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Abstract

Abstract

The management of acute myocardial infarction requires rapid restoration of blood flow 
to attenuate cell death. In recent years, the possibility of fortifying the myocardium 
against ischaemia/reperfusion injury has emerged with the identification of signalling 
pathways that promote cellular survival, modalities that include preconditioning and 
ischaemia/reperfusion injury salvage (IRIS). Preconditioning and IRIS are defined as 
the protection triggered by a stimulus either before the insult or upon reperfusion 
respectively. Nitric oxide has been implicated as a potential mediator of cell survival and 
cell death; whether the cell lives or dies may be critically dependent upon the synthesis 
of this second messenger. Therefore to determine the role of nitric oxide in the 
mediation/ protection from ischaemia/reperfusion injury, the aim of this thesis is to 
elucidate the role of nitric oxide in preconditioning and IRIS paradigms.
In early ischaemic preconditioning, an immediate onset phase of protection after the 
preconditioning stimulus, nitric oxide was found to lower the preconditioning threshold 
significantly; in eNOS knockout animals, the ischaemic preconditioning threshold is at 
least twice that in eNOS wild type animals. Delayed pharmacological preconditioning, 
whereby transient adenosine Aj receptor activation with 2-chloro N6 cyclopentyl 
adenosine results in robust protection 24 hours later, was found to be dependent upon 
the synthesis of nitric oxide. Interestingly, whilst previous studies indicated that 
delayed ischaemic preconditioning was dependent upon the induction of the inducible 
isoform of nitric oxide synthase, this study implicates the endothelial nitric oxide 
synthase (eNOS) as having an important role in mediating the protection observed.
IRIS is a novel form of myocardial protection that we have hypothesised is dependent 
upon the activation of a reperfusion injury salvage kinase (RISK) pathway to attenuate 
necrotic injury. To activate the RISK pathway we used bradykinin, which was found to 
trigger protection that was reliant upon the activity of eNOS.
Exogenous nitric oxide was administered to hearts subjected to ischaemia/reperfusion 
injury. In this study, a clear dose-response relationship was found between the 
concentration of nitric oxide and myocardial protection that peaks at 2 pM. At higher 
concentrations, protection against ischaemic injury was lost. The protection mediated by 
nitric oxide was found to be closely linked to the opening of the mitochondrial ATP 
sensitive potassium channel (K^^p)’ indicated by studies in isolated mitochondria and 
in the whole heart subjected to ischaemia/reperfusion injury.
Thus, this thesis provides evidence that (0 nitric oxide is involved in all facets of 
myocardial resistance to injury, (//) eNOS is a far more important source of nitric oxide 
than previously thought, and {in) nitric oxide has a concentration dependent influence 
upon infarct size, possibly via a direct action upon mitochondrial K^^p channels.
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Chapter 1

Chapter 1. Introduction.

Coronary artery disease is a major cause of mortality and morbidity in the western 
world, with acute myocardial infarction accounting for a third of all deaths in the UK, 
and over 6 million deaths world wide per annumh Loss of myocardial viability leads to 
death or significant morbidity. Therefore, myocardial preservation is the primary 
objective of the chnician managing a patient presenting with acute myocardial infarction. 
Until the advent of rapid thrombolysis, no clinical management could be demonstrated 
to significantly reduce myocardial damage resulting from acute myocardial ischaemic 
injury. With the introduction of effective thrombolytic modalities, it is proposed that 
further myocardial salvage may be achieved by harnessing the cell’s own protective 
mechanisms. One potential avenue of research for achieving this goal is to harness the 
phenomenon known as preconditioning.

1.1 Cell death and lethal myocardial ischaemia

The mechanisms of cell death precipitated by lethal ischaemic injury and subsequent 
reperfusion remain poorly understood. Until recently, cell death following lethal 
myocardial ischaemia was presumed to be primarily through a process of irreversible 
oncosis (necrosis). Oncotic injury associated with ischaemia/reperfusion is 
characterised by a sequence of histological and metabolic events that can lead to 
irreversible damage and necrosis. Histological changes appear early during ischaemia. 
Mitochondria swell and undergo ultrastructural disruption typified by ciistae amorphism 
and loss, and there is a diminution of matrix v o lu m e .C e lls  undergo glycogen 
depletion^ consistent with the conversion of metabohc process from aerobic to 
anaerobic respiration, and the utilisation of glucose and glycogen stores. With depletion 
of high energy phosphates (ATP is rapidly depleted to -10% of the pre-ischaemic levels 
after 40 minutes of ischaemia^), ionic gradients across the sarcolemmal membranes start 
to run down with the consequence of reduced pH (occurring as a consequence of 
anaerobic metabolism and lactic acid generation, and reduced antiporting of Na^ and H^ 
due to reduced Na^ gradient) increased intracellular sodium (as a result of Na'̂ /H'  ̂
exchange secondary to the proton load and reduced activity of the Na' /̂K'̂  ATPase) and 
depletion of cellular potassium (due to increased intracellular Na"̂ , and reduced activity 
of the Na' /̂K'̂  ATPase and opening of sarcolemmal channels); the sarcolemmal 
membrane depolarises, and the cells undergo osmotic swelling. After 10 minutes of 
ischaemia, intracellular free calcium also starts to increase,^ associated with the 
depletion of intracellular ATP. Initially, the primary source of this Ca^  ̂ is the 
sarcoplasmic reticulum, but later, secondary to increased Na"̂  influx, the Na/Ca 
antiporter starts to import more Câ "̂  which is not compensated by the Ca^^-ATPase.
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The consequence is overload, which may be exacerbated upon reperfusion. 
Reduced ATP, exacerbated by the accumulation of lactate, and inorganic phosphate 
results in contractile d y s f u n c t i o n and ultimately, functional quiescence. If reperfusion 
does not intervene, cells develop terminal membrane disintegration, myofibrillar 
proteolysis occurs and the mitochondria become vacuolated and contain flocculent 
densities characteristic of cellular n e c ro s is .R e p e r fu s io n  following a reversible 
ischaemic insult results in the resolution of these ultrastructural abnormalities of the 
myocytes, so long as the sarcolemma remains intact.^ Irreversible ischaemic injury is 
associated with a less benign sequence of events following reperfusion. Reperfusion is 
thus characterised by contraction band necrosis (condensation of the myofibrillar 
contractile elements into bands^^), intracellular oedema,^ calcium overload of the 
m itochondria ,increasing  contractile dysfunction, osmotic stress associated with 
calcium, sodium, phosphate and chloride overload, and cellular disruption.
Recently however, it has been reahsed that necrosis may not be the sole mode of 
myocardial damage. Apoptosis, the mechanism of programmed cell death (or cell 
‘suicide’) is now thought to play a role in ischaemia/reperfusion injury. The precise 
trigger(s), role and prognostic implications of apoptosis within the development of 
myocardial injury remain to be determined. Some investigators have speculated whether 
the apoptotic cells are salvageable; at the present time this remains unclear. The relative 
contribution of each form of cell death in mediating the injury resulting from an 
ischaemia reperfusion insult remains controversial however. In studies examining the 
number of myocytes demonstrating evidence of apoptosis following 
ischaemia/reperfusion injury with terminal dUTP deoxynucleotidyl-transferase nick 
end-labelling (TUNEL)-positive nuclei in the region at risk, the percentage of cells that 
appear to have apoptosed are dwarfed by the number of cells that have apparently 
undergone necrotic cell death, as determined by triphenyl tétrazolium chloride (TTC) 
staining or electron microscopy. 20 These data suggest that apoptosis may play a 
comparatively small role in the evolution of ischaemia/reperfusion injury. Indeed, there 
appears to be very little evidence of apoptosis until the onset of reperfusion.20 Whilst 
these data suggest that necrosis is the overwhelming form of death in 
ischaemia/reperfusion injury, there may be significant overlap in these two forms of 
cellular death. In studies in which the apoptotic signalling cascade is blocked either 
before or at reperfusion, necrotic injury, as measured by TTC staining, is 30% less than 
that observed in control an im a ls .T h e re fo re , the cardioprotection observed resulting 
from inhibition of apoptotic pathways is over 10 times greater than could be explained 
by inhibition of apoptosis alone. These observations suggest that both necrotic and 
apoptotic cell death share similar signalling pathways, and thus to the hypothesis that 
apoptosis is the common pathway for cell death where necrosis supervenes when high 
energy phosphates are depleted to the extent that the apoptotic programme cannot be
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successfully completed.22 Similarly, reperfusion salvage agents such as the growth 
factor, i n s u l i n , 2 3 . 2 4  and phosphatidylinositide 3 -OH kinase (PI3 kinase) activators such 
as adenosine,25 reduce both necrotic cell death and apoptosis via putative anti apoptotic 
pathways. These data have lead some observers to consider myocardial damage not as 
necrosis and/or apoptosis, but as reversible or irreversible injury.26 
The mechanisms of myocyte cell death remain poorly understood. Given the 
circumstantial evidence implying that necrotic and apoptotic cell death share common 
pathways, the apoptotic pathway may provide more insight into the mechanisms of both 
preconditioning and reperfusion salvage modalities in attenuating reversible cell death. 
The triggers and mediators of the apoptotic cascade are summarised in figure 1.1. 
Apoptosis may be triggered by both cell membrane receptors and mitochondrial damage 
in this paradigm. Cell membrane receptors, CD95/ Fas/ APO-1 are found to be activated 
in reperfusion,27 leading to the induction of the caspase proteolytic cascade via the 
cleavage of pro-caspase-8 to the active large (p20) and small (plO) subunits of caspase- 
8.28 Ischaemia/reperfusion also appears to cause significant damage of the mitochondria 
and opening of the mitochondrial permeability transition pore (PTP). The opening of 
this non-specific outer membrane channel leads to the release of cytochrome-c, the 
subsequent activation of caspase-9 and ultimately, caspase-3.29 The release of 
cytochrome-c is regulated by the ratio of Bel to Bax: Bel inhibits cytochrome release 
whereas Bax appears to promote it.20 Caspase-3 appears to be the final common 
pathway to cell death, leading to poly (ADP-ribose) polymerase (PARP) activation, 
laminin proteolysis and endonuclease DNA degradation.^^
Inhibition of specific targets in this signalling cascade may provide clinically useful 
therapies in the management of ischaemia reperfusion injury. However, at the current 
time, it is unknown whether once the death cascade is activated, apoptotic cell death is 
an inevitable consequence, or indeed if apoptosis is inhibited, whether the damaged cell 
will instead revert to necrosis.
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F i g u r e  1 .1 . T h e  a p o p t o t i c  c a s c a d e .

A poptosis may be triggered as a result o f a num ber o f disparate stim uli, from  the 

action o f killer lym phocytes rupturing cells as occurs as a result o f  allograft 

rejection through the action o f Fas ligand receptor occupation and activation o f  

caspase-8 to the release o f  cy tochrom e-c from  m itochondria  with the subsequent 

activation o f caspase-9.
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1.2. Preconditioning

1.2.1. Introduction.

Ischaemic preconditioning is the phenomenon whereby brief periods of non-lethal 
ischaemia confer protection against subsequent, prolonged injurious ischaemia and 
reperfusion. Preconditioning has two temporally distinct phases of myocardial 
protection. The first, which is analogous to the initial observations of Reimer et al.^ ,̂ 
has immediate onset, lasting for up to three hours. This early phase of preconditioning 
has been termed ‘classical’ or ‘early’ preconditioning. The second phase of 
preconditioning, known as delayed preconditioning or second window of protection 
(SWOP), occurs 24 hours after the initial preconditioning stimulus and has duration of 
up to 48-72 hours.33 This is summarised in figure 1.2.
Preconditioning results in resistance to the many facets of ischaemia/reperfusion 
mediated injury. It results in the delay of onset of reversible and irreversible injury in 
terms of ultrastructural damage, preservation of myocardial ATP content and attenuation 
of lactic acid accumulation.^ Thus, there is attenuation of necrotic cell death, observed 
as a result of both phases of preconditioning, as can be seen in figure 1.3. Figure 1.3. A 
shows slices from a naive mouse heart subjected to 35 minutes global ischaemia and 30 
minutes reperfusion. As a result, over 30% of the ventricular myocardium has necrosed 
(pale stained tissue on this triphenyl tétrazolium stained preparation, the viable tissue 
stains a dark brick red). In contrast, figure 1.3.B shows slices from a heart that has 
been ischaemically preconditioned. As a result, there is significantly less infarcted tissue 
evident: less than 20% of the risk zone. Preconditioning also results in the attenuation 
of post-ischaemic contractile dysfunction (“stunning”) in both phases of 
preconditioning in regional models of ischaemia/reperfusion injury,34. 35 ^nd protects 
coronary vasculature resulting in attenuated endothelial dysfunction; the coronary 
arteries of preconditioned hearts are shown have a near-normal vasodilatory response to 
acetylcholine.36 Moreover, endothelial cells demonstrate a biphasic response to 
preconditioning stimuli, consistent with the induction of HSP27, preserving function 
and structural integrity.37 In addition preconditioning results in significant reduction of 
arrhythmias in both early^  ̂and delayed^^ phases and thus, preconditioning is potentially 
a potent tool in the management of and the diminution of the sequelae of an acute 
coronary occlusion.
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F i g u r e  1 .2 . T h e  t w o  p h a s e s  o f  p r e c o n d i t i o n i n g : e a r l y  a n d  d e l a y e d .

This cartoon depicts the time course of myocardial resistance to injury following a 
preconditioning stimulus. Early preconditioning has immediate onset, resulting in 
significant attenuation of infarction, but only has a limited duration of protection 
of 2 to 3 hours. Delayed preconditioning becomes evident after a 24-hour delay 
after the initial preconditioning stimulus. Whilst in some models not as robust as 
early preconditioning, this phase nonetheless results in significant attenuation of 
necrosis resulting from lethal ischaemia/reperfusion injury. This phase however, 
has a much longer duration of protection: 48-72 hours.
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F i g u r e  1 .3 . T T C  s t a in e d  m o u s e  h e a r t  s l ic e s .

This figure demonstrates the result o f global ischaemia/reperfusion injury in mouse 

heart that has been stained with the dye, triphenyl tétrazolium chloride (TTC). This 

dye stains viable tissue a dark brick red, whilst tissue that has undergone irreversible 

injury fails to hold the stain, and appears pale.

A. Slices from a control heart. A s can be seen from the extent o f the pale staining, a 

significant proportion o f tissue has undergone necrosis, destroying over 30% of 

the ventricular myocardium.

B. The preconditioned heart has greater infarct resistance, with an infarct to risk 

zone ratio o f less than 20%.

A. Control heart slices B. Preconditioned heart slices

1 mm
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1.2.2. Triggering the preconditioning response.

Transient ischaemia is not the sole trigger of preconditioning against lethal 
ischaemia/reperfusion injury. Ischaemic preconditioning is associated with the release 
of a number of mediators, including adenosine, bradykinin, opioids and angiotensin 
that act upon cell sarcolemmal receptors to trigger the preconditioning response. 
Furthermore, blockade of these receptors is capable of attenuating preconditioning 
protection (references and respectively). Interestingly, receptor agonists to
these known mediators of ischaemic preconditioning may trigger preconditioning 
pharmacologically, and this is described in greater depth below in section 1.4.1. 
Furthermore, preconditioning is induced by various cellular stresses, such as bacterial 
endotoxic shock and heat stress.
In characterising these ‘preconditioning-mimetics’, it has been noted that the dose 
response relationship between agonist and myocardial infarct sparing is not linear. In 
fact, triggering of preconditioning demonstrates a dose-response threshold. If the 
duration of transient ischaemia or the concentration of the preconditioning-mimetic is 
inadequate, no resistance to lethal ischaemic injury is observed. By progressive 
incrementation of the preconditioning stimulus, a threshold is breached and the 
preconditioning response triggered. Interestingly the summation of two disparate sub
threshold stimuli may trigger the full preconditioning response (figure 1.4). This 
''preconditioning threshold' hypothesis is supported by observations in both rabbit"^» 
and human myocardium'^^. These studies demonstrate that sub-threshold transient 
ischaemia prior to the index ischaemic insult may be augmented by the addition of an 
angiotensin converting enzyme (ACE) inhibitor. ACE inhibitors attenuate bradykinin 
metabolism and breakdown by ACE present in the extra cellular milieu. Bradykinin, via 
bradykinin B2 receptors, is capable of triggering the preconditioning response when 
administered exogenouslyEndogenously, bradykinin is released by the endothelium 
under conditions of ischaemia, '̂^ therefore adding to the preconditioning stimulus 
following transient ischaemia.^^ Whilst the administration of an ACE inhibitor is in 
itself inadequate to provide a sufficient increment to the basal bradykinin concentration 
to trigger myocardial protection, the addition of a sub-threshold ischaemic 
preconditioning stimulus and therefore increased total bradykinin in the extra cellular 
milieu, is adequate to trigger preconditioning and reduce both myocardial death"^’ and 
dysfunction."^^
Therefore preconditioning appears to consist of a number of triggers that can be 
pharmacologically manipulated individually or collectively to induce protection against 
subsequent lethal ischaemia/reperfusion injury.
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F ig u r e  1 .4 . T h e  t h r e s h o l d  h y p o t h e s is  o f  p r e c o n d it io n in g  in d u c t i o n .

As described  in the text, transient ischaem ia results in the release o f a num ber o f

signalling  m oieties that result in the triggering o f the p recond ition ing  response

(A ). M orris et al. reported  that in isolated hum an papillary  m uscle, 1 cycle o f 5 

m inutes ischaem ia was sufficient to trigger the precond ition ing  response (A ), 

whilst 1 cycle o f 3 m inutes ischaem ia was not (B). The addition o f  an ACE 

inh ib ito r to the subthreshold  precond ition ing  stim ulus was sufficient to trigger 

p recond ition ing  (C), presum ably  through a m echanism  o f augm en ted  

ex tracellu lar bradykinin as the effect o f the A C E inhibitor could  be b locked  with 

the bradyk in in  B2 receptor selective antagonist, H O E 140.

A bbreviations used in figure:

A do: adenosine;

Bk: bradyk in in ;

A gT : angio tensin

B

Preconditioning _ Ado

threshold

Bk

AgT

Opioid

Ado

Bk

AgT

Opioid

A
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1.3. Growth factor signalling and reperfusion injury salvage

As an alternative modality to preconditioning for the attenuation of 
ischaemia/reperfusion injury, the administration of agents at reperfusion that inhibit the 
apoptotic cascade have emerged, based on evidence that apoptosis appears to 
predominantly occur at reperfusion. In this respect, growth factors have recently been 
demonstrated to function as “survival factors”, both during normal embryonic 
development,^^ and during pathological processes such as reperfusion in j u r y .2 3 .  so 
These survival factors have been shown to signal through a reperfusion injury salvage 
kinase (RISK) pathway involving the activation of phosphatidyl inositide 3’-OH kinase 
(PI3 kinase) and the serine/threonine kinase Akt/PKB. Activation of these kinases is 
adequate to prevent cellular apoptosis in a number of cell types, including myocytes. By 
administering insulin or insulin related growth factor-1 (IGF-1) either before^  ̂ or at 
r e p e r f u s i o n ,2 3  it has been shown that growth factors are effective in reducing cell death 
resulting from lethal ischaemia reperfusion injury. The nature of the down stream 
signalling cascades, and the manner in which this protection is effected remain to be 
determined. However, a number of candidate pathways are emerging. We have recently 
demonstrated the involvement of a libosomal kinase, the 70-kDa S6 kinase (p70 S6 
kinase), as a necessary component for the limitation of reperfusion injury (Jonassen et 
al, unpublished data). The p70 S6 kinase phosphorylates the S40 ribosomal subunit, 
thus regulating the translation of mRNA. The inhibition of this kinase abrogates the 
protective effects of insulin administration at reperfusion (unpublished data). Further 
targets of Akt include the Bcl-2 family member. Bad (figure 1.1). Bcl-2 related proteins 
comprise a family that are closely involved in the initiation and regulation of the 
apoptotic programme.Pro-apoptotic family members, Bax and Bid, promote the 
release from mitochondria of both c y t o c h r o m e - c ^ ^  and, in neurones and myocytes, the 
precursor protease, pro-caspase-9.5"^ Cytochrome-c binds with the adapter protein, 
Apaf-1 to activate caspase-9 and bind to form the apoptosome.^^ Anti-apoptotic family 
members, Bcl-2 and Bcl-X^, inhibit the release of cytochrome-c and the activation of 
caspase-9 by Apaf-1 respectively.^^ Bad plays an important regulatory role. 
Constitutively active, it dimeiises and inactivates both Bcl-2 and Bcl-X^.^^ However, 
Akt dual phosphorylates Bad, inactivating the protein, and enabling Bad to bind to a 
chaperone protein 1 4 - 3 - 3 .Therefore, with Bad inactivated, Bcl-2 and Bcl-X^ are 
enabled to exert their anti-apoptotic function. There are further targets of Akt including 
caspase-9^^ and the Forkhead family of pro-apoptotic gene transcription f a c t o r s ^ ^  that 
reinforce the anti-apoptotic credentials of the PI3 kinase-Akt pathway.
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1.4. Cellular Mechanisms of Preconditioning

1.4.1. Triggers of preconditioning

Despite the temporal distinction between the two phases of preconditioning and the 
apparent differences in signalling pathways and adaptive processes (discussed in 
section 1.5), both early and delayed preconditioning appear to have similar triggers 
(including adenosine^^- and 5 opioid s t im u la t io n ^ ^ .  6i). Furthermore, there appears to 
be a significant level of intra-species homogeneity with respect to preconditioning; the 
same triggers are found to ubiquitously trigger preconditioning in the majority of 
species studied (reviewed in reference 6%).

1.4.2. Receptor mediated triggers

During ischaemia, products of metabohsm and cytokines are released into the 
intercellular milieu. These substances may act in either an autocrine or endocrine 
fashion, occupying specific sarcolemmal receptors which will, with adequate receptor 
occupancy, trigger preconditioning (figure 1.5). These triggers of preconditioning, 
known as “preconditioning-mimetics,” exert their biological affect via specific 
receptors: adenosine via A/A^ receptors^^- acetyl choline via muscarinic M-2 
r e c e p t o r s ^ ^ .  catecholamines via a-1 receptors^^; angiotensin II via AT I receptors '̂ ;̂ 
bradykinin via B-2 receptors^^, and the opioids via Ô-1 opioid receptors^^. These are all 
examples of G-protein linked receptors that have each been demonstrated to evoke the 
early preconditioning response and maybe released during transient ischaemia, 
contributing to the preconditioning stimulus (section 1.2.2).
A well-described example of the autocrine/paracrine stimulation model is adenosine. 
Adenosine is released as a result of high-energy phosphate degradation during 
myocardial ischaemia, a process that involves the 5-nucleotidase dephosphorylation of 
adenosine triphosphate (ATP) via adenosine diphosphate (ADP) to adenosine. Released 
by the ischaemic myocyte, adenosine is subsequently able to bind to purine receptors on 
the sarcolemmal membrane, initiating signalhng cascades as summarised in figure 1.5. 
Thus transient ischaemia results in the release of a number of mediators (autocoids and 
“paracoids”, figure 1.5) that summate to activate the preconditioning cytoprotective 
cascades.

1.4.3. Non-receptor mediated triggers

The generation of oxygen free radicals as part of the oxidative stress of the ischaemic 
preconditioning stimulus is thought to be an important trigger for triggering the 
preconditioning response. In early preconditioning, free radical generation appears to
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contribute to the milieu of preconditioning-mimetics to reach the threshold for 
preconditioning. Where supra-threshold preconditioning stimuli are used, the free 
radical contribution is no longer essential to trigger the early preconditioning 
response.'^^  ̂Free radicals are however thought to play an important role in the induction 
of delayed preconditioning'^h The introduction of reactive oxidative species is adequate 
to result in myocardial resistance to injury 24 hours later, in the absence of other 
potential triggers. In a similar paradigm, nitric oxide, through the generation of 
peroxinitrite radicals, can also be found to trigger delayed p r e c o n d i t i o n i n g ' ^ ^  (The role 
of nitric oxide in preconditioning is discussed in more detail in section 1.7.) The 
downstream signalling path may follow that seen in with receptor mediated 
preconditioning, via PKC'^  ̂ addition to these signalling roles, reactive oxygen 
species are found to increase DNA binding of heat shock factor-1, a transcription factor 
regulating the expression of heat shock proteins, proteins implicated in the evolution of 
the second window of protection^" .̂ Free radical generation is therefore implicated as an 
important trigger of the preconditioning phenomena.
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F i g u r e  1 .5 . A u t o - a n d  p a r a c r i n e  s t i m u l a t i o n  m o d e l  o f  p r e c o n d i t i o n i n g  i n d u c t i o n :

A. Autocrine model of preconditioning. Exposure of the myocyte to ischaemia (1) leads to the 

release of adenosine (2)- autocrine substances such as adenosine have been termed ‘autocoids’. 

Autocoids interact with dedicated receptors on the sarcolemmal membrane of the cardiac 

myocyte (3) to trigger an intracellular signalling cascade (4) that leads to myocardial adaption to 

subsequent cellular stress.

autocoid
release

ISCHAEMIA

B Paracrine model of preconditioning. As in (A), ischaemia (1) leads to the release of

preconditioning-mimetics from the endothelium (e.g. bradykinin), that can either precondition

the endothelium in an autocrine fashion, or precondition myocytes, acting as a paracrine agent

(3), triggering adaptive cellular processes.

Endothelium

autocoid
release

paracrine
release

ISCHAEMIA

cardiac myocyte
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F ig u r e  1 .6 . P K C  a c t i v a t i o n  f o l l o w i n g  r e c e p t o r  a c t i v a t i o n .

Adenosine, bradykinin and Ô opioids are mediated via G-protein linked 7 

transmembrane-domain receptors. Receptor activation leads to the activation and 

binding o f  PKC to its receptor for activated C-kinase (RACK) with translocation from  

cytosolic to sub cellular compartment- review see^^

Abbreviations used in figure:
DAG: diacylglycerol
GDP: guanosine diphosphate
GTP: guanosine triphosphate

IP 3 inositol triphosphate
PIP: phosphatidyl inositol phosphate
PKC: protein kinase C
PLC: phospholipase C
RACK: receptor of activated protein kinase C

Agonist binding to receptor

substitution of 
GDP for GTP on 

Ga subunit Active PKC

©
Inactive PKC

Release of intracellular Ca^+ stores
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1.5. The mediators of preconditioning and the signalling 

cascade

1.5.1. Receptor linked pathways

There are two main categories of cellular membrane receptors known to be involved in 
preconditioning: Guanine nucleotide-binding regulatory protein (G protein) coupled 
receptors and tyrosine kinase receptors.

1.5.1.1. G-protein coupled receptors

Many of the triggers mentioned (adenosine, bradykinin, opioids, angiotensin and 
noradrenahne) precondition via GTP-binding regulatory protein (G-protein) coupled 
receptors. The hetero-trimeric G- protein consisting of three polypeptide sub units (a, p 
and y), function as ‘molecular switches’, existing in two alternate conformations 
according to GTP binding to Ga: an active GTP bound form and inactive GDP bound 

form. Mammalian a-subunits are divided into four subfamilies: G s, Gi, Gq and Go. 

Stimulatory (G s) or inhibitory (Gi), G-proteins are defined upon the ability to active 

adenylate cyclase. Gq receptors activate phospholipase Cp, which hydrolyses 
phosphatidylinositol 1,4,5 trisphosphate and diacylglycerol.^^ Go is the main G-protein 
of the brain, and is thought to directly regulate ion channels.
Early ischaemic preconditioning is reliant upon the activation of G-proteins; inhibition 

of receptor-linked Gi activation with pertussis toxin abolishes preconditioning.' '̂^ 
Adenosine Aj and A3 receptors and 5 opioid receptors are linked via Gi proteins; the a 
subunit inhibits the activity of adenylate cyclase and thus the production of the second 

messenger, cyclic adenosine mono phosphate (cAMP). Gia subunits are additionally 
able to open voltage independent Ca^  ̂channels, activate phosphatidyl inositol-3 kinase 
(PI3 kinase),'^^ and lead to the generation of inositol 3,4,5 triphosphate (IP3)- an 
important intracellular messenger capable of mobilising intracellular calcium stores. 

Bradykinin and noradrenaline signal via the Gs protein. The G sa subunit stimulates the 
adenylate cyclase, and thus function via cAMP second messenger mediated signalling. 
cAMP, which activates AMP-linked protein kinase, has been associated with activation 
of the endothelial isoform of nitric oxide synthase (eNOS), phosphorylating the enzyme 
at serine 1177'^ ’̂ This signalling step may be of some importance in triggering the 
preconditioning response, and is discussed later (section 1.7.4). Gpy have multifarious 
signalling properties, including activation of PI3 kinase, phospholipase-Cp (PLCp), ion 
currents (Ij, and I^J, tyrosine kinases and G- protein-coupled receptor kinases. This is 
briefly summarised in part in figure 1.6. For review see reference PLC, and its

Robert M. Bell 15



Chapter 1

product diacylglycerol (DAG) have been demonstrated to activate protein kinase C  

( P K C ) . This is supported by evidence that both phorbol myristate and diacylglycerol 
analogues can independently activate P K C , and precondition the heart.83. 84 Thus, 
second messengers are critical in the induction of the signalling cascade, pivotal with 
the activation of PK C .

PI3 kinase, like AMP linked protein kinase, phosphorylates eNOS through the action of 
Akt.85.86 The role of the Akt/AMP-kinase activated protein kinase eNOS pathways in 
preconditioning have not yet been explored.
Preconditioning-mimetics that signal via G-protein hnked receptors have been 
demonstrated in aU the mammalian species studied, although some controversy 
surrounds the involvement of adenosine in the rat. However, as myocardial ischaemia 
in rat releases three times the concentration of adenosine into the microcirculation 
compared to that found in rabbit under the same conditions,8? it is possible that this 
species has fewer adenosine receptor and/or is a less efficacious signal for 
preconditioning. Thus, failure to account for this difference in efficacy of adensoine 
may have lead to a number of negative studies in the r a t .  88-93 As direct infusion of 
adenosine into the microcirculation of the rat does result in cardioprotection^^ and 
moreover the recent demonstration of adenosine Aj receptor agonists induce both the 
early^  ̂ and delayed preconditioning in this species,^^ it would appear that adenosine 
indeed does induce preconditioning in rat (although its contribution to the 
‘preconditioning stimulus’ - section 1 .2 .2  - may be less) and thus adenosine receptor 
activation has been shown to induce preconditioning in the majority of mammalian 
species, including man.^^

1.5.1.2. Tyrosine kinase coupled receptors

A number of trophic/mitogenic factors signal via tyrosine kinase linked receptors 
(TKLRs). However, cardiac myocytes are terminally differentiated. As such, myocytes 
cannot therefore undergo mitosis in response to a mitogenic signal. However, these 
mitogenic signals have been shown to posses cardioprotective properties in the context 
of injurious ischaemia, eliciting an early preconditioning- hke r e s p o n s e , ^ 8 ,  9 9  ^nd thus 
appear to act as “cell-survival’ factors. Two examples of cell survival factors that signal 
via this pathway are fibroblast growth factor (FGF)^8 and insulin-like growth factor-II 
(IGF-II)99. FGF causes receptor dimérisation and translocation to the perinuclear area. 
The activation of the receptor/ tyrosine kinase complex is then thought to cause direct 
activation of the Ras/ mitogen activated protein kinases (MARK) pathway, possibly 
independently of PKC (although TKLRs have been shown to lead to activation of 
FLCy and PKC activation, this may be outweighed by MAPK a c t i v a t i o n ^ ^ o y  Therefore 
G-protein receptor and tyrosine receptor linked pathways appear converge and integrate
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with the activation of MAP kinases. At present however, tyrosine kinase receptor 
agonists have not been investigated with respect to the second window of protection.
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1.5.2. Post receptor signalling

1.5.2.1. Protein Kinase C

The pivotal role of PKC in preconditioning appears to be confirmed by the attenuation 
of preconditioning by the PKC inhibitors staurosporine^^, polymyxin and
chelerythiine,^" '̂ with the possible exception of pig, where PKC inhibition alone may 
be insufficient in itself to abrogate preconditioning,and may require the co-inhibition 
of tyrosine kinase^^ (discussed in section 1.5.2.2).
Interestingly, whilst total PKC activity may not markedly increase in response to stress, 
two isoforms of PKC, PKC-ê ^̂ '̂ ®'̂  and PKC-ti106̂  significantly translocate from the 
cytosolic to the particulate fraction in response to preconditioning, and demonstrate 
specific increases in enzymatic activity (PKCe). Furthermore, the particulate fraction of 
PKCe increases in a dose-dependent fashion to the ischaemic stimuli administered. In 
contrast, maximal translocation of PKCq occurs immediately after the preconditioning
trigger^06

Pharmacological stimulation of the novel e/8  isoforms with ingenol 3, 20-dibenzoate 

(an e, 6 -PKC isoform selective activator) protects incubated isolated rabbit myocytes 
against ischaemia, whereas stimulation of calcium dependant a/p/y PKC isoforms with 
thymeleatoxin had no protective effect^^ .̂ Furthermore, using a PKCe-selective 
antagonist, eVl- 2  peptide, preconditioning can be ablated^^, suggesting that whilst 
PKCri may be involved in preconditioning in an as yet undetermined way, PKCe 
activation and translocation is pivotal to the preconditioning signal cascade.

1.5.2.2. Tyrosine Kinases.

Recent work has implicated protein kinases other than PKC in preconditioning; that 
maybe either in parallel and/or downstream to this enzyme group. Experiments with the 
tyrosine kinase inhibitor, genistein, have demonstrated that tyrosine kinase (TK) 
activation is a crucial step in the preconditioning cascade^ the delayed preconditioning 
effect of stimulation via the adenosine Aj receptor can be attenuated both by 
chelerythiine (PKC inhibitor) and lavendustin-A (TK inhib itor)^W ith  respect to the 
relationship of TK with PKC in the activation of the preconditioning signalling cascade, 
it is thought that TK is downstream of PKC^^^, although to block preconditioning in 
pigs requires the combined blockade of both TK and PKC^® ,̂ implicating parallel and 
independent signal transduction in this species.

1.5.2.3. Mitogen activated protein kinases

Mitogen activated protein kinases (MAPK) are highly conserved serine/threonine 
protein kinases that are activated by dual phosphorylation on a Thr-X-Tyr motiP^^
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during ischaemia and/or reperfusion, possibly contributing to structural and functional 
changes after myocardial ischaemia. They are activated in response to a wide variety of 
stimuli including growth factors (via G-protein coupled receptors) and environmental 
stresses. Three major MAP kinases have been studied in the heart with respect to 
ischaemia/reperfusion injury: p38- mitogen activated protein kinase (of which a and p 
isoforms have been identified in the heart^^^), p42/p44 extra cellular signal-regulated 
kinase (ERK), and the stress activated c-jun N- terminal kinase, p46/p54 JNK/S APK. 
Within these classifications, there are a number of identified isoforms characterised: 
there are currently 10 p46-p54 JNK isoforms and 6 p38-MAPK isoforms (a ,̂ pj, pz, 
Y and 5) (JNK and p38 MAPK are reviewed in depth in reference^^^ and ERK reviewed 
in reference In addition to the increasing complexity of MAP kinase isoforms, 
another MAP kinase has been identified which is closely related to ERKs- BMK-1 
(ERK-5). Comparatively little is known about BMK-1 with regard to
preconditioning and ischaemia/reperfusion injury, so the summary below concentrates 
upon the better-characterised p38 MAPK, p42/p44 ERK and p46/p54 JNK families.

1.5.2.4 Activation o f the MAP kinases

Growth factors, and other G-protein coupled receptor agonists rapidly signal via 
pathways that include the activation of the various isoforms of PKC. Activated PKC 
phosphorylates the mitogen activated protein kinase kinase kinase (MKKK), raf-1,^^* 
directly activating p42/p44 ERK and indirectly p38 MAPK and p46/p54 JNK. Over 
expression of PKCe results in the dual phosphorylation of p42/p44 ERK and imbues 
protection against lethal simulated ischaemia/reperfusion in isolated rabbit m y o c y t e s .  

This pathway has been shown to be triggered following ischaemic preconditioning, 
whereby transient ischaemia leads to rapid activation of R a f-l.^ ^ o  

Ischaemia or reactive oxygen species has been shown to rapidly activate p38 kinase and 
JNK SAPK^2i, 122 without the obligatory requirement of receptor activation. However, 
G-protein coupled receptors can modulate activity of these MAP kinases. In kidney 293 

cells, Gq/Gll muscarinic m l, Gi coupled m2, Gs p-adrenergic receptors activate p38 

MAPK, which is completely inhibited by the expression of Gao. This activation of p38 
MAPK is mimicked by the over expression of GPy,^^  ̂ indicating the G-protein 
mechanisms of signalling of p38 MAPK in this cell line.
Therefore, the patterns of MAP kinase activation are complex, and appear to involve 
significant cross talk between the small G-protein Ras and the MKKK, Raf-1 to lead to 
the patterns of MAP kinase activation observed in ischaemia and reperfusion, and as a 
result of preconditioning.
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1.5.3. MAP kinases in ischaemia/reperfusion injury and early and 

delayed preconditioning.

The three MAP kinase signalling pathways (summarised in figure 1.7) are activated 
remarkably rapidly, concomitant with the time course of the early preconditioning 
phenomena, and even during the period of the ischaemia/reperfusion i n s u l t . ^^4, 125 

Therefore, these signalling pathways have been investigated to determine whether they 
have a role in myocardial ischaemia/reperfusion injury and resistance to injury.

1.5.3.1 Ischaemia/reperfusion injury

p38 MAPK phosphorylation and activity is rapidly upregulated by cellular stress, 
including both ischaemia^22 ^nd oxidative s t r e s s .U n l i ke  p42/p44 ERK and p46/p54 

JNK, p38 MAPK is activated solely during ischaemia, not requiring subsequent 
reperfusion for maximal activation. Recent studies have indicated that p38 MAPK 
activation in this paradigm is significantly deleterious in terms of necrotic cell death 
resulting from an injurious ischaemia/reperfusion insult.^̂ 6 Further evidence for this 
deleterious role comes from studies where p38 MAPK is inhibited with the specific 
inhibitor 4-(4-fluorophenyl)-2-(4-methylsulphinylphenyl)-5-(4-pyridyl)lH-imidazole 
(SB203580) during the ischaemia/reperfusion insult: inhibition reduces injury in cardiac 
tissue both in terms of measured necrosis^^v-iso and apoptosis. 2̂7,131 Furthermore, the 

abrogation of p38 MAPK dephosphorylation further augments ischaemia/reperfusion
i n j u r y . ^ 2 8

During ischaemia/reperfusion, p38 MAPK is not the only deleterious MAP kinase. 
Recent studies have indicated an injurious role for p46/p54 JNK. Phosphorylation and 
in-gel kinase assays have shown that ischaemia increases p46/p54 JNK activity, which 
is further augmented by r eper fus ion . The  injurious role is supported by evidence 
demonstrating that the inhibition of JNK by curcumin attenuates ischaemia/reperfusion 
necrotic i n j u ry ,wh i l s t  transfection with a dominant negative mutant into the H9c2 
cell line markedly attenuates apoptotic cell death.
The role of p42/p44 ERK in ischaemia/reperfusion is less well determined. It has been 
shown that ischaemia/reperfusion triggers p42/p44 ERK activity via a mechanism

dependant upon the activity of PKCe.̂ ^̂  Activation appears dependent upon

reperfusion 132,134 but this activity appears to be unrelated to cellular resistance to or 
exacerbation of necrosis following ischaemia/reperfusion injury, although a recent 
report has suggested that ischaemia/reperfusion triggered apoptotic injury may be 
exacerbated by inhibition of the activation of p42/p44 ERK by 2’-amino-3 
methoxyflavone (PD98059, a MEKl/2 inhibitor).i3i
There is, therefore, strong evidence for the activity of MAP kinases during 
ischaemia/reperfusion. These signalling pathways, in their own right, could be used as
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pharmacological targets to reduce myocardial injury. Furthermore, these pathways may 
be modulated following preconditioning stimuli.

1.5.3.2. Early Preconditioning

Whilst p38 MAPK has been demonstrated to be deleterious during 
ischaemia/reperfusion injury, paradoxically perhaps, ischaemic preconditioning 
increases p38 MAPK phosphorylation following the preconditioning stimulus. The 
increase of p38 MAP kinase activity is associated with increased cytoskeletal 
translocation of HSP27,^^^ an oB crystalline small heat shock protein thought to have a 
cytoskeletal protective role against cellular stress. Ischaemic and pharmacological 
preconditioning in rabbit (via A, receptor activation) increases p38 MAPK 
phosphorylation, concomitantly increasing MAPKAPK2 activity and is associated with 
significant attenuation of infarction.^^^ The cardioprotection resultant from ischaemic 
preconditioning can be mimicked by the pre-treatment of the myocytes with a stimulator 
of p38 MAP kinase activity, anisomycin, to significantly reduce infarct size.^^s, i30, i36 
Furthermore, early ischaemic preconditioning has been shown to be attenuated with 
inhibitors of p38 MAPK, SB203580, 129, 130, 136-139 P K C ^ 2 9  (demonstrated to reduce
the activation of p38 MAPK) and tyrosine k i n a s e ,  ^^7 but not with inhibitors of the other 
MAP kinases. The conundrum of increased p38 MAP kinase activity following 
preconditioning being paradoxically protective rather than deleterious may be explained 
by observations in neonatal rat myocytes. Ischaemic preconditioning appears to 
attenuate p38a activation during index simulated ischaemia, without effect upon p38p 
a c t i v i t y . 126, 129 Therefore, the initial increase of p38 MAP kinase during the 
preconditioning stimulus, appears to abrogate later, deleterious p38a activation in 
myocytes.
Whilst p42/p44 ERKs are phosphorylated and active during the time frame of early 
preconditioning, the role of these kinases remain controversial. There is conflicting 
evidence regarding the role of p42/p44 ERK in early preconditioning, in which 
activition has been shown to be either protective (piĝ "̂ )̂ or to have no role in this phase 
in myocardial resistance to injury (rabbit̂ ^̂ i and H9c2 cells^^^). The cause of this 
dichotomy in the literature is unclear, but may relate to the species of study, as other 
investigators, using the pig model of preconditioning, have failed to demonstrate any 
clear correlation between MAP kinase activation and myocardial tissue i n j u r y .

Where the role of p46/p54 JNK has been studied in relation to ischaemia/reperfusion 
and preconditioning, p46/p54 JNKs are demonstrated to be activated. However, 
inhibition of JNKs has no effect upon infarct sparing in the rat,^^  ̂ suggesting that the 
upregulation of p46/p54 may be an epiphenomenon following early ischaemic 
preconditioning.
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1.5.3.4. Delayed preconditioning

In early preconditioning, p38 MAPK has been shown to be efficacious in reducing 
injury through a pathway that involves MAPKAPK2 and HSP27 phosphorylation. In 
delayed preconditioning, a similar protective pathway has been postulated, using an 
adenosine Aj receptor agonist in rat as a trigger of delayed pharmacological 
preconditioning. In this paradigm, recent work suggests that p38 leads to a late phase 
phosphorylation of HSP27 via MAPKAPK2, which is associated with attenuation of 
infarct size.^^s, \u  This pathway is sensitive to both PKC and tyrosine kinase inhibition, 
although the necessity of p38 MAPK activity was not tested directly. These results 
appear to be supported in a human cell line model, whereby SB203580 attenuates both 
ischaemic and pharmacological delayed preconditioning. in rat neonatal myocytes 
however, SB203580 failed to attenuate protection triggered by ischaemic 
p r e c o n d i t i o n i n g .  Therefore, at the present time, the weight of evidence would 
support a role for p38 MAPK in delayed preconditioning, although the definitive 
answer remains to be determined.
Evidence for a role of p42/44 ERKs in delayed preconditioning is more robust. Delayed 
ischaemic preconditioning in rat ventricular myocytes results in the activation and 
phosphorylation of p42/p44 M A P K ,146, i47 which is associated with protection against 
simulated lethal ischaemia. This protection is attenuated by the administration of 
PD98059, but not by SB203580 or wortmannin.i34 The activation of p42/p44 ERK

would appear to be an essential component of a signalling cascade involving PKCe

upstream, and the activation of gene transcription factors such as NF-kB and AP-1
downstream. 147

Limited data are available regarding the role of p46/p54 JNKs in delayed 
preconditioning. Whilst p46/p54 has been shown to be pro-apoptotic in some models, 
the expression of a dominant negative mutant of MAPK kinase-4, inhibiting p46/p54 
JNK, prevented the upregulation of the down stream gene transcription factors, NF-kB 
and AP- 1, that are thought to play an important role in mediating delayed protection 
against lethal ischaemic injury. i47

1.5.4 Downstream targets of MAPKs

1.5.4.1 Cell death pathways

One potential target for the beneficial/detrimental actions of MAP kinase activation is the 
cell death cascades classically associated with apoptosis (as discussed in section 1.1).
In H9c2 cultured myoblasts, inhibition of p42/p44 ERK with PD98059 exacerbates 
ischaemia/reperfusion induced apoptosis.i^i The p42/p44 ERK pathway appears to be a 
potent mechanism for cell survival, capable of arresting apoptosis even after release of
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cytochrome-c from mitochondria. One potential anti-apoptotic target is the p90 
ribosomal S6 kinase (p9(y^). Activated as a result of ischaemia/reperfusion^^® p90""' is 
an ERK substrate and ubiquitous and versatile mediator of ERK signal t r a n s d u c t i o n .  ^̂ 9 
Essential functions include (1) regulation of gene transcription via phosphorylation of 
transcription factors including c-Fos and camp-response element-binding (CREB) 
proteind^® (2) regulation of protein synthesis by phosphorylation of poly ribosomal 
proteins and glycogen synthase kinase-3; and (3) stimulation of the Na/H exchanger 
(NHE) by phosphorylating serine 703 of the NHE-l.^^i p90rsk has recently been 
shown to phosphorylate serine 112 the pro-apoptotic Bcl-2 family member, Bad, and 
thus inactivate it. ^̂®’ 153 Therefore, p42/44 ERKs have been demonstrated to
promote survival both via inhibition of cell death machinery and the increased 
transcription of pro-survival genes. Similarly, the related BMK-1 has also been shown 
to have a potentially anti-apoptotic role in ischaemia/reperfusion i n j u r y . B M K - 1  
activation results in phosphorylation and activation of MEF2A and MEF2C myocyte 
enhancer factor-2 transcription factors that are important regulators of cardiac gene 
expression. As PD98059 has been shown to attenuate BMK-1 activity at the same 
concentrations required to block Mek 1/2, some caution therefore needs to be applied 
into the interpretation of the results using this drug.
In a number of studies, p38 MAPK appears to have a pro-apoptotic role. In myocyte 
models of ischaemia/reperfusion, inhibition of p38 MAPK with SB203580 reduces 
apoptosis. 127, 131 In  the HaCaT cell line, where ultraviolet radiation appears to be a 
potent stimulator of p38 MAPK, the ensuing apoptotic injury appears to be mediated via 
the release of cytochrome-c from the mitochondria. 1̂  ̂In T-cells, p38 MAPK activation 
is associated with Fas hgand (FasL) expression:ligand/receptor interaction leads to 
the activation of caspase-8 and thus lead into cell death. In the cardiac myocyte, the 
cause of cell death remains to be clearly determined. However, it has been suggested 
that there is isoform specificity of apoptotic function: the p38a MAPK isoform may be 
pro-apoptotic, whilst p38p MAPK may have an anti-apoptotic role. 1̂  ̂ Indeed, in other 
models, p38p has been shown to attenuate FasL and UVB induced cell death, whereas 
p38a has been shown to mildly exacerbate injury. 1̂  ̂Thus, the specific roles of the p38 
isoforms in apoptotic signalling potentially provide a mechanism by which differential 
regulation of p38 MAPK isoforms may be beneficial following ischaemic 
preconditioning regimen.
The role of p46/p54 JNK is thought to be deleterious to cell survival. Indeed, inhibition 
of JNK reduces apoptotic cell d e a t h , * 2 i  and dominant negative JNK transfection in this 
cell hne reduces DNA fragmentation associated with apoptosis following oxidative 
s t r e s s . ^23 JNK-mediated apoptosis in some cell lines has been shown to involve 
ubiquination and degradation of p53, which may be regulated by the JNK-mediated 
phosphorylation of p53. ^̂® However, p53 does not appear important for hypoxia

Robert M. Bell 23



Chapter 1

induced apoptosis in cardiac myocytes; cell death triggered by hypoxia with acidosis is 
independent of p53, with no significant difference in cell death observable between 
hearts from wild type and p53 knockout miced^^ Therefore, the mechanism for JNK- 
induced apoptosis remains unexplained.

1.5.4.2. Gene transcription factors

Preconditioning stimuli, through the induction of reactive oxygen species, PKC or 
tyrosine kinase activation, each hnked to MAPK activation, leads to the rapid 
dissociation of nuclear factor (NF)- kB from inhibitory IkB p r o t e i n s a n d  subsequent 
translocation of the active N F -k B  subunits to the nucleus^^^, i63 indeed, activation of 
this nuclear transcription factor occurs rapidly as a result of ischaemia/reperfusion,^^^ 
and can be found to be induced in the myocardium of patients suffering from acute 
coronary syndromes, such as unstable angina .Blockade of N F -k B  with the inhibitor 
diethyldithiocarbamate (DDTC) leads to the complete loss of protection associated with 
the second window of p r o t e c t i o n ^ ^ s  xhe loss of cytoprotection resultant from 
attenuation of N F -kB  activity is likely to be associated with the loss of availability of the 
gene products that are regulated. Candidate genes include inducible nitric oxide 
synthase (iNOS/NOS-2) and guanosine triphosphate cyclohydralase-1 and 

adenosine Aj receptor expression. Regulation of NF-kB appears to be both via p38 
MAPK and p42/p44 ERK. MKK6 activates N F -k B  in a p38 MAPK dependent 
m a n n e r ^ C y t o k i n e s  appear to preferentially signal via the p42/p44 ERK pathway to 
upregulate gene products such as inducible isoforms of nitric oxide s y n t h a s e a n d  
c y c l o o x y g e n a s e . ^ 7 1  Unfortunately, there are insufficient data to draw definitive 
conclusions as to the significance of these apparently separate triggers of N F -k B  

activation, but may hint at differences between pharmacological and ischaemic 
preconditioning that need to be considered when comparing results of various 
investigations. Equally, there are comparatively little data on the roles of other 
transcription factors following preconditioning, such as MEF2s (discussed in section
1.5.4.1 in relation to p38 MAPK activation, and reviewed in and activator protein 
(AP)-l (associated with p46/p54 JNK '̂^  ̂ and/or p42/p44 ERK^^^ activation and
encodes a number of genes associated with cardiac hypertrophy

1.5.5. MAP kinases and cellular adaption to injury: Summary

The patterns of MAP kinase activation are complex, and remain poorly understood. 
From data currently available, it appears that whilst p38 MAPK activation during 
ischaemia/reperfusion injury is deleterious, it is nonetheless an essential signalling 
component of both early and delayed preconditioning. The role of p42/44ERKs remain 
controversial in early preconditioning, although in the context of delayed 
preconditioning, its activation appears to be an essential signalling step in the mediation
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of protein upregulation required for this phase of protection. P46/54 JNKs are the least 
understood of the MAP kinases: deleterious during ischaemia/reperfusion, their role as 
a result of preconditioning remains unclear.
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F ig u r e  1.7. M it o g e n  a c t iv a t e d  pr o t ein  k inase  sig n a llin g  c a sc a d e . 

The mitogen activated protein kinase cascade is summarised below.

tyrosine kinases protein kinase C

MEKKl

Raf-1

MEKKl

SEKl 
or 

MKK3 
MKK4

SEKl MKKl
MKK2

MKK4 (MKK3)

342 MAPK 
344 MAPK 

ERK2/ 
ERKl

p54
JNK

SAPK

MAPKAPK2 MAPKAPKl

HSP27
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1.6. The effectors of preconditioning.

1.6.1. Effectors of preconditioning

Downstream of the signalling cascades are the end-effector mechanisms that mediate 
cell death and survival. Amongst the candidate proteins and channels, there appears to 
be some similarity between both early and delayed preconditioning. The interesting 

parallels between these phases of preconditioning suggest that these pathways are 

significant in myocyte survival, however, there is a significant difference between early 
and delayed preconditioning: protein synthesis. Whilst early preconditioning can be 

ehcited in the presence of protein synthase i nh ibi t ors , i t  is perhaps significant that 
delayed preconditioning can not.̂ ^̂

1.6.2. Effectors of early preconditioning

1.6.2.1. The K^jp channel.

During early preconditioning, PKC is thought to translocate from the cytosol to the 
cellular membrane to activate the channel; application of purified constitutively 
active PKC to the intracellular surface of patch clamped isolated rabbit myocytes 
produces an approximately threefold increase in the channel open p r o b a b i l i t y .  

Ischaemic preconditioning mediated via PKC is lost with the blockade of K^^p by the 
sulphonylurea, glibenclamide.^^* Numerous studies have been performed, both with 
K̂ PP channel o p e n e r s a n d  K̂ p̂ channel blockers (ratŝ ,̂ is3̂  rabbitŝ "̂̂ ' dogs^^ ,̂ 
pigs 187, 188 and man^̂ )̂, to demonstrate either preconditioning-mimetic behaviour or 

preconditioning attenuation respectively.
Activated sarcolemmal K^^p channels shorten the duration of the action potentiaP^ .̂ 
Shortened action potential duration is potentially pro-arrhythmogenic, yet the opening 
of K̂ pp is thought to be protective by accelerated ion flux through the channel, reducing 
calcium overload.
However, the assumption that myocardial protection is mediated by sarcolemmal K̂ pp 
channels has been recently challenged by the observation that low dose bimakalim (a 

K̂ PP channel opener) confers cardioprotection without attenuation of the action potential 
d u r a t i o n ^ Thus the involvement of K̂ pp channels in other cellular compartments has 

been suggested, and specifically in the mitochondria (see review Diazoxide has 
been demonstrated to be relatively selective for the mitochondrial K^pp c h a n n e l .  Even 

at doses required to induce the preconditioning-like myocardial protection, 
mitochondrial channel opening (as assayed through the oxidation of mitochondrial
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flavoproteins) can be demonstrated in the absence of sarcolemmal potassium current 
(Iratp)- Furthermore, selectively blocking the sarcolemmal with HMR-1883 fails 
to attenuate the infarct sparing effect of ischaemic p r e c o n d i t i o n i n g , ^̂ 2 providing further 
evidence for the mitochondrial rather than the sarcolemmal channel being essential 
for preconditioning.

1.6.2.2. Small heat shock proteins: oB crystallin and HSP27

Recently, Baines et al. have demonstrated that preconditioning can abrogated by 
depolymerisation of actin cytoskeleton, possibly interfering with the regulation of the 
mitochondrial c h a n n e l .  ^̂ 3 Therefore, it has been proposed that small heat shock 
proteins, such as aB crystallin and HSP27, may mediate early cytoprotection against 
lethal ischaemia/reperfusion injury.

1.6.2.2.1 aB Crystallin

aB crystallin is highly constitutively expressed, composing 1-2% of rat and pig soluble

p r o t e i n . ^94 unstimulated myocytes the majority of the protein is in the cytosolic pool. 
However, following transient ischaemia, oB crystallin has been demonstrated to rapidly 
translocate to the myocyte’s intercalated discs and Z-lines.^^^> Interestingly, 
translocation is in itself inadequate to convey protection in isolated perfused rats hearts. 
Michael Shattock’s g r oupdemonst r a t ed  that whilst transient hypercapnia was 
efficient in promoting aB crystallin to the cytoskeleton, functional recovery was 
equivalent to controls. Ischaemic preconditioning however was demonstrated to 
phosphorylate aB crystallin via a pathway sensitive to inhibition by tyrosine kinase 
inhibitor, genistein, and the p38 MAPK inhibitor, SB203580. Thus modified, the aB 
translocation was associated with functional preservation from a 35-minute lethal 
ischaemic insult.

1.6.2.2.2. HSP27

A similar pattern of activation and translocation has been observed following ischaemic 
preconditioning with aB crystallin’s homologue, HSP27. HSP27, in its non- 
phosphorylated form, acts as an F-actin cap binding protein, inhibiting polymerisation 
of F-actin filaments. Phosphorylation of HSP27 promotes polymerisation, opposing 
actin filament disruption that occurs as a result of ischaemic i n j u r y . T h i s  
phosphorylation step is mediated by MAPKAPK2,^98 ^ kinase activated following 
transient ischaemia and p38 MAPK activation. Ischaemic preconditioning has been 
associated with significant translocation of HSP27 from cytosolic to 
membranous/nucleic fractions in the H9c2 cell line^^  ̂ and significant phosphorylation 
(which can be mimicked by adenosine pre-administration)^The cell work has
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recently been replicated in isolated perfused rat heart, again demonstrating significant 
translocation of HSP27 occurring as a result of p r e c o n d i t i o n i n g , ^35 although in this 
study, phosphorylation of HSP27 was not quantified. Phosphorylation appears to be an 
essential component of HSP27 activity. Mutation of the phosphorylation site of HSP27 
abrogates the benefits observed from over expressing this protein; ischaemic protection 
is lost.200> 201 Therefore, presumed phosphorylation is not adequate to assume HSP27 
activity, although the p38 MAPK/ MAPKAPK2 is almost certain to have been activated 
by preconditioning. Armstrong et al., in a primary ventricular rabbit myocyte model,202 

failed to demonstrate a significant alteration of HSP27 cellular compartmentalisation, or 
a significant change in baseline HSP27 phosphorylation. This result appears to be 
contrary to the studies previously described. It must be noted that there was 
surprisingly high level of phosphorylation of HSP27 in seen in control samples 
compared to that reported by Nagarkatti et a l . 2̂9 Given the method of cellular extraction 
used by Armstrong et al., it is conceivable that the cells were pre-stressed (myocytes are 
extracted in calcium free buffer, to which calcium is added; the myocytes that survived 
and used in their study may well have been subjected to a calcium paradox stress) thus 
leading to pre-activation of HSP27. If this is the case, then the lack of preconditioning 
regulation of compartmentalisation or phosphorylation is to be expected.
Therefore, both small heat shock proteins (aB crystalhn and HSP27) are subject to 
phosphorylation and activation by p38 MAPK mediated pathways in myocardial 
ischaemia. These proteins may, therefore, be an essential component of the early 
preconditioning response.

1.6.3. The mediators and effectors of delayed preconditioning

Infarct sparing triggered by delayed preconditioning is thought to have a number of 
important differences from that of early preconditioning, and this is inferred from the 
varying patterns of MAP kinase activation described in section 1.5.3. Amongst 
downstream targets of delayed preconditioning are protein synthesis induction and post- 
transcriptional protein modification. The identities of many of the protective proteins 
and associated mechanisms/pathways remain to be elucidated. There are, however, a 
number of candidates.

1.6.3.1. The putative mitochondrial K^jp channel

As with early preconditioning, the mitochondrial K^^ channel has been associated with 
cardioprotection against cell death. Evidence of the channel’s involvement is derived 
from a number of models: following antecedent ischaemic stimuli in rabbit^o  ̂ and 
human derived cell lines;^^  ̂pharmacological stimuh with opioids,^^ bacterial endotoxin 
derived monophosolipid A (MLA),204 and Aj receptor activation;205 and proceeding heat 
stress in rabbit.206, 207 each case, protection against cellular necrosis could be
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abrogated by the administration of channel blockers prior to the lethal ischaemic 
injury.
Whilst the mechanisms of delayed phase mitochondrial channel opening remain 
unclear, nitric oxide has been implicated in enhancing K^^p channel open probability.208 

Therefore, it may be hypothesised that through nitric oxide generation from the 
inducible isoform of nitric oxide s y n t h a s e , ^ 0 9  channel opening is mediated.
However, the mechanism by which nitric oxide increases the open probability of the 
K̂ PP channel are unknown.

1.6.3.2. Inducible proteins:

1.6.3.2.1. Manganese superoxide dismutase (MnSOD)

The role of endogenous anti-oxidants has been suggested as one potential mechanism of 
cellular adaption to ischaemic stress and the free radical induction associated with 
reperfusion. Interestingly, it has been shown that the mitochondrial free radical 
scavenger, MnSOD, has a biphasic pattern of temporal activity following a 
preconditioning stimulus, consistent with early and delayed preconditioning.210. This 
observation provides circumstantial evidence for MnSOD’s involvement with 
cardioprotection. Further evidence has been provided by two recent studies in rat 
cultured myocytes and in-vivo, where the administration of an anti-sense 
oligonucleotide abrogated both MnSOD protein expression and the cardioprotection 
observed resulting from either ischaemic or pharmacological preconditioning.^^’ 211 

MnSOD may therefore have an important role in protecting the heart in times of free 
radical generation and oxidant stress.

1.6.3.2.2. Chaperone heat shock proteins: HSP70 and HSP90

Heat shock proteins (HSP) are expressed in the cell following a number of stressful 
stimuli. These molecules are thought to function as molecular chaperones, affecting 
protein folding assembly and disassembly (review 212),

1.6.3.2.2.1.HSP70

HSP70 may have direct influence upon cell death cascades. In a number of cell types, 
apoptotic stimuli are associated with the upregulation of HSP70: in rat 9L tumour cells, 
HSP70 expression reduced apoptosis triggered by cadmium, in a pathway involving 
both p42/p44 ERK and/or p38 MAPK;^^2 and in astrocytes, hypoxic injury is 
associated with HSP70 induction by p38 MAPK activation.213 Furthermore, HSP70 
induction is associated with a concomitant inhibition of the putative pro-apoptotic MAP 
kinase, p46/p54 JNK, associated with TNF-a/ FasL administration in T-cells.2i4 
(HSP70 regulation of p46/p54 JNK and its implication in apoptosis is reviewed in 215 )
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These observations are consistent with a recent study in renal cells whereby in osmotic 
shock, HSP70 induction was associated with p38MAPK activity, and where p38 
MAPK activity was blocked with SB203580, the activity of p46/p54 JNK was 
potentiated.216 in rat heart^i^ and isolated myocytes,^!^ over transfection has been 

shown to reduce apoptotic injury against hypoxic stress. Therefore, HSP70 may have 
cytoprotective roles in cardiac myocytes beyond the pure role as molecular chaperone.
In delayed preconditioning, HSP70 expression has been shown to be elevated 24 hours 
after the preconditioning stimulus, consistent with the time course of delayed 
protection.2^9 Furthermore, gene transfected cells^^o ^nd transgenic mice with 
constitutively over expressed rat HSP70221 are imbued with cellular protection against 
ischaemia/reperfusion injury. However, in a recent time course study, Comelussen et 
al. demonstrated that HSP70 expression is significantly elevated prior to the onset of 
delayed protection.222 Therefore, it would appear that cytoprotection from 
ischaemia/reperfusion injury requires more than expression of HSP70; other signalling 
processes may be required.

1.6.3.2.2.2. HSP90

HSP90 is the most abundant molecular chaperone in eukaryotic cells, of which there are 
two isoforms: the constitutively expressed HSP90a and the inducible HSP90p. The 
induction pattern of HSP90p following a preconditioning stimulus is consistent with the 
delayed phase of myocardial protection. HSP90 appears to be essential to MAP kinase 
signalling. HSP90 binds to the MKKK, Raf-1, facilitating the formation of multiprotein 
complexes essential in the MAP kinase signalling cascade; inhibition of HSP90/Raf-l 
association with the specific HSP90 inhibitor, the antibiotic geldanamycin, attenuates 
p42/p44 ERK activation.223,224 other chaperone roles of HSP90 include the interaction 
with and up-regulation of the constitutive nitric oxide proteins, and thus the expression 
of nitric oxide second messenger.225 Up-regulation of HSP90 may also have impact 
upon the cell death cascade, with recent evidence suggesting that HSP90 is capable of 
binding to Apaf-1, disabling the ability of cytochrome-c release to bind and form an 
active complex with Apaf-1 and caspase-9.226 Whilst HSP90 induction has been 
demonstrated following heat and metabolic stress in cultured rat myocytes,222 the 
potentially protective roles of HSP90 have yet to be fully elucidated in the heart.

1.6.3.2.2.3. HSP27

aB-crystallin family of heat shock proteins unique for being under both transcriptional 
and post translational control, and are described in greater detail in section 1.6.2.2.1. 
Unphosphorylated, it is associated with actin to prevent polymerisation or as 
aggregates.201 Phosphorylation of HSP27 dissociates the aggregates and facilitates actin 
polymerisation and stress fibre f o r m a t i o n . HSP27 is phosphorylated by
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MAPKAPK2, part of the p38 MAPK signalling cascade which is initiated as a result of 
p r e c o n d i t i o n i n g ^ 2 4  jhus activated, HSP27 binds to cytoskeletal actin, possibly 
imbuing the increased osmotic strength observed in preconditioned isolated rabbit 
myocytes, cells with concomitantly increased p38 MAPK activation^^^Jn delayed phase 
preconditioning, Dana et Si\M̂  have demonstrated that adenosine Aj receptor activation 
and delayed phase protection is linked to p38 MAPK and HSP27 tri-phosphorylation 
on 2D gel e l ec t rophores i s . As  previously described, this post-translational 
modification of the HSP27 can convey protection to the cytoskeleton, and conceivably 
maintain function of the putative mitochondrial channel.
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1.7. The Role of nitric oxide and the nitric oxide synthases in 

preconditioning.

Nitric oxide (NO) is associated with many aspects of cellular biology, involved in 
neuronal signalling, maintenance of vasodilatory tone in numerous vascular beds, cell 
growth, regulation of platelet aggregation and leukocyte binding to endothelium^^s, 229 

NO has also been linked to both myocyte survivapo^- and death^^i. 232 following 
ischaemia/reperfusion injury. Therefore, with conflicting reports in the literature 
regarding NO in ischaemia reperfusion injury, and yet showing great potential as a 
mediator of myocyte preservation in the face of cellular stress, NO has become the 
subject of significant cardiovascular research.

1.7.1. Biology of nitric oxide synthases

NO is synthesised by one of the major three isoforms of NO synthase in the 
myocardium: NOS-I or neuronal NOS (nNOS), NOS-II or inducible NOS (iNOS) and 
NOS-m or endothelial NOS (eNOS). All three, in their active form, exist as 
homodimers, with the approximate subunit molecular weights of 130, 135 and 160 kD 
for iNOS, eNOS and nNOS respectively. Each isoform catalyses the conversion of L- 
arginine to L-citrulline and NO, a process requiring O2 and NADPH derived electrons. 
NOS requires several cofactors and prosthetic groups for activity: thiolate-bound heme, 
FAD and FMN, calmodulin and Ca^  ̂ (for the constitutive eNOS and nNOS isoforms 
only) and tetrahydrobiopterin
NOS is a modular enzyme in which the heterodimer consists of a number of discrete 
domains. From the C-terminus, these consist of: a reductase domain sharing extensive 
homology with the cytochrome p-450 reductase; a calmodulin binding domain; an 
oxygenase domain; and a N-terminal, isoform-specific sequence.
The most significant catalytic distinction between NOS isoforms is the affinity for 
calmodulin binding at the calmodulin binding domain. Calmodulin is thought to convey 
a conformational change that is necessary for internal electron transfer; it is absolutely 
required for electron transfer from the reductase to the oxidase domain (i.e. from FMN 
to the heme complex- see figure 1.8 3̂4), and furthermore, calmodulin is found to 
increase and stimulate electron transfer within the reductase domain (i.e. FAD to
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F ig u r e  1 . 8 .  T h e  a c t iv e  n it r ic  o x id e  s y n t h a s e  h o m o d im e r .

Nitric oxide catalyses the conversion o f  L-arginine to L-citruIline and nitric oxide, 

a process that requires the donation o f  two electrons from  NADPH and the 

reduction o f  m olecular oxygen . Calmodulin binding is essential for nitric oxide  

synthase activity; in the constitutive isoform s (eNO S and iNO S) the binding o f  

calm odulin is facilitated by the presence o f  Ca^  ̂ The binding o f  calm odulin to the 

inducible isoform  o f  nitric oxide synthase is so strong that Câ  ̂ is no longer  

essential.

Abbreviations used in figure:

Arg: L-arginine

BH 4: tetrahydrobiopterin

e : electron

CaM : calcium  calm odulin

Fe: iron centre o f  hem e com plex
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FMN235). The constitutively expressed isoforms, eNOS and nNGS, require Câ "̂  for 
calmodulin binding and therefore for enzymatic activity. The iNOS calmodulin binding 
domain has such a high affinity for calmodulin, and the binding so great, that Ca^  ̂ is 
not required for iNOS catalytic activity. Therefore, regulation of iNOS activity appears 
primarily dependent upon transcriptional and translational modulation.^^e 
The heme pocket in the oxygenase domain is the site where L-arginine and O  ̂ are 
bound and catalysed to generate NO. The co-factor, also binds to the oxygenase 
domain, probably in the immediate vicinity of the heme pocket, stimulating dimérisation 
of the NOS h o m o d i m e r , 2 3 7  inducing a low-to-high spin shift in the heme c o m p l e x , 2 3 7  

and enhancing the binding affinity of the catalytic region of NOS for L - a r g i n i n e . 2 3 8  

Thus BH4 acts as an essential co-factor for NOS activity.
The N-terminal sequence is isoform specific, and determines sub cellular localisation. 
nNOS has a 300 amino acid N-terminus region that determines its location in the cell by 
interaction of its PDZ/GLGF-domain to membrane associated proteins such as the 
dystrophin-associated protein syntrophin.239 eNOS has a smaller N-terminus sequence, 
consisting of three fatty acétylation sites required for binding to membrane caveoli and 
anchoring into the membrane itself.2^0 Further modifications, including myiistoylation 
and palmitoylation,24i occur to promote membrane binding of this constitutive enzyme. 
The inducible NOS, iNOS, does not have the N-terminus extensions found on the 
constitutive isoforms of NOS, and thus is soluble and free in the cytosol.
The neuronal form of NOS exists in a number of different isoforms because of 
alternative splicing of the nNOS mRNA. The principle isoform in the brain is nNOSa, 
accounting for 95% of activity, the remainder consisting of minor isoforms, nNOSp 
and nNOSy. One further isoform of nNOSp, has recently been isolated in skeletal 
muscle. This isoform is slightly larger than the brain nNOSa isoform because the 
alternate slicing inserts an additional 34 amino acids in-between the protein sequence of 
the calmodulin and FMN-binding d o m a i n s . 2^2 The relative importance of these splice 
variants in ischaemia/reperfusion injury in the heart have not been explored, although 
one report suggests that infarct size resulting from injurious ischaemia/reperfusion in a 
nNOS knockout was no greater than that seen in the control wild type a n i m a l s . 2 4 3

1.7.2. Regulation of nitric oxide synthases

In addition to the regulation of NOS via the modulation of co-factors and prosthetic 
groups described above in section 1.7.1, and post-transcriptional modifications 
described below in section 1.7.3.2 and elaborated upon in section 1.7.4, there are at 
least two further mechanisms of nitric oxide synthase activity regulation: modulation of 
mRNA stability and endogenous inhibition by asymmetric dimethylarginine (ADMA).
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1.7.2.1. Regulation o f cellular eNOS activity through mRNA stability

Recently, a novel mechanism for the modulation of eNOS has been identified in a 
number of cell types, through the regulation of messenger mRNA stability. Protein 
tyrosine kinases have been demonstrated to increase eNOS gene transcription,^"^' 4̂5 a 
signalhng cascade also implicated in the upregulation of iNOS following 
lipopolysaccharide administration.^ In a number of recent papers, the mRNA half-hfe 
was found to be augmented by the activation of tyrosine kinase and PKC dependent 
pathways by the prior administration of endothelin (mediated through ETA receptors) 
and exogenous vascular endothelial growth factor (VEGF). Both systems are activated 
following transient hypoxia,^^' 4̂8 and thus may play a role in ischaemia/reperfusion 
injury. Of equal interest are stimuli that reduce eNOS mRNA stability, which include 
prolonged hypoxia^^ and pro-inflammatory cytokines.^^o The balance between factors 
that promote versus factors that denigrate mRNA stability therefore may warrant further 
investigation.

1.7.2.2. Endogenous inhibition o f NOS activity

A number of chemical agents have been used in study the role of nitric oxide by 
inhibiting NO synthesis, and these include L-arginine derivatives that are methylated at

their terminal guanidino nitrogen group. One such example is N“-monomethyl-L-

arginine (L-NMMA). However, L-NMMA and other methylated L-arginine analogues 
are also endogenously synthesised. Amongst these, asymmetric dimethylarginine 
(ADMA) and symmetric dimethylarginine (SDMA) are the most common.^si Like L- 
NMMA, ADMA is a NOS inhibitor, whilst SDMA is inert with regard to NOS activity. 
ADMA is synthesised by N-methyl transferases that methylate L-arginine residues 
within specific proteins; free ADMA is released during the proteolytic cleavage of these 
methylated proteins. In the cell, the concentration of free ADMA is regulated by their 
metabolism by the enzyme, dimethylarginine dimethyl aminohydrolase (DDAH); 
inhibition of DDAH activity can increase intracellular ADMA concentrations, and inhibit 
NOS activity.252 in a number of pathological states, ADMA can be demonstrated to be 
found at increased concentration in cells, including cardiovascular diseases 
atherosclerosis, hypercholesterolaemia, hypertension and heart failure.^^i Possible 
involvement of ADMA in ischaemia/reperfusion injury has not yet been investigated 
although cytokines such as TNF-a, increase the cellular content of ADMA^^ raises the 
intriguing possibility of ischaemia/reperfusion mediated regulation of DDAH.
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1.7.3. Localisation of the NOS isoforms

1.7.3.1. Gross localisation

Recent immunohistochemical studies have sought to determine the sub-localisation of 
the three isoforms of NOS in the myocardium. Consistent with Western blot results of 
resting myocardium,Brahmajothi and Campbell were able to demonstrate low level 
iNOS antibody binding throughout the myocardial wall.254 Patterns of both nNOS and 
iNOS were not homogenous in their distribution; both isoforms were found to be 
comparatively more highly expressed in endocardial regions. However, both nNOS and 
iNOS were weakly expressed compared to eNOS expression. In direct contrast to the 
other isoforms of NOS, the distribution of eNOS in the left ventricle was significantly 
greater in the epicardial than endocardial ventricle;^^^ a distribution matched by the 
expression of extracellular membrane bound superoxide dismutase (ECSOD). These 
observations were confirmed in both ferret and human myocardium. Although not 
discussed by the authors, it is interesting to note an inverse correlation between eNOS 
and ECSOD distribution in ventricular myocardium to the radial pattern of extension of 
infarction found in evolving subendocardial (non-Q wave) myocardial infarction: 
infarction extends from the endocardium towards the e p i c a r d i u m . 2 5 5 - 2 5 7  n  therefore 
tempting to speculate a role for eNOS and ECSOD in resistance to 
ischaemia/reperfusion injury.

1.7.3.2. Sub-cellular localisation

As discussed in section 1.7.1, the N-terminus domain determines to a significant extent 
the sub-cellular localisation of the three NOS isoforms. iNOS, with its truncated N- 
terminus domain is a water soluble, and therefore found, when expressed in the 
cytosolic fraction of the cell. In contrast, the eNOS isoform is found in the caveoli of 
the cellular membranes thanks to the acétylation sites on the N-terminus domain, and 
other membrane binding promoting post translational modifications through 
myristoylation and palmitoylation (discussed further in section 1.7.1). The nNOS 
isoform however possesses a 300 amino acid N-terminus domain that enables the 
protein to be targeted and fixed into cellular membranes. Possibly through this 
mechanism, as in skeletal muscle with a PDZ protein targeting domain, nNOS in 
myocytes can be found localised in the membranes of the sarcoplasmic reticulum 
(SR).258 As in skeletal muscle, the isoform found located in the cardiac SR is nNOSp. 
In nNOS knockout mice, or by the use of anti-nNOSp antibody, determined that 
calcium uptake by the SR is modified by the activity of nNOSp, as NO generated 
inhibited the calcium SR uptake transporter, Ca '̂^-ATPase,^^» potentially influencing 
myocyte contractility.
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Although the full significance of the localisation of NOS in the normal physiology and 
in pathophysiology of the heart remain to be fully elucidated, macro and microscopic 
localisation may provide new insights into disease states such as ischaemia/reperfusion 
injury.

1.7.4. The involvement of NO synthesis in early preconditioning

Triggers of preconditioning are also associated with mechanisms that upregulate the 
activity of the constitutively expressed NOS isoform, eNOS. In the unstimulated cell, 
eNOS is largely inactive, bound to sarcolemmal components such as caveoli promoted 
by post-transcriptional modifications to eNOS including myristoylation and 
palmitoylation.241 Additionally, a number of receptors have been identified that possess 
a binding domain for eNOS,259 which include bradykinin B2, the angiotensin II, ATI 
and endothelin-1 ETB receptors. Whilst the eNOS regulatory roles of ATI and ETB 
have yet to be established, the receptor binding site on the B2 receptor inhibits eNOS 
catalytic activity.^59 These receptors have been demonstrated to be involved in ischaemic 
preconditioning (see section 1.4.2; B2"̂ ;̂ ATT̂ -̂ and ETB̂ "̂ )̂. Therefore, following an 
ischaemic preconditioning stimulus, receptor activation leads to transient 
phosphorylation of the binding site by receptor activation and thus to the disassociation 
of eNOS into the cytosol. Furthermore, eNOS dissociates from sarcolemmal caveoli 
with the activation of bradykinin B2 receptors,260 providing a further mechanism of 
receptor mediated activation of eNOS. Thus eNOS released into the cytosol becomes 
susceptible to activation by calcium/calmodulin.
Interaction of eNOS with inhibitory binding sites is not the sole method of regulation of 
eNOS activity; further post-transcriptional modifications occur to regulate the enzyme. 
Two separate pathways exist to increase the catalytic activity of eNOS by 
phosphorylation (‘unstimulated’ eNOS is typically about 8 times slower than either the 
nNOS or iNOS isoforms^^^). The PI3 kinase and cAMP linked protein kinase 
pathways, both activated by G-protein linked receptors (described in section 1.5.1.1) 
can lead to significant upregulation of eNOS activity. Recent work has shown that 
eNOS may be phosphorylated at serine 1177, which significantly increases eNOS 
catalytic activity in a calcium independent fashion. The serine phosphorylation is 
catalysed by both protein kinase B (PKB or Akt, a downstream target of PI3 kinase)^^» 
86,229,261,262 and by AMP linked protein kinase.^^' Both of these signalling pathways 
will be active following ischaemic preconditioning; it is therefore attractive to speculate 
that NO may be involved in the preconditioning signalling cascade.
Therefore, in preconditioning the heart, eNOS activity may be increased, raising the 
possibility of this enzyme’s involvement in early preconditioning. At present however, 
the role of eNOS in early preconditioning remains unclear. With pharmacological

Robert M. Bell 38



Chapter 1

inhibitors of NOS activity, investigators have demonstrated that early preconditioning is 
either not abrogated263-265 or partially attenuated. 6̂6, 267 However, in no previous study 

has NO release been measured and therefore, no direct evidence that NO synthesis was 
completely inhibited. Furthermore, the pharmacological inhibitors used in these studies 

may have non-specific properties that promote protection. For example, N“-nitro-L- 
arginine methyl ester (L-NAME) used in each of these investigations has been 
purported to possess anti-muscarinic properties'^»). It therefore remains equivocal as to 
whether NO has a part to play in the triggering and mediation of early preconditioning.

1.7.5. The role of NO in delayed preconditioning

Whilst delayed preconditioning has been shown to be efficacious in reducing infarct 
size resulting from lethal ischaemic insults, the mechanisms triggering and mediating 
this cardioprotection remain unclear. Recent work by Bolli and colleagues has 
implicated the synthesis of nitric oxide (NO) as being both an important t r i g g e r '^ ^ ,  2 6 9 , 270 

and mediator of delayed ischaemic preconditioning.^^o. 2711  ̂support of this hypothesis, 
pharmacological inhibition of NO synthesis prior and during the index ischaemia 
abrogates the protection of delayed preconditioning.209, 271 Furthermore, recent work in 
transgenic mice with targeted disruption of the iNOS gene have demonstrated similar 
results. 272
A s a trigger of delayed preconditioning, the mechanisms necessary for increased NO 
synthesis have not been fully elucidated, but may occur in a similar paradigm to that 
proposed above (section 1 .7 .4 )  for early preconditioning. However, increased NO 
bioavailability has been demonstrated to cause isoform specific translocation and 
activation of P K C  in a fashion similar to that observed following ischaemic 
preconditioning, and furthermore to result in equivalent delayed protection.273 
The mechanisms leading to increased NO synthesis that mediates delayed protection are 
better understood, and thought to involve the induction of iNOS. Whilst the iNOS 
protein is detectable at low levels in naive myocardium^^o. 274 this observation is of 
unknown biological significance, and is not thought to play a role in triggering 
preconditioning230. However, iNOS is markedly induced following ischaemic stress by 
signalling cascades resulting in the activation of transcription factors such as NF-kB^^ ,̂ 
169. Given that the triggers of delayed preconditioning result in significant 
transcriptional upregulation of iNOS (and thus to concomitant increased NO 
synthesis236), and that NO generation appears essential for the mediation of protection 
in this phase of protection, has lead to the hypothesis that iNOS is pivotal to the 
mediation of delayed preconditioning. However, recent work by Vallance and 
colleagues, in a cytokine model of shock and vascular response in man275, has 
demonstrated that eNOS activity can be markedly up-regulated by increased BH^
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availability. The investigators found no evidence of iNOS induction, yet there was clear 
evidence of NO generation, therefore they hypothesise that eNOS is capable of 
“masquerading” as iNOS. The potential importance of this observation in context of 
preconditioning has not as yet been determined, but is explored in more detail in this 
thesis.
Preconditioning may be triggered both by ischaemia, and by pharmacological targeting 
of specific receptors involved in the transduction of the preconditioning signal. It is not 
known whether the mechanisms for delayed pharmacological preconditioning differs 
from the protection observed following delayed ischaemic preconditioning. Ischaemic 
preconditioning involves the release of multiple signalling moieties whilst 
pharmacological triggers can specifically select a single signalling pathway. 
Pharmacological manipulation of the triggers of preconditioning may be of benefit to the 
study of the signalling pathways, and to elucidate the roles of the various isoforms of 
NOS.

1.7.6. The role of NO in ischaemia reperfusion injury salvage

It has been recently demonstrated that insulin is capable of imbuing significant 
protection against myocardial infarction when administered at reperfusion following a 
lethal ischaemic insult.^^ Insulin signals via a tyrosine kinase linked receptor, and has 
been demonstrated to signal via PI3 kinase.276 Indeed, the administration of the 
selective PI3 kinase inhibitor, wortmannin, abrogates the protective properties of 
insulin administered at reperfusion.^^ Similarly, by administering insulin related growth 
factor-1 (IGF-1) before reperfusion,^^ this growth factor is effective in reducing cell 
death resulting from lethal ischaemia reperfusion injury. Furthermore, the protection is 
also dependent upon the activation of PKB/Akt^f The role of eNOS in this form of 
cardioprotection has not been elucidated, but given that PKB is associated with the 
phosphorylation and regulation of eNOS activity^^» ^6, 2 2 9 , 2 6 1 , 262 there is biological 
plausibility for its involvement. Indeed, it has been recently be demonstrated that insulin 
does increase NO production via this pathway.^^^. 278 %t is therefore attractive to 
speculate that eNOS and NO may play a role in the evolution of cardioprotection in this 
paradigm of reperfusion salvage.

1.7.7. Mechanisms of NO mediated protection

The end effectors of NO mediated cardioprotection remain unclear, although a number 
of potential mechanisms have been identified.

1.7.7.1. NO inhibition o f death cascades

NO may interact and regulate numerous targets of the apoptotic death cascade described 
above (section 1.1, summarised in figure 1.1 and reference 6̂). One of the initiating

Robert M. Bell 40



Chapter 1

events in the apoptotic cascade is the release of cytochrome-c through the mitochondrial 
permeability transition pore (PTP),279 opened under conditions of prolonged ischaemia 
and mitochondrial calcium overload. Exogenously administered NO has been shown to 
inhibit both calcium accumulation by mitochondria and impede the opening of the 
PTP .280 In this process, NO can be demonstrated to inhibit the release of cytochrome-c 
in a dose dependent manner.280 Jn the intact cell, Bel, antagonised by Bax, inhibits the 
release of cytochrome-c from mitochondria,^^ and therefore preventing the cleavage and 
activation of pro-caspase-9. NO generation appears to have a favourable effect upon Bel 
stability, by preventing the de-phosphorylation of p42/p44 ERK,28i which is beneficial 
for cellular survival in the face of an ischaemic insult.
Downstream of cytochrome-c release and caspase 9 regulation, NO has been 
demonstrated to nitrosylate and inhibit a number of downstream caspases, including, 
significantly, caspase 3. 8̂2 The antiapoptotic influence upon cell death in ischaemia- 
reperfused myocytes has yet to be explored, but given multiple sites of action, it is 
possible that NO may have a significant cardioprotective effect, reducing cell death 
possibly by attenuating apoptosis.

1.7.72. NO and the mitochondrial K^jp channel

Opening of mitochondrial channels prior to index ischaemia will elicit significant 
cardioprotection following preconditioning.283, 284 The mechanisms by which 
mediates this protection remain unclear however, although it has been suggested that 
opening of the mitochondrial leads attenuation of mitochondrial calcium overload, 
thus preventing the opening of PTP.^^s The potential role of the mitochondrial K^^p is 
discussed further in sections 1.6.2.1 and 1.6.3.1. The mitochondrial K^^p channel may 
be a potential target for NO. NO has been demonstrated to increase the open probability 
of both sarcolemmal K̂ ^p,20s and more recently, mitochondrial K .̂jp channels.286 
Therefore, cardioprotection resulting from either endogenous or exogenous NO would 
be expected to be mediated by opening of channels, and the protection abrogated 
by mitochondrial selective K^^p channel inhibitors, such as 5 hydroxy decanoate. This 
hypothesis appears to be supported by recent work by Csont et al with glyceryl trinitrate 
(GTN), the cardioprotection from which was inhibited by the non-selective K^^p 
channel inhibitor, glibenclamide.^^?

1.7.8. NO in ischaemia/reperfusion: summary

The role of nitric oxide in ischaemia/reperfusion therefore remains controversial. 
Potential roles of nitric oxide in early preconditioning and in reperfusion injury salvage 
have not been fully explored. Furthermore, the role of nitric oxide in delayed 
pharmacological preconditioning needs further investigation. Based on these tenants, 
and the lack of a full understanding of the role of nitric oxide in ischaemia/reperfusion
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injury, the studies in this thesis were designed to investigate the role of nitric oxide in 
mediating ischaemia/reperfusion injury, early and delayed preconditioning and 
ischaemia/reperfusion injury salvage pathways.
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Chapter 2. Hypotheses and Aims.

As discussed in chapter 1, nitric oxide has been shown to posses both beneficial and 
detrimental effects in respect to cardiac myocyte survival. Preconditioning, associated 
with modest nitric oxide synthesis has been shown to reduce infarct size,23o whereas the 
significant induction of nitric oxide synthesis in conditions such as myocarditis^^» and 
allograft f a i l u r e ^ » ^  jg deleterious to myocyte survival. Whilst nitric oxide is reasonably 
well characterised with respect to delayed ischaemic preconditioning, its role in (/) early 
ischaemic preconditioning, («') delayed pharmacological preconditioning {Hi) 
reperfusion injury salvage and (/v) the cardioprotective dose/response relationship of 
exogenous nitric oxide has not been completely characterised. Therefore the aim of the 
investigations contained in this thesis is to characterise the role of nitric oxide and the 
isoforms of its synthase in all forms of cardioprotection.

2.1 Hypotheses.

The following hypotheses are investigated in this report:

2.1.1. Early ischaemic preconditioning is dependent on the synthesis of 
nitric oxide derived from eNOS.

Pharmacological investigations to date have failed to reveal a role for nitric oxide in 
early ischaemic preconditioning. However, as discussed in section 1.7.4, these results 
are surprising given that the triggers associated with ischaemic preconditioning are 
highly likely to lead to the increased activity of the endothehal isoform of nitric oxide 
synthase (eNOS). That eNOS is upregulated is circumstantially supported from work 
from Roberto Bolli’s laboratory demonstrating that the trigger for delayed 
preconditioning appears to be reliant upon the synthesis of nitric oxide from a 
constitutive isoform of nitric oxide s y n t h a s e . ' ^ ^  Therefore to remove potential 
confounding non-specific pharmacological effects of nitric oxide synthase inhibitors, 
the aim was to examine the role of nitric oxide in early ischaemic preconditioning using 
eNOS knockout mice (chapter 5).

2.1.2. Delayed pharmacological  preconditioning requires the synthesis 
of nitric oxide derived from iNOS.

Considerable evidence exists regarding the role of the inducible nitric oxide synthase 
(iNOS) in delayed w ctem ic preconditioning (section 1.7.5.), however, comparatively 
httle is known with regard to the role of nitric oxide and delayed pharmacological 
preconditioning. At the inception of this study, it was unclear as to whether 
pharmacological triggers, such as adenosine Aj receptor agonists mediate delayed
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protection by mechanisms that may be completely independent of nitric oxide synthesis. 
Therefore, the aim was to characterise the role of nitric oxide in delayed 
pharmacological preconditioning, and to test the hypothesis that this form of protection 
is dependent upon the synthase activity of iNOS (chapter 6).

2.1.3. Exogenous nitric oxide mediates cardioprotection in naive hearts 
in a dose responsive fashion.

Evidence accrued from examining the role of nitric oxide in delayed preconditioning 
clearly imphcates nitric oxide as a mediator of infarct resistance against lethal 
ischaemia/reperfusion injury. However, with data also imphcating nitric oxide in 
triggering cell death, the aim of this study was to characterise, through the construction 
of a dose/response curve, the role of nitric oxide and cardioprotection. Thus the aim 
was to examine the hypothesis that nitric oxide could reduce infarct size in a dose 
dependent fashion up to an optimal nitric oxide concentration beyond which deleterious 
effects of nitric oxide would be observed (chapter 5).

2.1.4. Reperfusion salvage is dependent upon the synthesis of nitric 
oxide from eNOS.

Comparatively little is known with respect to the protective mechanisms of 
ischaemia/reperfusion injury salvage pathways (discussed in sections 1.3 and 1.7.6). 
However, as the signalling pathways associated with this form of protection are also 
associated with the up regulation of eNOS synthase activity (section 1.7.6), it is 
attractive to speculate that nitric oxide synthesis may be associated with this form of 
cardioprotection. Thus the aim of this study was to a determine whether there is a role 
for nitric oxide in ischaemia/reperfusion injury salvage, and whether this protection is 
dependent upon the synthase activity of eNOS (chapter 7).

2.1.5. Nitric oxide mediated cardioprotection occurs via a direct action 
upon mitochondria, possibly via the mitochondrial channel.

Mitochondria are sensitive to ischaemic injury, showing morphological changes during 
ischaemia, and evidence of calcium overload at reperfusion (section 1.1). The 
mitochondrial has been imphcated as a potential mediator of both early and delayed 
preconditioning (sections 1.6.2.1 and 1.6.3.1). Nitric oxide has been demonstrated to 
interact with mitochondria, and also with the channel (section 1.7.7.2). Therefore 
to establish whether there is a direct link between mitochondria and the cardioprotective 
effects of nitric oxide, the aim was to characterise preconditioning induced subcellular 
localisation of the nitric oxide synthases, whether nitric oxide has a direct effect upon 
isolated mitochondria and the channel, and whether mitochondrial channel
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blockers could attenuate the protection associated with exogenous nitric oxide 
administration (chapter 8).
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Chapter 3. Methods.

3.1 General

All experiments contained within this report, unless stated otherwise, were performed 
in the Laboratory of the Hatter Institute, University College London Medical School, 
University College London Hospitals, and performed in accordance with the Home 
Office Guidance on the Operation o f the Animals (Scientific Procedures) Act 1986.

3.2 Choice of animal model

With the advent of molecular biological methodologies that are capable of identifying 
and cloning specific genes, techniques have been developed to enable the selective 
targeting of specific genes to create transgenic cell lines. The adoption of these 
techniques to modify the genome of stem cells has thus led to the creation of whole 
transgenic animals. The most common animal chosen for the development of specific 
gene mutants is the mouse by virtue of cost and ease of breeding. Once the initial 
transgenic genotype has been created, rapid breeding enables the swift establishment of 
a heterozygote colony, whilst the comparatively modest maintenance associated with 
mouse husbandry helps keep the unit cost low. The ability to manipulate genes such 
that they are either suppressed or over-expressed is a potentially powerful tool in the 
investigation of disease states and specific signalling pathways. Unsurprisingly, interest 
in the mouse model for cardiovascular study has exponentially increased in recent 
years.
Myocardial preconditioning recruits a number of signalling pathways. By deleting or 
over-expressing specific components of these cascades, considerable insight can be 
made in regard to the relative importance of a specific gene product. This approach has 
particular advantages over pharmacological techniques, most notably regarding 
specificity of action and the elimination of pharmacokinetic and pharmacodynamic 
considerations. Hence, with the availability of a variety of transgenic mice, the adaptive 
mechanisms associated with ischaemia/reperfusion injury can be investigated in new 
ways. However, as with any model, some caution must be exercised in interpreting the 
data from transgenic models. With the genotype altered from the wild type animal, it is 
hypothetically possible that other genes may either be silenced or upregulated in 
compensation. It is with this caveat that the studies contained within this thesis are 
presented.
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3.3 Mouse strains

The nitric oxide synthase knockout mice used in these experiments were generated as 
described by Laubach et aP^o and Huang et aP^i for the inducible nitric oxide synthase 
(iNOS) knockout (KG) and endothelial nitric oxide synthase (eNOS) KO respectively. 
Both are created in similar fashion. In brief, the NOS gene is mapped and cloned prior 
to disrupting the gene in 129-derived ES cells with a targeting vector carrying the 
neomycin resistance gene. The recombinant cells are cultured and passaged in neomycin 
containing culture, and subsequently injected into C57BL/6J (B6) blastocysts. These 
are then implanted into pseudo-pregnant females for development. The chimeric males 
from the litter of these mice were then mated with B6 females, resulting in B6,129 FI 
heterozygote mutant (+/-) mice which were inbred to generate F2 homozygote mutant (- 
/-) mice for the NOS disruption. Their progeny are genotyped by Southern blot analysis 
to confirm the knockout status.
iNOS and eNOS mice are indistinguishable from wild type mice in appearance, growth 
rate or reproduction. Adult eNOS KO mice are found to become spontaneously 
hypertensive,29i and have a higher incidence of bicuspid aortic valve abnormalities.292 
The evolution of cardiac hypertrophy secondary to hypertension does not inhibit 
preconditioning,293 therefore the eNOS KO animals remain suitable for study in the 
context of ischaemia/reperfusion injury resistance, although the eNOS knockout mice in 
the studies described in this thesis were selected before the onset of any evidence of left 
ventricular hypertrophy (see chapter 4, section 4.5).

3.4 Chemicals and drugs

Constituents for the Krebs Henseleit buffer were purchased from BDH Laboratory 
supplies (Merck Eurolab, Dorest, England). 2-chloro N  ̂ cyclopentyl adenosine 
(CCPA), carbonyl cyanide m-chlorophenylhydrazone (CCCP), N“ nitro L-arginine 
methyl ester (L-NAME) and triphenyltetrazolium chloride (TTC) were purchased from 
Sigma Chemicals Co.(Dorest, England). Chelerythrine chloride and 5 hydroxy 
decanoate (5-HD) were purchased from RBI (Research Biochemicals International, 
Dorset, England). Tetramethylrhodamine methyl ester (TMRM) was bought from 
Molecular Probes Inc. (Leiden, The Netherlands). Pentobarbitone was purchased from 
Rhone Merieux Ltd (Harlow, England).
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3.5 Preparation of hearts for perfusion

3.5.1 Anaesthesia

All animals underwent terminal anaesthesia, induced with an intra-peiitoneal {ip) 
injection of pentobarbitone, 60 mg/kg, prior to euthanasia. Heparin, 100 lU, was 
administered concomitantly to prophylactically prevent thrombus formation in the 
coronary vasculature or ventricular chambers. Consciousness was usually lost within 
120 seconds, and the animal weighed. The animal was then transferred to an operating 
board, and the forelimbs and one hind limb secured with small strips of masking tape. 
The depth of anaesthesia was confirmed by the loss of hind limb withdrawal reflex to 
pain prior to securing the remaining limb with masking tape.

3.5.2 Dissection

Upon the confirmation of adequate depth of anaesthesia, the animal underwent 
parastemotomy. The anterior chest wall was reflected and removed to optimise the field 
of view. The heart and lungs were removed, en-bloc, by transecting the descending 
aorta, inferior vena cava, plus the superior vena cava, common carotids and upper limb 
vessels. A timer was started with the cessation of corporeal circulation. The heart was 
then transferred to a dissection dish filled with ice-cold buffer for further dissection of 
lung and mediastinal tissues. The aorta was then identified and cannulated with a 20 
gauge murine cannula (technical design schematic, figure 3.1.A) which was primed 
with cold buffer to reduce the risk of air embolisation. Great care is taken upon 
cannulation of the aorta to avoid damage to either the aortic valve or the coronary ostia 
(apparatus figure 3.1.C). The aorta was fixed to the cannula with a 4/0 silk tie, and 
transferred to the Langendorff perfusion apparatus. Upon the onset of crystalloid 
perfusion, the timer was stopped and the time to perfusion recorded. After considerable 
practice, the time to the onset of Langendorff perfusion never exceeded three minutes, 
essential to reduce the potential risk of ischaemic preconditioning due to perfusion 
delay .294,2 9 5
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F i g u r e  3 . 1 .  T e c h n ic a l  d e s ig n  s c h e m a t ic  f o r  t h e  m u r in e  p e r f u s io n  c a n n u l a .

The component parts of the perfusion cannula and their application in mouse heart Langendorff 

perfusion is detailed below. In A, the technical drawing of the cannula pictured in B. In C , the 

ice-cooled cannulation apparatus with lower half of cannula in situ.
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3.6 Langendorff perfusion

The principles of Langendorff perfusion have remained unaltered since the method’s 
original description.296 An aortic cannula is inserted into the aorta, above the sinuses of 
Valsalva. The heart is then perfused retrogradely, via the aorta. In this mode, the aortic 
valves are forced closed as they are in diastole by the weight of the perfusate column. 
Thus the buffer flows directly into the coronary vasculature, and drains via the coronary 
sinus of the right atria. Perfusate pressure is maintained either by a gravity feed system 
from a fixed height reservoir (constant pressure), or by a peristaltic pump (constant 
flow). In this way, a heart may be maintained with oxygenated substrate containing 
buffer for many hours.
In the case of murine heart perfusion, there are technical difficulties associated with the 
size of the preparation (mouse hearts typically weigh between 120 to 180 mg, 10% of 
the weight of a typical rat heart), and the rate of myocardial contractions (mouse hearts 
spontaneously beat at a rate of between 310 to 840 beats per minute, compared to rat 
hearts with rates of 250 to 450 beats per minute^^^).
To account for the smaller scale, a special 20 gauge cannula was designed to enable 
cannulation of the mouse aorta (technical schematic, figure 3.1. A). It is in two halves; 
the top half is permanently mounted into the bubble trap of the perfusion apparatus 
(figure 3.2.B), whilst the lower half is removable to allow cannulation of the aorta 
away from the Langendorff apparatus (as described in section 3.5.2, and pictured in 
figure 3.2.C). Once cannulated, the cannula is transferred to the Langendorff rig, and 
the two halves of the cannula reunited by a screw thread. The seal is maintained by the 
zompression of a rubber ‘O’ ring between the two halves of the cannula. The design 
enables both halves of the cannula be pre-flushed with buffer to reduce the risk of air 
embolisation.
The mouse heart can then be perfused, with a modified Krebs Henseleit buffer (NaCl 
118 mM, NaHCOg 24 mM, d-Glucose 10 mM, KCl 4 mM, NaH^PO^ 1.0, Na^EDTA 
15 mM, MgCl^ 1.2 mM, CaCl^ 2.5 mM) as described by Marber et al,22i and perfused 
etrogradely at constant pressure (110 mm Hg, the mean arterial pressure of an awake 
ictive mouse). The perfusate was oxygenated with 95% O / 5% CO^ gas mixture 
perfusate pH 7.4, measured on an AVL model 993 Automatic blood gas system at 
17°C).
V temperature probe (a fine thermocouple wire, ‘IT-18’ Physiotemp, NJ, USA) is 
nserted into the right ventricle to enable the close continuous monitoring of 
lormothermia (37°C) throughout the experiment, via a digital thermometer (Physiotemp 
lat-12; Sensortek, Clifton, NJ, USA). Given the high surface area to volume of the
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isolated mouse heart, radiated heat loss is a particular problem of mouse heart perfusion 
and therefore maintenance of temperature homeostasis becomes critically important.
In order to maintain a reproducible and consistent heart rate, the mouse hearts are paced 
whilst perfused in Langendorff mode. The pacing rate is 600 beats per minute, 
equivalent to the heart rate of an awake and active mouse.^^ Spontaneous heart rates are 
slower, typically around 480 beats per minute, the equivalent of a resting or sleeping 
mouse. The positive electrode (a round, non cutting needle attached to a pacing wire) is 
placed into the left ventricle near the atiio ventricular junction. The earth electrode is the 
aortic cannula. The hearts are paced with a square 20 msecond pulse, with the voltage 
set at, or close to, the pacing threshold (typically approximately 1.0 volts). The optimal 
pacing voltage and current range, pace signal duration and waveform were determined 
in a short series of experiments which enabled the setting of specifications for the 
construction of integrated and isolated battery powered pacing boxes (constructed by 
Mr William Potter, Physiology Electrical workshop, UCL).
Global ischaemia was achieved with the cessation of coronary flow by switching off the 
perfusion circuit. Normothermia was maintained by submerging the hearts in pre
warmed (3TC) non-oxygenated Krebs Henseleit buffer.

3.6.1. Inclusion/ exclusion criteria.

From observation in initial validation experiments, it was found that prolonged time to 
Langendorff perfusion, and very high or very low coronary flow rates were associated 
with grossly enlarged infarcts. Therefore, for purposes of experimental reproducibility, 
a set of experimental exclusion criteria were drawn up and are listed below:

• Prolonged time to perfusion* > 3 minutes

• Coronary flow rate at the end of stabilisation <1.0 ml/min or > 6.0 ml/min

• Pacing threshold >1.5 volts

• Stabilisation total arrhythmia duration > 3 minutes

• Failure during stabilisation to maintain > 80% of initial contractile function.

• defined as the time from the cessation of corporeal circulation to the onset of 
Langendorff perfusion.
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F ig u r e  3 .2 . T h e  L a n g e n d o r f f  p e r f u s io n  a p p a r a t u s .

The Langendorff perfusion apparatus is depicted below (A) in schematic form, and a 

similar apparatus pictured in (B).

Reservoir

Heat exchanger

110 mm Hg
Bubble trap

aortic cannula '

B
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3.6.1 Parameters measured

3.6. L I  Coronary flow rate

As previously detailed, the mouse hearts were perfused at constant pressure (110 mm 
Hg). Therefore the coronary flow rate will be determined by the vascular resistance of 
the coronary arterial beds, as determined by heart contraction and arteriolar vascular 
smooth muscle tone (and hence upon endothelial function). The resistance of each
arteriole is inversely proportional to the radius of the vessel raised to the forth power.
Thus, coronary endothehal function may be crudely assessed by the measurement of 
coronary effusate flow, as described below (equations 1 - 5). Coronary flow was 
simply measured in these experiments, calculated by the collection in a graduated 
measuring cylinder of coronary effusate, over a set period of time, and expressed as a 
rate of millihtres per minute (ml/min).

Relationship between coronary flow and arteriolar radii:

Assuming that the Langendorff perfusion apparatus functions as an ‘energy circuit’ :

p.d. = I.R. where p.d. defines the potential difference, or
the perfusion pressure (110 mm Hg), I is the
coronary flow rate and R the total vascular
resistance.

Thus,

I = p.d./R (1)

Resistance to flow through a tube is proportional to the forth power of the radius of the 
vessel:

R a  r“ (2) where r is the radius of the tube or vessel.

Given that the resistance of the coronary vasculature is predominantly in the 
microvasculature, then the radii represents the radii of the myocardial arteriolar beds.
For multiple arteriolar vessels, the total resistance to flow can be determined by the 
equation:

l/Rjotai = 1/Ri + 1/R% + ••• l/Rg where represents the total vascular
resistance, n the number arterioles in the 
vascular bed, and R  ̂ is the resistance of each 
individual arteriole.

Therefore, from equation (2),
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1/R,.,„ a  1 /r / + 1 /r / + ... 1 /r /

Assuming that all the arteriolar radii of the microvasculature are the same, 

l/Riotai« n/r‘‘(3 )

Therefore, from equations 1, 2 and 3:

I a  n.p.d./r^(4)

or, to predict the change of arteriolar diameter following an intervention, and assuming 
that arteriolar number is unchanged and constant perfusion pressure,

r a  (l/I)-" (5)

3.6.1.2 Developed force

A 4/0 silk tie, on a circular, non-cutting needle is passed through the apex of the 
Langendorff perfused heart. The suture is then tied to a transducer arm linked to a 
calibrated linear force transducer (Scame model GM3). The transducer is mounted on a 
micro manipulator arm, to enable variable tension to be applied to the suspended heart. 
The tension is adjusted throughout the stabilisation period to both compensate for 
stretching of the perfusate saturated silk tie, and to titrate the resting tension to achieve 
optimal contractile function without excessive loading of diastolic tension. The optimal 
tension for each heart is recorded.
The contractile function (systolic minus diastohc developed tension) is recorded on a 
Gould WindoGraf chart recorder.

3.6.1.3 Temperature

Temperature control, by virtue of a large surface to volume ratio resulting in significant 
radiant heat loss, is critical in the mouse heart. Hypothermia has been shown to 
attenuate infarction resulting from ischaemia/reperfusion in j u r y ,̂ 98 and thus temperature 
requires continuous monitoring and rigorous maintenance to 37 ± 0.2°C. Methods and 
apparatus used in the measurement of temperature are documented in the discussion of 
Langendorff perfusion in section 3.6 above.

3.6.1.4 Heart rate

To confirm that the electrical pacing was correctly functioning, heart rate was calculated 
regularly from the force trace, by counting the number of contractions within a 
measured distance. All hearts were paced at a rate of 600 beats per minute during 
stabilisation, and throughout the preconditioning protocol (where appropriate). Pacing 
was discontinued after 5 minutes index ischaemia, following the cessation of
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measurable function to prevent the precipitation of crystalloid salt around the heart from 
the buffer contained in the heated organ bath used to main normothermia during 
preconditioning or index ischaemia.
At reperfusion, the hearts are initially refractory to rapid (> 200 beats per minute) 
pacing rates. Therefore the pacing is titrated incrementally over the initial 20 minutes of 
reperfusion, at which point the majority of hearts will pace at 600 beats per minute. 
Pacing in this fashion eliminates inter-experiment heart rate variability that may 
adversely influence the resultant force-rate product; the hnear positive step relationship 
between heart rate and contractile force appears to be adversely effected following 
ischaemia reperfusion resulting in an unreliable inter-experimental force-rate product 
reproducibility.

3.7 Measurement of infarct size

3.7.1 Tétrazolium staining

At the end of the experimental protocol, all hearts were stained with 1% triphenyl 
tétrazolium chloride (TTC) in phosphate buffer (pH 7.4).
Whilst the heart were still beating on the Langendorff apparatus, the buffer perfusion 
circuit was switched off, and a 5 ml bolus of pre-warmed (37°C) TTC solution is 
injected through the side arm port of the perfusion cannula. The heart was then removed 
from the aortic cannula, transferred and incubated in a 30 ml Falcon tube containing 
TTC solution for 10 minutes at 37°C.
The hearts were then weighed and frozen at -20°C, a process that allows the hearts to be 
stored for later analysis, and facilitates processing for photography.
Frozen hearts were them carefully cut using a sharp scalpel blade perpendicular to the 
long axis of the heart, into transverse, typically 6 to 8 < 1 mm slices and fixed in 10% 
formaldehyde for 24 hours (representative sliced hearts, before formaldehyde fixing are 
shown in figure 3.3).

3.7.1 Digitising TTC stained heart slices

The fixed heart slices were digitised using the techniques previously developed in our 
Laborartory. Heart slices, prepared as in section 3.7.1 were arranged on a perspex 
mounting block, with a machined 0.57 mm deep stepped mounting surface. A 
transparent perspex plate was then screwed down upon the heart slices, fixing their 
depth to a known 0.57 mm. The slices were then digitally photographed using a 
specially constmcted camera system assembly using a megapixel digital video camera 
and a high resolution lens with an appropriate focal length. The system uses a S-VHS 
signal output to a video input card in a Power Macintosh 7500/100 personal computer.
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The image, viewed on the screen using Apple’s Video Player (version 1.3.1), can be 
copied and pasted into an open window of the National Institutes of Health freeshare 
image analysis programme, NIK Image (version 1.6.1, downloaded from 
http://rsb.info.nih.gov/nih-image/), with the result as shown in figure 3.4.A.
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F ig u r e  3 . 3 .  M o u s e  h e a r t  s l ic e s .

Representative m ouse heart slices lain out before fix in g  in form aldehyde, in (A ), 

control heart and (B) a preconditioned heart. A  ruler is included in these shots to 

provide scale.

A
%

B # # #  #
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F ig u r e  3 . 4 .  S t a g e s  o f  d ig it a l  p l a n im e t r y .

The sliced heart is mounted in a perspex mounting block, and processed in the following stages: 

A: the slice is digitally photographed;

B: the background is removed from the perimeter and the ventricular aperture;

C: The image converted into a grey-scale image and threshold planimetered as shown. The 

square in the bottom right hand comer is the calibration square, representing 1 m m \

B

C heart 1 slice 1

Ctfibration- 15 

Area of slice 

Area of infarct 

Slice im  ratio

Selected  th re sh o ld ^ S f  I
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3.7.2 Planimetry of TTC stained heart slices

Following TTC staining and fixing in formaldehyde solution, infarcted myocardial 
tissue appears pale and viable myocardium brick red. TTC, as characterised by Fishbein 
et al,299 is a dye that crosses the cell membrane, and binds to intracellular 
dehydrogenase enzymes. Viable cells with reducing potential (preserved NADPH) stain 
dark red. Non viable cells with ruptured sarcolemmal membranes lose the dye and 
appear pale. The individual slices were placed on a transparent mounting block, under a 
cover slip 0.57 mm above, and digitally photographed. These images were then 
transferred to a graphics package (NIH Image v 1.61) for planimetry.
Once the slice image is transferred to NIH Image, the raw image was stored onto disc 
as a permanent record (figure 3.4. A). The image background then needs removing for 
image analysis. Using the tracing tool, the outhne of the heart was traced. This region 
of interest (ROl) was copied and pasted into a new window with a plain white 
background, so as to remove spurious shadowing in the image’s background. The 
cavity spaces were also traced and removed so that all that is not myocardium appears 
white. This second image is saved onto disc as a permanent record (figure 3.4.B).
The image was then be converted into a grey scale image, and an infarct size measuring 
macro programme then be used to calculate areas of total myocardium and necrosed 
myocardium (figure 3.4.C). The macro programme works on a grey-scale threshold 
principle. Thus, total slice area is derived from the contrast from the white background, 
whereas the viable dark-staining tissue is distinguished from the non-viable pale- 
staining tissue. The areas of both are calculated, and the proportion of non-viable tissue 
to viable tissue recorded. Given a calibrated image (figure 3.5), and a known 
myocardial slice thickness (0.57 mm), the volumes of tissue are readily calculated.
The risk volume is the total ventricular volume, minus the cavity spaces. Infarct size for 
each heart is expressed as a percentage of risk volume.
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F i g u r e  3 . 5 .  C a l i b r a t i o n  o f  t h e  p l a n i m e t r y  s o f t w a r e .

To calibrate the camera system, a digital picture is taken of a graduated sheet of 
graph paper, at the same focal length as that used for the image capture of the 
heart slices. From this image, a single 1 mm  ̂‘box’ can be isolated- as represented 
below, and its area measured using the planimetry software to determine the 
equivalent number of square pixels to the square mm, as described in the text in 
section 3.7.2.

Calibration square = 1 mm'
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3.8 Measurement of oxidised metabolites of nitric oxide

Nitric oxide synthase activity in the Langendorff perfused hearts was determined by 
measurement of the oxidised products of NO, nitrite and nitrate (NO^ + NO3 or NG^), 
in the coronary effluent by high pressure liquid chromatography (HPLC) as described 
by Smith et al These studies were performed in the laboratories of the Jules Thome 
Institute, The Middlesex hospital, London.
Coronary effluent samples were collected at three or four time points throughout the 
perfusion protocol: the end stabilisation; end of the preconditioning protocol (where 
appropriate); upon immediate reperfusion and at the end of reperfusion. The effluent 
was collected in 2 ml Eppendorf tubes that had been thoroughly washed in ultra pure 
water, and rinsed 12 times before drying. The purpose of the washing regime is to 
leech NOx contamination from the plastic walls of the Eppendorf tube, a method 
previously found effective in removing such contamination. One tube was filled with 
ultra-pure de-ionised water with each batch of tubes to check for background NO^ 
contamination and confirm adequate clearance of NO^ contamination. The coronary 
effluent samples were collected and stored frozen at minus 70°C, and later defrosted for 
analysis. One further sample, containing buffer run through the Langendorff rig, was 
also collected to determine background NO^ contamination from the apparatus and 
chemicals used in the preparation of the perfusion buffer.
Prior to injection into the HLPC column, the effluent samples were cleared of cellular 
debris and protein by spinning through pre-washed 3k. m. wt. nanosep filters 
(Nanosep devices, Flowgen, UK. Cat# U3-0144) at 11000 x g for 45 minutes. Pre
washing of the nanosep filters with ultrafiltrated distilled water was found to be 
essential to reduce NO^ contamination that would otherwise reduce the sensitivity of the 
assay. Other brands of filters were found to be unacceptably contaminated with NO^, 
and so were not used for these analyses.
The coronary effluent ultrafiltrate was injected into the HPLC column and NO^ and NO3 

elution peaks (measured at 214 nm with a Waters Model 441 absorbency detector) were 
compared to the heights of known standards (run on the same day, and three times in 
succession to ensure reproducibility) for estimation of coronary NO^ concentration. 
Typical run time for each assay was approximately 10 minutes, to obtain both elution 
peaks and avoid interference with the next assay run. The sum of the NO^ and NO3 

concentrations derived from the elution peaks, minus the background contamination 
NOx from same day’s Krebs Henseleit buffer blank, was assumed to be equivalent to 
the amount of NO generated by the isolated heart. A typical trace is illustrated in figure
3.6.
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F i g u r e  3 .6 .  T y p i c a l  N it r i c  o x i d e  e l u t i o n  p e a k  t r a c e s  f r o m  H P L C .

Purified coronary effluent sampled and various time points and compared to 
known standards of N02 and N03. (A) N02 and N03 standard peaks, (B) 
coronary effluent sampled during heart stabilisation and (C) sample collected 
immediately upon reperfusion following a 35 minute ischaemic insult.
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3.9 Molecular biological techniques

3.9.1 Reverse transcriptase polymerase chain reaction (rt-PCR)

The rt-PCR was performed according to the methods described by Saiki et aĥ ^̂  using a 
proprietary kit (GeneAmp® EZ rTth RNA PCR kit; Perkin Elmer Applied Biosystems, 
Warrington, UK) that enables the reverse transcriptase reaction in the same vial as the 
polymerase chain reaction without interruption. This process is catalysed by the fYth 
DNA polymerase, a recombinant thermostable enzyme derived from a modified strain 
of Thermus thermphilus, and as such is capable of transcribing RNA in the presence of 
Mn̂ '̂  and high temperatures required for DNA strand separation.
3.9.1.1 Tissue preparation

Mice were anaesthetised as previously described and the hearts isolated and 
Langendorff perfused. After 20 minutes perfusion, an equivalent time to the 
stabilisation period of the ischaemia/reperfusion protocol, coronary flow was stopped, 
and the hearts immediately snap frozen with a pair of snap-freeze tongs pre-cooled in 
liquid nitrogen. The heart was broken into small pieces and stored at minus 70°C for 
later analysis.
For genotyping of mice whose hearts were subjected to ischaemi a/reperfusion, liver 
tissue was extracted from the cadaver, snap frozen as described above, and stored at 
minus 70°C for later analysis.
3.9.1.2 mRNA extraction and preparation

Stored tissue samples (of approximately 50 mg weight) were placed directly into a pre
cooled vial containing RNAzol, and placed on ice to defrost for 5 minutes. The samples 
were then homogenised with a Polytron homogeniser (model T25, IKA Labortechnick, 
Janke & Kunkel GmbH & co, Germany) taking care not to over-heat samples. 200 pi 
of 0.1% pre-cooled chloroform was then added to the homogenate, which was then 
vortexed for 15 seconds, and allowed to stand in ice for 15 minutes. The samples are 
then spun in a refrigerated centrifuge (Eppendorf centrifuge, model 5417R, Netheler- 
Hinz GmbH, Hamburg, Germany) at 10,500 rpm for 15 minutes at 4°C. The 
supernatant was then decanted into a fresh, pre-cooled Eppendorf, to which was added 
an equal volume of chloroform (usually approximately 1 ml). The sample was then 
vortexed (15 seconds), and allowed to stand in ice for 5 minutes, before centrifugation 
at 10,500 rpm for 15 minutes at 4°C. The top layer was again extracted, decanted into a 
fresh pre-cooled Eppendorf, and an equal volume of isopropanol (approximately 1 ml) 
added. The sample was then vortexed for 15 seconds, and stored overnight at minus 
20°C.
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RNA preparations were then spun again at 10,500 rpm for 15 minutes at 4°C, and the 
supernatant removed. The pellet was resuspended in 1 ml of 75% ethanol (in 0.1% 
DEPC H^O), and spun at 10,500 rpm for 5 minutes at 4°C. The ethanol was then 
poured off from the pellet, and the Eppendorf allowed to dry for 2 minutes. The pellet 
was then resuspended in 40 pi 0.1% DEPC H^O, from which 2 pi was removed and 
added to 1 ml Ĥ O for RNA quantification.
Quantification of extracted RNA was performed by determining the optical density at 
260 nm using a spectrophotometer (Jenway model 6405 UV/Vis, Dunmow, UK). 
Cuvettes (1 ml) were rigorously washed in 0.1% DEPC H^O prior to use. An optical 
density of 1.000 is equivalent to 40 pg/ml.
3.9.1.3. PCR reaction

3.9.1.3.1. Primer design

The mouse iNOS gene sequence was obtained from the GenBank library available at 
http.7/www.ncbi.nlm.nih.gov:80/entrez/query.fcgi?CMD = &DB = Nucleotide. This 
was imported to a sequence processor programme (Gene Jockey II, Biosoft, 
Cambridge, UK), which provided potential 5’ and 3’ prime promoter sequences. The 
custom ohgonucleotide were ordered after checking the specificity of the sequences to 
the iNOS gene from Gibco Life Technologies (Paisley, UK). The sequences used for 
iNOS were:

5’ to 3’: AAGAGGAGCAACTACTGC 

3’ to 5’: TCATCCAGAACCTCCAGG

3.9.1.3.2. rt PCR

A master solution of rt-PCR reagents were prepared, on ice, allowing 50 pi per sample. 
For a reaction vial of 50 pi, the following quantities were used: 23 pi sterile distilled 
water, 10 pi 5x EZ buffer (250 pM bicine, 575 pM potassium acetate, 40% glycerol; 
pH 8.2), 6 pi dNTP mix (1:1:1:1 10 pM dATP, 10 pM dCTP, 10 pM dGTP and 10 pM 
dTTP), 1 pi of nitric oxide synthase (iNOS) primer mix (1:4 dilution of a 1:1 mix of 
100 pmol/pl each of 5’ and 3’ iNOS primers), and 2 pi rTth DNA polymerase (2.5 
U/pl). The equivalent of 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 undertaken with a programmable PCR heating block (Progene; Techne Ltd, 
Cambridge, UK), using the optimised protocol shown in figure 3.7.
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F i g u r e  3.7. r t - P C R  p r o t o c o l  f o r  iNOS cDNA a m p l i f i c a t i o n .

Samples were prepared as described in the text. Sample vials were loaded into the 
PCR machine and the following sequence programmed.

ds DNA  

3 minutes/ 60°C |

*
ss DNA

40 cycles DNA  
amplification

2 minutes/ 90°C

\  cDNA denaturisation

. 1 minute/ 94°C

—  1 minute/ 45°C
Primer annealing

\  Primer extension
7 minutes/ 60°C
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3.9.1 A  Formaldehyde agarose gel electrophoresis

3.9.1.4.1. Gel preparation

3.0 ml lOx MOPS solution was warmed to 55°C, to which was added 4.9 ml of 37% 
formaldehyde and agarose solution made by melting 0.6 g agarose in 22.1 ml H^O. The 
gel was then cast into the running bath, using Ix MOPS solution as the running buffer.

3.9.1.4.2. Sample preparation

6 pi of RNA sample + 0.1% DPEC Ĥ O was added to 12.5 pi de-ionised formaldehyde, 
4 pi 37% formaldehyde solution, 2.5 pi lOx MOPS and 0.3 pi 0.5 mg/pl ethidium 
bromide. The sample mixtures were then heated to 60°C for 15 minutes before being 
cooled on ice for 2 minutes. Thereafter, 2 pi blue tracking dye was added to the samples 
and the samples briefly spun.

3.9.1.4.3. Electrophoresis

The samples were loaded onto the gel, which are then run for four hours at 85 volts. 
The gel was then removed from the tank, and trans-illuminated with UVB light (360 
nm) and photographed with an SLR Polaroid film camera. The gel was then blotted 
against a nylon high bond membrane pre-soaked in de-ionised water/ lOx SSC, 
avoiding bubbles, which was then placed under a Whatman paper stack and a heavy 
weight, over night (16-24 hours).
3.9.1.5. Quantification

Gels and membranes were scanned on a flat-bed picture/document scanner and the 
digital image saved to disc. The image was imported into a NIH freeshare programme, 
NIH Image (version 1.61). The relative densitometry was determined using the grey 
scale technique, using the supplied macro ‘Gel plotting macro.’ Images may be 
calibrated against absolute densitometer values if one of the lanes has been so 
measured. Results are expressed as a percentage proportion of wild-type control 
expression ( ± SEM).

3.9.2 Western blotting

3.9.2.1 Tissue preparation

Mouse hearts were isolated from anaesthetised mice, and Langendorff perfused for 20 
minutes (equivalent to the stabilisation period of the ischaemia/reperfusion protocol, and 
to remove blood elements from the preparation). The coronary flow was terminated, and 
the heart immediately snap frozen with liquid-nitrogen pre-cooled tongs. The hearts were 
then broken up and stored at minus 70°C for later analysis.
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3.9.2.2 Protein extraction

Approximately 50 mg of frozen ventricular tissue was used for each protein extraction 
sample. Tissue was homogenised on ice in 250 ml suspension buffer (NaCl 100 mM, 
TRIS 10 mM (pH 7.6), EDTA 1 mM (pH 8.0), Sodium pyrophosphate 2 mM, Sodium 
fluoride 2 mM, P-Glycerophosphate 2 mM; PMSF 0.1 pg/ml; and 1 pg/ml each of 
aprotinin, leupeptin, trypsin inhibitor and protease inhibitor), using a IKA Labortechnik 
T25 basic homogeniser. Samples were subsequently centrifuged and supernatant divided 
for protein quantification (duplicate 2 pi samples) and electrophoresis (the remaining 
sample). The purified protein was then further diluted in 2x sample buffer (TRIS 100 
mM (pH 6.8), DTT 200 mM; and SDS 2%, bromophenol blue 0.2% and glycerol 20%) 
and subsequently boiled for 10 min at 100°C, and stored at minus 20®C for later 
analysis.
3.9.23 Protein estimation

Protein concentrations were estimated using a Bicinchoninic acid based (BCA™) protein 
assay reagent system (Pierce, Rockford, USA). The assay relies on the reduction of 
ionised copper, and the formation of a BCA-Cu^ complex as described below:

1. protein (peptide bonds) + Cû "̂  — > tetradentate-Cu^ complex

2. Cu^ + 2 bicinchoninic acid (BCA) — > BCA-Cu^ complex

The BCA-Cu^ complex is purple coloured, and can be measured by optical densitometry 
at 562 nm. The relationship between the absorbance at 562 nm and protein content is 
linear over a wide concentration range (20 - 2000 pg/ml), and thus the protein content of 
the samples can be estimated through comparison with a standard curve.
Thus, in brief, duplicate samples of increasing concentration bovine serum albumin 
(BSA) in suspension buffer (contents as described in 3.9.2.2) were quantified to 
generate a standard curve derived from the results of the optical density using a 
photospectrometer (Janway model 6405 UV/Vis, Dunmow, UK). The protein in the 
samples was then quantified using this method, and the protein content compared against 
the standard curve to provide an estimate of the protein concentration (pg/pl) to enable 
equal loading of the polyacrylamide gel.
3.9.2.4 Polyacrylamide gel electrophoresis.

3.9.2.4.1 Gel preparation.

For eNOS and iNOS electrophoresis, 8% acrylamide gels were made (34.8 ml de
ionised H^O, 19.2 ml acrylamide, 18 ml running gel base (1.5 M TRIS and 0.4% SDS 
in de-ionised H^O, pH 8.8), 30 pi TFMFD and 400 pi 10% ammonium sulphate). The
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gel was made between two glass plates separated by spacers, with the edges sealed with 
agarose. Protein loading wells were made in the stacking gel (14 ml H^O, 6 ml stacking 
gel base (0.5 M TRIS, 0.4% SDS in de-ionised Ĥ O, pH 6.8), 4 ml 30% acrylamide, 40 
pi 8% bromophenol blue, 20 pi TEMED and 200 pi 10% APS).

S.9.2.4.2. Electrophoresis.

A total of 60 pg of protein for each sample was loaded into the gel. A high molecular 
weight rainbow marker (covering the molecular weights of eNOS and iNOS- 130-140 
kDaltons) was also loaded (7 pi). The gel was then allowed to run over night at 75 mV.

3.9.2.4.S. Transfer and immunobiotting.

Following electrophoresis, the gel was mounted in a transfer tank containing transfer 
buffer (200 ml methanol, 700 ml distilled H20 and 100 ml blot buffer (containing 
glycine, TRIS)). The gel was careful opposed to an equivalently sized Hybond ECL 
nitro-cellulose membrane (Amersham). The gel and membrane were then sandwiched 
between sheets of Whatman paper, with care taken to avoid air bubbles. The gel was 
then allowed to transfer over night (12-16 hours) at 125 mA. Membranes were then 
removed, and equal protein loading was confirmed by Ponceau red staining (Sigma 
Chemicals Co, Poole, UK) of membrane which were then digitally scanned at this stage 
so that any inequalities in protein loading may be compensated for as described by Ping 
et al.*̂ ^
3.9.2.5 Immunobiotting

The membranes were then washed, and blocked in blocking buffer (0.1% milk) for 2 
hours. Subsequently, the membranes were incubated with 1 in 250 primary antibody 
(eNOS and iNOS rabbit primaries. New England Biolabs) in 0.1% milk for two hours, 
prior to washing and incubation with secondary anti-rabbit antibody (cat #P0217, 
DAKO A/S, Denmark) at a dilution of 1 in 2000 for 1 hour. Proteins were detected 
using enhanced chemiluminescence ECL Western blotting detection reagent and bands 
were visualised by autoradiography onto Kodac AR film.
3.9.2.5 Quantification

Autoradiography films and Ponceau stained membranes were scanned on a flat-bed 
picture/document scanner and the digital image saved to disc. The image was imported 
into a NIH freeshare programme, NIH Image (version 1.61). The relative densitometry 
was determined using the grey scale technique, using the supplied macro ‘Gel plotting 
macro.’ Images may be calibrated against absolute densitometer values if one of the 
lanes has been so measured. Results are expressed as a percentage proportion of wild- 
type control expression ( ± SEM), and corrected for Ponceau determined protein 
loading.
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3.10 Mitochondrial assessment by Flow cytometry

3.10.1. Isolation of mitochondria

Mitochondria were isolated from hearts of male Sprague-Dawley rats (body weight 
200-250 grams) using a method previously d e s c r i b e d . in brief, hearts were removed 
from terminally anaesthetised rats and briefly infused with cold MSTEB buffer 
(containing mannitol 210 mM, sucrose 70 mM, TRIS 10 mM (pH 7.2 with 
hydrochloric acid), EGTA 1 mM and BSA 0.5 mg/ml). The heart was then 
homogenised (Polytron model T25, IKA Labortechnick, Janke & Kunkel GmbH & co, 
Germany) in MSTEB buffer. After centrifugation (450 g, 5 minutes), two thirds of the 
supernatant was decanted into fresh, pre-chilled tubes. Mitochondria were isolated by 
further centrifugation (5800 g, 10 minutes). The mitochondrial pellet was resuspended 
in cold MST (containing mannitol 210 mM, sucrose 70 mM and TRIS 10 mM) and the 
previous centrifugation step repeated. The mitochondrial isolate was found to be stable 
on ice for several hours, enabling a number of experiments to be performed on the same 
day under equivalent conditions.
Mitochondrial concentration was determined by protein assay using a similar technique 
to that described in section 3.9.2.3. In brief, a bovine serum albumin standard curve 
was generated using the BCA'^^ protein assay kit, measuring absorbance on a 
photospectrometer at 562 nm (Janway model 6405 UV/Vis). Duplicate samples of 5 pi 
mitochondria were made up to 50 pi by adding de-ionised water. To the resuspended 
mitochondria was added 1 ml of BCA working reagent, and then incubated for 30 
minutes. The mitochondrial protein was then quantified using the photospectrometer 
absorbance at 562 nm.

3.10.2. Cytometry.

Mitochondria were assessed using the fluorometric probe, tetramethyl rhodamine 
methyl ester (TMRM, Molecular Probes Inc., Leiden, The Netherlands), a non-toxic, 
mono-valent cation, that reversibly accumulates according to membrane potential with a 
Nemstian distribution.(Structure of TMRM is shown in figure 3.8.A.) Thus, by 
using these membrane potential-sensing properties, TMRM may be used as a membrane 
potential probe, and has been employed previously to determine mitochondrial 
membrane potential.^^
By using the Nemst equation, mitochondrial membrane potential may be estimated 
based upon the determination of TMRM fluorescence inside the mitochondria compared 
to the fluorescence of unbound fluorescence in the suspension media.
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From the Nemst equation:

AG = (2303*R*T/F)*Log([TMRM J/[TM RM J) ( 1 )

Where:
R = gas constant = 8.314 joules/Mol/degree 
F = Faraday = 96500 joules/volt 
T = Temperature = 298 Kelvin
[TMRMjjj] = concentration of TMRM in mitochondria (proportional to fluorescence). 
[TMRMq] = concentration of TMRM outside mitochondria in supernatant.

Thus, in mitochondria,

AYm = 59*Log([TMRM^]/[TMRMJ) (2)

The absorbence and emission spectra are shown graphically in figure 3.8.B. TMRM 
peak light absorbence (and therefore, optimal excitation wavelength) is 549 nm. 
Following excitation, TMRM fluoresces in the green spectra, with peak fluorescent 
hght emission occurring at 573 nm. Of note however, significant overlap exists 
between absorbance and fluorescence spectra between approximately 520 and 580 nm 
(illustrated, figure 3.8.B), and thus where emission and detection wavelengths are 
similar, significant attenuation of the signal to noise ratio may occur. However, 
emission and absorbance wavelengths were limited by the availability of commercially 
available lasers and filter/detectors. Thus for the current studies an argon ion-laser with 
an emission wavelength of 488 nm in conjunction with a fluorescence detector fitted 
with a 560 nm ± 20 nm filter. These figures were within the necessary 
absorption/emission spectra of the probe to provide adequate recording of mitochondrial 
membrane potentials.

3.10.2.1. Measurement o f [TMRM]

The measurement of [TMRM]^ is based upon the measured fluorescence of the 
mitochondria as detected by the flow cytometer. The basic principles of the device are 
shown in figure 3.9. The excitation of the mitochondria by the argon laser causes the 
mitochondria to emit light. On the detection of forward scatter of the laser hght by a 
mitochondrion passing though the laser beam, the fluorescence intensity of the 
mitochondria as it is illuminated by the 488 nm argon laser is measured by a 
photodetector equipped with a 560 nm filter, and recorded as an individual event. As a 
number of events are recorded, the data can then be displayed as a frequency/ 
fluorescence intensity histogram (as shown in figure 8.7). The data is non-parametric, 
which precludes the interpretation of mean fluorescence data, thus the median of the
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data were used for estimation of membrane potential of the population and statistical 
analysis.

3.10.2.2. Measurement o f [TMRM] Q

As the cytometer only records the fluorescence of mitochondria and not of the 
surrounding media, [TMRM]q needs to be determined separately. This is achieved by 
spinning down the mitochondrial sample (10,500 rpm) to pellet out the mitochondria 
leaving the suspension buffer as the supernatant. The supernatant's florescence can then 
be measured using a fluorometer (as described by Scaduto and Grotyohann^^^) using 
the same excitation and detection settings as that used by the flow cytometer (488/560 
nm for emission/detection respectively).

3.10.2.3. Calibration and limitations o f measurements

As tetraphenyl phosphonium (TPP), a compound used extensively in the estimation of 
and TMRM have a linear relationship with respect to membrane potential,^^^ the 

use of a TPP electrode (in Michael Duchenne’s laboratory. Dept of Physiology, UCL) 
was used to (/) confirm mitochondrial membrane potential under resting conditions 
(measured at 150 mV), (»’) to confirm that the mitochondrial membrane potentials of the 
populations investigated were correctly polarised and {Hi) that the Nemst equation, 
using the values of TMRM fluorescence measured as described above, correctly 
estimated the resting membrane potential. As Garlid and colleagues^^ had predicted 
small membrane potential changes with the opening of the mitochondrial channel, 
for the purposes of membrane potential shifts measured resulting from the drug 
treatments used in this study, the [TMRMJq was assumed to be unaltered (as [TMRM]^ 
»  [TMRM]q). A s  TMRM does bind independently of membrane potential to the inner 
and outer mitochondrial membranes, a further correction to the Nemst equation needs to 
be applied to accurately estimate membrane potential (K^ and Kj at 28° Celsius are 88 
and 33 respectively^os). However, for the purposes of this study where the delta change 
of membrane potential was of primary interest, these corrections were assumed to be 
the same in the conditions used for all samples tested.
Thus, the calculated mitochondrial membrane potentials recorded in this study are 
estimates used to determine membrane potential changes based upon median TMRM 
fluorescence shifts rather than absolute membrane potentials. Efforts to further 
characterise the membrane potential shifts with TMRM fluorescence, as measured by 
flow cytometry, is the subject of on-going work in the laboratory, and were unavailable 
at the time of the submission of this thesis.
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F i g u r e  3 .8 . M o l e c u l a r  s t r u c t u r e  a n d  p r o p e r t i e s  o f  T M R M .

A. Structure of Tetramethylrhodium methyl ester (TMRM). Molecular weight 500.93. 
(Xanthylium, 3,6-bis(dimethylamino)-9-(2- (methoxycarbonyl)phenyl)-, perchlorate)

4

B Fluorescence properties of TMRM. Peak excitation wavelength is 549 nm; peak 
fluorescence wavelength is 573 nm.

I

1 (A

400 450 500 550 600 650 700
Wavelength (nm)

Robert M. Bell 72



Chapter 3

F ig u r e  3 .9 . B a s ic  p r in c ip l e s  o f  t h e  f l o w  c y t o m e t e r .

Below is a cartoon  depicting how the flow cytom eter functions. On insertion o f a 

sam ple solution containing m itochondria (M ), the sam ple is pum ped through the 

laser cham ber in a fluid stream  encased by a linear air flow sheath. T hus only one 

m itochondrial particle passes through the laser light at any given time. The passage 

o f the m itochondria through the laser light is detected  by forw ard scatter. T he 

excitation o f the m itochondria  at 488 nm  causes light em ission w hich is then 

detected by a detector with a 520 nm  filter. The fluorescence intensity is then 

recorded for each particle that is detected in the sam ple. On a typical run, 15 to 20  

thousand m itochondria are subjected to laser excitation  and the fluorescence o f  

each is recorded and the data sum m arised on a frequency/ fluorescence h istogram - 

typical histogram s are show n in figure 8.7.
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Direction 
of flow

DETECTOR
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3.10.2.4. Sample preparation

For each experiment a mitochondrial aliquot of 100 pi was re-suspended in a KCl 
buffer (containing KCl 45 mM, potassium acetate 25.4 mM, TES 5 mM, EGTA 0.1 
mM, pH 7.4 and MgCl2 1 mM). Each sample was incubated with substrates for 

respiration (glutamate 5 mM and malate 2 mM) and the mitochondrial membrane 

potential (A\|/J sensitive dye tetramethylrhodamine methyl ester (TMRM, 200 nM^^S) t̂ 
room temperature (22°C) for 2 minutes. Where the experiment required the 
administration of a drug, this was added immediately prior to cytometry.

3.10.2.5. Demonstration of healthy mitochondrial respiration.

To demonstrate normal functioning of the mitochondrial channel, guanosine 
triphosphate (OTP, 50 pM), an endogenous channel opener, was added to the 
TMRM-stained mitochondria 2 min before measurements of fluorescence in the absence 
or presence of 5-Hydroxydecanoate (mitochondrial Katp channel inhibitor, 5-HD, 100 

pM). The depolarisation of the mitochondria associated with OTP is blocked by 5-HD. 
The mitochondrial uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP, 1 
pM) was used as a positive control, and caused near complete depolarisation of the 
mitochondria. In the absence of these membrane potential changes, the mitochondria 
were discarded.

3.10.2.6. Cytofluorometric analysis.

Cytofluorometric analysis was performed using a Partec PAS flow cytometer (Partec, 
Münster, Germany) equipped with a 488 nm argon ion-laser. The TMRM signal was 
analysed in the FL2 channel, which was equipped with a bandpass filter at 560 ± 20 
nm. Data were acquired on a logarithmic scale. Arithmetic mean values of the median 
fluorescent intensities were determined for each sample for subsequent graphical 
representation. Experiments were performed on mitochondria isolated from six 
individual rats, each experiment representing 15,000 mitochondria.

3.11 Immuno electron microscopy

These studies were performed in collaboration with Andrej Loesch, department of 
Anatomy and developmental Biology, University College London.

3.11.1 Tissue preparation

Four 3 month old adult female mice (two iNOS knockout and two iNOS wild type) 
were pre-treated to form a ‘control’ and a ‘preconditioned’ group by the administration
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of either a saline vehicle or an adenosine Aj agonist, CCPA (25 pg/kg) 24 hours prior 
to anaesthesia (60 mg/kg pentobarbitone sodium ip) and euthanasia. The anterior chest 
wall was opened as described in section 3.5.2, and the heart excised. The aorta was 
then cannulated with a modified 21 gauge needle (bevel removed), which was tied into 
place by a 3/0 Mersilk tie. The heart was slowly infused (over 3 to 4 minutes) with 5 ml 
bolus of a fixative consisting of 4% paraformaldehyde and 0.2% glutaraldehyde in 0.1 
M phosphate buffer at pH 7.4. The heart was then removed from the cannula, and 
placed into a labelled vial containing the same fixative for 5 hours at 4°C, and then 
transferred into another vial containing 4% paraformaldehyde for overnight storage at 
4°C. The hearts were then rinsed in phosphate buffer (pH 7.4) for several hours, and 
then transferred to 0.05 M TRIS-buffered saline at pH 7.6. Coronal sections through 
the left ventricle were cut at 60-70 pm sections using a vibratome, and collected in TBS. 
After washing in TBS, the sections were exposed for 45 minutes to 0.3% hydrogen 
peroxide in 33% methanol for blocking endogenous peroxidases, washed in 0.1 M 
TBS (pH 7.4) for one hour and processed for the pre-embedding electron- 
immunocytochemistry of eNOS and iNOS polyclonal antibody using the ExtAvidin 
peroxidase-conjugate (ABC) method.

3.11.2 Immunocytochemistry

Washed heart slices were incubated for one hour in normal goat serum (Nordic 
Immunology, Tilburg, The Netherlands) diluted 1:30 in TRIS containing 0.1% sodium 
azide. The hearts were then washed again in TRIS buffered saline, the sections were 
incubated for 48 hours at 4°C in either an eNOS or an iNOS polyclonal antibody at a 
dilution of 1 in 200 in normal goat serum containing TRIS and 0.1% sodium azide, 
then washed TRIS buffered saline. The sections were then exposed to a biotinulated 
secondary antibody to the respective primary antibody, diluted 1:40 in TRIS buffered 
saline. The sections were then rinsed with TRIS buffered sahne prior to 4 hour 
incubation with ExtrAvidin-horseradish peroxidase conjugate (Sigma Chemical Co, 
Poole, UK) diluted 1:1500 in TBS. After exposure to diaminobenzidine (DAB) and 
osmication, the sections were dehydrated in a graded series of ethanol and embedded in 
Aradite. The ultrathin sections were stained with uranyl acetate and lead citrate and 
examined with a JEM-1010 electron microscope.

3.12 Statistical analysis

Results are presented as group means with the standard error of the mean (SEM). For 
comparison between two groups, data were compared with Student’s unpaired T-test. 
For comparison between more than two groups, factorial one way analysis of variance
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(ANOVA) was used. Where a significant F-value was obtained, Fishers protected least 
significance difference (PLSD) post hoc test was applied for between group 
comparisons.
For comparison of data sets recorded over a period of time, ANOVA for repeated 
measures was used, and where significance was determined, the Fishers PLSD post 
hoc test was applied. Association between data was tested by Spearman rank correlation 
and linear regression was used to analyse the association for each group.
Statistical significance was defined as a p value of < 0.05. All statistical analysis was 
performed on a Power Macintosh (7500/100) computer, using commercially available 
software (Statview version 4.5, Abacus concepts Inc.).
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Chapter 4; Model Characterisation

4.1 Planimetry

4.1.1 Methodology

Infarct size was determined by TTC staining, as described in the methods section 3.7. 
Because the heart slices are of such small cross sectional area (under 2 mm^), the hearts 
have to be magnified to ensure adequate visualisation of infarcted versus viable tissue. 
To achieve this aim, heart slices are mounted between transparent perspex plates, 0.57 
mm apart and photographed with a high resolution megapixel digital camera as 
described previously (section 3.7). The video image was imported into a Power 
Macintosh 7500/100 computer, copied and imported into an image analysis software 
package, available as free share software from the National Institutes of Health web site 
(http://rsb.info.nih.gov/nih-image/), called NIH Image (version 1.61). The image 
background was removed, and converted into a grey-scale image as described in 3.7.2, 
and an example is shown in figure 3.4. A custom macro-program was written by the 
author of this thesis to enable automatic analysis of infarct size. Based upon the light 
dark contrast, the macro program (listed in the appendix 1), measures first the total area 
of the heart slice, and then the total area of viable, dark stained myocardial tissue. The 
ischaemia/reperfusion models presented in this report consist of a global ischaemic 
insult, so further image processing to determine risk zone was unnecessary. Therefore, 
the infarct area of the heart slice could be determined by the difference between 
measured total and viable areas. For the whole heart, infarct to risk zone area is 
represented as a percentage of total measured infarct area as a proportion of total 
measured area of the heart slices. For inter-group comparison, the areas can be readily 
converted into volumes by the calibration of the camera at a set focal length used to 
capture the heart slices to set the pixel area of 1 mm^, multiplied by the known heart 
slice thickness of 0.57 mm.

4.1.2 Characterisation and validation of planimetry software

4.1.2.1 Calibration o f the Planimetry software

Before the camera/planimetry system could be routinely applied to the measurement of 
infarct size in experimental studies, the system and infarct measuring macro programme 
required thorough characterisation and validation to confirm that the methods for 
measurement were accurate and reproducible.
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In the first instance, the grey scale recognition of viable versus necrotic myocardium 
required calibration. To achieve this, twenty mouse hearts subjected to an 
ischaemia/reperfusion insult were prepared, stained (as described in 3.7.1) and digitised 
as described in section 4.1. A. These hearts were then planimetered by an independent 
observer using the tracing methodology then currently used in the laboratory and slice 
and infarct areas recorded.
Through comparison of measured infarct size by the independent observer, grey scale 
thresholds could be determined for each slice for each heart analysed such that the 
measured area of necrosed tissue equalled that made by the initial observer. The grey 
shade threshold between what was determined to be viable myocardium from that 
deemed as necrosed was found to be highly variable, necessitating correction for 
variable TTC stain uptake into the hearts between individual samples and in accordance 
to ambient light causing automatic lens aperture correction in the digital imaging system. 
Through repeated observation, a simple formula was determined that could be applied 
to enable the grey-scale correction to be predicted. The result of the calibration is 
summarised in figure 4.1.1, with a highly significant (p < 0.0001) correlation (r )̂ of
0.668.between threshold and darkness threshold for viable myocardium.
Attempts were also made to enable accurate automatic sensing of the region of interest 
(ROI, the total area of the heart slice, minus cavities and background). However, 
attempts to automatically delineate background proved unreliable, thus manual methods 
of determining the ROI were adopted.
4.1.2.2 Validation o f the planimetry software

To determine whether the software based automatic planimetry methodology was 
reproducible, it needed to be compared with a gold standard method already routinely 
used in the laboratory. To this end, further mouse heart samples were prepared and the 
heart slices planimetered by an independent observer.

4.1.2.2.1 Determining the region of interest.

Two methods of determining the ROI were compared, using tools provided by the NIH 
Image software environment used by the infarct calculating macro programme:

1. Erasing the back ground using the eraser tool;

2. Tracing the boundary of the heart slice, copying the ROI from the image and pasting 
onto a blank white background.

Once the ROI was determined, the macro programme could be used to determine the 
infarct sizes in the heart slices in a blinded fashion, and the methods compared.
The first ROI determination method was found to be inadequate. Although compared to 
conventionally planimetered hearts, the total area of the heart slices were insignificantly
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different from the computerised planimetry, the p value was 0.072 (Student’s paired T- 
test). Therefore, this method was uncomfortably close to rejecting the desired ‘null 
hypothesis’ that there are no significant difference between conventional planimetry and 
the eraser method of determining ROI.
Using the tracing method of determining the ROI, heart slice areas were compared 
between conventional planimetry and the tracing method, again in bhnded fashion, 
comparing a different cohort hearts. The correlation of total heart slice areas between 
manual planimetry and computerised planimetry was markedly improved, with a p 
value of 0.883.
Therefore, the tracing method for determining ROI was adopted for all further 
assessments of infarct to risk zone ratios.

4.1.2.2.2 Validation of infarct size measurements

Once a reliable methodology for determining the ROI was adopted, a further 15 hearts 
were examined, again comparing an independent observer’s observation with infarct 
size data determined from the same heart slices in blinded fashion. The results of the 
statistical analysis are summarised in figure 4.I.B. Highly significant correlations were 
achieved between observer and computer based planimetry, both in terms of total slice 
area size (r̂  = 0.986, p < 0.001) and total infarct area (r  ̂ = 0.995, p < 0.001). On the 
basis of these results, all further planimetry was performed using the macro-based 
infarct size assessment.
4.1.3 Planimetry: the adopted method

After establishing a method to predict the grey-scale threshold between viable and 
necrosed tissue, and validating this against independent observation, the macro-based 
infarct measurement was the methodology adopted for all further infarct assessment.

Advantages:

• permanent record of heart slices can be kept on a digital media

• good inter-observer reproducibility

• measures infarction even where there are areas of patchy necrosis

• potentially labour saving 

Disadvantages

• still requires the region of interest (the heart slice) to be identified

• grey scale correlation between viable tissue and necrosed myocardium, although
good (r  ̂ = 0.668), is not perfect. This means that the planimetry is not entirely
automatic, and adjustments to the grey-scale threshold adjustments may be required.
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F ig u r e  4.I.A . C a l i b r a t i o n  r e g r e s s i o n  c u r v e  f o r  p l a n i m e t r y  p r o g r a m m e .

Regression analysis demonstrating the relationship between the estimated grey scale data 

produced by the macro-programme and the grey scale required to reproduce the infarct sizes 

estimated by conventional planimetry.
RagrcMlon Summary 

thraahokJ vs. dark ahada

Num. Missing 
R
R Squared 
Adjusted R Squared 
RMS Residual TTÜBT

ANOVA Tabla 

thrsahoid va. dark ahada

DF Sum of Squares Mean Square F-Value P-Value
Regression
Residual 53

2 1 098 .474
10478 .908

21098 .474
197.715

106.711 <  0001

Regraaalon Plot

Rsgrsaalon Coefficients 

threshold vs. dark ahada

Coefficient Std. Error Std. Coeff. t-Value
Intercept -169.641 92.181 -169.641 -5.271 < 0001
dark shade 1.999 '7195 .817 10.990 <.0001

2 2 0

2 0 0
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1 20
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dark shade 
•169.641 + 1.399 * X; FV̂ 2 * .666

F ig u r e  4.I.B . V a l i d a t i o n  o f  c o m p u t e r i s e d  p la n i m e t r y .

As part of the infarct measurement macro programme validation, total myocardial and infarct 

volumes were measured using both traditional planimetry techniques and the computerised 

method. Good correlations were found between both measures, enabling the use of this system 

for future studies. Abbreviations used in figure: infarct (a) and infarct (m) are the infarct 

areas measured using the automated and manual planimetry, and similarly for risk (a) and 

risk (m) the total myocardial volumes measured by each technique respectively.

Myocardial vobm es R a g r a s s l o n

A N O V A

a r a a  at r i c k  ( a )  v a .  a r e a

DF Sum o( Squares
Regression

Residibl
Total

14118550111.341

198016870.392
14316806981.733

M an  Square 
14118580111.341 

15234374.848

F  Value P-Value

R e g r e s s i o n

a r e a  at  r i s k  ( a )  v s .  a r e a

Cbeffjcent Std. Error 3 d . Cbeff. t-V a lts P-Value
kilercq jt I -967.215 I 6778.662 I -967 .215  I -.143  I .8887

a rea  d  risk (m) | 1.003 | .033 | .993  | 30 .443  | < 0001

k 180000

140000
140000 180000 220000 260000

Infarct volumes

a re a  of risk (m)

y =-967.215 +1.003 * ^ ^ 0 .9 8 6

R s g r a a a l o n

A N O V A

I n f a r c t  ( a )  v s .

DF Sum of Squares M an  Square FA/alue P-V a lue
R sgressbn 1 6762236449.054 8762235449.054 9754 < 0001
Residifil 13 11678194.680 898322.668

Total 14 8773913843.733

R s g r a a a l o n  

I n f a r c t  ( a )  v s .
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Cbefficient Std. Error Std. Cbeff. t-V alue PV alue
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.010
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-2 .363
98.762

.0344
(.0001

irfarot (m)

y = -1741.678 +1.026 * 0.999
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4.2 Ischaemia/reperfusion protocol

In order to study the ischaemia/reperfusion injury associated with acute myocardial 
infarction, a reproducible model of injury and measurement is required. The chosen 
model was mouse, to take advantage of the various transgenic strains developed to 
investigate specific signalling pathways. To determine the optimal 
ischaemia/reperfusion protocol in the isolated mouse heart model, a series of 
experiments were performed to determine the effect of varying durations of global index 
ischaemia and reperfusion upon infarct size. As infarct size was to be used as the 
primary end points in all subsequent studies, accurate and reproducible measurement of 
infarction was essential.

4.2.1 Determining the optimal reperfusion duration

Previous studies in mouse have shown that 30 minutes of reperfusion is adequate for 
accurate determination of infarct size by TTC following an injurious 30 minute 
ischaemic insult; prolongation of reperfusion appeared to have minimal influence upon 
measurable infarction.221.3o? However, in animal models other than mouse, a minimum 
period of reperfusion of 2 hours for accurate assessment of infarct size has been 
deemed as m a n d a t o r y , ^ o s  probably relating to the necessity of washing out 
dehydrogenase enzymes from necrotic cells with incompetent sarcolemmal membranes. 
The apparent discrepancy between the required reperfusion time in mouse compared to 
other animals models may, in part, be explained by the comparatively high flow rate per 
unit weight of myocardium (25 ml/g.heart weight/minute in mouse versus 4 ml/g.heart 
weight/minute in rabbit heart). However, to confirm whether 30 minute reperfusion is 
adequate in the present model, hearts from adult male B6,129 wild type mice were 
subjected to 30 minutes of normothermic global ischaemia, followed by three periods of 
reperfusion: 30, 60 and 120 minutes (protocol, figure 4.2).
The infarct size data are summarised in figure 4.3. Following a 30 minute ischaemic 
insult, prolonging the period of reperfusion had no significant effect upon infarct size; 
infarct sizes at 30, 60 and 120 minutes were respectively 33 ± 3%, 34 ± 4% and 34 ± 
3% with no statistical difference between groups.
The lack of a measurable difference in infarction between short and long durations of 
reperfusion would suggest that ischaemia/reperfusion injury is rapidly resolved in this 
mouse model. Whether extending reperfusion further ( > 24 hours) would influence 
measurable necrosis was not investigated here, as this is impractical in a Langendorff 
model. However, in in vivo models, prolonging reperfusion over a period of days 
appears not to be associated with larger measured infarcts; in dog, Tanaka et al failed to 
observe larger infarcts at four days than after 4 hour reperfusion.^^
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Given the current observations (and those of other members of our group, i.e. Marber 
and S u m e r a y 2 2 i .  30?) demonstrating that 30 minutes reperfusion was adequate for 
accurate TTC estimation of infarction, this was the reperfusion protocol used for all 
further experiments outlined in this thesis.
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F ig u r e  4 .2 . In c r e a s in g  r e p e r f u s i o n  d u r a t io n  a n d  i n f a r c t io n  p r o t o c o l .

Isolated, L an g en d o rff perfused hearts were allow ed to stabilise for 20 m inutes 

before being subjected to a standardised 30 m inute, norm otherm ic global 

ischaem ic insult. T hereafter, the hearts were allow ed to recover in reperfusion  fo r 

30, 60 or 120 m inutes prior to the hearts being stained in TTC  for infarct analysis.

. . .. .  . OA • • u • 30,60 or 120 min20 min stabilisation 30 mm ischaemia  ̂ .
reperfusion

Infarct size determination 
with TTC
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F ig u r e  4 .3 . T h e  e f f e c t  o f  in c r e a s in g  d u r a t io n  o f  r e p e r f u s i o n  u p o n  in f a r c t  s iz e .

The influence o f reperfusion duration upon infarct size determ ined  by TTC 

staining was exam ined. All hearts were subjected to a 30 m inute n o rm otherm ic  

global ischaem ic insult. F igures below the bars represent the duration  o f  

reperfusion. N o significant d ifference in infarct size was observed betw een hearts 

reperfused for 30, 60 or 120 m inutes.
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4.2.2 Determining the optimal duration of global ischaemia

Mouse hearts are small. With a typical myocardial weight of 160 mg from an adult male 
25-30 gram mouse, the mouse heart weighs a tenth of a typical heart from an adult male 
300 gram rat. Given the modest size of the mouse heart, and therefore small cross 
sectional area of the heart when sliced, there is a potential for a statistical/measurement 
type 1 error to occur with respect to measurement of infarct size in both control, and in 
particular with preconditioned hearts where infarct size were predicted to be 30-50% 
smaller than that found in control hearts. Therefore, it is desirable to obtain a 
reproducible infarct size of sufficient size from which preconditioning can result in a 
significant measurable infarct size reduction. Therefore these experiments were divided 
into two with separate aims:

1. to measure infarct size with increasing ischaemic duration thus determining the 
relationship between ischaemic period and infarct size, and

2. to determine whether, at these durations of global ischaemia, preconditioning 
manifests significant infarct size reduction, thus ascertaining the largest control 
infarct size with efficacious early ischaemic preconditioning.

4.2.2.1 Ischaemic duration and infarct size

To ascertain the effect of prolonging the period ischaemic injury in this model, hearts 
were subjected to periods of 30, 35, 40, 50 and 60 minutes of global ischaemia.
The experimental protocol (figure 4.4) consisted of 20 minutes of stabilisation prior to 
the index ischaemia and 30 minutes reperfusion after. Adult male mice were used in this 
investigation, weighing between 25-30 grams. As summarised in figure 4.5, no 
significant differences were noted between groups with respect to either body or heart 
weight.
Experimental results are summarised in figures 4.6-4.8. With increasing duration of 
ischaemia, there was a concomitant increase in infarct size (figure 4.6). However only 
ischaemic periods of greater than 40 minutes duration resulted in infarcts of 
significantly larger size than that seen at 30 minutes ischaemia. Infarct size at 30 
minutes index ischaemia was 31 ± 4%, 35 minutes, 33 ± 2%, 40 minutes, 41 ± 9%, 50 
minutes 47 ± 3% and 60 minutes, 59 ± 9%. p values for 50 and 60 minutes index 
ischaemia versus 30 minutes are 0.037 and 0.004 respectively. As would be predicted, 
increasing necrotic injury was also associated with increasing contractile dysfunction 
(figure 4.7) and deteriorating reperfusion coronary flow. Shorter ischaemic durations 
were associated with markedly improved function, with function following 30 minutes 
global ischaemia being modestly, but significantly greater than that observed after 
longer ischaemic insults. Prolonged ischaemia (greater than 40 minutes) was associated
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with significant attenuation of functional parameters proportional to the degree of 
myocardial necrosis observed following TTC staining. Both function and coronary 
flow were significantly lower than that observed following shorter index ischaemic 
periods. On the basis of these measured parameters, only the three shorter (20, 35 and 
40 minute) ischaemic durations were tested in the preconditioning phase of this 
investigation.
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F ig u r e  4 .4 . In c r e m e n t a l  in d e x  is c h a e m ia  d u r a t io n  p r o t o c o l .

All hearts were L angendorff perfused for a 20 m inute stabilisation period prior to 

index ischaem ia. H earts were then random ly ascribed to 30, 35, 40, 50 or 60 m inute 

global ischaem ia groups. A fter index ischaem ia, all hearts were allow ed to recover fo r 

30 m inutes, prior to determ ination o f infarct size by TTC  staining.

20 min stabilisation 30, 35, 40, 50 or 60 min 
ischaemia

30 min reperfusion

Infarct size determination 
with TTC
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F i g u r e  4 .5 . M o r p h o m e t r i c s

M orphom etries w ere com pared to exclude the potential for con fo u n d in g  influence o f  

e ither unequal heart (A ) or body (B) w eight on later analysis. The num ber in the bars 

represents the num ber o f  anim als in the group. The num ber under the bars signifies 

the duration  o f ischaem ia to w hich the hearts were subjected to. No significant 

d ifference in either heart or body w eights w ere m easured betw een groups.
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F ig u r e  4 .6 . In d e x  is c h a e m ia  d u r a t io n  a n d  i n f a r c t  s i z e .

Increasing the duration o f global ischaem ia results in an increase in m easured 

infarct size (A). By 50 m inutes, infarction is significantly  g reater than that found at 

30 m inutes. R egression analysis confirm s the correla tion  betw een ischaem ic 

duration and infarction (B).

*, p = 0.037 versus 30 m inute index ischaem ia.

**, p = 0.004 versus 30 m inute index ischaem ia.

A. Infarct to risk zone bar-graph with increm ental ischaem ia.
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Table 1. Baseline Contractile and coronary flow function.
No sigificant differences were noted between groups with respect to either baseline 
coronary flow or contractile function.

Group
Contractile function

(force-rate product, g.beat.min'^)
Coronary flow rate

(ml.min^)

30 minute 
ischaemia

(n = 5)
1135 ±77 3.0 ± 0.5

35 minute 
ischaemia

(n = 6)
1173 ±126 3.3 ± 0.3

40 minute 
ischaemia

(n = 6)
1168 ±74 3.6 ± 0.4

50 minute 
ischaemia

(n = 5)
1209 ± 136 3.5 ± 0.3

60 minute 
ischaemia

(n = 5)
1179 ± 181 3.6 ± 0.2
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Figure 4,7. Contractile recovery following global ischaemia.
Contractile function following global ischaemia was measured and compared. No 
significant difference was noted between 30 and 40 minutes of global ischaemia. 
Longer durations of ischaemia resulted in significant attenuation of function 
compared to 30 minutes index ischaemia. (p < 0.001). Number of hearts per 
group were 5, 6, 6, 5 and 5 for the 30, 35, 40, 50 and 60 minute ischaemia groups 
respectively.

30 ischaemia 
35 ischaemia 

40 ischaemia 

50 ischaemia 
60 ischaemia
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F i g u r e  4 .8 .  C o r o n a r y  f l o w  f o l l o w i n g  i n d e x  i s c h a e m i a .

Increasing durations of index ischaemia resulted in a significant dose-dependent 
attenuation of reperfusion coronary flow. Following 60 minutes of index 
ischaemia, the coronary flow was half of that observed following 30 minutes index 
ischaemia (p < 0.0001). Number of hearts per group were 5, 6, 6, 5 and 5 for the 
30, 35, 40, 50 and 60 minute ischaemia groups respectively.
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4.2.22 Efficacy o f preconditioning against increasing injurious ischaemia

Ischaemic preconditioning results in significant attenuation of necrotic cell death in all 
mammalian species s t u d i e d . ^ ^  xhe challenge in the murine heart relates to the 
measurement of infarction, as discussed in section 4.2. Ideally, there should be as great 
a difference between control and preconditioned infarct size as possible to aid in 
accurate delineation of effect. Therefore, in this series of experiments, the efficacy of 
preconditioning was assessed with ischaemic durations of 30, 35 and 40 minutes of 
index ischaemia (protocol, figure 4.9). Longer durations of index ischaemia (>50 
minutes) appears too injurious (section 4.2.2.1), and therefore not analysed here.
The ischaemic preconditioning regime used for these experiments, based upon the 
observations of Sumeray et al,^^° consist of 2 cycles of 10 minutes ischaemia and 10 
minutes reperfusion. Control animals were perfused in time matched fashion (figure 
4.9). Whilst this represents a robust regime for inducing preconditioning 
(preconditioning against infarction has been observed against 20 minutes global 
ischaemia with as little as 2.5 minutes ischaemia in the isolated mouse heart^^^), this 
regime was thought desirable to elucidate maximal response against prolonged 
ischaemia.
The results are summarised in figures 4.10 and 4.11 (A, B and C).
Significant protection against infarction was observed in all three experimental groups. 
Preconditioning against 30 minutes ischaemia resulted in a 28.5% reduction of infarct 
size (36 ± 3% to 25 ± 5% in controls and preconditioning respectively, p = 0.008), 
which was associated in significantly improved functional recovery (figure 4.11. A, p < 
0.001). Preconditioning against a 35 minute ischaemia resulted in a 31.3% reduction of 
infarction (33 ± 2% to 23 ± 1%, p = 0.031), and again, highly significant improvement 
in functional recovery (figure 4.11.B, p < 0.001). Preconditioning against 40 minutes 
ischaemia results in a 24.4% reduction of infarction (38 ± 5% to 29 ± 2%, p = 0.025) 
and improvement in post ischaemic function (figure 4.11.C, p = 0.034). Whilst 
preconditioning remained effective against 40 minute ischaemia, the relative reductions 
of infarct size and improvement in function were comparatively modest, and thus not an 
ideal ischaemia/reperfusion regime for further study. Preconditioning against 30 and 35 
minute ischaemic insults was equally efficacious, therefore, given the marginally greater 
infarct size reduction resulting from preconditioning in the 35 minute ischaemia group, 
this was the ischaemia/reperfusion regime adopted for aU future experimental studies in 
this thesis.
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F ig u r e  4 .9 . P r e c o n d i t io n i n g  w it h  in c r e m e n t a l  i n d e x  i s c h a e m ia  p r o t o c o l .

H earts were random ly assigned to control or ischaem ic p recond ition ing  (IPC) 

groups. Ischaem ic p recond ition ing  consisted o f 2 cycles o f 10 m inute ischaem ia 

and 10 m inutes reperfusion. In controls, in place o f  the ischaem ia p reco n d itio n in g  

protocol, the hearts were instead norm ally  perfused for a fu rther tim e-m atched 4 0  

m inutes prior to index ischaem ia. Three durations o f index ischaem ia were 

exam ined: 30, 35 and 40 m inutes. All hearts were reperfused  fo r 30 m inutes p rio r 

to determ ination o f infarct size by TTC  staining.

Control

20 m in  s tab ilisa tio n  
+ 40  p e rfu sio n

30, 35 o r 4 0  m in  
isch aem ia

30 m in  rep erfu sio n

IPC

2 cy c les  o f  10 m in isch aem ia  
+ 10 m in  rep e rfu sio n
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Table 2. Morphometrics and baseline coronary flow and function.
No significant differences were measured between groups in terms of body or 
heart weight, or in baseline contractle function or coronary flow.

Group Body weight Heart weight Contractile function Coronary flow 
(grams) (grams) (force-rateproduct, rate (ml.min^)

g.beat.min'^)

30 minute 
control 
(n = 5)

30 minute 
preconditioned 

(n = 5)

35 minute 
control 
(n = 6)

35 minute 
preconditioned 

(n = 6)

40 minute 
control 
(n = 5)

40 minute 
preconditioned 

(n=5)

28.5 ± 2 .0  0.14 ±0.01 1320 ±114 3.4 ±0.1

27.1 ±0 .4  0.15 ±0.01 1219 ±57

28.2 ± 1 .2  0.15 ±0.01 1279 ±66

30.0 ±3 .4  0.15 ±0.02 1200 ± 87

27.8 ±1 .0  0.16 ±0.01 266 ±119

3.1 ±0.1

3.3 ± 0.3

26.5 ± 0.3 0.14 ± 0.01 1362 ± 150 3.3 ± 0.2

2.3 ± 0.2

3.4 ± 0.4
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F ig u r e  4 .1 0 . P r e c o n d i t io n i n g  w it h  in c r e m e n t a l  i s c h a e m i a .

T hree durations o f index ischaem ia were tested in this study: 30, 35 and 40 m inutes. In 

each group, hearts were random ly assigned to either tim e m atched control o r 

p recondition ing  (pc). At all three tim e points, significant attenuation o f infarct size was 

observed, w ith p-values o f  0.0075, 0.0309 and 0.0253 for 30, 35 and 40 m inutes index 

ischaem ia respectively. The infarct reduction resu lting  from  precondition ing  o f 31% in 

the 35 m inute index ischaem ia group represen ted  the largest p roportional change o f  

the th ree groups exam ined.
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F ig u r e  4 .11 . P r e c o n d it io n in g  a n d  f u n c t io n a l  r e c o v e r y  f r o m  is c h a e m ia

C ontractile  recovery  rep resen ted  as a percen tag e  o f  baseline, end-stab ilisa tion , 

function . In  all th ree g roups p reco n d itio n in g  (pc) resu lted  in m odest, y e t 

s ign ifican t im provem ent in post-ischaem ic  function . T his is m ost ev iden t fo llow ing  

30 and  35 m inu te  ischaem ia. C om paring  con tro l versus p reco n d itio n in g . A : p  < 

0 .001; B: p  <  0 .001; C : p  = 0 .0345 . N um ber o f  hearts p er g ro u p  w ere 5, 6 and 5 

in bo th  the pc and con tro l arm s o f  the 30, 35 and  40  m inu te  ischaem ia  g ro u p s  

respectively . R aw  data  reco rded  in tab le  2.
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4.3 Harvesting heart does not trigger preconditioning: 
evidence for a role of PKC in early ischaemic 

preconditioning in mouse

The preliminary ischaemia/reperfusion studies discussed in section 4.2.2.2 show that 
ischaemic preconditioning with 2 cycles of 10 minutes ischaemia and 10 minutes 
reperfusion provides protection against 35 minute ischaemia/ 30 minute reperfusion 
induced injury (representing an approximately 30% reduction of infarction versus 
control). Compared to early ischaemic preconditioning in other animal species, such as 
rabbit, global preconditioning has an infarct sparing effect in regional models of lethal 
ischaemia/reperfusion injury of greater than 6 5 % . Therefore the model used in this 
thesis appears to have comparatively poor preconditioning induced myocardial 
protection against ischaemia/reperfusion injury.
There are two potential explanations for the comparatively disappointing protection 
observed in this global ischaemia/reperfusion model of isolated mouse heart injury. 
First is that this is a model dependent observation: others, using Langendorff perfused 
mouse heart models of global ischaemia/reperfusion, have found similar control infarct 
sizes and infarct size limitation following ischaemic preconditioning to that described 
here in section 4 .2 .2 .2 .̂ io, 3ii Interestingly, where hearts are subjected to regional 
ischaemia, infarct size appears to be concomitantly larger, and preconditioning 
concomitantly more effective.^^^ The second possibility is that the hearts have become 
ischaemically preconditioned in the process of harvesting the heart from the euthanased 
mouse. Thus, all hearts are preconditioned, including controls; the preconditioning 
represents only “super-added” protection, and therefore infarct size reduction is not as 
great as might be predicted when compared to controls.
To exclude the possibility that the hearts have become preconditioned in the process of 
mounting the hearts on the perfusion apparatus, the hypothesis that the harvesting 
procedure causes preconditioning needed to be tested. If the hypothesis were correct, an 
inhibitor of preconditioning administered prior to euthanasia of the animal would result 
in larger infarcts resulting from an ischaemia/reperfusion regime compared to hearts 
from animals that had not received the preconditioning inhibitor. To be administered 
prior to anaesthetic, the preconditioning would need to have a long half-life and be lipid 
soluble to remain in the myocardial tissue after the cessation of corporeal circulation. 
The agent would also have to be an effective inhibitor of the preconditioning cascade. 
One potential target would be PKC (discussed in section 1.5.2.1). The PKC 
antagonist, chelerythrine, has the necessary pharmacodynamic and pharmacokinetic 
properties required, being a lipophillic compound with a long half life and elimination 
time. Furthermore, PKC has been shown to be an obligatory component of the
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preconditioning cascade in a large number of mammalian s p e c i e s . ^ ^  However, PKC’s 
involvement in preconditioning in all species is controversial; some investigators have 
demonstrated that pig hearts can be ischaemically preconditioned in presence of a PKC 
i n h i b i t o r ^ 0 3  and that abrogation of protection required the combined inhibition of both 
PKC and TKJ^^ Therefore, because of the relative lack of characterisation of the 
murine model, it was unknown until recently^w hether PKC is involved in the 
mediation of early preconditioning in mouse, and whether the preconditioning 
signalhng cascades were similar to that found in other small rodent species. Thus, in 
order to test the ‘pre-preconditioning’ hypothesis, the obhgatory role of PKC in 
ischaemic preconditioning would also require testing.
Mice were pre-treated with the PKC inhibitor, chelerythrine (5 mg/kg, ip), 10 minutes 
ante-mortem, prior to the administration of anaesthesia (protocol, see figure 4.12). To 
determine whether PKC plays a role in early ischaemic preconditioning in mouse, 
hearts from chelerythrine treated animals were also ischaemically preconditioned with 
the two cycle, 10 minute ischaemia and reperfusion preconditioning protocol identical to 
that used in the previous study (described in section 4.2.2.2). Control animals to the 
chelerythrine treated group received an equivalent volume of the vehicle (saline) ip, 
minutes ante-mortem, and were randomly assigned to control or ischaemic 
preconditioning groups.
The infarct size assessment results are summarised in figure 4.13. Pre-treatment of the 
animals 10 minutes ante-mortem with chelerythrine had no effect upon infarct size of 
control hearts subjected to 35 minutes normothermic global ischaemia and reperfusion 
(vehicle control, 33 ± 2% versus chelerythrine control, 33 ± 3%, p = 0.924). The lack 
of modification of infarct size in these control groups suggests that there was no 
antecedent preconditioning in these hearts. This observation is however reliant upon the 
assumption that preconditioning in mouse heart is dependant upon the obligatory 
involvement of PKC.
Preconditioning resulted in a robust reduction of infarct size in hearts from vehicle 
treated animals. In contrast, hearts from animals that had been treated with chelerythrine 
10 minutes ante-mortem, received no benefit from the preconditioning regime: the 
infarct sparing effect was completely abrogated (vehicle, 22.79 ± 0.99 versus 
chelerythrine treated group, 33 ± 4%, p = 0.016).
The infarct data were mirrored by the functional data (figure 4.14 A and B). Comparing 
control hearts from animals that had received either chelerythrine or the saline vehicle, 
the PKC inhibitor had no influence upon contractile recovery. Ischaemic 
preconditioning resulted in significant improvement in post-ischaemic cardiac function 
in hearts from vehicle treated animals (figure 4.14 A, p = 0.001). Chelerythrine 
abohshed this protective effect of ischaemic preconditioning (figure 4.14 B), consistent 
with similar observations in the rat.^^^
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Therefore, these results demonstrate that ischaemic preconditioning in mouse heart is 
dependent upon the activation of PKC. Furthermore there is no evidence of any 
difference between control hearts from animals pre-treated with either chelerythrine or 
vehicle, implying that the harvesting technique used to isolate the hearts does not trigger 
a preconditioning response.
In summary therefore, the explanation for the comparatively disappointing infarct size 
limitation in this model of global ischaemic model of ischaemia/reperfusion injury is not 
secondary to the heart isolation technique. The comparatively small reductions in infarct 
size would therefore appear to be a model dependent phenomena, related either to the 
use of global index ischaemia as opposed to regional index ischaemia, or to the 
differences implicit with an in-vitro rather than an in-vivo procedure.
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F i g u r e  4.12. PKC in  p r e c o n d i t i o n i n g  p r o t o c o l .

A nim als received either saline (veh icle) or 5 m g/kg chelery thrine bolus ip, (Chel) 

10 m inutes prior to euthanasia and harvesting o f the hearts. L an g en d o rff perfused  

hearts w ere random ised to either a tim e m atched perfusion (control) group or an 

ischaem ic precondition ing  (IP C ) group, and subjected to an ischaem ia reperfusion  

regim e p rio r to determ ination o f infarct size w ith TTC.

A. Control

10 minutes ante- 
mortem

20 minutes 
stabilisation

40 minutes of 
control 

perfusion
35 minutes index 

ischaemia

Administration of either 
chelerythrine 5 mg/kg ip (Chel) 
or an equivalent volume of 
saline, ip (Vehicle).

30 minutes 
reperfusion

Determination of infarct 
size by TTC staining

B. IPC

10 minutes ante- 20 minutes 
mortem stabilisation

!

Preconditioning 
with 2 cycles of 

10 minute 
ischaemia and 

reperfusion
35 minutes index 

ischaemia

Administration of either 
chelerythrine 5 mg/kg ip (Chel) 
or an equivalent volume of 
saline, ip (Vehicle).

30 minutes 
reperfusion

Determination of infarct 
size by TTC staining

^  = Heart harvested and Langendorff perfused
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Table 3. Summary of body and heart weights plus baseline coronary and 
contractile function raw data.

No significant differences were noted between groups in body weight, heart weight,
baseline contractile function, or baseline coronary flow.

Group Body
weight
(grams)

Heart
weight
(grams)

Contractile 
function 

(g.beat.min *)

Coronary
flow

(ml.min^)

Control Vehicle 
(n = 6)

Preconditioned 
vehicle 
(n = 6)

28.5 ± 
1.0

27.2 ± 
0.7

0.15 ±0.00 1354191 3.3 10 .2

0.14 1 0.01 13281 131 3 .2 1 2

Control 
chelerythrine 

(n = 6)
29.3 1 

1.6
0.16 10.01 15021 181 3 .4 1 0 .4

Preconditioned 
chelerythrine 29.91

(n = 6) 0.6
0.15 10.01 11831 135 3.1 1 0.3
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Figure 4.13. Chelerythrine abrogates ischaemic preconditioning.
Hearts from chelerythrine treated animals failed to show any infarct limitation 
resulting from the preconditioning regime that resulted in significant attenuation 
of infarction in hearts of animals treated with a saline vehicle bolus. Furthermore, 
control hearts in chelerythrine treated group had an infarct size identical to that 
observed in the vehicle control group. Therefore PKC is essential for murine 
ischaemic preconditioning, and the harvesting technique does not result in 
preconditioning.
Abbreviations used in figure:

Vehicle: hearts from saline vehicle pre-treated animals,
Chel: hearts from chelerythrine pre-treated animals,
IPC: ischaemic preconditioning.
Control: time matched perfusion.

** p = 0.012 versus vehicle control, and p = 0.016 versus chelerythrine IPC 
group. 6 hearts were used per group.

§

I
2
I
N

• a
o

i

501

40-

30-

20 -

10

oJ

o
o

o

8

§

c

o
o

o
o
o

I 8

o

c

Robert M. Bell 103



Chapter 4

F ig u r e  4.14. P r e c o n d i t i o n i n g  a g a i n s t  s t u n n in g  r e q u i r e s  PKC.

Post-ischaemic contractile dysfunction is modestly, but significantly, reduced by ischaemic 

preconditioning (A, ** p = 0.001). This resistance to stunning is completely abrogated by the 

prior administration of the PKC inhibitor, chelerythrine (B, p = 0.001 chelerythrine (Chel) 

versus vehicle pre-treated preconditioned hearts), n = 6 per group. Baseline fibures are included 

in table 3.

A . Preconditioning attenuates stunning
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Control vehicle
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4.4 The influence of strain and gender upon ischaemic injury

4.4.1 The influence of genetics upon infarct susceptibility

The planned investigations of the role of NO in ischaemia/reperfusion injury required 
the use of a number of mouse strains sourced from a number of separate suppliers, 
including eNOS wild type and knockouts, iNOS wild types and knockouts, signal 
transducer and activator of transcription factor 1 (STAT-1, a gene transcription factor 
that up regulates a number of genes, including that of iNGS^^^) wild types and 
knockouts, and proprietary Swiss White mice. Whilst the eNOS and iNOS animals are 
bred at UCL, under licence from Jackson Laboratory Inc. (Bar Harbor, ME USA), 
STAT-1 and Swiss White animals are bought in from Washington University (shipped 
by Taconic Inc., and maintained in Rabies quarantine in UCL Biological services), and 
Harland Ltd respectively. Therefore, given the potential influences of genetic 
background and environmental factors upon infarct size, isolated hearts from these four 
groups of animals were compared with respect to susceptibility to infarction following 
the standardised ischaemia/reperfusion regime.
To test the hypothesis that each mouse strain would have equivalent infarct 
susceptibility following an ischaemic insult, 6 adult male mice from each group (the 
wild type strain were appropriate) were subjected to 35 minutes global ischaemia and 30 
minutes reperfusion prior to infarct size determination (protocol, figure 4.15). All mice 
were aged between 2 to 3 months, weighing between 25 to 30 grams; the morphometric 
summary is shown in figure 4.16; heart size to body weight ratio in each strain 
examined were identical.
Following the ischaemia/reperfusion protocol, myocardial infarct sizes and coronary 
flow were examined, and the results are summarised in figures 4.17 and 4.18. 
Significantly each strain of mouse appear to posses different sensitivities to lethal 
ischaemic injury. NOS B6,129 wild type mouse strains had the largest infarcts (eNOS 
WT, 35 ± 2%, iNOS WT 33 ± 3%), whilst the Swiss white (20 ± 2%) and the STAT-1 
wild type strain (129/SvEv) (15 ± 3%) mice had significantly smaller infarcts (p < 
0.001, compared to eNOS and iNOS strains). Comparing coronary flow between the 
strains, no difference between either baseline coronary flow rate (eNOS 3.77 ± 0.42, 
iNOS 4.00 ± 0.52, STAT-1 3.10 ± 0.17, Swiss White 3.217 ± 0.28 ml/min) measured 
at the end of the reperfusion period, or following the ischaemic insult. Therefore, it 
would appear that microvascular function is not responsible for the variation in infarct 
size.
Similar findings to those presented here were found in a recent study in rat which a 
number of strains of rat were examined and infarct size and function examined over a 3
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hour reperfusion period following a 27 minute global ischaemic insult.^ '̂  ̂ Associated 
with genetic polymorphisms found between the in-bred strains examined, Brown 
Norway rats were found to have the greatest resistance to ischaemic injury, implying 
genetic variability to infarct resistance. Unlike the mouse strains presented here, the 
greater infarct size resistance in Brown Norway rats was also concomitant with better 
post-ischaemic vascular function. The mechanisms of the differences in infarction 
between groups were not investigated further in this study. However, these data do 
emphasise the importance of genetic differences that need to be considered when using 
different strains of animal in studies involving cardioprotection. For purposes of 
consistency and comparison, the studies presented here, unless otherwise stated, used 
B6,129 (eNOS wild type) strain mice.
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F i g u r e  4 .1 5 . P e r f u s i o n  p r o t o c o l : a s s e s s m e n t  o f  g e n e t i c  r e s i s t a n c e  t o  i n f a r c t i o n .

Isolated mouse hearts from each strain investigated were subjected to an identical 
standardised ischaemia/reperfusion regime as previously described. In brief, hearts 
were perfused on the Langendorff rig and allowed to stabilise for 20 minutes. The 
hearts were then subjected to a 35 minute, normothermic, global ischaemic insult, 
prior to entering reperfusion for 30 minutes. At this time the experiment was 
terminated, and the hearts stained with TTC to determine infarct size.

20 min 
stabilisation 35 min ischaemia 30 min reperfusion

Infarct size determination 
with TTC
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F i g u r e  4 .1 6 .  M o r p h o m e t r i c s

To exclude the possibility  o f confounding variables due to species variation in (A ) 

body w eight or (B) m yocardial weight, were com pared  and contro lled  across the 

four groups studied. No significant d ifference was observed for either variable 

(sum m arised below: Swiss white mice, NIH/SW ; eNOS W T, eNOS wild type B9,129; 

iNOS W T, iNOS wild type B9, 129; and STAT-1 W T, STAT-1 wild type, 129 Sv Ev 

m ice).
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F i g u r e  4 .1 7 . G e n e t ic  s u s c e p t ib il it y  t o  in f a r c t  s iz e .

C om m ercially  available Swiss white m ice were com pared  to m ouse strains used in 

the generation  o f transgenic mice. B6,129 hybrids used as contro ls fo r both the 

eN O S and iNOS knockout mice w ere used, as w ere C57/B L6 m ice used as controls 

for the STAT-1 knockouts. Both the STAT-1 wild types and the Swiss white m ice 

had infarcts that were significantly  less than those observed in either o f  the NOS 

w ild type strains. (** p < 0.001.)
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F i g u r e  4 .1 8 . C o r o n a r y  f l o w  r a t e  i n  r e p e r f u s i o n .

To exclude the possibility that coronary vasculature may be responsible for the difference 
in infarct size (summarised figure 4.17), coronary flow rates were compared at 
reperfusion. The data displayed below are expressed as a percentage of base line coronary 
flow after 20 minutes stabilisation. No significant difference was observed between groups 
(summarised below: Swiss white mice, NIH/SW; eNOS WT, eNOS wild type B9,129; iNOS 
WT, iNOS wild type B9, 129; and STAT-1 WT, STAT-1 wild type, 129 Sv Ev mice). Base 
line coronary flow for each group respectively was 3.76 ± 0.42, 4.00 ± 0.52, 3.10 ±0.17 
and 3.22 ± 0.28 ml/min, p = NS. n = 6 per group. There was no significant difference in 
baseline coronary flow between groups.
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4.4.2 The influence of gender upon infarct size

Mouse strain appears to influence susceptibility to myocardial infarction in mouse 
(section 4.4.1). The influence of gender upon ischaemia/reperfusion injury in this 
species has not been previously documented, although data from rat and dog suggest 
that gender does not influence infarct size.^is, However, oestrogen levels have been 
demonstrated to modify vascular responses to vasodilators, and resistance to hypoxic 
injury. Chronic administration of 17p oestradiol resulted in an increase of nitric oxide 
mediated vasodilatory response observed in the coronary vasculature of isolated 
perfused guinea pig hearts, although baseline coronary tone was unaltered by the 
t r e a t m e n t .^20 oestradiol administration (in male dogs) is also associated with 
preserved endothehal function and reduced frequency of arrhythmias after 15 minute 
regional i s c h a e m i a . ^ ^ i  Furthermore, oestrogen receptor-a knockout mice had reduced 
myocardial viability associated with reduced reperfusion coronary flow compared to 
their wild types following a 45 minute global ischaemic insult, associated with 
diminished NO metabolite a c c u m u l a t i o n .^^2 o f  potential importance to myocardial 
infarct size where eNOS has recently been shown to modify ischaemia/reperfusion 
i n j u r y , 2 4 3  I7p oestradiol upregulates vascular eNOS activity and NO g e n e r a t i o n , ^ 2 3  ^  

mechanism that may lead to greater myocardial tolerance to ischaemic injury.
Both male and female mice are used in the studies presented here. It is therefore 
important to determine whether there is a gender susceptibility to ischaemia/reperfusion 
injury in this species.
To determine whether gender influenced infarct size of isolated Langendorff perfused 
mouse hearts, 8 adult male and 8 adult female mice of equal body weight (25-30 grams, 
figure 4.20) were subjected to 35 minutes of global, normothermic ischaemia and 30 
minutes reperfusion prior to determination of infarct size (protocol, figure 4.19).
The infarct size data are summarised in figure 4.21. Male hearts had an infarct to risk 
zone ratio of 31 ± 3% compared to female hearts which had infarct sizes of 31 ± 3% (p 
= 0.998). Therefore there appears to be no difference between the genders with respect 
to infarct resistance. To determine the difference between the two genders and vascular 
function, post ischaemic coronary flows were compared. Data from studies using 
chronic administration of 17p- oestradiol appear to suggest that base line and post 
ischaemic coronary flows would be greater in the females in the males. The coronary 
flow rate data are presented in figure 4.22. Base line coronary flows, measured after 20 
minutes of stabilisation, were no different between groups, although flow in the 
females were marginally greater (4.00 ± 0.52 compared to 3.50 ± 0.25 ml/min in 
female and male groups respectively). Contrary to what was expected, hearts from 
female animals had lower coronary flow at reperfusion than the hearts from male mice
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(p = 0.202, not significant on actual values, but when expressed as a proportion of
flow at the end of stabilisation, p < 0.001). The explanation of this difference in post-
ischaemic vascular function remains unclear, but may represent a component of 17p- 
oestradiol withdrawal that may warrant further investigation.
As data from rat and dog suggest, the influence of gender upon myocardial infarct size 
appears to be minimal. Whilst post ischaemic flow appears to be worse in hearts from 
female animals, this appears to have no correlation to myocardial infarction resulting 
from global ischaemia. Therefore, infarct data from male and female mice may be
compared in future ischaemia/reperfusion injury studies.
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F igure 4.19. Gender  and  infarct  resistance pr o t o c o l .

All hearts were subjected to the stm dardised  ischaem ia/reperfusion regim e 

characterised  earlier. T hus male and fena le  anim als were random ly allocated to 

perfusion and ischaem ia/reperfusion piior to infarct size assessm ent by TTC 

staining.

20 min 
stabilisation 35 min ischaemia 30 min reperfusion

Infarct size determination 
with TTC
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F ig u r e  4 .2 0 . C o m p a r is o n  o f  m o r p h o m e t r ic s  b e t w e e n  t h e  g e n d e r  g r o u p s

No potential confound ing  influences o f body or heart w eight were detectable 

betw een the m ale and fem ale groups in this study.
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F i g u r e  4 .2 1 . G e n d e r  a n d  i n f a r c t  r e s i s t a n c e .

Both male and female B6.129 mice, subjected to an identical ischaemia/reperfusion 
regime, have the same susceptibility to necrosis as by determined by TTC staining. 
8 experiments were performed per group.
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F i g u r e  4 .2 2 . C o r o n a r y  f l o w  r a t e  i n  r e p e r f u s i o n

Post-ischaemic coronary flow measurement failed to demonstrate a significant 
difference between either the male or female groups. However, presenting the data 
as a percentage of baseline coronary flows, males have proportionately less 
ischaemia/reperfusion induced microvascular dysfunction, n = 8 per group.
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4.4.3. Role of gender upon early ischaemic preconditioning.

Having determined in section 4.4.2 that gender had no influence upon 
ischaemia/reperfusion induced necrosis, the ability to precondition male and female 
animals was compared. Subjected to an ischaemic preconditioning regime consisting of 
2 cycles of 10 minute ischaemia and 10 minute reperfusion (protocol, figure 4.23), 
hearts from male and female animals were then subjected to the standardised 
ischaemia/reperfusion regime and the infarcts compared with those hearts that received 
control perfusion. The infarct data are summarised in figure 4.24. Hearts from both 
male and female animals had significantly attenuated infarction when compared to their 
respective controls (male group: control: 34 ± 2% versus IPC: 23 ± 1%, p = 0.0008; 
female group: control: 35 ± 2% versus IPC: 21 ± 3%, p = 0.0002). As found in section 
4.4.2, control hearts from male and female animals had identical infarct sizes (p = 
0.828). Moreover, the infarct sizes in the two preconditioning groups were also 
indistinguishable (p = 0.633), suggesting that the infarct size data in early ischaemic 
preconditioning are also directly comparable between genders. As seen in figure 4.25, 
preconditioning resulted not only in a significant attenuation of infarction, but of post- 
ischaemic contractile dysfunction as well, which was equivalent in both male and 
female heart groups. Therefore gender has no direct influence upon either infarct 
limitation or contractile recovery following index ischaemia.
Based upon these data, experiments were performed using male animals, however, 
where stated, female animals were also used. Given that infarct susceptibility and 
preconditioning responses in terms of infarct and contractile dysfunction attenuation 
were the same, data may be used interchangeably.
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F ig u r e  4 .2 3 . P r e c o n d it io n in g  p r o t o c o l  in  m a l e  a n d  f e m a l e  m o u s e  h e a r t s .

To determ ine w hether gender has an influence upon precond ition ing , hearts from  

m ale and fem ale m ice were harvested and random ly  assigned to a contro l g ro u p

(A), w here stabilisation was follow ed by a pro longed  control perfusion period to 

tim e m atch w ith the preconditioning regim e, and the p recond ition ing  (IPC) g ro u p

(B), w here hearts were subjected to 2 cycles o f 10 m inute ischaem ia and 10 

m inutes reperfusion im m ediately prior to the index ischaem ia.

A. Control

20 minutes 
stabilisation

40 minutes of 
control 

perfusion
35 minutes index 

ischaemia
30 minutes 
reperfusion

B. IPC

Preconditioning 
with 2 cycles of 

10 minute 
20 minutes ischaemia and 
stabilisation reperfusion

Determination of infarct 
size by TTC staining

35 minutes index 
 isçĥ çmitt „

30 minutes 
reperfusion

Determination of infarct 
size by TTC staining

^  = Heart harvested and Langendorff perfused
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F ig u r e  4.24. P r e c o n d it io n in g  a t t e n u a t e s  i n f a r c t  s i z e  i r r e s p e c t i v e  o f  g e n d e r .

P reco n d itio n in g  resu lts  in s ign ifican t a ttenuation  o f  in fa rc t size in  bo th  hearts 

from  m ale  an d  fem ale  m ice. P reco n d itio n in g  h ad  s im ila r p o ten cy  in bo th  g roups.
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F i g u r e  4 .2 5 . P r e c o n d i t i o n i n g  a t t e n u a t e s  c o n t r a c t i l e  d y s f u n c t i o n .

In  bo th  m ale and fem ale  heart g roups sign ifican t a tten u a tio n  o f  con trac tile  

d y sfu n c tio n  was observed  fo llow ing  p reco n d itio n in g  (p =  0 .0 0 2  and  p < 0 .0 0 1  

respective ly ), n  = 6 p er group.
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4.5. Morphometric characteristics.

The studies contained within this thesis, as outlined in chapter 2, use both eNOS and 
iNOS knockout animals. Little information regarding growth characteristics were 
available at the outset of these studies, particularly regarding the growth of internal 
organs such as the heart. Therefore the aim of this study was to descriptively map the 
wet weights of heart, Uver and lung in both wild type and knockout animals with 
increasing age in both genders, to determine the age range of these animals suitable for 
study that avoided potential confounding myocardial hypertrophy and/or heart failure. 
This is particularly important with respect to the eNOS knockout animals where aortic 
valve abnormalities292 and hypertension^^i have previously been reported. To this end, 

male and female mice with targeted knockouts of their eNOS or iNOS genes and their 
respective controls were sacrificed at the age of 3 and 8 months. As mice have a typical 
life span of 1.5 to 3 years,^^? 3  months represent early adulthood, whilst at 8  months 
the mice are entering middle age. Thus, at these time points, the heart, lung and liver 
were harvested and weighed to determine what effect, if any, the genetic mutations had 
upon organ weight. Congestive heart failure was expected to manifest as increased 
congestion and therefore weight of the liver and lungs in proportion to total body 
weight of the animal.

4.5.1. Body weight.

Weights of both male and female animals were compared, and the results are 
summarised in figure 4.26 (figure A and figure B for the iNOS and eNOS groups 
respectively). Targeted disruption of the iNOS gene had no effect upon the gross 
development of these mice compared to their wild type controls (figure 4.26. A), which 
is entirely consistent with the reported lack of effect of iNOS disruption upon 
phenotype. Male animals were however found to be significantly larger then their 
female Utter mates in both wild type and knockout groups (at 3 months of age, male 
iNOS knockout mice weighed 33.98 ± 3.02 grams compared to the females who 
weighed 23.23 ± 0.29 grams, p = 0.0004).
Given the development of hypertension reported in eNOS knockout mice, these animals 
were expected to have different growth characteristics to their wild type controls. This 
was not observed (figure 4.26.B). Both groups of animals possessed the same body 
weights at both age points in both genders (for example in females, 3 months and 6  

months of age p = 0.332 and p = 0.463 respectively). As found in the iNOS groups of 
animals, male animals were found to be significantly heavier than their female Utter 
mates.
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F i g u r e  4.26. B o d y  w e i g h t  o f  iNOS/eNOS w i l d  t y p e  & k n o c k o u t  m ic e .

Sum m ary  o f body w eight data. A, INOS m ice and B, eN O S mice. N o significant 

d ifference  is observed in the age range exam ined, although  m ale m ice are 

sign ifican tly  heavier than fem ale mice, n = 3 per group.

A

c / 3

B
&

x:
’S

o
PQ

40

30

20

10

0

male female male female

I

%

□  KO

3 months 8 months

B

2
ÛJO

XÛX)
’53

O
m

40

30

20

10

0

male female

X

male female

L x

1
X

eNOS

3 months 8 months

Robert M. Bell 122



Chapter 4

4.5.2. Mouse heart weights.

In iNOS wild type and knockout mice, no difference in heart weight was determined 
with increasing age. As with body weight, heart weights in males were significantly 
greater than in their female siblings. However, these animals heart:body weight ratios 
were no different: comparing male and female iNOS knockout mice, ratios of 0.62 ± 
0.05% and 0.65 ± 0.05% in male and female animals respectively were observed (p = 
0.248), and at 8 months, the ratios were 0.68 ± 0.02% and 0.63 ± 0.3% respectively
(p = 0.161).
A difference in heart weights had been anticipated in eNOS knock out mice, as 
hypertension secondary to eNOS deficiency would be expected to trigger left ventricular 
hypertrophy. However, even at 8 months of age, there was no difference between 
eNOS wild types and knockouts (in female mice for example at 8 months, heart weights 
in knockouts and wild types were respectively 0.15 ± O.Olg and 0.16 ± O.Olg. As 
found in the iNOS group, males had larger hearts than the females, but the heart:body 
ratio were essentially identical: at 3 months, male mice had a heart:body weight ratio of 
0.61 ±0.1% compared to female mice with a heart:body weight ratio of 0.62 ± 0.01% 
(p = 0.938).

4.5.3. Lung and liver weights

Liver weight, like heart weight, followed a similar pattern of development in association 
to body weight. In both the iNOS and eNOS groups (figure 4.28 A and B 
respectively), males had larger livers than their female siblings. Disruption of either the 
iNOS or eNOS gene had no impact upon liver weight in either age group. In iNOS wild 
types and knockouts, the liver:body ratio was approximately 5%, whilst in the eNOS 
wild type and knockouts the ratio was approximately 4%. Liver weight demonstrated 
no relationship with increasing animal age: in female eNOS knockout mice for example, 
liver weights at 3 months and 8 months were 0.82 ± 0.03g and 0.99 ± 0.1 Ig. Given 
the lack of association between total heart weight and age, the lack of increase of liver 
weight is not surprising.
Lung weight in these groups of mice had no measurable relationship with gender, age 
or gene status in either the iNOS (figure 4.29.A) or eNOS (figure 4.29.B) groups 
(ANOVA, F = 0.592, p = 0.797). Mean lung weight in all mice was 0.250g.
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F i g u r e  4 .2 7 . M o u s e  h e a r t  w e i g h t  in  e N O S  a n d  iN O S  W T  a n d  K O s .

H eart w eights com pared betw een iNOS wild types and knockouts (A) and eNOS 

w ild types and knockouts (B). No significant d ifference were observed between 

w ild types and knockouts at the tim e points studied. M ale anim als had sign ifican tly  

larger hearts than their fem ale siblings however, concom itan t with their g rea ter 

body w eight, n = 4 per group.
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F i g u r e  4 .2 8 . L i v e r  w e ig h t  r e l a t i o n s h i p  t o  e N O S  a n d  i N O S  s t a t u s .

No difference in gender m atched wild type and knock out liver weights in either 

iNOS (A ) or eNOS (B) groups. M ale anim als have significantly  larger livers to 

fem ales, in accordance to body weight, n = 4 per group.
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F ig u r e  4.29. L u n g  w e ig h t  r e l a t i o n s h i p  t o  eNOS a n d  INOS s t a t u s .

No significant difference was detected between gender or genetic status in either 
iNOS (A) or eNOS (B) groups, n = 4 per group.
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4.5.4. Conclusions.

This descriptive study provides morphometric information useful for the design of later 
studies, in that it confirms the lack of phenotypic differentiation between the NOS 
genotypes.
4.5.4.1. iNOS wild type versus iNOS knockouts.

Gender based development of the major internal organs is no different in either the 
iNOS wild type or iNOS knock out animals. There are no gross signs of 
cardiomyopathy or congestive cardiac failure, even in the middle aged mice. These data 
appear consistent with the original reports of the phenotype of this targeted gene 
disruption model (section 3.3). Given the lack of potential confounding morphological 
differences in iNOS knockouts and wild types in the age range of 3-8 months, all future 
studies using these animals were performed using 3-4 month old mice.
4.5.4.2. eNOS wild type versus eNOS knockouts.

Despite previous reports of aortic valve malformations^^^ and spontaneous 
hypertension,29i neither young adult (3 month old) or middle aged adult (8 month old) 
mice of either gender demonstrated any evidence of gross cardiac hypertrophy 
associated with hypertension, or increases in liver of lung weight associated with 
congestive heart failure. Therefore the animals used in the later studies described in this 
thesis are typically 3 to 4 months of age. On the basis of this gross descriptive 
morphological study, there is no reason to suspect confounding cardiac hypertrophy or 
heart failure in the results comparing eNOS knockouts with wild type animals.
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Chapter 5: The role of nitric oxide in early preconditioning

5.1 Aims and protocol

As described in chapter 1, ischaemic preconditioning results in the release of a number 
of metabolites and neuro-humeral agents that trigger the preconditioning response, 
including adenosine, bradykinin, angiotensin, opioids and cytokines. These triggers of 
preconditioning summate to generate the signal for preconditioning. This ‘threshold’ , 
hypothesis proposed by Downey and colleagues, is supported by investigations in both 
rabbit^^ and human myocardium^^ and is discussed in greater detail in section 1.2.2. 
Interestingly, many of these triggers of the preconditioning response also alter eNOS 
activity (section 1.7.4). Bradykinin receptor activation in particular can lead to the 
disassociation of eNOS from inhibitory binding sites both on the receptor itself and 
from sarcolemmal caveoli binding sites.
G-protein linked receptors are associated with both the activation of PI3 kinase (section 
1.5.1.1) which is linked to the activity of protein kinase B (PKB or Akt) and the 

activation of cAMP linked protein kinases through the interaction of the Gsa subunit 
with adenylate cyclase (section 1.5.1.1). With the activation of either or both 
PKB/Akt^^' and cAMP linked protein kinase, 9̂, so eNOS may be phosphorylated at 
serine 1177,'̂ -̂ 6̂ increasing the activity of eNOS 40 fold.
Whilst there is evidence that eNOS activity is upregulated by the same signals that 
trigger preconditioning, the hypothesis that NO generated from eNOS may play an 
important role in the mediation of classical preconditioning is controversial. Perhaps 
surprisingly, all pharmacological studies to date have failed to implicate a role for nitric 
oxide (NO) in early p r e c o n d i t i o n i n g , 2 6 3 -2 6 5  whilst the strongest evidence that NO is 

being released in this early phase following ischaemic preconditioning is derived from 
studies implicating a role for constitutive nitric oxide synthesis in triggering delayed 
p r e c o n d i t i o n i n g , 3 2 4 , 325 and evidence for NO generation in the ischaemic zone by 
electron spin resonance techniques.326 Moreover, substantive evidence exists for 
reactive oxygen species triggering the preconditioning response.^o, 327 ^  i§ surprising 
therefore that NO (through the generation of peroxynitrite species) appears to have no 
role to play in this paradigm. Therefore to determine whether eNOS plays a role in the 
induction and mediation of classical preconditioning, adult mice (22-28 grams, 
morphometric summary in table 4, mixed sex in group A, 3 male mice and the balance 
made up with females per group, and all females in group B) with either a targeted 
disruption of the eNOS gene (KO) or their wild types (WT) where subjected to 
ischaemic preconditioning (protocol, figure 5.1. A). Furthermore, to determine whether 
exogenous NO can emulate preconditioning protection, the NO donor, S-Nitroso N-
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acetyl DL penicillamine (SNAP) was used to construct an infarct size limitation dose 
response curve (protocol, figure 5.1.D).
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Table 4. Chapter 5: Morphometries and baseline functional parameters.
No significant differences were noted between groups. Group A- animals used in the initial 
investigation to determine the role of endogenous nitric oxide in early preconditioning. Group B 
animals used in the second phase of the study investigating the cardioprotective properties of 
exogenous nitric oxide.

Group Body weight 
(g)

Heart
weight
(mg)

Baseline 
coronary flow 

(ml/min)

Baseline contractile 
function 

(g/beat/min)

Baseline 
resting 

tension (g)
A

WT control 
(n = 6)

26.99 ± 1.21 170 ± 16 3.32 ± 0.13 1465 ± 187.3 1.04 ± 0.06

KO control 
(n = 7)

23.86 ± 0.99 163 ± 11 3.00 ± 0.20 1484 ± 168.9 1.14 ± 0.04

WT4PC 
(n = 6)

26.97 ± 1.79 172 ± 9 3.28 ± 0.14 1697 ± 199.0 1.04 ± 0.05

K0 4PC
(n = 6)

24.96 ± 0.38 158 ± 9 2.78 ± 0.16 1217 ± 142.5 1.06 ± 0.04

WTSNAP 
(n = 6)

27.79 ± 1.36 180 ± 9 3.33 ± 0.08 1553 ± 149.2 1.04 ± 0.05

KO SNAP 
(n = 6)

27.30 ± 0.81 182 ± 3 3.03 ± 0.23 1364 ± 240.4 1.04 ± 0.05

WT3PC 
(n = 6)

23.56 ± 1.27 166 ± 13 2.48 ± 0.20 1420 ± 192.7 1.15 ± 0.13

KO 3PC 
(n = 6)

24.52 ± 0.69 171 ± 7 2.59 ± 0.10 1100 ± 88.6 1.09 ± 0.04

WT2PC 
(n = 6)

26.28 ± 0.81 153 ± 6 2.98 ± 0.18 1175 ± 156.9 1.17 ± 0.08

K0 2PC 
(n = 6)

25.27 ± 0.92 157 ± 7 2.47 ± 0.17 1250 ± 176.1 1.10 ± 0.10

B
Control 
(n = 11)

26.59 ± 1.13 158 ± 4 2.75 ± 0.25 1241 ± 138.8 1.32 ± 0.09

SNAP 0.2 pM 
(n = 5)

26.35 ± 0.10 158 ± 5 2.68 ± 0.23 1240 ± 188.0 1.25 ± 0.14

SNAP 1.0 pM 
(n = 6)

27.34 ± 0.83 154 ±5 3.04 ± 0.21 1485 ± 112.3 1.03 ± 0.03

SNAP 2.0 pM 
(n = 6)

27.49 ± 0.59 165 ± 5 2.80 ± 0.43 1013 ± 71.8 1.22 ± 0.03

SNAP 6 pM 
(n = 6)

26.49 ± 0.68 155 ± 11 2.75 ± 0.35 1300 ± 92.2 1.19 ± 0.07

SNAP 20 pM 26.28 ± 0.67 157 ± 7 3.03 ± 0.21 1158 ± 103.6 1.27 ± 0.08
(n =  6)
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F i g u r e  5 .1 . E x p e r im e n t a l  p r o t o c o l s .

All hearts were subjected to 35 minutes global index ischaemia and 30 minutes reperfusion.

G ro u p  A . WT and eNOS KO mice were randomly assigned to control or ischaemic 

preconditioning groups consisting of 4 cycles o f 5 minutes ischaemia and reperfusion.

G ro u p  B. As part o f the initial study, WT and KO hearts were also randomly assigned to an 

ischaemia/reperfusion group in the presence of a NO donor, SNAP (2 pM ). Perfusion was 

time matched with group A.

G ro u p  C . To determine whether eNOS contributed to the preconditioning threshold, the 

number of preconditioning cycles were reduced to 3 and 2 cycles (3PC and 2PC 

respectively). WT and KO hearts were randomised to control, 3PC and 2PC groups.

G ro u p  D. The exogenous NO donor, SNAP was added in incremental doses o f 0, 0.2, 1 ,2 , 6, 

20 pM  to the perfusate. WT hearts were then subjected to the same ischaemia reperfusion 

protocol as groups A, B and C.

20 mil 
A  sûblisation

control

40 min 
time matched 

perfusion 35 min global ischemia 20 min re perfusion

4PC
4 cycles preconditionir^

l E O

B
SNAP
2pM

C
control

3PC
3 cycles preconditioning

IIIIUI I

2PC 2 cycles preconditioning

I I-II IT

D
SNAP -------------------
0 .0 .2 , I. 2, 6 ,20  pM
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5.2 Results

No significant differences between groups were documented in terms of body or heart 
weight, end-stabilisation baseline contractile function (expressed as a force-rate 
product), baseline coronary flow or resting tension (table 4). Group A in table 4 
describes baseline parameters for animals used in the initial investigation to determine 
the role of endogenous nitric oxide in early preconditioning. Group B in table 4 
describes baseline parameters for animals used in the second phase of the study 
investigating the cardioprotective properties of exogenous nitric oxide.

5.2.7 Is eNOS activity required for early preconditioning?

To determine whether the presence and therefore activity of eNOS is essential to elicit 
early ischaemic preconditioning, hearts from eNOS WT and KO animals were subjected 
to a 4 cycle, 5 minute ischaemia and 5 minute reperfusion preconditioning regime 
(protocol, figure 5.1.A), based upon the preconditioning regimes described in chapter 4 
and the published work of Sumeray et al.^^  ̂The hearts were then subjected to index 
ischaemia and reperfusion, as described. The hypothesis that eNOS would be pivotal to 
early ischaemic preconditioning appeared to be discounted as significant infarct 
limitation was observed in both WT and KO hearts, with infarct reduction from 35 ± 
2% to 21 ±3%  and 31 ± 2% to 23 ± 3% in the WT and KO groups respectively (p = 
0.001 and p = 0.037, summarised in figure 5.2.A). The infarct sparing effect was 
concomitant with improved contractile recovery in both the preconditioned groups 
(figure 5.2.B; p = 0.008 and p = 0.021 in KO and WT preconditioned groups versus 
their respective controls). The result implies that eNOS and NO appear not to be 
essential in the evolution of cardioprotection observed from early ischaemic 
preconditioning, but does not exclude a potential cardioprotective role for NO itself.

5.2.2 Is exogenous NO cardioprotective?

To confirm that the mechanisms for NO mediated resistance to ischaemia reperfusion 
injury exist in both WT and KO hearts, naive hearts were subjected to index ischaemia 
and reperfusion in the presence of SNAP (2 pM) (protocol, figure 5.1.B), a dose 
previously demonstrated to elicit an early pharmacological preconditioning r e s p o n s e .^ ^ ?  

In both SNAP treated groups, significant attenuation of infarction was observed, with 
WT infarct size reduced to 15 ± 1% (p < 0.0001 versus control) and KO infarct size to 
17 ± 3% (p = 0.0006 versus control) (results summarised figure 5.3.A). As with the 
preconditioning regimen, the administration of exogenous SNAP resulted in a 
significant improvement in contractile function in SNAP treated WT and KO hearts.
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mimicking the preconditioning effect (figure 5.3.B; p < 0.001 in both SNAP treated 
groups versus their respective controls). Therefore, whilst preconditioning may not be 
dependent upon NO, exogenous NO can imbue significant resistance to 
ischaemia/reperfusion injury in both WT and KO animals, thus implying that the 
mechanisms and targets of NO mediated protection are present in eNOS KO as well as 
in eNOS WT hearts.

5.2.3 Does eNOS contribute to the preconditioning threshold?

To determine whether eNOS contributes to the threshold to preconditioning, the 
preconditioning stimulus was progressively reduced from 4 cycles (4PC) to 2 cycles 
(2PC) of 5 minutes ischaemia and 5 minutes reperfusion (protocol figure 5.1.C). If 
eNOS contributes to the preconditioning threshold, it was hypothesised that by 
reducing the intensity of the preconditioning stimulus, eNOS knockouts would lose the 
protection before the eNOS wild type hearts.
Significant attenuation of infarct size was observed in the hearts from WT animals, both 
from 3 and from 2 cycles of preconditioning (figure 5.4.A; 3PC 26 ± 3% and 2PC 27 ± 
2%, p = 0.026 and p = 0.039 respectively versus the control group). The infarcts in 
these two preconditioning groups were not significantly larger than that seen in the 4 
cycle preconditioning group (21 ± 3%). The incremental ischaemic preconditioning 
resulted in a highly correlated reduction of infarct size (p = 0.022, r  ̂ = 0.954) in a 
dose-responsive fashion (figure 5.4.1.A). In contrast however, the infarct sparing 
effect in the hearts from KO animals was not observed with either the 2 or 3 cycle 
preconditioning regimes (figure 5.4.B; 3PC 33 ± 3%, 2PC 29 ± 3%; p = 0.664 and p = 
0.568 versus control respectively). Moreover, these infarct sizes were significantly 
larger than that observed following 4 cycles of preconditioning in hearts from the same 
group of animals (23 ± 3%, p = 0.0.015 versus the 3 cycle preconditioned group). Nor 
was there any correlation between preconditioning ischaemia cycles and infarct 
reduction, with an evident threshold at 3 to 4 cycles of preconditioning ischaemia 
(figure 5.4.l.B).
These data therefore suggest that there is a role for eNOS in early ischaemic 
preconditioning by contributing to the preconditioning trigger stimulus and thus 
lowering the ischaemic threshold for preconditioning.
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F i g u r e  5 .2 .A . eNOS i s  n o t  p i v o t a l  f o r  c l a s s i c a l  p r e c o n d i t i o n i n g .

4 cycles of preconditioning resulted in significant attenuation of infarction in both WT 
and KO mice (*, p = 0.037 and **, p = 0.001 versus respective controls), n = 6 per 
group.
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F i g u r e  5 .2 .B . P o s t - i s c h a e m i c  c o n t r a c t i l e  r e c o v e r y  a f t e r  p r e c o n d i t i o n i n g .

Four cycles of ischaemic preconditioning (4IPC) resulted in significantly 
improved post-ischaemic contractile function in both wild type (WT) and eNOS 
knockout (KO) hearts. Compared to the respective controls, p = 0.021 and p = 
0.008 for the WT and KG groups respectively, n = 6 per group.
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F i g u r e  5.3.A. E x o g e n o u s  NO m i m i c s  c l a s s i c a l  p r e c o n d i t i o n i n g .

SNAP 2 pM resulted in significant limitation of infarct size in both eNOS WT and 
eNOS KO groups suggesting that the targets of nitric oxide mediated protection 
are evident in all hearts subjected to ischaemia/reperfusion.
*, p = 0.0006 and **, p < 0.0001 versus respective controls, 
n = 6 per group.
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F i g u r e  5.3.B. P o s t - is c h a e m i c  c o n t r a c t i l e  f u n c t i o n  w i t h  SNAP

In addition to an infarct sparing effect, 2 p,M SNAP also resulted in significant 
attenuation of contractile dysfunction (both groups, compared to controls, p < 
0 .001).

n = 6 per group.
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F ig u r e  5.4. S u b t h r e s h o l d  p r e c o n d it io n in g  a n d  t h e  r o l e  o f  ENOS.

R educing the num ber o f cycles o f p recond ition ing  had no effect upon W T hearts 

(A ), which continued to be significantly protected against infarction. However, the 

protection in KG m ice (B ) was lost. (* p = 0.039, ** p = 0.026 versus control).
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F i g u r e  5 .4 .1 . S u b t h r e s h o l d  p r e c o n d i t i o n i n g  d o s e - r e s p o n s e  c u r v e s .

A strong correlation between the number of preconditioning cycles and the 
infarct reduction observed is found in eNOS wild type, but not in eNOS knockout 
hearts. The threshold of preconditioning in knockout hearts appears to be 3 
cycles of preconditioning.
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5.2.4 Exogenous NO and cardioprotection against infarction.

The role of NO in resistance to myocardial injury is controversial, and often likened to a 
double edged sword. The benefits of NO with respect to ischaemia/reperfusion in the 
heart has not been fully elaborated, but benefit is thought to be derived from lower 
concentrations, whilst the detrimental aspects of NO are seen at higher doses. 
Therefore, to determine the optimal cardioprotective concentration of NO in isolated 
perfused mouse heart, and to determine the concentration at which the detrimental 
aspects of NO are observed, hearts from naive eNOS wild type mice were perfused 
with increasing doses of the NO donor, SNAP, from 0.02 )liM to 20 pM (protocol 
figure ID) throughout the ischaemia/reperfusion protocol.
5.2.4.1. SNAP results in attenuation o f infarct size.

Low dose SNAP (0.02 and 0.2 pM) failed to provide any significant resistance to 
injury from the ischaemia/reperfusion insult, although by 0.2 mM the mean infarct size 
was lower than that observed in control hearts (results summarised in figure 5.5; 32 ± 
3% in control versus 28 ± 2% in the SNAP 0.2 pM group, p = 0.392). Intermediate 
doses of SNAP (1 and 2 pM) resulted in significant attenuation of infarct size compared 
to control, with the higher concentration of SNAP resulting in the greater protection (1 
pM SNAP, 21 ± 1% and 2 pM SNAP, 17 ± 4%, p = 0.029 and p = 0.002 respectively 
versus control group). At higher concentrations (6 and 20 pM SNAP), the infarct 
sparing was lost, with infarct sizes approaching those in the low dose and control 
groups (6 pM SNAP, 28 ± 4%, 20 pM SNAP, 29 ± 3%, p = 0.304 and p = 0.456 
respectively versus control hearts).
Examining the mean infarct sizes in the low and intermediate SNAP dose ranges 
revealed a linear logarithmic dose response curve between SNAP concentration and 
infarct size limitation up to the optimal cardioprotective concentration of 2 pM (figure 
5.6, r" = 0.941).
SNAP concentrations equal to or greater than 6 pM were detrimental to cardioprotection 
and infarct sparing, confirming the potential hypothesis that the beneficial and 
detrimental effects of NO upon ischaemia/reperfusion injury may be concentration 
dependant.
5.2.4.2. SNAP results in attenuation o f contractile dysfunction.

Concomitant with the infarct sparing effect of increasing doses of SNAP to the optimal 
concentration of 2 pM, there was also an improvement in contractile recovery, as 
summarised in figures 5.7 and 5.8. Figure 5.7 demonstrates the contractile recovery 
over time. As found in chapter 4, contractile recovery is poor and appears to be a model 
dependent phenomenon. However, within the modest functional recovery observed, 
this measured parameter was more sensitive to the cardioprotective effects of NO

Robert M. Bell 140



Chapter 5

concentration. Significant improvement in function was found at lower SNAP 
concentrations than thoose found to protect against myocardial necrosis, with 0.2 mM 
SNAP resulting in significantly better function than control hearts (p = 0.007). As with 
iniarct reduction, the optimal dose of SNAP was found to be 2 pM (mean recovery 
figures summarised in figure 5.8; SNAP 2 mM mean contractile recovery 11.37 ± 
1.54% versus control 3.25 ± 0.62%, p < 0.001). Whilst the curve is again bell-shaped, 
the contractile recovery associated with 20 |uM SNAP was still significantly greater than 
thit observed in control hearts (mean functional recovery 6.878 ± 1.01% in SNAP 100 
pM versus control, 3.25 ± 0.62%, p = 0.003), even though protection from necrosis 
wis lost at this concentration of SNAP. Again, comparing the mean recovery data with 
lov to intermediate SNAP doses (0.02 to 2.00 pM SNAP), a linear logarithmic curve 
cai be demonstrated between increasing SNAP concentration and contractile recovery 
(figure 5.9, r̂  = 0.986). Therefore, as with infarct measures, there is a concentration of 
SNAP beyond which the detrimental effects of SNAP start to overwhelm any beneficial 
advantageous effect. The mechanisms by which this occurs have not been studied here.
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F i g u r e  5 .5 . SNAP m e d i a t e d  c a r d i o p r o t e c t i o n :  d o s e  r e s p o n s e  c u r v e .

Infarct size follow ing ischaem ia/reperfusion in the presence o f increm ental 

concentrations o f  the nitric oxide donor, SNAP. O ptim al protection is observed at a 

dose o f 2 pM , but is lost by 6 pM . The result therefore im plies that the pro tection  

m ediated by nitric oxide m ay have a narrow  therapeutic index.

*, p = 0.018, **, p = 0.001 versus control group perfused w ith norm al buffer.
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F i g u r e  5.6. I n f a r c t  r e d u c t i o n  is  p r o p o r t i o n a l  t o  p e r f u s a t e  c o n c e n t r a t i o n  o f  SNAP.

Examining the infarct data revealed that SNAP attenuates necrosis with a 
logarithmic dose/response curve up to a concentration of 2 pM where optimal 
protection is observed, n = 6 per group.

infarct size = 20.74 - 7.55.L0G([SNAP]) = 0.941
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F i g u r e  5 .7 .  S N A P  a n d  c o n t r a c t i l e  r e c o v e r y

Concentrations of up to 2 pM SNAP leads to an incremental improvement in post- 
ischaemic contractile function. At greater concentrations, SNAP confers less 
protection against ischaemia-induced contractile dysfunction, n = 6 per group.
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F ig u r e  5 .8 . M e a n  p o s t - is c h a e m i c  f u n c t i o n .

Presenting  the sam e data as figure 5.7 in bar-graph  form  shows how increasing 

perfusate concentration  o f  SN A P results in im proved post-ischaem ic function , up 

to an optim al concentration  o f 2 gM, w here after post-ischaem ic function  

deteriorates.
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F i g u r e  5 .9 . SNAP d o s e / r e s p o n s e  a n d  c o n t r a c t i l e  r e c o v e r y .

Representing some of the data from figure 5.9, the improvement in contractile 
recovery is proportional to the log of the concentration of SNAP used, up to the 
optimal concentration of 2 pM. Beyond this concentration the protective 
relationship between SNAP dose and function is lost.

contractile recovery = 9.84 + 4.13.LOG([SNAP]) r^ = 0.986
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5.3 Discussion

5.3.1 The role of eNOS in early ischaemic preconditioning

A number of recently published pharmacological-based studies provide evidence that 
endogenous NO does not contribute towards ischaemic p r e c o n d i t i o n i n g , ^ 2 7 .3 2 8  which is 
in accordance with earlier similarly designed studies.263-265 -phe evidence presented 
here, with a robust preconditioning regime, appears to be consistent with these data; 4 
cycles of preconditioning is equally efficacious at generating significant infarct size 
limitation in both eNOS WT and KO hearts. However, with less robust preconditioning 
stimuli of 3 or 2 cycles, protection is no longer observed in the KO animals and yet the 
WT hearts remain protected. These data suggest that enzymatic products of eNOS 
activity may contribute towards the multifactorial trigger signal required to induce early 
ischaemic preconditioning.
Exogenous NO has previously been shown to trigger p r e c o n d i t i o n i n g , ^ ^ ?  which is 
consistent with the data presented in figure 5.3. Exogenous NO derived from the 
spontaneous NO donor SNAP, even in the absence of eNOS, results in significant 
attenuation of infarct size, confirming that down stream targets of NO remain intact in 
the absence of eNOS, targets that may be pivotal in mediating the protection following 
less stringent preconditioning stimuli in WT hearts.
Thus, the contribution of NO and eNOS to trigger early preconditioning appear 
divergent from the published literature. These observations may have two explanations. 
The first may be the involve the magnitude of the preconditioning stimulus in these 
other s t u d i e s . 2 6 3 - 2 6 5 ,327, 3 2 8  At supra- threshold levels, ischaemic preconditioning may 

not obligatorily require de novo NO synthesis to trigger protection. A precedent exists 
for this hypothesis: the involvement of free radicals in early preconditioning where 
Baines et al demonstrated that one cycle but not 4 cycles of 5 minutes ischaemia 5 
minutes reperfusion, preconditioning was reliant upon the generation of free radicals in 
the rabbit.20 The second possibility concerns the catalytic properties of eNOS itself. NO 
is not the sole product of eNOS; under conditions of low intracellular BH^ or L-arginine 
depletion, superoxide radicals may by be generated.329.330 whilst L-arginine depletion 
is unlikely to occur during the relatively short duration of these experiments, neither 
BH4 or free radicals were measured in this investigation, so the possibility of eNOS 
synthesised free radicals contributing to the preconditioning ‘signal’ cannot be excluded 
in the current study.
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5.3.2. The double edged sword of NO in ischaemia/reperfusion injury

In section 5.2.2, exogenous NO (SNAP 2 pM) administered throughout the 
ischaemia/reperfusion protocol was demonstrated to result in significant infarct size 
reduction and improvement in post-ischaemic contractile function, consistent with 
findings of other investigators using both SNAP (1.5 and other NO donors such
as FK409.^32 other investigators have not found NO to be so benign. At higher doses 
(of greater than 10 pM), SNAP induces apoptosis (possibly via a cGMP mediated 
mechanism232) and becomes involved in peroxynitrite mediated injury.333 Therefore to 
determine the concentrations of SNAP that were beneficial and detrimental in 
ischaemia/reperfusion injury, a concentration-response curve was constructed with 
regard to measurable infarction. Incremental concentrations of the NO donor resulted in 
significantly greater resistance to myocyte injury up to a concentration of 2 pM (a hnear 
logarithmic relationship between infarct reduction and contractile function can be 
observed - figures 5.2.6 and 5.2.9). Beyond this concentration, the exogenous NO 
mediated protection to lethal ischaemic injury was lost, thus resulting in a clear 
benefit/detriment threshold.
The mechanisms of benefit and detriment are unclear, but it is interesting that the 
observed SNAP protection curve is similar to that observed by Brookes et al 
between NO concentration and inhibition of mitochondrial swelling (a surrogate for 
mitochondrial permeability transition pore open probabihty). The inhibition of transition 
pore opening and the attenuation of release of cytochrome-c maybe one mechanism of 
protection, although NO may have many other potential targets, such as the 
mitochondrial channel ,preserved p42/44 extracellular signal regulated protein 
kinase (ERK) phosphorylation^^i and nitrosylation and inhibition of members of the 
pro-apoptotic pathway, including caspase-3282, 334 discussed in section 1.7.7. The 
reasons for loss of protection between 2 and 6 pM SNAP are equally unclear, but may 
be related to free radical generation- possibly by the accumulation of peroxinitrite.333

5.3.3. Implications of a potential role of eNOS in early preconditioning.

In this chapter, eNOS has been shown to modify the preconditioning threshold, an 
observation that may have implications to preconditioning in gender. The role of gender 
and its effect upon preconditioning is explored in section 4.4.2 using a preconditioning 
regime (two cycles of 10 minutes ischaemia and 10 minutes reperfusion) that was 
equivalent to the four cycle 5 minute ischaemia/ 5 minute reperfusion protocol used in 
these studies (section 5.2.1). The influence of gender upon preconditioning was not 
found to be significant with respect to infarct resistance. However, using this robust 
preconditioning regime, no difference between infarct size resistance was noted in 
hearts from eNOS wild type and eNOS knockout mice whilst less robust
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preconditioning regimes there was a difference comparing eNOS WT and KG hearts. 
This may be significant in interpreting the gender preconditioning data. In section
4.4.2, it was noted that 17 (3-oestradiol regulates eNOS activity. This being the case, the 
threshold to preconditioning may be lower in female animals, but as noted above, the 
preconditioning regime used is suprathreshold. To more accurately determine a 
difference in the preconditioning threshold in male versus female mice, a much smaller 
preconditioning threshold needs to be explored- possibly using 1 cycle of 2.5 minutes 
or 5 minutes of transient ischaemia and re-oxygenation. That there may be a difference 
in the preconditioning threshold is a novel hypothesis has not been investigated before, 
and could of clinical interest/relevance in the investigation and management of male and 
female patients with acute coronary syndromes.

5.4 Conclusions

A number of novel observations regarding the role of nitric oxide in early ischaemic 
preconditioning can be made. Firstly, nitric oxide appears to play a nonessential role in 
early ischaemic preconditioning, contributing to the preconditioning stimulus, and thus 
reducing the duration of antecedent ischaemia required to induce protection against a 
subsequent lethal ischaemic insult. Secondly, in the eNOS knockout hearts, despite the 
absence of the synthase, the cellular targets for nitric oxide mediated protection remain 
intact, as ischaemic preconditioning can be clearly mimicked with the administration of 
an exogenous nitric oxide donor. Finally, the nitric oxide dose response curve and the 
injury observed as a result of ischaemia/reperfusion demonstrates a clear 
benefit/detriment threshold that appears to exist at a concentration of SNAP of 2 pM. 
With these data, it is possible to predict the benefit/detriment of nitric oxide in various 
pathologies based upon the concentration of nitric oxide. Thus, nitric oxide synthesis 
during an ischaemia/reperfusion insult may be cardioprotective when synthesized in 
modest quantities, whereas the considerable synthesis of NO, as associated with iNOS 
induction in endotoxic shock, may be detrimental to myocyte survival in the context of 
ischaemic injury.
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Chapter 6. The role of nitric oxide in delayed 
pharmacoiogicai preconditioning.

6.1. Aims and protocols

As described in chapter 1 (section 1.6.3), delayed preconditioning is associated with 
new protein synthesis; inhibition of translation or transcription of protein abrogates the 
protection associated with this phase of preconditioning. Nitric oxide has been 
associated with increased resistance to myocardial infarction. With the administration of 
exogenous nitric oxide using spontaneous donors, significant attenuation of infarction 
can be observed (chapter 5). The inducible isoform of nitric oxide synthase has been 
shown to be increased following a number of stressful stimuli; as such it is attractive to 
hypothesize that delayed preconditioning is associated with the induction of iNOS, and 
mediated by the resulting increased NO synthesis. This hypothesis has been 
strengthened by recent studies using pharmacological inhibitors of iNOS 
transcription^og or a c t i v i t y 271 ^nd using transgenic mouse models where the iNOS 
gene has undergone targeted d is r u p t io n .272 whilst evidence for the role of iNOS in 
delayed ischaemic preconditioning is strong, comparatively little is known about 
delayed pharmacological preconditioning, and in particular, following the 
administration of an adenosine A, receptor agonist. Ischaemic preconditioning results in 
the release of numerous neuro-humoral agents, and inflammatory cytokines.^^s These 
cytokines appear to preferentially signal via the p42/p44 ERK pathway to upregulate 
gene products such as inducible isoforms of nitric oxide synthase. Adenosine Aj 
receptor activation appears to signal via and thus may preferentially upregulate
p38 MARK activity. Therefore, there may be clear differences between pharmacological 
and ischaemic delayed preconditioning that have yet to be fully elucidated.
Recent peripheral vascular based studies by Bhagat and colleagues, investigating the 
role of cytokines in shock,275 have demonstrated that eNOS activity can be significantly 
up-regulated by increased BH^ availability through the induction of the synthesising 
enzyme, GTP-cyclohydrolase-1. The increased NO synthesis from eNOS, in the 
absence of significant iNOS upregulation, was said to be an example of eNOS 
“masquerading” as iNOS. The potential importance of this observation in context of 
preconditioning has not, until now, been explored.
To investigate the comparative importance of the NOS isoforms in the mediation of 
delayed pharmacological preconditioning, a model of delayed pharmacological 
preconditioning needed to be developed. Whilst the adenosine Aj receptor agonist, 2- 
chloro N  ̂cyclopentyl adenosine (CCPA) is a known trigger of delayed preconditioning 
in rabbit '̂^3’203,336 ^nd rat,^  ̂CCPA triggered delayed preconditioning in mouse had not
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been characterised. Therefore, a dose-response curve was performed, prior to 
determining the effect of prior administration of CCPA in both wild type (WT) mice and 
mice with targeted disruption of the iNOS gene (KO).
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F ig u r e  6 .1 . CCPA t r i g g e r e d  d e l a y e d  p r e c o n d i t i o n i n g  p r o t o c o l s .

Experimental protocols. A. Determination of CCPA dose: 25 or 100 pg/kg iv administered 24 

hours prior to index ischaemia compared to control group. B. Saline vehicle treatment versus 

CCPA preconditioning in W T and KO hearts. C. As for protocol B, with the co-infusion of L- 

NAME (100 pM ) throughout the perfusion protocol. D . Effect of SNAP 1 pM  to iNOS KO 

hearts, present throughout the perfusion protocol. E . Hearts from pre-treated animals were 

excised and perfused for 20 minutes before snap freezing and storage for later Western blot 

analysis.

H arvest o f  heart and onset o f  Langendorf perfusion

A :Omin stablisation 35min ischem ia 30m in reperfusion

24 hours

vehicle, 25 or lOOpg/kg CCPA

H arvest o f  heart and onset o f  L angendorf perfusion

B
iv  vehicle, 25pg/kg CCPA

H ;u^est o f  heart and onset o f  L.angendorf perfusion

L-NAME lOOfiM

C
vehicle, 25^ig/kg CCPA

H arvest o f  heart and onset o f  L.angendorf perfusion

D I SNAP 1|pM

H arvest o f  heart and onset o f  Langendorf perfusion

:0min stablisationE
24 hours

vehicle, 25 or lOOpg/kg CCPA

Heart snap frozen
I for Western blot

analysis
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Table 5. Chapter 6: Morphometries and baseline functional value.
*: baseline coronary flow was significantly reduced in hearts from animals that had received the 
higher CCPA dose of 100 ng/kg: p = 0.0028 versus control group and p = 0.0458 versus 25 
^g/kg CCPA treated group. L-NAME resulted in significantly lower coronary flow rates in 
control WT and KO animals, and in CCPA treated KG. CCPA treated WT hearts had a lower 
mean flow rate, but was not significantly different from the non L-NAME treated group, t ,  P < 
0.0001 vs equivalent non-L-NAME group, t, P < 0.002 vs equivalent non-L-NAME group, §, P 
< 0.004 vs equivalent non-L-NAME group.

Group Mouse body Heart Coronary flow Force-rate Resting 
weight (g) weight rate (ml.min ’) product tension (g) 

________________ (mg)__________________ (g.b.min^)____________

Control 
(n = 16) 

CCPA (25 
Itg/kg)
(n = 9) 

CCPA (100
Itg/kg)
(n = 9)

B

26.23 ± 1.11 

24.73 ± 0.85

152 ± 1 

149 ± 7

3.66 ± 0.19 

3.59 ± 0.22

918 ± 62 

1052 ± 91

(n = 6)

1.00 ± 0.12 

1.22 ± 0.06

26.03 ± 0.48 150 ± 4 2.70 ± 0.11* 1035 ± 138 1.02 ± 0.05

WT vehicle 22.81 ± 0.68 128 ± 2 3.61 ± 0.39 1100 ± 79 1.23 ± 0.10
(n = 10) 

WTCCPA 22.66 ± 0.47 129 ± 3 3.34 ± 0.53 1077 ± 61 1.60 ± 0.19
(n = 9) 

KO vehicle 22.02 ± 0.66 139 ± 4 3.51 ± 0.21 1125 ± 104 1.45 ± 0.16
(n = 10) 

KG CCPA 22.32 ± 0.42 138 ± 5 3.59 ± 0.25 894 ± 97 1.50 ± 0.11
(n = 10)

C
WT vehicle
4- L-NAME 21.06 ± 0.20 130 ±5 1.59 ± 0.24t 800 ± 73 1.32 ± 0.14

(n = 8) 
WTCCPA

-f L-NAME 20.96 ± 0.46 130 ±7 2.46 ± 0.37 778 ± 192 1.39 ± 0.08
(n = 8) 

KO vehicle
+ L-NAME 21.59 ± 0.40 133 ± 5 1.99 ± 0.10$ 891 ± 151 1.50 ± 0.19

(n = 8) 
KO CCPA

4- L-NAME 22.14 ± 0.52 139 ± 8 2.23 ± 0.25§ 1143 ± 135 1.04 ± 0.04
(n = 9)

D

Control 26.30 ± 0.59 154 ± 5 3.11 ± 0.34 1002 ± 165 1.00 ± 0.02
(n = 6) 
SNAP 28.34 ± 1.20 162 ± 6 3.18 ± 0.18 1100 ± 168 1.00 ± 0.03
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Table 6. Summary of rtPCR genotyping.
As described in section 3.9.1, liver of animals whose hearts were used in 
Langendorff perfusion were extracted and frozen for rtPCR analysis. These 
tissue samples were then later randomly selected and mRNA extracted to 
determine gene expression of iNOS. As shown below, livers from animals with 
the targeted disruption of iNOS had no detectable iNOS mRNA after 40 cycles of 
PGR amplification. In contrary, iNOS wild types had readily detectable iNOS 
expression. Interestingly, the livers from animals that had been 
pharmacologically preconditioned with CCPA appeared to have greater mRNA 
contents than those that had received the saline vehicle.

iNOS rtPCR
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6.2. Results

No significant difference between groups were documented in terms of body or heart 
weights, end-stabilisation contractile function or resting tension load placed on the 
hearts to achieve maximal developed force (table 5). Significant differences in baseline 
coronary flows were observed. In group A, high dose administration of CCPA (100 
pg/kg) resulted in lower coronary flow rates 24 hours later, compared to control and 
low dose CCPA (25 pg/kg). Similarly attenuated coronary flows were also documented 
in Group C, associated with the administration of the non-specific NOS inhibitor, L- 
NAME (100 pM), presumably associated with the consequence of attenuated 
vasodilator response. The rtPCR data shown in table 6 confirm the genotype of the 
animals used in the study, correlating with the protein estimations shown in figure 
6 .7 .A.

6.2.1. Determination of optimal CCPA dosage regime

Whilst adenosine Aj receptor activation has been demonstrated to elicit delayed 
cardioprotection against infarction in other mammalian species such as rabbit, until 
recently it was unknown whether Aj receptor agonists such as 2-chloro N  ̂ cyclopentyl 
adenosine (CCPA) are able to trigger delayed preconditioning in mice. Therefore, WT 
hearts were subjected to the ischaemia reperfusion regime outlined in figure 6.1. A. The 
mice were injected iv with either the saline vehicle or the drug (CCPA 25 pg/kg or 100 
pg/kg) 24 hours prior to the hearts being harvested and Langendorff perfused. The mice 
were observed during and following drug administration, their physical activity noted 
and recorded. Animals administered with 100 pg/kg CCPA displayed physical evidence 
of shock (pilo errection, haunched posture and minimal provoked behaviour) lasting 
over 1.5 hours. At the lower 25 pg/kg dose, treated animals demonstrated none of these 
features, although exploratory behaviour was subdued until returning to normal within 
40 minutes.
Both doses of CCPA given 24 hours prior to lethal ischaemia resulted in equivalent 
significant infarct size reduction (figure 6.2). However, the hearts of animals treated 
with 100 pg/kg CCPA had significantly lower baseline coronary flow rates compared to 
vehicle and 25 pg/kg CCPA treated animals: coronary flow was 3.66 ± 0.19 ml/min 
and 3.59 ± 0.22 ml/min in controls and 25 pg/kg versus 2.7 ±0.11 ml/min in the 100 
pg/kg treated group (p = 0.0028 and p = 0.0456 versus control and 25 pg/kg groups 
respectively). Therefore, to avoid systemic haemodynamic shock (and therefore 
unwanted cytokine induction) and coronary haemodynamic sequelae, the lower 25 
pg/kg dose of CCPA was employed for this study.
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6.2.2. The role of iNOS in mediating delayed preconditioning

The aim of the study was to test the hypothesis that delayed pharmacological 
preconditioning was mediated by the induction of iNOS. Therefore, delayed 
pharmacological preconditioning was not expected to be observed in the hearts from 
iNOS KO animals. Using the low dose CCPA (25 pg/kg) regime characterised in
6.2.1, animals were pre-treated with either the saline vehicle (control) or CCPA, iv, 24 
hours prior to harvesting the hearts and Langendorff perfusion (protocol, figure 6.1.B). 
Following the injurious ischaemia/reperfusion insult, both WT and KO hearts from 
animals treated with saline vehicle had equivalent infarct sizes- 37 ± 3% and 37 ± 2% 
respectively (figure 6.3.A). Prior CCPA administration significantly reduced infarct 
size in WT hearts to 22 ± 2% and also, unexpectedly, in KO hearts to 27 ± 2%, 
possibly implying that either (1) nitric oxide is not required for delayed pharmacological 
preconditioning, or (2) nitric oxide is required for protection, not necessarily derived 
from iNOS.
Whilst protection against infarction was observed, there was no significant diminution 
of contractile dysfunction in either WT or KO, CCPA treatment groups (figure 6.3.B). 
Whilst delayed ischaemic preconditioning reduces post ischaemic dysfunction 
(stunning), the protection observed following transient adenosine Aj receptor activation 
has not been associated with improved myocardial function after ischaemia/reperfusion 
injury^37_ ^nd this appears consistent with the data presented here.

6.2.3. NOS activity assessment

To determine whether the protection observed in KO hearts occurred independently of 
mechanisms involving the synthesis of NO, the rate of NO^ release into the coronary 
effluent was measured (results summarised in figure 6.4. A). The NO^ release rates are 
representative of synthesis throughout the perfusion protocol of each heart. NO^ release 
during stabilisation was negligible in both WT and KO control hearts (2.86 ± 2.86 and 
0.00 ± 0.00 nmole/min/gram wet weight heart). Preconditioning with CCPA resulted in 
significant increases of NO^ release, 20.67 ± 7.40 and 16.37 ± 5.46 nmole/min/gram 
in WT and KO hearts respectively (p = 0.010 and p = 0.017 versus respective 
controls).
Therefore, delayed pharmacological preconditioning results in a sustained increase in 
basal nitric oxide generation that may be important in mediating the infarct sparing 
protection observed in this model. Moreover, because transient adenosine Aj receptor 
activation results in a significant increase of nitric oxide synthesis in the absence of 
iNOS, the generation of nitric oxide could be by one of the other enzymatic sources of 
nitric oxide.
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6.2.4. NO- cardioprotective mediator or epiphenomenon?

Whilst CCPA pre-treatment to iNOS WT and KG mice resulted in significant 
upregulation of NO synthesis, the NO generated need not necessarily be mediating the 
cardioprotection observed. Therefore, to determine whether NO is a cardioprotective 
mediator or epiphenomenon of delayed pharmacological preconditioning, two 
approaches were taken: first to determine whether attenuation of NO generation 
abrogated delayed preconditioning and second, to investigate whether exogenously 
administered NO could mimic preconditioning infarct limitation.
To attenuate all NOS activity during ischaemia and reperfusion, a non-specific NOS 
inhibitor, L-NAME (100 pM) was added to the Krebs Henseleit buffer (protocol, figure
6.1.C). Consistent with the hypothesis that NOS activity is essential for the infarct 
sparing effect of delayed preconditioning, protection against infarction was abrogated in 
the CCPA pre-treated groups (see table 4 and figure 6.5), concomitant with complete 
abrogation of NO^ release into the coronary effluent.
In the second phase, using naive KO hearts, the spontaneous NO donor, S-nitroso N- 
acetyl penicillamine (SNAP, 1 pM) was added to the perfusion buffer (protocol, figure
6.1.D). This dose was estimated, based upon the concentration of NO^ released from 
hearts of CCPA treated WT mice (20.67 ± 7.40 nM/min). SNAP donates NO with 1:1 
stoichiometry at a high rate of degradation; 100 pM SNAP releases 1.4 pM NO/minute 
at 37 °C, linear over a wide temperature range^^^, which equates to 1.4 pM SNAP to 
reproduce the coronary release measured. Compared to control hearts perfused with the 
unmodified Krebs Henseleit buffer, SNAP perfused hearts had significantly reduced 
infarction from 37 ± 3% to 21 ± 1% (figure 6.6, p < 0.001) - an equivalent reduction to 
that observed in preconditioned WT and KO hearts.

6.2.5. CCPA triggered preconditioning: eNOS and iNOS regulation.

Delayed pharmacological preconditioning triggered by transient adenosine Aj receptor 
activation with the selective agonist, CCPA, appears to be mediated by the generation of 
NO in both iNOS wild types and iNOS knockouts. The generation of significantly 
greater NO in the iNOS KO group implies the upregulation of a constitutively expressed 
NOS isoform. Investigators have previously demonstrated that the eNOS isoform is 
widely expressed in the myocardium,254 and the suggestion that eNOS activity can be 
significantly upregulated in the absence of iNOS activity,̂ 75 the expression of the eNOS 
and iNOS isoforms were determined 24 hours following transient adenosine Aj 
receptor activation. Therefore hearts from animals that had been pre-treated were 
isolated and Langendorff perfused for 20 minutes (to correspond with the coronary 
perfusate NO^ collection time at the end of the stabilisation period), and then snap 
frozen in liquid nitrogen (protocol, figure 6 .I.E.). The results of the Western blot
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analysis are summarised in figure 6.7. As previously reported preconditioning increases 
the expression of iNOS from modest expression in naive hearts to 2.31 times greater in 
hearts of CCPA pre-treated iNOS WT animals (figure 6.7.A, p = 0.002). Consistent 
with the knockout status, no iNOS protein was expressed in either vehicle control or 
CCPA treated iNOS KO groups (figure 6.7.A). Whereas in previous studies, eNOS 
was demonstrated not to be regulated following transient ischaemia 24 hours ea r lier ,2 3 0  

the pre-administration of 25 pg/kg CCPA resulted in significant upregulation of eNOS 
protein in both iNOS WT and iNOS KO groups (summarised in figure 6.7.B, 210 ± 
35% and 241 ± 21% of iNOS WT control iNOS expression respectively, with p values 
of 0.013 and 0.018 versus their respective controls in the wild type and knock out 
groups respectively). Comparing iNOS WT and iNOS KO control animals, baseline 
eNOS content was not found to be significantly greater in the control iNOS KO hearts 
(138 ± 19%) than compared to iNOS WT groups (100 ± 18%, p = 0.297). Therefore, 
delayed pharmacological preconditioning with the adenosine Aj agonist, CCPA, at a 
dose of 25 pg/kg, is mediated via the upregulation of eNOS and iNOS; in the absence 
of iNOS the eNOS may become pivotal to the protection observed.

6.2.6. The role of eNOS in delayed pharmacological preconditioning.

The novel implication that eNOS is involved in delayed pharmacological 
preconditioning was explored further by testing the hypothesis that eNOS was essential 
for delayed pharmacological preconditioning. The protocol was essentially as shown in 
figure 6.1.B, whereby 25 pg/kg CCPA was used to trigger preconditioning in both 
eNOS WT and eNOS KO animals, whilst control animals received an equivalent 
volume of saline. The results are summarised in figure 6.9. CCPA preconditioning 
resulted in significant attenuation of infarct size in comparison with hearts from eNOS 
WT animals (34 ± 2% versus 24 ± 3% in control and preconditioned hearts 
respectively, p = 0.005). This protection was no longer evident in the eNOS KO hearts, 
where CCPA preconditioning results in a non-significant (p = 0.146) reduction in 
measured infarction (32 ± 1% versus 26 ± 3% in control and CCPA groups 
respectively). The data would therefore appear to support a role for eNOS, although 
more work needs to be performed to increase numbers in this study to ensure that the 
present result is correct, and to determine whether the role of eNOS is important for the 
triggering or mediation of delayed pharmacological preconditioning.
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F i g u r e  6 .2 . CCPA m y o c a r d i a l  r e s i s t a n c e  d o s e  r e s p o n s e .

Both doses of CCPA, 25 pg/kg and 100 pg/kg resulted in similar infarct size 
limitation, but the lower dose had fewer haemodynamic sequelae (summarised 
table 5).
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F i g u r e  6.3.A. CCPA t r i g g e r e d  s e c o n d  w i n d o w  o f  p r o t e c t i o n  i n  WT a n d  KO m i c e .

The effect of CCPA delayed pharmacological preconditioning upon iNOS WT 
and KO hearts. Infarct size in control iNOS WT and KO hearts are the same, 
preconditioning with CCPA leads to attenuation of infarction in WT hearts and, 
unexpectedly, in KO hearts. **, p < 0.0001 versus WT vehicle and *, p = 0.001 
versus KO vehicle hearts.
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F i g u r e  6 .3 .B . CCPA p r e c o n d i t i o n i n g  a n d  h a e m o d y n a m ic  o u t c o m e s .

D elayed pharm acological preconditioning with CCPA  fails to attenuate stunning in 

this m odel.

(n = 9 to 10 per group)
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F ig u r e  6.4.1. Th e  ra t e  of  r elea se  o f  NO fr o m  c o n t r o l  a n d  pr e c o n d it io n e d  h ea r t s . 

The rate of NO release into the coronary effluent, corrected for coronary flow rate 
and myocardial weight. Basal NOx release in control hearts is minimal, but is 
significantly augmented by administration of CCPA 24 hours’ earlier. **, p = 
0.010 versus control. *, p = 0.017 versus control.
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Figure 6.4.2. NOx release with the administration of L-NAME
Co-infusion of the non-specific NOS inhibitor, L-NAME (100 pM) totally 
abrogates NOx release from the heart in all four groups.
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F i g u r e  6.5. L-NAME a b r o g a t e s  d e l a y e d  p h a r m a c o l o g ic a l  p r e c o n d i t i o n i n g .

The effect of L-NAME (100 nM) administered during the ischaemia/reperfusion 
insult upon the protective effect of delayed pharmacological preconditioning with 
CCPA. In both WT and knockouts pre-treated with CCPA, infarct limitation is 
abrogated in the presence of the non-specific NOS inhibitor, L-NAME. (n = 8 to 9 
per group)
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F i g u r e  6 .6 . S n a p  m i m i c s  p r e c o n d i t i o n i n g .

The effect of the administration of exogenous NO upon infarct size. 1.0 pM SNAP 
administered throughout the perfusion protocol leads to significant infarct size 
limitation equivalent to that observed with delayed preconditioning with CCPA.
**, p < 0.001. n = 6 per group.
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F ig u r e  6 .7  P r o t e i n  i n d u c t i o n  24  h o u r s  a f t e r  CCPA a d m i n i s t r a t i o n

A : iNOS is found expressed at low levels in isolated naive hearts, consistent with 

previous reports. A dm inistration  o f CCPA as a p harm aco log ical 

precond ition ing  stim ulus results in a significant increase o f  iNOS protein  in 

iNOS W T hearts. In iNOS KO hearts, no basal or induced expression  o f iNOS 

was observed.

B : eNOS was found to be basally expressed in both iNOS W T and iNOS KO hearts 

at sim ilar levels. ‘P reco n d itio n in g ’ with CCPA resulted in increased expression  

o f eNOS in both W T and KO hearts.
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F i g u r e  6.8. HSP90 e x p r e s s i o n  f o l l o w i n g  CCPA in  iNOS WT a n d  KO.

T issue sam ples w ere prepared as ou tlined  in figure 6 . I.E . CCPA  adm inistration  to 

e ither iNOS W T or iNOS K O  m ice failed  to result in s ign ifican t upregulation o f  

H SP90 a /p  expression. Im m uno-precip ita tion  studies will need to be perform ed to 

dem onstrate  H SP90/eN O S interaction , n = 6 per group.
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FIGURE 6.9. Is ENOS p i v o t a l  TO DELAYED PHARMACOLOGICAL  

PRECONDITIO NING ?

To investigate the role o f eNOS in delayed CCPA  triggered p recondition ing , eNOS 

W T and KO anim als were injected iv with 25 pg/kg CCPA 24 hours before a 35 

m inute global ischaem ic insult follow ed by 30 m inutes reperfusion . As expected, 

CCPA pre-treatm ent resulted in significant attenuation o f infarct size in the WT 

group. In the eN O S KO group, p recond ition ing  resulted in a n o n -sign ifican t 

reduction  o f infarction. T here is no significant d ifference betw een the CCPA 

treatm ent W T and KO groups.
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6.3. Discussion

6.3.1 The role of eNOS versus that of iNOS

Consistent with the published hterature on delayed ischaemic and pharmacological 
preconditioning, CCPA preconditioning appears dependent upon the generation of NO. 
However, where previous investigations have shown the inducible isoform of NOS as 
being the obligatory source of NO in this phase of protection, the results presented here 
suggest that delayed pharmacological preconditioning is associated with constitutive 
nitric oxide synthase upregulation.
The NO hypothesis for delayed ischaemic preconditioning, as proposed by Bolli and 
colleagues'^^, is attractive. In it, they propose that ischaemic preconditioning results in 
increased nitric oxide synthesis from constitutive nitric oxide synthases, which in turn 
leads to the activation of protein kinase C (PKCe). PKC results in the upregulation of 
the gene transcription factor, N F-kB, which upregulates the expression of iNOS. In 
support of this hypothesis, nitric oxide synthesis has been demonstrated following 
ischaemic preconditioning,'^^ resulting in PKCe translocation,273 NF-kB activation and 

iNOS induction.Im portantly , iNOS induction has been demonstrated to mediate 
delayed ischaemic preconditioning. In a number of recent studies, employing either 
selective pharmacological inhibitors^o ,̂ 271 or targeted deletion of i N O S , 2 3 0 , 272 înoS  has 
been implicated as the potential source of nitric oxide in this form of preconditioning. 
Based upon the available evidence, delayed pharmacological preconditioning was also 
predicted to be mediated via an iNOS dependent mechanism. Adenosine Aj receptor 
activation has been shown to trigger delayed preconditioning in a number of animal 
species including rabbit^® and rat.^^ The data presented in this chapter are the first to 
demonstrate that CCPA administration 24 hours prior to a lethal ischaemic insult results 
in a significant and marked reduction of infarction in WT mice. Moreover, this 
protection is associated with increased NO release from the heart 24 hours after the 
CCPA-preconditioning stimulus. This is entirely consistent with the previously 
proposed ‘NO’ hypothesis. Interestingly however, iNOS knock out mice (with no 
demonstrable iNOS mRNA or protein; figure 6.7) display a similar degree of infarct 
limitation with CCPA. One potential explanation for the continued evidence of 
protection resulting from delayed preconditioning in the absence of iNOS is that the 
protection is mediated via a nitric oxide independent signalling pathway. However, the 
NOS activity assay data appears to allude to another possibility (figure 6.4). In hearts of 
saline treated WT and KO mice there was negligible NO^ release into the coronary 
effluent. However, hearts of WT and KO CCPA treated animals released similar 
significantly greater quantities of NO^ into the coronary effluent. Therefore a second
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hypothesis was proposed: NO is the mediator of delayed pharmacological 
preconditioning, irrespective o f enzymatic source. This is further supported by data 
showing that CCPA triggered protection is attenuated by the non-specific NOS 
inhibitor, L-NAME, and emulated by the NO donor, SNAP (figures 6.5 and 6.6).
If NO is a mediator of delayed Â  receptor triggered pharmacological preconditioning in 
iNOS KO hearts, it would suggest that one of the constitutive NOS isoforms is up- 
regulated. The most hkely potential candidate is eNOS. Whilst eNOS may have the 
lowest intrinsic levels of catalytic activity relative to nNOS and iNOS,^36 it nonetheless 
has significant capacity to be up-regulated. Several mechanisms exist to augment eNOS 
activity, which include receptor mediated translocation from the sarcolemmal c a v e o l i , ^ 3 9  

eNOS serine 1177 phosphorylation by Akt^  ̂and AMP-activated protein kinase,^^ and 
HSP90 association with eNOS .225 HSP90a/p expression was determined by Western 
blotting in this study (figure 6.8); however, no significant upregulation of expression 
was observed, although binding with eNOS was not assessed: this would require the 
use of co-precipitation techniques that were not available at the time of submission of 
this thesis.
The potential for eNOS activity to be significantly increased following a stressful 
stimuli has been demonstrated by Bhagat et al., in a human vascular model of cytokine 
triggered septic shock.275 They demonstrated that eNOS was capable of generating 
significant quantities of NO through the induction of GTP cyclohydrolase-1 expression 
and activity and thus increasing the bio-availability of the co-factor, tetrahydrobiopteiin 
(BH4). Therefore they suggest that it is feasible for eNOS to masquerade as iNOS 
under certain circumstances. It is therefore attractive to postulate that the data presented 
here are an example of eNOS “masquerading"' as iNOS in delayed pharmacological 
preconditioning.

6.3.2 Pharmacological preconditioning and contractile dysfunction

Preconditioning with CCPA results in significant attenuation of infarction in the present 
model, with infarct size reduction of approximately 30% (figure 6.3.A). Delayed 
pharmacological preconditioning triggered by transient adenosine \  receptor activation 
does not, however, result in improved contractile function following the ischaemic 
insult. It is well established that ischaemically triggered delayed preconditioning does 
result in significant attenuation of contractile d y s f u n c t i o n , 3 4 0  so the failure of this form 
of cardioprotection in this model is unclear. However, the lack of contractile recovery 
from CCPA preconditioning is a repeatable and well-documented phenomenon in the 
literature, and found in all the animal species studied to date using this Aj receptor 
agonist as a trigger of delayed protection, including rabbit,203, 337 j-̂ t̂ ô and more 
recently, m o u s e . ^ ^ i  Perhaps significantly, whilst delayed ischaemic preconditioning
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against infarction can be abrogated by adenosine receptor antagonists, the resistance to 
stunning remains evident.^ '̂ -̂ 340 The implication of these data are that ischaemic and 
pharmacological preconditioning are mediated by separate pathways. Such evidence of 
signalling pathway divergence may go some way to explain the difference between the 
data presented here, and the contradictory evidence presented by others in similar 
models of ischaemia/reperfusion. The dichotomy remains unexplored, and warrants 
further investigation; the explanation may he in differential MAP kinase regulation (p38 
MAPK versus p42/p44 ERK).

6.3.3 Conflicting evidence: is iNOS pivotal to delayed preconditioning?

These data presented in this chapter appears to contradict three recent investigations of 
delayed preconditioning in mice with targeted disruption of the iNOS gene. In an in 
vivo model of delayed ischaemic preconditioning, Bolli and colleagues demonstrated 
that delayed protection was abrogated in the iNOS KO mouse.^^o A similar observation 
was made by Kukreja and colleagues with a model of delayed pharmacological 
preconditioning, triggered with monophosphoryl hpid A (MLA).272 The ischaemia and 
reperfusion was performed ex-vivo 24 hours after drug administration to the whole 
animal. There are two potential explanations for the observed difference between these 
two investigations and the data presented in this thesis. One would be the sex of the 
mice used in the studies. In this study female mice were used, although, from our 
observations, there is no difference between the sexes (either WT or KO) with respect 
to their infarct limiting cardioprotective response following preconditioning (sections 
4.4.2 and 4.4.3). The other explanation involves the manner in which the protection 
has been triggered. Both transient ischaemia and MLA, used respectively in the two 
studies mentioned, could have multifarious effects upon the whole animal. Both are 
associated with significant cytokine induction,^^^' and thus neither stimulus will be 
acting via a specific signalling pathway. Cytokines are classically associated with iNOS 
i n d u c t i o n . 2 2 8 ,3 4 3  the case of CCPA administration, signalling is selectively limited to 
Aj receptor and associated pathways. The third contradiction is with the recently 
published work by Kukreja and c o l l e a g u e s . ^ ^ i  In a model similar to the one presented 
here, they show no evidence of delayed CCPA preconditioning in iNOS KO mice. 
However, the dose of CCPA used was 100 pg/kg, a dose that in our hands was 
associated with physical evidence of shock at the time of administration, and diminished 
coronary flow 24 hours later (table 5.A). Given the haemodynamic consequence of 
high dose CCPA administration to the mice, it is possible that signalling cascades other 
than those mediated via the adenosine Aj receptor could have masked or silenced the 
putative protective eNOS pathway in iNOS KO animals proposed here. Therefore, there 
may be subtitles in signalling cascade and transcription factor activation that may
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explain the difference in results between this and the studies mentioned above; these 
differences warrant further investigation. One potential avenue of investigation is the 
differential activation of the MAP kinases; cytokines appear to preferentially signal via 
p42/p44 ERK, evidence to date implies that CCPA preconditioning is mediated via p38 
MAPK.

6.3.4 Is eNOS pivotal to delayed pharmacological preconditioning?

The data presented in this chapter appear to imply a new and novel hypothesis, namely 
that eNOS has an important role to play in the induction and/or mediation of delayed 
pharmacological preconditioning triggered by transient adenosine Aj receptor activation. 
The results, summarised in figure 6.9, demonstrate that CCPA administration in eNOS 
WT resulted, as expected, in significant attenuation of infarct size. However, this 
protection was not reciprocated in the eNOS KO animals; whilst CCPA administration 
resulted in a lowering of the mean infarct size compared to control hearts, the trend was 
not significant (p = 0.146). These data appear to support the hypothesis that eNOS is an 
important mediator of delayed pharmacological preconditioning, although further work 
needs to be performed to increase numbers to be confident of this observation.
If eNOS activity is essential for delayed pharmacological preconditioning, then this 
poses a further question: is eNOS essential to trigger delayed preconditioning, or does 
eNOS mediate delayed protection? If the former case is true, it would support Roberto 
Bolli’s ‘nitric oxide hypothesis.’ This hypothesis proposes that nitric oxide synthesis, 
presumably from eNOS, is required for the induction of protection. The protection 
observed following CCPA preconditioning would therefore be expected to be abrogated 
by inhibiting eNOS activity at the time of the preconditioning stimulus. If this 
hypothesis were found to be correct, then it may be possible that eNOS triggers delayed 
protection in a similar way to that observed with early preconditioning (chapter 5), by 
lowering the preconditioning threshold. However, if inhibition of eNOS activity during 
the trigger phase fails to attenuate delayed protection, then eNOS is a mediator of 
delayed protection, synthesising the nitric oxide required for protection in this form of 
protection.

6.4 Conclusions

The data presented in this chapter provide, for the first time, evidence that there are clear 
differences in the mediation of delayed preconditioning depending on the triggering 
stimulus used. Whilst transient ischaemia or MLA administration appear to induce 
delayed protection in an iNOS dependent fashion, CCPA triggered delayed protection is 
also associated with the upregulation of eNOS. That eNOS may actually play a pivotal 
role in the triggering and/or mediation of this form of pharmacological preconditioning,
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although unclear at this time, is underlined in preliminary studies with eNOS knock out 
mice. Further information is also required regarding the potential contrasts between the 
signalling pathways inferred by differences in eNOS regulation and myocardial 
functional preservation. The proposed hypothesis for such a difference is through 
differences in MAP kinase activation.
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Chapter 7. Nitric oxide in ischaemia/reperfusion injury

7.1 Introduction, aims and protocol

Preconditioning has been proven to be a highly effective modality in reducing cell death 
resulting from injurious myocardial ischaemia/reperfusion injury, and examples of this 
have been described in this thesis (chapters 3-6). Chnical application of these 
techniques have proven problematic however, by virtue of the mismatch of 
characteristically unpredictable acute coronary syndromes, and, by definition, the 
premeditated nature of preconditioning modalities. Therefore to limit the sequelae of 
acute myocardial infarction, the ideal therapeutic agent would limit infarct size when 
administered at the time of thrombolysis, and therefore upon reperfusion of the 
ischaemic myocardium. Moreover, as reperfusion brings with it the paradoxical 
phenomenon of ‘reperfusion injury,'̂ "*̂ » a process that has been most closely 
associated with the onset of apoptosis. Therefore agents with anti-apoptotic or cell 
survival properties may be associated with a reduction of myocardial injury when 
administered upon reperfusion.

7.1.1. Ischaemia/reperfusion injury salvage agents

With respect to anti-apoptotic agents that may be of benefit administered upon 
reperfusion, peptide growth factors have recently been demonstrated to function as 
“survival factors”, both during normal embryonic development,^^ and during 
pathological processes such as reperfusion injury.23. so, 346 xhese survival factors have 
been shown to signal through a reperfusion injury salvage kinase (RISK) pathway 
involving the activation of phosphatidyl inositide 3’-OH kinase (PI3 kinase), the 
serine/threonine kinase Akt/PKB^s and through the phosphorylation and activation of 
p42/p44 ERK.50 346 Activation of these kinase cascades are adequate to attenuate 
cellular apoptosis in a number of cell types, including primary ventricular myocytes.^o 
The administration insulin or insulin related growth factor-1 (IGF-1) either before^i or 
upon reperfusion,23 has demonstrated that growth factors are effective in reducing cell 
death resulting from lethal ischaemia reperfusion injury. The ischaemia/reperfusion 
injury salvage pathway elicited by insulin appears dependent upon the activation of the 
PI3 kinase pathway, as the myocardial preservation observed following insulin 
administration was sensitive to blockade by the selective PI3 kinase inhibitor, 
wortmannin.23
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7.1.2. Nitric oxide and cell survival

The target protein of PI3 kinase is PKB/Akt (henceforth referred to as Akt). Akt has 
numerous t a r g e t s , many of which are thought to inhibit cell death cascades (as 
summarised in section 1.1). Of direct interest to the theme of this thesis, Akt has also 
been associated with the regulation of nitric oxide synthesis through the 
phosphorylation of the endothehal isoform of nitric oxide synthase,^^' 6̂, 229, 261, 202 

increasing its activity some 40 fold. This link has not been explored with relation to 
reperfusion salvage, yet there is evidence that low concentration nitric oxide may 
function as a potent anti-apoptotic signalling moiety, inhibiting the release of 
cytochrome-c from mitochondria,280 and directly reducing the activity of down stream 
elements of the apoptotic cascade, specifically caspase-3.^^^ This is a controversial role 
for nitric oxide, which has also been associated, at much higher concentrations, with 
cell d e a t h .232 Further circumstantial evidence of the potentially protective role of nitric 
oxide at reperfusion comes from observations from the measurement of nitric oxide 
release from isolated mouse hearts subjected to ischaemia/reperfusion injury (figure 
7.1). These data are derived from the nitric oxide release measurements described in 
chapter 6, and therefore includes data from iNOS wild type and iNOS knock out mice 
that either received a vehicle (saline) or the adenosine receptor agonist, CCPA, 24 
hours before isolation of the heart and being subjected to an ischaemia/reperfusion 
protocol. In control hearts, negligible release of nitric oxide is measured, yet upon 
reperfusion, nitric oxide generation is significantly augmented in these hearts, a state 
that persists for the duration of the perfusion protocol. In the preconditioned hearts 
where myocardial protection is observed, this reperfusion associated increase in nitric 
oxide generation is significantly augmented over controls, and again there is greater 
than basehne release of nitric oxide persisting for the duration of reperfusion. It is 
therefore attractive to speculate that the myocardial protection observed as a result of 
this form of preconditioning is mediated through increased reperfusion triggered nitric 
oxide synthesis.

7.1.3. Bradykinin as a cell survival signal.

Bradykinin has been shown to activate PI3 kinase and activation of the p70 S6 
kinase,342 a signalling pathway associated with cellular salvage from reperfusion injury. 
Bradykinin has also been demonstrated to have a direct effect upon eNOS activity, 
leading to the release of the enzyme from inhibitory binding sites in the sarcolemmal 
c a v e o l i2 6 0  and the bradykinin B2 receptors t h e m s e l v e s . 259 Thus, with the activation of 
Akt through PI3 kinase, eNOS may be phosphorylated and its enzymatic activity
increased.261
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Therefore it was hypothesised that bradykinin, though B2 receptors and PI3 kinase 
activation, would mediate myocardial resistance to lethal reperfusion injury via a 
mechanism reliant upon the activity of the endothelial isoform of nitric oxide synthase.

7.1.4. The bradykinin/ nitric oxide hypothesis of reperfusion injury 
salvage.

To test the proposed hypothesis, wild type or mice with a targeted disruption of the 
eNOS gene were subjected to the standardised ischaemia/reperfusion regime as 
summarised in figure 7.2. At reperfusion, Krebs Henseleit buffer containing bradykinin 
(group A), SNAP (group B), wortmannin or wortmannin plus bradykinin (group C) 
were infused into the hearts. Functional parameters were monitored, and at the end of 
reperfusion, infarct sizes were determined by TTC staining.
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F i g u r e  7 .1 . NO r e l e a s e  b y  h e a r t s  d u r i n g  i s c h a e m i a / r e p e r f u s i o n

N itric oxide release profiles from  control and CCPA precond itioned  hearts were 

analysed 24 hours after adm inistration. In all hearts, reperfusion  NO release was 

quadrupled  com pared to basal release values- and fu rther significantly  augm en ted  

by prior adm inistration  o f CCPA. This pattern o f release was m aintained until the 

end o f reperfusion 30 m inutes later. * p < 0.05, CCPA treated group  com pared to 

respective control, vehicle treated group.
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F ig u r e  7 .2 . E x p e r im e n t a l  P r o t o c o l .

All hearts were subjected to the standardised ischaem ia/reperfusion  regim e. At the 

onset o f  global ischaem ia, the bubble trap was drained  o f K rebs H enseleit b u ffe r 

and sealed. A t the onset o f reperfusion, the cham ber was rapidly  re-filled  with 

buffer contain ing drug (bradykinin  100 laM/ SN A P 1 nM/ w ortm annin 100 ^iM) 

such that the drug would reach the ischaem ic m yocard ium  instantaneously . The 

protocol can be divided into three groups:

A: W T and eNOS KO hearts subjected to ischaem ia/reperfusion com paring  the 

effect o f  bradykinin at reperfusion to norm al buffer perfused hearts.

B: eN O S KO hearts received either norm al buffer or the NO donor, SNAP, to 

determ ine w hether the m echanism s o f ischaem ia/reperfusion injury salvage are 

present in the K O , and w hether NO plays a significant role.

C: To determ ine w hether any infarct sparing effect observed was m ediated via the 

hypothesised  PI3 kinase m ediated pathw ay, the specific PI3 kinase inhibitor, 

w ortm annin was either co-perfused w ith bradykinin, or adm inistered on its own 

to determ ine w hether w ortm annin had an independent effect upon infarction.
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Table 7. Chapter 7: Morphometries and baseline haemodynamics.
Groups were compared with respect to body and heart weight, baseline coronary 
flow, resting tension and contractile function. No difference in any of the 
parameters was observed between groups.

Group Body Heart
weight weight
(grams) (grams)

Baseline 
coronary 
flow rate 
(ml.min^)

Resting
tension Force rate product 
(grams) (gram.beat.min )̂

Wild type
control (n = 24.87 ± 0.69 0.16 ± 0.007
9)

Wild type
bradykinin 26.07 ± 0.77 0.17 ± 0.004
(n = 9)

Knockout
control (n = 23.98 ± 0.47 0.17 ± 0.008
6)
Knockout
bradykinin 24.29 ± 0.55 0.17 ± 0.006
(n = 6)

3.62 ± 0.17 0.97 ± 0.04 1397.66 ± 100.02

3.50 ± 0.20 1.03 ± 0.04 1262.50 ± 114.29

3.73 ± 0.67 1.04 ± 0.05 1227.08 ± 145.40

3.13 ± 0.48 1.08 ± 0.05 1200.78 ± 138.46

Knockout 
SNAP 
(n = 6)

25.28 ± 0.56 0.17 ± 0 .007  3.25 ± 0.26 1.13 ± 0.09 1201.25 ± 79.00

Wild type
bradykinin + 23.50 ± 0.64 0.16 ± 0.003
wortmannin
(n = 6)

Wild type
wortmannin 25.80 ± 1.31 0.17 ± 0.004
(n = 6)

3.13 ± 0 .1 8  1.00 ± 0.03 1310.42 ± 44.90

3.62 ± 0 .2 0  0.98 ± 0.03 1325.00 ± 82.14
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7.2 Results

No significant difference between groups were documented in terms of body or heart 
weight, baseline coronary flow rate, resting tension or contractile function (expressed 
as a force-rate product), as summarised in table 7.

7.2.1. Reperfusion salvage: infarct size.

7.2.1.1. Does bradykinin mediate reperfusion injury salvage?

Both eNOS WT and eNOS KO hearts were subjected to an ischaemia/reperfusion 
regime, to which hearts were randomly allocated into treatment or control groups 
(protocol, figure 1.2). The results are summarised in figure 7.3. In WT hearts, the data 
provide the first evidence that bradykinin mediates ischaemia/reperfusion injury salvage 
(IRIS). At a concentration of 100 pM, bradykinin mediates a 32% reduction of infarct 
size from 32 ± 2% to 22 ± 2% (p = 0.002), an equivalent reduction to that seen elicited 
by both early and delayed preconditioning in this model of isolated mouse heart 
ischaemia/reperfusion injury (chapters 4, 5 and 6). In the hearts of eNOS KO mice, the 
protective effect of bradykinin was completely absent, with infarct sizes in the control 
and bradykinin groups being 31 ± 2% and 32 ± 2% respectively (p = 0.779). 
Therefore, bradykinin triggered IRIS appears to require the presence of eNOS to 
mediate protection.
7.2.1.2. Can an exogenous NO donor mimic reperfusion salvage in eNOS KO hearts?

To determine whether, in the absence of eNOS, ischaemia/reperfusion injury salvage 
can be elicited by the exogenous administration of nitric oxide, and thus effectively 
bypassing the nitric oxide synthase, SNAP (1 pM) was administered to KO hearts at 
reperfusion (protocol, figure 7.2.B; results summarised in figure 7.4). Consistent with 
the hypothesis that NO is required for infarct sparing effect of bradykinin at 
reperfusion, the NO donor resulted in significant attenuation of infarction, from 31 ± 
2% in controls to 17 ± 4% in the SNAP treated group (p = 0.001). Therefore, NO 
appears to mediate the infarct size limitation associated with bradykinin administration at 
reperfusion, and moreover, NO donors themselves appear to have significant 
ischaemia/reperfusion injury salvage properties.
7.2.1.3. Is bradykinin reperfusion salvage mediated by P13 kinase?

The signalling pathway associated with bradykinin administration and consequential 
myocardial salvage remains undetermined. One potential signalling pathway may 
involve the activation of the PI3 kinase/RISK cascade. Therefore, using the PI3 kinase 
selective inhibitor, wortmannin, hearts subjected to ischaemia/reperfusion were 
reperfused in the presence of wortmannin (100 pM) alone, to exclude the potential of
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non-specific infarct effects of the drug, or in the presence of bradykinin at the same 
concentration used previously to elicit cardioprotection. The results are summarised in 
figure 7.5. Wortmannin alone had no influence upon infarct size measured at the end of 
reperfusion, the infarct size being equivalent to that observed in the control hearts: 32 ± 
2% compared to 30 ± 1% in control and wortmannin treated hearts respectively. The 
administration of wortmannin in addition to bradykinin abrogated the observed 
protection resulting from bradykinin perfusion at reperfusion: infarct size in the 
bradykinin treatment group being 22 ± 2%, increasing to 31 ± 2% when co
administered with wortmannin, an infarct size equivalent to that seen in the control 
hearts (p = 0.723).
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F ig u r e  7 .3 . B r a d y k i n i n  a t  r e p e r f u s io n  a t t e n u a t e s  i n f a r c t io n .

A dm inistration o f b radykin in  at reperfusion resulted in significant attenuation  in 

infarct size in eNOS W T hearts. The infarct sparing card iopro tective effect o f  

bradykinin was com pletely absent in the hearts from  eN O S KO mice.
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F i g u r e  7 .4 . A d m i n i s t r a t i o n  o f  SNAP a t  r e p e r f u s i o n  a t t e n u a t e s  i n f a r c t i o n .

The adm inistration o f the exogenous NO donor, SN A P, at the onset o f reperfusion  

results in significant attenuation o f infarction in the hearts eN O S KO mice, 

m im icking the protection o f  bradykinin  adm inistration in the hearts o f eNOS WT 

mice.
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F i g u r e  7 .5 . In f a r c t  s p a r in g  e f f e c t  o f  b r a d y k in in  is  a b r o g a t e d  b y  w o r t m a n n i n .

The P I3 kinase specific inhibitor, w ortm annin, had no effect upon infarction  when 

adm inistered alone at the onset o f reperfusion. C o-adm inistra tion  with bradyk in in , 

resulted in the abrogation  o f the protection conferred  by bradyk in in  upon the 

reperfused heart against necrotic dam age.
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7.2.2. Reperfusion salvage: coronary flow rate.

The data from the coronary flow measures are summarised in figures 7.6-7.8. As 
bradykinin appears to mediate an infarct sparing effect though PI3 kinase and the 
upregulation of eNOS activity, an expected corollary was the improvement of post- 
ischaemic coronary flow. As summarised in figure 7.6, bradykinin had no impact on 
the coronary flow in eNOS KG hearts, which in turn was significantly lower than that 
observed in the eNOS WT hearts (p < 0.001). Unexpectedly however, bradykinin 
failed to impact upon eNOS WT control coronary flows, with flow rates equivalent to 
those seen in WT control hearts (p = 0.363). The administration of exogenous nitric 
oxide with SNAP significantly increased the coronary flow rate in the knockout hearts 
compared to the wild type hearts over the duration of the reperfusion period (figure 7.7, 
p < 0.001), to a rate equivalent to that observed in both WT control and WT bradykinin 
groups (versus WT control, KO SNAP, p = 0.280). The possibility of a reperfusion 
coronary flow ceiling was not explored here, but the data may suggest that damage to 
the vasculature occurs during the ischaemic period that is not amenable to reperfusion 
injury salvage agents.
The administration of wortmannin, either on its own or in conjunction with bradykinin, 
had a small, but significant, detrimental effect upon coronary flow during the 
reperfusion period (summarised in figure 7.8, versus WT eNOS control hearts, p < 
0.001 and p = 0.019 respectively for wortmannin plus bradykinin and wortmannin 
alone groups). The possibility that this is mediated through attenuation of basal eNOS 
activity was not explored.
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F i g u r e  7 .6 .  B r a d y k i n i n  d i d  n o t  i m p r o v e  r e p e r f u s i o n  v a s c u l a r  f u n c t i o n .

Hearts from eN O S KG animals had significantly worse reperfusion coronary flow  

rates compared to hearts from eNO S WT animals (p < 0 .001 ). The adm inistration  

o f  bradykinin had no protective effect against coronary dysfunction measured as a 

function o f  flow , (n = 6 to 9 per group.)
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F i g u r e  7.7. A d m i n i s t r a t i o n  o f  SNAP i m p r o v e s  eNOS h e a r t  c o r o n a r y  f l o w .

The administration of SNAP at the onset of reperfusion to hearts of eNOS KG 
animals resulted in significant improved coronary flow rates (p = 0.012), which 
were equivalent to those seen in the hearts of eNOS WT animals (SNAP versus 
eNOS WT control, p = 0.978). (n = 6 to 9 per group.)
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F i g u r e  7 .8 . W o r t m a n n i n  r e s u l t s  in  a  m o d e s t  r e d u c t i o n  o f  c o r o n a r y  f l o w .

The administration of wortmannin at reperfusion resulted in a modest but 
significant reduction of reperfusion coronary flows compared to the respective 
non-wortmannin treated group (control versus wortmannin, p = 0.019; bradykinin 
versus bradykinin + wortmannin, p = 0.004). Coronary flows in wortmannin 
treated hearts remained, however, significant greater than that found in hearts of 
eNOS KG mice (p = 0.038). (n = 6 to 9 per group.)
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7.2.3. Reperfusion salvage: contractile function.

Contractile function was monitored throughout the study as previously described. The 
functional data in figures 7.9-7.12 are presented as a percentage of the individual 
heart’s baseline function prior to ischaemia, and thus confounding factors such as 
variable myocardial weight are accounted for. As in previous studies using this model 
of ischaemia/reperfusion injury, there was significant stunning recorded in the hearts. 
As seen in figure 7.9, contractile recovery in the hearts from control wild type and 
knockout mice was equivalent (p = 0.460).

7.2.3.1 Does bradykinin mediate protection against contractile dysfunction?

As summarised in figure 7.10, bradykinin mediates a modest but significant 
improvement in post-ischaemic contractile function (p = 0.050), concomitant with the 
infarct sparing effect observed in the hearts of eNOS WT mice.
In eNOS KO mice (figure 7.11), despite no evidence of infarct size limitation resulting 
from bradykinin administration at reperfusion, there was a significant reduction of 
contractile dysfunction resulting from bradykinin infusion at reperfusion (versus 
control, p < 0.001). This result may allude to disparate pathways between preservation 
in contractile function and infarct limitation hitherto unknown. The administration of 
SNAP to these KO hearts also results in a significant improvement in contractile 
function (versus control, p < 0.001), equivalent to that observed in the bradykinin 
treated group (p = 0.483).

7.2.3.2 Is the reduction o f contractile dysfunction mediated by PI3 kinase?

As seen in section 7.2.1, infarct size limitation appears to be mediated by the activity of 
PI3 kinase; inhibition of PI3 kinase activity abrogated the infarct sparing effect. 
Unexpectedly therefore, the administration of wortmannin appeared to have no impact 
upon the contractile recovery triggered by the administration of bradykinin (figure 
7.12). Compared to the WT control hearts, hearts perfused at reperfusion with both 
bradykinin and wortmannin had a modest but significant improvement of contractile 
recovery (p = 0.046), comparable to that observed with bradykinin alone. The 
administration of wortmannin in isolation at reperfusion resulted in a non-significant 
improvement in contractile function compared to control hearts (p = 0.062).
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F i g u r e  7.9. C o n t r a c t i l e  r e c o v e r y  i n  c o n t r o l  WT a n d  KO h e a r t s .

Contractile recovery was poor in both WT and KO hearts; no significant difference 
was determined between groups (p = 0.460), (n = 6 to 9 per group.)
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F i g u r e  7 .1 0 . B r a d y k i n i n  i m p r o v e d  c o n t r a c t i l e  d y s f u n c t i o n  i n  W T  h e a r t s .

The administration of bradykinin at reperfusion resulted in a modest, but 
significant improvement in the measured contractile function (p = 0,050). (n = 6 
to 9 per group.)
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F i g u r e  7.11. B r a d y k i n i n  a n d  SNAP r e d u c e d  c o n t r a c t i l e  d y s f u n c t i o n  i n  KO h e a r t s .

Unexpectedly, bradykinin resulted in a significant improvement of contractile 
recovery in eNOS KO hearts, independently of a reduction of infarction (p < 
0.001). A similar reduction of contractile dysfunction was observed in SNAP 
treated KO hearts compared to KO control hearts (p < 0.001), but was also 
concomitant with an infarct sparing effect (figure 7.4). (n = 6 to 9 per group.)
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F i g u r e  7 .1 2 . W o r t m a n n i n  d o e s  n o t  a t t e n u a t e  b r a d y k i n i n -c o n t r a c t i l e  r e c o v e r y .

Wortmannin administration resulted in a modest improvement in post-ischaemic 
function compared to control hearts, but the trend was not significant (p = 0.062). 
Wortmannin administration to bradykinin treated hearts failed to attenuate the 
contractile recovery associated with bradykinin administration (versus control, p =
0.046; versus the bradykinin group, p = 0.483). (n = 6 to 9 per group.)
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7.3. Discussion.

The data presented in this chapter represent a number novel findings, and these are 
discussed below.

7.3.1. Reperfusion salvage with bradykinin.

In this study, there is a clear demonstration that bradykinin, when administered at 
reperfusion, results in a significant and robust attenuation of infarct size in the hearts 
from eNOS wild type mice. Conversely, no protection was observed in eNOS 
knockout mouse hearts subjected to an identical ischaemia/reperfusion protocol. 
Therefore bradykinin directly mediates infarct limitation via a mechanism that appears 
reliant upon the activity of eNOS. These data may therefore provide evidence and a 
mechanism by which drugs that attenuate the breakdown of bradykinin in the 
extracellular milieu may have significant benefit in reducing reperfusion injury. Indeed 
the administration of an angiotensin converting enzyme inhibitor (ACE inhibitor) 5 
minutes prior to reperfusion has been found to be significantly protective against 
infarction^^^ and contractile d y s f u n c t i o n ^ ^ g  eNOS WT mouse hearts, protection that, 
as found here with bradykinin, was absent in the hearts of eNOS KO animals.^^^ In a 
separate recent study, angiotensin II type 1 receptor antagonists and angiotensin 
converting enzymes have been shown to be cardioprotective against contractile 
dysfunction via a mechanism sensitive to blockade by HOB 140, a bradykinin B2 
receptor agonist.^^^  ̂Therefore the bradykinin signalling system may be a powerful tool 
for the attenuation of ischaemia/reperfusion injury both experimentally and clinically.

7.3.2. Nitric oxide donors mimic bradykinin reperfusion salvage.

Given the controversy surrounding the potential detrimental^^!’ versus advantageous 
effects of nitric oxide^^ -̂ 7̂2 upon cellular systems, a potentially advantageous effect of 
nitric oxide donors at reperfusion may not appear to be an ideal ischaemia/reperfusion 
injury salvage agent. However, based on evidence of the augmentation of nitric oxide 
generation in the myocardium in the reperfusion period (figure 7.1), nitric oxide at 
reperfusion was hypothesised to be beneficial. Initial observations in eNOS wild type 
versus eNOS knockout mouse hearts appear to support a role for nitric oxide in 
attenuating reperfusion injury. The data presented here, with the administration of 
SNAP at reperfusion is the first demonstration of exogenous nitric oxide having a direct 
anti-infarct effect upon the myocardium when administered at the moment of 
reperfusion. Interestingly, similar findings have been documented following the 
administration of another nitric oxide donor, FK409, whereby FK409 has been shown
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to reduces myocardial CK release, and improve coronary vascular flows and contractile
function.3^2

Given the widespread use of nitrates in the context of cardiovascular disease, and 
following acute myocardial infarction, it is perhaps surprising that no cardiovascular 
morbidity or mortality advantages have been found with intravenous nitrates. Two large 
scale studies conducted in the early nineties, GISI-3353 and I S I S - 4 , f a i l e d  to 
demonstrate any advantage following successful thrombolysis. The reasons for this are 
not clear, but the most likely explanation being the time of administration relative to the 
restoration of blood flow to the area at risk in the ischaemic myocardium following 
successful thrombolysis. The NO donor administered in this study was present from 
the onset of reperfusion; nitrate therapy in the GISI-3 and ISIS-4 trials could be started 
up to 24 hours after hospitalisation, potentially missing the therapeutic window for 
reperfusion salvage with nitrates. Interestingly, small scale clinical trials performed 
prior to the advent of widespread clinical application of thrombolysis in the management 
of acute myocardial infarction were more favourable with respect to nitrate therapy. In 
these studies, nitrates were commenced upon admission to hospital; reperfusion was 
dependent upon spontaneous revascularisation, and therefore nitrates were present in 
the coronary circulation at the time of myocardial reperfusion.^^^-^^^ Whilst other 
explanations exist for the disparity in results and mechanisms of protection observed, it 
may be appropriate to re-assess the role of nitrates in the context of reperfusion in acute 
myocardial infarction.
Furthermore, by effectively bypassing the endogenous eNOS-nitric oxide synthesis 
system, the administration of exogenous NO donors at reperfusion may have potential 
advantages over mechanisms that involve the upregulation of eNOS activity. In patient 
based studies, patients at risk of, or who have recently suffered from acute coronary 
infarction appear significantly more likely to have eNOS polymorphisms (G - > T 
polymorphism in exon 7 of the gene which encodes a Glu— > Asp amino acid 
substitution at residue 298 of eNOS).360 Such a polymorphism may adversely effect the 
nitric oxide generation resulting from activation of bradykinin mediated pathways, and 
therefore potentially limit the clinical effectiveness of such therapies.

7.3.3. The involvement of wortmannin in reperfusion salvage.

The data presented in this report clearly demonstrates that the infarct sparing effect of 
bradykinin administration is reliant upon the activity of the pro-survival PI3 kinase 
pathway; the benefit of infarct limitation with bradykinin administered at reperfusion is 
completely abrogated with the administration of the PI3 kinase inhibitor, wortmannin. 
Immediately downstream of PI3 kinase is PKB/Akt. Akt has numerous targets in the 
cellular death cascade, that include the Bcl-2 family member, Bad. Bcl-2 related
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proteins comprise a family that are closely involved in the initiation and regulation of the 
apoptotic programme.52 Pro-apoptotic family members, Bax and Bid, promote the 
release from mitochondria of both cytochrome-c^^ and, in neurones and myocytes, the 
precursor protease, pro-caspase-9.^'^ Cytochrome-c binds with the adapter protein, 
Apaf-1 to activate caspase-9 and bind to form the apoptosome.^^ Anti-apoptotic family 
members, Bcl-2 and Bcl-X^, inhibit the release of cytochrome-c and the activation of 
caspase-9 by Apaf-1 respectively.^^ Bad plays an important regulatory role. 
Constitutively active, it dimeiises and inactivates both Bcl-2 and BcI-Xl.^^ However, 
Akt dual phosphorylates Bad, inactivating the protein, and enabling Bad to bind to a 
chaperone protein 1 4 - 3 - 3 .Therefore, with Bad inactivated, Bcl-2 and Bcl-XL are 
enabled to exert their anti-apoptotic function. There are further targets of Akt including 
caspase-9^^ and the Forkhead family of proapoptotic gene transcription f a c t o r s ^ ^  and of 
direct relevance to the present study, eNOS.^^ 2̂9,26i. 262

The evidence presented in the study so far appears to support the original 
bradykinin/nitiic oxide hypothesis of reperfusion salvage’ (section 7.1.4); protection 
against infarction is abrogated by both wortmannin and by the absence of eNOS, 
therefore bradykinin, through the activation of PI3 kinase, presumably leads to the 
phosphorylation and activation of eNOS via the catalytic activity of Akt.

7.3.4. Bradykinin mediated preservation of contractile function.

The contractile recovery data appear to allude to an interesting dichotomy between the 
signalling pathways preventing cell death and those attenuating myocardial stunning 
resulting from an ischaemia/reperfusion insult. However, the results need to be 
interpreted with some caution; the experimental model used in this investigation is not 
optimised for the monitoring of contractile function. There are a number of reasons for 
this: (0 global ischaemia and reperfusion in the mouse heart is associated with 
significant stunning (sections 4.2 and 4.3), making extrapolation to other experimental 
models difficult; (if) the duration of reperfusion is short- monitoring of myocardial 
stunning should ideally be performed over a number of days; and (Hi) the method of 
monitoring contractile function via isometric contraction with a linear force transducer 
may not be a good measure of left ventricular free wall function. With these limitations 
in mind, the current study proffers two interesting findings:

1. bradykinin mediates contractile recovery, even in the absence of eNOS (an 
observation not reflected in the recent paper of Yang et al with ACE inhibitors, 
using mean arterial pressure as the only measure of function, failed to demonstrate 
any benefit in function in either eNOS WT and KO mice^^s);

2. bradykinin mediated contractile recovery occurred independently of the PI3 kinase 
RISK pathway.
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In order to validate these data, the experiment requires repetition in a functionally 
appropriate model before any definitive conclusions can be made, but as a preliminary 
result and observation, it appears to suggest that infarct limitation and resistance to 
myocardial stunning are mediated via separate signalling pathways.

7.4 Cardioprotection and clinical therapies

The current data provides a testable hypothesis for the mechanism of action of 
ischaemia/reperfusion injury salvage agents, namely that reperfusion salvage can be 
elicited via activation of the PI3 kinase/ Akt pathway and the upregulation of eNOS. 
Based upon this novel hypothesis, drugs that have already of proven benefit and are 
currently used in the management of cardiovascular disease may be re-examined in the 
context of ischaemia/reperfusion injury. Of particular interest are drugs, based on the 
observation of the benefits of bradykinin at reperfusion, that increase the bioavailability 
of this peptide by attenuating its metabolic breakdown, namely ACE and NEP 
inhibitors.3^1’ More recently, HMG CoA reductase inhibitors, currently used in the 
clinical management of hypercholesterolaemia in patients at risk of coronary vascular 
disease, have been demonstrated to increase eNOS activity through upregulation of PI3 
kinase.363’ 6̂4 Therefore, HMG CoA reductase inhibitors may of significant benefit in 
the management of acute myocardial infarction to reduce myocardial necrosis and 
improve post-ischaemic contractile function. Further basic and clinical research is 
required into this phenomena.
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Chapter 8. Nitric oxide and mitochondria.

8.1. Introduction.
In chapters 5, 6 and 7, nitric oxide has been shown to have significant cardioprotective 
properties, lowering the preconditioning threshold in early ischaemic preconditioning, 
mediating the protective effect of delayed pharmacological preconditioning as well as 
demonstrating an association with bradykinin mediated reperfusion salvage. However, 
the mechanisms by which these infarct sparing effects are observed remain 
undetermined. One potential target however could be the mitochondria. Myocardial 
mitochondria are sensitive to ischaemia and reperfusion mediated injury. Ischaemia is 
associated with mitochondrial swelling, progressive amorphism, disruption and loss of 
cristae, and reduction of matrix volume.2-6 In turn, reperfusion is associated either with 
resolution of the ultrastructural changes associated with reversible myocyte injury,^ or 
with considerable mitochondrial accumulation of c a l c i u m ^ ^ - i ?  associated with 
irreversible injury. Calcium entry into mitochondria appears to be closely linked with 
the opening of the non-specific mitochondrial transition pore (or permeability transition 
pore, F T P ) , 3 6 5  an event associated with the release of cytochrome-c (and possibly pro- 
caspase-9^'^) from the inter-membrane space into the cytosoP^^ with subsequent 
activation of cell death cascades through binding to Apaf-1 and activation of caspase- 
9.366

Nitric oxide has been demonstrated to have a direct influence upon mitochondrial 
function. As an inhibitor of the electron transport chain (reversibly binding to the heme 
a3 component of cytochrome-c oxidase/ complex IV367-370) reduces oxygen 

consumption by the mitochondria. This attenuation of oxygen consumption has been 
demonstrated in whole tissue under normoxic conditions,371, 372 grid may provide a 

potential beneficial protective mechanism during sustained ischaemia, particularly in 
terms of increasing the diffusion distance from arterioles and modifying 
mitochondrial respiration in response to altering oxygen tension.373 This increase in 

diffusion distance is mediated by modulation of mitochondrial respiration: where the 
tension is highest near the arteriole, so is the nitric oxide concentration. Thus, up 
take in the immediate vicinity of the vessel wall is reduced- increasing O2 tension distal 
from the vessel in computer models examined.373 Exogenous nitric oxide has also been 

shown to influence the FTP open probability by attenuating reperfusion triggered 
calcium loading of the mitochondria,374 and thus maintaining the FTP in a closed 

state.280 Additionally, recent work has suggested that mitochondrial calcium overload 
may be abrogated by the opening of the mitochondrial channel,2S5,375  ̂ putative 

end effector of the preconditioning phenomenon, whose opening is associated with
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card iopro tection .Nitric oxide has been linked to an increase of mitochondrial 
channel open probability.286 it is therefore attractive to hypothesise that the 
cardioprotective effects of nitric oxide are potentially mediated through the alteration of 
mitochondrial function and the attenuation of calcium overload during reperfusion, 
possibly via a direct effect upon the mitochondrial channel.
Curiously, whilst there is evidence for nitric oxide acting upon and interacting with the 

mitochondria, surprisingly little evidence exists to support the nitric oxide/ 
mitochondrial hypothesis of myocardial infarct size hmitation, although some data do 
exist linking the clinical therapeutic exogenous nitric oxide donor, glyceryl trinitrate and 
the mitochondrial channel with improved post-ischaemic functional recovery and 
attenuated lactate dehydrogenase (LDH) release.287
Therefore, the aim of this study was to determine whether nitric oxide interacts with 

mitochondria, and whether the cardioprotective effects of nitric oxide are mediated via 
the mitochondrial K̂^̂ p channel.

Phase 1.
Electron immuno cytochemistry was performed to determine the subcellular location 
and distribution of the NOS isoforms following a preconditioning stimulus.

Phase 2.
To determine whether nitric oxide has a direct effect upon mitochondria, exogenous 
nitric oxide was administered to isolated rat mitochondria loaded with the membrane 
potential sensitive probe, tetramethyl rhodamine methyl ester (TMRM), and the 
effect of Kj ĵp channel blockade determined.

Phase 3.
Hearts were perfused with buffer containing the nitric oxide donor, SNAP (2 pM) to 

elicit an infarct sparing effect. To elucidate whether this protection was mediated via 
the mitochondrial channel, the selective mitochondrial channel blocker, 5 

hydroxydecanoate (5-HD) was co-administered with the nitric oxide donor.
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8.2. Phase 1: Electron immunocytochemistry.
To determine the patterns of cellular induction and distribution of nitric oxide synthase 
following a preconditioning stimulus, hearts were examined 24 hours following a 
pharmacological trigger. Delayed phase pharmacological preconditioning was studied 
because nitric oxide synthesis was found to be an essential component for mediating the 
protection observed, and furthermore, both eNOS and iNOS proteins were 
demonstrated to be upregulated (figure 6.7). Therefore, consistent with the protocol 
used in chapter 6, mice were treated with a selective adenosine receptor agonist, 
CCPA (protocol, figure 8.1; 25 mg/kg, /v), 24 hours prior to harvesting the hearts and 
perfusion with paraformaldehyde based fixative (method described in section 3.11).

8.2.1. Pattern of iNOS induction.

In control hearts, minimal iNOS expression was observed in the myocardium of mice 
pre-treated with the saline vehicle. As shown in figure 8.2.A, no iNOS expression is 
evident in the myocytes, although surprisingly, basal expression of iNOS was evident 
in the endothelium of the micro vasculature (arrowed). Other investigators have also 
demonstrated low-level basal expression of iNOS in the myocardium of naive mice,230. 
254 although the cellular location of the this synthase in these circumstances had not 
previously described. Whether it is conceivable that iNOS has a role to play in the 
normal physiology of endothelium remains to be determined, but it is conceivable that 
iNOS may contribute to the regulation of O  ̂ consumption by mitochondria, thus 
increasing diffusion distances under circumstances of low O2 tension,573 but with non
specific pharmacological techniques this may be difficult to elucidate.
Preconditioning resulting from transient activation of Aj receptor activation results in a 
marked upregulation of iNOS protein expression. In contrast to control hearts, iNOS 
can now be found in myocytes, with electron dense aggregates found localised to 
mitochondrial outer membrane and to the intercalated discs (figure 8.2.B). The 
subcellular localisation of iNOS to mitochondria may be an artefactual finding arising as 
a consequence of the peroxidase immuno cytochemistry technique employed; iNOS 
does not possess the N-terminus protein region that enables eNOS and nNOS to be 
compartmentahsed within the cell.239-24i Thus, iNOS is freely soluble, and would 
therefore be found unbound in the cytosol. Nonetheless, the product of iNOS activity, 
nitric oxide, could have a close functional relationship to the mitochondria of the 
myocyte as the diffusion distance from the cytoplasm to the mitochondria is small. 
Interestingly, iNOS induction is also observed in the endothelium of the 
micro vasculature (figure 8.2.C), perhaps serving to preserve microvascular function in 
the delayed phase of preconditioning.
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F ig u r e  8.1. T r e a t m e n t  a n d  h e a r t  is o l a t io n  p r o t o c o l .

Conscious adult mice were treated to a pharmacological preconditioning regime 
comprising the adenosine receptor agonist, CCPA. 24 hours later, the animals 
were anaesthetised and the hearts harvested. The aorta cannulated with a 21 gauge 
needle through which fixative was infused as a slow (5 minute) bolus in 
preparation for electron immuno cytochemistry.

Administration 
of 25 mg/kg 

CCPA

24 hours

Euthanasia and 
heart isolation

Heart fixed with 
slow bolus of 

fixative for 
electron 

immunochemistry
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F i g u r e  8 . 2 .A .  E l e c t r o n  m i c r o g r a p h : I N O S  s t a i n i n g  in  c o n t r o l  h e a r t s .

M ice were adm inistered with a saline vehicle bolus 24 hours prior to eu thanasia  

and harvesting o f the heart. These control hearts were fixed and prepared and  

stained for iNOS as described in section 3.11. 12,000x m agnification electron  

m icrograph is show n below.

A bbreviations used in figure:

M yo: m yocyte;

M : m itochondria;

Epi: epithelial cell;

BM : basem ent m em brane.

In this control heart, very little basal iNOS staining was observed, with m inim al 

basal expression in the vascular endothelium  (arrow ed), and none in the m yocytes.
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F ig u r e  8.2.B. E l e c t r o n  m ic r o g r a p h : INOS st a in in g  a f t e r  C C PA .

Prior to harvesting the hearts, p reparing and staining for iNOS, the m ice were 

‘p rec o n d itio n e d ’ with a bolus o f 25 pg/kg CCPA 24 hours earlier. E lectron  

m icrograph (below ) is at 10,000x m agnification.

A bbreviations used in figure:

M : m itochondria.

IC D : intercalated disc.

M yo: m yocyte.

Follow ing pharm acological p reconditioning, significantly  greater expression o f  

iNOS was observed in the m yocardium . U nlike contro l hearts, iNOS is now fo u n d  

expressed in the m yocytes. iNOS appears to aggregate tow ards the m itochondria  

and the IC D  (arrow ed). G iven the lack o f N -term inal coding o f  the iNOS protein to 

enable sub-cellu lar localisation, this is likely to be artefactual, secondary  to the 

peroxidase staining m ethod used, but may alternatively  indicate a functional 

relationship  betw een iNOS activity and the m itochondria.

a

*Myo r'H
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F igure  8.2.C . Elec tr o n  m ic r o g r a ph : INOS staining  after  C C PA .

Low er m agnification view o f iNOS staining in a slice from  a C C F A -precond itioned  

heart (6000x).

A bbreviations used in figure:

M : m itochondria.

N: nucleus.

C a : coronary arteriole.

As found in control hearts, iNOS is also expressed in the endothelium  (arrow ed) o f  

the m icrovasculature. The functional role that iNOS is perform ing is undeterm ined, 

but it m ay conceivably  be altering the O 2 d iffusion d istance through nitric o x id e ’s 

ability  to reversib ly  inhibit cytochrom e-c oxidase/ com plex IV activity.

%
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8.2.2 Pattern of eNOS induction.

The basal expression of eNOS in control hearts in the slices imaged (figure 8.3.A) was 
considerably lower than anticipated based upon the Western blot analysis (figure 6.7) 
and reports in the l i t e r a t u r e . ^ ^ o ,  254 xhe reasons for this apparent failure of the antibody 
stain are unclear, and for better interpretation of the sub-cellular localisation of eNOS 
these electron micrographs need to be repeated, but were not available at the time of the 
submission of this thesis. One potential problem relates to the distribution of eNOS in 
the myocardium; it is h e t e r o g e n e o u s , ^54 with more eNOS staining in the epicardial 
myocardium then the endocardium; the low eNOS staining in these electron 
micrographs may be as a result of a samphng error. Unfortunately, low eNOS signal 
makes interpretation of the eNOS electron immuno cytochemistry difficult. In the 
control hearts, where electron dense eNOS binding has occurred, it is predominantly in 
the endothelium of the microvasculature. Practically no staining is observed in the 
myocytes; the electron densities near the peripheries of the image (figure 8.3.A) are 
probably not related to myocyte expression of eNOS.
Preconditioning with CCPA 24 hours previously resulting in a modest increase in 
eNOS binding (figure 8.3.B). A number of electron densities are found in association 
with the endothelium, and with the mitochondria of myocytes. However, given the 
problem associated with the staining in these hearts, no definitive conclusions are 
therefore drawn.

8.2.3. D iscussion.

Pre-treatment with CCPA elicited a significant increase of iNOS expression in the 
endothelium and the myocyte. The apparent association of iNOS to mitochondria is 
likely to be artefactual, although iNOS expression in the cytosol represents a short 
diffusion distance for nitric oxide from the inducible synthase to the mitochondrion. 
There is a suggestion that a similar process occurs with eNOS, although the immuno 
cytochemistry results were disappointingly inconclusive. The evidence does however 
suggest a plausible hnk between nitric oxide synthases, nitric oxide and mitochondria 
that requires further investigation.
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F i g u r e  8.3.A. E l e c t r o n  m i c r o g r a p h :  ENOS s t a i n i n g  in  c o n t r o l  h e a r t s .

M ice were adm inistered with a saline vehicle bolus 24 hours prior to eu thanasia  

and harvesting o f the heart. These control hearts were fixed and prepared  and 

stained for eN O S as described in section 3.11. 4 ,000x m agnification  electron 

m icrograph is shown below.

A bbreviations used in figure:

M : m itochondria;

C a: coronary arteriole.

In this control heart, very little basal eNOS staining was observed, with m inim al basal 

expression in the vascular endothelium  and m yocytes.
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F ig u r e  8.3.B. E l e c t r o n  m ic r o g r a p h : ENOS st a in in g  a e t e r  C C PA .

Prior to harvesting the hearts, p reparing and staining for eNOS, the m ice were 

‘p reco n d itio n ed ’ with a bolus o f 25 pg/kg CCPA 24 hours earlier. E lectron  

m icrograph (below ) is at 4 ,000x m agnification.

A bbreviations used in figure:

M : m itochondria.

Epi: epithelial cell o f the vascular endothelium .

Follow ing pharm acological precondition ing , greater expression o f  eNOS was 

observed in the m yocard ium  (arrow ed). Som e eN O S aggregates are observed 

adjacent to m yocyte m itochondria.
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8.3. Phase 2. NO and mitochondrial membrane potential

(A\|/m).

As demonstrated in section 8.2, the subcellular localisation of nitric oxide synthase 
(particularly iNOS) following preconditioning appears to couple the enzyme to within 
an extremely short diffusion distance of mitochondria. This potentially implicates a 
functional relationship between nitric oxide and mitochondria following preconditioning 
stimuli. To determine whether nitric oxide has a direct effect upon mitochondria and 
specifically the mitochondrial channel independently of cellular signalhng
cascades, the effect of exogenous nitric oxide administration upon isolated mitochondria 
was determined. channel opening has previously been associated with
mitochondrial membrane depolarisation, as determined by the measurement of or 
flavoprotein auto-fluorescence.^^^ Therefore, determination of mitochondrial membrane 
potential (Ai|/̂ ) change associated with the administration of exogenous nitric oxide and 
the effect of selective channel blockers upon nitric oxide’s relationship with A\\f  ̂
would therefore implicate nitric oxide as a channel modulator. Thus this result 
would provide new insight into the action of nitric oxide as a cardioprotective agent and 
its interaction with the putative end-effector of preconditioning.
To study the effect of nitric oxide upon mitochondria, mitochondria were isolated as 
described in section 3.10. Following confirmation of normal respiration and the effect 
of respiratory chain uncoupling (section 3.10.2.2), the mitochondria were then 
incubated with incremental concentrations of nitric oxide to form a dose/response curve 
with respect to A\j/̂ , and the effect of the administration of the selective mitochondrial 
K̂ PP channel blocker, 5 hydroxydecanoate (5-HD) determined (protocol, figure 8.4).
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F i g u r e  8 .4 . SNAP a n d  i s o l a t e d  m i t o c h o n d r i a .

Mitochondria were isolated as detailed in section 3.10, and normal respiration 
confirmed by the influences of electron chain uncoupling as described in section
3.10.2.2. Aliquots where then briefly incubated with SNAP at concentrations 
ranging from 0.01 to 10 pM. Membrane potential was then assessed by flow 
cytometry over 15,000 events. Each concentration was repeated in triplicate to 
ensure reproducible results.
Once an optimal concentration of SNAP was determined, as defined by maximal 
membrane depolarisation, the mitochondria were incubated with this concentration 
of SNAP in conjunction with the K^tp channel blocker, 5-HD (100 pM). A further 
group of mitochondria were incubated with 5-HD alone, and the membrane 
potential compared with control mitochondria that were incubated with the 
membrane potential dye alone.

Phase 1

TMRM + 
Respiratory 

buffer

2 minutes 
incubation Determination of 

► A v,m

Addition of SNAP at doses 
of 0.01 |iM to 10 pM

Phase 2

TMRM +
Respiratory

buffer

2 minutes 
incubation Determination of 

► Ai|f,m

Addition of SNAP (1 pM) + 
5-HD and 5-HD alone
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F ig u r e  8.5. SNAP a n d  m i t o c h o n d r ia l  AY« d o s e  r e s p o n s e .

The effect o f increasing concentrations o f SNAP upon m itochondria l m em brane 

potential was determ ined. SN A P concentrations o f up to 1 pM  resulted in 

significant depolarisation o f m itochondria, w hilst at higher doses SN A P resulted in 

m itochondrial hyperpolarisation  (*p < 0.05).
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F i g u r e  8 .6 . 5 -H D  a b r o g a t e s  SNAP i n d u c e d  d e p o l a r i s a t i o n .

To determ ine w hether the depolarisation  o f m itochondria w ith low dose SNAP was 

dependent upon the opening o f the K^tp channel, m itochondria  w ere co -incubated  

with 1 pM  SN A P and 5-HD. 5-H D  abrogated the m em brane potential change 

associated with SN A P adm inistration, whilst 5-H D  on its own had no effect upon  

A\|/m.

>
D
W)
Ca
o

13 • ̂
a(U4—*o
a .
<D
ccd
;-i

S
(U

3.0

2.5

2.0

1.5 

1.0 

0.5 

0.0

-0.5

- 1.0

-1.5

- 2.0

-2.5

-3.0

*

control SNAP 1 SNAP -b 5-HD 5-HD

Robert M. Bell 210



Chapter 8

F ig u r e  8 .7 . T M R M  f l u o r e s c e n c e  r a w  d a t a .

This figure show s representative results from  the flow  cytom eter, dem onstrating the 

event/fluorescence data from  the isolated rat m itochondria  experim ents. In A, 

CCCP resulted in rapid and near com plete depolarisation  o f the m itochondria, as 

show n by the left-shift o f the fluorescence curve. 1 laM SN A P (B), also resulted in 

m itochondrial depolarisation, although the left-sh ift is m odest. H igher 

concentrations, the m itochondria tended to hyperpolarise , as seen w ith 10 gM 

SN A P in C. In D, the effect o f 5-H D  adm inistration is show n- the depo larisa tion  

associated w ith SN A P I gM adm inistration is abrogated.

A. CCCP 1 gM B. SNAP 1 |iM

150 150 -1

0 0

TMRM Fluorescence TMRM Fluorescence

C. SNAP 10 gM D. SNAP 1 |iM  + 5-HD

150 I 150

,1 ,2 ,3 ,40 0 10 10 10 10

TMRM Fluorescence TMRM Fluorescence

Control, prior to drug Q  Post drug therapy
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8.3.1. Results.

Incremental concentrations of SNAP resulted in a bi-modal membrane potential 
response, with a reversal concentration of 1 pM SNAP (figure 8.5). With 
concentrations of less than or equal to 1 pM, there was a modest, but significant drop of 
membrane potential compared to control mitochondria (1.51 ± 0.02 mV to 1.71 ± 0.02 
mV associated with 0.01 and 1 pM SNAP respectively, versus controls, p = 0.024 and 
p = 0.023). At concentrations greater than 1 pM, the mitochondria were found to 
significantly hyperpolarise (1.76 ± 0.02 mV, 2.21 ± 0.01 mV and 1.88 ± 0.01 mV at 
SNAP concentrations 2, 5 and 10 pM respectively, with p values of 0.020, 0.007 and
0.015).
The depolarisation associated with lower concentrations of SNAP was found to be 
sensitive to the administration of the mitochondrial channel blocker 5-HD, with 
complete attenuation of membrane potential change associated with 1 pM SNAP in the 
presence of 5-HD, whilst 5-HD on its own had no effect upon the membrane potential 
(figure 8.6, 149.85 ± 0.395, 150.19 ± 0.43 and 149.85 ± 0.15 mV in control, SNAP 
plus 5-HD and 5-HD alone groups, and is also shown figuratively in figure 8.7). Thus, 
the membrane potential change associated with low dose SNAP therefore appears to be 
mediated via the mitochondrial channel.

8.3.2. D iscussion.

Exogenous nitric oxide applied to isolated mitochondria has a direct effect upon 
mitochondrial membrane potential, an effect that is bi-model and concentration 
dependent. This result appears to suggest a direct effect of nitric oxide upon the 
mitochondria, as the isolation/washing process removes second messenger systems 
associated with the sarcolemma and the cytosol. The depolarisation effect observed with 
the lower concentrations of nitric oxide appears sensitive to blockade by 5-HD, 
suggesting that the nitric oxide mediated effect upon the mitochondria is mediated by 
opening of the channel, and appears consistent with the literature demonstrating 
that K^yp channel opening is associated with a lowering of the membrane potential. '̂^  ̂
Thus it is attractive to postulate that cardioprotective low dose nitric oxide is mediated 
via the mitochondrial K .̂jp channel.
Higher dose nitric oxide (released from SNAP at concentrations greater than 1 pM) is 
associated with membrane hyperpolarisation. Whilst not investigated here, previous 
reports have suggested that hyperpolarisation of mitochondria is associated with the 
induction of apoptosis by triggering the release of cytochrome-c, '̂ '̂^ suggesting a 
potential mechanism whereby high dose SNAP resulted in lost cardioprotection in 
Langendorff hearts (section 5.2.4) compared to low dose SNAP. The dose/response
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curves for cardioprotection in whole hearts and for membrane potential are not identical. 
In whole hearts (figure 5.5), the optimal concentration of SNAP to imbue 
cardioprotection is 2 îM, a dose that, in isolated mitochondria triggers membrane 
hyperpolarisation. Mitochondrial hyperpolarisation maybe associated with toxic 
respiratory chain inhibition and later membrane potential collapse. The disparity 
between the whole organ and the mitochondrial isolate is likely to be secondary to 
diffusion distance of nitric oxide from the microvasculature to the myocyte 
mitochondrion. As nitric oxide has a notably short half life (typically less than 2 
seconds, but dependent upon conditions), the nitric oxide concentration surrounding in 
situ mitochondria in the in-vivo heart will be less than the nitric oxide concentration 
found in the vessel itself. Where in isolated mitochondria 1 piM SNAP induces small 
membrane depolarisation and 2 hyperpolarisation, in the isolated heart the optimal 
cardioprotective concentration is 2 pM, one might speculate that the concentration at the 
mitochondria in isolated heart is 50% of that in the vasculature.
The modest changes of membrane potential are surprising. In context, the addition of 
GTP (50 pM), used a channel opener under the same respiratory buffer conditions 
resulted in a 14 ± 0.9% reduction of population fluorescence i n t e n s i t y . I n  
comparison, the change of fluorescence associated with I pM SNAP administration 
was 4 ± 0.5%, which represents approximately a third of the fluorescence change. The 
modest change in membrane potential associated with SNAP administration may have 
two explanations: (0 nitric oxide is a pure channel opener, with a modest efficacy 
compared to GTP. (//) Nitric oxide has other effects upon mitochondria other than a 
direct effect upon the mitochondrial channel. Indeed, as discussed at the beginning 
of this chapter, nitric oxide reversibly inhibits the respiratory chain at complex IV,370 as 
well as inhibiting complex I through the generation of peroxynitrite free radicals in rat 
heart.3'79 How such a modest mitochondrial membrane change as those associated with 
SNAP administration may imbue protection upon the myocyte, was not investigated in 
this series of experiments. In the present study, is used primarily as a marker of an 
“effect” upon mitochondria, and therefore no causal association with infarct size is 
drawn or demonstrated. Assuming that AT^ reflects mitochondrial function, then an 
explanation of the disproportionate effect of AT^ change upon cellular survival would 
be that a small change of membrane potential has a large effect upon the mechanisms of 
mitochondria. If this were the case, then mitochondrial membrane potential would 
require rigorous control to avoid instability of mitochondrial systems. In this study, 
under control conditions, resting mitochondrial membrane potential was 149.9 ± 0.4 
mV perhaps indicating the necessary tight control. The alternative (and possibly more 
likely) explanation is that membrane potential is an indirect and somewhat insensitive 
marker of other processes in the mitochondria. Thus, whilst nitric oxide administration 
may have significant effects upon the mitochondria, this is manifest as very modest
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changes of membrane potential. At the present time, it is unclear as to which potential 
explanation is correct, and warrants further investigation.
The results here and from section 8.2 appear to suggest that nitric oxide may have a 
functional relationship with the mitochondria. The following series of experiments were 
designed to determine whether opening of the mitochondrial channel mediates the 
cardioprotective effect of exogenous nitric oxide.
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8.4. Phase 3: nitric oxide and the mitochondrial K^tp channel.

From the evidence in the hterature implicating a role for nitric oxide regulating the 
function of mitochondria, possibly though a direct action upon the mitochondrial 
channel (sections 8.1 and 8.3), and evidence from electron immuno cytochemistry 
implicating a possible association between nitric oxide synthases and the mitochondria 
on a sub-cellular level (section 8.2), the aim of this study was to determine whether 
exogenous nitric oxide mediated its infarct-sparing cardioprotective effect via the 
modulation of mitochondrial channels.
Based upon the dose/response infarct resistance data prepared in chapter 5 (infarct size 
resistance associated with increasing concentrations of nitric oxide donor summarised in 
figures 5.5 and 5.6), the nitric oxide donor, S-nitroso N-acetyl DL penicillamine, 
SNAP, at the optimal infarct and functional sparing dose, 2 pM, was used. To 
determine whether the infarct sparing effect of nitric oxide is associated with the 
mitochondrial K̂ .pp channel, the mitochondrial selective mitochondrial channel 
blocker, 5 hydroxydecanoate, 5-HD,380.3Si was used at a concentration of 100 pM to 
determine whether the cardioprotective effects of exogenous nitric oxide would be 
blocked and therefore mediated via the modulation of the open probability of the 
channel.
Therefore, hearts were randomly allocated into one of four groups: control with normal 
Krebs Henseleit buffer (figure 8.8.A), buffer plus SNAP 2 pM (figure 8.8.B), buffer, 
SNAP 2 pM plus 5-HD 100 pM (figure 8.8.C), and buffer plus 5-HD 100 pM (figure 
8.8.D). The final group received 5-HD alone to determine whether the channel 
blocker had an effect upon infarct size resistance in naive hearts.

Robert M. Bell 215



Chapter 8

F ig u r e  8.8. P r o t o c o l  f o r  is c h a e m ia / r e p e r f u s io n .

To determ ine w hether nitric oxide donors m ediated their protection via a m echanism  

that is reliant upon the m itochondrial K^tp channel, hearts were perfused  in one o f 4 

groups.:

A: control; hearts perfused with norm al Krebs H enseleit buffer.

B: SNAP; 2 gM SNAP was added to the perfusate and was present th ro u g h o u t 

the perfusion protocol.

C: SNAP + 5-HD: 2 gM  SNAP -f- 100 gM  5-HD w ere added to the perfusate, and 

present throughout the perfusion

D: 5-HD: 100 gM 5-H D  added to the perfusate and present th roughou t the 

perfusion  protocol.

Prim ary end point in the study was infarct size. Secondary  functional m easures 

w ere also m onitored.

A

Control
stablisation

20 min

ischaem ia

35 min

reperfusion

30 min I
B

2 |liM  s n a p

SNAP + 5-HD

D
5-HD I

Determination of 
infarct size
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Table 8. Chapter 8: M orphom etries and baseline figures.

No significant differences in body or heart weights were observed between the groups. No 

significant difference in baseline resting tension was determined. Group B, the SNAP treated 

group, had significantly greater resting coronary flow than that observed in the other groups (* 

p < 0.001 versus control and 5-HD treatment groups); this increased coronary flow was not 

observed in the 5-HD co-treatment group, suggesting that the K^tp channel blocker attenuated 

the vasodilatory effects of SNAP.

Group Body weight Heart weight Coronary flow Resting tension 
(grams) (grams) rate (ml.min^) (grams)

A: Control 24.75 ± 0.31 0.163 ± 0.004 2.41 ± 0.14 1.21 ± 0.15
(n = 7)

B: SNAP 25.13 ±0.57 0.160 ± 0.004 3.77 ± 0.15* 1.04 ± 0.04
(n = 6)

C: SNAP 25.15 ±0.52 0.170 ±0.006 2.52 ±0.16 1.08 ± 0.04
+5-H D
(n = 6)

D: 5-HD 25.55 ±0.80 0.164 ±0.011 2.66 ± 0.14 1.07 ±0.05
in = 5)
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8.4.1. Results.

The morphometries of the animals used in the study are summarised in table 8. No 
differences in either body or heart weight were observed in the four groups studied. 
Baseline functional parameters were also equivalent, although the baseline coronary 
flow was higher in the SNAP treated hearts, an increase that was abrogated by the co
infusion of the channel blocker, 5-HD. 5-HD had no independent effect upon 
baseline coronary flow rates.

8.4.1.1. Nitric oxide limits infarction via mitochondrial K^jp channels.
As found in previous studies (section 5.2.4), the administration of 2 pM SNAP resulted 
in significant attenuation of infarct size compared to that observed in control hearts 
(figure 8.9; control: 32± 3% SNAP: 17 ± 4%, p = 0.004). In hearts where SNAP was 
administered in the presence of the mitochondrial channel blocker, 5-HD, the 
protection against myocardial infarction was abrogated, with the infarct size increasing 
to 38 ± 3% (p = 0.214 versus control). 5-HD on its own did not influence infarct size 
(36 ± 3%). These results suggest that infarct limitation is mediated by a mechanism 
sensitive to blockade with 5-HD, and thus point to a potential role of mitochondrial 
K̂ PP as an effector mechanism of nitric oxide mediated cardioprotection,

8.4.1.2. Nitric oxide improves post-ischaemic function.
SNAP administration throughout the perfusion protocol resulted in a modest, but 
significant improvement in post-ischaemic function (figure 8.10; mean post-ischaemic 
recovery in controls and SNAP treated groups were, respectively, 2.64 ± 0.34% and 
4.47 ± 0.37%, p < 0.001). The administration of the mitochondrial channel 
blocker, 5-HD, abrogated this functional improvement (mean functional recovery, 3.33 
± 0.38%, p = 0.147 versus control and p = 0.021 versus SNAP treated group). 5-HD 
administered on its own had no influence upon contractile recovery (mean function, 
2.29 ± 0.22%, p = 0.918 versus control). Thus, nitric oxide mediates post-ischaemic 
contractile functional recovery that, as with infarct sparing, is also sensitive to the 
administration of 5-HD.
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F ig u r e  8.9. S N A P  c a r d io p r o t e c t io n  is  b l o c k e d  w it h  5-HD.

Administration of 2 |iM SNAP was significantly cardioprotective resulting in 
attenuation of infarct size. This protection was completely abrogated in the 
presence of the mitochondrial channel blocker, 5-hydroxydecanoate. 5-
hydroxydecanoate had no detrimental effect upon infarct size when administered 
to hearts in isolation.
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F i g u r e  8.10. P o s t - i s c h a e m i c  C o n t r a c t i l e  r e c o v e r y .

2 pM SNAP resulted in a significant increase in post-ischaemic contractile recovery 
compared to the control group (p < 0.001). The addition of the mitochondrial K^tp 
channel blocker, 5-HD (100 pM) abolished this improvement in function, (n = 5 
to 7 per group.)
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8.4.2. Discussion.

As found in section 5.2.4, exogenously administered nitric oxide results in significant 
attenuation of myocardial infarction and contractile dysfunction. The mechanisms by 
which nitric oxide may mediate protection have not been previously elaborated upon, 
and the data presented here indicate for the first time a hnk between nitric oxide infarct 
limitation and the mitochondrial channel. The results demonstrate that the 
cardioprotective effects (both in terms of contractile function preservation and infarct 
limitation) of nitric oxide administration are abrogated by the co-administration of the 
mitochondrial selective channel blocker, 5-HD.
The data contained within this chapter therefore provide evidence of a hnk between 
myocardial preconditioning, nitric oxide generation, mitochondrial channel
opening by nitric oxide, and cardioprotection. Delayed preconditioning, as 
demonstrated in chapter 6 is closely associated with the synthesis of nitric oxide. The 
subcellular localisation of induced iNOS as a consequence of transient adenosine Aj 
receptor activation clearly shows that nitric oxide generated by nitric oxide synthase has 
a very short diffusion distance to the mitochondria, providing biological plausibihty to 
the hypothesis that nitric oxide may mediate protection by modulating the respiratory 
functions of this organelle. This hypothesis is strengthened further from the results 
obtained from isolated mitochondria (section 8.3) where nitric oxide causes a dose 
dependent bi-modal membrane potential change. channels have been associated 
with cardioprotection (as described in sections 1.6.2.2 and 1.6.3.2) and with 
mitochondrial membrane d e p o l a r i s a t i o n . ^ ^ ô  Interestingly, the depolarisation caused by 
the administration of 1 piM SNAP is blocked by 5-HD implicating that the reduced A\j/̂  
is mediated by channel opening. In the absence of second messenger systems in 
this isolated mitochondria preparation, it appears that nitric oxide is capable of acting 
directly, modifying mitochondrial function. Examining the role of nitric oxide and its 
potential interaction with the channel in the isolated, Langendorff perfused mouse 
heart model of ischaemia/reperfusion, the data summarised here in section 8.4.1 
demonstrate that the protective, anti-necrotic effects of nitric oxide upon the heart are 
abrogated by the channel blocker, 5-HD. Thus this provides further evidence for 
the link between nitric oxide and mitochondria. The mechanisms by which channel 
opening imbues protection requires further investigation; mitochondria is just one of 
many potential targets of nitric oxide that may imbue the heart with resistance against 
infarction (discussed in section 1.7.7.2).
Potential schema of preconditioning and nitric oxide mediated protection:

increased diffusion of nitric ^
P reconditioning-►  cytosolic nitric -►  oxide to opening o Cardioprotection

oxide synthase mitochondria ^ ^
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Chapter 9. Summary, conclusions and future directions.

The primary aim of the studies contained within this thesis was to determine the role of 
nitric oxide as a signalling moiety in mediating myocardial protection. In this thesis, the 
investigation centred on the forms of receptor activated endogenous myocardial 
protection so far discovered, namely, early preconditioning, delayed preconditioning as 
well as protection against reperfusion injury.

9.1. Summary of findings:

9.1.1. eNOS lowers the threshold of preconditioning

Hitherto, studies using pharmacological inhibitors of eNOS activity have failed to 
demonstrate any contribution of nitric oxide to early ischaemic preconditioning. Given 
evidence of the ability of agents released into the cellular milieu by transient ischaemia 
to translocate and phosphorylate eNOS, these results are surprising. The data presented 
in this thesis demonstrate a clear shift of the ischaemic preconditioning dose-response 
curve to the left in the presence of eNOS; preconditioning eNOS knockout hearts 
requires more repeated cycles of ischaemia to trigger a similar level of infarct resistance. 
The studies contained within this report are, we believe, the first to demonstrate a 
beneficial link between eNOS and early ischaemic preconditioning.

9.1.2. Exogenous nitric oxide mediates cardioprotection

The transient administration of nitric oxide has previously been demonstrated to trigger 
a preconditioning-like response, but the cardioprotective properties of nitric oxide 
donors, present throughout the duration of ischaemia and reperfusion, were 
undetermined. In this thesis, it was demonstrated that exogenous nitric oxide mediates 
significant cardioprotection in a dose-responsive fashion (infarct to risk zone ratio = 
20.74 - 7.55*Log([SNAP]), significantly correlated, with a coefficient of r̂  = 0.941). 
Equally, resistance to post-ischaemic contractile dysfunction was also mediated in a 
similar dose-responsive manner. A further novel finding of this study was the 
demonstration that there appears to be a clear dose threshold beyond which the 
beneficial infarct limiting effects are lost. Whilst the 'supra-protective’ concentrations of 
nitric oxide donor examined in this report resulted in infarct sizes what were no greater 
than that found in control hearts, this is the clearest demonstration thus far of the 
benefit/ detriment character of nitric oxide with relation to cell survival.
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9.1.3. Nitric oxide synthesised by eNOS mediates delayed 

pharm acological protection

Previous reports investigating the role of nitric oxide in delayed ischaemic or 
monophosholipid-A triggered preconditioning have emphasised the pivotal role of 
iNOS in the paradigm of protection. Contrary to these reports, low dose CCPA (25 
mg/kg), was found to mediate cardioprotection via a mechanism that also involves the 
novel upregulation of eNOS. As in previous investigations, CCPA triggered 
cardioprotection was found to be dependent upon the synthesis of nitric oxide as non
specific nitric oxide inhibitors were seen to attenuate the protection observed. 
Moreover, the infarct size reduction could be demonstrated to be mimicked by the 
administration of a nitric oxide donor.

9.1.4. eNOS activation by PI3 kinase/Akt mediates reperfusion salvage

The ability to salvage myocardium from the consequences of lethal ischaemic injury is a 
goal that has eluded cardiologists for many years. The exact mechanisms by which it 
may be possible to protect the myocardium at reperfusion are unknown, but the 
hypothesis that the PI3 kinase/Akt pathway plays a pivotal role in this form of 
protection is new and has been the basis of a number of studies in our laboratories. 
Furthermore, as Akt has been demonstrated to phosphorylate and activate eNOS, it was 
hypothesised that reperfusion protection may be dependent upon nitric oxide synthesis. 
In this thesis, one of the known activators of PI3 kinase, namely bradykinin, was 
examined when administered at reperfusion. The protection observed was found to be 
reliant upon the presence of eNOS, and thus nitric oxide was found be critical to the 
induction of infarct resistance. That protection against infarction could also be observed 
following the administration of a nitric oxide donor at reperfusion strengthens the link 
between nitric oxide and reperfusion salvage.

9.1.5. Mitocbondria is a target of nitric oxide

As a potential signalling moiety, nitric oxide has cellular targets that effect the resistance 
to cell death. Some investigators have demonstrated that nitric oxide may impact directly 
upon anti-apoptotic cascades, whilst others have imphed a potential interaction with 
mitochondria, and specifically the putative end-effector of preconditioning, namely the 
mitochondrial channel. Electron immunocytochemistry established the biological 
plausibility of a link between nitric oxide synthase sub-cellular localisation, nitric oxide 
synthesis and mitochondria. In isolated mitochondria, nitric oxide could be 
demonstrated to alter membrane potential at nitric oxide concentrations that were 
previously demonstrated to be cardioprotective. The membrane depolarisation appeared
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consistent with mitochondrial channel opening, and could be attenuated by the
administration of mitochondrial channel blocker, 5-HD, In the absence of second
messenger systems, this would suggest that nitric oxide has a direct effect upon 
mitochondrial function. Returning to whole hearts subjected to ischaemia/reperfusion, 
the cardioprotection resultant from exogenously administered nitric oxide was totally 
abrogated with the administration of 5-HD, again supporting the link between 
preconditioning, nitric oxide synthesis and mitochondrial channels.

9.1.6. Conclusions:

Nitric oxide synthases have been demonstrated to be involved in all forms of 
cardioprotection. The role of eNOS in particular was found to be far more involved in 
myocardial resistance than hitherto thought, contributing to the preconditioning 
threshold, mediating with iNOS delayed pharmacological preconditioning, and proving 
essential for reperfusion salvage. The product of nitric oxide synthase activity, nitric 
oxide, was demonstrated to mediate resistance to injury, with the protection observed 
closely correlated to its concentration. Therefore it would appear that nitric oxide is an 
important signalling moiety in both preconditioning protection and reperfusion salvage. 
That there is a concentration of nitric oxide beyond which cardioprotection is lost is a 
significant observation for the clinical use of nitric oxide donors, where nitric oxide 
concentrations are not determined.
With the demonstration of nitric oxide having a direct impact upon mitochondrial 
function, and that mitochondrial K^^p channel blockers attenuate nitric oxide elicited 
protection, also suggest this to be an important mediator of cellular protection. 
Therefore, the following schema are proposed:

1. Nitric oxide hypothesis of preconditioning:

increased diffusion of nitric ^
Preconditioning -►  cytosolic nitric -►  oxide to -►  opening o Cardioprotection

oxide synthase mitochondria ^ ^

2. Nitric oxide hypothesis of reperfusion salvage:

eNOS Increased
Bradykinin PI3 kinase dissassociation from g N % % ity

at _  and Akt sarcolemmal caveoli myœardial
 ̂ and resistance to

reperfusion activation , , , . . , oxide . .
^ phoshphorylation by , . infarction

Akt
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9.2. Clinical implications.

As a number of therapeutic agents used in the management of patients with 
cardiovascular disease may influence directly or indirectly tissue concentrations of nitric 
oxide, the data contained in this thesis may have profound implications with regard to 
future potential clinical management of acute coronary syndromes.

9.2.1. Nitrate therapy.

Use of nitrates in the management of acute coronary syndromes is primarily one of 
anginal symptom control. The implication that nitrates may be directly cardioprotective 
is important, as is the observation that the concentration of nitrate donor that elicits 
maximal cardioprotection is only a third of the dose that is associated with loss of 
protection implying a narrow therapeutic index. As clinical nitrate therapy is not 
monitored, the opportunity of inducing myocardial preservation in these patients may 
not be realised.
Nitrates in current clinical usage could be used to reduce the preconditioning threshold 
prior to surgical coronary interventions, mediate cardioprotection during acute 
myocardial ischaemia, and even be used as a reperfusion injury salvage agent in its own 
right. However, controlled clinical studies need to be undertaken if this observation is 
to be proven. Furthermore, given the evidence that nitric oxide therapy may have a 
narrow therapeutic index, it may be prudent to use drugs that upregulate endogenous 
synthesis of nitric oxide, such as bradykinin, to avoid potentially deleterious effects of 
nitrate therapy. One example of one such class of agent currently clinically available 
would be the angiotensin converting enzyme inhibitors.

9.2.2. Cardiovascular drugs that upregulate eNOS activity.

Agents that upregulate eNOS activity may be classified into two categories: drugs that 
activate PI3 kinase indirectly and drugs that activate PI3 kinase directly. Agents that fall 
into the first group include those agents that increase bradykinin in the extracellular 
milieu, such as angiotensin converting enzymes and neutral endopeptidase inhibitors. 
These agents would be expected to be found (and in some instances have already been 
shown) to lower the preconditioning threshold, mediate increased resistance to cell 
death if present during ischaemia, and result in attenuated infarction when administered 
at reperfusion. Similarly, drugs that can activate PI3 kinase directly, such as HMG CoA 
reductase inhibitors may be anticipated to posses similar qualities. As yet this has not 
been explored, but may go some way to explain the benefits of these lipid lowering 
drugs beyond their ability to lower cholesterol. Again, further basic and clinical
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research needs to be undertaken to demonstrate and prove or disprove these hypothesis
in the context of ischaemia/reperfusion injury.

9 .4. Further investigations.
9.4.1. Early preconditioning

• The relative contribution of nitric oxide and free radicals synthesised by eNOS in 
the paradigm of early ischaemic preconditioning.

• Can low dose exogenous nitric oxide lower the early preconditioning threshold?

• Is the preconditioning threshold in female mouse hearts different from that in male 
mouse hearts?

9.4.2. Delayed preconditioning

• Determination of whether differential regulation of p38 MAPK and p42/p44 ERK 
occurs following Aj receptor activation compared to cytokine/endotoxic induction of 
delayed protection.

• As nitric oxide synthesis mediates delayed preconditioning, with evidence that nitric 
oxide concentrations are at their greatest at reperfusion (figure 7.1), might delayed 
protection be mediated via a mechanism of reperfusion injury salvage as found in 
chapter 7?

• Further characterisation of eNOS in delayed pharmacological preconditioning. Is 
eNOS required during the trigger phase of protection, or during the mediator phase 
during the ischaemia/reperfusion insult?

9.4.3. Mechanisms o f exogenous nitric oxide protection and injury.

• Is the deleterious effects of high dose exogenous nitric oxide mediated through the 
induction of apoptosis? Is the mitochondrial hyperpolarisation observed with nitric 
oxide administration associated with FTP opening and cytochrome-c release?

• Would the clinically used nitric oxide donor, glyceryl trinitrate, in whole animal 
model of ischaemia/reperfusion injury mimic the cardioprotection observed with 
SNAP.

• What influence of blood products upon the nitric oxide/cardioprotection dose- 
response curve,

• What effect has vascular nitrate tolerance have upon nitric oxide mediated 
cardioprotection?
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9.4.4. Reperfusion injury salvage.

• Determination of the mechanisms by which nitric oxide mediates infarct reduction.

• Do cardiovascular drugs that activate PI3 kinase also result reperfusion injury 
salvage? Therefore, do HMG CoA reductase inhibitors have this effect?
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Appendix 1. Infarct measurement macro programme.

{Infarct Area Calcuation Macro file:
Copyright (c) 1998 Rob Bell, Hatter Institute, UCL 
Planimetry for the Mouse Myocardium version 1.2 (April)

1. Import the video image of the myocardial slice into NIH Image, and convert it to 
grayscale if imported as a colour picture.
2. Load the Infarct size Macro.

Select one of the planimetry tools from the special menu:
Standard mode: single pixel resolution 
Auto-estimation mode 
Variable resolution mode 

In Variable resolution mode, select the pixel resolution; the areas with be calculated 
over a square with a edge length of n pixels where n = your pixel resolution. If 1/2 or 
more of the square is at or above threshold then the whole square is added to the area. If 
below threshold, the square will be ignored. For best results, use a pixel resolution of 2 
to 3. If you want a pixel resolution of 1, use the standard mode, as it is more rapid.

Select a background filter threshold: this will ignor lighter shades in the background, 
but is advisable to manually 'clean' the image prior to running the macro for best 
results.
The image will then be replicated, and total area of the myocardial slice calculated 

excluding ventricular cavities, if present.
3. In autoestimate mode, the computer will make a first pass planimetry estimate. The 
area estimation is performed in 2x2 pixel resolution mode. This threshold can 
subsequently manually modified at the appropiate prompts.
4. In the other modes, from the replicated image use mouse cursor and click on a part of 
the image to select the density threshold from which area calculations will be made. Put 
the mouse pointer on the darker viable areas as on the rephcated image, the area 
corresponding to viable (darker) tissue stained with tetrazohum will be shaded in a 
contrasting colour, and the area calculated. The area of infarction is derived from the 
subtraction of viable tissue from the total slice area.
5. If not satisfied of result of shading, the area can be recalculated.
6. Enter calibration: the number of pixels per square millimetre.
7. The calibration,total slice area, area infarcted and the slice's I/R ratio will then be 
displayed. A square at the bottom right hand comer of the image corresponds to one 
square milhmetre to the appropiate scale. If in variable resolution mode, the resolution 
selected will also be displayed.
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8. The macro has been completed. 

}

procedure cleverthreshold; 
var
kounter,q:integer;

begin
beginhistogram: = 255; 
endhistogram: = 255; 
gethistogram(0,0,320,240); 
for kounter: = 1 to 254 do begin 
q: = histogram[kounter]; 
if q > 1 then begin 
endhistogram: = kounter; 
end;

if beginhistogram = 255 then begin 
if q > 1 then beginhistogram: = kounter; end; 

end;
threshold: = 1.3993 ̂ endhistogram-169.64; 
select: = true; 

end;

procedure thresholdfromarea; 
var
kounter,q,harea,max:integer;

begin
harea: = getnumber('Enter estimated infarct area:', 1000);
kounter: = endhistogram+1;
repeat
kounter: = kounter-1; 
q: = q+histogram[kounter] ; 
if q > max then begin 
max: = q;
peakhistogram: = kounter; 
end;
until q > harea; 
threshold: = kounter+1;
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end;

procedure selectthreshold; 
var
x,y:integer;

begin
select: = true;
putmessage('Please move your mouse pointer and select threshold from image.');
paste;
wait(.25);
repeat
getmouse(x,y); 
threshold: = getpixel(x,y)-l; 
until button; 

end;

procedure Area(x,y:integer); 
begin 
karea: = 0; 
p: = getpixel(x,y); 
if select then begin 
if p > threshold then karea: = 1; end; 
end;
if select = 0 then begin 
if p < threshold then karea: = 1 ; end; 
end;
if p = threshold then karea: = 1; end; 

end;

procedure shadearea; 
var
x,y:integer;

begin
for x: = 1 to width do begin 
for y: = 1 to height do begin 
area(x,y);
iarea: = iarea+karea; 
if karea = 1 then begin
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putpixel(x,y,(abs(180-p))); 
if X  < px then px: = x; end; 
if X  > pwidth then pwidth: = x; end; 
if y < py then py: = y; end; 
if y > pheight then pheight: = y; end; 
end; 

end; 
end;
pheight: = pheight-py; 
pwidth: = pwidth-px; 

end;

procedure blockarea(n); 
var
x,y,jarea,c,d:integer;

begin
for X :  = (px/n) to (pwidth/n+1) do begin 
for y: = (py/n) to (pheight/n+1) do begin 
jarea: = 0;
for c: = 1 to n do begin 
for d: = 1 to n do begin 
area((x-1 )*n+c-1 ,(y-1 )*n+d-1 ) ; 
jarea: = jarea+karea; 
end; 
end;
if jarea > (n*n/2-l) then begin 
jarea: = n*n; 
for c: = 1 to n do begin 
for d: = 1 to n do begin
putpixel((x-1 )*n+c-1 ,(y-1 )*n+d-1 ,(abs( 180-p))) ;
end;
end;

end else begin 
jarea: = 0; 
end;
iarea: = iarea+jarea;

end;
end;
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end;

procedure calculateslicearea; 
begin
select: = true;
threshold: = getnumber('Enter background threshold',50); 
shadearea; 

end;

procedure results; 
begin
moveto(0,10);
setfontsize(18);
setforegroundcolor(255);
settext('bold, underline');
wiiteln(title);
writelnC);
setfontsize(lO);
settext('bold, no background');
writelnC Calibration = ',calibration:8:0,' pixels/mm2');
writelnC);
writelnC Area of slice = ',slicearea:8:0,' pixels or',(slicearea/calibration):8:2,'mm2'); 
writelnC ');
writelnC Area of Infarct = ',(slicearea-iarea):8:0,' pixels or',((slicearea-
iarea)/calibration) : 8:2,'mm2') ; 
writelnC ');
writelnC Slice I/R ratio = ',(100*(l-iarea/slicearea)):8:2,'%'); 
moveto(0,180);
writelnC Selected threshold = ',beginhistogram:4:0,' / ',threshold:4:0,' /
',endhistogram:4:0);
moveto(width-20,height-20) ;
lineto(width-20-sqrt(calibration),height-20);
lineto(width-20-sqrt(calibration),height-20-sqrt(calibration));
lineto(width-20,height-20-sqrt(calibration));
lineto(width-20,height-20);
end;

macro 'Planimeter {Auto-estimation mode} [A]'
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var

X , y,width,height,px,py,pwidth,pheight,calibration,threshold,karea,iarea,slicearea,p,pa
ss,beginhistogram,endhistogram:integer;
selectrboolean;
title:string;
begin
if npics < 1 then begin
putmessage('Please open a window and import an image.');
exit;
end;
GetPicSize(pwidth,pheight); 
makeroi(0,0,pwidth,pheight); 
getroi(x,y,width,height); 
width: = 320; height: = 240; 
title: = windowtitle; 
copy;
setnewsize(width,height);
makenewwindow('Infarct Size Analysis');
tile windows;
paste;
wait(0.25);
iarea: = 0;
px: = 0;

py: = 0; 
pwidth: = 0; 
pheight: = 0; 
calculateslicearea; 
slicearea: = iarea; 
pass: = 0; 
repeat 
iarea: = 0;
if pass = 1 then begin
threshold: = getnumber('Enter new threshold :',threshold);
end;
paste;
wait(.25);
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if pass = 0 then begin 
cleverthreshold; 
pass: = 1; 
end;
blockarea(2);
until getstringCEnter alternative threshold? (y/n)','n') = 'n'; 
calibration: = getnumber('Number of pixels per square mm ?',1560); 
results; 

end;
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