221, 222], protect the myocardium against ischaemia without altering APD 

or causing vasodilatation which led the authors to surmise an alternative 

site of action to the sarcolemmal membrane, perhaps the mito-K^^p channel. 

Cromakalim has since been shown to activate both sarc- and mito-K^pp 

channels whilst diazoxide opened only mito-K^jp channels [207]. Many of 

the studies implicating a role for channels have used blockers of these 

channels, in particular the two structurally dissimilar compounds 

glibenclamide (Glib), a sulphonylurea, and sodium 5-hydroxydecanoate 

(5HD) (Figure 2.3). Recently Glib has been shown to inhibit both sarc- and 

mito-K^TP channels whereas 5HD appears selective for the mito-K^jp channel 

in the range of 100-500 pM [207, 223, 224]. Glib prevented the beneficial 

effects of diazoxide and cromakalim on LDH and reversed vasodilatation  

and APD shortening caused by cromakalim in isolated rat hearts. In contrast, 

5HD prevented the beneficial effects of diazoxide and cromakalim on LDH 

release without affecting vasodilatation and APD shortening. Notsu et al 

[225], however, prevented APD shortening and K̂ p̂ channel opening in  

guinea pig ventricular myocytes with 5HD suggesting an affect on sarc-K^jp 

channels. Many of the early studies only used sulphonylureas to block the 

Katp channel, however, due to the possibility of non-specific effects arising 

from their sulphonylurea receptor activity the discovery of 5HD led to its 

widespread use to control for these effects. It is now possible to take a 

retrospective look at previous studies which used 5HD in the knowledge 

that the observed effects were perhaps mediated via mito-KAj? channels. 

Two such studies demonstrated that ""classic" ischaemic preconditioning in  

the rat [126] and rabbit [226] was abolished by 5HD. The latter was important 

in establishing a role for Katp channels in the rabbit since previous studies 

using Glib with pentobarbitone anaesthesia could not abolish 

preconditioning [227, 228]. However, Glib was able to prevent 

preconditioning in the presence of ketamine-xylazine anaesthesia [228, 229]. 

Glib has since been shown to abolish protection independently of the 

anaesthetic used, but the effect is blunted under pentobarbitone anaesthesia 

[230]. Although there is growing evidence for a role of mito-KAT? channels in
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ischaemic preconditioning the mechanism by which these channels might 

afford protection remains elusive.

OH
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Figure 2.3: Structures of the Channel Blockers Glibenclamide and 
Sodium 5 -Hydroxydecanoate

The general role of channels in acute and delayed myocardial protection 

has already been discussed in sections 1.4.a and 1.4.b. The modulation of 

these channels by various triggers and mediators of preconditioning will be 

focused on here. Kirsch et al [231] demonstrated that activation of 

Katp channels occurred via a G-protein coupled mechanism. They found 

that aj2  and catalytic subunits activated Katp channels in rat 

ventricular myocytes whereas and Ĝ  did not suggesting activation

occurred via G â subunits. Adenosine activation [232] of Kajp channels in  

outside-out patches obtained from rabbit ventricular myocytes has since 

been shown to involve A^-adenosine receptors and G^-proteins. In a recent 

study in the fatty acid perfused isolated rat heart [128], however. Glib did not 

abrogate the beneficial effects of A^-adenosine receptor activation. 

In addition, protection was not conferred by cromakalim. W hilst 

cromakalim had no affect on the rates of glycolysis or glucose oxidation. Glib 

significantly increased the rates of glycolysis and proton production whilst 

depressing recovery of mechanical function. These observations suggest that 

a switch to fatty acid oxidation from glycolysis might be beneficial in these
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hearts perhaps consistent with the activation of mito-K^^p channels. Yao et  

al [233] proposed a role for channels in the "'memory" of

preconditioning. In the in v i v o  dog neither adenosine nor the KCO 

bimakalim alone had any affect on infarct size. However, when they 

were administered simultaneously protection was observed. Blockade of 

Aj-adenosine receptors prior to prolonged ischaemia did not prevent 

protection. However, blockade of K̂ jp channels did suggesting that synergy 

occurs between adenosine and K̂ p̂ channels resulting in the "memory" of 

preconditioning. Pretreatment with either the phorbol ester, phorbol 

12-m yristate 13-acetate (PMA), to activate PKC or adenosine has been shown  

to prime sarc-K ĵp channels to open earlier during prolonged ischaemia, in  

perforated patch preparations of rabbit ventricular myocytes. However, this 

only occurred in the presence of adenosine. These effects were partially 

prevented by PKC inhibition or adenosine receptor blockade suggesting 

priming of sarc-K^ p̂ channels, initiated by adenosine, occurs via PKC 

up regulation of the channel [234]. Adenosine-, PMA- or hypoxia-induced 

preconditioning of chick embryo myocytes resulted in reduced creatine 

kinase release and cell death [11, 97]. All of these effects were prevented 

by PKC inhibition or K̂ jp channel blockade (Glib or 5HD) during 

preconditioning. Adenosine receptor blockade was only successful in  

abolishing protection when given during hypoxic preconditioning or 

prolonged hypoxia but not against PMA- or adenosine-induced protection. 

Taken together these observations demonstrate that adenosine is important 

for triggering and mediating preconditioning and that the downstream  

events involve activation of PKC and subsequent opening of K̂ p̂ channels. 

Sato et al [224] furthermore demonstrated that PKC activation accelerates the 

oxidative effect of diazoxide on mitochondria. These effects were reversed by 

5HD providing the first evidence for modulation of mito-K^^p channels by 

PKC. NO has been shown to hyperpolarise vascular smooth muscle of rabbit 

mesenteric arteries via K̂ p̂ channel activation with an accompanying 

accumulation of cGMP. A further link between NO and Kŷ p̂ channels was 

provided by Wu et al [235] in which markers of NOS activity were increased 

by endotoxic shock in preparations of lungs, macrophages and thoracic 

aortae. These effects were ameliorated by early but not late treatment with
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Glib following LPS suggesting that Glib inhibits the induction but not the 

activity of iNOS.

2.6 Aims of this Study
The aims of this thesis were to investigate the role of K ĵp channels in novel 

forms of cardioprotection namely, delayed HS protection, delayed ischaemic 

preconditioning, and acute and delayed ''remote organ" preconditioning 

(evoked by renal artery occlusion) using in vivo rabbit models of myocardial 

infarction and the channel blockers Glib and 5HD.
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General Methods

3.1 Materials
Sodium 5>hydroxydecanoate and 8 -(p-sulphophenyl) theophylline were 

obtained from Research Biochemicals Incorporated (through Semat, 

St, Albans); glibenclamide and 2,3,5-triphenyltetrazolium chloride were 

from Sigma (Poole); zinc-cadmium sulphide microspheres (1-10 jim) were 

from Duke Scientific (Palo Alto, California). All reagents for DNA and RNA  

manipulation were of RNA grade and steps were taken to prevent 

contamination with RNases and nucleases. All other reagents were of 

analytical quality.

3.2 Animals
For all this work, male New Zealand White rabbits were used and cared for 

in accordance with the UK Home Office guidelines set out in the Anim als 

(Scientific Procedures) Act 1986. All were obtained from the commercial 

breeder Froxfield Farms UK Limited (Froxfield) and later Highgate Farm 

(Market Rasen), as the genetic stock was sold onto this breeder. Food and 

water was provided ad l ibitum.  No animal weighing less than 2.2 kg was 

used and most were less than 3.5 kg.

3.3 Anaesthesia
Anaesthesia was employed for surgical procedures from which the animal 

recovered and for terminal procedures under which the heart was removed  

either for infarct size assessment, analysis of HSPs or analysis of mRNA. 

Two main regimens of anaesthesia were used depending on whether the 

animals were recovered following surgery.
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3.3.a Invasive Surgical Procedures Without Recovery
The animal was pre-medicated by intra-muscular (i.m.) injection with

0.15 m l/kg of the narcotic analgesic 'Hypnorm' (contains: 0.315 m g/m l 

fentanyl citrate and 10 m g/m l fluanisone; Janssen Animal Health, 

Pettridge). Once the rabbit had become ataxic, its pupils constricted and the 

ear veins dilated anaesthesia was induced with barbiturate, 40-50 m g/kg 

intra-venous (i.v.) sodium pentobarbitone ('SagataP; Rhone Mérieux, 

Harlow), via the marginal ear vein. Surgical anaesthesia was maintained 

with hourly supplements of 0.075 m l/kg i.m. "Hypnorm' and 5-10 m g/kg i.v. 

sodium pentobarbitone as required.

3.3.b Invasive Surgical Procedures With Recovery
For procedures which required recovery following surgery pentobarbitone 

anaesthesia was not suitable due to its unpleasant side-effects on  

recovery. Instead, rabbits were pre-medicated, as above, with 0.15 m l/kg

1.m. 'Hypnorm' and heavily sedated with 2 m g/kg i.v. diazepam 

(CP Pharmaceuticals Limited, Clwyd). A surgical level of sedation was 

maintained with supplementary doses of 0.5 mg i.v. diazepam as required 

and hourly administration of 0.075 m l/kg i.m. 'Hypnorm'.

3.4 Monitoring of Haemodynamic, Blood Gas and pH 

Parameters
Haemodynamic, blood gas and pH parameters were monitored in all rabbits 

where ischaemia-reperfusion was induced. A cannula (size five; Portex 

Limited, Hythe), filled with 0.9% w /v  saline containing 10-20 lU /m l heparin 

sodium (Multiparin; CP Pharmaceuticals Limited, Clwyd), was placed in the 

right carotid artery and connected to a three-way luer-lock tap. One arm of 

the tap was connected to a pressure transducer (P23XL; Gould Instrument 

Systems, London) for measurement of diastolic, systolic (SBP) and mean  

arterial (MAP) blood pressures. The remaining arm was used to withdraw 

blood for measurement of arterial blood pH and gas parameters, namely 

partial pressures of carbon dioxide (p̂ Q̂ ) and oxygen (po )̂ using an

automated blood gas analyser (AVL993; AVL Medical Instruments UK
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Limited, Stone). For measurement of blood gas parameters the saline filling 

the cannula was first withdrawn and discarded (approximately 0.5 ml); only 

fresh blood drawn directly from the circulation was used. The blood 

remaining in the cannula was then washed back into the carotid artery with  

0.9% w /v  saline containing 10-20 lU /m l heparin sodium to prevent clotting 

of the line.

The electrocardiogram (ECG) profile and arterial blood pressure were 

recorded using a four-channel RS 3400 recorder (Gould Instrument Systems) 

and the heart rate (HR) determined from the arterial blood pressure 

recording. In addition, the rate pressure product (= SBP x HR) was calculated 

to provide an indication of heart function.

The surface ECG was recorded from four leads, one attached to each limb, 

using self-adhesive electrodes (Blue Sensor N-IO-A; Medicotest UK Limited, 

St. Ives). ECG gel (Camcare; Cambmac Instruments Limited, Cambridge) was 

used to facilitate the electrical connection.

Haemodynamic parameters, body core temperature, blood gas and pH were 

measured at baseline (after surgery), during ischaemia (5, 15 and 29 minutes) 

and during reperfusion (30, 60, 90 and 120 minutes). Arterial blood pH was 

maintained within the range of 7.35 and 7.50 by adjustment of the ventilator 

tidal volume.

3.5 Infarct Size Assessment
After excision the heart was perfused, in the Langendorff mode, with 0.9% 

weight /  volume (w /v) saline to remove blood. The coronary artery ligature 

was securely tied and 2.5-5.0 ml of a 5 m g/m l solution of zinc-cadmium  

sulphide microspheres, prepared in 0.9% w /v  saline, was slowly infused 

through the aorta to delineate the left ventricular risk zone under ultra

violet light (Figure 3.1, Panel I). Hearts were frozen at -20 °C for two to 

18 hours and then cut into 2 mm transverse sections from apex to base. 

Slices were incubated in 25 ml 1% w /v  triphenyltetrazolium chloride (TTC) 

in phosphate buffer (Appendix A) at 37 °C for five to 15 minutes, until a
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deep red colouration was observed. TTC reacts with dehydrogenases in 

viable tissue producing a red formazan derivative [236, 237, 238] 

distinguishable from grey /  white necrotic tissue on fixing with 4% volum e  

/  volume (v/v) formaldehyde in 0.9% w /v  saline (Figure 3.1, Panel II). Fixed 

heart slices were laid out in sequence and compressed between two perspex 

sheets held 2 mm apart. Left ventricular infarct and risk zones were drawn, 

from the slice side nearest to the base of the heart, onto acetate sheets. Infarct 

(I) and risk (R) volumes were determined, in a "blinded" fashion, using a 

computerised planimetric technique (Summa Sketch U; Beacontree CAD 

South, Basingstoke) in which slice volume (cm )̂ was calculated as slice area 

(cm^) X slice thickness (0.2 cm). The slice infarct and risk volumes were 

summed for each heart. Left ventricular infarct size was expressed as the 

percentage infarction of the risk zone (I/R). An indication of the risk zone 

size may also be obtained by calculating the percentage of the left ventricle 

(measured as the total left ventricular free wall plus the interventricular 

septum) at risk. This was not, however, measured in these studies.

To allow comparison between treatments variations in the principal 

determinants of infarct size were minimised in the following ways: (i) by 

excluding risk zones with volumes less than 0.4 cm  ̂ or greater than 1.6 cm  ̂

[238]; (ii) by expressing infarct size as a percentage of the risk zone to allow  

for differences in vascular anatomy or occlusion site; (iii) by maintaining 

core body temperature at 38.0-39.0 °C, physiological for the rabbit, since 

differences of as little as 1 °C can markedly affect infarct size [239]; and (iv) 

by choosing the rabbit as it relatively devoid of preformed collaterals and has 

only a very limited ability to form collaterals during ischaemia [240].

3.6 Statistical Analysis
Differences in infarct size between groups were compared by one-factor 

analysis of variance (ANOVA) followed by Fisher's protected least 

significant difference (PLSD) test between groups. Differences in body core 

temperature, haemodynamic data, arterial blood pressure, blood pH and 

blood gas parameters were compared between groups and time points by 

two-factor repeated measures ANOVA followed by Fisher's PLSD post-hoc
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test. All data are presented as mean ± standard error of the mean (mean ± 

SEM. The null hypothesis was rejected if P<0.05.
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I)

II)

I

Figure 3.1: M ethod of Infarct Size D eterm ination. Panel I) visualised under 
ultra-violet light, depicts non-perfused risk zone versus perfused zone 
which contains yellow fluorescent microspheres; panel 11) illustrates red 
(TTC positive) viable tissue versus grey /  white (TTC negative) necrotic 
tissue. Arrows depict the position of the coronary artery ligature.
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Delayed Myocardial Protection Afforded by 
Heat Stress

4.1 Introduction
Metabolic stresses, including HS and myocardial ischaemia, are known to 

promote synthesis and accumulation of HSPs (section 1.4.b). In particular, 

HSP72 is induced 24 hours following whole body HS or ischaemic 

preconditioning and is associated with protection against ischaemia- 

reperfusion injury [29]. Although the degree of HSP72 induction, following  

transient hyperthermia, has been directly correlated to myocardial ischaemic 

protection [169, 170] its precise role in cardioprotection is unclear and 

controversial.

HS-induced cardioprotection against ischaemia, observed at 24 to 48 hours, 

may be analogous to other delayed forms of myocardial protection such as 

that afforded by ischaemic preconditioning [29, 30] or pre-treatment with  

ML A [47]. Mediators under investigation for their role in these forms of 

protection may, therefore, provide a potential mechanism for delayed HS 

protection and vice versa. One potential end-effector is the channel, 

opening of which is known to be cardioprotective in "classic" ischaemic 

preconditioning and delayed protection following MLA treatment (sections 

1.4.a and 1.4.b). Protection in both instances was abolished by channel 

blockade with Glib and, in addition, "classic" ischaemic preconditioning was 

blocked with 5HD [226]. The role of K̂ ĵp channels in HS-induced 

cardioprotection has not been investigated. It was speculated that opening of 

Katp channels may be integral to delayed cardioprotection conferred by 

transient whole body hyperthermia.
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The aim of this study was to examine the role of myocardial K a t p  channels 

in delayed HS cardioprotection against ischaemia-reperfusion injury. 

A small preliminary study was previously carried out in the laboratory; data 

from these experiments (identified in section 4.6.a) have been included in  

the statistical analysis in order to limit the number of animals used.

4.2 In Vivo Methods

4.2.a Heat Stress Protocol
Rabbits were anaesthetised with 20-30 m g/kg i.v. sodium pentobarbitone 

and HS achieved by wrapping the animals in an electric blanket. Body core 

temperature, measured using a rectal thermometer (T200; Digitron 

Instrumentation, Hertford), was slowly raised over a period of 20-30 minutes 

to 42 ± 0.2 “C where it was maintained for 15 minutes. The rabbit was 

subsequently cooled, over a period of 15 minutes, to its basal core 

temperature by applying ice-cold compresses to the ears. Sterile 0.9% w /v  

saline containing 40 lU /m l heparin sodium was used to keep the marginal 

ear vein line clear during the procedure. Sham control animals were 

anaesthetised only. All animals were allowed to recover from the 

anaesthesia before being returned to their cages. Food and water was 

provided ad libitum for the next 24 hours.

4.2.b Ischaemia-Reperfusion Protocol
Twenty-four hours following HS, rabbits were anaesthetised with a 

combination of 'Hypnorm' and pentobarbitone, as described in section 3.3.a. 

The neck area was shaved and 1 ml 2% v /v  lignocaine hydrochloride 

(Antigen Pharmaceuticals Limited, Roscrea, Ireland) was injected 

sub-cutaneously (s.c.) to provide local anaesthesia during the subsequent 

tracheotomy procedure. A 3.5 mm tube (Portex Limited, Hythe) was inserted 

into the trachea and the animal mechanically ventilated, using a small 

animal ventilator (Harvard Apparatus Limited, Edenbridge), with pure 

oxygen-supplemented room air at a rate of 56 cycles /  minute. The right 

carotid artery was cannulated for measurement of haemodynamic, blood gas 

and blood pH parameters (section 3.4). Body core temperature was
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monitored using a rectal thermometer and maintained at 38.0 ± 0.5 °C using  

a heating pad. The surface ECG was recorded as described in section 3.4.

The chest area was shaved of fur before a midline sternotomy and 

pericardiotomy were performed. A 3/0 silk suture, attached to a round

bodied needle (Mersilk W546; ETHICON®, Edinburgh), was used to place a 

ligature around the left anterior lateral coronary artery approximately 

midway between the left atrial insertion and the apex of the heart. 

A schematic of the surgical procedure can be found in Figure 4.1. Ten 

minutes prior to occlusion, animals received either vehicle (0.03 m l/kg  

dimethylsulphoxide, 0.05 ml 8 % w /v  NaHCOy diluted to a total volume of

0.6 ml with 0.9% w /v  saline), 0.3 m l/kg Glib [229] or 5 m g/kg 5HD [6 6 ] by i.v .  

bolus. The coronary artery was occluded for 30 minutes, by tightening the 

ligature against the surface of the heart using a polypropylene snare. 

Successful occlusion was verified, visually, by the appearance of epicardial 

cyanosis and ST segment deviation in the surface ECG.

Reperfusion was instituted for two hours by releasing the coronary artery 

snare and was visually confirmed by epicardial blushing, gradual resolution  

of the ECG signal and the occurrence of reperfusion-induced ventricular 

premature beats. Attempts were made to restore normal sinus rhythm in  

hearts which developed ischaemia- or reperfusion-induced ventricular 

fibrillation (VF) by flicking the apex of the heart with a cotton bud. At the 

end of reperfusion 300-500 lU i.v. heparin sodium, in 0.9% w /v  saline, was 

administered prior to heart excision under pentobarbitone anaesthetic 

overdose.
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Figure 4.1: Schematic of Ischaemia-Reperfusion Procedure.
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4.3 HSP72 Analysis

4.3.a Tissue Preparation
To ensure the heat stress protocol was sufficient to elicit the stress response 

six additional rabbits were prepared for measurement of HSP72. Three 

rabbits were pre-treated with HS and three with a corresponding period of 

anaesthesia as described in section 4.2.a. Twenty-four hours later, rabbits 

were re-anaesthetised as for the infarction procedure (section 4.2.b). A  bolus 

dose of 500 lU i.v. heparin sodium was administered before hearts were 

quickly excised and flushed of blood as described for infarct size assessment 

(section 3.5). Left ventricular tissue was chopped into small pieces prior to 

being rapidly frozen in liquid nitrogen (-196 °C) and stored at -80 “C.

4.3.b Total Protein Preparation
50 mg crushed, frozen left ventricular tissue was added to 250 )il suspension  

buffer containing enzyme inhibitors to prevent protein degradation 

(Appendix B). In addition, all steps were performed on ice to further prevent 

degradation. Tissue samples were sonicated for 10 seconds and then  

centrifuged at 12,900 g for five minutes to pellet cell debris. The following  

equation can be used to calculate the rotational speed for a specific centrifuge 

rotor; r = rotor radius and n = rotational speed (units: rpm):

Relative centrifugal force (g) = 1.118x10'  ̂x r (cm) x n̂  (rpm)

The samples were sonicated and centrifuged a second time and the 

supernatant carefully removed to a fresh tube. Two 5 |il aliquots of 

supernatant were taken from each sample and stored at -80 °C for total 

protein concentration determination (section 4.3.c). An equal volum e of 

sample buffer (Appendix B) was added to the remaining supernatant and the 

samples boiled at 1 0 0  °C for 10 minutes. Samples were allowed to cool 

briefly, on ice, before being stored at -80 °C.

The sample buffer contains the strong anionic detergent, SDS, and the 

reducing agent, DTT, which in combination with heating ensures that the 

proteins dissociate into their individual polypeptide subunits. The am ount
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of SDS which binds to a denatured polypeptide is proportional to the 

molecular weight (Mw) of the polypeptide and is independent of its 

sequence. SDS-polypeptide complexes, therefore, migrate through 

polyacrylamide gels according to the size of the polypeptide.

4.3.C Total Protein Determination
Total protein concentration was determined using the bicinchoninic acid 

(BCA) assay (Pierce Chemical Co.; Rockford, Illinois). This assay combines 

the biuret reaction, reduction of Cû  ̂ to Cû "̂  by protein in an alkaline 

environment, with the highly sensitive and selective colourimetric 

detection of cuprous cations (Cû )̂ by bicinchoninic acid (Figure 4.2). 

A protein standard curve was prepared, in duplicate, using a 2.5 m g/m l 

solution of bovine serum albumin (BSA) in distilled water (Table 4.1).

OH
1 ) protein (peptide bonds) + Cû "̂   ^  tetradentate-Cu'^ complex

2 ) Cû " 4 - 2 BCA — ^  BCA-Cu^  ̂ complex (purple colour; measure at Aĝ onm) 

Figure 4.2: BCA Reaction Mechanism. Aĝ onm = absorbance at 560nm.

Table 4.1: Protein Standard Curve Preparation

[BSA]
(m g/m l)

2.5 mg/ml BSA 
(pi)

Suspension Buffer 
(pi)

Distilled Water 
(pi)

0 0 5 45

0.5 1 0 5 35

1 . 0 2 0 5 25

1.5 30 5 15

2 . 0 40 5 5

45 |xl distilled water was added to each duplicate test protein sample (5 pi) 

prepared in section 4.3.b. BCA working solution (1 ml), 50 parts Reagent A 

(bicinchoninic acid solution) plus one part Reagent B (copper sulphate 

solution), was added to each standard and test sample. The tubes were 

heated at 37 °C for 30 minutes and then allowed to cool before the Aĝ ô ^̂  was
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measured using a spectrophotometer. values were corrected against

the 0  m g/m l protein standard and the mean values used to plot a standard 

curve. A simple curve fit was performed to obtain the equation for the 

standard curve regression line which was used to calculate the protein 

concentration in the test samples (refer to Figure 4.3 for a sample standard 

curve). The concentration obtained was corrected for the 1:10 dilution of the 

samples during the protein assay (section 4.3.c) and the 1:2 dilution with  

sample buffer during protein preparation (section 4.3.b).

2.0 n
= 0.999

1.8 -

1.6 -

1.4 -

1.2 -

1. 0 -

0 . 8 -

0. 6 -

0.4 -

0.2 -

0.0
0.0 0.5 1.0 1.5 2.0 2.5

[Protein] (mg/ml)

Figure 4.3: Sample Protein Standard Curve. Individual duplicates presented 
together with the regression line for the mean values. = coefficient of 
determination.

62



Chapter 4

4.3.d Sodium Dodecyl Sulphate Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) and Western Blot Analysis 

Protein Separation
Proteins were separated by SDS-PAGE on 12.5% w /v  SDS denaturing 

polyacrylamide gels according to Laemmli [241]. The running gel was 

prepared by mixing 9 ml running gel base (Appendix B), 15 ml 30% w /v  

acrylamide (Protogel®; National Diagnostics UK Limited, Hull) and 

12 ml distilled water. The polymerisation catalysts 15 pi N ,N ,N',N '- 

tetramethylethylenediamine (TEMED) and 147 pi 10% w /v  am m onium  

persulphate (APS) were added and the gel poured. The gel was overlayed 

with saturated butanol whilst setting for 15-30 minutes. Once set, the 

butanol was rinsed off with distilled water. The stacking gel was 

subsequently prepared: 3 ml stacking gel base (Appendix B), 2 ml 30% w /v  

acrylamide, 7 ml distilled water, 20 pi 8 % w /v  bromophenol (to help 

visualise the wells), 10 pi TEMED and 100 pi 10% w /v  APS. The stacking gel 

was poured over the running gel and a well-forming comb inserted before it 

was allowed to set for 15 minutes. The gel was placed in a vertical 

electrophoresis tank (V15.17; GibcoBRL Life Technologies, Paisley) 

containing Ix running buffer (Appendix B). High Mw (14.3-220 kD) 

Rainbow' '̂  ̂ markers (5 pi. RPN 756; Amersham Life Science, Little Chalfont) 

were loaded onto the gel together with 2 0  pg of each test protein (section

4.3.b); the volume of sample required was calculated using the protein 

concentration determined in section 4.3.c. Electrophoresis of the samples 

was performed at 180 V.

Total Protein Staining
To confirm the equivalence of protein loading gels were stained overnight, 

with rocking, in 0.2% w /v  Coomassie brilliant blue R250 (solvent: 40% v /v  

methanol, 7% v /v  glacial acetic acid). Coomassie blue covalently binds to 

proteins in a concentration-dependent manner and can, therefore, be used to 

estimate protein concentration. Gels were subsequently destained in  

30% v /v  methanol and 10% v /v  glacial acetic acid until the gel background
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was clear. Equivalence of protein loading was confirmed by eye, using the 

actin band (Mw = 42 kD).

HSP72 Western Blot Analysis
Proteins separated by SDS-PAGE were transferred, electrophoretically, 

overnight at 140 mA onto nitro-cellulose membrane (Hybond-C; Amersham 

Life Science Limited) using a Trans-blot™ Cell (Bio-Rad Laboratories 

Limited, Hemel Hempstead) filled with transfer buffer (14.4 g glycine, 

3.0 g Tris, 20% v /v  methanol).

The principles behind Western blot analysis are detailed in Figure 4.4. In 

practice the nitro-cellulose membrane was removed from the transfer 

cassette and placed, protein-side up, in a plastic container. The membrane 

was incubated, with rocking, in 30-50 ml block buffer (phosphate 

buffered saline (PBS; Appendix B) pH 7.2 containing 0.05% v / v  

polyoxyethylenesorbitan monolaurate (Tween 20) and 0.1% w /v  dried m ilk  

powder) for one hour to block non-specific binding sites. The filter was 

subsequently incubated for one hour in 2 0  ml of the primary antibody, 

mouse monoclonal IgG cross-reactive to HSP72 (SPA-810; StressGen through 

Bioquote Limited, York), at a 1:1000 dilution in block buffer. The excess 

primary antibody was rinsed away with three five-minute washes of 

30-50 ml block buffer. The membrane was then incubated for one hour w ith  

the secondary antibody, horseradish peroxidase- (HRP-)conjugated rabbit 

anti-mouse IgG (P260; Dako, Denmark), at a 1:2500 dilution (i.e. 13 |xl 

antibody in 30 ml block buffer). Excess secondary antibody was removed by 

washing twice with 30-50 ml block buffer and once with PBS (pH 7.2) 

containing 0.05% v /v  Tween 20. The final wash, without milk protein, 

helps to reduce the background signal during detection.

The HSP72 protein was detected using a proprietary enhanced 

chemiluminescence (ECL) detection kit (Amersham Life Science). This 

method relies on the ability of HRP and H 2 O2  to catalyse the oxidation of 

luminol (Figure 4.5) in alkaline conditions. Immediately following  

oxidation, luminol is in an excited state which subsequently decays to
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ground state via a light emitting pathway. This light output can be increased 

1 0 0 0 -fold by using phenol enhancers which also extend the time of light 

emission (peaks at 5-20 minutes), hence enhanced chemiluminescence. 

The light emitted (428 nm) can be detected by short exposure to blue-light 

sensitive auto-radiographic film.

Auto-Radiographic Film

Oxidised Product

A
+ Luminol + Phenol Enhancer 

Peracid Oxidised HRP

Secondary Polyclonal Antibody 

Primary Monoclonal Antibody

TT"T*'̂ 2 Protein
/ /  y  /  y  /  /  /  /  Nitrocellulose Membrane

À
Figure 4.4: Principle of Western Blot Analysis.

O

NH

NH

O

H 2 O 2

HRP
O

O
+ N, + LIGHT

LUMINOL

Figure 4.5: Principle of Enhanced Chemiluminescence.

In practice, the nitro-cellulose membrane was incubated in the ECL kit 

reagents for one minute, with mixing. The filter was then exposed to 

auto-radiographic film (Hyperfilm^^ MP; Amersham Life Science), in the 

dark, for 5-15 seconds. The film was placed in developer (Photosol GDIS, 

Photosol Limited, Basildon) for one minute, rinsed in distilled water and 

finally fixed (Photosol CF40; Photosol Limited) for one minute.
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4.4 Experimental Treatment Groups
Rabbits w ere random ised into six groups (Figure 4.6): (i). G r o u p  1: control 

(Sham) - period of anaesthesia corresponding to HS fo llow ed  by 24 h ou rs  

recovery, treated w ith  vehicle i.v. 10 m inutes prior to 30 m inutes ischaem ia  

and tw o hours reperfusion, (ii) G r o u p  U: HS - 15 m inutes w hole-body  

hypertherm ia at 42 °C follow ed by 24 hours recovery, treated w ith  v eh ic le  

i.v. 10 m inutes prior to ischaem ia-reperfusion. (iii) G r o u p  I I I :  Sham + Glib - 

sham  HS w ith 0.3 m g /k g  i .v .  Glib 10 m inutes before ischaem ia-reperfusion . 

(iv) G r o u p  IV :  HS + Glib - HS w ith  0.3 m g /k g  i .v .  Glib 10 m inutes prior to 

ischaem ia-reperfusion. (v) G r o u p  V: Sham + 5H D - sham  HS w ith  5 m g /k g

i .v .  5H D 10 m inutes prior to ischaem ia-reperfusion. (vi) G r o u p  V I:  HS + 

5H D - HS w ith 5 m g /k g  i.v. 5H D 10 m inutes before ischaem ia-reperfusion.

Hours Minutes
-24W -24 0 10 40 160

Heat Stress (42 "C) 
/  Sham Period

t - Reperfusion 1  
% Ischaemia ^

Vehicle or Infarct Size
0.3 m g/kg Glib or Assessment

5 m g/kg 5HD

t
Heat Stress Protein 

Analysis

Figure 4.6: D elayed  Heat Stress Protocols.

4.5 Exclusion Criteria

A nim als w hich developed ischaemia- or reperfusion-induced VF, w hich  

could not be restored to normal sinus rhythm w ith in  tw o m inutes by 

flicking the apex of the heart w ith a cotton bud, were excluded. Hearts w ere  

additionally excluded if the risk or infarct zones were not clearly defined, or 

if the risk volum e w as less than 0.4 cm  ̂ or greater than 1.6 cm^.
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4.6 Results

4.6.a Exclusions
A total of 70 rabbits was entered into this study. One died of respiratory 

failure during the sham period of anaesthesia. The remaining 69 were all 

well 24 hours following HS or sham treatment. Sixty-three rabbits were used 

for the infarction study and a further six for HSP72 analysis. Fourteen 

animals were excluded from the infarction study; three due to failure to 

successfully occlude the coronary artery, one due to TTC stain failure, three 

due to poor delineation of the risk zone and one due to a risk zone less than 

0.4 cm  ̂ and six due to a risk zone greater than 1.6 cm .̂ No animals were 

excluded from the HSP72 analysis. Preliminary infarct study data were 

included from two Sham, three HS, one Sham + Glib and one HS + Glib 

experiment. Final numbers in the study were, therefore, 10 Sham, nine HS, 

10 Sham + Glib, nine HS + Glib, six Sham + 5HD and five HS + 5HD. For 

HSP72 analysis the numbers were three Sham and three HS.

4.6.b Incidence of Ventricular Fibrillation
Six hearts underwent VF during coronary artery occlusion or shortly after 

reperfusion: one Sham, one HS, one Sham + Glib, one Sham + 5HD and two 

HS + 5HD. All were converted to normal sinus rhythm within two m inutes 

and were, therefore, included in the statistical analysis.

4.6.C Haemodynamic and Temperature Data
Twenty-four hours following HS or sham treatment, there were no  

differences in HR, MAP, rate pressure product, or body core temperature 

(Figure 4.7). The overall similarity in the systemic haemodynamic and blood 

gas parameters, with the careful maintenance of temperature (38.5 ± 0 .5  “C) 

and pH (7.35-7.50), suggests that these factors did not contribute to the 

significant differences observed in infarct size. Complete data sets for blood 

gas and pH parameters can be found in Table 10.1 of Appendix D.
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Figure 4.7: D elayed Heat Stress H aem odynam ic and Tem perature Data. Panel 
a) HR (bpm), panel b) MAP (m m Hg), panel c) rate pressure product, panel d) 
core body temperature (“C). O p e n  s y m b o l s  represent sham  control an im als  
and c lo s e d  s y m b o l s  heat stressed anim als. Data are presented as mean ± 
SEM.
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4.6.d Infarct Data
Mean risk and infarct volume data are presented in Table 4.2.

Table 4.2: Delayed Heat Stress Mean Risk and Infarct Volume Data

Group n I (cm )̂ R (cm̂ >

Sham 1 0 0.40 ± 0.07 0.91 ±0.07

HS 9 *̂ 0.25 ± 0.06 1.00 ±0.05

Sham + Glib 1 0 0.36 ± 0.05 0.87 ±0.08

HS + Glib 9 0.45 ± 0.08 0.97 ±0.07

Sham + 5HD 6 %.55 ± 0.06 1.07 ±0.12

HS + 5HD 5 0.46 ± 0.04 1.14 ±0.07

Data presented as mean ± SEM. * = P<0.05 versus all other 
groups by one-factor ANOVA.  ̂= P<0.05 versus Sham + Glib 
by one-factor ANOVA. I = infarct volume, R = risk volume.

There were no differences in myocardial risk volume (0.9-1.1 cm^) between 

groups, thus observed differences in infarct size were not due to variations 

in the risk zone. Infarct volume was significantly smaller in HS-treated 

animals compared with sham controls. Neither 0.3 m g/kg GHb nor 5 m g/kg  

5HD affected sham control infarct volume; however, they were significantly 

different when compared to each other. Glib (0.3 mg/kg) or 5HD (5 mg/kg) 

abolished infarct volume limitation afforded by HS. When infarct size was 

expressed as a percentage of the risk zone (Figure 4.8) HS resulted in  

significantly smaller infarcts compared with sham controls. This 42% 

limitation in infarct size was indicative of delayed protection of the 

myocardium 24 hours post-HS and was abolished by 0.3 m g/kg Glib or 

5 m g/kg 5HD. Neither compound affected sham control infarct size. W hen  

expressed as a percentage of their corresponding risk zones. Glib and 5HD 

control infarct sizes were not significantly different from each other.

To confirm differences in infarct size were truely independent of the risk 

zone infarct size was correlated with risk volume (Figure 4.9). A linear 

correlation with risk volume was observed for control and HS-treated heart 

infarct sizes. Transient hyperthermia resulted in a downward shift in the
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regression line indicating treatment resulted in smaller infarct sizes for any 

given risk volume.
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Figure 4.8: Delayed Heat Stress Infarct Size Data. Presented as a percentage of 
risk zone. Individual data points {open circles) shown with the mean ± SEM 
{closed circles). * = ?<0.05 versus all other groups by one-factor ANOVA.
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Figure 4.9: Delayed Heat Stress Infarct Size Correlated Against Risk Volum e.
Infarct size is presented as a percentage of the risk zone.
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4.6 .e HSP72 Analysis

Hearts from random ly selected HS- and sham-treated anim als w ere excised  

at 24 hours for HSP72 analysis. HS markedly induced expression of HSP72, 

above the control level, indicating that the HS protocol successfully elicited  

the stress response. The protein stained gel and W estern blot are sh ow n  in  

Figure 4.10. N o differences in the intensity of the actin band w ere observed  

indicating that protein loading w as equal across the gel.

I)

Actin (42 kD)

Sham HS

II)

HSP72

J  L

Sham HS

Figure 4.10: D elayed  Heat Stress HSP72 A nalysis. Panel I) Total protein stain  
of actin band, panel II) HSP72 Western blot. 200% magnification.

4.7 D iscussion
W hole body hypertherm ia lim ited m yocardial infarct size in a m an n er  

consistent w ith previous studies [29, 44]. Unlike Glib, 5HD does not possess 

sulphonylurea receptor activity, therefore, these results suggest that 

H S-induced delayed cardioprotection is m ediated via channels rather 

than su lphonylurea receptors. In addition, there is grow ing ev idence that 

5HD m ay be selective for mito-K^^p channels over sarc-K^^p channels [207] 

perhaps suggesting a role for K̂ p̂ channels in the inner m itoch on d ria l 

m em brane.

The first indication for a role of potassium  channels in the HS response was 

provided by Saad et al [242], w ho studied plasm alem m al vo ltage-dependent  

currents in heat-sensitive and heat-resistant m urine radiation-induced
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fibrosarcoma-derived cells exposed to hyperthermia. Cells were heated at 

45 °C for 3-30 minutes following which an induction of voltage-dependent 

(delayed-rectifier and fast-inactivating) currents was observed in  

heat-resistant cells which subsequently decayed over six hours. Similar 

currents were detected in heat-sensitive cells, however, they were only 

detectable during heating. The non-selective potassium channel blocking 

agent tetraethylammonium prevented these currents, suggesting they 

resulted from activation of voltage-dependent potassium channels. Heat 

resistance was additionally correlated with the expression of potassium  

channels, providing the first evidence that activation of these channels may 

be a very early event in initiation of the HS response. Very little work has 

since been carried out to investigate this hypothesis.

An involvement of channels and HSPs in ischaemic preconditioning of 

neuronal tissue has been alluded to by Heurteaux et al [243]. Ischaemic 

preconditioning (one three-minute episode), the adenosine Aj-receptor 

agonist N^-cyclopentyladenosine (CPA) and the KCO, levcromakalim, one to 

three days prior to prolonged ischaemia (six minutes) afforded protection 

against infarction in a rat hippocampus model. In addition. Glib blocked the 

protection afforded by CPA, levcromakalim and ischaemic preconditioning. 

Heurteaux et al hypothesised that ischaemic preconditioning caused the 

release of adenosine, resulting in activation of A^-adenosine receptors, 

which subsequently open channels. If preconditioning was considered 

to result in 100% protection against ischaemia, CPA or levcromakalim only 

afforded 70% protection thus leaving 30% unexplained by Aj-adenosine 

receptor and /  or channel activation. Preconditioning additionally 

accelerated HSP70 mRNA expression following prolonged ischaemia 

(maximal at three hours and lost by 24 hours). This expression was inhibited 

by CPA and levcromakalim with Glib preventing these effects. Previously 

Heurteaux et al [244] demonstrated ischaemic injury highly increased 

expression of HSP70, c-fos and c-jun mRNA and the transcriptional factors 

the latter two encode (Fos and Jun), which persisted in the CAl field of the 

hippocampus until 24 hours after reperfusion. Cromakalim, nicorandil and 

pinacidil blocked c-fos and c-jun expression when given before global 

ischaemia and continuing until the end of reperfusion. Similarly, nicorandil
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blocked HSP70 mRNA expression; no information was supplied for 

pinacidil or cromakalim. The sulphonylurea glipazide antagonised the 

inhibitory effects of the KCOs on c-fos, c-jun and HSP70 mRNA expression, 

indicating that opening of channels can abolish the stress effects created 

by ischaemia. Since HS is known to be protective against ischaemia, 

the reduced c-fos, c-jun and HSP70 mRNA expression elicited by 

pharmacological KCOs may arise from a lessened severity of the ischaemic 

injury rather than by direct inhibitory action of these agents on HSP70 

mRNA or early gene expression. This is supported by Hoag et al [178] w ho  

have confirmed the results of the current study in a similar model using 

ketamine-xylazine anaesthetised rabbits. Glib (0.3 mg/kg) or 5HD (5 mg/kg) 

both abolished delayed HS cardioprotection when given prior to either HS 

or myocardial ischaemia. In addition, they demonstrated that whilst both 

Katp channel blockers abolished the limitation of infarct size this was 

achieved without a reduction in the level of HSP72 protein. This suggests 

that HSP72 does not participate directly in delayed cardioprotection afforded 

by HS. Recent investigations by Joyeux et al [245] have also demonstrated a 

role for Katp channels in delayed protection afforded by HS in the rat. 

HS resulted in a 50% limitation of infarct size 24 hours later when isolated 

rat hearts were subjected to 35 minutes regional ischaemia followed by two 

hours reperfusion. Protection was abolished by a 15 minute infusion with  

either 10 pM Glib or 100 |iM 5HD prior to prolonged ischaemia.

Involvement of the phosphatidyl inositol pathway and PLC in the HS 

response [246] suggests that HS may share features of PLC and PKC 

signalling, currently under investigation for acute and delayed ischaemic 

preconditioning [31]. Both adenosine A^-receptors and PKC have been 

implicated in the mechanisms of ""classic" and delayed cardioprotection 

against ischaemia. In addition, Katp channel activation has been 

demonstrated to be involved in "classic" preconditioning protection against 

ischaemia [127]. The phenomenon of cross-protection between HS and 

ischaemia implies that the mechanisms of ischaemic preconditioning and 

HS protection may be inter-related. Support for this hypothesis has been 

provided by Joyeux et al who demonstrated roles for PKC [150] and p38 [247] 

in delayed myocardial protection following HS in the isolated rat heart.
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4.8 Summary
Whole-body hyperthermia provided significant protection against 

myocardial ischaemia at 24 hours; this was prevented by blockade of 

channels with Glib or 5HD [248]. These findings along with those of 

Hoag et al [178] and Joyeux et al [245] provide the first evidence that 

Katp channel activation might be an essential component in effecting 

cytoprotection following the HS response. Since 5HD is now thought to be a 

specific blocker of mito-K^yp channels the results from this study implicate a 

role for these particular K̂ jp channels in delayed HS cardioprotection. 

The precise mechanism by which HS influences the regulation of 

Katp channels remains unclear, however, it seems unlikely that HSP72 plays 

a direct role in this mechanism.
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Delayed Myocardial Protection Afforded by 
Ischaemic Preconditioning

5.1 Introduction
Since K̂ tp channels are known to participate in "classic" ischaemic 

preconditioning and they were demonstrated to be involved in delayed 

cardioprotection afforded by HS [248] their role in "SWOP" was investigated.

5.2 In Vivo Methods

5.2.a Ischaemic Preconditioning Protocol
The preconditioning procedure was performed in sterile conditions. 

Instruments were sterilised in 0.5% w /v  chlorhexidine gluconate in  

70% v /v  industrial methylated spirit (Hydrex; DePuy Healthcare, Leeds). 

Sterile gowns, laparotomy drapes and packs of gauze swabs plus cotton buds 

were prepared by autoclaving. Rabbits were heavily sedated using a 

combination of "Hypnorm' and diazepam as described in section 3.3.b. A n  

oro-tracheal intubation was performed with the assistance of a laryngoscope 

(WISO; Penlon Limited, Abingdon) and 'Xylocaine' spray (contains: 

100 m g/m l lignocaine; Astra Pharmaceuticals, Kings Langley) to provide 

local laryngeal anaesthesia, the animal was mechanically ventilated as 

before (section 4.2.b). The chest area was shaved along with a patch of fur on  

each limb for placement of ECG electrodes. The surface ECG (section 3.4) was 

used to monitor the HR during the procedure to provide an indication of 

the level of anaesthesia. The chest was swabbed with povidone-iodine 

solution (Betadine Surgical Scrub; Seton Healthcare Group Pic., Oldham) 

and 0.2 m l/kg s.c. 2.5% "Baytril' (contains: 25 m g/m l enrofloxacin; Bayer Pic., 

Bury St. Edmunds) administered as a broad-spectrum anti-microbial and 

bacteriocidal agent. A surgical cap and mask were worn, the hands and arms
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scrubbed with Hibiscrub (contains: 4% w /v  chlorhexidine gluconate; 

ZENECA Limited, Macclesfield), and a gown donned. A laparotomy drape 

was placed over the rabbit's chest to provide a sterile area for working. 

A midline thoracotomy and pericardiotomy were performed and a 3/0 silk 

ligature placed around an anterior branch of the left coronary artery (section 

4.2.b). The myocardium was preconditioned with four cycles of five m inutes 

coronary artery occlusion separated by 10 minutes reperfusion. Sham  

controls underwent identical surgical procedures including placement of the 

cornary artery ligature except that the coronary artery was not occluded. 

Successful occlusion was verified by cyanosis of the epicardial surface of the 

heart and elevation of the ECG ST segment. Reperfusion was confirmed by 

blushing of the previously cyanotic region of the heart and by resolution of 

the ECG signal. The ends of the coronary artery ligature were tied and it was 

left in place during recovery. The thoracotomy was repaired using a running  

stitch of 3/0 Prolene (W8522; ETHICON®) for the muscle and interrupted 

stitches of 3/0 Mersilk attached to a cutting needle (W502; ETHICON®) for 

the skin. A cannula (size 5; Portex Limited) attached to a 10 ml syringe was 

used to evacuate the chest cavity of blood and air before closure. 

Immediately post-operation 0.1 m l/kg i.m. 'Vetergesic' (contains: 0.3 m g/m l 

buprenorphine; Reckitt & Colman Products Limited, Hull) was given to 

provide analgesia. One hour later 0.1 m l/kg of 'Finadyne' s.c. (contains: 10 

m g/m l flunixin meglumine; Schering-Plough Animal Health, Mildenhall) 

was administered as a non-steroidal, non-narcotic analgesic with  

anti-inflammatory, anti-pyretic and anti-endotoxic properties. The animals 

were allowed to regain consciousness before being returned to their cages for 

48 hours with food and water ad libitum.

Twenty-four hours following surgery an external examination was 

performed. The general well-being of the animal was determined by its 

habitus and whether food and water had been taken. The interaction of the 

animal with the handler was also noted. Also, the rate and ease of 

respiration was observed. The heart rate and rhythm were monitored 

together with the clarity of the heart sound since muffling can indicate fluid 

build-up on the chest. The wound was examined to ensure the stitches were 

still intact and that there was no dehiscence or seepage. 'BaytriT (0 . 2  m l/kg
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S.C.) and Tinadyne' (0.1 m l/kg s.c.) were administered before returning the 

animal to its cage. Animals that had removed their stitches were sedated 

with 0.15 m l/kg i.m. 'Hypnorm' and the stitches repaired with 3/0 Mersilk 

attached to a cutting needle. If required, 0.25-0.5 ml 2% v /v  lignocaine s.c. 

was administered to provide local anaesthesia.

5.2.b Ischaemia-Reperfusion Protocol
Forty-eight hours after preconditioning or sham pre-treatment animals were 

anaesthetised with pentobarbitone (section 3.3.a). Thirty minutes ischaemia 

followed by two hours reperfusion was performed using the protocol in  

section 4.2.b. channel blockade was achieved by the administration of 

5 m g/kg i.v. 5HD 15 minutes prior to ischaemia. The vehicle for 5HD was 

identical to that described in section 4.2.b. Heart excision (section 4.3.b) and 

infarct size assessment (section 3.5) were performed as before.

5.3 Experimental Treatment Groups
Rabbits were randomised into four groups (see Figure 5.1 for protocol): 

(i), Group 1: control (Sham) - sham period of anaesthesia corresponding 

to ischaemic preconditioning followed by 48 hours recovery prior 

to 30 minutes ischaemia and two hours reperfusion, (ii) Group II: 

ischaemically preconditioned (PC) - four cycles of five minutes coronary 

artery occlusion each separated by 1 0  minutes reperfusion followed by 

48 hours recovery prior to ischaemia-reperfusion. (iii) Group III: Sham + 

5HD - sham preconditioning with 5 m g/kg i.v. 5HD 15 minutes prior to 

ischaemia-reperfusion. (iv) Group IV: PC + 5HD - preconditioning with  

5 m g/kg i.v. 5HD 15 minutes before ischaemia-reperfusion.
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Figure 5.1: Delayed Ischaemic Preconditioning Protocols.

5.4 Exclusion Criteria
As described in section 4.5 except that hearts were excluded if their risk 

volume was less than 0.4 cm  ̂or greater than 1.9 cm .̂

5.5 Results
In preliminary studies no differences between control (29.3 ± 4.0%) and 

preconditioned (26.9 ± 4.0%) infarct sizes were observed despite previous 

experience in the laboratory to the contrary [32,149]. The lack of protection 

could not be accounted for by differences in risk volume, core body 

temperature or haemodynamic parameters. Due to the innate complexities 

of the model the explanation for the failure to precondition the 

myocardium could not be determined. The substantial experience of m y 

supervisor. Dr. G. F. Baxter, was then sought to perform the preconditioning 

procedure. The animal care and index ischaemia-reperfusion were 

performed by myself.

5.5.a Exclusions
A total of 52 rabbits was used in the study. One died during preconditioning 

due to puncture of the coronary artery during ligature placement. One 

animal died post-operatively due to inhalation of the tracheal tube. The 

remaining 50 were all well 48 hours after preconditioning or sham  

treatment. Eleven animals were excluded from the infarction study: three 

due to intractable ischaemia-induced VF, one due to a risk zone less than 

0.4 cm ,̂ one due to a risk zone greater than 1.9 cm ,̂ three due to failure to
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occlude the coronary artery properly during ischaemia, one due to severe 

hypotension during ischaemia which did not recover on reperfusion, one 

due to failure to snare the coronary artery, and one due to necrosis appearing 

outside the risk zone. Final numbers in the study were, therefore, nine 

Sham, 10 PC, 10 Sham + 5HD and 10 PC + 5HD.

5.5.b Incidence of Ventricular Fibrillation
Eleven hearts underwent VF during coronary artery occlusion or shortly 

after reperfusion: two Sham, three PC, four Sham + 5HD and two PC + 5HD. 

With the exception of one Sham, one PC and one Sham + 5HD which 

developed intractable VF and were, therefore, excluded (section 5.5.a) all the 

remaining hearts were converted to normal sinus rhythm within two 

minutes and included in the statistical analysis.

5.5.C Haemodynamic and Temperature Data
Forty-eight hours after preconditioning or sham treatment, there were no 

differences in HR, MAP, rate pressure product, or core body temperature 

(Figure 5.2). The overall similarity in the systemic haemodynamic and blood 

gas parameters, with the careful maintenance of temperature (38.5 ± 0.5 °C) 

and pH (7.35-7.50), suggests that these factors did not contribute to the 

observed infarct sizes. Table 10.2 of Appendix D contains complete data sets 

for blood gas and pH parameters.

5.5.d Infarct Data
There were no differences in myocardial risk volume (0.89 - 1.14 cm^) or 

infarct volume between the groups compared by one-factor ANOVA  

(Table 5.1). In addition, there were no differences between the groups when  

infarct size was expressed as a percentage of the risk volume (P = 0.1857) 

(Figure 5.3).
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Figure 5.2: Delayed Ischaemic Preconditioning Haemodynamic and
Temperature Data. Panel a) HR (bpm), panel b) MAP (mmHg), panel c) rate 
pressure product, panel d) core body temperature (°C). Open symbols  
represent sham operated animals and closed symbols  preconditioned 
animals. Data are presented as mean ± SEM.
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Table 5.1: Delayed Ischaemic Preconditioning Mean Risk and Infarct 

Volume Data.

Group n I (cm )̂ R (cm )̂

Sham 9 0.45 ± 0.08 1.14 ±0.13

PC 1 0 0.25 ± 0.05 0.89 ± 0.07

Sham + 5HD 1 0 0.33 ± 0.04 0.95 ± 0.05

PC + 5HD 1 0 0.31 ± 0.04 0.93 ±0.05

Data presented as mean ± SEM. I = infarct volume, R = risk volume.
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Figure 5.3: Delayed Ischaemic Preconditioning Infarct Size Data. Presented as 
a percentage of the risk zone. Individual data points (open circles) are 
depicted with their mean ± SEM (closed circles).

When infarct sizes were correlated against the risk volumes (Figure 5.4) the 

regression lines for the sham control and preconditioned hearts diverge 

indicating a trend towards protection.
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Figure 5.4: Delayed Ischaemic Preconditioning Infarct Size Correlated 
Against Risk Volume. Infarct size is presented as a percentage of the risk 
zone.

5.6 Discussion
The reason why the preconditioning protocol did not result in significant 

protection is unclear. When infarct sizes for the Sham (38.5 ± 3.5%) and PC 

(26.1 ± 3.9%) groups were considered independently of the 5HD groups and 

compared to each other using a two-tail Student's unpaired T-test there was 

a significant difference (P = 0.032). Taken together with the divergence of the 

regression lines for the correlation between infarct size and risk volume this 

suggests a trend towards protection. It is possible that the variation w ithin  

the groups of the ANOVA is too great to detect this difference. A total of 

nine to 1 0  animals per group normally provides sufficient statistical power 

to asssess the effects of preconditioning. However, the variance in this study 

is unusually high.

The careful control and overall similarity of the risk volumes, core body 

temperature, haemodynamic, blood gas and pH parameters suggests that 

these factors did not affect the infarct sizes. Previous studies in this
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laboratory using a 48 hour recovery period to look at the effects of "SWOP" 

in rabbits [32, 149] demonstrated significant limitation of infarct size from  

40-45% in controls to 18-24% in preconditioned hearts. The control and 

preconditioned infarct size results obtained in the current study are 

consistent with these previous studies. In the current study three hearts 

receiving the preconditioning protocol either failed to precondition or 

protection was lost prior to sustained ischaemia which contributed to the 

variation within the group. The reasons for this were unclear but perhaps 

there was insufficient release of the preconditioning trigger adenosine 

during the preconditioning ischaemia although this seems unlikely since a 

single cycle of five minutes ischaemia can afford delayed protection in the 

rabbit [32]. Alternatively the stress of the preconditioning and /  or sustained 

ischaemia procedures might have masked the protection in these instances. 

It must also be taken into consideration that this study was performed over 

18 months. In addition, in the middle of the study the animal supplier 

closed and the genetic stock was sold onto another supplier. Although the 

genetic stock was maintained the change in environment may have  

contributed to the variation within the groups. Of more concern is that the 

Sham + 5HD group appears to display a modest limitation in infarct size 

(34.8 ± 4.3%) perhaps indicating a non-specific action of the drug. This, 

however, has not been observed in any other study in which 5HD has been 

used to look at infarct size (Chapters 4 and 6 ). In particular the investigation  

of the role of K̂ jp channels in delayed HS protection (Chapter 4) used an 

identical vehicle. Thus, it seems unlikely that the smaller infarct sizes 

resulted from an interaction between the drug or vehicle and the 

anaesthetic.

Whilst this study was in progress Bernardo et al [249] presented a similar 

study, in abstract form, studying the role of channels in delayed 

ischaemic preconditioning at 24 hours. Preconditioning resulted in a 

significant limitation of infarct size from approximately 40% in controls to 

10% in preconditioned hearts. Both Glib and 5HD abolished protection. 

However, the equivalent drug controls were not performed. This study 

provides the first evidence for a role of K̂^̂p channels, perhaps residing in
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the inner mitochondrial membrane, in delayed protection afforded by 

ischaemic preconditioning.

5.7 Summary
No significant difference in infarct size between control and preconditioned 

hearts was observed mainly due to the unusually high variations in infarct 

size within the groups. The reasons for this remain unclear due to the 

innate complexity of this model. The results from this study are, therefore, 

equivocal.
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Acute "Remote Organ" Preconditioning of the  
Myocardium

6.1 Introduction
This study was carried out during a three month placement at Glaxo 

Wellcome Medicines Research Centre, Stevenage. The phenomenon of 

"remote organ" preconditioning of the myocardium has received little 

investigation since its discovery in 1993 [57]. Since opening of channels 

has been shown to be involved in "classic" ischaemic preconditioning 

(section 2.5) a role for these channels was postulated in acute myocardial 

protection afforded by transient renal ischaemia-reperfusion.

6.2 Materials
Rabbits used in this study were obtained from the commercial supplier used 

by Glaxo Wellcome, namely Charles River (Manston).

6.3 In Vivo Methods
Rabbits were anaesthetised with a combination of 'Hypnorm' and 

pentobarbitone as described in section 3.3.a. A tracheotomy was performed 

and the animals mechanically ventilated as detailed in section 4.2.b. The 

right carotid artery was cannulated for measurement of haemodynamic, 

arterial blood gas and pH parameters. A patch of fur was shaved from each 

limb for recording of the surface ECG (section 3.4). Arterial pH was 

maintained within the range of 7.35 to 7.50 by adjustment of the tidal 

volume. The core body temperature, measured using a rectal thermometer, 

was carefully maintained at 38.0-38.5 °C using a heating pad. A left 

thoracotomy and pericardiotomy were performed and a ligature placed 

around an anterior branch of the left coronary artery (section 4.2.b). A left 

laparotomy was subsequently performed and the left renal artery exposed 

and dissected free of surrounding tissue. A piece of polycotton silk was
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passed under the artery to facilitate its later retrieval. To prevent spasm of 

the exposed renal artery during ischaemia and reperfusion 0.25-0.50 m l 

2% w /v  lignocaine solution was applied topically. 5HD (5 m g/kg i.v.) was 

administered 15 minutes prior to the preconditioning /  sham period. 

The vehicle used in this case was 0.9% w /v  saline, thereby negating the need 

to administer vehicle to controls.

Rabbits were preconditioned with 10 minutes left renal artery occlusion 

followed by ten minutes reperfusion. The renal artery was occluded 1-2 cm 

proximal to the left kidney using an atraumatic clip; the polycotton silk was 

used to gently lift the artery to facilitate placement of the clip. Successful 

occlusion was confirmed visually by a change in colour of the surface of the 

kidney, from pinkish-red to cream. Reperfusion was confirmed by blushing 

of the previously discoloured kidney surface. Sham controls underwent a 

corresponding period of anaesthesia. Rabbits were then subjected to 

30 minutes of myocardial ischaemia followed by two hours reperfusion 

(section 4.2.b) and the infarct size assessed (section 3.5).

6.4 Experimental Treatment Groups
Renal preconditioning protection of the myocardium was evaluated by 

random assignment of rabbits to Groups I  and II. The role of channels in 

renal preconditioning was then investigated by random assignment of 

rabbits to Groups HI and IV, with additional sham and preconditioned 

controls (see Figure 6 . 1  for protocols), (i) Group I: control (Sham) - sham  

period corresponding to renal artery occlusion prior to 30 m inutes 

myocardial ischaemia and two hours reperfusion, (ii) Group U: renal 

preconditioning (Renal PC) - 10 minutes renal ischaemia followed by 

10 minutes reperfusion prior to ischaemia-reperfusion. (iii) Group III: Sham 

+ 5HD - 5 m g/kg i.v. 5HD 15 minutes before the sham period, (iv) Group IV: 

Renal PC + 5HD - 5 m g/kg i.v. 5HD 15 minutes prior to renal 

preconditioning.
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Figure 6.1: Acute Renal Preconditioning Protocols.

6.5 Exclusion Criteria
As described in section 4.5 except that hearts were excluded if the risk 

volume was less than 0.4 cm̂  or greater than 1.9 cm̂ .

6.6 Results

6.6.a Exclusions
A total of 42 rabbits was used in this study. Nine animals were excluded: one 

due to failure to occlude the renal artery, one due to failure to occlude the 

coronary artery, two due to failure to reperfuse the coronary artery, one due 

to intractable ischaemia-induced VP, one due to poor delineation of the risk
zone, two due to a risk zone less than 0.4 cm  ̂ and one due to a risk zone 

greater than 1.9 cm \ Final numbers in the study were, therefore, 12 Sham, 

nine Renal PC, six Sham -t- 5HD and six Renal PC -t- 5HD.

6.6.b Incidence of Ventricular Fibrillation
Five hearts underwent VF during coronary artery occlusion or shortly after 

reperfusion: three Sham, one Sham + 5HD and one Renal PC + 5HD. With 

the exception of one sham which developed intractable VF and was, 

therefore, excluded (section 6 .6 .a), all the rest were converted to normal 

sinus rhythm within two minutes and were, therefore, included in the 

statistical analysis. None of the Renal PC control hearts demonstrated VF.
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6 . 6 . C  Haemodynamic and Temperature Data
Overall there were no differences in MAP, rate pressure product or core body 

temperature (Figure 6 .2 ). During ischaemia heart rates were significantly 

higher than during reperfusion, however, there were no differences during 

ischaemia between the groups. The overall similarity in the systemic 

haemodynamic and blood gas parameters, with the careful maintenance of 

core body temperature (38.0-38.5 °C) and pH (7.35-7.50), suggests that these 

factors did not contribute to the significant differences observed in infarct 

size. Complete sets of blood gas and pH data can be found in Table 10.3 of 

Appendix D.

6.6.d Infarct Data
Mean risk and infarct volume data are presented in Table 6.1.

Table 6.1: Acute Renal Preconditioning Mean Risk and Infarct Volume Data

Group n I (cm̂ > R (cm')

Sham 1 2 0.41 ± 0.07 1 . 2 1  ±0.08

Renal PC 9 *0.17 ± 0.03 1.00 ±0.09

Sham + 5HD 6 0.57 ±0.08 1.40 ±0.10

Renal PC + 5HD 6 0.40 ±0.07 1.16 ±0.15

Data are presented as mean ± SEM. * = P < 0.05 versus all other 
groups by one-factor ANOVA. I = infarct volume, R = risk volume.

Mean myocardial risk volume was similar for all four groups (1.0-1.4 cm^), 

therefore, the observed differences in infarct size were not due to variations 

in the risk zone. Infarct volume was significantly smaller in anim als 

pre-treated with renal preconditioning compared to sham controls. 5HD 

(5 mg/kg) abolished the infarct volume limitation afforded by renal 

preconditioning without affecting control infarct volume. When infarct size 

was expressed as a percentage of the risk zone (Figure 6.3), renal 

preconditioning resulted in significantly smaller infarcts compared to sham  

controls. This 46% limitation in infarct size was indicative of acute 

myocardial protection afforded by brief renal ischaemia-reperfusion, and was
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abolished by 5 mg/kg 5HD. The same dose of 5HD had no effect on sham 

control infarct.
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— Renal  PC + 5 HD (n -  6)

Figure 6 .2 : Acute Renal Preconditioning Haemodynamic and Temperature 
Data. Panel a) HR (bpm), panel b) MAP (mmHg), panel c) rate pressure 
product, panel d) core body temperature (°C). Open symbols represent sham 
operated animals and closed circles preconditioned animals. Data are 
presented as mean ± SEM.

To confirm differences in infarct size were truely independent of the risk 

zone infarct size was correlated against risk volume (Figure 6.4). A linear 

correlation with risk volume was observed for control and preconditioned
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heart infarct sizes. Transient renal ischaemia-reperfusion resulted in  

divergence of the regression lines.
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Figure 6.3: Acute Renal Preconditioning Infarct Size Data. Presented as a 
percentage of the risk zone. Individual data points (open circles) are shown  
with their mean ± SEM (closed circles). * = P<0.05 versus all other groups by 
one-factor ANOVA.
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Figure 6.4: Acute Renal Preconditioning Infarct Size Correlated Against Risk 
Volume. Infarct size is presented as a percentage of the risk zone.
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6 .6 .e Effects of Renal Artery Reperfusion on System ic Arterial 

Blood Pressure

An interesting observation arising from this study was the appearance of a 

transient drop in system ic arterial diastolic blood pressure w hen the renal 

artery clip w as removed to allow reperfusion (Figure 6.5, panel I). This fall in 

blood pressure was associated, in the majority of instances, w ith  a sm all 

reflex tachycardia (10-20 bpm). The drop in diastolic blood pressure w as  

attenuated by 5 m g /k g  5HD (Figure 6.5, panel II) but the duration of the  

response w as unchanged (Table 6 .2 ).

Table 6.2: Systemic Arterial Diastolic Blood Pressure Data.

Group n Blood Pressure Drop Duration of Drop
(mmHg) (seconds)

Renal PC 7 22 ± 0.9 22 ± 1 .4

Renal PC + 5HD 6 *13.5 ± 1.5 22 ± 1.8

Data presented as m ean ± SEM. Measured im m ediately on renal artery 
reperfusion at a trace recording of 50 m m /m in u te . * = P<0.05 versus R enal 
PC by tw o-tail Student's unpaired T-test.

I a) 4(X)n

b) 100

II a) 4 0 0 n

b) 100

30s

Figure 6.5: Systemic Arterial Blood Pressure Recorded on Renal Artery 
Reperfusion. 50 m m /m in u te . Trace I) Renal PC, trace II) Renal PC -i- 5HD. 
Panel a) HR (bpm), panel b) system ic arterial blood pressure (m m H g). 
Arrow s depict point of reperfusion, s = seconds.
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6.7 Discussion
Renal preconditioning of the myocardium was first reported by McClanahan 

et al [57] in a similar in v iv o  rabbit model of myocardial infarction. In their 

study, however, control infarct size (43 ± 3%) was limited to the same 

degree as coronary ischaemic preconditioning (infarct size for renal 

preconditioning: 11 ± 2%; coronary preconditioning: 8  ± 2%). The reason for 

the difference in the magnitude of protection between the two studies is 

unclear, although contemporaneous studies on myocardial preconditioning 

were not performed in the present series of experiments. Myocardial 

protection afforded by coronary, mesenteric and renal ischaemic 

preconditioning, in the rat, can be enhanced (coronary and mesenteric) or 

becomes apparent (renal) by whole body hypothermia [58]. Since core body 

temperature was not reported by McClanahan et al perhaps the difference in  

magnitude of protection arises from differing temperature conditions. 

McClanahan et al [57] and Gho et al [58] have, moreover, demonstrated the 

importance of brief intervening reperfusion between the "remote organ" 

preconditioning and sustained myocardial ischaemia. Protection was lost if 

the renal or mesenteric artery, respectively, was permanently occluded prior 

to myocardial ischaemia, suggesting that infarct size limitation required the 

washout of an endogenous protective factor from the ischaemic organ.

In conjunction with this study my supervisor at Glaxo Wellcome, Dr. G. M. 

Drew, performed additional experiments in which the role of adenosine 

receptors was investigated. The procedure used was identical to that 

described in section 6.3. In one group of rabbits adenosine receptors 

were blocked 1 0  minutes prior to renal preconditioning /  sham treatment 

with the non-selective adenosine receptor antagonist 8 -(p-sulphophenyl) 

theophylline (8 -SPT; 7.5 m g/kg i.v. [62]). Mean risk volumes (1.32-1.34 cm^) 

were comparable to those described in section 6 .6 .d. Blockade of adenosine 

receptors with 8 -SPT had no affect on control infarct size (40.0 ± 4.4%; n = 6 ) 

but abolished protection afforded by brief renal ischaemia (36.7 ± 3.7%; n = 6 ). 

In addition, this dose of 8 -SPT abolished the drop in systemic arterial 

diastolic blood pressure observed on renal artery reperfusion (Figure 6 .6 ). 

The effects of increasing doses of adenosine, administered at the level of the
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renal veins, were subsequently investigated on system ic arterial diastolic  

blood pressure and HR. Doses of 30,100 and 300 p g /k g  adenosine produced a 

dose dependent decrease in diastolic blood pressure and increase in HR  

(Figure 6.7) w ith 50 p g /k g  adenosine eliciting a fall in blood pressure  

com parable to that seen on renal artery reperfusion.

a) 4(M)̂

b) UX)-

Figure 6 .6 : Systemic Arterial Blood Pressure Recorded on Renal Artery 
Reperfusion With Blockade of Adenosine Receptors. 50 m m /m in u te . Panel 
a) HR (bpm), panel b) system ic arterial blood pressure (mmHg). s = seconds.

40 -|

^  20 -

n = 4

n = 4

n = 4
-40-

n = 3

-60
10 30 100 300

Adenosine Dose (pg/kg)

Figure 6.7: Systemic Arterial Blood Pressure Recorded in Response to 
Ascending Doses of Adenosine. Mean ± SEM presented. The m ean change 
in HR for 300 p g /k g  adenosine is not presented here as the response was 
com plex involving both bradycardia and tachycardia.
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6.7.a Potential Mechanisms for Renal Preconditioning of the 

Myocardium
Although a role for channels and adenosine receptors was

demonstrated in renal preconditioning of the myocardium the exact 

mechanisms involved are unclear. Several possibilities warrant 

consideration, including the following.

First, adenosine generated within the ischaemic kidney may be the sole 

mediator of cardioprotection if sufficient nucleotide survives passage 

through the lungs. Dose response experiments with bolus doses of 

adenosine demonstrated that approximately 50 |ig/kg elicited a fall in blood 

pressure comparable to that seen on renal artery reperfusion. This implies 

that the ischaemic kidney generated at least 100-150 |ig of adenosine during 

preconditioning assuming complete wash out from the kidney. It seems 

unlikely, however, that this would be sufficient to confer cardioprotection 

directly since doses of adenosine as high as 5 mg i.v. (infused over five 

minutes) [62] and 25 m g/kg i.v. [250] failed to protect the rabbit myocardium.

Second, adenosine, acting via adenosine receptors within the kidney, might 

evoke local release of other substances more stable in blood, such as kinins, 

endothelins, prostaglandins or renal medullary lipids which, following  

washout, could confer cardioprotection perhaps via a channel-linked 

mechanism [6 6 , 132].

Third, adenosine or another substance released by it locally within the 

kidney might stimulate renal afferents which in turn could activate efferent 

sympathetic outflow. A neurogenic mode of action has been alluded to by 

Gho et al [58] who prevented mesenteric ischaemic preconditioning of the 

myocardium with the ganglion blocker hexaméthonium.

Whilst adenosine or another substance released by it may trigger 

preconditioning the role of channels, perhaps in the inner

mitochondrial membrane, may be as the end-effectors of myocardial 

protection afforded by transient renal ischaemia.
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6.7.b Potential Mechanism for the Reperfusion Induced Drop in 

Systemic Blood Pressure
The transient drop in systemic diastolic blood pressure observed on renal 

artery reperfusion has been previously documented [251]. This phenomenon 

was not observed in sham controls suggesting it arose from the release of an 

endogenous factor from the ischaemic kidney rather than from  

manipulation of the renal artery, vein or nerve. Since the drop in blood 

pressure was abolished by the non-selective adenosine receptor antagonist, 

8 -SPT, this implied that adenosine either directly or indirectly caused the 

vasodilatation. Partial, but significant, attenuation of the fall in blood 

pressure was noted with the channel blocker, 5HD, alluding to a role for 

these channels in the vasodilator response. Niya et al [252] reported that 

adenosine coronary vasodilator activity acts via two types of adenosine 

receptors, one possibly an adenosine A 2 g-receptor and the other activating a 

Katp channel.

6.7.C Recent Evidence for "Remote Organ" Preconditioning
Whilst this study was in progress, "remote organ" preconditioning of the 

myocardium has been further documented. Birnbaum et al [59] 

demonstrated that skeletal muscle ischaemic preconditioning in the rabbit, 

elicited by reduction of blood flow with concomitant electrical stimulation of 

the gastrocnemius muscle, limited myocardial infarct size arising from  

sustained ischaemia. In contrast to all the other studies discussed here, there 

was no intervening period of reperfusion between muscle preconditioning 

and sustained ischaemia. Since preconditioning was induced by partial 

stenosis of the femoral artery there would, however, be residual blood flow  

through the muscle allowing the potential release of protective mediators 

into the circulation. Takaoka et al [253], using a similar rabbit model to the 

current study, reported a comparable limitation of myocardial infarct size by 

renal preconditioning (infarct size for controls: 34%; renal preconditioning: 

20%; coronary preconditioning: 16%). Coronary or renal preconditioning 

also diminished the detrimental effects of sustained ischaemia on  

myocardial energy metabolism as determined by intracellular pH, and the 

concentration of ATP and phosphocreatine. The limitation of infarct size
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and improvement in myocardial energy metabolism were both abolished by 

8 -SPT, thus providing the first indication for a role of adenosine receptors in  

"remote organ" preconditioning of the myocardium. It was also noted that 

8 -SPT was administered during the intervening period of reperfusion 

between preconditioning and sustained ischaemia, suggesting that 

occupation of adenosine receptors, by adenosine, is necessary during the 

prolonged myocardial ischaemia. In the experiments performed by my 

supervisor, 8 -SPT was given prior to renal preconditioning implying that 

adenosine is important for both triggering and mediating protection akin to 

"classic" ischaemic preconditioning [78]. The half-life of 8 -SPT is, however, 

approximately 45 minutes [62] which is long enough to block adenosine 

receptors both during preconditioning and sustained ischaemia.

6.8 Summary
Renal ischaemic preconditioning provided significant protection against 

sustained myocardial ischaemia. The K̂ jp channel blocker, 5HD, abolished 

this protection thus providing the first evidence for the activation of 

Katp channels, perhaps located in the inner mitochondrial membrane, in the 

mechanism of "remote organ" preconditioning.
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Delayed "Remote Organ" Preconditioning of 
the Myocardium

7.1 Introduction
Acute forms of ''remote organ" preconditioning of the myocardium have  

been described following brief ischaemia and reperfusion of the kidney, 

skeletal muscle and intestine (section 1.3.b). There have, however, been no  

reports to date of a delayed phase to this protection. A study to determine 

whether a delayed form of renal preconditioning of the myocardium exists 

was, therefore, performed also during the three month placement at Glaxo 

Wellcome. The role of channels in this form of protection would also 

be assessed.

7.2 Materials
Rabbits were obtained from the same supplier as for the acute renal 

preconditioning experiments (section 6 .2 ).

7.3 In Vivo Methods
The procedure was carried out under sterile operating conditions. All 

instruments were sterilised with 0.5% w /v  chlorhexidine gluconate in  

70% v /v  IMS (Hydrex; DePuy Healthcare, Leeds). Sterile gowns, laparotomy 

drapes and packs of gauze swabs plus cotton buds and polycotton silk suture 

were prepared by autoclaving. Initially rabbits were heavily sedated using 

the regimen described in section 3.3.b. However, this did not provide a 

satisfactory level of surgical sedation due to manipulation of very sensitive  

areas around the kidney. This regimen was, therefore, discontinued. Instead, 

sedation was achieved by pre-medication with 0.33 m l/kg s.c. 'Domitor' 

(contains: 1 m g/m l medetomidine HCl; SmithKline Beecham Anim al
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Health, Tad worth), an a 2 -adrenoceptor agonist with analgesic properties, 

followed 1 0  minutes later with 0.16 m l/kg i.v. 'Sublimaze' (contains: 

78.5 pg/m l fentanyl citrate; Janssen-Cilag Limited, High Wycombe) to 

provide narcotic analgesia. This combination provided 20 minutes of heavy 

sedation after which surgical anaesthesia was maintained by administration 

of 0.2 ml i.v. 'Sublimaze' as required. Both of these sedatives have reversing 

agents which can be used to rapidly return the rabbit to consciousness 

following the procedure or to prevent death by overdose. Ventilation was 

not required for this procedure as the sedatives used did not depress 

respiratory drive. A patch of fur was shaved from the neck, each limb, and 

the left side of both the chest and abdomen. ECG electrodes were placed on  

each limb for recording of the HR during the procedure to provide an 

indication of the rabbits state of sedation.

The area shaved on the flank was sterilised by spraying with 0.5% w /v  

chlorhexidine gluconate. A left laparotomy was then performed and the 

renal artery carefully dissected away from the renal nerve and vein. A piece 

of polycotton silk suture was placed under the renal artery to facilitate later 

retrieval. Lignocaine solution (Q.2-0.5 ml 2% w /v ) was applied topically to 

the renal artery to prevent spasm. In preconditioned rabbits the renal artery 

was occluded for 10 minutes as described in section 6.3; sham controls 

underwent a left laparotomy during a corresponding period of anaesthesia. 

After reperfusion the muscle layer was repaired using a running stitch of 3 /0  

Prolene attached to a cutting needle. The skin was subsequently repaired 

with mattress stitches of 3/0 silk suture attached to a cutting needle. 

Antibiotic and analgesic cover were provided by 0.2 m l/kg s.c. 24% w /v  

Tribrissen' (contains: 40 m g/m l trimethoprim and 200 m g/m l

sulphadiazine; Coopers Animal Health Limited, Crewe) and 0.1 m l/kg i.m .  

'Vetergesic', respectively. The animals were then quickly recovered by 

administration of the sedative reversal agents, 0.2 m l/kg s.c. 'Antisedan' 

(contains: 5 m g/m l Atipamezole HCl; SmithKline Beecham Anim al 

Health), for 'Domitor', and 0.1 m l/kg s.c. 'Nubain' (contains: 10 m g/m l 

nalbuphine HCl; DuPont Pharmaceuticals Limited, Letchworth Garden City)
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for "Sublimaze'. Rabbits were recovered and returned to their cages for 

48 hours with food and water ad libitum.

Twenty-four hours following surgery the rabbits were given an external 

examination as described in section 5.2.a, except that antibiotic cover was 

provided with 0.2 m l/kg s.c. "Tribrissen' instead of "Baytril' and no  

Tinadyne' was administered. Stitches were repaired, if required, using the 

procedure described in section 5.2.a.

Forty-eight hours following preconditioning or sham pre-treatment animals 

were anaesthetised (section 3.3.a) and 30 minutes of ischaemia followed by 

two hours reperfusion was carried out using the protocol described in  

section 4.2.b.

No differences in infarct size were seen between control and preconditioned 

hearts; in addition, control infarct sizes were lower than usually expected. It 

was speculated that one or more of the sedative /  reversal agents m ight 

have pharmacologically preconditioned the myocardium. None of these 

agents have been used in preconditioning studies before. Thus, any 

confounding effects are unknown. For this reason an extra group of sham  

control animals was performed returning to the original sedative regime of 

"Hypnorm' and diazepam (section 3.3.b). Additional topical administration 

of the local anaesthetic 2 % w /v  lignocaine solution was used to prevent 

muscle spasm during surgery. A satisfactory level of surgical anaesthesia was 

then achieved.

7.4 Experimental Treatment Groups
Delayed renal preconditioning of the myocardium was evaluated by random  

assignment of rabbits to two groups (see Figure 7.1 for protocols) a third 

group was then added to evaluate the effect of the sedative agents, (i) G rou p  

I: control (Sham) - sham period corresponding to renal artery occlusion, 

performed under 'Sublimaze' and 'Domitor' sedation, 48 hours prior to 

30 minutes myocardial ischaemia and two hours reperfusion, (ii) G roup II: 

renal preconditioning (Renal PC) -10  minutes renal ischaemia followed by
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10 minutes reperfusion 48 hours prior to ischaemia-reperfusion. (iii) Group  

III: control (Diazepam) - sham period corresponding to renal artery 

occlusion, performed under 'Hypnorm' and diazepam sedation, 48 hours 

prior to ischaemia-reperfusion.

48 Hours Minutes
10 Minutes Z' 3 0  120

Renal Ischaemia ^  Myocardial Reperfusion
/  Sham Period Ischaemia

Infarct Size 
Assessment

Figure 7.1: Delayed Renal Preconditioning Protocols.

7.5 Exclusion Criteria
As described in section 4.5 except that hearts were excluded if the risk 

volume was less than 0.4 cm̂  or greater than 1.9 cm̂ .

7.6 R esults

7 .6 .a Exclusions

A total of 24 rabbits was used in this study. All were well 48 hours following 

renal preconditioning or sham treatment. Two animals were excluded from 

the infarction study due to failure to occlude the coronary artery. Final 

numbers in the study were, therefore: seven Sham, eight Renal PC and 

seven Diazepam.

7.6.b Incidence of Ventricular Fibrillation

Ten hearts underwent VP during coronary artery occlusion or shortly after 

reperfusion: three Sham, two Renal PC and five Diazepam. All were 

converted to normal sinus rhythm within two minutes and were, therefore, 

included in the statistical analysis.
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7.6.C Haemodynamic and Temperature Data
Forty-eight hours after renal preconditioning or sham pre-treatment, there 

were no differences in MAP, rate pressure product, or core body temperature 

(Figure 7.2). Heart rates were significantly higher during ischaemia than 

during reperfusion, however, there were no differences between the groups 

during ischaemia. The overall similarity in the systemic haemodynamic and 

blood gas parameters, with the careful maintenance of temperature 

(38.0-38.5 °C) and pH (7.35-7.50), suggests that these factors did not contribute 

to the observed infarct sizes. Complete data sets for the blood gas and pH 

parameters can be found in Table 10.4 of Appendix D.

7.6.d Infarct Data
Mean risk and infarct volumes are presented in Table 7.1.

Table 7.1; Delayed Renal Preconditioning Mean Risk and Infarct Volume 

Data

Group n I (cmb R (cm )̂

Sham 7 0.26 ±0.07 1.06 ± 0.16

Renal PC 8 0.23 ± 0.09 0.89 ± 0.14

Sham (Diazepam) 7 0.30 ±0.07 1.24 ±0.10

Data presented as mean ± SEM. I = infarct volume, R = risk volume.

Infarct size as a percentage of the risk zone is shown graphically in  

Figure 7.3.
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Figure 7.2: Delayed Renal Preconditioning Flaemodynamic and Temperature 
Data. Panel a) HR (bpm), panel b) MAP (mmHg), panel c) rate pressure 
product, panel d) core body temperature (“C). Open symbols represent sham 
operated animals and closed symbols preconditioned animals. Data are 
presented as mean ± SEM.

To confirm the observed infarct sizes were independent of the risk zone 

infarct size was correlated against risk volume (Figure 7.4). A linear 

correlation with risk volume was observed for control and preconditioned 

heart infarct sizes. Transient renal ischaemia-reperfusion resulted in a small 

divergence of the regression lines which was skewed by the very large infarct 

size in the Renal PC group. The regression lines would otherwise by very
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similar for all three groups indicating no difference in infarct size between 

the groups.

60 n
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I
£
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1 0 -

Sham Renal PC Diazepam

Figure 7.3 Delayed Renal Preconditioning Infarct Size Data. Presented as a 
percentage of the risk zone. Individual data points {open circles) are depicted 
with their mean ± SEM {closed circles)
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Figure 7.4: Delayed Renal Preconditioning Infarct Size Correlated Against 
Risk Volume. Infarct size is presented as a percentage of the risk zone.
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7.7 Discussion and Summary
Since there were no differences im infarct size between the Sham control and 

Renal PC groups, the effect of channels was not investigated. Although  

this study does not provide evidemce for a delayed phase of "remote organ" 

preconditioning, the existence otf this phenomenon cannot be dismissed. 

The lower than expected control myocardial infarct size, 23% instead 

of approximately 40% (sections 4.6.d, 5.5.d, 6 .6 .d) usual for the

non-preconditioned rabbit myocardium, suggests that the heart may have 

been inadvertently preconditioned during the surgical procedure. Delayed 

myocardial preconditioning typically produces myocardial infarct sizes of 

around 20% (section 4.6.d).

It seems unlikely that the anaesthetic agents used were responsible for the 

observed infarct sizes. The effects of 'Domitor', 'Sublimaze', "Antisedan' and 

'Nubain' on infarct size have not previously been studied. However, 

'Hypnorm' and diazepam are known not to affect infarct size following 

ischaemia-reperfusion [141, 146, 149] and are, therefore, unlikely to 

inadvertently precondition the myocardium.

The overall similarities in haemodynamic, blood gas, blood pH and risk 

volume parameters suggest that they are unlikely to influence the observed 

infarct sizes. As an additional confirmation, that the risk zones were similar 

between all the groups, the percentage of the left ventricle at risk was 

calculated, as described in section 3.5, for each heart (Sham: 21.1 ± 2.56%; 

Renal PC: 21.2 ± 3.44%; Diazepam: 27.6 ± 1.72%; P = 0.194 by one-factor 

ANOVA).

The results of this study suggest that the myocardium was preconditioned as 

a result of the surgical procedures. The renal artery is inherently sensitive, 

therefore, perhaps even simple manipulation to free the artery from 

surrounding tissue caused the release of an endogenous factor resulting in  

delayed myocardial protection. A number of endogenous factors are known  

to be released from the kidney including, perhaps most importantly for their 

ability to precondition the myocardium, adenosine, bradykinin and ET-1.
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The kidney also releases renin in response to decreased extracellular fluid 

volume and blood pressure or increased sympathetic output. Such stim uli 

include constriction of the renal artery. Renin in turn converts circulating 

angiotensinogen into angiotensin I which is converted into angiotensin II 

by the angiotensin converting enzyme [254]. Angiotensin II is a potent 

vasoconstrictor and is also known to trigger preconditioning of the 

myocardium [63]. In addition, post-operative stress may result in high levels 

of circulating catecholamines which may themselves cause preconditioning. 

Due to the apparent protection observed in the control hearts further 

investigation of this phenomenon is, therefore, necessary before it can be 

disregarded.
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Regulation of Kir6.2 mRNA Expression

8.1 Introduction
The experiments performed so far have studied the channel in the 

whole animal using pharmacological agents which block the channel. 

Whilst it is believed these agents are specific for channels (section 2.5) it 

cannot be discounted that some of their actions, in the whole animal, may 

arise from non-specific interactions. In addition, these methods provide no  

clue as to how K̂ p̂ channels are modulated by preconditioning, for example, 

whether their numbers are increased or their function altered. Akao et al 

[255] previously demonstrated a significant increase in mRNA for the Kir6.1 

subunit peaking at 24 hours following a severe 60 minute regional 

ischaemia in the rat. A slight increase in Kir6.2 mRNA was also observed 

with no change in SUR2 mRNA. A similar profile was observed both in  

tissue within and outside the risk zone.

It was, therefore, decided to study the K̂ p̂ channel directly by determining 

the relative quantities of mRNA in left ventricular tissue from control, heat 

stressed and ischaemically preconditioned rabbit hearts. Two methods were 

chosen to determine mRNA expression of the channel pore forming 

subunit, Kir6.2. In association with SUR2A, BCir6.2 is thought to form the 

cardiac sarc-K^^p channel (section 2 .2 ). The structure of the mito-K^jp channel 

is, however, unknown. Since the mito-K^pp channel is activated by diazoxide 

and, in addition, Kir6.2/SUR1 and Kir6.2/SUR2B K̂ p̂ channels are known  

to be diazoxide-sensitive it is possible that the Kir6.2 subunit may exist in  

both sarcolemmal and inner mitochondrial membranes. Kir6.2 m R N A  

expression was assessed using the reverse transcriptase polymerase chain 

reaction (RT-PCR) and Northern blot analysis. Three time points were 

chosen following either a sham period of anaesthesia, HS or ischaemic 

preconditioning. The first was during the acute phase of protection (at one  

hour), the second between the two phases of protection (at three hours) and 

the third during the delayed phase of protection (at 24 hours).
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8.2 RNA Preparation

8.2.a I n  V i v o  Protocols 

H e a t  S t r e s s

Twelve rabbits were entered into the HS protocol (section 4.2.a) and 10 

underwent a corresponding sham period of anaesthesia. Four animals were 

recovered for either one, three or 24 hours following HS. A further four 

animals were recovered for either 24 or three hours following the sham  

period and an additional two were recovered for one hour. Animals were 

then re-anaesthetised for heart excision as described in section 4.2.b. In order 

to prevent RNA degradation, on excision, hearts were quickly rinsed in  

sterile 0.9% w /v  saline before the left ventricle was chopped up and rapidly 

frozen in liquid nitrogen. Tissue was stored at -80 °C for later RNA  

extraction (section 8.2.b). The HS protocols are summarised in Figure 8.1.

I s c h a e m i c  P r e c o n d i t i o n i n g

Six rabbits were entered into the preconditioning protocol. Rabbits were 

prepared using the protocol described in section 4.2.b except that the left 

coronary artery was occluded for four cycles of five minutes ischaemia 

interspersed with 10 minutes reperfusion in place of the sustained 

occlusion. Three hearts were excised at one hour following preconditioning 

and a further three at three hours. An additional two rabbits underwent a 

corresponding period of anaesthesia following which hearts were excised at 

one hour. Unfortunately, there was insufficient time to prepare rabbit tissue 

at 24 hours following preconditioning /  sham operation. Instead, left 

ventricular tissue previously prepared, in house, was used to assess Kir6.2 

mRNA at 24 hours. Preparation was identical to that described in section

5.2.a, however, rabbits were only recovered for 24 hours before their hearts 

were excised as above. Only left ventricular tissue below the coronary artery 

ligature was harvested, i.e. that within the risk zone. The ischaemic 

preconditioning protocols are summarised in Figure 8.1.
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15 Minutes

Heat Stress (42 *C) 
/  Sham Anaesthesia t f t

1 3  24
Hours

f  t f
1 3  24

Hours

Minutes 
5 10 5 10 5 10 5

Ischaemic Preconditioning 
/  Sham Anaesthesia

Figure 8.1: Heat Stress and Ischaemic Preconditioning Protocols.

8.2.b Total RNA Extraction
Total RNA was prepared from 50-100 mg of frozen left ventricular tissue. 

All samples were kept on ice during extraction to prevent RNA degradation. 

The tissue was completely homogenised in 2 ml RNAzol B (Biogenesis, 

Poole) to prevent enzymatic degradation of the RNA. Fatty acids and 

proteins were removed by extraction with chloroform as follows. The 

homogenate was vortexed for 15 seconds with 200 |il of chloroform cind left 

to incubate, on ice, for five minutes. The aqueous and organic layers were 

separated by centrifugation (11,500 g for 15 minutes at 4 °C) and the top 

aqueous layer removed to a fresh sterile tube. The chloroform extraction was 

repeated, using 1 ml chloroform, and the top aqueous layer again removed  

to a fresh sterile tube. Isopropanol (1 ml) was added, the samples vortexed 

and then left overnight at -20 °C to precipitate the RNA. The following day 

samples were centrifuged at 11,500 g for 15 minutes at 4 °C, to pellet RNA, 

and the supernatant decanted. The pellet was re-suspended in 1 ml 75% v /v  

ethanol, to wash away salts precipitated by the isopropanol and then  

re-formed by centrifugation (11,500 g for 10 minutes at 4 “C). The ethanol 

was decanted, the last remaining drops carefully removed using a pipette, 

and the pellet allowed to air-dry for 30 seconds. The RNA was re-suspended 

in 20 |il 0.1% v /v  diethyl pyrocarbonate (DEPC)-treated water (Appendix C) 

and stored at -80 “C.
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8.2.C Total RNA Quantitation
RNA prepared in section 8.2.b was diluted 1:500 in sterile distilled water and 

the absorbance at 260 nm (A2 6 0 nm) measured using a spectrophotometer. The 

total RNA concentration was determined using the following equation:

Total [RNA] (jig/m l )  = Az^onm  ̂dilution factor (500) x 40 |L L g /m l

The value obtained was divided by 1000 to arrive at a concentration in units 

of |ig /|il.

8.3 RT-PCR Analysis of Kir6.2 mRNA

8.3.a Generation of cDNA Probe
The cDNA sequence for New Zealand White rabbit {Oryctolagus cuniculus)  

Kir6.2 was obtained from the GenBank Database (Accession number: 

AF006262). Kir6.2 template cDNA was prepared in house, briefly, two 

lengths of sequence, containing approximately 20 base pairs (bp), were 

chosen as suitable primers for detecting Kir6.2 mRNA; see Figure 8.2. The 

primers were cross-checked against the GenBank Database to ensure there 

was no homology with any other sequences and then synthesised by Gibco 

BRL Life Technologies. The two primers were chosen to allow the synthesis 

of a 609 bp cDNA fragment of the Kir6.2 sequence.

RABKIR621 (forward)  ̂ agt gga cgc aca cgc tgc tea ^

RABKIR622 (complementary) agg tea tac agt gga ctg tt y

Figure 8.2: Kir6.2 Primer Sequences

The Kir6.2 primers were used to isolate Kir6.2 cDNA from rabbit heart tissue 

by RT-PCR. For subsequent amplification the purified Kir6.2 cDNA was 

inserted into a pCR®2.1 vector (Invitrogen BV, Leek, The Netherlands) 

(Figure 8.3) and transformed into Escherichia coli (£. coli). The organisms 

were cultured and the cloned Kir6.2 template cDNA isolated and purified. 

The sequence of the purified cDNA fragment was confirmed to be identical 

to the published sequence using the polymerase chain reation (PGR) based
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dye terminator technique on an Applied Biosystems 377 DNA Sequencer 

(University of Bath, Bath).

EcoRI EcoRI

Kir6.2 609bp

lacZa

P lac
FI origin

Kanamycin
resistance

ColEl origin

Ampicillin
resistance

Figure 8.3: Kir6.2 Vector.

RT-PCR Protocol

RT-PCR was performed, according to the method invented by Mullis [256], 

using a proprietary kit (GeneAmp® EZ rXth RNA PGR kit; Perkin Elmer 

Applied Biosystems, Warrington) which allows the reverse transcriptase 

step to be carried out in the same reaction vial as the PGR steps without 

interruption. This is achieved using xTth DNA polymerase, a recombinant, 

thermostable enzyme encoded by a modified form of T h erm  us  

therm ophi lu s .  This enzyme is able to reverse transcribe RNA efficiently in  

the presence of Mn̂  ̂ ions and high temperatures.

Briefly, a master solution of RT-PGR reagents was prepared, on ice, allowing  

50 |xl per sample. For a reaction volume of 50 pi the following quantities 

were used: 23 pi sterile distilled water, 10 pi 5x EZ buffer (250 mM bicine, 

575 mM potassium acetate, 40% w /v  glycerol; pH 8.2), 6 pi dNTP mix (1:1:1:1 

mix of 10 mM dATP, 10 mM dGTP, 10 mM dCTP and 10 mM dTTP), 1 p i 

Kir6.2 primer mix (1:4 dilution of a 1:1 mix of 100 pm ol/pl RABKIR621 and 

100 pm ol/pl RABKIR622), 2 pi rTth DNA polymerase (2.5 U/pl). Precisely
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300 ng of total RNA was pipetted into each PCR reaction tube. Master 

solution (46 pi) was added to each test sample and a blank tube. The RT-PCR 

was carried out using a PCR machine (Progene; Techne Limited, Cambridge). 

A number of reactions were performed to determine the number of 

amplification cycles required to achieve optimal Kir6.2 cDNA amplification 

(Figure 8.4). In order to use this technique semi-quantitatively it was 

important to use choose a cycle number which halted the PCR whilst the 

reaction kinetics were still linear; i.e. before substrate or product became 

limiting. The reaction was stopped at 40 seconds through the 72 “C cDNA  

elongation segment of cycles 30, 32, 36 and 40; 15 pi of RT-PCR product was 

removed and stored at 4 °C for later separation on an agarose gel.

s.s. mRNA

Reverse Transcription 30 minutes /  60°C) *d.s. cDNA

2 minutes /  94°C

cDNA dénaturation

1 minute /  94“C

ces !

t
4-.̂  /  aA<>n J

DNA Amplification {  45 seconds /  62"C Primer annealing
 ̂ 45 seconds /  72°C\as /  /z  L. ^  

tel /  72°r J

Primer extention

7 minutés /  72°C

Figure 8.4: Optimal RT-PCR Conditions. d.s. = double stranded, s.s. = single 
stranded.

8.3.b Separation of cDNA by Gel Electrophoresis
A 2% w /v  solution of agarose (200 ml) was prepared, with warming, in  

Tris-EDTA buffer (Ix TAB; Appendix C) after which 33.3 pi of 0.5 m g/m l 

ethidium bromide was added. The gel was allowed to cool to approximately 

60 “C before being poured into a gel caster, containing a well-former, and 

allowed to set for 15-30 minutes. The gel was placed in a horizontal 

electrophoresis tank filled with Ix TAB. Loading buffer (2 pi. Appendix C) 

was added to 15 pi of each RT-PCR product before loading onto the gel.
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A 1 kb DNA ladder (5 |il. Gibco BRL Life Technologies) was used as a 

marker. The cDNA was separated electrophoretically at 80 V for one to two 

hours and the Kir6.2 band visualised by ultra-violet light.

8.4 Kir6.2 mRNA Analysis by Northern Blotting

8.4.a Separation of RNA by Gel Electrophoresis and Transfer to 

Nylon Membrane for Kir6.2 mRNA Detection
RNA samples prepared in section 8.2.b were separated on a 1.2% w /v  

agarose gel. Agarose (2.4 g) was dissolved, with warming, in 146 ml of 

0.1% v /v  DEPC-treated water. Formaldehyde solution (16.2 ml 37% v /v )  and 

20 ml of lOx MOPS (Appendix C), pre-warmed to 60 °C, was quickly added to 

the warmed agarose solution. The gel solution was thoroughly mixed and 

allowed to cool before being poured into a gel caster to set as above.

Meanwhile the RNA samples were prepared. A master solution of sample 

buffer was made allowing 25 pi per RNA sample. For a reaction volume of 

25 pi the following quantities were used: 12.5 pi de-ionised formamide 

(Appendix C), 4 pi 37% v /v  formaldehyde solution, 2.5 pi lOx MOPS and 

0.3 pi 0.5 m g/m l ethidium bromide. RNA (15 pg) was pipetted into a 1.5 m l 

Eppendorff tube, 0.1% v /v  DEPC-treated water was added to bring all the 

samples to the same volume (6 pi), finally 19.5 pi of the master solution was 

added. Samples were incubated at 60 °C for 15 minutes and then placed on  

ice for two minutes. Loading buffer (2 pi) was added to each sample, which  

was mixed and quickly spun in a micro-centrifuge to bring the sample to the 

bottom of the tube. The gel was immersed in Ix MOPS (lOx MOPS diluted 

with distilled water) and the samples carefully loaded. RNA was separated 

electrophoretically at 80 V for four hours. Equivalence of RNA loading was 

visually confirmed by ultra-violet light as the intensity of the orange 

fluorescence produced by the binding of ethidium bromide to RNA is 

proportional to the RNA concentration. The rRNA bands (28S and 18S) 

were used for this purpose.
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RNA was transferred, by capillary action, onto a nylon membrane for later 

detection of Kir6.2 mRNA. In brief, the agarose gel was soaked in distilled 

water for five minutes followed by lOx sodium chloride-sodium citrate 

buffer (lOx SSC; Appendix C) for five minutes. A piece of nylon membrane 

(Hybond-N; Amersham Life Science), cut to the same size as the gel, was 

soaked in distilled water for a few minutes before being transferred to lOx 

SSC buffer for 5-10 minutes. A plastic tray was half-filled with lOx SSC and a 

plastic insert placed in the buffer with its flat surface above the level of the 

buffer. A wick of No. 1 Whatman paper was placed on the plastic insert w ith  

each end dipping into the lOx SSC. The gel was placed onto the wetted 

Whatman paper and the area around the gel covered with Parafilm 

(American National Can̂ "̂ , Neenah, Wisconsin) to prevent transfer from  

the filter paper onto the paper towel. The nylon membrane was placed onto 

the gel and another piece of No. 1 Whatman paper, the same size as the gel 

and soaked in lOx SSC, placed on top. A sterile pipette was used to roll out 

any air bubbles which would otherwise prevent transfer. A 5 cm stack of 

paper towel, cut to the same size as the gel, was placed on top of the filter 

paper with a heavy weight on top. The RNA was allowed to transfer onto 

the nylon membrane overnight (16-24 hours) by capillary action. The RNA  

was cross-linked onto the nylon membrane by exposure to ultra-violet light 

for 30 seconds in a crosslinker (Stratlinker 1800; Stratagene, Cambridge). The 

membrane was then washed in distilled water, dried in an oven at 60 °C and 

stored, wrapped in clingfilm, at room temperature for subsequent probing 

for Kir6.2 mRNA.

8.4.b Preparation of Kir6.2 cDNA for Radio-Isotope Labelling
Purified Kir6.2 template cDNA, prepared in house (section 8.3.a), was 

amplified by PCR using a proprietary kit {Taq PCR Core Kit; Qiagen Limited, 

Crawley) which utilises Taq DNA polymerase isolated from T h e r m u s  

aquaticus. Briefly, a master solution of PCR reagents was prepared, on ice, 

allowing 100 pi per sample. For a reaction volume of 100 pi the following  

quantities were used: 10 pi lOx PCR buffer (Tris-HCl, KCl, (NHJ^SO^, 15 mM  

MgClz; pH 8.7), 2.5 pi 25 mM MgClz (optimal for Kir6.2 cDNA amplification), 

2 pi dNTP mix (1:1:1:1 mix of 10 mM dATP, 10 mM dCTP, 10 mM dGTP and
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10 mM dTTP), 1 \il Kir6 .2 primer mix (1:4 dilution of a 1:1 mix of 

100 pmol/^il RABKIR621 and 100 pmol/)Lil RABKIR622), 0.5 pi Taq DNA  

polymerase (5 U/pl), 23 pi sterile distilled water. Kir6.2 template cDNA (1 pi. 

Section 8.3.a) was pipetted into a PCR reaction tube; 46 pi of master solution  

was added to this and a blank tube. The PCR was carried out using a PCR 

machine and the conditions described in Figure 8.5.

tes /  94"C ^

t
4- ^  /  Q A ^ n  J

2 minutes /  94°C

cDNA dénaturation

1  minute /  94°C

DNA A ^ S c a t io n  {  P ™  annealing
^ 45 seconds /  72°C ^las /  /z  c  "I 

tM /  I T d  JPrimer extention

7 minutes /  72°C 

Figure 8.5: Optimal PCR Conditions.

The PCR product ( 2  pi) was analysed on a 2 % w /v  agarose gel to determine 

its purity. An extra band was observed, therefore, the PCR product required 

cleaning. The remaining PCR product was separated on a 1% w /v  agarose 

gel. The Kir6.2 cDNA band from both of these gels was visualised under 

ultra-violet light and precisely cut using a sterile scalpel blade before being 

stored in a sterile 2 ml tube at 4 “C. The Kir6.2 cDNA was cleaned using a 

proprietary kit (GENECLEAN® Kit; BIO 101 Inc., La Jolla, California, USA). 

Briefly, the total weight of agarose gel bands was recorded. Two to three 

volumes, equivalent to the volume of agarose (1 g = 1 ml), of 6 M Nal was 

added. The tube was heated at 45-55 °C, with occasional mixing, for five 

minutes to dissolve the agarose. Once the gel was completely dissolved 10 pi 

of GLASSMILK® suspension was added, the solution mixed and incubated 

on ice for five minutes with mixing every 1-2 minutes. The silica matrix, 

with the bound DNA, was pelleted by centrifugation at 11,700 g for five  

seconds. The supernatant was decanted and the pellet washed three times 

with 400 pi of ice cold NEW WASH (contains: NaCl, ethanol and water). 

In each instance the pellet was re-suspended, centrifuged as before for
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five seconds and the supernatant discarded. After the final wash was 

completed the tube was quickly spun to allow removal of the last remaining 

drops of ethanol. The DNA was eluted twice from the silica matrix with  

10 |il of sterile distilled water. The tube was incubated for 2-3 minutes at 

45-55 “C and centrifuged at 11,700 g for 30 seconds before the eluate, 

containing the DNA, was carefully removed. The cleaned DNA product 

( 2  pi) was analysed and quantitated on a 2 % w /v  agarose gel. There was still 

some contamination, therefore, the GENECLEAN® process was repeated.

8.4.C ^^P-Labelling of Probe and Kir6.2 mRNA Detection
Purified Kir6.2 template cDNA (section 8.4.b) was used to prepare a 

radio-isotope labelled probe for the detection of Kir6.2 mRNA. W hilst 

handling radio-active material measures were taken to limit exposure 

(monitored using a Series 900 Mini-monitor; Mini Instruments Limited, 

Burnham-on-Crouch) and to prevent contamination. Decon®90 (Decon 

Laboratories Limited, Hove) was used for decontamination. The purified 

Kir6.2 cDNA was labelled with using a Random Primed DNA Labelling 

Kit (Boehringer Mannheim UK, Lewes). This method is based on the 

hybridisation of a mixture of hexanucleotide oligomers (which the Klenow  

enzyme uses as templates for DNA polymerisation), non-labelled 

dATP, dGTP, dTTP and ^^P-labelled dCTP to the template cDNA. The 

complementary strand was synthesised using the Klenow enzyme which  

randomly incorporates ^^P-dCTP during synthesis. In brief, 2 pi Kir6.2 

template cDNA (50 ng) and 7 pi sterile distilled water was boiled at 100 ° C 

for 5-10 minutes in a screw-cap tube to denature the cDNA. The tube was 

spun quickly and put on ice. No. 6  buffer (2 pi), 3 pi dNTPs (1:1:1 mix of 

dATP, dGTP and dTTP), 1 pi Klenow enzyme (2 U /m l in 50% v /v  glycerol) 

and 5 pi ^^P-dCTP was added, the tube shielded with perspex and incubated 

at 37 “C for 1.75 hours. The Kir6.2 ^^P-labelled probe was then purified to 

remove the excess nucleotides. A sephadex pressure column (Stratagene) 

was prepared by pipetting 70 pi of sodium-Tris-EDTA buffer (STE) 

(Appendix C) into the top of the column. This was pushed through with  

10 ml of air using a syringe with a luer-lock fitting. STE (70 pi) was added to 

the ^^P-labelled Kir6.2 probe, the solution mixed, placed on the column and
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pushed through as before. The column was washed through once more with 

70 |il STE and 10 ml of air. The cleaned probe was collected from the bottom  

of the column into a screw-cap tube; the excess nucleotides were retained on  

the column. The activity of the labelled probe was assessed by measuring the 

counts per second (cps) at a distance of 1 m from the Mini-monitor (>50 cps 

was ample). The probe was diluted 1:1 with 10 m g/m l sonicated Salmon  

sperm DNA (Stratagene), i.e. 100 fil was added, and boiled at 100 “C for 10 

minutes. The probe was kept on ice ready for hybridisation to the Nylon  

membranes on which the RNA was previously transferred (section 8.4.a).

The Nylon membranes were placed into glass hybridisation tubes, RNA side 

inner-most, so that they stick to the inside without over-lapping. 

Pre-warmed (65 °C) QuickHyb® solution (7 ml. Contains: 0.5 M NaCl; 

Stratagene) was poured into each tube and incubated at 65 “C for 20 minutes. 

For probe activity >50 cps half the probe was used for each hybridisation (i.e. 

100 jil). The ^^P-labelled Kir6.2 probe was added down the centre of each tube 

and the membrane incubated for 1.5 hours at 65 °C in a hybridisation oven  

(Stuart Scientific Co. Limited, Redhill). Following hybridisation, the probe 

was carefully poured down the sink with plenty of cold, slow running water 

(in compliance with University College London radiation safety 

requirements). The membrane was washed with 50 ml pre-warmed 2x SSC 

(non-strigent wash) for five minutes at 65 °C. A second mildly strigent wash 

was performed using 50 ml of pre-warmed Ix SSC /  1% SDS for 10 m inutes 

at 65 “C. The membranes were removed, gently dabbed to remove surplus 

liquid and the cps assessed. The cps were reduced to the required level 

(10-20 cps) by using progressively more stringent 50 ml washes of 

pre-warmed 0.5x SSC /  0.5% SDS followed by 0.25x SSC /  0.25% SDS and 

finally O.lx SSC /  0.1% SDS for 5-10 minutes at 65 “C. The membranes were 

wrapped in clingfilm, ensuring there were no creases, and secured in a 

shielded film cassette. A pre-exposed luminescent marker (Stratagene) was 

placed alongside the membranes to help positioning later. The membranes 

were exposed to autoradiographic film at -80 “C for 8-72 hours; films were 

developed as described in section 4.3.d.
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To control for RNA loading and intensity, the membrane was subsequently 

probed with a cDNA encoding GAPDH. The GAPDH template cDNA was 

prepared in house, briefly, two primers (Figure 8 .6 ) were chosen from the rat 

cDNA sequence obtained from the GenBank Database (Accession number: 

M17701) to allow synthesis of a 665 bp cDNA fragment of the GAPDH 

sequence (Gibco BRL Life Technologies).

LEAPDM5 (forward) 

LEAPDM3 (complementary)

Figure 8 .6 : GAPDH Primer Sequences.

cca tea cca tct tcc agg age g 3 . 

acc tgg tgc tea gtg tag cc 3 ,

The rat GAPDH primers were used to isolate GAPDH mRNA from rat 

heart tissue by RT-PCR. To increase the yield the GAPDH cDNA was 

inserted into a pCR®2.1 vector (Figure 8.7), as used above for Kir6.2, and 

transformed into E. coli. The organisms were cultured and the cloned 

GAPDH template cDNA isolated and purified, as before. The sequence of the 

purified cDNA fragment was confirmed to be a partial GAPDH sequence 

using the PCR based automated sequencing facility at the University of Bath.

EcoR I EcoR I

GAPDH 665bp

lacZa

P lac
FI origin

pCR®2.1-GAPDH 
4565 bp

Kanamycin
resistanceColEl origin

Ampicillin
resistance

Figure 8.7: GAPDH Vector.

A 5 |il aliquot of GAPDH template cDNA (50 ng) was labelled with ^^P-dCTP 

for two hours as above. The nylon membranes prepared for Kir6.2 m R N A
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detection were stripped of radio-labelled probe by boiling in O.lx SSC /  0.1% 

SDS for 30 seconds each side. The clean membranes were then probed for 

GAPDH by hybridising for 90 minutes as described above.

8.5 Analysis of HSP72 Protein Following Heat Stress
To ensure that the HS protocol elicited the stress response the level of HSP72 

protein was assessed by Western blot analysis. Protein was isolated from  

sham control and heat stressed left ventricular tissue harvested at one, three 

and 24 hours (prepared in section 8 .2 .a). Proteins were separated by 

SDS-PAGE and HSP72 detected by Western blot analysis (section 4.3).

8.6 Results

8.6.a Kir6.2 mRNA Expression by RT-PCR
This method was only used to assess sham versus HS treated tissue at the 

three and 24 hour time points. The results obtained within each group were 

very variable. This method of mRNA analysis is highly dependent on the 

concentration of RNA in each sample being identical. The nature of RT-PCR 

denotes that very small errors are amplified greatly. Since the results were 

equivocal this method of mRNA assessment was pursued no further.

8.6.b Kir6.2 mRNA Expression by Northern Blot Analysis
GAPDH can act as an anti-oxidant enzyme detoxifying H^Og and, therefore, 

its activity could potentially be modified by preconditioning stim uli. 

Previous studies measuring the activity of this enzyme follow ing  

preconditioning, however, demonstrated no alterations in its activity after a 

rabbit "classic" preconditioning protocol followed by 30 minutes of 

ischaemia [133]. To ensure GAPDH was not regulated in the current study 

the RNA loading measured by Northern blot analysis for GAPDH was 

compared to that determined by ethidium staining of the rRNA bands. It 

was confirmed that 100% transfer of RNA had occurred from the gel to the 

membrane during blotting, therefore, the above comparison could be made. 

Figure 8 . 8  shows that RNA loading assessed by GAPDH closely reflected that
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assessed by the staining of the 28S rRNA band confirm ing that GAPDH was 

not regulated under the conditions of these experim ents. Therefore, the  

GAPDH signal intensity elicited by auto-radiography w as used as the control 

probe for RNA loading

la)

28S rRNA

1 3 24 1 3 24 H ours

Sham

b)

GAPDH

1 3 24 1 3 24 H ours
I __________________ II_____________________ I

Sham HS

II a)

28S rRNA

1 24 1

Sham

3 24 H ours
_________ I

PC

b)

GAPDH

24 1
 II____

24 H ours 
 I

Sham PC

Figure 8.8: C on firm ation  that G A PD H  is not R egu lated  by H eat Stress or 
Isch aem ic  P recon d ition in g . P anel I) HS, p an el II) ischaem ic preconditioning. 
P anel a) Ethidium  staining of the 28S band, pan el b) N orthern blot for 
GAPDH.

H ea t Stress

HS did not alter the level of Kir6.2 m R NA expression betw een control and  

pre-treated tissue at one, three or 24 hours, w hen corrected for RNA loading
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using GAPDH. The levels of Kir6.2 m RNA  were very consistent across all 

the sam ples w ithin  each group. Representative sam ples are depicted in  

Figure 8.9.

18S rRNA 

Kir6.2

24

Sham HS

24 H ours 
 I

GAPDH

24 1
 I I _ _ _ _

Sham HS

24 H ours

Figure 8.9: R ep resen ta tive  N orth ern  Blot D em on stra tin g  Kir6.2 m R N A  
E xp ression  at 1, 3 and 24 H ours F o llo w in g  H eat Stress. GAPDH dem onstrates  
RNA loading.

The number of sam ples that could be separated at any one time on a gel was 

insufficient to sim ultaneously compare all the sam ples from each of the six 

groups. Since the m R NA  expression was consistent w ith in  the groups tw o  

sam ples w ere chosen from each group to run on the sam e gel thus a llow in g  

direct com parison of m RNA levels betw een all six groups. The relative  

densities of the bands were assessed by laser densitom etry (SHARP JX-330 

scanner w ith  ImageMaster^^ 1.10 software; Pharmacia Biotech, St. A lbans) 

and are presented in Figure 8.10.
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C
D

t

Hours

Sham

Figure 8.10: E xpression  of Kir6.2 m R N A  F o llo w in g  H eat Stress. Kir6.2 
densities were corrected for GAPDH density and are presented as m ean  
arbitrary units.

Ischaemic Preconditioning

Ischaem ic preconditioning did not affect the expression of Kir6.2 m R N A  at 

one, three or 24 hours w hen corrected for RNA loading. R epresentative  

sam ples are depicted in Figure 8.11.

18S rRNA  

Kir6.2

24 H ours 
J

Sham PC

GAPDH

24 H ours

Sham PC

Figure 8.11: R ep resen ta tive  N orth ern  B lot D em o n stra tin g  Kir6.2 m R N A  
E xp ression  at 1, 3 and 24 H ours F o llo w in g  Isch aem ic P reco n d itio n in g .
GAPDH dem onstrates RNA loading.
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The level of mRNA expression was very consistent within each group 

except for one of the one hour samples and two of the three hour samples in 

which the RNA had degraded these samples were, therefore, excluded from 

the analysis. All of the remaining samples were compared by laser 

densitometry Figure 8.12.

cD

<
c
01

Hours

Sham

Figure 8.12: E xpression of Kir6.2 m R N A  F o llo w in g  Isch aem ic
P reco n d itio n in g . Kir6.2 densities were corrected for GAPDH density and are 
presented as mean ± SEM arbitrary units.

8 .6 .c FISP72 Analysis

HSP72 was elevated at one, three and 24 hours following HS (F igure 8.13).

HSP72

***•»« #### mat*':

A (tin

Hours 1

Sham HS
Figure 8.13: W estern  Blot for HSP72 E xpression  at 1, 3, and 24 H ours  
F o llo w in g  H eat Stress.
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When corrected for protein loading, achieved by laser densitometry, HS 

resulted in a 16-fold increase in HSP72 at one hour, a 13-fold increase at 

three hours and a five-fold increase at 24 hours (Figure 8.14). These results 

confirm that the stress response was elicited by the HS protocol and are 

consistent with previous studies of the time course of HSP72 induction 

following transient hyperthermia in the rat [179, 180].

D

-e<
cri(U

0.8 -

0.7 -

0.5 -

0.4 -

0.2 -

0.1  -

Hours

Sham

Figure 8.14: HSP72 Expression at 1, 3 and 24 Hours Following Heat Stress.
Densities of the HSP72 bands were corrected for the density of the actin band 
and are presented as mean ± SEM arbitrary units. * = P<0.05 by one-factor 
ANOVA.

8.7 D iscu ssion
Neither HS nor ischaemic preconditioning were found to alter the level of 

Kir6.2 mRNA expression. Whilst this suggests that the expression of this 

subunit is not induced by these stresses it does not rule out translational or 

post-translational modifications which may alter the properties of the 

channel. Significant numbers of channels (0.5/|im )̂ are present in 

the sarcolemmal membrane of myocytes so the actions of these channels 

may reside in their physical properties rather than their absolute numbers. 

The relative numbers of mito-K^^p channels in the inner mitochondrial
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membrane are unknown. The expression of the channel subunits has 

not been studied, to date, in the setting of cardioprotection, although 

prolonged severe ischaemia was shown to elevate the levels of Kir6.1 and 

Kir6.2 mRNA in the rat at 24 hours [254]. Whilst Kir6.1 may be the more 

exciting candidate for a role in adaptation to stress since it has been located 

in mitochondria [192] the rabbit sequence for this subunit has yet to be 

identified. The Kir6 .2 subunit was, therefore, chosen for study since this 

subunit, together with SURl or SUR2B, reconstitutes diazoxide-activated 

Katp channels. Kir6.2 may form a component of mito-K^yp channels and thus 

should not be disregarded yet. Cloning and functional analysis of the Kiré.x 

and SUR subunits should lead to some exciting insights into the role of 

Katp channels in adaptive cardioprotection.

The five-fold induction of HSP72 at 24 hours following HS was previously 

established. The time course of HSP72 induction between zero and 24 hours 

following HS, however, has not been previously investigated in the rabbit. 

Early studies in the rat demonstrated that maximal HSP72 induction  

occurred at 24 hours [256]. This was hence presumed to be the same for 

rabbits. The current study in the rabbit and recent studies in the rat, 

however, show that the time course for HSP72 induction by transient 

hyperthermia varies. Surprisingly, in this study and that of Yamashita et al  

[179], in the rat, maximal induction of HSP72 was achieved between one and 

three hours following HS, whilst Qian et al [180] and Cornelussen et al [48], 

both in the rat, demonstrated maximal induction at 12-24 hours. W hether 

the observed early increase in HSP72 content following HS is consistent with 

increased levels of functionally active protein has yet to be determined.

8.8 Summary
Neither HS nor ischaemic preconditioning resulted in increased Kir6.2 

mRNA expression at one, three or 24 hours. Whilst these data suggest that 

there is no change in the gene expression pattern of the gene encoding Kir6.2 

in association with cardioprotection, translational and post-translational 

modifications which alter the functional properties of the Katp channel 

cannot be excluded.
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CHAPTER 9 

General Discussion

9.1 Summary and Discussion
The aims of this thesis were to determine the role of channels in novel 

forms of cardioprotection. A role for channels was demonstrated in  

delayed adaptation to HS and in acute protection afforded by brief renal 

ischaemia thus supporting a role in cardioprotection. Unfortunately 

intra-assay variation was too great to determine a role for channels in  

delayed ischaemic preconditioning. When expressed as a percentage of the 

risk zone, infarct size was not different between the groups assessed by 

one-factor ANOVA. When considered independently of the 5HD groups, 

preconditioned hearts had significantly smaller infarcts than control hearts, 

as compared by two-tail Student's unpaired T-test, suggesting a trend 

towards protection which was obscurred by the unusually large variation 

within the groups. The reasons for this variation are unclear since the risk 

volumes, haemodynamic parameters and core body temperature were 

similar for all the groups. Contributing factors may, therefore, include: 

(i) the length of time taken to perform the study, 18 months; (ii) the 

unavoidable change of rabbit supplier in the middle of the study, although 

the genetic stock was maintained differences in environment may be a 

factor; and (iii) a fundamental problem with the reaction of the rabbits to 

the protocol. The results of this study were, therefore, equivocal. An attempt 

was made to determine whether a delayed phase of protection exists 

following brief renal ischaemia. In this study there was no difference 

between control and preconditioned infarct sizes. Control infarct sizes were 

comparable to those of preconditioned hearts in other studies suggesting 

that the control hearts were protected in this study. These results suggest 

that the surgical procedures themselves preconditioned the myocardium. 

The renal artery is inherently sensitive, perhaps even simple manipulation 

to free the artery from the surrounding tissue caused the release of an 

endogenous factor resulting in delayed protection. This was not, however.
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observed during the short periods used to study acute renal preconditioning, 

thus post-operative stress may be a contributing factor. Further investigation 

is required to assess whether a delayed phase of '^remote organ" 

preconditioning exists. The use of the K̂ -̂p channel blocker 5HD, now  

thought to be specific for mito-K^jp, channels, suggests a role for these 

particular channels in the adaptation of the myocardium to stress. How  

opening of these channels might lead to cardioprotection, however, remains 

unclear. Under normal conditions mito-K^^p channels function, together 

with the K /̂H  ̂ exchanger, to regulate flux and hence mitochondrial 

matrix volume. Opening of mito-K^jp channels allows influx thus 

increasing matrix volume. A delay occurs before the increased rate of 

influx is compensated for by the K̂ '/Ĥ  exchanger resulting in a higher 

resting volume [215]. Fatty acid oxidation and respiration are known to be 

stimulated by increases in matrix volume [216, 217]. The accumulation of 

fatty acids during ischaemia would inhibit opening of the mito-K^jp 

channels. Perhaps preconditioning over-rides this inhibition allowing 

entry into the matrix which, as well as stimulating respiration, would  

also activate the mitochondrial Nâ /Câ "" exchanger inhibited by high Ca7  ̂

during ischaemia. One cause of mitochondrial damage during ischaemia- 

reperfusion is mitochondrial Câ  ̂ overload which occurs on reperfusion 

since Câ  ̂ accumulation requires ATP. Câ  ̂ accumulation occurs at the 

expense of ATP production causing cellular mechanical dysfunction. The 

opening of mito-K^yp channels might increase respiration rate, hence rapidly 

restoring high energy phosphate levels, and simultaneously reducing 

mitochondrial Câ "" overload by stimulating the Na /̂Ca^  ̂ exchanger. 

However, both of these actions require the presence of oxygen. Perhaps the 

role of mito-K^yp channels is at the point of reperfusion, thus further studies 

might focus on this in more detail. A representative schematic of this 

hypothesis can be found in Figure 9.1. The increased rate of respiration 

together with induction of Mn-SOD might also reduce oxidative damage on  

reperfusion. Increased membrane or cytoskeleton stabilisation, as a result of 

HSP27 phosphorylation, may also contribute to protection. It seemes likely 

that a number of end-effectors act in concert ultimately producing 

cardioprotection. This scheme is purely speculative and further

126



investigation is required to determine the role of mito-K^^ 

cardioprotection.

Chapter 9 

channels in

Î Î Fatty Acids
mitoK

ATP

M itodiondrion
tt Fatty Adds

Protection?i Ca Overload
Cytosol Swelling

M atrix

Respiration
i 3Na

Î ATP Production i

f High Energy Hiosphates
Na* Ischaemi a - Reper fusi on 

Preconditioning / KCOs

Protection?

Figure 9.1: Schematic of a Hypothetical Mechanism by Which Mito-K^^p 
Channels Might Protect the Ischaemic Myocardium. = stimulation, - = 
inhibition.

The in v i v o  studies described above all rely on manipulation of the 

channel with pharmacological agents which block the channel. Whilst 

it is believed that the actions of these agents are specific, in the setting of the 

whole animal there is the potential for non-specific interactions. These 

studies also do not indicate how channels are modulated by

preconditioning, i.e. whether new channels are synthesised or the function 

of existing channels altered perhaps allowing opening at higher levels of 

ATP,. The former was investigated by assessing the expression of 

channel subunit mRNA following preconditioning stimuli. The 

channel currently of most interest in cardioprotection is the mito-Ky^  ̂

channel. However, its structure has yet to be identified. Kir6.1 subunits have 

been located in mitochondria but similar studies for the other Kir6 .x and 

SUR subunits have not been performed. In addition, the Kir6.2 subunit 

reconstitutes diazoxide-activated Kŷ jp channels with SURl and SUR2B. The
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sequence for rabbit Kir6.2, but not Kirb.l, is available. Thus the expression 

of Kir6.2 mRNA was studied following HS and ischaemic preconditioning. 

Kir6.2 mRNA expression was not altered by pre-treatment with either HS or 

ischaemic preconditioning suggesting that either this subunit is not 

present in mitochondria or that protection arises from translational or 

post-translational modification of channel properties rather than an increase 

in actual numbers. Severe ischaemia in the rat, however, has been shown to 

greatly increase mRNA expression of Kir6.1 and to a lesser extent Kir6.2 and 

SUR2 subunits [254].

This evidence further supporting a role for opening channels, perhaps 

located in the inner mitochondrial membrane, in myocardial protection 

suggests that care should be taken when developing treatments for use in  

humans. Oral sulphonylureas are routinely prescribed for the treatment of 

diabetes, therefore, it should be noted that these compounds may counteract 

protective therapies based on activating channels particularly if the 

drug, for example Glib, blocks both sarc- and mito-K̂ ĵp channels.

Current evidence points to the K̂ p̂ channel being a common mediator of an 

endogenous systemic mechanism of adaptation to stress since protection 

afforded by ischaemia, MLA, HS and CCPA is dependent on K̂ p̂ channel 

opening. A role for the activation of K̂ p̂ channels has been identified in  

both acute and delayed phases of protection implicating a com m on  

mechanism which results in an immediate effect and a longer term 

adaptation.

9.2 Future Directions
Future investigations of the role of channels in cardioprotection might 

focus at the single channel /  molecular level in order to determine how  

preconditioning stimuli modify the characteristics of the channel. Current 

studies investigating the properties of the sarc- and mito-K^jp channel have  

looked at the effects of KCOs, K̂ p̂ channel blockers and other 

pharmacological agents in normal myocytes. It would be very interesting to 

compare the functions of K ĵp channels from normal cells to those that have
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been pre-treated with a preconditioning stimulus. Studies assessing the 

function of mitochondria, such as metabolism, ion fluxes, anti-oxidant 

status and respiration, following these pre-treatments might provide som e  

indication as to how preconditioning results in protection, Confocal 

microscopy allows real-time monitoring of a number of cellular aspects 

including ion fluxes and mitochondrial respiration and thus has exciting 

potential for studying these channels.

As the cDNA /  mRNA sequences for the remaining channel

subunits become available this will allow study of the channels at the 

transcription level by assessing mRNA expression. Knowledge of the full 

cDNA sequences would also permit antibody production for assessment of 

channel subunit protein content and phosphorylation state. In addition, 

intra-cellular localisation could be performed by in situ hybridisation.

Further investigation of '"remote organ" preconditioning may also provide 

novel insights into the mechanism of preconditioning. The fact that 

preconditioning appears to result in systemic protection has implications 

beyond the field of cardiology for which its use may be limited by the present 

inability to predict myocardial infarction. Preconditioning therapies may be 

restricted to use during periods of planned ischaemia such as that occuring 

during surgery or organ transplantation. In these situations preconditioning 

might potentially be used to protect the heart as well as other organs such as 

the brain, kidney, liver and skeletal muscle. Perhaps the delayed phase of 

protection might be more exploitable in therapeutic situations than the 

acute phase. Potentially a preconditioning mimetic could be administered 

one or two days prior to surgery when it benefits would be required. The 

ability to maintain the myocardium or other organs in a preconditioned 

state, by dosing every 24 to 48 hours, may also have great advantages since it 

could provide a prophylactic therapy for patients identified as being at risk of 

myocardial infarction or stroke. Although these patients may be difficult to 

identify at present, one candidate group might be patients with unstable 

angina who are known to be at high risk of myocardial infarction during the 

subsequent three to six months. A preconditioning mimetic, in these cases, 

could be administered as an adjunct to anti-thrombotic therapies.
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APPENDICES

Appendix A: Infarct Size Assessment Buffers

T T C  P h o s p h a t e  B u f f e r

Mix eight parts of solution 2 with two parts of solution 1.

Solution 1; 100 mM monobasic sodium phosphate (13.8 g NaH2P0^.H20 in  

IL distilled water)

Solution 2: 100 mM dibasic sodium phosphate (14.2 g Na 2 HPO^ in 1 L 

distilled water)
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Appendix B: Protein Preparation, SDS-PAGE and 
Western Blotting Buffers

S u s p e n s i o n  B u f f e r

0.1 M NaCl, 10 mM Tris (hydroxymethyl) methylamine (Tris; pH 7.6), 1 mM  

ethylenediaminetetraacetic acid disodium salt (EDTA; pH 8.0), 2 mM sodium

pyrophosphate, 2 mM NaF, 2 mM p-glycerophosphate, 0.1 m g/m l 

phenylmethylsulphonylfluoride (PMSF), 1 pg/m l aprotinin, 1 p g /m l 

leupeptin, 1 pg/m l trypsin inhibitor, 1 pg/m l Sigma protease inhibitor, 

80 ^tg/ml bestatin. A stock solution of suspension buffer was prepared and 

stored at -20 °C; PMSF was added just prior to use since it is very labile in  

aqueous solution.

S a m p l e  B u f f e r

100 mM Tris (pH 6.8), 200 mM dithiothreitol (DTT), 2% w /v  sodium dodecyl 

sulphate (SDS), 0.2% w /v  bromophenol blue in ethanol, 20% v /v  glycerol. 

A stock solution of sample buffer was prepared and stored at -20 “C; DTT 

was added just prior to use as it is very labile.

R u n n i n g  G e l  B a s e

18.16 g Tris, 0.4 g SDS, 60 ml distilled water; pH to 8.8 with HCl. Adjust 

volume to 100 ml with distilled water.

S t a c k i n g  G e l  B a s e

6.05 g Tris, 0.4 g SDS, 60 ml distilled water; pH to 6.8 with HCl. Adjust to 

100 ml with distilled water.

l O x  R u n n i n g  B u f f e r

144.2 g glycine, 10.0 g SDS, 30.3 g Tris, 1 L distilled water. Ix running buffer 

was prepared by diluting lOx stock with distilled water.

P B S

Two PBS tablets (GibcoBRL Life Technologies) in 1 L distilled water.
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Appendix C: RNA / DNA Electrophoresis and Northern 
Blotting Buffers

5 0 x  T A E

242 g Tris base, 57.1 ml glacial acetic acid, 100 ml 0.5 M EDTA; pH 8.0 with  

10 M NaOH. 50x TAE was diluted to Ix TAE with distilled water.

L o a d i n g  B u f f e r

50% v /v  glycerol, ImM EDTA, 0.4% w /v  bromophenol blue.

0 ,1 %  D E P C - T r e a t e d  W a t e r

0.1% v /v  DEPC in distilled water. Incubated at 37 °C for 12 hours and then 

autoclaved.

l O x  M O P S

83.75 g 3-[N-morpholino] propanesulphonic acid (MOPS), 8.23 g sodium  

acetate, 500 ml 0.1% DEPC-treated water, 20 ml 0.5 M EDTA; pH 7.0 with  

10 M NaOH. Final volume adjusted to 1 L with 0.1% DEPC-treated water and 

the solution autoclaved. lOx MOPS is light sensitive and was, therefore, 

stored in the dark.

D e - i o n i s e d  E o r m a m i d e

2 g monobed mixed resin ('Amberlite' IRN-150L; BDH, Merck Limited, 

Poole) was added to 10 ml formamide and stirred continuously for one  

hour. Filtered twice through Whatman No. 1 filter paper, aliquoted and 

stored at -20 °C.

2 0 x  S S C

175.3 g NaCl, 88.2 g sodium citrate, 800 ml distilled water; pH 7.0 with  

10 M NaOH. Final volume adjusted to 1 L with distilled water. 20x SSC was 

diluted with distilled water to the required concentration.
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S  T E

5.844g NaCl, 2.42 g Tris.HCl in 1 L distilled water; pH 7.5-8.0. Finally add 

3.72 g  EDTA.
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Appendix D: Blood Gas and pH Data

In the following tables data are presented as cnean ± SEM. 

Table 10.1: Delayed Heat Stress Blood Gas and pH Data

Ischaem ia  (m inu tes) R e p e rfu s io n  (m in u te s)

B ase lin e 5 15 29 30 60 90 120

P o ,

Sham 31.2 + 4.6 43.913.3 40.312.5 40.212.4 42.113.2 42.713.6 43.812.8 45.412.8

HS 31.7 ±5.2 39.314.8 44.513.3 45.814.2 45.313.3 43.513.7 44.212.7 46.813.7

Sham+Glib 38.013.8 42.113.2 37.613.0 41.013.3 38.512.4 43.313.2 40.813.2 43.112.5

HS+Glib 38.214.7 46.712.4 45.413.6 47.313.1 48.212.7 48.413.1 46.113.2 47.313.7

Sham+5HD 43.313.1 40.013.2 39.812.4 39.813.1 35.813.4 39.015.4 41.115.2 49.314.6

HS+5HD 38.412.9 40.913.4 40.012.4 39.912.0 37.612.5 37.312.6 37.212.7 36.312.0

PcOj

Sham 3.910.21 3.710.15 3.610.15 3.710.20 3.810.18 3.710.22 3.810.17 4.110.15

HS 3.910.28 3.410.17 3.510.19 3.710.19 3.810.26 3.510.22 3.410.29 3.610.21

Sham+Glib 3.810.23 3.510.21 3.810.18 3.710.16 3.510.17 3.710.23 3.710.26 3.810.19

HS+Glib 3.610.21 3.310.13 3.510.15 3.710.16 3.810.18 3.710.17 3.810.16 3.910.14

Sham+5HD 4.210.23 3.710.11 3.910.12 3.810.25 3.910.15 4.010.20 3.710.23 3.810.33

HS+5HD 4.110.27 3.910.22 3.910.23 4.110.08 3.910.15 4.110.07 4.010.40 4.110.13

p H

Sham 7.4110.02 7.4310.01 7.4210.01 7.4210.01 7.4310.01 7.4310.01 7.4310.01 7.4310.01

HS 7.4210.02 7.4310.02 7.4410.01 7.4310.01 7.4310.01 7.4410.01 7.4410.01 7.4410.01

Sham+Glib 7.4210.02 7.4310.02 7.4110.01 7.4310.01 7.4310.01 7.4310.01 7.4210.01 7.4110.02

HS+Glib 7.4610.02 7.4510.02 7.4510.02 7.4310.02 7.4310.01 7.4310.01 7.4410.01 7.4310.01

Sham+5HD 7.3910.02 7.4110.02 7.4010.01 7.4110.01 7.4210.01 7.4210.01 7.4210.01 7.4010.01

HS+5HD 7.4210.02 7.4210.01 7.4110.02 7.3910.01 7.4210.01 7.4210.01 7.4210.01 7.4110.01

pco  ̂ po  ̂were measured in kPa.

158



Appendices

Table 10.2: Delayed Ischaemic Preconditioning Blood Gas and pH 

Data

Ischaemia (m inutes) R eperfusion  (m inutes)

B aselin e 5 15 29 30 60 90 120

P o ,

Sham 43.6 ± 6.6 44.2 ±5.1 44.7 ±6.2 44.3 ±6.2 47.1 ±6.3 42.4 ±6.4 44.1 ± 5.5 41.2 ±5.7

PC 42.4 ±4.4 42.6 ±3.3 41.5 ±2.9 41.8 ±3.1 42.7 ±3.2 38.6 ± 3.7 40.2 ±3.8 43.9 ±4.5

Sham+5HD 49.2 ±4.8 53.1 ±2.2 48.3 ±3.1 48.0 ±2.8 48.5 ±2.5 49.0 ±2.5 48.2 ±2.8 47.3 ±2.2

PC+5HD 47.1 ±5.3 46.3 ±4.9 44.7 ±5.0 41.6 ±4.9 40.9 ±4.6 41.6 ±6.0 44.7 ±5.1 43.4 ±4.3

P co ,

Sham 3.8 ±0.35 3.6 ± 0.36 3.8 ±0.35 3.9 ±0.35 4.2 ±0.30 4.0 ±0.34 3.8 ±0.32 3.9 ±0.31

PC 3.7 ±0.28 4.1 ± 0.27 4.2 ±0.26 4.3 ± 0.29 4.4 ±0.24 4.4 ±0.28 4.3 ±0.21 4.3 ± 0.29

Sham+5HD 4.4 ±0.32 4.7 ±0.27 4.8 ±0.27 5.0 ±0.25 5.2 ±0.31 5.1 ±0.27 5.1 ±0.26 5.1 ±0.24

PC+5HD 3.8 ±0.33 4.0 ±0.41 4.2 ±0.31 4.2 ±0.35 4.4 ±0.36 4.2 ±0.43 4.4 ±0.41 4.3 ±0.44

p H

Sham 7.43 ±0.01 7.43 ±0.01 7.40 ±0.01 7.40 ±0.01 7.40 ±0.01 7.42 ±0.01 7.39 ±0.03 7.44 ±0.04

PC 7.47 ±0.02 7.43 ±0.01 7.42 ±0.01 7.41 ± 0.01 7.40 ±0.01 7.41 ±0.01 7.41 ±0.01 7.42 ±0.01

Sham+5HD 7.45 ±0.02 7.44 ±0.01 7.43 ±0.01 7.41 ± 0.01 7.41 ±0.01 7.41 ±0.01 7.41 ±0.01 7.41 ±0.01

PC+5HD 7.45 ±0.02 7.43 ±0.01 7.41 ±0.01 7.41 ±0.01 7.41 ±0.01 7.41 ±0.01 7.41 ±0.01 7.41 ±0.01

po and pco were measured in kPa.
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Table 10.3: Acute Renal Preconditioning Blood Gas and pH Data

B aselin e

Ischaemia (m inutes) R eperfusion  (m inutes)

5 15 29 30 60 90 120

P o ,

Sham 107 ±8 110 ±10 112 ±6 105 ±7 93±8 92±7 99±9 95±8

Renal PC 126 ±8 131 ±4 123±5 116 ±6 113 ±7 114 ±8 117 ±6 116 ±4

Sham+5HD 106 ±7 115 ±3 111 ±2 112±4 105 ±4 97±7 100 ±4 % ±4

Renal PC+5HD 114 + 8 113 ±5 107 ±6 104 ±6 108 ±6 108 ±3 111 ±8 103 ±8

P co ,

Sham 32 + 1.4 31 ±1.7 31 ± 1.9 32 ±1.9 32 ±1.9 34 ±2.1 34 ±2.0 33 ±1.9

Renal PC 31 ±0.8 29 ±1.0 30 ±1.0 31 ± 0.7 31 ±1.3 32 ±1.0 31 ±1.1 32 ±1.0

Sham+SHD 40 ±1.6 39 ±1.9 40 ±1.9 41 ± 1.9 41 ±2.3 40 ±2.1 40 ±2.8 41 ±2.8

Renal PC+5HD 33 ±1.4 35 ±1.3 35 ±1.3 35 ±1.3 31 ±5.5 35 ±1.0 32 ±1.2 35 ±1.3

p H

Sham 7.47 ±0.01 7.47 ±0.01 7.47 ±0.01 7.46 ±0.01 7.46 ±0.01 7.44 ± 0.01 7.43 ±0.01 7.43 ±0.01

Renal PC 7.46 ±0.01 7.46 ±0.01 7.46 ±0.01 7.45 ±0.01 7.44 ± 0.01 7.44 ±0.01 7.45 ±0.01 7.43 ±0.01

Sham+5HD 7.47 ±0.03 7.46 ±0.01 7.44 ±0.01 7.45 ±0.02 7.44 ±0.01 7.43 ±0.01 7.43 ±0.01 7.42 ±0.01

Renal PC+5HD 7.46 ±0.02 7.45 ±0.01 7.44 ±0.01 7.43 ±0.01 7.43 ±0.01 7.43 ±0.01 7.42 ±0.02 7.41 ±0.02

po  ̂ and pco2  were measured in mmHg.
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Table 10.4: Delayed Renal Preconditioning Blood Gas and pH Data

Ischaem ia (m inutes) R ep erfu sion  (m inutes)

B aselin e 5 15 29 30 60 90 120

Po,

Sham 90 + 5 87±4 95 ±5 96±5 96±9 109±6 104±8 116 ±7

Renal PC 103 ±8 105 ±6 107 ±7 110 ±3 112 ±4 107 ±5 104±6 99±5

Diazepam 93±3 97±3 101 ±5 95±3 97 ±1 96±2 97±3 102 ±4

Pco,

Sham 32.8 ± 1.6 33.6 ±1.5 34.9 ± 1.6 36.3 ±1.5 36.0 ±1.6 34.8 ±1.4 36.4 ±1.7 34.2 ±1.5

Renal PC 31.0 ±1.1 32.9 ±2.0 33.0 ±1.8 33.9 ±1.8 33.3 ±2.0 34.7 ±1.5 35.3 ±1.4 33.8 ±1.5

Diazepam 37.7 ±11.3 37.5 ±1.5 39.3 ±1.2 41.8 ±0.8 40.9 ±1.3 41.0 ±0.8 40.0 ±1.5 41.0 ±1.3

p H

Sham 7.48 ±0.01 7.46 ±0.01 7.47 ±0.01 7.47 ±0.01 7.47 ±0.02 7.47 ±0.01 7.46 ±0.02 7.47 ±0.01

Renal PC 7.47 ±0.01 7.45 ±0.01 7.45 ±0.01 7.45 ±0.01 7.47 ± 0.01 7.47 ±0.005 7.46 ± 7.46 ±

Diazepam 7.46 ±0.01 7.46 ±0.01 7.45 ±0.01 7.43 ±0.01 7.44 ±0.01 7.44 ±0.01

0.004 

7.44 ±0.01

0.002 

7.43 ±0.01

Po and Poo were measured in mmHg.
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