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Abstract

Stress Proteins and Myocardial Protection
Background: In the Western W orld acute myocardial infarction is the most common
cause of death in man. Although the mortality of this condition can be halved by
therapies designed to promote the return o f blood flow to jeopardised myocardium,
such treatments must be delivered promptly to be effective and save lives. Procedures
that slow the rate of ischaemic damage to the heart will increase the time window
available for effective therapy and may thereby be capable of modifying the outcome
following acute myocardial infarction.
Aim:
This thesis examines the potential of cardiac stress proteins to attenuate
and delay ischaemic and other injury to the myocardium.
Methods:
The stress protein content of rabbit myocardium was elevated either by
whole body heat stress, short episodes of regional ischaemia or mechanical stress. The
accumulation of myocardial stress protein 24 hours after each stress was confirmed
by densitometric assessment of Western blots. Differing stresses and models relevant
to the pathophysiology of cardiac ischaemia and reperfusion were examined. These
included hypoxia/reoxygenation and calcium depletion/repletion in the isolated
superfused papillary muscle and Langendorff heart, as well as regional ischaemia in
the in-situ heart. The endpoints were contractility and infarct size.
Results:
Myocardium with a pre-elevated stress protein content was in most
instances more resistant to injury than control myocardium, with the resistance to
hypoxia/reoxygenation being related to the content of the 72kDa stress protein. Stress
proteins elevated by either whole body heat stress or short episodes of regional cardiac
ischaemia were equally effective at reducing infarct size.
Conclusions: The myocardial stress response may offer a future therapeutic avenue
capable of favourably influencing the outcome following acute myocardial infarction
and preserving viable myocardium during cardiopulmonary bypass and organ
preservation prior to transplantation.
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1 Myocardial Ischaemia and Infarction
1.1 The Importance o f Attenuating M yocardial Ischaemic Injury
In the Western world acute myocardial infarction is the most common cause
of death in men. In England and Wales during 1990, 90,000 deaths were caused by
acute myocardial infarction (OPCS 1991) approximately 20% of the total all age
mortality (DoH 1992). The treatment of acute myocardial infarction is no longer
simply supportive, awaiting the complications of ischaemic injury: but has entered a
new era where the mortality of acute myocardial infarction can be approximately
halved by thrombolytic agents and aspirin (ISIS-2 Collaborative Group 1988), with the
greatest benefit seen in those treated aggressively soon after the onset of symptoms
(Gusto 1993). The lack of a reduction in mortality when thrombolytic treatment is
administered late is most likely due to the fact that the prolonged coronary occlusion
has resulted in such severe necrosis of the myocardium that little benefit can be
derived by restoring blood flow (Reimer and Jennings 1979). Any intervention that
could delay the onset of necrosis could extend the effective time window for
thrombolysis. Hence, the widespread use of thrombolytic therapy has increased the
need to understand the mechanisms involved in ischaemic myocyte death and acted
as an impetus to discover new ways of delaying such injury.
The purpose of this thesis is to determine if a group of proteins, known as the
heat shock or stress proteins, offer such potential and are capable of attenuating or
delaying myocardial injury. The rationale for examining the myocardial benefits of
stress protein induction is discussed in detail in the later part of this chapter after a
brief overview of the pathophysiology and assessment of myocardial ischaemia.

2 Pathophysiology of Myocardial Ischaemia
Myocardial ischaemia can be defined as a reduction in coronary flow that is
so severe that supply of substrates and washout of metabolites is insufficient to meet
the needs of the tissue. The important consequences of this are initially a reduction
in myocardial contractility with a progression to myocardial cell death if ischaemia is
severe and prolonged.
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2.1 Myocardial Contractility During Ischaemia
2.1.1 Immediate Contractile Failure
When coronary flow is reduced there is an almost immediate reduction in the
amplitude of myocardial contraction. Such immediate contractile failure occurring in
the first seconds of ischaemia, is secondary to the loss o f the stretching effect that an
"inflated" coronary vasculature has on the myocyte (Koretsune et al 1991), the so
called garden-hose effect.

2.1.2 Early Contractile Failure
Beyond the first few seconds of ischaemia contractility is reduced by a number
of metabolic and ionic changes occurring within the myocyte (see Poole-Wilson 1992
for review). Lack of oxygen results in a fall in tissue pOz, a cessation of aerobic
(mitochondrial) ATP production, and the accumulation of inorganic phosphate and
magnesium. At least initially, inorganic phosphate is derived from the hydrolysis of
creatine phosphate, creatine not being recharged by the creatine phosphate shunt. The
accumulation of inorganic phosphate has a direct inhibitory action on the contractile
proteins and reduces the free energy available from ATP hydrolysis, whilst magnesium
probably competes with calcium for the calcium specific binding sites on troponin C.
These processes account for the early contractile failure during the first 30 seconds to
1 to 3 minutes of ischaemia (Allen and Orchard 1987).

2.1.3 Late Contractile Failure
During the next few minutes of ischaemia further changes occur that reduce
the strength of contraction.
Glycolysis is initially stimulated, largely as result o f AMP and inorganic
phosphate increasing the activity of phosphofructokinase, the rate limiting control
enzyme of the glycolytic pathway (Opie 1992a, Opie 1992b). Since mitochondrial
metabolism is inhibited by the fall in tissue p 0 2 , the end products of enhanced
glycolysis are not converted to CO 2, and therefore lactate and protons accumulate.
During ischaemia, the lack of metabolite washout therefore results in proton and
lactate build up and an inhibition of glycolysis by its end products. In contrast during
high flow hypoxia where flow continues, glycolysis is not inhibited and may continue
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stimulated several hundred fold compared to baseline aerobic conditions. This situation
will continue indefinitely if glucose is present in the perfusion fluid, and if not, until
tissue glycogen is depleted, since contractile function is supported by glycolytically
derived ATP (Weissler et al 1968). The accumulation of protons during ischaemia acts
to reduce the affinity of troponin C for calcium (Blanchard and Solaro 1984) causing
further loss of contractile function.

In addition the opening of ATP sensitive

potassium channels is associated with potassium efflux which hyperpolarises the cell,
reduces the length of the plateau phase of the action potential, and thereby may reduce
transarcolemmal calcium entry. This scenario is however difficult to reconcile with the
fact that systolic and diastolic cytosolic calcium actually increases during early
ischaemia (Poole-Wilson 1992).

2.1.4 The Onset of Contracture
After approximately 10-15 minutes of ischaemia, ATP levels have fallen
sufficiently to prevent the detachment of myosin crossbridges by myosin ATPase
(Katz 1992a). This is compounded by the fact that co-operativity of crossbridge
formation occurs at low ATP levels (Ford 1991), so that for a given intracellular
calcium concentration, crossbridge attachment rates are increased. These effects result
in rigor crossbridge formation which causes tonic myocyte shortening, manifesting as
an increase in diastolic pressure in the isovolumic Langendorff heart, or an increase
in resting tension in isometric isolated muscle. The drop in ATP effects other ATP
dependant processes, most notably ionic gradients become disturbed as Na/K ATPase,
sarcolemmal Ca^^ATPase and sarcoplasmic Ca^^ATPase activities fall. The failure of
these ionic pumps results in an accumulation of calcium and sodium intracellularly
(Allen and Orchard 1987). The calcium accumulation further increases rigor
crossbridge formation and may additionally compromise mitochondrial function, since
mitochondria are freely permeable to calcium which flows down its electrochemical
gradient (Crompton et al 1988), predominantly when the mitochondrial proton gradient
is recharged upon reperfusion.
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2.2 Irreversible Ischaemic Injury and Reperfusion Injury
Beyond a certain critical timepoint the ischaemic injury to the myocyte
becomes irreversible, so that even if blood flow, with coincident supply of substrates
and washout of metabolites, is restored, there is no recovery. The critical change that
occurs within the myocyte that determines if it will survive or die upon reperfusion
is not known. The design of experiments to examine the critical changes that result
in myocyte death are comphcated by the fact that death can really only be determined
by the absence of contractile recovery and leakage of intracellular constituents
occurring upon reperfusion. However, reperfusion itself may exacerbate preceding
ischaemic injury and contribute to cell death, a concept referred to as reperfusion
injury (Opie 1989, Yellon and Downey 1990). As a result o f these difficulties the
concept of reperfusion causing cell death remains controversial despite a decade of
intensive investigation. The idea that reperfusion is capable of causing specific types
of sublethal myocardial injury such as stunning (contractile dysfunction) or
dysrhythmia are however generally accepted (Bolli 1990 and Opie 1989). W hilst the
appearance of other forms of injury upon reperfusion such as, enzyme release,
myocardial haemorrhage, sarcolemmal rupture, and contraction band necrosis, are
likely to reflect reperfusion triggered events occurring in myocytes or areas of
myocardium destined to die as a consequence of injury during ischaemia.
Nonetheless, certain biochemical changes occur within the myocyte that are
fairly specific to reperfusion. The readmission of oxygen causes the formation of
superoxide radicals, hydrogen peroxide, singlet oxygen and the hydroxyl radical
(Kukreja and Hess 1993). These species maybe o f importance in the genesis of
myocardial stunning (Bolli 1990) and reperfusion dysrhythmias (Hearse and Tosaki
1987). Myocardial calcium overload is also associated with reperfusion (Opie 1989).
This is largely a result of intracellular Na"^ and H^ accumulation during ischaemia.
Upon reperfusion, Na"^ accumulation leads to NaVCa^"^ exchange (Ca^^ in for Na"^ out)
and proton accumulation leads to Na^/H^ exchange (Na"^ in for H^ out). Thus,
inappropriately high intracellular Na^ levels are maintained despite extrusion by the
Na'^/K'^ ATPase which becomes active during reperfusion once ATP levels increase
(Allen and Orchard 1987). Hence, H^ accumulation during ischaemia indirectly
worsens the calcium overload upon reperfusion (Lazdunski et al 1985).
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2.3 What Determines Cell Death?
Cell viability during ischaemia is unlikely to be determined by a single factor,
for example although high energy phosphate content is a major determinant of ionic
changes during ischaemia, (either directly of via lactate accumulation), ATP
concentration alone does not necessarily reflect cell viability (see Opie 1992a for
discussion).
At the molecular level the changes occurring in key proteins during ischaemia
are even less fully understood. Cytoskeletal disruption has been described during
ischaemia and maybe a key feature of ischaemic injury, causing the appearance of
sarcolemmal blebs (Steenberg et al 1987). Such disruption may occur as a result of
changes within the proteins that constitute the cytoskeleton such as desmin, actin and
vinculin. Actin and desmin are sensitive to changes in pH and ionic environment,
acidosis tending to promote aggregation of these proteins together with alphaB
crystallin another cytoskeletal component (Bennardini et al 1992), in fact alphaB
crystallin aggregation has been proposed as a molecular marker of ischaemic damage
to the heart (Chiesi and Bennardini 1992). Other molecular changes include the
oxidation of protein thiol groups upon reperfusion, which may cause the specific
changes observed in the activity of the key branch point enzyme mitochondrial
carnitine palmitoyltransferase responsble for the shift away from free fatty acid as the
preferred substrate during ischaemia (Pauly et al 1991).

3 The Determinants of Myocardial Infarct Size
W hen the flow within a coronary artery ceases, the area of myocardium
supplied by that coronary artery is rendered ischaemic and the functional and
biochemical changes described above occur within the myocytes. Even if flow is
returned, a portion of the area of myocardium may still die and myocardial infarction
result. The amount of tissue that infarcts as a result of a transient occlusion is
determined by a number of factors.
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3.1 Volume at Risk
Intuitively for a given ischaemic insult, the degree of infarction will be a
function of the volume of tissue subjected to ischaemia. Hence, the ligation or
occlusion of a major coronary artery will result in a larger infarct than the occlusion
of a smaller coronary artery for the same period of time. From the experimental
viewpoint, since infarct size is directly proportional to the size of the ischemic zone
(Miura et al 1987) it is conventional to express the volume of infarct tissue, as a
percentage of the volume of tissue rendered ischaemic by coronary ligation (this
relationship becomes distorted when risk volumes are small see Chapter 7 Section 3.2.
The evaluation of such ratios of infarct to risk zone, reduces the variation in infarct
volume that would result from differences in coronary anatomy, and the exact position
of the coronary ligature from animal to animal.

3.2 The Duration o f the Ischaemic Insult
As the duration of ischaemia increases, the proportion of myocardium at risk
that progresses to infarction increases. Thus in the rabbit, (little or no coronary
collateral flow), at normal body temperature the percentage of the volume at risk that
progresses to infarction after a 30 minute coronary occlusion is approximately 50%
and this increases to 55% after a 45 minute,

68%

after a 60 minute and 85% after a

90 minute coronary occlusion (Maxwell et al 1989).

3.3 The Degree o f Collateral Flow
The severity of ischaemia can be attenuated if the volume of tissue at risk of
infarction is supplied by blood from more than one coronary artery. In this situation
coronary occlusion will not reduce myocardial blood flow to zero and a percentage
of normal resting flow will remain. The degree of coronary collateralisation will
determine what percentage of normal flow will continue in the volume of tissue at risk
during occlusion and becomes a critical determinant of infarct size. Within a particular
species, for a given duration of myocardial ischaemia, the higher the degree of
collateralisation the smaller the resulting infarct volume as percentage of volume at
risk (Miura et al 1987), ie collateral flow is inversely correlated to infarct size. In
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addition, as well as variations within a species, the degree of coronary collateralisation
varies between species, and may partially account for the inter-species variation in
suceptability to infarction (Maxwell et al 1987).

3.4 Metabolic Requirements o f the Ischaemic Tissue
Although the factors that determine myocyte death during ischaemia are poorly
understood, tissue ATP content is one of the factors thought to be of importance
(Jennings and Steenbergen 1985). Therefore any increase in myocardial oxygen
demand will tend to increase the relative severity of an ischaemic insult and sensitise
to infarction (Schaper and Schaper 1988). Myocardial oxygen demand is related to
cardiac work which in turn can be measured in terms of cardiac output (stroke volume
multiplied by heart rate) and mean aortic root pressure. In practise the contribution of
stroke volume is often ignored and rate pressure product is used to estimate cardiac
work. Conversely, agents which tend to reduce myocardial oxygen consumption such
as a reduction in myocardial temperature (hypothermia) or a cessation o f contractile
and electrical activity (cardioplegia) will attenuate the effects of ischaemia.
In addition, some areas of the heart seem to be particularly prone to ischaemic
damage. Thus in the canine heart (Reimer and Jennings 1979, Downey 1984)
infarction tends to start in the subendocardial region of the volume at risk and spread
progressively to the epicardium so as to ultimately cause transmural infarction as the
period of coronary occlusion lengthens.

4 Heat Stress and the Stress Response
All organisms respond at the cellular level to heat and other stresses by the
preferential synthesis of a group of proteins known as the stress or heat shock
proteins. The process whereby general protein synthesis is inhibited whilst the
synthesis of stress proteins is enhanced is known as the stress response. Studies have
demonstrated the importance of these proteins in both the stressed and the unstressed
cell, where they perform functions that seem essential to the maintenance of cell
viability. Recent interest in this group of proteins has grown with the recognition that
manipulation of stress protein content may enhance cell survival following injury. In
particular studies suggest that they may be capable of delaying ischaemic injury to the
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myocardium (see editorials anonymous 1991, Black and Lucchesi 1993) and offer a
possible future approach to increase the effective time window for thrombolysis. Before
reviewing the evidence that heat stress and the stress response alter resistance to
myocardial ischaemia, some of the general properties of stress proteins will be
discussed.

4.1 Historical Perspective
The earliest description of the effect of heat on gene expression was by
Goldschmidt (1935), who described developmental abnormalities, known

as

phenocopies within Drosophila heat stressed during embryonal development. The
genetic basis for these observations was indicated by the studies of Ritossa (1962,
1963,1964), a geneticist working in Naples. Ritossa reported that when Drosphila (D.
buskii or D. melanogaster) larvae incubated at 25°C, were exposed to temperatures of
30-32°C for 30 minutes several new puffs appeared on the giant chromosomes of their
salivary glands. He also reported that puffs visible prior to heat stress disappeared
following heat stress. In addition these changes were not confined to salivary tissue,
but were also visible in cells derived from hindgut and midgut. The heat shock puffing
pattern could also be induced by exposing excised salivary glands to elevated
temperatures, 2,4-dinitrophenol, sodium salicylate, sodium azide, dicoumarol or
reoxygenation following anoxia (Ritossa 1962). Later experiments with radioactive
nucleotide precursors showed that these heat induced puffs were sites of intense
transcriptional activity. Thus, several of the important features of the heat stress
response were with hindsight described in these early studies, namely that the
transcription of certain genes are specifically enhanced by heat stress whilst others (the
chromosomal puffs that disappear) are inhibited.
Tissières et al (1974) were later able to identify on polyacrylamide gels the
protein products, directed from the mRNA’s transcribed at the heat shock puff sites.
These investigators demonstrated seven new protein species following heat shock,
whereas many proteins, made constitutively before the stress was applied regressed,
and in some experiments disappeared altogether. Similar results were obtained from
different Drosophila tissues including, salivary gland, brain, Malpighian tubes and
wing marginal discs at several stages of development (Tissières et al 1974). Later
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work by Linquist-McKenzie et al (1975) demonstrated that following heat shock in
Drosophila-derived cells, polysomes (strings of ribosomes on mRNA) would disappear
rapidly and this would be followed by the build up of new larger polysomes. The
newly made RNA comprising these polysomes was of a size sufficient to code for
hsp70 and hybridized in situ to chromosomal DNA at the sites of the two largest
puffs. Spradling et al (1977), using a slightly different strategy demonstrated that
labelled RNA from cells grown at 25°C (normal temperature) hybridised with about
50 different chromosomal bands, whilst labelled RNA isolated from heat shocked cells
hybridized to 7 bands at a different location to the 50 previously seen. These seven
bands corresponded to the heat shock puffs. Moreover when the purified fraction of
such mRNA from heat shocked cells was added to an in vitro translation system, heat
shock proteins were translated (Linquist-McKenzie and Meselson 1977, Spradling et
al 1977, Mirault et al 1978). Taken together these experiments clearly indicated that
heat shock mRNA’s made at heat shock puff sites were translated into heat shock
proteins.

4.2 Defining the Terminology
To understand the possible protective benefits of stress proteins, a brief
description of their function is necessary. Constitutive stress proteins are expressed in
the basal, unstressed state, but will, by definition, be synthesized at higher levels
during stress. Alternatively, stress proteins may be exclusively inducible, being present
only in the stressed organism.
Stress proteins are grouped into families with differing functions (Linquist
1986, Welch 1990, Hightower 1991) and they are classified primarily according to
molecular weight (see table 1.1 for summary). Specifically, the stress protein families
include those in the range 100-200 kDa; 80-100 kDa; 70 kDa; 58-65 kDa; 25-30 kDa
and ubiquitin.

4.2.1 The lOO-llOkDa Stress Protein Family
This is probably the most poorly characterized group o f stress proteins. They
are present in most, if not all eukaryocytic cells and are located within the nucleolus
in both unstressed and heat stressed cells (Subjeck et al 1983, Sanchez and Linquist

Table 1.1: Stress Protein Families and Function

0)

I
.c
Ü

Family

Functions

100-11 OkDa

Poorly defined may be responsible for acquired thermotolerance in
yeast (Sanchez and Linquist 1990)
? Involved in nucleolar RNA processing (Subjeck et al 1983)

90kD a

Bind actin probably under calcium/calmodulin control (Koyasu 1989)
Transport molecules between organelles whilst maintaining structure (Kang et al 1990)
Able to promote correct protein refolding in vitro (Weich et al 1992)

70kD a

Inducible member most frequently used marker of stress response
Bind and hydrolyse ATP may promote protein folding (Flaherty et al 1990)
Post-translational protein import into mitochondria and
endoplasmic reticulum (Horwich 1990)

60kD a

Facilitate protein refolding in mitochondrial matrix (Osterman et al 1989)
Protect proteins from dénaturation (Martin et al 1992)

30kD a

Diverse group, antioxidant (Kim et al 1989) and
structural members (Chiesi and Bemnardini 1992)

Ubiquitin

Tags proteins for degradation (Hershko 1988)

Table 1.1: Summary of stress protein function according to molecular weight. See text for further details.
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1990). Their synthesis in rat soleus muscle can be enhanced by exercise as well as
heat stress (Locke et al 1990).
In terms of function, hspl04 is thought to be essential in some organisms in
conferring thermotolerance. For example, in yeast a mutation within the HSP104 gene
allows normal growth in the unstressed state but not at elevated temperatures (Sanchez
and Linquist 1990). The exact function of this family of proteins is at present
conjecture but they seem to be involved in ribosomal RNA processing since they can
be released by RNAase (Subjeck et al 1983).

4.2.2 The 90kDa Stress Protein Family
This family of constitutive proteins are highly conserved between prokaryotes
and eukaryotes (Bardwell and Craig 1987).
The 90 kDa family bind actin, a phenomenon that is modulated by both
calcium and calmodulin (Koyasu 1989). Their location is predominantly cytoplasmic
and they are thought to act as chaperones (Ellis 1990), being able to assist the
transport of molecules through their interaction with actin filaments whilst also
offering protection against inappropriate or premature molecular interactions. For
example the glucocorticoid receptor is found in two forms in the cell, a 7-1 OS inactive
form and a smaller 48 DNA-binding (active) form (Beaulieu 1987, Sherman and
Stevens 1984). In the absence of an appropriate agonist the receptor is inactive (the
heavier 7-lOS form) and bound to actin via hsp90 (Koyasu et al 1989). W hen steroid
hormone binds, hsp90 dissociates, and the receptor becomes capable of binding DNA
and activating transcription, since without hsp90, DNA binding of the receptor occurs
in the absence of steroid hormone, it is thought that hsp90 acts to hold the receptor
in an "inactive" state until the appropriate hormonal signal is given (Sanchez et al
1987). It probably achieves this inactive (non-DNA-binding) state by altering the
conformation of the steroid receptor (Picard et al 1988).
Since hsp90 seems to regulate protein phosphorylation by influencing the
activity of a number of kinases this family probably has a far more reaching and
general function in the control of protein synthesis. For example, protein translation
is dependant on eukaryocyte initiation factors, one such factor eIF-2a is activated by
phosphorylation and the activity of the relevant kinase is enhanced when bound to
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hsp90 (Rose et al 1989). Such association with, and control of, kinases seems to be
a general property of this family, since hsp90 interacts with several viral oncogene
products that display tyrosine kinase activity and are capable o f influencing cell
growth and/or mitotic rate (Brugge et al 1981, Opperman et al 1981, Lipsich et al
1982, Ziemiecki et al 1986).
The nature of the association of hsp90 with putative target proteins has been
demonstrated by two elegant studies. M yoDl is a myogenic determination protein, it
achieves this by binding to specific DNA sequences that are the enhancer elements
controlling the transcription of a number of muscle specific proteins. Activation of
m yoD l occurs following a transient association with hsp90, this association is
dependant on the C-terminal 194 amino acids of hsp90 (determined by selecting
deletion mutants), and does not require ATP (Shaknovitch et al 1992). Interestingly,
hsp90 seems to be "consumed" in the association leading to the speculation that the
conformational energy that resides within the tertiary structure of hsp90 is used to
alter the tertiary structure of m yoD l in such a way as to increase it’s sequence
specific DNA binding. It is therefore possible that ATP is required to refold "spent"
hsp90. Similarly in an in vitro system hsp90 was found to increase the yield (once
again independent of ATP) of functioning citrate synthase and monoclonal antibody
Fab fragment following guanidine dénaturation (Weich et al 1992). These are
structurally very different proteins, citrate synthase comprising helices held together
by hydrogen bonds, and the Fab fragment beta-pleated sheets held together by
disulphide bridges. An ability to correctly reconstitute and prevent aggregation of such
differing structures, suggests that protein refolding maybe a general property of the
hsp90 family.

4.2.3 The TOkDa Stress Proteins Family
This is perhaps the best characterised family of stress proteins and from the
cardiac viewpoint the most extensively investigated. The importance of this family of
proteins is indicated by the fact that they are the most highly conserved proteins
known (greater than actin), sequence homology between E.coli and man being better
than 50% (Hunt and Morimoto 1985). There are relatively abundant constitutive
members of this family found in the nucleus, nucleolus and endoplasmic reticulum.
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Monoclonal antibodies to both constitutive and inducible members of this family are
commercially available.
The 70 kDa family bind and hydrolyse ATP, their release from polypeptide
chains being an energy dependent process. ATP binding activity resides in the Nterminus of the protein which exhibits higher conservation than the polypeptide
binding C-terminus (Flaherty et al 1990). The ATP binding domain has a bilobed
structure that resembles the ATPase cleft of hexokinase (Flaherty et al 1990). The
authors postulate (Flaherty et al 1990) that the energy made available by ATP
hydrolysis causes a conformational change in the ATP binding domain that may be
transmitted to the substrate recognition domain, forcing a conformation change within
the bound substrate.
The hsp70 family have been implicated in a number of processes requiring
protein folding. For example they are involved in post-translational import of proteins
into endoplasmic reticulum and mitochondria (Horwich 1990). Only a small portion
o f mitochondrial protein is encoded on mitochondrial DNA and translated on
mitochondrial ribosomes, the remainder is nuclear encoded and transcripts are
translated on cytoplasmic ribosomes. Such nuclear encoded proteins are imported into
mitochondria through specific pores, the dimensions of which are such that proteins
must first be unfolded, and then correctly refolded once admitted into the
mitochondrial matrix. Hsp70 is thought to be essential as both the unfoldase on the
cytoplasmic side of the outer mitochondrial membrane and the refoldase within the
matrix (Rothman and Kornberg 1986, Hutchinson et al 1989, Horwich 1990, Cheng
et al 1990, Kang et al 1990). More generally it has been proposed that hsp70 is able
to recognize improperly folded and unfolded proteins (Pelham 1986). It is not known
what would regulate this function, recognition of exposed hydrophobic regions of
unfolded proteins has been suggested. However, this cannot be the only consideration
because hsp70 binds to many synthetic peptides without showing preference for
hydrophobic regions (Flynn et al 1989), more likely, a subtle change occurs within a
protein that increases the probability of hsp binding. A scenario similar to this seems
to occur with clatharin triskelions which aggregate to form cages around coated
endocytotic vesicles (Ungewickell and Branton 1981). Soon after coated vesicles form,
the clatharin triskelions are released (Heuser and Reese 1973) an ATP consuming
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process, mediated by hsp70 binding to the light chain component of the triskelion
(Schmidt and Rothman 1985). The affinity of hsp70 for the clathrin light chain is
altered by the presence of Ca^"^ and/or

which change the conformation of the light

chain in such a way as to make the hsp70-clatharin light chain interaction less likely
(DeLuca-Faherty et al 1990).
The 72kDa stress protein, a member of this multigene family, is highly
inducible and the most frequently used marker of the cardiac stress response.

4.2.4 The 60kDa Stress Protein Family
The 60 kDa family of proteins are predominantly mitochondrial, and are
essential, together with hsp70, in facilitating the refolding of proteins imported from
the cytoplasm. Nuclear encoded mitochondrial proteins are translocated via specific
contact sites between the outer and inner mitochondrial membranes, before proteolytic
processing and interaction with mitochondrial hsp70 (mhsp70) and hsp60 in the
matrix. The role of hsp60 is illustrated by the processing of dihydrofolate reductase
(DHFR) (Ostermann et al 1989). When linked to a signal sequence for mitochondrial
protein import, this protein is imported into mitochondria the signal sequence is
removed, and the enzyme folds into a compact protease resistant form. However this
folding is dependant on the presence of hsp60 and ATP. In the absence o f ATP, hsp60
is associated with the enzyme, however when ATP is added DHFR is released and
folds normally. In addition a temperature dependant association between DHFR and
hsp60 has been demonstrated (Martin et al 1992) which prevents thermal dénaturation
of DHFR a process during which hsp70 may act in a cooperative fashion (Martin et
al 1992). Interestingly many components of the inner mitochondrial membrane such
as cytochrome reductase and components of the assembled FI-A TPase complex
contain hsp60 proteins which may have dual roles controlling both, mitochondrial ATP
synthesis and facilitating the correct refolding of imported proteins (Luis et al 1990).

4.2.5 The 30kDa Stress Protein Family
This family is the most divergent of the stress protein families with little
sequence homology across species. There are nevertheless related to one another
having a conserved sequence near the C-terminus as well as conserved amino acids
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at various other positions (Linquist and Craig 1988). In addition, they all tend to form
large polymeric particles known as heat shock granules (Arrigo and Welch 1987). One
such low molecular stress protein found in abundance in cardiac tissue is alphacrystallin. The B subunit of alpha-crystallin is associated with the cytoskeleton and
alters the physical properties of actin and desmin. The binding of alphaB-crystallin to
actin and desmin is increased at acidic pH and also following heat shock. The
association of alphaB-crystallin with these cytoskeletal proteins decreases their
propensity to form aggregates at acidic pH, leading to the suggestion that may play
a role in preventing filament aggregation and irreversible structural damage during
ischaemia (Bennardini et al 1992). In fact alphaB-crystallin has been proposed as a
molecular marker of myocardial ischaemic damage (Chiesi and Bennardini 1992). A
similar protein has been isolated from skeletal muscle where it acts as a barbed end
capping protein preventing F-actin polymerisation (Miron et al 1991) and may form
polymeric complexes with other small molecular weight heat shock proteins (Kato et
al 1992).
Other low molecular weight stress proteins are induced by oxidant stress and
seem to have direct anti-oxidant activity (Kim et al 1989), one such protein induced
in human tissue has tyrosine phosphatase activity, and may therefore play a role in
coordinating the stress response (Keyse and Emslie 1992).

4.2.6 Ubiquitin
This a highly conserved 76 amino acid protein which is ubiquitous to all
eukaryotic cells and plays an integral role in the selective degradation of both short
lived and abnormal proteins (Hershko 1988). Ubiquitin is linked to proteins via its
terminal glycine a process probably involving three other intermediate proteins (E l,
E2 and E3). Ubiquitin is bound first to E l and then E2 which probably exists in a
number of forms, those forms of E2 involved with protein degradation require the
target protein first to be bound to E3 prior to linkage with ubiquitin and targeting to
proteosomes for proteolysis (see Hershko 1988 for review). Although covalent linkage
to ubiquitin seems to tag proteins destined for degradation the system has further
poorly understood complexities, for example certain stable proteins are reversibly
linked to ubiquitin such as histones (Busch 1984) and membrane receptors (Leung et
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al 1987). Leading to the suggestion that ubiquitin is involved in cell cycle control
(Goebl et al 1988), DNA repair (Jentsh et al 1987) and receptor modulation (Leung
et al 1987).

4 3 The Control of the Stress Response
Heat, heavy metals, metabolic poisons, amino acid analogues, hypoxia and
ischaemia are amongst the many stresses known to cause stress protein expression.
How do such varying stresses act to trigger the stress response?
Although the stress response is universal, its quality and magnitude vary
widely. In general eukaryotes possess at least two copies o f heat shock genes, one
under heat shock/stress regulation and the other(s) under constitutive control. However
prokaryotes possess only a single copy of each heat shock gene. This fact, coupled
with the essential function of these genes necessitates the constitutive expression of
most prokaryote heat shock genes. Consequently, control processes for eukaryote and
prokaryote heat stress gene transcription differ, in this thesis only the eukaryote stress
response will be discussed further.

4.3.1 Control of Transcription
The induction of eukaryotic heat shock genes in response to an increase in
temperature is mediated by the binding of a transcriptional activator, heat shock factor,
(HSTF) to a short highly conserved DNA sequence known as the heat shock element
(HSE). Heat shock elements are contiguous arrays, of variable numbers, of the 5 base
pair sequence nGAAn or nTTCn which are arranged in alternating head to head and
tail to tail alignment, with strict spacing requirements (Perisic et al 1989). Heat shock
factor, a trimeric protein binds to these elements, each subunit is thought to bind to
a single nGAAn unit in a cooperative fashion (Xiao et al 1991) and probably a
number of such elements must be bound to activate transcription (Bienz and Pelham
1986). It is feasible that heat shock factor binding could act to alter the tertiary
structure of DNA by holding nGAAn sequences in adjacent strands in close proximity,
a rearrangement that may promote gene transcription. Upon heat shock, a pre-existing
pool of unactivated heat shock factor is converted into a form capable of efficiently
stimulating transcription. This conversion may be secondary to temperature dependant
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phosphorylation (Sorger and Pelham 1988) of the heat shock factor that results in
binding to the heat shock element (Goldenberg et al 1988). In common with thermal
stress, exposure of mammalian myocardial cells to a hypoxic environment activates
DNA binding of heat shock factor, a process independent o f new protein synthesis
(Benjamin et al 1990). In a more recent study, the induction o f hsp72 mRNA in
neonatal cardiocytes in response to hypoxia precedes the intracellular depletion of
ATP, whilst induction in response to metabolic inhibitors is more closely related to
ATP depletion (Iwaki et al 1993). In addition, hsp70 mRNA levels increased prior to
apparent binding of HSTF to the HSE suggesting alternative "sensing" mechanisms
maybe responsible for transcriptional activation in this model (Iwaki et al 1993).
The presence of denatured or damaged proteins within the cytoplasm may be
a common feature of signalling pathways by which diverse stresses increase heat stress
gene transcription, since microinjection of denatured protein leads to activation of the
heat shock factor (Ananthan et al 1986). In addition this activation can be modelled
in cell-free systems. Cytosolic extracts from unstressed HeLa cells exhibit HSEbinding activity in vitro only after exposure to elevated temperature, protein denaturing
agents or profound acidosis (Mosser et al 1990). In addition in cultured myogenic cells
DNA binding of heat shock factor is induced by hypoxia, inhibitors of oxidative
phosphorylation and by acidosis, leading to the speculation that depletion of high
energy phosphate may also be a contributing determinant o f heat shock factor
activation (Benjamin and Williams 1990) although this is not compatible with the
more recent findings presented above (Iwaki et al 1993).
In addition to the heat shock element, other cis acting elements control stress
protein gene transcription. The control of one of the human hsp70 genes for example
involves promotor elements that confer, interleukin 2, forskolin, viral (adenovirus and
herpes simplex), tissue and development specific gene activation (Morimoto and
Milarski 1990).

4.3.2 Post-Transcriptional Control
As well as an increase in gene transcription, other changes occur to facilitate
stress protein synthesis during the stress response. Most hsp70 genes for example, lack
introns making RNA splicing unnecessary (Yost et al 1990). In addition compared to
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other mRNA transcripts, mRNAs encoding heat stress proteins exhibit increased
stability during stress conditions (Petersen and Linquist 1988). Whereas protein
synthesis of other mRNA species declines during heat stress, mRNAs encoding stress
proteins continue to be translated efficiently. The binding of a 25 kDa translation
factor to the proximal nucleotides of hspTO mRNA has been postulated to have a role
in the preferential translation of this message (Yost et al 1990). W hilst a 17kDa stress
protein found in cardiac muscle acts to inhibit general protein synthesis, by inhibiting
80S ribosomal initiation of low molecular weight peptides (Havre and Hammond
1988). In addition heat shock mRNAs have a relative paucity o f secondary structure
in the 5 ’ untranslated region and therefore are expected to have a limited requirement
for ATP-dependent RNA unwinding during translation (Yost et al 1990).

5 Are Stress Proteins Protective?
The ability of stress proteins to interact with other proteins and; (1) alter their
conformation (eg hsp70 and mitochondrial protein import); (2) protect them from
inappropriate and premature interactions (eg hsp90 and the steroid receptor); (3)
protect them from thermal dénaturation (hsp60 and DHFR); (4) encourage the correct
refolding of denatured proteins (hsp90 and Fab or citrate synthase); (5) aid the
degradation of denatured proteins (eg ubiquitin); (6) "sense" subtle changes in the
conformation of other proteins (hsp70 and clatharin triskelions); (7) stabilise the
cytoskeleton (alphaB-crystallin interacting with actin and desmin); all suggest that
stress proteins maybe capable of increasing cell viability both during and following
denaturing stresses. What is the evidence that this is indeed the case?

5.1 Acquired Thermotolerance
When prokaryotic, or eukaryotic cells, or even intact multicellular organisms,
are exposed abruptly to temperatures several degrees above their normal ambient
temperature, the cells or animals will die within a predictable period of time. However
if the cells are exposed first to the elevated temperature for a shorter time period and
allowed to recover at normal temperatures, they can survive a subsequent period of
otherwise lethal heat stress. This universal phenomenon is known as Acquired
Thermotolerance (Gemer and Schneider 1975). Stress proteins induced by the first
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period of sublethal thermal stress are attractive candidates to explain the acquisition
of thermotolerance.
The evidence that stress proteins can mediate thermotolerance is strong. For
example with regard to hsp70 in eukaryotic cell lines; thermal tolerance and stress
protein induction are temporally related (Li and Werb 1982); the degree of stress
protein expression following stable transfection correlates with the degree of
thermotolerance (Li et al 1991); cell lines expressing abnormal hsp70 with a missing
ATPase domain retain thermotolerance (Li et al 1992); cells microinjected with a
monoclonal antibody recognising a shared epitope on constitutive and inducible forms
of hsp70 are thermosensitive (Riabowol et al 1988); mutants selected for multiple
copies of the hsp70 promotor region are thermosensitive (Johnston and Kucey 1988)
(in this study copies of the hsp70 regulatory region presumably competed with the
endogenous hsp70 encoding genes for factors that activate hsp70 expression, since
hsp70 induction was reduced by 90%); and stress proteins incorporating amino-acid
analogues (ie defunct stress proteins) result in thermal sensitisation (Li and Laszlo
1985). Other stress proteins may also be important since rodent cell lines stably
transfected

with

hsp27

(homologous

to

alphaB

crystallin)

are

"naturally"

thermotolerant (Landry et al 1989), whilst cells with an hsp 104 heat stress protein
deletion are unable to acquire thermotolerance (Sanchez and Lindquist 1990). In
addition transfection with antisense RNA for hsp90 (to specifically hybridise with, and
prevent the translation of native hsp90 mRNA) also prevents the acquisition of
thermotolerance (Bansal et al 1991).
However, it is not certain whether thermotolerance represents better recovery
following heat stress or actual attenuation of injury during the thermal stress. Laszlo
(1992) has demonstrated that protein synthesis and RNA synthesis are similarly
depressed following heat stress of thermotolerant and naive fibroblasts, however
recovery of both processes was enhanced in cells overexpressing hsp70 (either by
transfection or by prior treatment with sublethal thermal stress or sodium arsenite). In
contrast other investigators (Burgman and Konings 1992) have found evidence for
protection during thermal stress since conformational changes within proteins, detected
by both SH group targeted electron spin resonance and mobility by thermal gel
analysis, occur at a higher temperature in thermotolerant eukaryotic cell lines. Clearly
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protection may occur both during and following the thermal denaturing stress and
these mechanisms are not mutually exclusive.
The arguments are further complicated by the fact that, thermotolerance in
some situations can occur in the absence of stress protein induction, leading to the
speculation that two types of thermotolerance exist, stress proteins being responsible
for the acquisition of long but not short-lasting thermotolerance (see discussion in
Black and Subjeck 1991).

5.2 Crosstolerance
If sublethal heat stress induces stress proteins that protect against subsequent
lethal heat shock, can other non-thermal stresses that also induce stress proteins give
rise to similar thermal tolerance? Interestingly, this does seem to be the case.
However, of more relevance to experimental cardiology thermally induced stress
proteins seem capable of protecting against stresses which themselves induce stress
protein synthesis. Such cross-protection is known as crosstolerance.
There are numerous studies that support the concept of crosstolerance first
suggested by Li and Hahn (1978), who demonstrated that a hamster cell line could be
rendered resistant to both adriamycin and heat toxicity by pretreatment with ethanol.
Later studies have demonstrated similar findings but with very different stresses. For
example; whole body heat stress in rats protects retinal pigment cells from light injury,
protection being temporally dependant on hsp70 (Barbe et al 1988); pretreatment with
hydrogen peroxide protects against subsequent oxidative stress (Christman et al 1985);
heat stress protects against subsequent oxidative stress in a number of models (see
Polla et al 1991 for review); heat stressed human breast cancer cells are rendered
resistant to doxorubicin an effect that seems related to hsp70 and hsp27 cell content
(Ciocca et al 1992) and heat stressed neuronal cells are resistant to the excito-toxic
effects of glutamate an effect dependant on protein synthesis and related to hsp70
(Lowenstein et al 1991, Rordorf et al 1991).

6 Stress Proteins and the Heart
Stress proteins have been detected in the myocardium of a variety of
mammalian species. Their synthesis has been shown to be increased by whole body
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temperature elevation (Currie and White 1983, Currie 1987, Iwaki et al 1989, Yellon
et al 1992) and other stressful stimuli including ischaemia (Mehta et al 1988), brief
ischaemia and reperfusion (Knowlton et al 1990a), anoxia (Tuijl et al 1991), hypoxia
(Howard and Geoghegan 1986), pressure or volume overload (Delcayre et al 1988),
mechanical stretch (Knowlton et al 1991b), cytokines (Low-Friedrich et al 1992) and
drugs such as vasopressin (Moalic et al 1989), isoproterenol (White and White 1986),
hydrogen peroxide (Low et al 1989), L-type (slow) calcium channel blockers (LowFriedrich and Schoeppe 1991) and other cardiotoxic drugs and heavy metals (Tuijl et
al 1991 and Low-Friedrich et al 1991). The implication o f these findings is that stress
proteins may play an important role in the cardiac stress response. Although many of
these stimuli induce members of the TOkDa family of stress proteins, there appear to
be differences in the pattern of stress protein induction when other families of stress
proteins are considered. For example, cardiotoxic drugs preferentially induce a 30kDa
stress protein (Low-Friedrich et al 1991). It is possible that each stress induces its own
subtly differing profile of stress proteins best suited to meet the cellular consequences
of that particular stress.

6.1 Heat Stress and Myocardial Protection
Following the suggestion that, (1) tissues with thermally pre-elevated stress
proteins are resistant to stresses that normally induce stress proteins (crosstolerance),
and (2) cardiac ischaemia causes stress protein induction (Dillmann et al 1986, White
and White 1986, Knowlton et al 1991a), investigators have been prompted to examine
whether myocardial tissue entering ischaemia with a pre-elevation of stress proteins
is resistant to infarction (Currie et al 1988, Donnelly et al 1992, Liu et al 1992, Yellon
et al 1992, Currie et al 1993). The investigation of stress protein expression and their
possible involvement in cardioprotection is an evolving area of research, consequently
many of the studies are preliminary and in abstract form only.

6.1.1 The Isolated Heart and Global Ischaemia
Currie et al (1988) were the first investigators to show that temperature
elevation to 42°C in rats resulted in concomitant cardiac stress protein and catalase
induction, and an attenuation of ischaemia/reperfusion injury. Using an isolated heart
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model these investigators demonstrated that following global ischaemia/reperfusion,
contractile function is enhanced whilst creatine kinase release is dramatically reduced
in heat stress compared with control hearts. These findings have been confirmed by
Yellon’s group in both the rat (Pasini et al 1991) and the rabbit (Yellon et al 1992a).
Moreover, these authors have observed improvements in additional parameters of
protection in the heat stressed rabbit heart post-ischaemia (Yellon et al 1992a). These
include preservation of high energy phosphates, a reduction in oxidative stress during
reperfusion (as measured by lower levels of oxidized glutathione) and significant
mitochondrial preservation following ischaemia. There does, however, appear to be
some species variation in the metabolic changes associated with protection following
heat stress. In the rabbit for example, higher levels o f high energy phosphates mirror
the enhanced contractile activity of heat stressed hearts during reperfusion (Yellon et
al 1992a). In the rat, however, the enhanced contractile activity following ischaemia
in the heat stressed groups is not associated with differences in high energy phosphate
content between heat stressed and control hearts (Pasini et al 1991, Currie and
Karmazyn 1990).
More recently, preliminary studies by other investigators have shown that
similar protection is seen in the hypertrophied rat heart (Snoeckx at al 1993,
Comelussen et al 1993). These investigators have shown that the benefits of whole
body heat stress are even more marked in the hypertrophied than in the normal heart.
In this model protection was evident as both a reduction in reperfusion arrhythmias
and LDH release.
Not all studies have found heat stress to be cardioprotective. For example,
preliminary studies by one group (Wall et al 1990) have been unable to demonstrate
any protection against "no-flow" ischaemia following heat stress in the isolated
unpaced working rat heart, with rate pressure product and cardiac output as endpoints.
These investigators, although following an estabhshed protocol known to enhance
cardiac stress protein synthesis, did not measure stress proteins directly.

6.1.2 The Isolated Heart and Regional Ischaemia
The studies summarized to this point have demonstrated protection expressed
in terms of myocardial contractility and metabolic state. The ability of whole body
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heat stress to reduce the extent of myocardial infarction as examined by triphenyl
tétrazolium staining has also been examined. In a preliminary study in the rat model
infarct size is reduced following 37.5 minutes of regional ischaemia, with protection
being temporally related to elevated stress protein levels at 24-96 hours following
whole body heat stress (Loesser et al 1992). In addition, W alker et al (1993) have
demonstrated a similar reduction in infarct size following 45 minutes of regional
ischaemia and 2 hours reperfusion in the buffer perfused rabbit heart removed 24
hours after whole body heat stress.

6.1.3 The In Situ Heart and Regional Ischaemia
Interestingly, in contrast to isolated heart studies, controversy surrounds the
ability of whole body heat stress to reduce infarct size in vivo. In the rabbit, heat
stress 24 hours prior to ischaemia was unable to reduce infarct size following a 45
minute coronary occlusion (Yellon et al 1992b) although protection was found
following a 30 minute occlusion by Currie et al (1993). A similar dependence on the
length of coronary occlusion is seen in the rat. Donnelly and coworkers (1992) have
demonstrated a reduction in infarct size in the rat following a 35 minute, but not a 45
minute, coronary occlusion initiated 24 hours after whole body heat stress. Moreover
in this model the reduction in infarct size, following a graded heat stress procedure,
is related to the degree of stress protein induction (Rutter et al 1993). The apparent
dependency of protection on the length of ischaemic insult is difficult to explain. One
possibility is that the protection conferred by heat stress is only moderate, and that as
the severity of the ischaemic insult increases the protection becomes less evident. A
similar phenomenon occurs with ischaemic preconditioning in dogs where a marked
reduction in infarct size occurs with 60 minutes of coronary occlusion, but not with
90 minutes (Nao et al 1990). Another apparent anomaly is the fact that although
infarct size is reduced after a 30 minute coronary occlusion twenty-four hours
following whole body heat stress in the rabbit, no protection is seen at 48 hours after
heat stress at a time when cardiac stress protein content is still increased (Currie et al
1993).
Other investigators have been able to demonstrate in-vivo protection following
hot blood cardioplegia of the pig heart (Liu et al 1992). In another rather "novel"
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approach (Schott et al 1990), a microwave diathermy probe was applied to the canine
heart. Although such regional hyperthermia was shown to increase stress protein
mRNA expression, there was no concomitant protection against infarction. However,
the time course of this study was such that appreciable stress protein accumulation
was unlikely to have occurred in the one hour between thermal stress and coronary
ligation. In addition, the spatial relationship between heat-treated myocardium and the
subsequent area of hypoperfusion during coronary ligation was not documented.
The cause for the discrepancy between in vivo and in vitro studies is not clear.
However recent observations from our laboratory suggest that whole body heat stress
may activate a blood borne component that overrides the beneficial effect of cardiac
stress protein induction. This inference was made after noticing that blood from a heat
stressed support rabbit; when used to perfuse an isolated rabbit heart, significantly
increased infarct size (Walker et al 1993). It may be that whole body heat stress,
although conferring myocardial protection causes confounding physiological changes
which have negative effects on infarct size. This is consistent with the finding that
cytotoxic T-cells directed against myocardial heat shock proteins are induced in rats
by stresses that elevate myocardial heat stress protein content (Huber 1992), and that
these cells are cytotoxic in vitro to heat stressed myocytes from the same species. In
addition, the possibility remains that the duration of recovery after heat stress and
length of the ischaemic insult may also influence the ultimate infarct size and
appearance of cardioprotection.

6 2 Heat Stress Proteins and Classical Ischaemic Preconditioning
Acquired thermotolerance, where sublethal temperature elevation protects
against subsequent lethal hyperthermia is

similar in concept to ischaemic

preconditioning, with sublethal ischaemia protecting against subsequent lethal
ischaemia. One could speculate that stress proteins synthesised in response to the first
brief episode of preconditioning ischaemia are involved in the protection against the
subsequent injury. In agreement with this idea Knowlton et al (1990a) demonstrated
that brief bursts of ischaemia, such as those used in preconditioning protocols, can
induce hsp70 mRNA and protein accumulation. The mechanism by which stress
proteins are induced by short episodes of ischaemia may be secondary to the free
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radical stress induced by reperfusion, since in the isolated rat heart stress protein
induction following a 15 min infusion of xanthine plus xanthine oxidase is
quantitatively similar to that induced by ischaemia with reperfusion (Kukreja et al
1992). However, in both the study by Knowlton et al (1990a) and work from Yellon's
laboratory (Kucukoglu et al 1991), elevated levels of the hspTO protein were only
manifest at 2-24 hours after the ischaemic insult. In contrast the protective effect of
preconditioning is lost approximately 1 hour after the initial brief ischaemic episode
(Van Winkle et al 1991).
The involvement of stress protein in ischaemic preconditioning has been further
questioned by a study (Thornton et al 1990) which indicates that the protective effect
of preconditioning can be observed under conditions where de novo protein synthesis
has been almost entirely inhibited. Thus, it is unlikely that stress proteins are involved
in classical ischaemic preconditioning. However, the changes in mRNA coding for
stress proteins indicate an adaptive response to ischaemia which may predict a delayed
protection dependent on stress protein synthesis.

6.3 Non-Thermally Induced Stress Proteins and Protection Against
Ischaemia
The fact that stress protein induction by ischaemia is not temporally related to
classical ischaemic preconditioning has prompted some investigators to examine
whether preconditioning ischaemia is associated with a delayed, as well as an early
phase of myocardial protection. Preliminary reports in the dog (Yamashita et al 1992
and Hoshida et al 1992) as well as our studies in the rabbit presented later in this
thesis (see Chapter 7), suggest that a second phase of protection exists 24 hours after
preconditioning with 4 repeated, 5 minute episodes of ischaemia. Interestingly, a
similar phenomenon appears to occur within the brain, where ischaemic pretreatment
with 2, repeated episodes of 2 minute bilateral carotid occlusions is capable of limiting
the neuronal cell loss that follows a subsequent more prolonged bilateral carotid
occlusion (Kitagawa et al 1990, Kitagawa et al 1991, Liu et al 1992). For this
protective effect to be manifest, the short occlusions must precede the long occlusion
by at least 24 hours, a time interval known to result in cerebral heat stress protein
accumulation in an identical model (see Nowak 1990 for review). Similarly whole
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body heat stress in the rat offers similar protection against ischaemic neuronal damage
(Chop et al 1989). It is interesting to speculate if myocardial adaptation to ischaemia
may explain the apparent benefit of a 7 day or more history of angina prior to
myocardial infarction (Muller et al 1990), although likely collateral vessel formation
and concomitant medication make any definite conclusions impossible. In contrast
other attempts to induce myocardial protection by ischaemic pretreatment have been
unsuccessful. For example, Donelly et al (1992) compared the protective benefit of
heat stress with 24 hours of recovery to 20 minutes o f ischaemia with 8 hours of
reperfusion. Following a subsequent 35 minute occlusion in the rat, heat stress pre
treatment reduced infarct size, whilst ischaemic pretreatment did not. However, as heat
stress resulted in more marked stress protein induction, the authors concluded that
ischaemic pretreatment failed because of insufficient stress protein accumulation.
Other methods of stress protein induction have included immobilization stress
which has also been shown to protect against subsequent ischaemia/reperfusion injury
assessed by CPK leakage, contractile function and reperfusion arrhythmias (Meerson
and Malyshev 1989, Meerson et al 1992).

6.4 Protection Against Non-Ischaemic Injury
The observations that cardiac tissues synthesize stress proteins in response to
a variety of stresses has encouraged investigators to explore the breadth of protection
that follows heat stress. In this regard Meerson (Meerson et al 1991a, Meerson et al
1991b) has demonstrated that stress protein induction by either heat or immobilization
protects the isolated rat and rabbit heart against a subsequent calcium paradox.
The fact that oxidant stress is capable of inducing cardiac stress proteins
(Ananthan et al 1986, Low et al 1989) has prompted Su et al (1992) to examine the
protective benefits of prior heat stress with exposure to H 2O 2 as the final stress. In a
rat myocyte culture model, heat stress is capable of inducing acquired thermotolerance
and limiting myocyte injury on subsequent H 2O 2 exposure. More importantly,
transfecting the same culture system so as to overexpress the human inducible hsp70
(hsp72) causes cells to become more tolerant to simulated ischaemia (Mestril et al
1992). This provides the most direct evidence to date that stress proteins per se, rather
than the non-specific effects of heat stress, are responsible for myocardial protection.
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6.5 Mechanisms o f Cardiac Protection by Elevated Temperature
All studies using heat to elevate stress protein synthesis result in a large
number of physiological perturbations (Gisolfi et al 1991) which may in themselves
have cardioprotective properties. For example, Currie’s group (Currie et al 1988 and
Karmazyn et al 1991) have shown that heat stress also results in an increase in the
endogenous levels of the anti-oxidant enzyme catalase. Moreover, they have
demonstrated (Karmazyn et al 1991) that inactivating catalase with 3-AT (3aminotriazole) results in an abolition of the protective effect normally observed at 24
and 48 hours after heat stress. This protective role of catalase would be dependent
upon its ability to minimize the damage caused by secondary free radical generation
to sulphydryl containing enzymes, DNA and lipids (Ceconi et al 1988) by catalyzing
the conversion of HgOz to water. Following a period of prolonged ischaemia the
importance of catalase is increased since there is a marked reduction in the activity
of SOD as well as in the ratio of reduced to oxidized glutathione (Ceconi et al 1988).
In agreement with such a mechanism, we have observed a reduction in the levels of
oxidized glutathione in the coronary effluent following ischaemia/reperfusion in heat
stressed hearts, suggesting that a second, alternative line of antioxidant defence exists
in these hearts (Yellon et al 1992a). The picture however becomes more complicated
since cardiac mRNA levels for catalase are not increased by heat stress (Currie and
Tanguay 1991). The increase in catalase may therefore result, from post-translational
mechanisms. An alternative suggestion is that stress proteins may modulate the
catalytic activity of catalase by direct interaction with the enzyme (Kukreja and Hess
1992).
Other evidence suggests that stress proteins may be able to limit myocardial
damage independent of an antioxidant effect. One recent report suggests that the injury
occurring during the calcium paradox can be influenced by procedures that cause
stress protein synthesis (Meerson et al 1991a). The precise mode by which the calcium
paradox damages the heart is a matter o f controversy, but free-radical production is
probably not involved (Ferrari et al 1989). It is thought that during the period of low
calcium exposure changes occur in the structural proteins of the myocyte so as to
increase fragility, and, on calcium repletion, the return of contractile activity causes
myocyte mechanical disruption (Altschuld et al 1991). A similar process involving
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cytoskeletal disruption may also occur during ischaemia (Steenberg et al 1987). Heat
stress proteins are known to alter the physical properties o f actin and desmin
(Bennardini et al 1992) and may themselves form an integral part of the cytoskeleton
(Green and Liem 1989). Yet another possible mechanism of protection is that during
heat stress, protein synthesis (apart from the stress proteins) is inhibited. A similar
response has been noted during other forms of stress in cardiac tissue (Hammond et
al 1983) and it has been postulated that such a response allows the cell to redirect
energy into more vital cell processes during and following times of stress (Yellon et
al 1993). A ITkDa stress protein, isolated from cardiac tissue and expressed in
response to heat and pressure overload, inhibits protein translation and maybe the
mechanism by which general protein synthesis is inhibited (Havre and Hammond
1988).
Although the specific changes that result in myocyte death during ischaemia
are poorly understood alterations in the structural conformation of proteins will
inevitably occur secondary to, changes in pH, ionic concentration and free radical
stress. The general protective properties of stress proteins may be able to attenuate or
correct these changes (see Section 5 of this Chapter). A more specific example
involves the structural changes known to occur in the mitochondrial enzyme carnitine
palmitoyltransferase which may explain the alterations in fatty acid oxidation during
reperfusion (Pauly et al 1991). Since hsp60 is presumably involved in the initial
folding of this enzyme it is possible that it may also promote its correct refolding.

7 Aims and Scope of the Thesis
Previous attempts to limit myocardial infarct size pharmacologically have been
largely unsuccessful (Bache 1984). A more mechanistic and novel approach would be
to try to understand the cardiac response to ischaemia and determine whether any
aspects of this response represent an adaptation capable of limiting ischaemic injury.
Ischaemia triggers the cardiac stress response and a number o f the investigations
discussed above suggest that this response is itself associated with resistance to
subsequent ischaemia. The purpose of the studies contained within this thesis is to
investigate more fully the possible protective role of the cardiac stress proteins.
The studies described in this thesis were designed to answer a number of
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specific questions namely:
•Does whole body heat stress raise cardiac stress proteins?
•To which components of ischaemic injury if any, is myocardial tissue with
an elevated stress protein content resistant?
•Is the resistance to injury dependant on enhanced anti-oxidant defences?
•W hat is the metabolic basis for the protection that follows heat stress?
•Is the protection that follows heat stress dependant upon stress proteins?
•Are non-thermally elevated stress proteins also protective?
•W hat is the physiological relevance of the cardiac stress response?
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1 Thermal Induction of Cardiac Stress Protein
1.1 Principles o f Cardiac Stress Protein Induction
W hole body heat stress in the rat reproducibly causes hsp72 induction within
the heart (Currie et 1988). The trigger for stress protein expression in these
circumstances is probably a combination o f cardiac stresses, with components due to
direct temperature elevation (see Chapter 1 Section 6) and cardiac volume overload
secondary to vasodilation (see Chapter 1 Section 6). A heat stress regime identical to
that o f Currie et al (1988) was used to induce cardiac stress proteins in our studies.

1.1.2 Rabbit Whole Body Heat Stress
All rabbits were outbred, housed under similar conditions and given a normal
diet. Following cannulation of a marginal ear vein with a 21 gauge (0.8mm) Butterfly
needle (Venisystems, Abbott, Ireland) rabbits were anaesthetised by administering
pentobarbitone (Sagatal, May and Baker, Dagenham, England) at a dose of 40mg/kg
(0.6ml/kg) intravenously. Once an adequate level of anaesthesia had been reached (no
spontaneous movement, no withdrawal on foot pad pressure), a type K thermocouple
(RS components, Northants, England) was introduced into the rectum and connected
to a calibrated digital temperature indicator (Digitron 1408K, RS components,
Northants, England). Basal temperature was recorded, and the rabbit wrapped
(including ears) in a pre-warmed domestic electric underblanket. Temperature was
recorded at 5 minute intervals and maintained above 42°C for 15 minutes. This was
achieved by unwrapping the warming blanket when the rectal temperature reached
41.6°C, so that only the undersurface of the rabbit remained in contact with the
blanket After the temperature had remained above 42°C for 15 minutes, the
underblanket was removed and the rabbits placed on a cool surface to recover before
returning them to the animal house.
Sham heat stress rabbits were treated in an identical manner but were not
wrapped in the warming blanket. Heat stress and sham rabbits were treated
simultaneously, care being taken to ensure the total dose of anaesthetic was similar
between rabbits.
All rabbits were recovered for 24 hours prior to further experimentation or
removal of hearts for stress protein estimation.
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2 M yocardial Stress Protein Quantitation by SDS-Page and Western
Blotting
2.7 Principles o f SDS-Page and Western Blotting
Proteins

are

separated according to molecular mass

and charge by

electrophoresis through polyacrylamide gels. The relative distance that a protein
migrates is dependant on: (i) The effective pore size of the polyacrylamide gel. Pore
size decreases as the concentration of acrylamide is increased (Hames 1990). (ii) The
native charge of the protein, (iii) The effective radius of the protein which is
determined by its quaternary structure. The migration distance can become more
dependant on molecular weight, and less dependant on the native charge and
quaternary structure of proteins by denaturing the protein with a reducing agent in the
presence o f excess SDS. This acts to unfold the protein which than binds SDS in a
constant weight ratio so that different proteins have essentially identical negative
charge densities and hence will migrate in polyacrylamide gels o f the correct porosity
according to size (Hames 1990). Once proteins have been separated spatially within
the gel, they are transferred to nitrocellulose by applying an electric field
perpendicular to the plane of the gel. The proteins then become immobilised within
the nitrocellulose matrix, whilst epitopes still remain accessible to immunoglobulins
allowing immunodetection.

2.2 Preparation o f M yocardial Specimens
New Zealand white rabbits were deeply anaesthetised by a administering IV
pentobarbitone (Sagatal, May and Baker, Dagenham, England) at a dose of 60mg/kg
(0.6ml/kg) and 5(X) units of heparin via the marginal ear vein. The heart was removed
by elevating the sternum and washed in cold saline to remove blood from the
ventricular cavities prior to retrograde aortic perfusion to rinse blood from the
coronary circulation. Once the coronary perfusate was no longer blood stained, the
right ventricular free wall and atria were trimmed off and left ventricles blotted dry
and frozen in liquid nitrogen. At a latter date heart samples were crushed to a powder
in a stainless steel pestle and mortar cooled in liquid nitrogen. 50mg of crushed heart
was added to 5(X)pl of two-times sample buffer (see Appendix 1 Section 1) in an
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eppendorf tube and dounce homogenized (Eppendorff Homogeniser, Biomedix, Pinner,
England). Following centrifugation at approximately lOOOg (micro centuar, MSE,
Leicester, England) the supernatant was removed and protein concentration determined
with the Pierce BCA reagent (modified Lowry technique) (Pierce, Illinois, USA) using
bovine serum albumin at differing concentrations to construct a standard curve.
Samples were further diluted with two-times sample buffer where necessary to
equalise protein concentrations between specimens. 2-mercaptoethanol (reducing agent)
was then added to a final concentration of 20% and samples were placed in a boiling
water bath for 5 minutes. Following boiling samples were centrifuged once again at
lOOOg for 5 minutes and bromophenol blue dye added to the supernatant. Samples
were then stored at -70°C until needed.

2.3 Preparation o f SDS-Page Gels
The polacrylamide gels were prepared between glass plates separated by 1mm
spacers. Two gels of differing acrylamide concentration and pH were poured between
the same glass plates. The upper "stacking" gel had indentations or wells to load the
protein samples, which then migrated into the lower "resolving" gel.
The lower resolving gel (pH 8.8) was made by mixing 30% acrylamide
solution. Tris buffered (to pH 8.8) SDS solution, and distilled water in varying
proportions (see Appendix 1 Sections 2 and 3) to give either a 12.5% acrylamide or
a 10% acrylamide gel mixture. Before pouring the gel mixture between the glass
plates, ammonium persulphate (APS) and NNNN-tetraethylethalinediamine (TEMED)
were added, to promote acrylamide polymerisation and crosslinking. W ater saturated
butanol was floated on the upper meniscus formed between the glass plates by the
resolving gel solution, to prevent drying during polymerisation.
Once the lower resolving gel had polymerised, the upper stacking gel solution was
poured after discarding the butanol layer. The upper stacking gel (pH 6.8) was
prepared by mixing, 30% acrylamide solution, TRIS buffered (to pH 6.8) SDS
solution, and distilled water in proportions to give a 5% acrylamide gel mixture which
was polymerised by adding APS and TEMED (see Appendix 1 Sections 2 and 3).
Lane wells were formed by placing a toothed plastic well former between the glass
plates in the stacking gel solution. After polymerisation the well former was removed
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to leave rectangular indentations in the polyacrylamide to load samples.

2.4 The Loading o f Samples and the One-Dimensional Electrophoretic
Separation o f Proteins in Polyacrylamide Gels
The polymerised stacking and resolving gels sandwiched between the glass
plates were placed in an electrophoresis apparatus (BRL, Maryland, USA) so that the
lower and upper margins of the gel were in contact with running buffer (see Appendix
1 Section 4) in 2 separate upper and lower chambers. The only communication
between these chambers was through the gel. The upper chamber in contact with the
upper margin of the stacking gel was connected to the cathode and the lower chamber
in contact with the lower margin of the resolving gel was connected to the anode. The
voltage gradient across the gel therefore tended to cause the negatively charged SDSbound proteins to migrate towards the anode at the lower margin of the resolving gel.
Samples were loaded into the wells formed in the stacking gel using a lOpl
Hamilton syringe. Sample buffer has a high glycerol content, therefore samples were
heavier than the running buffer in the upper reservoir and sank to the bottom of their
individual wells. Once samples had been loaded, the anode and cathode were
connected to their respective terminals of a power pack (BRL, Maryland, USA). A
current of 40mA was delivered through each gel, initially this corresponded to a
voltage of 200V, as the protein samples migrated through the polyacrylamide the
resistance of the gel and therefore the voltage increased. In order to prevent gel
heating, secondary to this rise in resistance, the power pack was set to deliver a
constant current of 40mA until the voltage reached 4(X)V and then to maintain a
constant voltage of 400V. Under these conditions a potential difference would be
applied across both 10% and 12.5% acrylamide gels until the "dye front", the fastest
migrating portion of the samples, reached the bottom of the resolving gel. The gel
plates were then removed from the apparatus, glass plates separated and stacking gel
discarded. The resolving gel would then be used either for Western blotting or
visualisation of proteins by Coomasie staining.
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2.5 Coomasie Staining
Coomasie blue R-250 (BDH, Dorset, England) binds to proteins and can detect
bands containing as little as 0.2-0.5pg of protein and remains quantitative up to 15pg
o f protein (Hames 1990). The resolving gels containing the electrophoresed samples
were gently agitated overnight in Coomasie blue staining solution (see Appendix 1
Section 5). The following day, the background non-specific Coomasie stain was
washed out of the gel by destaining with methanol (see Appendix 1 Section 6) and the
gel containing the resolved protein bands preserved in 7% acetic acid.

2.6 Western Blotting
The proteins separated according to molecular weight by polyacrylamide gel
electrophoresis, were transferred to nitrocellulose membranes (Hybond C, Amersham,
Bucks, England) by Western blotting. This was done by laying the nitrocellulose
membrane "en face" over the polyacrylamide gel under blotting buffer (see Appendix
1 Section 7), taking care to exclude air bubbles between gel and membrane. The
membrane and gel were then sandwiched in a plastic cassette within a blotting tank
(BioRad, Herts, England) containing the same blotting buffer. A current was applied
orthogonal to the plane of the gel and membrane, with the anode on the nitrocellulose
side of the gel, forcing the negatively charged proteins to migrate out o f the gel and
into the matrix of the nitrocellulose. Gels were blotted overnight using a current of
210mA. The following day the polyacrylamide gels were discarded and the
nitrocellulose membranes used to immunolocalise heat stress protein.
In the initial pilot studies, the polyacrylamide gels were stained with Coomasie
blue following W estern blotting. Directly visualised protein transfer was complete
apart from very high molecular weight proteins close to the resolving gel, stacking gel
junction.

2.7 Immunoprobing Nitrocellulose Membranes with Primary and
Secondary Antibodies
Initially, a number of concentrations of primary and secondary antibodies were
used for the detection of stress proteins before the binding conditions were optimised.
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labelled anti-mouse Fab fragments

(Amersham, Bucks, England) for primary antibody detection. These preliminary
protocols will not be described.

2.7.1 Detection of hsp60
The nitrocellulose membranes containing the immobilised proteins were
agitated for 1 hour at room temperature in phosphate buffered saline (PBS) containing
5% (w/v) dried skimmed milk powder (Marvel) and 0.05% Tween 20 (Sigma,
Mousourri, USA). This acts to block non-specific protein binding sites on the
nitrocellulose. Following blocking, membranes were washed for 3, 5 minute periods
in PBS containing 0.05% Tween 20 and 0.1% (w/v) dried skimmed milk powder. A
mouse IgG monoclonal antibody prepared in-house (Shariff et al 1992) against the
human hsp60 protein (PI) was added to PBS/0.05% Tween 20 at 1 in 2000 dilution.
The nitrocellulose membranes were exposed to this monoclonal antibody and agitated
on a mechanical shaker to ensure that the whole membrane surface was wetted. After
1 hour of agitation membranes were washed for 3, 5 minute periods in PBS 0.05%
Tween 20 and then exposed for 1 hour to horse radish peroxidase conjugated rabbit
IgG directed against mouse IgG (Dakopatts, Glostrup, Denmark) at a concentration of
1 in 1000 in PBS 0.05% Tween 20. The non-specifically bound horse radish
peroxidase conjugated antibody was washed off the nitrocellulose membrane by 3, 5
minute rinses with PBS 0.05% Tween 20. Membranes were then developed using an
enhanced chemiluminescence technique (ECL Western Blotting Detection System,
Amersham, Bucks, England). This system detects the peroxidase activity within the
membrane which is used to catalyse the oxidation of luminol in the presence of
hydrogen peroxide, immediately after oxidation, luminol is in an excited state and
emits light whilst decaying to the ground state. This light emission could be both seen
with the naked eye and recorded on photographic film.

2.7.2 Detection of the Inducible Form of hsp70 (hsp72)
The procedure to detect the inducible form of the hsp70 family (variously
called hsp72 or hsp70i) differed slightly to that described above for hsp60.
Nitrocellulose membranes were blocked with 0.1% skimmed milk protein in PBS with
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0.05% Tween 20. Commercially available anti-hsp72 (Amersham, Bucks, England or
Stress Gen, Sidney, Canada) was diluted 1 in 1000 in PBS with 0.05% Tween 20 and
0.1% Marvel, and exposed to the nitrocellulose membrane for 1 hour at 37°C.
Subsequent washes, exposure to secondary antibody, and visualisation of hsp72 were
as described for hsp60.

2.7.3 Densitometric Quantitation of hsp60 and hsp72
A method developed by other investigators within the laboratory, based on the
densitometric assessment of specific protein bands was used to quantitate myocardial
stress proteins (Norton and Latchman 1987).
Protein bands visualised by chemiluminescence, and recorded on photographic
film, were scanned using a white light source and absorption data digitised and
transferred to personal computer for subsequent analysis (Biorad model 620 video
densitometer,

Hemel

Hempstead,

Herts

England).

When

bands

were

not

homogeneously dense, the band was scanned at a number of points along its length
to calculate a mean absorption value.
Although the total protein content of samples was equalised on the basis of
protein assessment with the Pierce BCA reagent, this was done prior to boiling and
final centrifugation. The final protein concentrations of the samples therefore varied
slightly and identically loaded SDS-PAGE gels were also prepared for Coomasie
staining to control for this variability. Samples on the gel for stress protein
visualisation by Western blotting and protein visualisation by Coomasie staining were
loaded simultaneously and run on opposite sides of the same gel electrophoresis
apparatus. The reproducibility for dispensing sample volumes in the range

6

to lOpl

with a lOpl Hamilton syringe was better than 5% (determined spectrophotometrically
by absorption at 560nm after dispensing Coomasie blue dye in a constant volume of
distilled water). Since the protein transfer from SDS-PAGE gel to nitrocellulose is
nearly complete, the protein loading on the nitrocellulose will be virtually identical to
that of the Coomasie stained gel. The actin band on these identically loaded Coomasie
stained gels was also scanned and absorption digitised.
The absorption pattern of the stress protein bands and the actin band of the
Coomasie stained gel were displayed on a personal computer and area under the
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relevant peak integrated to give a total absorption value (Biorad Analyst 2 version 3.1
software, Biorad, Herts, England). For each lane the absorption value for the stress
protein band was divided by the absorption value for the actin Coomasie band, the
resultant ratio was independent of protein loading (see figures 2.1 and 2.2B). In
addition the absorption values for both the coomasie actin band and the stress protein
bands were linear over a range of loading conditions (see figure 2.2B).

3 The M easurem ent of Papillary Muscle Contractile Force
3.1 The Principles o f Superfusion
Muscle specimens with a small diameter, superfused in an organ bath
containing oxygenated physiological buffer, can remain viable without arterial
perfusion. Such specimens must be small enough to allow free diffusion o f metabolic
substrates (oxygen, glucose and pyruvate) and metabolites (carbon dioxide and perhaps
lactate). In principle the rates at which individual substrates are utilised, and
metabolites produced by the muscle must be matched by their rates of diffusion. In
practise the diffusion of oxygen is the factor limiting contractility (Paradise et al
1981). The rate of oxygen delivery to cells along the central axis or core, o f the
isolated muscle specimen is determined by, (i) the difference between the partial
pressure of oxygen in the external solution and that at the muscle core (the oxygen
difference), (ii) the diffusion distance for oxygen (muscle radius). AV Hill (1928)
from purely biophysical considerations described a method to determine the critical
distance for the diffusion of oxygen. Assuming an oxygen consumption of
approximately 1.4ml/min/l(X)g of active muscle bathed in Ringer’s solution and
ignoring any contributions from myoglobin, a critical radius of 0.466mm has been
suggested (Prasad and Callaghan 1969). This has been confirmed more directly by
progressively decreasing the partial pressure of oxygen in the superfusate until a
decrease is observed in the force developed by muscles of varying radius.

Such

studies suggest the critical diameter in superfused cat papillary muscle, stimulated at
0.5Hz at 37°C is 0.96mm decreasing to 0.71mm at IH z (Paradise et al 1981).
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3.2 Description o f the Apparatus
The apparatus was manufactured from glass, polythene/silicone tubing and non
toxic perspex (see figures 2.3 and 2.4).

3.2.1 The Organ Bath
The organ bath was manufactured by the physiology workshop at UCL to the
design illustrated in figure 2.4. The capacity of the bath was approximately 4ml and
perfusate flow was

8 ml/min.

The entry well served a dual purpose, being used to

accommodate a pH meter (Jencons, Beds, England) and damp the pulsatile perfusate
flow delivered by the peristaltic pump (Watson-Marlow 502S, Cornwall, England).
Two parallel bores within the body of the bath were used to circulate the warm water
used in the jacketing of the system, in order to maintain organ bath temperature.
Superfusate temperature and pH were monitored continuously using a thermocouple
(type K, Radiospares, Northants, England) placed close to the papillary muscle and a
pH electrode at the in-flow well. pOz and pCOj tensions were monitored intermittently
in the organ bath effluent (ABL2 automated blood gas analyzer. Radiometer
Copenhagen, Copenhagen, Denmark).

3.2.2 Superfusate Flow and Control
Superfusates were oxygenated using a gassing stick with either, 9 5 % 0 2 / 5 %C 0 2 ,
or 85%02/10%N2/5%C02, or 9 m o O jm % C 0 2 or

9 5 %N 2/ 5 %C 0 2

(all from British

Oxygen Company, London, England). Different superfusates could be drawn via a
three-way tap selector from different jacketed reservoirs and then passed through the
tubing of the peristaltic pump to a jacketed heat exchanger to supply the organ bath.
The temperature of the superfusate was kept at 374B.2°C by water circulation through
jackets surrounding the, reservoir, pre-organ bath heat exchanger and organ bath
(Techne C-85a Circulator, Cambridge UK).

3.2.3 Measurement of Force
Papillary muscles were suspended from a force transducer (Gould Statham
UCT2, Ohio, USA) and field stimulated via parallel flattened platinum electrodes
using an isolated stimulator (Digitimer DS2, Hertfordshire, England) triggered by a
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Figure 2.3: Panel A: is a photograph of the equipment used to asses papillary contractility. In the left
off-centre foreground is the low vibration table with organ bath and force transducer. Panel B: is a
schematic representation of the equipment shown in panel A.
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The Organ Bath for Papillary Muscle Superfusion
A

r
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1.0cm— 5.75cm-H.5cm-
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Figure 2.4: Panel A: Shows the organ bath with pH meter in entry well. The force transducer is seen
immediately below the stereoscopic microcope, to the left of the organ bath is the superfusate heat
exchanger, the circuits to warm the organ bath can be seen on either side of the heat exchanger. Panel
B: is a schematic diagram of the organ bath viewed from above and the side with relevant dimensions.
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computerized clock, the pulse amplitude being set at twice threshold with a fixed pulse
duration of 2ms. The force transducer was attached to a micromanipulator (Prior,
Cambridge, England) allowing precise three dimensional positioning. The excitation
voltage for the force transducer was provided by a DC bridge amplifier (Digitimer,
Neurolog recorder amplifier NL 107). The output o f the force transducer was
’’conditioned" using the same amplifier and recorded on paper at slow paper speed
(5mm/min) (Gould RS34(X) chart recorder, Ohio, USA), and also simultaneously
digitized at 250Hz for on-line analysis. The force transducer has a flat frequency
response to 60Hz and a displacement of ±0.06mm at the upper limits of its sensing
range ±30g. The recorder amplifier has a frequency response giving less than a 3dB
reduction in signal at 1 kHz.

The frequency response of the transducer and its

mechanical linkage has been previously determined as flat to 50Hz (Walker 1983).
The force transducer was calibrated by suspending varying axial weights and
measuring the voltage output of the recorder amplifier on an autocalibrating digital
oscilloscope (Gould 1602, Ohio, USA). The varying weights comprised of differing
lengths of coiled lead solder which had themselves been weighed on a calibrated 5
figure electronic balance (Mettler AJ50, Leicester, England). The linearity of the
transducer at varying degrees of amplification (full scale deflection of NL107 set at
1,2 or 5) is shown in figure 2.5A. In addition the linearity of the zero suppression
offset of the recorder amplifier (NL107) was determined at each full scale deflection
(figure 2.5B).

3.2.4 Preparation and Suspension of Papillary Muscles
New Zealand White rabbits (1.5-3.0kg) were deeply anaesthetised by
administering IV pentobarbitone (Sagatal, May and Baker, Dagenham, England) at a
dose of 60mg/kg (l.Oml/kg) followed by 500 units o f heparin via the marginal ear
vein. The heart removed by elevating the sternum was washed in cold oxygenated
saline. Hearts were then immobilised in a Petri dish o f continuously oxygenated
physiological saline (composition as for experimental protocol see Chapters 3 and 4).
Under lOx magnification (Prior stereoscopic microscope, Cambridge, England,
and a Schott, fibre-optic light source, W. Germany) the anterior wall of the right
ventricle was laid open by cutting down through the pulmonary artery, through the

Calibration of Force Transducer and Recording Amplifier

$
□

y = 1.9056e-3-0.29848x RA2 = 0.999

□

y = - 29.286 + 6.9729x R^2= 1.000

A

y = - 1.7950e-3 - 0.7372Ix R^2 = 1.000

A

y = -73.116+ 17.409X R/\2= 1.000

0

y

o

y

= - 7.2927e-3 - 1.4697x

R^2 = 1.000

0

=

- 144.37 + 34.373X RA2= 1.000

B

m

3
Q.
3

3

Q.
3

o

o

Q.

A
O

FSD=5
FSD=2
FSD=1

CL

E 1

E

<

<

a>
E

A
O

o

o
0)
cc

&_

FSD=5^
FSD=2
FSD=1 ,

o
E
o
o
0)
oc

2
0.0

0.2

0.4

0.6

load (g)

c\j

o3
Q.
CO

SI
O

0.8

1.0

1.2

4 .3 2

Dial Reading
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(see Appendix 2 Section 2).
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infundibulum and along the interventricular groove. One of the papillary muscles
exposed by this approach would be chosen for superfusion. An ideal muscle would be
thin (diameter=0.6mm), unbranched and long (length-3.0mm). Braided 6/0 silk
(Pearsalls Sutures, England) was passed gently under the chosen muscle and tied
around the chordae tendinae before cutting the distal chordae. The base o f the
papillary muscle was undercut so that the entire muscle together with a "wedge of
either right ventricular free wall or interventricular septum was removed and placed
in the organ bath. Remaining papillary muscles with adjoining ventricular wall were
either discarded or frozen in liquid nitrogen for stress protein estimation.
Once transferred to the organ bath, the silk attached to the chordae was tied
to the post in the organ bath, whilst the waist between the body of the papillary
muscle and the ventricular septal wedge was used to snare the papillary muscle and
attach it to the force transducer. Thirty minutes after the papillary muscles were
suspended in the organ bath they were stretched to a length developing 90% of
maximal active force and the pacing threshold determined. This was followed by a
further 30 minute stabilization period before entering an experimental protocol.
Throughout this time the stimulation rate was maintained at IHz.

3.2.5 Papillary Muscle Stability and Oxygenation
Initial pilot experiments with rabbit right ventricular papillary muscles
demonstrated that for 10-45 minutes after suspension developed and resting force were
unstable, thereafter force would remain stable for upto
were adequately stabilised and below

1 .0 - 1 .2 mm

8

hours. Providing muscles

in unloaded diameter there was no

decrease in developed force when superfusion was switched to physiological saline
equilibrated with 85%02/10%N2/5%C02, suggesting oxygenation was adequate (see
Chapter 3 Section 4.4 for criticism).

3.2.6 The Force-Interval Protocol and Digital Data Acquisition
The timing of papillary muscle field stimulation was by a computer clock
resident on a standalone board constructed and programmed in Forth by M r Jim
Johnson, Dept of Medicine, John Radcliffe Infirmary, Oxford. This board also housed
an analogue to digital (A/D) converter. The timing of the pacing protocols was
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versatile so that single "extrasystolic" beats could be interpolated in a train of steady
state beats.
Papillary muscles were stimulated at IHz, apart from when an assessment of
force generation in response to extra-systolic beats was performed. Each of these
assessments was identical and consisted o f a single extra-systolic beat with an initial
coupling interval of 200ms to the preceding beat. Every 12 beats this interval was
increased by 25ms, until the coupling interval reached 800ms, the increment then was
set at 500ms until the coupling interval reached 1000ms and finally the increment was
set at

1 0 0 0 ms

until the extrasystolic beat followed the preceding beat by

1 0 ,0 0 0 ms,

concluding the protocol (see figure 2.6). The force envelope o f (i) the steady state
beat immediately preceding the extra-systolic beat, (ii) the extra-systolic beat, (iii)
the beat following the extra-systolic beat, (the first post extra-systolic beat) and (iv)
the second beat after the extrasystolic beat, (the second post extra-systolic beat), were
recorded digitally for subsequent analysis.

This entire force interval protocol was

recorded over a 15 minute period. The 44 digitized steady state beats recorded during
this protocol were averaged to calculate means and standard errors for resting force,
developed force, maximum rate of rise of force, maximum rate of fall of force, time
to peak force and time to 90% relaxation.
The force developed by the extrasystolic and post extra-systolic beats was
normalised by dividing by the force developed by the preceding steady state beat.
Normalised beat force was recorded at each extra-systolic interval to derive forceinterval curves. The force-interval relationships were then either, individually fitted to
a biexponential expression, or collated to derive force-interval curves comprising of
data from one whole experimental groups; at each extra-systolic interval a mean and
standard error of normalised beat force for extra-systolic and post-extra-systolic beats
was obtained and these averaged curves fitted to a biexpontential expression.

3.2.7 Programming for the Real-Time Display of Contractile Information,
Analysis of the Force Envelope and Chelation of Force Interval Data
The A/D converter on the Forth board was characterised using steady state
voltages and "peeking" at the value of the ASC II character returned. The A/D
converter had a

2

volt range which was encoded in one byte to give a resolution of
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«0.008volts (see figure 2.7), this corresponded to a force of 4.2mg at FSD=1 and
22.2mg at FSD=5. The A/D converter triggered by the stimulation pulse, would
digitise voltage for a period of 400mS at 4ms intervals following the trigger. A file
containing the 1(X) ASC II characters (or bytes) describing the voltage over the 4(X)mS
period would be transferred to the RS232 (Com 1) port of a PC for analysis and
display (see figure

2 .8 ).

The slopes of the relationships between transducer load in grammes and
recorder amplifier output in volts for each FSD setting (together with the recorder
amplifier output at zero load, the so called zero load constant) was used to derive the
transducer load for any particular ASC II value. Hence, the transducer load or
papillary muscle developed force could be determined at 4mS intervals for each
stimulated papillary muscle force envelope. A suite of programmes was written in
M icrosoft G-W basic to analyse the ASC II characters returned by the A/D converter
and derive contractile information. The programme listings together with more
information about the programmes appears in Appendix 2.
The 4 programmes used were.
1) MMAQUIS.BAS (Appendix 2 Section 1): This acquisition program, would plot
the force envelopes of steady state beat, extrasystolic beat and first and second
extrasystolic beats on the computer screen in real time. In addition the program
determined the highest ASC II value for each envelope and plotted these against
extrasystolic interval to derive a force-interval relationship on screen (see figure

2 .8 )

and hard copy on plotter. The ASC II (raw data) provided by the A/D converter was
written to disc in sequential files for latter analysis.

2) MMCALCUL.BAS (Appendix 2 Section 2): This analysis programme converted
the ASC II strings describing the papillary muscle twitch envelopes, to force in
grammes and calculated for the 44 steady state beats means ± SE for, peak force (g),
maximum rate of contraction (g/s), maximum rate o f relaxation (g/s), time to peak
force (s) and time to 90% relaxation (s). In addition output files were written to disc
for both extrasystolic and first post extrasystolic beats for each of the following,
extrasystolic interval versus (i) peak force (ii) maximum, and (iii) minimum rates of
rise of force, the option was also available to output this information to a plotter.
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Figure 2.8: The screen output of the program MMAQUIS.BAS. This pro^am generated both screen and plotter outputs. The screen output above
shows the 4 data acquisition windows uppermost, displaying from left to right, steady state, extrasystolic, first post-extrasystolic and second
post-extrasystolic beats. The inter-beat interval preceeding the relevant force envelope is shown in milliseconds immediately below the window.
The lower portion of the screen is used to plot a force interval relationship for each of the 4 beats displayed in the acquisition windows. The
ordinate is in ASC II units. The upper portion of the screen is replotted for each run (change in extra-systolic interval), the force amplitude of the
new beats is then added to the lower graph.
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3) MMCOLLAT.BAS (Appendix 2 Section 3): This analysis program would divide
peak force by steady state force at each extra-systolic interval over any number of
experiments outputted by MMCALCUL.BAS. It was thus possible to derive a single
collated force-interval relationship for each experimental group. Regression (see
below) could then be used to fit a biexponential expression to the force-interval data.

4) Regression (Appendix 2 Section 4): This commercially available software package
(Blackwell Scientific, Oxford, England) was used to fit a biexponential expression to
the force-interval data output of MMCALCUL.BAS.

5) MMAREA.BAS (Appendix 2 Section 5): A bit pad (Summa Graphics, Summa
Sketch II, Connecticut, USA) was used to trace the papillary muscle force envelopes
at slow paper speed to provide a crude measure of papillary muscle activity during
hypoxia. A program based on Simpson’s rule was used to calculate this area on the
basis of stylus position information received from the bit pad.

4 The Langendorff Heart
4.1 The Principles o f Retrograde Perfusion
Early physiologists attempted to isolate the mammalian heart to examine it s
metabolic requirements, but realised that unlike the thin walled frog heart, the thick
walled mammalian heart had a specialised circulatory system that required a steady
flow to maintain cardiac contraction (Opie 1992a). The first practical description of
a simple apparatus to maintain the isolated heart was made by Oscar Langendorff
(1895).
In the Langendorff preparation the heart is retrogradely perfused by tying the
ascending aorta to a cannula through which the perfusate enters the aortic root. The
perfusate is unable to enter the left ventricular cavity providing the aortic valve is
intact and the pressure in the aortic root is greater than that in the left ventricle or
outflow tract. The only orifices in the ascending aorta by which perfusate may escape
are those of the right and left coronary arteries which lie in the coronary sinuses.
Perfusate is forced through the coronary circulation, myocardial capillaries and then
to the right atrium and ventricle via the coronary sinus (a small proportion also enters
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the left ventricle through thebesian drainage). Coronary vascular resistance can be
measured by perfusing the heart in constant pressure mode and measuring flow or
perfusing in constant flow mode and measuring pressure. If the perfusate contains the
essential substrates and its flow rate is sufficient to supply these substrates and remove
metabolites then the myocardium can remain viable and contract for many hours. In
addition, by comparing the composition o f the perfusate above (in the cannula) and
below (in the right ventricle) the heart, it is possible to measure substrate extraction
and metabolite production.

4.2 The Preparation o f Hearts for Retrograde Perfusion
Twenty-four hours following either whole body heat or sham heat stress rabbit
hearts were removed for further experimentation.
New Zealand white rabbits (1.5-3.5kg) were deeply anaesthetised by a
administering IV pentobarbitone (Sagatal,May and Baker, Dagenham, England) at a
dose of 60mg/kg (l.Oml/kg) followed by 500 units o f heparin via the marginal ear
vein. The hearts were removed by elevating the sternum and washed in cold
oxygenated saline. The aorta was threaded onto the perfusion cannula under a
meniscus of cold saline to prevent entry of air. Once the aorta was tied to the cannula,
perfusion was started. The time between removal o f heart and perfusion on the
Langendorff apparatus (ie the cold ischaemic time) was never more than 2 minutes.
Once perfused, the hearts were trimmed of pericardium, the pulmonary artery opened
to allow drainage of perfusate and placement of right ventricular temperature probes
and cannulae, and the left atrial appendage removed.

4.3 Description o f the Apparatus
4.3.1 Delivery of the Perfusate
A schematic diagram of the apparatus appears in figure 2.9. Perfusates were
oxygenated in a jacketed reservoir from which fluid was drawn off by a variable rate
peristaltic pump (Watson-Marlow 502S/R, Cornwall, England). The perfusate was then
pumped through a 10pm filter and heat exchanger to a bubble trap. A rubber
membrane over the vent of the bubble trap as well as air within the bubble trap
dampened the pulsations from the peristaltic pump. The hearts were suspended from

The Langendorff Apparatus
Balloon: to dam pen pressure
fluctuations
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circuits enter and leave pump

Aortic Cannula: sidearm s for measuring
coronary perfusion pressure, sampling perfusate
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P r e ssu r e T ra n sd u cers: for
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T hree-w ay Tap
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Q.
^ Figure 2.9: Schematic diagram of Langendorff perfusion apparatus. Parallel circuits draw perfusate from two reservoirs through the same peristaltic pump
o with the same diameter tubing. In line filters exclude large particulate contamination. All solutions are prefiltered to 2pm. When the apparatus was used
for calcium free perfusion the calcium free circuit entered at the level of the aortic cannula having passed through a "dedicated" bubbletrap. The apparatus
was surrounded by a water jacket to maintain perfusate in the right ventricle at 37°C. This has been excluded for clarity.
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a cannula draining the bubble trap. The cannula had a polythene sidearm for collection
o f perfusate and measurement of coronary pressure using a pressure transducer
(P23XL, Gould Electronics, Ohio, USA) and appropriate amplifier (transducer
amplifier, Gould electronics).

4.3.2 Assessment of Left Ventricular Pressure
Left ventricular developed pressure was measured by passing a deflated latex
balloon through the mitral valve after excising the left atrial appendage. Once the
balloon was in the left ventricular cavity it was filled with water. A pressure
transducer (P23XL, Gould Electronics, Ohio, USA) linked by a short length of rigid
polythene tubing to the latex balloon was used to measure isovolumic left ventricular
pressure. After the balloon and connecting tubing had been purged of air, the balloon
volume was adjusted so give a left ventricular end-diastolic pressure o f between 5 and
lOmmHg.
The pressure transducers and respective bridge amplifiers used to measure
developed and coronary perfusion pressures were balanced daily and calibrated using
a mercury sphygmomanometer.

4.3.3 Left Ventricular Monophasic Action Potentials
Left ventricular monophasic action potentials (MAP) were measured using a
purpose built Ag/AgCl suction electrode applied to the epicardial surface of the heart.
(The MAP electrode was a gift from Prof Max Lab, Department o f Physiology,
W estminster and Charing Cross Hospital). Reference and recording electrodes resident
within the MAP electrode were connected to a "Universal" amplifier (Gould
Electronics, Ohio, USA).
Appropriately amplified coronary and left ventricular pressure traces and
M A P’s were displayed on a chart recorder (RS3400, Gould Electronics, Ohio, USA).

4.3.4 Temperature Control
Temperature was measured in the right ventricular cavity with a type K
thermocouple (Radiospares, Northants, England) and output sensed by a calibrated
digital thermometer (Digitron, Northants, England). The temperature o f the heart was
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kept at 37+0.2°C by water circulating within the jacketing surrounding the perfusion
reservoir, heat exchanger and bubble trap (Techne C-85a Circulator, Cambridge UK).

4.3.5 Control of Heart Rate
In order to reduce variability in substrate demand all hearts were paced, via the
right atrium at 180 beats/min, throughout the experiments using an isolated stimulator
(Digitimer DS2, Hertfordshire, UK) triggered by a pulse generator (Digitimer DG2).
Square wave pulse amplitude was set at twice threshold with a pulse duration of 2mS.

4.3.6 Oxygen, Carbon Dioxide and pH Differences Across the Heart
Perfusates were collected simultaneously from the sidearm of the aortic
perfusion cannula and from a cannula dwelling in the right ventricle. The syringes
containing the samples were capped and pH, p 0 2 and pCOg measured using an
automated blood gas analyser (ABL2 Radiometer Copenhagen, Copenhagen,
Denmark). By subtracting values obtained from perfusates taken above and below the
heart, O 2 consumption and, CO 2 and pH production could be estimated.

4.3.7 Creatine Phosphokinase within the Coronary Effluent
Creatine phosphokinase (CPK) exists within mitochondria and cytosol
where it plays a role in the phosphocreatine-creatine energy shuttle (Katz 1992). The
purpose of this enzyme is to transfer a high energy phosphate from ATP to creatine
(mitochondrial) or from creatine phosphate to ADP (cytosolic in region of contractile
apparatus). Damage to mitochondrial and sarcolemmal membranes allows the leakage
o f cellular constituents including creatine phophokinase which can be used as a marker
of myocyte damage.
In the Langendorff heart, CPK leakage into the coronary effluent can be
measured and augments changes in contractility as a measure of myocardial injury. A
commercially available assay kit (CK NAC-activated system, Boehringer Mannheim,
Meylan, France) was used to measure CPK. The assay relies on creatine
phosphokinase present in the effluent reacting to form ATP from ADP and creatine
phosphate, the ATP is used in subsequent reactions (ATP being the rate limiting
substrate) to form gluconate- 6 -phosphate. The rate o f accumulation of this compound.
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an indirect indicator of CPK activity, was measured by spectrophotometric absorption
at 365nm (PU8700 Spectrophotometer, Phillips, Holland).

4.3.8 Myoglobin Absorption at 280nm
Myoglobin an intracellular constituent with a relatively low molecular weight
(17kDa) can be used as indicator of sarcolemmal damage (Yamashita et al 1993). The
content within the coronary effluent can be estimated in crude fashion by measuring
the absorption of the globin moiety at 280nm (Busselen 1985).

5 The In-Vivo Model of Infarction
5.1 The Determinants o f Infarct Size
The principle determinants of infarct size have already been discussed (Chapter
1 Section 3). The duration of ischaemia in the rabbit model o f infarction used in this
thesis was 30 minutes with 120 minutes of reperfusion. Body temperature and rate
pressure product were closely monitored to ensure that the metabolic requirements
between experimental groups were similar. Collateral flow in the rabbit is close to
zero and therefore should not be a cause for inter-experimental variability (Maxwell
et al 1987). The contribution of the volume at risk o f infarction to overall infarct size
was controlled by expressing infarct volume as a percentage o f the volume at risk of
infarction (although this well recognised technique does seem to have some
drawbacks, see Chapter 7 Section 3.2).

5.2 Recovery Experiments Involving Ischaemic Pretreatment
The rationale behind setting up a surgical recovery model in the rabbit was to
examine the induction of myocardial stress proteins in response to ischaemia. Four,
5 minute episodes of ischaemia followed by 24 hours o f reperfusion have been shown
to result in cardiac stress protein induction (Knowlton et al 1991a), and an identical
protocol was adopted for the purposes of our investigations.
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5.2.1 Anaesthesia for Recovery Experiments Involving Ischaemic Pretreatment
Rabbits were anaesthetised with intramuscular fentanyl

lOOpg/kg and

fluanisone 3mg/kg (Janssen pharmaceuticals, Oxford, UK), followed by intraperitoneal
diazepam

2mg/kg. Anaesthesia was maintained by fentanyl and fluanisone,

administered every 30 minutes. Once the rabbits were adequately anaesthetized, they
were orally intubated using a wire introducer (endotracheal intubation stylet, Portex,
Kent, England) and uncuffed endotracheal tube (Portex size 3.0, 3.5 or 4.0mm) and
paediatric Laryngoscope (Penlon laryngoscope with Wisconsin no 0 or no 1 blade,
Penlon, Oxford, England). The skin over scapulae and ilia was shaved with a scalpel
blade and limb lead ECO electrodes (Medicotest, Rugmarken, Denmark) were
attached. The rabbits were mechanically ventilated with 100% oxygen, at a tidal
volume of 5ml/kg delivered at a rate of IH z (Harvard small animal ventilator, Kent,
England). A marginal ear vein was cannulated to administer fluids and drugs and
30mg of intramuscular amoxycillin was given prophylactically.

5.2.2 The Surgical Preparation for Recovery Experiments Involving Ischaemic
Pretreatment
The heart was exposed through a median sternotomy taking care to avoid the
pleura and internal mammary arteries. Once the chest was open, the pericardium was
cut and a coronary artery (usually an anterolateral branch of the circumflex), underrun
with 3/0 silk suture on a tapered needle. The free ends of the suture were passed
through a soft vinyl tube so as to form a snare to occlude the artery. Rabbits then
received 1000 units of heparin prior to the first 5 minute coronary artery ligation.
Successful ligation was confirmed by myocardial cyanosis with bulging and changes
in the amplified ECG signal (ECG amplifier and series 30(X) recorder, Gould Inc,
Ohio, USA). Reperfusion was confirmed by a myocardial blush and resolution of ECG
changes. Following four, 5 minute coronary ligations separated by 10 minutes of
reperfusion, the vinyl occluder was removed, the coronary suture was left in situ
whilst the sternotomy was closed by suturing muscle and then skin layers. Animals
were given lOml/kg of 0.9% saline intravenously, allowed to breathe spontaneously
and eventually extubated.
The surgical preparation for the sham ischaemic pre-treatment group was
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identical to that described above. However, although the pericardium was opened, a
coronary artery was neither underrun nor occluded, thus avoiding the mechanical
manipulation o f the myocardium which may in itself act as a trigger for stress protein
induction (Knowlton et al 1991b).

5.3 Non-Recovery Experiments Involving Prolonged Ischaemia and
Infarction
5.3.1 Surgical Preparation for Non-Recovery Experiments Involving Prolonged
Ischaemia and Infarction
Ischaemically pre-treated and heat stressed rabbits were recovered for 24 hours
and then underwent infarct size assessment following a 30 minute coronary occlusion.
New Zealand White rabbits were anaesthetised by administering IV
pentobarbitone (Sagatal, May and Baker, Dagenham, England) at a dose of 40mg/kg
(0.6ml/kg) and then shaved to allow attachment of ECG electrodes as described above.
The fur over the sternum and anterior aspect of the neck was also shaved. The skin
over the trachea was then infiltrated with 2-3mls of 1% lignocaine solution using a
2 2 0 needle. After further IV pentobarbitone, the trachea was exposed through an
anterior cervical incision and intubated with a 3mm endotracheal tube following a
tracheotomy.

Rabbits were mechanically ventilated at IH z with a reduced tidal

volume of 4ml/kg in keeping with the reduction in ventilatory dead space. The right
common carotid artery was exposed in the peritracheal fascia and cannulated with a
short rigid polythene cannula attached to a pressure transducer (Gould P23XL), for
continuous recording of arterial pressure and intermittent arterial blood gas estimations
(ABL2, Radiometer, Copenhagen, Denmark). Throughout the procedure rectal
temperature was monitored (Type K thermocouple and calibrated Digital thermometer.
Radiospares, Northants, England) and maintained between 38.5°C and 39.0®C using
an electric warming pad. The chest was opened via a midline sternotomy and a
coronary artery identified. Rabbits were given l(XX)units o f heparin intravenously and
the coronary artery ligated as described above. In the case of the ischaemic
pretreatment group, the existing coronary tie was re-used to ensure that the same
coronary bed was rendered ischaemic as on the previous day. In the sham ischaemia
group identification of a suitable coronary vessel was often difficult since the surface
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o f the heart was encased in a thin fibrinous exudate.
Following a 30 minute coronary occlusion, reperfusion was confirmed by the
appearance of a myocardial blush. Experiments were continued for 120 minutes of
reperfusion during which haemodynamic data was recorded every 15 minutes and
blood gases analysed every 30 minutes.

5.3.2 Assessment of Infarct Size (see figure 2.10)
At the end of the 120 minute reperfusion period, a further lOOOunits o f heparin
was given, and hearts were removed and retrogradely perfused with 0.9% saline. After
blood had been washed out of the coronary vasculature the coronary snare was re
tightened and fluorescent microspheres (Zinc Cadmium-Sulfide 1-lOpm particles, Duke
Scientific, California, USA) infused via the aortic cannula. Demarcation o f the
myocardial surface at risk (zone without spheres) was confirmed under UV light (see
figure 2.10). Hearts were then frozen at -18°C overnight. The following day, whilst
still frozen, hearts were sliced at 2mm intervals at right angles to their long axis. The
slices were then incubated at 3 T C in triphenyltetrazolium chloride (Sigma Chemicals,
Mousourri, USA) at a concentration of lOmg/ml of phosphate buffer at pH 7.4. Once
the viable myocardium had stained, slices were placed in

10%

formaldehyde solution.

Approximately 24 hours later heart slices were placed caudal surface upwards and
compressed between two glass plates separated by 2mm spacers. Risk areas, viewed
under UV light, and areas of infarction were traced, photographically enlarged and
planimetered (Summa Graphics, Summa Sketch II, Connecticut, USA, Jumpers
modified for ASC II output) using dedicated software based on Simpson’s Rule (see
program MMINFRSK.BAS in Appendix 2 Section

6 ).

The area of infarction (no

tétrazolium staining), was expressed as a percentage of the area at risk of infarction
(no fluorescent microspheres). The volume of myocardial tissue at risk and the volume
of infarction were calculated by multiplying the corresponding areas by the depth
(2mm) of the tissue slices (see figure 2.10B).

6 Statistical Methods
All values are expressed as means ± SEM. All comparisons involving more than 2
groups were assessed for significance with a one-way analysis o f variance (ANOVA),
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Figure 2.10: The use of fluorescent particles and triphenyl tétrazolium to measure infarct
size. Panel A: shows the appearance of a whole heart after the coronary artery has been
re-ligated and flourecent particles retrogradely perfused. Under ultraviolet light (366nm) the
area at risk appears dark whilst the area of perfusion fluoresces brightly. Panel B: Shows a
heart treated as shown in panel A then frozen and 24 hours later sliced at right angles to its
long axis and incubated in triphenyltetrazolium. The slices on the left are viewed under
ultraviolet light and those on the right are the same slices viewed under white light. The slices
on the left show a clear risk area, the corresponding area viewed under white light contains
red staining and pale tissue. The pale tissue represents infarction.
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Fisher’s Protected Least Significance Difference (FPLSD) method being used for
comparisons within the ANOVA table (Armitage and Berry 1987). Changes in
haemodynamic parameters within groups over the course of the experiment were
compared by two-way analysis of variance (Wallenstein et al 1980) with a post-hoc
paired t-test for comparison of variables at baseline and the end o f an experiment. An
unpaired t-test was used to compare means when comparisons were confined to

2

experimental groups for example between heat stress and sham heat stress groups.
Associations between rate pressure product and infarct size, papillary muscle diameter
and developed force, and stress protein content and contractile recovery, were tested
by the Spearman Rank Correlation method (Armitage and Berry 1987). The
relationships between risk area and areas of infarction between contemporaneous
experiments was determined by analysis of covariance. Statistical comparisons were
made with commercially available software (Statview version 3.0 Cherwell Scientific
Publishing, Oxford, England and Minitab version 8 , Clecom, Birmingham, England).
Statistical significance was defined as p<0.05.
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1 Introduction
W hole body heat stress is known to increase cardiac stress protein synthesis
and protect the isolated rat heart against ischaemia (Currie et al 1988). The purpose
of this initial pilot study was to

examine the protection afforded by whole

body heat stress against a number of components of ischaemia/reperfusion thought to
be

involved in the injury process. By such methods we hoped to gain agreater

understanding of the basis for the protection following

heat stress. Among the

components of ischaemia/reperfusion thought to result in myocardial injury are
(i)acidosis, (ii)calcium overload, (iii)depletion of high energy phosphates and (iv)free
radical stress at reperfusion (see Chapter 1 Section 2). For the purposes of this study,
acidosis was simulated by hypercapnia; calcium overload by low calcium superfusion
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followed by calcium repletion (the Calcium Paradox); high energy phosphate depletion
by hypoxia without substrate and free-radical stress by re-oxygenation following
hypoxia.
The laboratory in which this work was carried out had already demonstrated
that the benefits of whole body heat stress, which are seen in the rat, are also present
in the rabbit (Yellon et al 1992a). It was therefore decided to use the rabbit for this
and subsequent studies. Papillary muscle specimens rather than whole hearts were used
because of a number of theoretical advantages. In the whole heart, measurement of
contractile function during and following ischaemia is complicated by alterations in
cavity geometry associated with ischaemic contracture, tissue oedema and the effects
of changes in coronary perfusion pressure, the "garden hose effect" (Chappell et al
1985). This makes it difficult for practical purposes to be certain if changes in the
contractile function of a Langendorff heart, during or following an intervention are
secondary to alterations in coronary perfusion pressure/flow or left ventricular enddiastolic pressure (Vogel et al 1985). In addition the papillary muscle model has the
further advantage of allowing force interval measurements to be made (see Chapter
2 Section 3.2.6), independent of loading conditions and intrinsic pacemaker activity.

2 Specific Methods
2.1 Group Sizes and Exclusions
Rabbit right ventricular papillary muscles from heat stress (n=12) and sham
heat stress rabbits (n=10) were used for this study. Two experiments in the heat stress
group were excluded. One rabbit died during the heat stress procedure secondary to
an inadvertent anaesthetic overdose. The second exclusion from the same group was
due to altemans of papillary muscle developed force despite normal temperature and
pH o f the Tyrode solution. Consequently 10 papillary muscles from sham heat stressed
(control) and

10

papillary muscles from heat stressed (heat stress) rabbits were used

for the analysis of contractility. Rabbits were assigned to heat stress or control groups
on alternate days apart from when a technical failure required repetition of an
experiment.
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2 2 The Experimental Model
The rabbit whole body heat stress procedure (Chapter 2 Section 1.1.2) and
preparation (Chapter 2 Section 3.2.4), suspension (Chapter 2 Section 3.2.4),
superfusion (Chapter 2, Section 3.2.2), field stimulation (Chapter 2 Section 3.2.3) and
force-interval timings (Chapter 2 Section 3.2.6) o f rabbit right ventricular papillary
muscles were as previously described. The acquisition of contractile information was
similar to that discussed (see Chapter 2 Section 3.2.6) apart from the fact that analysis
of tension envelopes was by an earlier version of the MMCALCUL.BAS programme
to that listed in Appendix 2 Section 2. No information was therefore available on,
maximum rate of contraction, maximum rate of relaxation, the time to peak tension
or the time to 90% relaxation for the steady state beats.

2.3 The Protocol fo r Serial Stresses (figure 3.1)
Heat stress and control muscles were treated identically. After harvesting
papillary muscles were stabilised in Tyrode solution of the following composition,
NaCl llS .m M , KCl 4.0mM, MgClz.bH^O l.OmM, NaHCO^ 24.0mM, NaH 2P 0 4 .2 H 2 0
0.4mM, CaCl 2.2 H 2 0 l.SmM, Glucose 6.5mM and Napyruvate S.OmM, equilibrated
with

95

% 0 2 / 5 %C 0 2 . After 30 minutes of stabilisation muscles were stretched to a

length giving 90% of maximal active force and pacing threshold determined. The
order of exposure to serial stresses had to take into account the degree of papillary
muscle injury that each stress would cause. For this reason it was decided that acidosis
should be followed by exposure to nominally calcium-free superfusate, the final and
most injurious stress being high flow hypoxia without substrate.

2.3.1 Acidosis
After stabilisation muscles were superfused for 30 minutes with the same
Tyrode's solution (as above) equilibrated with 90%02/10%C02, resulting in a shift in
organ bath pH of approximately 0.27 units (Heat stress group 7.49±0.00 to 7.23±0.01,
Control group 7.49±0.01 to 7.22±0.01, m eansiSEM , n=10 for each group). Force
interval assessments were performed at regular intervals, including during acidosis as
indicated in figure 3.1.

K

Protocol for Serial Stresses

STABILISATION
45 min

STABILISATION
75 min

ACIDOSIS
30 min

ZERO Ca^+
20 min

HYPOXIA
30 min

Total Duration 260 minutes

=15 minute Force-Interval Assessment
CO

o5

a.

sz
ü

Figure 3.1: Rabbit right ventricular papillary muscles were subjected to the serial stresses of (i) acidosis (10% carbon dioxide), (ii)no added
calcium and (iii)hypoxia (partial pressure of oxygen < 6.0kPa) without substrate. Force-Interval assessments at various points during the protocol
allowed the measurement of changes in contractility in response to each of the stresses.
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2.3.2 Nominally Calcium-Free
Following acidosis papillary muscle force returned to pre-acidosis baseline
values in both groups. Muscles were then exposed Tyrode solution from which CaClg
had been omitted. After 20 minutes of superfusion with nominally calcium-free
solution contractile activity ceased without any noticeable change in resting force. In
similar experiments the calcium concentration in such nominally calcium-ffee solution
was measured by atomic absorption spectrophotometry (PYE, Unicam SP9, England)
using lanthanum chloride in HCl to prevent the formation of calcium phosphate. The
estimated calcium concentration of these solutions was 6.1±1.7pM (mean±SE n=10).

2.3.3 High Flow-Hypoxia without Substrate
Following calcium-free perfusion muscles were stabiUsed and force-interval
data collected prior to superfusion with glucose and pyruvate free (substrate free)
Tyrode's solution bubbled with

9 5 %N 2/ 5 %C 0 2

. The reservoir used to de-oxygenate

the superfusate was covered with clingfilm and over-filled so as to wet the
clingfilm/glass interface and exclude free communication with room air. A similar
meniscus was formed between the upper surface o f the organ bath and a glass
coverslip to prevent room air oxygenation o f the superfusate bathing the papillary
muscle. The hypoxic superfusate was bubbled with the nitrogen mixture for 20
minutes prior to use. During high flow hypoxia without substrate contracture
developed and contractile activity ceased in all muscles. At the end of the hypoxic
period oxygen tension measured in the organ bath effluent was less than 6.0kPa. Upon
re-oxia with return of substrates, contracture became less marked and contractility
increased. Force interval assessments were performed at two time points during
reoxygenation as shown in figure 3.1.

3 Results
3.1 M yocardial Heat Stress Protein Content
The whole body heat stress procedure used for this protocol results in an
approximate 4 to

8

fold increase in both left and right ventricular hsp72 without an

appreciable change in hsp60 (see Yellon et al 1992a and Chapter 4 Sections 3.6 and
3.7 and Chapter 5 Section 3.9).
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3.2 Baseline Papillary Muscle Characteristics (table 3.1)
Papillary muscle dimensions and weight were similar between groups. The
papillary muscle volume was calculated on the basis o f length and diameter assuming
a cylindrical shape. The calculated volume was approximately two-thirds o f that
expected on the basis of weight given that muscle density is slightly greater than that
of water. The probable explanation for this discrepancy is the fact that papillary
muscles were weighed together with the attached wedge of septal or right ventricular
free wall tissue. Basal resting force after tensioning the muscles was similar between
groups as was developed force. Developed force was calculated as peak force minus
resting force. Force was not expressed in terms of tension (force/unit crossectional
area) since there was no correlation between papillary muscle diameter and developed
force (an example of the lack of dependence of muscle diameter on force is seen in
Chapter 4 Section 3.1).

3.3 Changes in Contractility With Serial Stresses
3.3.1 General Pattern of Changes in Contractility (figure 3.2)
An example of the changes in contractility during the serial stress protocol is
seen in figure 3.2 which is an example of the plotter output o f MMAQUIS.BAS for
a control papillary muscle. The first stress used, namely acidosis depressed
contractility without altering the shape of either the restitution or decay of potentiation
curves and recovery post acidosis was complete. In the example shown steady state
beat developed force was approximately 55 ASC II units, dropping to 40 during
acidosis and returning to 55 post-acidosis. Contractile activity ceased during the
second stress of calcium-free superfusion with complete recovery to approximately 55
ASC n units on calcium repletion. This recovery occurred without an appreciable
change in the shape of the force interval relationship. After the third stress of high
flow hypoxia without substrate, contractile activity was markedly depressed but some
recovery in developed force was seen even during the 15 minute force interval
assessment. Thirty minutes post-hypoxia recovery is more complete with a steady state
developed force of 35 ASC II units (recovery compared to pre-hypoxia therefore about
65%). In addition the shape of both the restitution and decay of potentiation curves
is altered.

Papillary Muscle Characteristics

8

Heat Stress

Control

t-test

Muscle Diameter (mm)

0.84±0.07

0.861B.09

p=NS

Muscle Length (mm)

3.28±0.25

3.6510.27

p=NS

Calculated Volume* (mm^3)

2.0110.39

2.4210.52

p=NS

Muscle Wet Weight (g)

3.8010.61

3.8310.44

p=NS

Baseline Resting Force (g)

0.3110.10

0.4710.11

p=NS

Baseline Developed Force (g)

0.8510.18

0.9410.10

p=NS

* Muscle volume was calculated on the basis of diameter and length assuming a cylinder.

CO

o
Ü

Table 3.1:
Unloaded muscle length and diameter were determined at the end of the experimental protocol.
Values shown represent means+standard error. n=10 for each group.
Comparisons between control and heat stress groups were made by two-tailed unpaired t-test.
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F i g u r e 3.2: T he output o f M M A Q U I S . B A S for the entire serial stress protocol. T he
y -a x is o f each force-interval cui-ve is in A S C 11 units, the x -a x is in log se c o n d s. Each
c u rve is plotted out in real tim e at the end o f the data c o lle c tio n (w h en extrasy sto lic
in te r v a l= l()se c ), the stea d y state beats are averaged and used to ca lc u la te d e v e lo p e d
and resting force. S S = s te a d y state beat, E S = e x tr a s y sto lic beat and P E S = p o ste xtr asy stolic beat.
T h e force-in te iw a 1 protocol post c a lciu m -fr ee perfusion w as in tem p te d as the data
d isc had to be c h a n g e d and h e n c e is incom plete.
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3.3.2 Papillary Muscle Contraction During Acidosis (figure 3.3A)
The degree of acidosis resulting from superfusate equilibration with 10% €0%
was similar for control and heat stress muscles (7.22±0.01 and 7.23±0.01 respectively).
Figure 3.3A illustrates the changes in papillary muscle developed force 15 minutes
after switching to low pH superfusion. Developed force in figure 3.3A is expressed
as a percentage of baseline developed force (see table 3.1). Developed force was
similarly depressed in heat stress (72.5% o f basal) and control (79.4% of basal)
papillary muscles. Resting force and the force interval relationship were not
significantly altered during or following acidosis.

3.3.3 Papillary Muscle Contraction During and Following Nominally CalciumFree Superfusion (figure 3.3B)
During calcium-free superfusion papillary muscle contraction ceased, upon reintroduction of calcium there was a prompt return of contraction and this was
measured after 15 minutes of calcium repletion as shown in figure 3.3B. Surprisingly,
there was no increase in resting force on return of calcium (increase in resting force
pre- V post- zero calcium for control group 0.08±0.03g and for heat stress group
0.08±0.03g) but there was a mild though significant degree of contractile impairment
seen only in the control papillary muscles. Once again developed force was expressed
as a percentage of developed force prior to calcium-free superfusion (from the post
acidosis force-interval relationship). Even though developed force was depressed upon
calcium repletion there was no significant alteration in the force-interval relationship
(see figure 3.2 for example).

3.3.4 Papillary Muscle Contraction During and Following High Flow Hypoxia
Without Substrate (figures 3.4, 3.5 and 3.6)
Within the first few minutes of the switch to the hypoxic superfusate, without
substrate papillary muscle developed force diminished, but then as resting force
(contracture) increased papillary muscle developed force would also often transiently
increase (see Chapter 4 Section 3.2). However at the end of the 30 minute hypoxic
period papillary muscle contraction had ceased in all muscles despite attempts to
capture contraction by increasing the stimulation amplitude and pulse width. W ith the
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Figure 3.3; Papillary muscle developed force during acidosis and after nominally calcium free superfusion. For each papillary muscle developed force
during acidosis was expressed as a percentage of developed force during baseline stabilisation. Similarly developed force post-"no added calcium" was
expressed as a percentage of developed force prior to no added calcium. n=10 for each group. Error bars represent +/- SEM. Comparisons between heat
stress and control groups were by unpaired, two tailed t-tests.
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re-introduction of, oxygen, glucose and pyruvate, contractions would return and
contracture partially normalise. Interestingly, upon re-oxygenation there would often
be a very prompt return of contraction in the first 2-3 minutes which would rapidly
decrease over approximately 30 seconds and then beat strength would slowly increase
once again. This transient burst of contractile activity, which occurred in both
experimental groups, resembles the initial hyper active segmental shortening seen after
a short coronary occlusion before classical stunning becomes apparent. (A poor
example of this effect is seen in figure 3.2, in the immediate post-hypoxia force
interval trace which shows a mild hump in the force of the steady state beat between
extrasystolic intervals of 200 to 800mS).
In the first 15 minutes of recovery after hypoxia (figure 3.4A), the average
developed force was similar in control and heat stress groups at approximately onethird of the force developed prior to hypoxia. During reoxygenation developed force
in both groups increased to differing degrees, so that when measured between 30 and
45 minutes of reoxygenation the developed force was significantly greater in the heat
stressed muscles as shown in figure 3.4B. The greater rate of contractile recovery in
the heat stressed group is shown in figure 3.5 which shows that the percentage
increase in contractile recovery for each papillary muscle during the first 45 minutes
of reoxygenation is more in heat stressed than in control muscles.
The increase in resting force occurring as result o f hypoxia is illustrated in
figure 3.6A and 3.6B. Resting force for each muscle prior to hypoxia was subtracted
from resting force following hypoxia. Resting force was similarly increased in both
control and heat stressed groups both immediately and 30 minutes after reoxygenation
and return of substrates. Although there was a tendency for the contracture to be less
marked in heat stressed muscles at both timepoints this was not significant.
Interestingly resting force was still significantly elevated 30 minutes after
reoxygenation suggesting a degree of irreversible injury and contractiu'e in both
experimental groups.
The analysis of the fast components of the decay of potentiation and restitution
curves both before and 30 minutes after hypoxia no substrate are shown in figure
3.6C. The curves immediately post-hypoxia could not be analysed because their shape
was too distorted by the rapid recovery in contractile strength in the first minutes of
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unpaired, two tailed t-tests.
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reoxygenation. There were a number of problems encountered with the curve fitting
used to derive the rate constants of the force interval relationship. The behaviour of
the fitting algorhythm, and the non-linear nature of the force-interval curves, meant
that there was an appreciable range of fast and an even larger range o f slow rate
constants. Consequently there were no significant differences in rate constants between
heat stress and control muscles either at baseline or following hypoxia, although there
was a tendency towards faster restitution and decay of potentiation post-hypoxia in the
heat stress group.
The slow components (tau 2) of the restitution and decay o f potentiation curves
exhibited even greater variability, if the second rate constant was greater than 5
seconds (it could be many hundreds of seconds) it was given the value of 5 seconds.
Such a treatment is partially justified by the fact that substitution of a value of 5
seconds for a much greater value of fitted tau

2

, increases the residual differences on

the new curve fit, by less than 10%. In addition the distribution o f rate constants
remained positively skewed after more orthodox forms of transformation. When the
values for tau 2 were "transformed" in this manner, the rate constants (tau

2)

for the

control group were: restitution, pre-hypoxia 3.3±0.5 (3 substitutions) and post-hypoxia
3.9±0.45 (3 substitutions) decay of potentiation, pre-hypoxia 3.2±0.5 (2 substitutions)
and post hypoxia 3.610.5 (3 substitutions) and corresponding values for the heat stress
group were: 2.710.5 (2 substitutions) and 2.810.4 (2 substitutions), 3.010.3 (no
substitutions) and 3.410.4 (3 substitutions). There were no significant differences
between the values of tau

2

between heat stress and control groups compared by t-test

on the transformed data or by the Mann-Whitney U test on the positively skewed raw
data.

4 Discussion
The results of this initial pilot study indicate that papillary muscles from heat
stressed rabbits are more resistant to some, but not other components of ischaemia.
Resistance is increased to superfusion with nominally calcium-free and hypoxic
substrate free solutions. In contrast, there is no difference in contractile function at low
pH between heat stress and control papillary muscles. The advantages in the force
developed by heat stress muscles are not accompanied by clear differences in the force
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interval relationships between groups, implying that calcium handling on a beat to beat
basis is unaltered.

4.1 During Acidosis
A drop in intracellular pH reduces contractility by altering the affinity of
troponin C for calcium, effectively shifting the calcium-force relationship to the right
(Fabiato and Fabiato 1978, Blanchard and Solaro 1984). The change in intracellular
pH that will result from a shift in extracellular pH depends on the intrinsic buffering
capacity of the myocyte, and its ability to extrude protons by Na^/H^ ion exchange and
by HCO 3 influx (various mechanisms Na^/HCO^ symport, probably HCOgVCl antiport
and HCO 3 equivalents by CO 2 efflux). As a result o f these mechanisms, a given drop
in external pH produces a much smaller drop in internal pH. In the ferret ventricular
muscle for example, a change in external pH (pH^) o f 1 unit (down to pH,, of

6 .8 )

results in a change in internal pH (pHj) o f 0.085pH units (Blatter and McGuigan
1991). The observation that developed force was equally depressed by low pH^ in both
control and heat stressed groups implies that the net effectiveness of the mechanisms
responsible for the control of pHj are probably not significantly altered by prior heat
stress. In addition heat stress is unlikely to alter the calcium-force relationship. The
alternative explanation that heat stress did alter the ability of the myocyte to control
pH|, but also altered the calcium force relationship in a reverse direction so the net
effect was unchanged seems far less plausible.
We found that the force-interval relationship was unchanged during acidosis,
interestingly other investigators examining the mechanism of mechanical altemans
during acidosis have demonstrated that the process of mechanical restitution is slowed
(Orchard et al 1991). However the pH^ in this study o f ferret papillary muscle at 30°C
was 6.85 (15% CO 2), so that differences between models is the most likely
explanation for discrepant findings.

4.2 Following Nominally Calcium-Free Superfusion
In the whole heart (and other organs) just a brief period o f calcium-free
perfusion causes profound injury with contracture and release of intracellular
constituents on calcium repletion, the so called calcium paradox (Zimmerman and
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Hülsmann 1966). The aetiology of this injury is unknown (see Chapter 5 Section 4.2
for a more in-depth discussion). In small muscle specimens the injury observed
following low/zero calcium exposure is less marked, more difficult to produce, and
may depend on different mechanisms (Bhojani and Chapman 1990). However the end
result of low calcium super/perfusion in both isolated muscle and whole heart is
intracellular calcium overload, allowing similarities to be made between this form of
injury and that of the oxygen paradox and ischaemia/reperfusion (Hearse et al 1978).
The results of nominally calcium-free superfusion are difficult to interpret. In
the first case the degree of injury which was non-existent in heat stress muscles, was
very mild in control muscles and not associated with contracture (rise in resting force).
The only explanation for these findings is that a full calcium paradox certainly did not
occur, and that the injury seen was the result of a more gentle sub-total paradox. The
fact that the injury induced was mild is not surprising since it would have taken many
minutes for the calcium in the organ bath to be washed out by the nominally calciumfree solution ([Ca^^= 6 pm), and it is known that the paradox is absent whilst the
calcium concentration remains above 50pm (Kirkels et al 1989). This difficulty could
have been resolved by more rapid superfusion or the introduction o f a calcium
chelating agent, however the nature of the protocol required contractile recovery in
order to assess the response to high flow hypoxia.
Since the enhanced resistance to nominally calcium-free superfusion in heat
stress muscles was difficult to interpret, this study was repeated and findings
confirmed in the whole heart (see Chapter 5). An increased resistance to the calcium
paradox suggests that prior heat stress is capable of protecting the myocardium
independent of the proposed increase in anti-oxidant defenses that follows heat stress
(Karamazyn et al 1990) an interpretation discussed in more detail in Chapter 5.

4.3 Following High Flow Hypoxia without Substrate
During hypoxia all muscles stopped contracting and developed contracture.
Unfortunately contractility during hypoxia could not be examined in detail since a
chart recorder only became available during the latter half of this pilot study (heat
stress and control papillary muscle contractility during high flow hypoxia is discussed
in detail in Chapter 4 Section 3.2).
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Immediately following high flow hypoxia papillary muscle developed force was
similarly depressed and resting force similarly elevated suggesting that the degree of
hypoxic injury was comparable in the two groups. After 30 minutes of reoxygenation
developed force was significantly greater in the heat stress group because of the
greater rate of contractile recovery in this group. It therefore seems likely that prior
heat stress enhances the ability of papillary muscles to recover after hypoxia without
necessarily increasing resistance to hypoxia. This situation is analogous to the debate
that surrounds recovery from thermal injury in thermotolerant cell lines (see Chapter
1 Section 5.1). In this situation stress protein induction seems to both attenuate
thermal injury and enhance recovery.
The force-interval analysis failed to show any significant differences in the
processes of restitution and decay of potentiation between heat stress and control
groups post-hypoxia. This means that it is unlikely that the enhanced recovery seen
is a function of alterations in calcium handling by the sarcoplasmic reticulum. The
basis for the protection observed in the heat stressed muscles is not clear and was
therefore studied in greater depth in the next Chapter.

4.4 Critique o f Methods
The major concern with the papillary muscle model is the adequacy of
oxygenation. In cat papillary muscle stimulated at IH z at 37°C, the critical diameter
at which a drop in pOj from 650 to 550 mmHg produced a change in developed force
was 0.71mm. Since this is below the mean papillary muscle diameter in our
preparation it is likely that the muscle cores in the experiments described above were
hypoxic. Further evidence in favour of inadequate oxygenation is the fact that
papillary muscle diameter did not correlate with developed force, suggesting that there
was no extra contractile contribution from thick muscles. In our preliminary
experim ents

sw itching

superfusion

to

T y ro d e ’s

e q u ilib ra te d

w ith

85%02/5%CO 2/ 1 0 %N 2 did not appreciably alter developed force, however the
interpretation of this is complicated by the fact that even with hypoxic superfusion
developed force may initially paradoxically increase. In addition the papillary muscles
used for the serial stress protocol were not examined in this way because of the
theoretical concern that it may result in hypoxic preconditioning of a portion of the
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muscle (Shizukida et al 1992). Given that a hypoxic core existed, what influence
would this have on our experimental findings? Since papillary muscle dimensions are
constant the hypoxic core would remain hypoxic throughout the whole experimental
protocol. Since the first assessment of contractile function was made 60 minutes after
papillary muscle suspension, at a time when developed force was stable, it seems
unlikely that the hypoxic core would influence any of the assessments o f contractility
but may contribute a constant fraction to resting force. In essence, the information
derived from the analysis of the serial stresses is relevant only to a rim of viable
myocardium close to the muscle surface.
Another possible drawback of this study is the fact that the degree o f recovery
from one stress may influence recovery from subsequent stresses. Certainly recovery
of contractility was complete after acidosis and almost complete after calcium-free
superfusion, making carry over artifacts unlikely. It is however possible, for example,
that the viable myocardium in the control group following low calcium superfusion
had been sub-lethally injured and sensitised to damage by the subsequent hypoxia.
Supporting such a concept is the related observation that myocardium sub-lethally
damaged by ischaemia becomes sensitised to the calcium paradox (Kirkels et al 1989).
The enhanced recovery seen post-hypoxia in heat stressed muscle may therefore have
been a carry over effect of differences in susceptibility to a mild calcium paradox. The
issue of whether heat stress is capable of attenuating hypoxic myocardial injury or
attenuating the calcium paradox is examined in more detail in later Chapters.

4.5 Conclusions
The results of this pilot study, despite a number of drawbacks, suggests that
papillary muscles from heat stressed rabbits are resistant to injury following nominally
calcium-free and low-oxygen substrate-free superfusion. The basis for this protection
is unknown, but is associated with stress protein induction within the papillary muscle
and occurs in the absence of changes in the force interval relationship. There were no
similar differences in contractility between groups during superfusion at low pH.
These findings prompted us to further investigate the influence of prior heat stress on
myocardial resistance to hypoxic and nominally calcium-free perfusion.
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1 Introduction
Studies using heat to elevate the stress protein content of myocardial tissue at
the onset of ischaemia have demonstrated both, enhanced recovery of contractile
function, and resistance to infarction following ischaemia (Currie et al 1988,
Karmazyn et al 1990, Donnelly 1992). However it remains uncertain if the observed
protection is secondary to stress protein induction or is a non-specific effect of whole
body temperature elevation.
In previous studies no attempt has been made to correlate the myocardial stress
protein content within individual hearts, to the degree of observed protection. The
advantage of such a comparison is that it would help define the role of stress proteins
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in the myocardial protection observed following heat stress. The main difficulty with
such an approach is that the stress protein content of the tissue needs to be estimated
prior to the onset of a subsequent stress to ensure that the pattern of induction is not
perturbed by the experimental conditions (Knowlton et al 1991a, Knowlton et al
1991b). By using an isolated papillary muscle model we were able to obtain several
similar myocardial specimens from each heart. W hilst one such specimen was used
for the assessment of contractile function, the remaining specimens could be used for
stress protein analysis.
In the rabbit, preserved mitochondrial activity, increased levels of high energy
phosphates, diminished enzyme release, as well as enhanced functional recovery have
been reported following ischaemia/reperfusion of heat stressed hearts (Karamazyn et
al 1990, Currie et al 1993). Similarly in the rat, the enhanced functional recovery that
follows heat stress is associated with preservation o f mitochondrial ultrastructure
(Currie et al 1988). Heat stress proteins are known to play an important role in
mitochondrial protein metabolism and energy production (see Chapter 1 Section 4),
and are also known to enhance the activity of glycolytic enzymes in yeasts (Piper et
al 1986, lida and Yahara 1985). However, the relative contribution of mitochondrial
and glycolytic pathways to the post-ischaemic recovery seen with heat stress is not
known. In addition, studies in non-cardiac tissue suggest that heat stress proteins are
able to influence the activity of diverse protein kinases (Rose et al 1989, Chapter 1
Section 4.2.2) as well as bind calmodulin (Stevenson and Calderwood 1990) and
thereby may effect the uptake and release of calcium from the sarcoplasmic reticulum.
For these reasons changes in myocardial calcium handling may also contribute to the
improved functional recovery that follows ischaemia in heat stress hearts.
In this chapter we have attempted to address these issues by comparing the
contractile performance of heat stressed and non-heat stressed cardiac muscle using
substrates with differing mitochondrial and glycolytic availabilities, whilst assessing
calcium handling within the sarcoplasmic reticulum by means of force interval
parameters (Seed and Walker 1988).
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2 Specific Methods
2.1 Group Sizes and Exclusions
Forty-nine papillary muscles from 49 rabbits (25 heat stressed and 24 controls) were
used in this study and allocated to 4 groups. Group 1, heat stress pyruvate (n=12), in
which rabbits were heat stressed and the papillary muscle superfused with pyruvate
as substrate. Group 2, heat stress glucose (n=13), in which rabbits were heat stressed
and papillary muscles superfused with glucose as substrate. Group 3, control pyruvate
(n= 1 2 ), in which papillary muscles from control rabbits were superfused with pyruvate
as substrate. Group 4, control glucose (n=12), rabbits were controls and papillary
muscles were superfused with glucose as substrate. There was one exclusion from the
heat stress glucose group as a result of spontaneous force development following high
flow hypoxia. Each group therefore contained 12 papillary muscles. Although three
papillary muscles, one from each of the heat stressed pyruvate, control glucose and
control pyruvate groups suddenly failed to contract, secondary to a rise in pacing
threshold during the late hypoxic period, they were still included in the final analysis.

2.2 The Experimental Model (figure 4.1)
Male New Zealand White rabbits, weighing 1.8-2.5 kg, underwent sham (n=24)
or true heat stress (n=25) as described previously (Chapter 2 Section 1.1). The
following day hearts were removed and papillary muscles harvested and suspended as
previously described (Chapter 2 Section 3). The sister papillary muscles remaining
after the chosen muscle had been suspended in the organ bath were frozen in liquid
nitrogen for stress protein analysis.
Papillary muscle dissection and perfusion was performed in oxygenated modified
Krebs solution with the following composition; NaCl 118.5mM, NaHCO^ 24.8mM,
KCl 4.8mM, KH 2PO 4 1.2mM, CaClz 2.0mM, MgSO^ 1.4mM.

To this was added

either glucose 15mM or sodium pyruvate lOmM, (sodium pyruvate from Sigma
Chemicals, Missouri, USA; all other reagents AN ALAR grade from BDH Chemicals,
Poole, England). During hypoxia when the perfusate contained no substrate, lOmM
Choline Chloride was substituted for either glucose or pyruvate to maintain the
osmolality. Solutions were continuously bubbled with either 95% oxygen plus 5%
carbon dioxide or 95% nitrogen plus 5% carbon dioxide, to provide a pH in the organ

%

Experimental Protocol for Glucose and Pyruvate Papillary
Muscle Superfusion
-75 mins

90 mins

•30 mins

m a»
= Period of High Flow Hypoxia
W ithout Substrate (pO2<6.0kPa)

= 15 min Force-lnterval Assessment

§

= Glucose or Pyruvate as Substrate

Groups
(a) Control Pyruvate
(b) Heat Stress Pyruvate
(c) Control Glucose
(d) Heat Stress Glucose

I

ë
Ü

Figure 4.1: Protocol for papillary muscle superfusion with differing substrates. Papillary muscles harvested from the hearts of heat stress and control
rabbits were superfused with hypoxic substrate free solutions for a 30 minute period. Prior to, and after superfusion the substrate present was either
glucose or pyruvate. Each of the 4 experimental groups comprised of experiments on 12 papillary muscles.
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bath of 1 3 5 -1 AS during the entire procedure. The corresponding oxygen tensions for
these gas mixtures in the bath effluent were 50.5-60.2kPa and less than 6.0kPa
respectively.

2.2.1 Papillary Muscle Stimulation Protocol and Data Acquisition
Thirty minutes after the papillary muscles were fixed in the organ bath they
were stretched to a length developing 90% of maximal active force and the pacing
threshold determined. This was followed by a further 30 minute stabilization period.
Throughout this time the stimulation rate was maintained at IHz.
Papillary muscle stimulation and data acquisition in response to extra-systolic
beats were as previously described (see Chapter 2 Section 3.2.6).
In Chapter 3 each of the force-interval curves from each individual experiment
were fitted to biexponential expressions and means and standard errors obtained for
the population of rate constants derived for each experimental group. The non-linearity
o f the iterative fitting procedure resulted in large standard errors and a failure of
normalisation even after logarithmic transformation making it difficult to exclude a
type n error as the cause for our negative findings. These difficulties prompted us to
develop a different analytical approach for this study.
The force developed by the extrasystolic and post extra-systolic beats was
normalised by dividing by the force developed by the preceding steady state beat.
Normalised beat force was recorded at each extra-systolic interval, these measurements
were then collated for each of the groups to derive force-interval curves comprising
of data from 12 individual experiments. For each of the four experimental groups, at
each extrasystolic interval examined, a mean and standard error value was derived
based on normalised force from 12 experiments. Normalised extra-systolic and post
extra-extrasystolic beats were then plotted against extra-systolic interval (appropriate
programs are described in Chapter 2 Section 3.2.7 and listed in Appendix 2) allowing
a visual comparison of chelated force-interval data.
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2.2.2 T im ing of C hanges in P apillary M uscle Superfusion (figure 4.1)
Following the 75 minute stabilization period, (60 minutes plus 15 minute forceinterval assessment), muscles were rendered hypoxic and deprived of metabolic
substrate. Organ bath flow during this 30 minute period was maintained with Krebs
buffer bubbled with 95% nitrogen and 5% carbon dioxide in which the glucose or
pyruvate had been replaced with choline chloride. This 30 minute period of hypoxia
was followed by re-introduction of oxygen and substrate for a further 90 minutes. The
substrate present during basehne stabilisation was either pyruvate or glucose, the same
substrate was returned following reoxygenation. The period of hypoxia without
substrate resulted in contracture and complete loss of developed force in all groups.
M uscle activity during high flow hypoxia was measured, using a digitizing tablet
(Summa Graphics, Summa Sketch II, Connecticut USA), by tracing the area of
developed force for the 30 minutes hypoxic period recorded at slow paper speed
(5mm/min) (program MMAREA.BAS see Appendix 2 Section 5). Muscle force during
hypoxia was expressed as a percentage of force developed during the stabilisation
period (see figure 4.2).
Following 90 minutes of re-oxygenation the papillaiy muscle relaxed
(unloaded) length and diameter were measured using a stage mounted graticule
(Gradicules Ltd, Kent, England), muscles were then blotted dry and weighed.

2.2.3 H eat Stress Protein Assessment
Right ventricular papillary muscles, remaining after the chosen sister papillary
muscle had been successfully suspended in the organ bath, were frozen in liquid
nitrogen. At a later date the stress protein content of these muscles was measured as
previously described (see Chapter 2 Section 2).

3 Results
3.1 Baseline Characteristics o f Papillary Muscles (table 4.1 and figure
4.3)
The baseline characteristics of the papillary muscles prior to high flow hypoxia
without substrate, were similar in all groups (table 4.1). Prior heat stress or choice
of substrate did not influence the resting or developed force, the maximum rate o f rise

The Assessment of Papillary Muscle Activity During Hypoxia
§

g ms
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B
Hypoxia
no substrate

= Superfusion with oxygenated Tyrode containing substrate
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Reoxygenation
with substrate

= Superfusion with hypoxic Tyrode without substrate

Figure 4.2: The method for assessing papillary muscle contractility during hypoxia. The illustration above is a scan of the paper trace recorded at slow
speed during superfusion with hypoxic substrate free buffer. The trace illustrates the increase in developed force that occurs as the resting force
increases. The time interval "A" is 5 minutes and the interval "B" is 30 minutes. The area above "A" (JA) and the area above "B" (Jb ) were
planimetered using a bit pad and the areas calculated using the program MMAREA.BAS (see Appendix 2 Section 5). A normalised index of papillary
muscle activity (Jact) during hypoxia was derived by the following simple fonnula: Jact=jB/(6xjÂ). This calculation was performed for each of the 48
individual experiments comprising this study. The mean values of jact with their respective SEM's were used to draw figure 4.4A.

Papillary Muscle Characteristics
Control Pyruvate

Heat Stress Pyruvate

Control Glucose

Heat Stress Glucose

Unloaded Diameter (mm)

0.87±0.04

0.87+0.05

0.89if).06

1.00+0.07

p=NS

Muscle Length (mm)

3.67±0.10

3.93+0.13

3.73+0.19

3.53+0.19

p=NS

Muscle W et Weight (g)

3.93+0.27

4.01+0.25

4.38+0.76

4.36+0.73

p=NS

Developed Force (g)

0.74±0.09

0.64+0.09

0.64+0.10

0.79+0.11

p=NS

Resting Force (g)

0.14±0.02

0.18+0.03

0.10±0.04

0.17+0.04

p=NS

Time to Peak Force (mS)

106.3±2.6

94.4+4.4

103.9+4.4

97.8+4.1

p=NS

Time to 90% Relaxation (mS)

193.4+5.8

183.2+9.5

186.2+6.1

174.8+6.6

p=NS

Max Rate of Contraction (g/s)

13.3+1.6

13.1+1.6

1 2 .6 + 2 . 0

15.4+2.2

p=NS

Max Rate of Relaxation (g/s)

11.1+1.4

10.5+1.2

11.8+1.7

15.2+2.0

p=NS

ANOVA

0>

TABLE 4.1:
Unloaded muscle length and diameter were determined at the end of the experimental protocol.
Values represent means±standard error. n=12 for each group.

Ü
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or fall of force, the time to peak force or the time to 90% relaxation.
Papillary muscle developed force measured at the end o f the stabilisation
period was not significantly related to papillary muscle diameter (see figure 4.3). Since
force was not greatest with the thickest muscles there was no advantage to expressing
contractility in terms of developed tension.

3.2 Contractility During High Flow Hypoxia without Substrate (figure
4.4)
Individual papillary muscle responses to high flow hypoxia were variable with
some muscles increasing their developed force above that of baseline during the early
hypoxic period. Developed force fell to zero in all muscles at the end of the hypoxic
period. During hypoxia developed force appeared better sustained in the heat stressed
papillary muscles. The total developed force during hypoxia as a percentage of
developed force over the same time period o f oxygenation revealed that with either
pyruvate or glucose as substrate, the heat stress muscles tended to developed more
force than their respective controls (heat stress pyruvate 28.8 + 3.8% v control
pyruvate 17.8 + 2.2% p=ns and heat stress glucose 42.8 + 4.4% v control glucose 27.7
+ 4.17 p<0.05) see figure 4.4A.
In addition the presence of glucose prior to high flow hypoxia was associated
with a marked delay in both the time to onset of initial contracture (see figure 4.4B)
and the time taken for the level of contracture to reach 25% of developed force (figure
4.4C). In contrast to the effect of substrate, there was no effect on time to contracture
between heat stress and control groups with the same substrate (figure 4.4B and C).
Interestingly, although marked differences existed for development of contracture
(resting force) between substrate groups, this was not reflected by similar differences
of integrated developed force (comparing figure 4.4A with 4.4B or 4.4C)

3.3 Contractility Following High Flow Hypoxia without Substrate
(figures 4.5, 4.6 and 4.7)
Figure 4.5A shows that following re-oxygenation and re-introduction of
substrate the developed force was similar in all groups, however by 60 minutes of
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Figure 4.3: The relationship between papillary muscle crossectional area (estimated by diameter squared) and developed force. For each
experimental group coefficient of determination was calculated by the Spearman Rank Correlation method. p=NS, n=12 for each group.
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Figure 4.4: Description of papillary muscle contractility during hypoxia. Figure A
shows the area of the developed force envelope during hypoxia expressed as a
percentage of developed force over a similar time period during stabalisation.
Figures B and C show the time to onset of initial contracture and time for contracture
to reach 25% of force developed at baseline, respectively. Comparisons between
groups was by ANOVA with a post-hoc FPLSD, n=12 for each group. Bars represent
±SEM.
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Figure 4.5: Developed force and resting force for papillary muscles in each of the four groups. Graph A: The developed force of each muscle is
expressed as a percentage of developed force at baseline (pre-hypoxia). Note the time on the x-axis denotes the start of a force-interval assessment, the
force recorded being the mean value for steady state beats over a 14 minute period. Graph B: Papillary muscle resting force at baseline is subtracted from
resting force at each timepoint during re-oxygenation. Comparisons between groups was by ANOVA. *p<0.05 heat stress pyruvate v all other groups
(FPLSD). n=12 for each group. Bars represent±SEM.

Chapter 4

96

reoxygenation the developed force appeared greatest in the heat stress group when
pyruvate was used as substrate (p<0.05 heat stress pyruvate v all other groups by
ANOVA). This difference was maintained through to the end o f the re-oxygenation
period.
Despite a delay in the times to contracture during high flow hypoxia in
muscles superfused with glucose the degree of contracture at the end of hypoxia and
during early reoxygenation was similar in all groups (see figure 4.5B). During
reoxygenation resting force (contracture) returned towards baseline in all groups with
no significant difference between groups, however at every timepoint there is a trend
towards less contracture in the heat stressed groups over their respective controls.
Figure 4.6A demonstrates that the better preservation o f developed force in the
heat stress pyruvate group is also associated with a significantly greater time to peak
force in this group, suggesting a more complete return to the shape of the pre-hypoxia
force envelope in this group. However in contrast there are no clear differences in
time to 90% relaxation (figure 4.6B). This suggests that the rate o f contraction maybe
similar between groups whilst the rate of relaxation may not. A suggestion that is
confirmed in figures 4.7A and 4.7B, the inference being that the heat stressed muscles
superfused with pyruvate have a more minor disturbance of post-hypoxic relaxation.
In summary, the results indicate that the protection against hypoxia and
reoxygenation seen following heat stress, is most marked when pyruvate is used as
substrate both before and following hypoxia. The parameters that are best preserved
in this group are developed force and the rate of relaxation of force.

3.4 The Force-lnterval Relationship Between Heat Stress and Sham
Heat Stress Groups (figures 4.8 and 4.9)
The entire family of force-interval relationships obtained during an experiment
and plotted by MMAQUIS.BAS is illustrated in Appendix 2 Section 1.1.3. These
traces show the variation in developed force during the early reoxygenation period.
When the force-interval relationships between control and heat stressed groups
are examined at baseline and at 90 minutes of re-oxygenation (figures 4.8 and 4.9)
there is little separation of data points and the relationships appear similar.
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glucose and control pyruvate (FPLSD), n=12 for each group. Bars represent±SEM.
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The curves shown are each derived from 12 experiments. At baseline there is
a significantly greater potentiation in the heat stress pyruvate group over control at the
shortest extra-systolic interval of 200mS, however the separation of curves at this
single point probably has no biological significance. Since the heat stress pyruvate
group has the greatest contractile recovery, the most relevant comparison is between
heat stress and control groups superfused with pyruvate at 90 minutes of
reoxygenation. At this timepoint (figure 4.9) both restitution and decay of potentiation
are similar between these groups making it improbable that changes in the cycling of
calcium within the myocyte, in particular calcium handling of the sarcoplasmic
reticulum are responsible for the enhanced contractile recovery in the heat stress
pyruvate group.

5.5 The Ejfect o f Hypoxia and Reoxygenation on the ForceHnterval
Relationship (figures 4.10 and 4.11)
The effect of hypoxia and reoxygenation on force-interval parameters in control
groups is shown in figure 4.10, and in heat stress groups in figure 4.11. In contrast to
whole body heat stress, hypoxia and reoxygenation does seem to have a significant
effect on either the process of restitution or decay of potentiation. In each of the four
experimental groups the rate of restitution and the rate of decay of potentiation is
increased following hypoxia and reoxygenation a finding in keeping with previous
observations (see Seed and W alker 1988 for review).

3.6 The 72kDa Heat Stress Protein and Contractile Recovery (figures
4.12 and 4.13)
Basal expression of the 72kD protein was seen in all control specimens
examined (see figure 4.12). However, prior heat stress resulted in a variable increase
in stress protein content, when blots were examined densitometrically there was an
approximate four-fold increase in the content of the 72kD protein 24 hours following
heat stress (heat stress 6.2+0.7 v control 1.7+0.3 units p =0.003 see figure 4.13A)).
When the stress protein content of papillary muscle harvested from heat
stressed hearts was compared to the contractile performance of sister papillary muscles
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superfused with pyruvate, a significant correlation was found (R^=0.56, p=0.01). This
indicates that those papillary muscles with a high stress protein content tended to be
those muscles with the greatest resistance to hypoxia and reoxygenation (figure
4.13B). Although 12 sister papillary muscles to those in the heat stress pyruvate group
were taken for the analysis of stress protein content, because of technical problems
only

10

samples were available for comparison

(1

sample inadequate tissue,

1

sample

lost during boiling in water bath).

3.7 The 60kDa Heat Stress Protein is not Associated with Contractile
Recovery (figures 4.13 and 4.14)
In contrast to the 72kDa heat shock protein, the content o f the 60kDa heat
shock protein was not markedly elevated 24 hours following heat stress (see figure
4.14A). When control and heat stress samples were compared densitometrically the
60kD protein was raised only approximately 1.5 fold following heat stress (heat stress
4.0jj0.41 V control 2.9+0.28 units p=0.14). In addition there was no correlation
between papillary muscle 60kDa stress protein content and the resistance of sister
papillary muscles to hypoxia and reoxygenation (R^=0.14 p=0.3) figure 4.14B.

4 Discussion
Prior heat stress has been shown to protect against injury in a number of
biological systems (Barbe et al 1988, Chopp et al 1989, Brown et al 1992). This study
confirms that a similar protection against hypoxia and reoxygenation is seen within
rabbit right ventricular papillary muscles. These findings extend the observations of
other investigators whom have shown that prior heat stress is able to limit the injury
associated with ischaemia and reperfusion of the isolated and in situ heart (Currie et
al 1988, Karmazyn et al 1990, Donnelly et al 1992, Liu et al 1992, Yellon et al 1992a,
Currie et al 1993).

4.1 Papillary Muscle Contractility and Substrate Preference
Papillary muscle physical dimensions as well as amplitude and rates of change
of developed force were similar in all groups prior to hypoxia. Differences in
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subsequent performance are not therefore the result of any chance differences in
papillary muscle characteristics between the groups. During hypoxia, papillary muscle
activity was assessed by integration of the force envelope. The activity o f muscles in
the heat stressed groups with either pyruvate or glucose as substrate, tended to be
greater than in their respective control groups. The importance o f this observation lies
in the fact that contractile activity during hypoxia is inversely related to ultimate
recovery upon reoxygenation (Lewis et al 1979). It would therefore be expected that
upon reoxygenation the heat stressed muscles would recover to the same or a lesser
degree than their corresponding controls. In fact with both substrates the opposite was
found and this reversal of the expected findings was most marked with pyruvate.
Advantages to reperfusion with pyruvate have been described previously in isolated
(non-heat stressed) hearts (van Bilsen et al 1988, Cavallini et al 1990). Hypothetically,
if heat stress were to enhance the capabilities of the mitochondria, this would explain
the greater functional recovery seen in the heat stress pyruvate group. This benefit
may not be apparent with glucose as substrate if damage to the glycolytic pathway
were to limit mitochondrial substrate availability to such a degree as to obviate any
effect of enhanced mitochondrial function. In addition, the suggestion that the
enhanced contractility that follows heat stress is a result of improved mitochondrial
function is supported indirectly by the finding that both in vitro mitochondrial function
and morphology are preserved following ischaemia and reperfusion of heat stressed
hearts (Currie et al 1988, Yellon et al 1992a). An alternative explanation of the
enhanced recovery in the heat stressed pyruvate group, could be that heat stress
enhances pyruvate uptake by the myocyte. This, however seems less likely as there
is no difference in function between the heat stress and control pyruvate groups at
baseline.
The mitochondria are thought to be a target for re-oxygenation injury and
therefore heat stress, by preserving mitochondrial function, may be capable o f limiting
this injury. Indirect evidence for reduced oxidative stress following ischaemia and
reperfusion in heat stressed rabbit hearts, is provided by the finding of increased tissue
levels of reduced glutathione (GSH), protein-SH groups and reduced levels of oxidized
glutathione (GS-SG) (Yellon et al 1992a).

In this study enhanced mitochondrial

activity was coincident with the seemingly lower levels of tissue oxidant stress.
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4.2 Force-Interval Relationships
The changes occurring in the processes of restitution and decay of potentiation
following hypoxia are characteristic of the findings seen by other investigators, where
various forms of myocardial damage are generally associated with an increase in the
degree of post extrasystolic potentiation which decays more rapidly than usual (Seed
and W alker 1988). These phenomena appear to be related to beat to beat variability
in cytosolic calcium within the myocardial cell, since active tension generated at
varying interbeat intervals is related to the calcium transient (Weir and Yue 1986). In
particular the process of mechanical restitution seems to depend upon the kinetics of
the calcium release channel of sarcoplasmic reticulum (Benijamali 1991). Using these
indirect measures of sarcoplasmic reticulum function, no clear differences exist
between heat stress and control pyruvate groups at 90 minutes of reoxygenation.
However, since clear differences exist at this timepoint in terms of developed force
between these groups, these findings suggest that changes in the calcium handling
behaviour of the sarcoplasmic reticulum are not the cause for the enhanced recovery
in the heat stress pyruvate group.

4.3 Stress Proteins and Myocardial Resistance
Although a number of investigators have demonstrated that heat stress limits
myocardial injury following ischaemia and that similar heat treatment in other animals
is associated with an elevation in stress protein content, it is not clear whether these
two observations are causally linked. Indeed Currie and coworkers (Currie et al 1988,
Karamazyn et al 1990) have shown that in the rat, endogenous catalase activity is
increased following heat stress and that if catalase activity is inhibited, the protection
previously noted is lost. The currently favoured hypothesis therefore, is that heat stress
increases endogenous myocardial antioxidant defences which thereby act to limit the
injury associated with free-radical formation upon reperfusion.
The results presented in this chapter suggest that heat stress may act by
preserving mitochondrial function, however the mechanisms by which stress protein
induction or other aspects of heat stress could influence mitochondrial performance
are at present tentative. Both the 60kDa and 72kDa family o f stress proteins are
known to have essential roles in allowing correct unfolding and refolding of nuclear
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encoded mitochondrial proteins as they enter the mitochondria from the cytoplasm (see
Chapter 1 Sections 4.2.3 and 4.2.4) and so maybe able to correctly refold
mitochondrial enzymes or structural proteins altered during ischaemia and reperfusion.
In our study the 70kDa stress protein is variably induced following heat stress and
correlates with the variable papillary muscle resistance to hypoxia and reoxygenation.
Such a correlation provides circumstantial evidence for a direct role of this protein in
recovery following hypoxia. However, papillary muscles that have responded to heat
stress with the highest stress protein response may also respond with the greatest
increase in endogenous antioxidant activity. Papillary muscle catalase activity was not
measured in this study but transfection studies in rat myocytes suggest that hsp72 is
directly able to enhance viability following anoxia/reoxia (Mestril et al 1992). In
addition in the rat variable degrees of hsp72 induction by differing severities o f heat
stress result in an inverse relationship between stress protein content and infarct size
(Hutter et al 1993). Although the interpretation of this study is complicated by the
fact, that in contrast to the experimental design in this chapter, infarct size and stress
protein content were measured in different hearts.
We also analysed the papillary muscle samples for the 60kDa stress protein.
The 60kDa family of proteins, which are predominantly mitochondrial, are found in
association with essential components of the ATP synthesis pathway (namely
cytochrome c and Fl-A TPase) and are therefore prime candidates for heat stress
mediated mitochondrial protection. When the content of the 60kDa stress protein was
measured, it was only mildly elevated 24 hours following heat stress, and there was
little variation between samples. In addition no correlation was found between
papillary muscle 60kDa stress protein content and contractile recovery.
There are 2 possible interpretations for the preferential mitochondrial
preservation inferred in this study. The mitochondria could themselves be more
resistant to the changes in the cellular internal environment during hypoxia and
reoxygenation (intrinsic mitochondrial protection), alternatively the protection could
be the result of a more controlled cellular environment in heat stressed hearts during
the stress (extrinsic mitochondrial protection). The second possibility is favoured by
the finding that mitochondrial calcium overload is less in heat stressed hearts at
reperfusion (Yellon et al 1992a), and since mitochondrial calcium uptake is a passive
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process, occurring down an electrochemical gradient, this implies that cytosolic
calcium is better controlled in these hearts compared to controls (ie: protection is
extrinsic).
The results of this study are consistent with the hypothesis that stress proteins
are the mediators of the myocardial protection that follows heat stress and indicates
for the first time that some families of stress proteins may be more important than
others. The hypothesis that stress proteins may directly influence the resistance o f the
heart to ischaemia has major implications, and would suggest that myocardial stress
proteins raised by non-thermal means should also be protective (see Chapter 7).

4.4 Contracture and Substrates
The increase in resting force during high flow hypoxia is probably secondary
to rigor bond formation. As the ATP levels drop during hypoxia the activity o f actin
myosin ATPase falls and crossbridges remain attached. At a later stage the activity of
calcium ATPases falls and cytosolic calcium rises (an effect attributed to the higher
for ATP for actin myosin ATPase v surface membrane Ca^^ ATPase, as discussed
by Allen and Orchard 1987). The greater delay in the onset of contracture in papillary
muscles perfused with glucose therefore implies these muscles had a higher energy
charge during early hypoxia than those perfused with pyruvate. This is likely to imply
that glycolytic flux was greater in these muscles, either because of glucose
contamination of the organ bath due to incomplete substrate washout at the onset of
hypoxia, or conversely and perhaps more likely, because of inhibition of glycolysis
by pyruvate. The inhibitory effect of pyruvate is probably secondary to an increase
in citrate that inhibits the activity of phosphofructokinase (Mochizuki and Neely
1980).

4.5 Critique o f Methods
The drawbacks of the papillary muscle model in terms of adequacy of
oxygenation which have been discussed in Chapter 3 Section 4.4 are reinforced in this
study where once again there is no significant correlation between papillary muscle
diameter and developed force. In addition pyruvate is traditionally held as a better
substrate than glucose for papillary muscle studies (Daut and Elzinga 1989), yet
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papillary muscle contractile force at baseline was no different in heat stress and
control muscle with pyruvate compared to glucose. The most likely explanation for
the lack of advantage with pyruvate was that the substrate limiting papillary muscle
contractility was neither glucose nor pyruvate, but oxygen.
The interpretation of the study may also be complicated by the observation that
pyruvate alone may have antioxidant activity with an ability to enhance hydrogen
peroxide breakdown (Varma and Morris 1988).

4 5 Conclusions
In conclusion, following 30 minutes of hypoxia with substrate deprivation, the
recovery of rabbit papillary muscle contractile activity appears greatest in heat stressed
muscles when pyruvate is used as substrate. We postulate this reflects an increase in
mitochondrial resistance to hypoxia and reoxygenation following heat stress. The lack
of an effect of heat stress on force-interval behaviour of muscle suggests that the
enhanced contractility occurs independently of alterations within the calcium release
and re-uptake process of the sarcoplasmic reticulum. The finding that papillary muscle
contractile recovery is closely correlated with the content of the 72kDa stress protein
implies that the myocardial protection that follows heat stress may be mediated by an
increase in myocardial stress protein content.
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1 Introduction
The majority of studies suggest that heat stress is able to limit subsequent
ischaemic damage in the isolated heart (Currie et al 1988, Karmazyn et al 1990,
Yellon et al 1992a, Steare et al 1993). It is however unclear whether this protection
is a consequence of thermal induction of stress proteins or is mediated by some other
change within the myocardium following whole body heat stress. A number of
investigators have shown that heat stress is followed by changes in the levels of
endogenous antioxidants such as catalase in the rat (Currie et al 1988, Steare et al
1993) and superoxide dismutase in the pig (Liu et al 1992). In addition, in both the
rat and rabbit there is indirect evidence of enhanced anti-oxidant defences, since
oxidised glutathione release into the coronary effluent is diminished upon reperfusion
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of isolated hearts harvested 24 hours after whole body heat stress (Yellon et al 1992a,
Pasini et al 1991). More direct evidence that the protection following heat stress may
involve an increase in endogenous antioxidants is provided by the study of Karmyzyn
et al (1990). These investigators have shown the whole body heat stress approximately
doubles endogenous catalase activity and that pre-treatment with the 3-aminotriazole,
a catalase inhibitor, reduces catalase activity and abolishes the protection seen these
hearts. However the interpretations of this study are complicated by the fact that 3aminotriazole did not alter recovery of the control hearts and other investigators have
found 3-aminotriazole to cause paradoxical protection in a similar model (Steare et al
1993). In addition the role of free radicals and oxidant stress as mediators of lethal
myocardial injury remains controversial (see Chapter 1 Section 2.2), with scanty
evidence that exogenous antioxidants can limit infarction (see Yellon and Downey
1990 for discussion). Further evidence against a primary role for endogenous
antioxidants is the observation that a number of cardiac stresses which do not involve
oxidant stress also induce stress protein synthesis (Chevalier et al 1989, Delcayre et
al 1988, Dillmann et al 1986, Low et al 1989, Moalic et al 1989, White and White
1986) suggesting that some portion of the stress protein response represents a form of
cardiac adaptation that is able to limit myocyte injury independent of anti-oxidant
mechanisms.
The aim of this chapter was to examine the hypothesis that whole body heat
stress is capable of limiting myocardial injury independent of any increase in
endogenous antioxidants. To achieve this we examined the influence of cardiac stress
protein elevation by whole body heat stress on a subsequent calcium paradox. The
calcium paradox, describes the injury initiated by the re-introduction of calcium
following a period of zero or low calcium perfusion (Zimmerman and Hiilsmann
1966). The advantage of this pure form of injury is that it is not associated with
oxidant stress and therefore enhanced antioxidant defences would not be capable of
influencing the degree of damage on calcium repletion. The absence of free-radical
involvement in the calcium paradox is indicated by, (i)the lack of changes in protein SH groups or oxidized to reduced glutathione ratio in hearts severely damaged by the
calcium paradox (Ferrari et al 1989) (ii)the observation that the calcium paradox
occurs with anoxic calcium depletion/repletion (Duncan 1990) and (iii)perfusion with
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superoxide dismutase, catalase and various scavengers and inhibitors of oxygen
metabolites fail to attenuate even a mild calcium paradox in the rat heart (Duncan
1990).

2 Specific Methods
2.1 Group Sizes and Exclusions
Thirty rabbits were used for the purpose of this study. Fifteen rabbits were heat
stressed and recovered for 24 hours, of these 4 rabbits were used for stress protein
estimation and 11 for contractile assessment in response to a calcium paradox. Fifteen
sham rabbits were allocated in an identical fashion. There was one exclusion in the
heat stress group because of calcium contamination of the nominally calcium free
perfusion solution, the matched control heart was also excluded. Therefore in each
group 4 hearts were used for heat stress protein estimation and 10 hearts subjected to
a calcium paradox.

2.2 The Experimental Model
Male New Zealand White rabbits (n=30), weighing 2.0-2.5 kg, were
anaesthetized and underwent either sham or true heat stress as previously described
(see Chapter 2 Section 1.1.2). Following either sham or true heat stress the animals
were allowed to recover for 24 hours prior to removal of hearts for stress protein
estimation (see Chapter 2 Section 2) or Langendorff perfusion (see Chapter 2 Section
4).
Langendorff hearts were perfused in a constant flow mode with modified
Tyrode solution (NaCl 118.5mM, NaHCO^ 24.8mM, KCl 4.8mM, KH 2PO 4 1.2mM,
CaCl 2 1.30mM, MgSO^ 1.44mM, Glucose lOmM, Pyruvate 2mM; sodium pyruvate
from Sigma Chemicals, Missouri, USA; all other reagents AN ALAR grade from BDH
Chemicals, Poole, UK), equilibrated with 95% oxygen and 5% carbon dioxide to pH
7.35-7.45. The solution for low calcium perfusion was prepared identically but with
CaClg omitted. Solutions were prepared freshly each day using water with a resistivity
greater than 20MQ.cm (Elgastat UHP, Elga, Bucks, UK) and prefiltered to exclude
particles of greater than 2pm diameter. The calcium concentration of identically
prepared but non-contemporaneous batches of nominally calcium-free Tyrode’s
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solution was 6.1±1.7pM (mean±SE n=10). The calcium concentration of these
solutions was estimated by atomic absorption spectrophotometry (PYE, Unicam SP9)
using lanthanum chloride in HCl to prevent the formation of calcium phosphate.
Matched heat stressed and control hearts were perfused on the same day and shared
the same batches of solutions.
Hearts were paced via the right atrium at 180 beats/min whilst left ventricular
monophasic action potential (MAP), left ventricular pressure and coronary perfusion
pressure were measured (see Chapter 2 Section 4.3.3). Coronary perfusate entering and
leaving the heart was analysed to calculate gas exchange and enzyme efflux from the
heart (see Chapter 2 Section 4.3.6).

2.2 The Perfusion Protocol (figure 5.1)
The degree of injury triggered by calcium repletion is determined by, the
duration of the calcium free perfusion period, the actual level o f calcium during
calcium free perfusion and the coronary flow rate during calcium free perfusion
(Oksendal et al 1985). In preliminary experiments, with a calcium chelator present, no
recovery was seen in either heat stress or control hearts. Subsequently, a variety of
perfusion protocols with varying flow rates and durations for low calcium perfusion
were applied until the conditions were found that would consistently result in a sub
total paradox.
During the 15 minute stabilisation period coronary perfusion pressure was set
at a mean of 35mmHg by altering the coronary flow rate (502S/R peristaltic pump,
Watson-Marlow, Cornwall, UK), thereafter coronary flow rate was unaltered. Initial
experiments at this coronary perfusion pressure, demonstrated that 5 minutes perfusion
without a calcium chelator, but with no added calcium (magnesium at 1.44mM,
sodium at 143.3mM), resulted in approximately a 50% recovery of developed pressure
on the re-introduction of calcium (1.3mM). This degree o f injury was thought
appropriate to determine the potential protective benefits of heat stress.
After a 15 minute stabilisation period coronary perfusion was switched, via a
parallel circuit entering a sidearm of the coronary cannula, to a perfusate with no
added calcium (see figure 5.1). Following 5 minutes o f no added calcium perfusion,
calcium was re-introduced abruptly, and perfusion continued for a further

10

minutes.

Experimental Protocol for Induction of the Calcium Paradox in the
Isolated Rabbit Heart
15 mins

ir

■5 mins

1r

■10 mins

t
= Perfusion with Tyrode's containing Calcium at 1.3mM

I

t

t

= Perfusion with Nominally
Calcium -free Tyrode's Solution

Tlmepoints for recording left ventricular and coronary perfusion pressures, LV monophasic action
potentials, CPK efflux and oxygen, pH and carbon dioxide changes across the heart.
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Figure 5.1: Protocol used to induce a submaximal calcium paradox within the rabbit heart. Hearts were harvested twenty-four hours after either
sham (n=10) or true heat stress (n=10). After a 15 minute stabilisation period, hearts were perfused for 5 minutes with nominally calcium-free
solution before calcium repletion.
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after which time hearts were removed for wet weight determination. The hearts were
then dried in a hot air oven at 70°C overnight for dry weight determination.

3 Results
3.1 Baseline Parameters (table 5.1)
Prior to zero calcium perfusion, monophasic action potential duration, left
ventricular developed pressure, mean coronary perfusion pressure and coronary
perfusate flow were similar in heat stressed and control groups (table 5.1). The left
ventricular end-diastolic pressure (LVEDP) was by coincidence significantly greater
at baseline in the heat stressed group (table 5.1), however, since the difference
between the means was small it was not thought that this would have a significant
influence on subsequent injury. Heart wet and dry weights measured at the end of the
experimental protocol were similar (table 5.1), although the higher wetidry ratio in the
control group suggests there was a tendency for the control hearts to be more
oedematous. There was no CPK activity detectable in the coronary effluent prior to
the onset of zero calcium perfusion.

3.2 Temperature Changes During Heat Stress
The baseline temperature was 39.0±0.03 in the heat stress group and 38.9±0.01 in the
control group. In the heat stress group peak temperature was 42.3±0.09 and time to
peak temperature 45.0±4.8 minutes.

3.3 Functional Changes During the Calcium Paradox (figure 5.2)
During the calcium-free perfusion period contractile activity ceased and
monophasic action potential morphology altered in all hearts, on the re-introduction
of calcium there was variable recovery of left ventricular developed pressure and an
increase in diastolic pressure. The pattern o f changes in an individual heart are shown
in the experimental traces of figure 5.2.

Oi

Characteristics of Hearts Subjected to the Calcium Paradox
Heat Stress

Control

t-test

APD90 (ms)

155.5+2.5

153.0+8.3

p=NS

LV Developed Pressure (mmHg)

50.7±4.9

49.0+3.0

p=NS

LV End Diastolic Pressure (mmHg)

10.7±1.2

8.4+0.6

p=NS

Coronary Perfusion Pressure (mmHg)

36.5±1.8

36.4+1.1

p=NS

Coronary Perfusate Flow (ml/min)

39.2±3.4

37.3+2.6

p=NS

Wet Weight (g)

8.6310.24

9.86+0.86

p=NS

Dry Weight (g)

1.44+0.05

1.51+0.14

p=NS

WetiDry Ratio

6.05+0.23

6.62+0.24

p=NS

A t Baseline

A fter 10 m ins calcium repletion

Table 5.1:
in
0)
Ü

Baseline values were obtained immediately before nominally calcium-free perfusion.
Heart wet weight was measured at the end of the calcium repletion period.
Hearts dry weight was measured after drying at 70°C overnight in a hot air oven.
n=10 for each group. Values represent means±SEM. Comparisons were by two-tailed t-test.
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Example of Experimental Trace During Calcium Paradox
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3.4 Left Ventricular and Coronary Perfusion Pressures During the
Calcium Paradox (figures 5.3 and 5.4A)
Contractile recovery on calcium repletion was significantly greater in the heat
stressed group. The better preservation of left ventricular developed pressure (figure
5.3A) was associated with a lesser degree o f contracture in this group (figure 5.3B).
Similar temporal changes were seen between the groups in terms of the rise in
coronary perfusion pressure (figure 5.4A) although these failed to reach significance.

3.5 Oxygen, Carbon Dioxide and pH Changes Across the Heart During
the Calcium Paradox (figures 5.4B and 5.5)
The differences in the, partial pressures of oxygen and carbon dioxide and pH
of perfusate entering and leaving the heart at various timepoints are shown in figures
5.4B and 5.5. The data comprising these graphs have not been normalised for coronary
flow or heart weight since tension and pH changes are not linearly related to content.
During nominally calcium-free perfusion oxygen consumption and carbon dioxide
production diminish, presumably secondary to the cessation of contractile activity.
Upon calcium repletion metabolic activity increases in both groups and although no
significant differences exist between groups, the decrease in activity (compared to
baseline) is significantly greater in the control group consistent with the diminished
contractile activity in this group.

3.6 Creatine Phophokinase and Myoglobin Efflux During the Calcium
Paradox (figure 5.6)
The content of creatine phosphokinase (CPK) and myoglobin (absorption at
280nM) in the coronary effluent at different timepoints during the calcium paradox is
shown in figure 5.6. No CPK and only a low level of myoglobin appears during
calcium free perfusion, upon calcium repletion there is a marked increase in CPK and
myoglobin efflux reflecting myocyte membrane disruption. The CPK release from
control hearts is significantly greater than from heat stressed hearts, although trends
exist in the same direction for myoglobin release they are not significant. The standard
errors of these measurements are large because two control hearts developed a full

Left Ventricular Pressures During the Calcium Paradox

RI

Developed Pressure
O)
1

G)

50

2

40

V)

0)

30

T3

20

O
Q.
O
0)
>
0)
Û

Diastolic Pressure

40-

60

E
E

3
ifi

B

I

I

30

2
3
cn
</>
2

20-

Q.

Ü
:= 1 0 O
O)

10

Repletion

0

Basal

— r.....^ I
.........
1 min
5 min lO m in

(0

Ca^* Repletion

0

Basal

1 min

5 min

10 min

Heat Stress
lO
o3

&
g

Control
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Coronary Perfusion Pressure and Oxygen Extraction During the Calcium Paradox
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calcium paradox with a pink tinge to the coronary effluent and very high CPK
activities.

3.7 Changes in Action Potential Duration During the Calcium Paradox
(figure 5.7)
Action potential duration measured from onset to 90% repolarisation (APD 90)
was similar at baseline between groups. In both heat stress and control groups the
action potential became markedly prolonged during nominally calcium-free perfusion
but shortened on calcium repletion. The assessment o f APD became difficult on
calcium repletion as amplitude was markedly diminished making accurate assessments
difficult. In the two hearts that developed a full calcium paradox action potentials as
well as contractile activity ceased on calcium repletion.

3.8 The Interdependence o f Functional and Metabolic Parameters
(figure 5.8)
Graph 5.8A shows the relationship across each heart between change in pH and
change in carbon dioxide tension. The correlation between these two parameters
implies that the fall in pH as perfusate passes through the coronary vasculature is
dependant on carbon dioxide content, implying that metabolic acids are not being
produced. In turn (graph 5.8B) as expected carbon dioxide production is related to
oxygen consumption. Interestingly (graph 5.8D) oxygen consumption correlates
extremely well with developed pressure for heat stressed hearts but not for control
hearts, this may imply an uncoupling of oxygen consumption and high energy
phosphate production in the control group. Graph 5.8C demonstrates that diastolic
pressure and coronary perfusion pressure are correlated and reinforces the difficulty
experienced in attempting to separate the contribution of the erectile component of
coronary artery filling on diastolic tone from the effects of diastolic wall stress on
coronary vascular resistance (Vogel et al 1985).

Appearance of Intracellular Constituents in the Coronary Effluent During the Calcium Paradox
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Changes in Action Potential Duration During the Calcium Paradox and Densitometric
Assessment of hsp72 immunoreactivity
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3.9 Stress Protein Analysis (figures 5.7B, 5.9 and 5.10)
The inducible 70kDa stress protein was present at a low level in all control
hearts (figure 5.9A), however, heat stress resulted in an approximate 8 fold increase
in this level of expression. Formal quantitation by densitometry o f immunoblot and
correspondingly loaded coomasie stained gel (figure 5.1 OB) revealed optical density
ratios for the control and heat stressed groups of 0.4+0.1 and 2.8+0,2 respectively
(p<0.01) (figure 5.7B). In contrast the 60kDa mitochondrial stress protein was not
appreciably induced in the left ventricle 24 hours following whole body heat stress
(figure 5.9B).

4 Discussion
The results presented indicate that 24 to 26 hours after whole body heat stress
hearts become resistant to a submaximal calcium paradox. At this time-point cardiac
expression of the 72kDa stress protein is increased 8 fold. The enhanced resistance to
the injury induced by the calcium paradox is reflected by an enhanced contractile
performance, less leakage of intracellular constituents

and better metabolic

performance.

4.1 The Implication o f the Functional and Metabolic Preservation
Following the Calcium Paradox in Heat Stressed Hearts
Prior heat stress increases developed pressure and lessens contracture on
calcium repletion. This enhanced contractile function is associated with significantly
less leakage of intracellular constituents implying that the protective benefits seen with
heat stress involve structural preservation at the level of the myocyte. An observation
that is supported by the better coupling o f contractile performance with oxygen
consumption in the heat stress group.
The enhanced resistance to the injury induced by the calcium paradox is not
mediated by enhanced antioxidant defences and suggests that whole body heat stress
is capable of attenuating myocardial injury independent of the known increase in
endogenous antioxidants. The mechanism of this protection is unknown but it is
tempting to postulate that it is secondary to stress protein induction.
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Left Ventricular Stress Protein Content 24 Hours Following
Sham or True Heat Stress
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Figure 5.9: Left ventricular hsp72 and hsp60 immunoreactivity 24 hours following sham and true
whole body heat stress. Panel A: Shows hsp72 immunoreactivity with marked induction in the 4
lanes on the left, prepared from hearts harvested 24 hours following heat stress, compared to the 4
lanes on the right, prepared from sham rabbits. Panel B: Shows the hsp60 immunoreactivity,
sample loading volumes and lane arrangements are identical to panel A.
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Coomasie Staining of Samples Prepared from Left
Ventricular Tissue from Heat Stress and Sham Heat
Stress Rabbits
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Figure 5.10: Coomasie stain of SDS-Page gel with sample volumes and lane arrangements
as depicted in figure 5.9. The Coomasie actin band used to noramlise for slight variations in
protein loading is the major band running at approximately 40kDa. Molecular weight
markers appear in the middle lane and the numerical values of these markers appears on the
right-most portion of the panel.

Chapter 5

132

4.2 The Mechanism o f Resistance to the Calcium Paradox
The task of postulating the mechanisms which allow heat stress to attenuate
the calcium paradox are necessarily speculative since intense debate surrounds the
pathophysiology of this injury (Altschuld et al 1991, Chapman et al 1991, Ruigrok and
van Echteld 1991). Any speculation is further confounded by the fact that heat stress
has, in addition to its effects on stress protein synthesis and antioxidant activity, other
physiological and immunological sequelae that could indirectly influence the heart
(Calderwood et al 1989, Gisolfî et al 1991, Huber 1992). However, since in a
preliminary report non-thermal means of elevating stress proteins also results in
protection against the calcium paradox (Meerson et al 1991a), it is possible that the
observations of this study are a direct consequence of stress protein expression, rather
than a non-specific effect of heat stress.
Experimental evidence, predominantly in isolated myocytes and small muscle
preparations, suggests that the primary event in the induction of the calcium paradox
is an influx of sodium during the low calcium perfusion period through L-type
calcium channels (Chapman et al 1991). On subsequent re-introduction of calcium,
Na/Ca exchange results in cellular calcium overload and the damage associated with
the calcium paradox. In this model (Chapman et al 1991) the prolongation of the
action potential seen during zero calcium perfusion is thought to be a direct result of
sodium entry (Tunstall et al 1986). In our experiments APD 90 was similarly prolonged
in heat stressed and control groups suggesting similar sodium loading during this
period. Any difference between these groups must then reside in alterations in the
extrusion of cytosolic sodium, for example Na/Ca exchange becoming less dominant
in heat stressed hearts. Alternatively the consequences of calcium overload may be
attenuated in heat stressed hearts. Interestingly it appears that the calcium paradox can
be diminished by manoeuvres that reduce mitochondrial calcium uptake (Busselen
1985). We have previously observed a significant reduction in mitochondrial calcium
uptake following ischaemia in heat stressed hearts (Yellon et al 1992a) and it may be
that heat stress and consequent stress protein-protein interactions are able to decrease
the probability of the specific allosteric change necessary to allow mitochondrial pore
opening (Crompton et al 1988, Griffiths and Halestrap 1991).
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The other main body of evidence obtained from whole hearts suggests that the
damage associated with the calcium paradox is mediated by changes in cytoskeletal
and structural proteins of the macula adherens during zero calcium perfusion
(Altschuld et al 1991). In this model a structural protein (calcium dependant calhedrin
A-CAM) undergoes a conformational change at low calcium concentrations which
causes the macula adherens to weaken (Altschuld et al 1991). When contractile
activity returns on the repletion of calcium the increase in myocyte fragility results in
cell rupture and leakage of intracellular constituents. One could hypothesize that since
stress proteins both interact with and constitute the cytoskeleton (Green and Liem
1989, Miron et al 1991) they are able to diminish the degree of sarcolemmal fragility
induced by zero calcium perfusion. Further evidence to suggest such an effect is
provided by the fact that aB crystallin, a protein highly homologous to low molecular
weight heat stress proteins, is found associated with actin and desmin filaments
(Bennardini et al 1992). In addition the physical properties o f this association suggest
that a B crystallin has a role in protecting the cytoskeleton during the adverse stresses
of ischaemia and temperature elevation (Bennardini et al 1992). Such a process may
also limit injury when the myocytes become mechanically loaded on the réintroduction
of calcium.

4.3 Critique o f Methods
In this study although no calcium chelator was used, we did not quantify the
calcium concentration in each of our final perfusion solutions. We feel that by
perfusing both control and heat stressed hearts with the same solutions any
uncertainties due to the presence of small (approximately 6pM) but variable amounts
of calcium do not detract from our findings.
Small changes in the conditions during low calcium perfusion can greatly
modify the degree of calcium paradox induced on the re-introduction of calcium
(Oksendal 1985). This implies that a submaximal calcium paradox is an unstable form
of injury. It is therefore difficult to quantify the degree of protection offered by heat
stress in this study, the only possible conclusion being that heat stress has some
moderating influence on the processes involved in this form o f injury.
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The unstable nature of the injury is probably responsible for the severe degree
of injury seen in 2 of the control hearts, if the data are reanalysed excluding these
hearts, although differences between means diminish so do standard errors the net
result is that statistical significance is unaltered. The hearts have therefore been
included in the analysis since they are likely to reflect the extreme end of the
spectrum indicating a greater susceptibility to injury in the control group.
The data obtained for oxygen extraction, carbon dioxide production, and pH
change across the heart need to be interpreted with some caution since inferior and
superior vena cavae were not ligated and therefore coronary effluent gas exchange
with room air was possible in the right atrium, (in practise air is excluded as these
structures are collapsed in the isolated heart). In addition variable degrees of
myoglobin present in the coronary effluent and the non-linearity of the pH to H^ ion
concentration relationship perturb the data.

4.4 Conclusion
In conclusion this study demonstrates that heat stress is able to limit the injury
associated with a submaximal calcium paradox. The mechanism of this protection is
unknown, but we hypothesize that it is a direct effect of stress protein induction and
not dependant on a coincident increase in endogenous antioxidant defences.

Chapter 6

135

Chapter 6
Results: The Isolated Heart Subjected to
Hypoxia and Reoxygenation
1 I n t r o d u c t i o n .............................................................................................................................................................................

13 5

2 S p e c ific M e t h o d s .................................................................................................................................................................
2.1 G ro u p S iz e s a n d E x c l u s i o n s ..................................................................................................................
2 .2 T h e E x p e rim e n ta l M odel ........................................................................................................................
2 .3 T h e E x p e rim e n ta l P ro to c o l (figure 6 . 1 ) ..............................................................................................

136
136
136
13 7

3 R e s u l t s ......................................................................................................................................................................................
3.1 B a s e lin e P a r a m e te r s (ta b le 6 .1 ) ..........................................................................................................
3 .2 T e m p e r a tu r e C h a n g e s D uring H e a t S t r e s s .....................................................................................
3 .2 C h a n g e s in C ontractility D uring H yp o x ia a n d R e o x y g e n a tio n (figure 6 . 2 ) .......................
3 .3 Left V e n tric u la r a n d C o ro n a ry P e rfu sio n P r e s s u r e s D uring H y p o x ia a n d
R e o x y g e n a tio n (fig u res 6 .3 a n d 6 .4 ) ..........................................................................................
3 .4 O x y g e n , C a rb o n D ioxide a n d pH C h a n g e s A c ro s s th e H e a rt D uring H yp o x ia a n d
R e o x y g e n a tio n (fig u res 6 .5 a n d 6 .6 ) ..........................................................................................
3 .5 C re a tin e P h o s p h o k in a s e E f f l u x ............................................................................................................
3 .6 S t r e s s P ro te in A n a l y s i s ..............................................................................................................................

13 7
13 7
140
140

4 D i s c u s s i o n ................................................................................................................................................................................
4.1 C h a n g e s in Left V e n tric u la r a n d C o ro n a ry P e rfu sio n P r e s s u r e s .........................................
4 .2 T h e M e c h a n ism of Injury F ollow ing H y p o x ia a n d R e o x y g e n a t i o n ......................................
4 .3 C o n c l u s i o n s .....................................................................................................................................................

14 4
147
14 7
149

140
144
144
14 4

1 Introduction
In previous chapters we have demonstrated that 24 hours after whole body heat
stress myocardial hsp72 content is increased and at this timepoint the isolated heart
or papillary muscle is resistant to a subsequent stress. The mechanism underlying this
protection is unknown though an increase in endogenous antioxidant activity has been
suggested (Karmazyn et al 1990) and is discussed in preceding chapters.
The evidence that oxidant stress has an important role in the aetiology of lethal
myocardial injury is conflicting (see Chapter 1 Section 2.2), in contrast the evidence
that oxidant stress is involved in sub-lethal forms of injury such as stunning is
compelling. The original observation by Bolli and coworkers (Myers et al 1985) that
stunning in the open chest dog can be attenuated by exogenous superoxide dismutase
and catalase, has subsequently been confirmed by a number of other independent
laboratories (see Bolli 1990 for review).
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Our hypothesis was that if heat stress results in a physiologically meaningful
increase in endogenous anti-oxidants then the heat stressed heart should be difficult
to stun.
Classically stunning describes a reversible contractile deficit, in the presence
of normal coronary flow, occurring following a short ischaemic episode. In pilot
studies using the isolated heart we experienced difficulty in maintaining temperature
during brief episodes of global ischaemia. In addition since in isolated papillary
muscles we were able to demonstrate protection following whole body heat stress
against high flow hypoxia, (see Chapter 3 and Chapter 4) we felt a similar model may
be appropriate to examine a reversible contractile deficit in the isolated heart.

2 Specific Methods
2.1 Group Sizes and Exclusions
Sixteen rabbits were used for the purposes of this study, 8 rabbits were heat
stressed and 8 rabbits underwent sham heat stress. One rabbit in the sham heat stress
group developed sustained ventricular fibrillation on reoxygenation and was excluded
from the analysis. The experimental groups therefore comprised of 8 heat stressed and
7 sham heat stressed rabbits. No animals were used for the analysis of stress protein
content.

2.2 The Experimental Model
Rabbits were heat stressed and sham heat stressed as previously described (see
Chapter 2 Section 1.1.2). Twenty-four hours following these procedures animals were
sacrificed and hearts removed and retrogradely perfused (see Chapter 2 Section 4.2).
The Langendorff perfusion apparatus has been described previously (Chapter
2 Section 4.3). Hearts were perfused in a constant flow mode with modified Tyrode
solution of the following composition NaCl 118mM, NaHCO^ 24.0mM, KCl 4.0mM,
NaH 2P 0 4 .2 H 2 0 0.4mM, CaCl2 1.30mM, MgCl2.6H20 l.OmM, Glucose lOmM,
Pyruvate 2mM; sodium pyruvate from Sigma Chemicals, Missouri, USA; all other
reagents AN ALAR grade from BDH Chemicals, Poole, UK). The substrate free
Tyrode solution was prepared identically with lOmM choline chloride substituted for

Chapter 6

137

glucose and pyruvate. For the purposes of this experiment two oxygenation reservoirs
were used one containing pre-filtered (excluding particles above 2pm) substrate free
Tyrode's solution equilibrated with 95%N2/5%C02 and the other containing pre
filtered Tyrodes with substrate equilibrated with 95%02/5%C02Hearts were paced at 180/min via the right atrium. Left ventricular and
coronary perfusion pressures were measured throughout the protocol whilst at specific
timepoints superfusate was sampled to measure changes in pH, oxygen and carbon
dioxide content across the heart and creatine phophokinase leakage (see Chapter 2
Section 4.3).

2.3 The Experimental Protocol (figure 6.1)
Initially experiments were performed with hearts perfused with hypoxic
substrate free Tyrode solution for a 30 minute period. In these experiments the
hypoxic reservoir remained covered and oxygen tensions were reduced to below 8kPa.
The resulting injury was

severe with irreversible contracture

and creatine

phosphokinase leakage. The experimental conditions were therefore altered by
shortening the hypoxic perfusion period and increasing the oxygen content in the
hypoxic buffer by uncovering the reservoir used to equilibrate with the 95%N2/5%C02
gas mixture.
Following a 15 minute stabilisation period perfusate was switched via a three
way tap to hypoxic substrate free Tyrode’s solution. Hearts were perfused with this
hypoxic buffer for a 20 minute period before reoxygenation and return o f substrates.
After a 55 minute reoxygenation period hearts were removed blotted dry and weighed
immediately and after drying overnight at 70°C in a hot air oven.

3 Results
3.1 Baseline Parameters (table 6.1)
Rabbit weights, heart wet and dry weights, basal coronary flow, coronary flow
normalised for heart weight and oxygen tension during hypoxic perfusion were all
similar between groups.

Experimental Protocol for Hypoxia/Reoxygenation of the Isolated
Rabbit Heart
m in e

-20 mins

55 mins

19

= Perfusion with Oxygenated Tyrode's Solution

21 2 2 23

25

Perfusion with Hypoxic Substrate-free
Tyrode's Solution

= Timepoints in minutes for recording left ventricular and coronary perfusion pressures.
Perfusate gases were measures at 0,19,25,45 and 75 mins.

I
CD
CD

Q. Figure 6.1: Protocol used to subject isolated rabbit hearts to hypoxia and reoxygenation. Hearts were harvested twenty-four hours after either sham
Ë (n=7) or true heat stress (n=8). After a 15 minute stabilisation period, hearts were perfused for 20 minutes with Tyrode's solution equilibrated with 95%
^ nitrogen /5% carbon dioxide before reoxygenation with Tyrode's equilibrated with 95% oxygen/5 % carbon dioxide.

Characteristics of Isolated Rabbit Hearts Undergoing Hypoxia and Reoxygenation

CO

I
Ü

Heat Stress (n=8)

Control (n=7)

t-test

Rabbit Weight (kg)

2.56+0.1

2.5310.08

p= NS

♦Heart Wet Weight (g)

8.58±0.47

8.9210.61

p=NS

♦Heart Dry Weight (g)

1.4810.14

1.6010.16

p=NS

Heart Wet/Dry Weight (units)

6.1010.30

5.8010.51

p=NS

Basal Coronary Flow (ml/min)

43.310.6

43.712.1

p=NS

Coronary Flow/g w.wt

5.1510.3

5.1010.50

p=NS

tOxygen Tension During Hypoxia

17.110.6

18.211.4

p=NS

TABLE 6.1:
♦Weights were determined at the end of the experimental protocol
tMeasured in perfusate taken from aortic cannula at 19 minutes of hypoxia
Values shown represent means±standard error.
Comparisons between control and heat stress groups were made by two-tailed unpaired t-test.
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3.2 Temperature Changes During Heat Stress
Basal rectal temperature was similar between sham heat stress (39.1±0.01°C)
and heat stress (39.3±0.02°C) groups. The temperature in the heat stress group reached
42°C after 56.8±2.5 minutes and the actual peak temperature was 42.2±0.0°C.

3.2 Changes in Contractility During Hypoxia and Reoxygenation (figure
6 .2 )
Figure 6.2 shows the physiological traces obtained from a sham heat stress
heart. During hypoxic perfusion diastolic left ventricular pressure increased and the
heart failed to pace (19 minutes), on reoxygenation contracture partially reversed,
pacing captured and developed pressure increased progressively. The example shown,
underwent more marked changes during hypoxia than was typical for the group, the
pO j at the end of hypoxia was 12kPa, well below the group mean. Interestingly the
marked increase in diastolic pressure was not accompanied by the expected
concomitant increase in coronary perfusion pressure.

3.3 Left Ventricular and Coronary Perfusion Pressures During Hypoxia
and Reoxygenation (figures 6.3 and 6.4).
The changes in left ventricular pressure are shown in figures 6.3A and 6.3B.
The apparent differences in left ventricular developed pressure on reoxygenation are
in part a result of the baseline developed pressure being greater in the heat stress
hearts. If the data are replotted normalised with respect to baseline developed pressure,
the differences become much less marked (see figure 6.4A) and only exist in the first
5 minutes of reoxygenation, ultimate recovery being very similar between groups.
W hen the measurements of diastolic and coronary perfusion pressures are normalised
significant differences are apparent during hypoxia but are lost after 2 minutes of
reoxygenation. Difficulties exist with the normalisation of diastolic pressure since a
spuriously low basal value will perturb subsequent values and may artificially elevate
the normalised diastolic pressure at later timepoints.
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Example of Experimental Trace During Hypoxia/Reoxygenation
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Figure 6.2: The appearance of the left ventricular and mean coronary perfusion pressure
traces during the hypoxia and reoxygenation protocol. This example from a sham heat
stress heart shows m arked contracture during hypoxia (0 to 20 minutes) with a rise in
diastolic pressure. Intermittent failure to capture occurred towards the end o f the hypoxic
period. Developed pressure slowly recovered during reoxygenation to approximately 80%
of baseline value.

Developed, Coronary Perfusion and Diastolic Pressures During Hypoxia and
Reoxygenation in the Isolated Heart
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3.4 Oxygen, Carbon Dioxide and pH Changes Across the Heart During
Hypoxia and Reoxygenation (figures 6.5 and 6.6).
No significant differences exist between groups with respect to pH, carbon
dioxide or oxygen changes across the heart. Carbon dioxide production continues
during hypoxia in both groups suggesting that oxygen tensions are sufficiently high
to support aerobic metabolism. This is supported by the finding of a positive
relationship between oxygen tension and carbon dioxide production (figure 6.6). The
degree of hypoxia strongly correlates with the rise in diastolic pressure in the heat
stress group but not in the sham heat stress group. This lack of correlation maybe
secondary to the method used to normalise diastolic pressure or indicate that diastolic
pressure in this group rose inappropriately in relation to the degree of hypoxic injury.
This later interpretation is supported by the fact that diastolic pressure in the sham
group also increased inappropriately in relation to the fall in developed pressure
(compare figures 6.3A with 6.3C and 6.4A with 6.4C).

3.5 Creatine Phosphokinase Efflux
No creatine phosphokinase was detected in any of the coronary effluent
samples examined (the effluents from the 4 hearts with the worst recovery of
contractile function were examined). This implies that the hypoxic insult was mild and
did not result in myocyte disruption.

3.6 Stress Protein Analysis
Contemporaneous hearts were not prepared for stress protein analysis. However
the heat and sham heat stress procedures were identical to those used throughout the
thesis and hence similar induction of hsp72 is expected.

4 Discussion
This study used a mild insult of high flow hypoxia without substrate followed
by reoxygenation to induce a contractile deficit without irreversible myocyte injury.
Unfortunately the results are inconclusive and their interpretation complex. No
significant differences are observed between heat stress and control groups after the

Carbon Dioxide Production and pH and Oxygen Change During Hypoxia and Reoxygenation
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first 3 to 4 minutes of reoxygenation, suggesting that the differences that do exist
before this timepoint are not of biological relevance.

4.1 Changes in Left Ventricular and Coronary Perfusion Pressures
When the data are normalised no convincing differences exist in developed or
coronary perfusion pressures between heat stress and sham groups. The contractile
deficit was obtained under constant flow conditions without the need to account for
the confounding effects of microvascular stunning or no reflow. Surprisingly the
increase in diastolic pressure in the sham group during hypoxia and following
reoxygenation is greater than in the heat stress group. However this rise is not
associated with an increase in coronary perfusion pressure, ordinarily these pressures
are interdependent (see Chapter 5 figure 5.8C and Vogel et al 1985), nor is the rise
related to the degree of hypoxia, as occurs in the heat stress group (figure 6.6A). In
addition, with the mild degree of injury induced without any creatine phophokinase
efflux, one would not expect irreversible rigor crossbridges to form and therefore
diastolic pressure should return to baseline during reoxygenation, this did not occur
in the sham group. These problems tend to cast some doubt on the relevance of the
diastolic pressure rise. In summary there is probably no meaningful difference in the
pressures recorded between heat stress and sham heat stress groups.

4.2 The Mechanism of Injury Following Hypoxia and Reoxygenation
The injury occurring upon reoxygenation following severe hypoxia is also
known as the oxygen paradox, the term being based upon the paradoxical increase in
diastolic pressure and enzyme efflux occurring on reoxygenation. Figure 6.7 shows a
trace obtained from a preliminary protocol using a longer and more severe hypoxic
perfusion period of 30 minutes. In this trace there is no return of contractile activity
and diastolic pressure rises upon reoxygenation. It has been proposed that the
aetiology of this injury is secondary to the oxidant stress associated with
reoxygenation since enzyme efflux can be diminished and contractile activity enhanced
by exogenously administered antioxidants (Duncan

1990). In addition other

investigators have demonstrated that lipid peroxidation (Gauduel Y et al 1989) and
other evidence of free radical stress (Park et al 1991) occurs in this form of injury. It
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is likely that the mild degree of injury seen in this Chapter has similar underlying
mechanisms, and hence a relevant increase in endogenous antioxidants should have
resulted in protection. However, this interpretation is complicated by contradictory
findings suggesting that oxygen centred free-radicals are not involved in the oxygen
paradox. For example Van der Heide et al (1987), were unable to show protection
following exogenous dimethylthiourea or allopurinol, whilst the protection seen
following mannitol was attributed to its effect on reducing cell swelling. Similarly,
Darley-Usmar et al (1989) and Timerman et al (1990) were unable to show a shift in
oxidised to reduced glutathione in a comparable model. Because o f these uncertainties
the inability of prior heat stress to protect against this form of injury cannot be used
to infer that heat induced increases in endogenous anti-oxidants are of no biological
significance.

4.3 Conclusions
The results of this study are difficult to interpret but there is probably no
meaningful protection following whole body heat stress against a mild form of
hypoxia and reoxygenation injury that causes a reversible contractile deficit. These
observations suggest that although whole body heat stress confers protection against
lethal forms of myocardial injury the same may not be true for more gentle forms of
injury not associated with myocyte death.
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1 Introduction
A wealth of evidence suggests that whole body heat stress confers tolerance
to ischaemia in-vitro (see Chapter 1 Section 6.1.1 and Chapter 1 Section 6.1.2).
Previous chapters of this thesis using differing in-vitro preparations and endpoints
have shown similar protection following whole body heat stress. However, the
situation in-vivo is less clear since with infarct size as the endpoint, Yellon et al
(1992b) were unable to show protection from a 45 minute coronary occlusion of the
in situ rabbit heart following whole body heat stress. Furthermore this group of
investigators have suggested that the explanation for these disparate findings in-vivo
and in-vitro is that whole body heat stress causes extra-cardiac effects that tend to
negate the protective benefit seen in-vitro. This conclusion was supported by the
observations that infarction was reduced in an isolated rabbit heart harvested from a

Chapter 7

151

heat stressed rabbit but retrogradely perfused by blood from a non-heat stressed rabbit,
but that this protection was abolished if a similar heart was perfused by blood from
a heat stressed rabbit (Walker et al 1993). A possible explanation for this deleterious
aspect to whole body heat stress is a lymphocyte reaction to stress proteins expressed
within the myocyte (Huber 1992).
The purpose of this chapter was to raise stress proteins specifically within the
myocardium by sublethal ischaemia and non-specifically by whole body heat stress,
the protective benefits of both forms of pretreatment could then be compared using
an in-situ infarct size model. The observations cited (Yellon et al 1992b, W alker et
al 1993) would suggest that specific myocardial stress protein elevation may offer
potential benefits over non-specific elevation by overcoming the deleterious aspects
of whole body heat stress.
An established protocol (Knowlton et al 1991a) of repetitive short coronary
artery occlusions was used to selectively elevate myocardial stress protein content.
Such brief coronary occlusions, unlike thermal stress, are a physiologically relevant
stimulus for myocardial stress protein induction having been likened to the clinical
situation during unstable angina (Knowlton et al 1991a).

2 Specific Methods
2.1 Group Sizes and Exclusions
For the purposes of this study a total of 67 New Zealand White rabbits, (2.03.0 kg) were divided into four experimental groups. Within each group the end-point
was either stress protein estimation or infarct size assessment (see protocol, figure
7.1). Experiments were performed sequentially between the groups, except when an
experimental exclusion necessitated repetition. Haemodynamic, temperature and
arterial blood gas data from experiments that were excluded were not used for
subsequent analysis.
Group 1, ischaemic pretreatment, consisted o f 15 rabbits. There was 1
exclusion due to respiratory obstruction and death 2 hours following repetitive
ischaemia. Four rabbits were used for stress protein estimation and 10 rabbits for
infarct size assessment.
Group 2, sham ischaemic pretreatment, consisted of 21 rabbits with 7

Chapter 7

152

exclusions. In 3 rabbits coronary ligation was unsuccessful, (no risk area evident after
microsphere injection), 2 rabbits failed to reperfuse adequately, (as judged by a large
area of infarction without intra-myocardial haemorrhage), and 2 animals died during
the 30 minute coronary ligation secondary to hypotension and progressive acidosis.
Four rabbits were used for stress protein estimation and 10 for infarct size assessment.
Group 3, heat stress, consisted of 16 rabbits, with 2 exclusions. One rabbit died
during the 30 minute coronary ligation and 1 experiment had to be excluded because
of inadequate staining of viable myocardium with triphenyltetrazolium. Ten rabbits
were used for infarct size assessment and 4 rabbits for stress protein estimation.
Group 4, sham heat stress, consisted o f 15 rabbits. There was 1 exclusion
because of inadequate tissue staining. Ten rabbits were used for infarct size assessment
and 4 rabbits for stress protein estimation.

2.2 The Experimental Model (figure 7.1)
The study protocol consists of 2 intervention groups with respective controls.
Sublethal ischaemic pretreatment consisted of brief repetitive periods of ischaemia
followed by 24 hours of recovery, the sham ischaemic group being treated identically
but without ischaemia. The preparation for the heat stress and sham heat stress group
was identical to previous chapters. Twenty-fours after pretreatments rabbits were either
sacrificed, for cardiac stress protein estimation, or after infarct size assessment
following a 30 minute coronary occlusion.

2.2.1 Ischaemic and Sham Ischaemic Pretreatments
Rabbits in the ischaemic pretreatment group were anesthetised, orally intubated,
ventilated and ECG recorded as previously described (Chapter 2 Section 5.2.1). A
marginal ear vein was cannulated to administer fluids and drugs and 30mg of
intramuscular amoxycillin was given prophylactically to all rabbits.
The exposure of the heart and isolation of a coronary artery were also as
previously described (Chapter 2 Section 5.2.2). Following four, 5 minute coronary
ligations separated by 10 minutes of reperfusion the sternotomy was closed, rabbits
allowed to breathe spontaneously, and eventually extubated (see Chapter 2 Section
5.2.2 for a more detailed description).

5

Protocol for the Assessment of the Stress Protein Response and Resistance to Ischaemia
following Thermal and Ischaemic Pretreatments
Groupl Ischaemia
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Figure 7.1: Protocol for the measurement of stress protein and infarct size following sublethal ischaemic and thermal pretreatments. In all treatment
groups animals are recovered for 24 hours prior either to stress protein estimation or infarct size assessment.
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The surgical preparation for the sham ischaemic pre-treatment group was
identical to that described above without coronary artery isolation or ligation (see
Chapter 2 Section 5.2 for a more detailed description).

2.2.2 Heat Stress and Sham Heat Stress Pretreatments
The whole body heat stress and sham heat stress procedures were identical to
those used in previous chapters and described in Chapter 2 Section 1.1.2.

2.2.3 72 and 60kDa Stress Protein Estimation
Twenty-four hours following each o f the 4 pre-treatment interventions, rabbits
were re-anaesthetized and hearts removed for stress protein determination (see figure
7.1) using the methods described previously (Chapter 2 Section 2). In the ischaemic
pretreatment group, following mounting on the Langendorff rig, the coronary tie was
retightened and Coomasie Brilliant Blue R250 dye (BDH chemicals, Poole, England)
introduced into the coronary perfusate. The area without dye (risk zone) was separated
from stained (perfused) myocardium and this tissue used for stress protein estimation.
In the sham ischaemic pretreatment group the left ventricular apex was taken for
analysis (this corresponds to the area of ischaemic pretreatment in most cases). In the
heat stress and sham heat stress groups the whole left ventricle was homogenised for
stress protein estimation.

2.2.4 Myocardial Infarction and Infarct Size Assessment
Approximately twenty-four hours after the above pretreatments, animals were
re-anaesthetized and infarct size measured following a 30 minute coronary occlusion
and 120 minutes of reperfusion (see Chapter 2 Section 5.3.1 and Chapter 2 Section
5.3.2).

3 Results
3.1 Temperature Changes During Heat Stress
Prior to warming there was no significant difference between basal rectal temperature
within sham or heat stress groups (39.1 ± O.TC n=14 and 39.0 ± O.TC n=14, p=NS,
respectively). After wrapping the heat stress rabbits in an electric warming blanket an
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average of 42.6 ± 2.9 minutes elapsed before the rectal temperature reached 42°C, the
peak temperature recorded was 42.3 ± O.TC and the time that the rectal temperature
remained above 42°C was 17.6 ± 1 . 4 minutes.

3.2 Infarct Size (figure 7.2)
Risk volume, infarct volume and percentage o f risk area infarcted are shown
in figure 7.2A. The volumes of myocardial tissue at risk following coronary ligation
although not significantly different between intervention groups tended to be higher
in the 2 sham groups, to overcome any confounding effect this may have had on
infarct size, data are also presented on the relationship between infarct and risk
volumes (figure 7.2B). Thermal or ischaemic pretreatment resulted in both a
significant reduction in absolute infarct volume, as well as a reduction in infarct
volume expressed as a percentage of the volume of tissue at risk (figure 1 .2 k). The
volume of infarction as a percentage of the volume at risk for ischaemic pretreatment
compared with control was 28.8 ± 5.2% v 52.0 ± 5.2% p<0.01, respectively, and for
thermal pretreatment compared with control 32.8 ± 3.8% v 56.9 ± 6.5%, p<0.01,
respectively. Therefore both ischaemic and thermal pre treatment resulted in myocardial
protection.
In all treatment groups the infarcted areas exhibited intra-myocardial
haemorrhage. The absence of any haemorrhage was rare and usually indicative of a
failure to reperfuse (see exclusions).

3.3 Haemodynamic and Metabolic Data (figures 7.3, 7.4 and 7.5 and
table 7.1)
An example of the physiological traces obtained during the infarction protocol
is shown in figure 7.3. On coronary ligation and during ischaemia arterial pressure
tends to fall with variable recovery during reperfusion. The ST segment elevation seen
during ischaemia usually resolves during reperfusion with loss o f R wave amplitude
and occasionally, (as in this example), the appearance of Q waves.
Figure 7.4A describes the changes in rate pressure product and figure 7.4B the
change in mean arterial blood pressure that occur prior to, during, and following the
30 minute coronary occlusion for each group. There were no differences in rate

Risk and Infarct Volumes Following a 30 minute Coronary Occlusion and 120
minutes of Reperfusion
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Figure 7.2: Infarct volume expressed as a percentage of the risk volume and the relationship between infarct and risk volumes for each of the
experimental groups. Risk volume was delineated with flourescent microspheres and infarct volume by triphenyltetrazolium. There was a tendancy for
risk volume to be smaller in the non-sham pretreatment groups but graph B demonstrates that the protective effect is independant of risk volume size. All
comparisons in graph A were by ANOVA followed by a FPLSD test, n=10 for each group. The relationships between infarct volume and risk volume in
graph B were determined by Analysis of Covariance (ANCOVA). Bars represent±SEM.
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Example of Experimental Trace During Myocardial Infarction
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Figure 7.3: The appearance of the surface ECG and carotid artery pressure trace
during the infarct size protocol. This example from a sham heat stress heart shows
marked ST elevation during ischaemia (0 to 30 minutes) and QS waves during
reperfusion.

Mean Arterial Pressure and Rate Pressure Product During Infarction
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Figure 7.4: Heamodynamic parameters during the experimental protocol. Mean arterial blood pressure and rate pressure product follow a similar
timecourse, both are best preserved in the heat stress pretreatment group. *p<0.05 heat stress v sham ischaemia and heat stress v ischaemia, tp^0.05
heat stress v sham ischaemia and heat stress v sham heat stress, §p<0.05 heat stress v ischaemia, **p<0.05 heat stress v sham ischaemia and heat stress
V sham heat stress. n=10 for each group, all comparisons by one-way ANOVA with a post-hoc FPLSD test. #p<0.05 ##p<0.01 for -20 minute value
compared to 160 minutes (120 minutes of reperfusion) for comparisons within groups two-way ANOVA was followed by a single paired t-test to
compare values at -20 minutes to 160 minutes. Bars represent ±SEM.
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pressure product or blood pressure between groups prior to coronary occlusion or
during ischaemia, implying that myocardial work and therefore oxygen demand was
likely to be similar between groups.
During reperfusion the rate pressure product was consistently higher in the heat
stress group and at various timepoints it was significantly different to all other groups.
The basis for this preservation was secondary to a higher mean arterial pressure in the
heat stress pretreatment group. This preservation o f rate pressure product is likely to
be independent of infarct size since a similar reduction in infarct size was seen with
ischaemic pre-treatment but was not associated with any significant advantage in rate
pressure product. In an attempt to further elucidate the reason for this apparent
advantage we correlated rate pressure product at the end of reperfusion with infarct
volume as a ratio of heart mass (volume : heart weight ratio). As seen in figure 7.5
there was no correlation between infarct size and rate pressure product for any group.
This finding suggests, that in this experimental model, surprisingly infarct size does
not appear to be the major determinant o f cardiac work. In addition there was no
relationship between normalised risk area and rate pressure product, indicating that
post-ischaemic contractile dysfunction (stunning) of non-infarcted tissue within the risk
zone is similarly not the explanation for the difference in rate pressure product
between groups (data not shown).
Table 7.1 includes the haemodynamic as well as acid/base balance data for
each experimental group. There were no significant differences between groups in
terms of acid base balance or heart rate. Prior to coronary occlusion arterial pH was
slightly high since the minute volumes, calculated on the basis o f rabbit weight,
tended to result in overventillation. These volumes were reduced on the basis of the
blood gases so that during ischaemia arterial pH normalised.

3.4 Myocardial 72kD Stress Protein Content (figures 7.7 and 7.8A)
An initial protocol with only 6 hours of recovery following ischaemic
pretreatment caused some increase in hsp72, but this was not significantly different
from basal expression, and was significantly less than the elevation seen 24 hours
following heat stress. The recovery time following ischaemic pretreatment was
therefore increased to 24 hours.

Relationship Between Infarct Size and Rate Pressure Product at 120 Minutes of
Reperfusion
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Figure 7.5: The relationship between rate pressure product and normalised infarct volume. Rate pressure product at the end o f reperfusion is unrelated
to infarct volume. Relationships are determined by the Spearman rank correlation method, n=10 for each group.

Table 7.1. Hemodynamic, Arterial pH and Oxygen Tension Changes During Myocardial Infarction
B aselin e

to

Period of C oronary Artery O cclusion
P re-occlusion 5 m lfis
15 mins
3 0 m in s

P e r io d of M y o c a r d i a l R e p e r f u s i o n _
4 5 mins
60 mins
90 m ins
120 mins 150 mins

Heart Rate (bpm)
isch aem ia
S h a m I sc h a e m ia
H e a t S tr e s s
S h a m Heat S t r e s s

297±6
293±11
273±9
281±7

277+7
277+9
273+10
277+10

272+9
271+10
269+9
270+13

278+6
271+11
269+8
265+14

270+5
284+15
265+9
272+12

257+6
267+10
256+10
263+11

258+7
271+8
259+10
266+11

255+5
268+10
266+12

92±7
91±6
99±6
92±6

90+7
76+4
86+6
86+5

76+10
67+4
83+6
78+6

77 + 6
72+3
87+6
82+7

74+6
75+6
84+7
81+5

70+5
68+6
85 + 6 .4 *
75+5

70+6
68+5
89+6
73+5

67+6
67+4
9 4 + 6**
78+5

8 8 + 6 tt
61+6

74+8#
71+6
87+6f
63+7##

73±7
73±6
81±7
78±7

71+8
59+4
73+7
70+5

59+9
53+4
70+6
63+7

60+6
58+3
75+6
68+8

56+6
59+5
67+8
65+7

52+5
53+6
69+7
62+8

52+5
52+5
74+6*
57+7

49+5
50+4
7 6 + 5**
58+6

55+6
50+5
72+7
43+6

55+8##
52+6#
71+6
49+6##

7 .4 5 + 0 .0 2
7 .4 4 + 0 .0 2
7 .4 4 + 0 .0 2
7 .4 2 + 0 .0 3

7 .4 7 + 0 . 0 2
7 .4 3 + 0 .0 1
7 .4 5 + 0 .0 1
7 .4 2 + 0 . 0 2

47 .2+ 6.1
5 1 .4 + 4 .7
5 9 .4 + 1 .6
5 3 .1 + 2 .0

4 7 .8 + 4 .7
4 8 .4 + 4 .6
5 5 .9 + 4 .0
5 0 .5 + 3 .4

264+9

269+13
270+11
262+11
261+10

271+11#
260+14#
264+11
260+9##

Art S y s Pressure (mmHg)
isch aem ia
S h a m Isc h a e m ia
H e a t S tr e s s
S h a m Heat S t r e s s

73+6
65+5

Art Dia P ressure (mmHg)
isch aem ia
S h a m Is c h a em ia
H e a t S tr e s s
S h a m Heat S t r e s s

Art Blood pH
isch aem ia
S h a m Isc h ae m ia
H e a t S tr e s s
S h a m Heat S t r e s s

7 .4 9 ± 0 .0 2
7 .5 3 ± 0 .0 2
7 .5 1 + 0 .0 2
7 .4 6 + 0 .0 2

7 .5 0 + 0 .0 3
7 .4 8 + 0 .0 2
7 .5 3 + 0 .0 4
7 .4 5 + 0 .0 4

7 .4 6 + 0 .0 2

4 7 .9 + 6 .7
60.3+ 3 .1
6 1 .5 + 4 .2
5 2 .3 + 5 .8

5 1 .3 + 5 .8
59.1+3.1

5 5 .1 + 2 .0

5 8 .9 + 2 .3

5 6 .3 + 3 .3

5 4 .7 + 2 .0

5 0 .6 + 2 .6

7 .4 3 + 0 .0 4

7 .4 6 + 0 .0 2
7 .4 1 + 0 .0 3

7 .4 4 + 0 .0 2 7 .4 4 + 0 .0 2
7 .4 0 + 0 .0 2 7 .3 9 + 0 . 0 1 #
7 .4 5 + 0 .0 1 7.4 5+ 0.0 1
7 .3 8 + 0 . 0 4 7 .3 8 + 0 .0 4 #

Art Blood Oxygen (kPa)
isch aem ia
S h a m Isc h a e m ia
H e a t S tr e s s
S h a m Heat S tr e s s

0)
Q.
nj
Ü

4 8 .9 + 5 .6

n=10 for each group, bpm=beats per minute
Baseline data were recorded with the chest closed.
Mean Weights(kg), Ischaemia 2.57+0.14, Sham Ischaemia 2.40±0.12, Heat Stress 2.58±0.22, Sham Heat Stress 2.45±0.16
*p<0.05, **<0.01 vs Ischaemia and Sham Ischaemia
tp<0.05, tt<0.01 vs Sham Ischaemia and Sham Heat Stress using ANOVA
#p<0.05, ##<0.01 for each individual group at 150 mins vs baseline using paired t test.

5 0 .7 + 5 .3
5 0 .1 + 3 .5
5 9 .6 + 2 .3
5 0 .5 + 5 .0

5 4 .2 + 4 .5
54.9+ 3 .1
5 9 .5 + 1 .7
55.0+ 6.1
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Figure 7.7A demonstrates that significant induction of the 72kD stress protein
occurred 24 hours following heat stress and ischaemic pretreatments. This protein was
detected in all myocardial samples examined (including those from the non-ischaemic
area, data not shown). When the blot was examined densitometrically (figure 7.7B),
the graded induction of stress protein with differing interventions became more
apparent, with thermal pretreatment resulting in marginally greater induction than
ischaemic pretreatment. However, the mean stress protein content in each o f the
pretreatment groups was greater than in corresponding controls. Between the control
groups there was a significant induction in the sham ischaemic pretreatment group.
The reason for this may lie in the greater surgical trauma occurring with sham
ischaemic pretreatment, although other differences exist between these two control
groups, including the method of ventilation and anaesthetic regimes. When compared
with the sham heat stress group, there was an approximate eight-fold hsp72 induction
by thermal, seven-fold by ischaemic, and th reefo ld by sham ischaemic pre treatments.

3.5 M yocardial 60kD Stress Protein Content (figure 7.8)
Figure 7.8A demonstrates that the marked variation seen between experimental
groups for the 72kD stress protein was not apparent when an identically load gel was
blotted and probed for the 60kD stress protein. In this model cardiac hsp60 was not
significantly elevated by whole body heat stress. The only intervention associated with
any change in hsp60 content was ischaemic pretreatment, which resulted in an
approximate 1.5 to 2-fold induction compared with other intervention groups (figure
7.8B). Therefore, differences exist in stress protein inducibility with hsp72 being more
inducible than hsp60, whilst hsp60 is preferentially, though only modestly, induced by
ischaemia.

3.6 M yocardial Specimen Loading fo r Stress Protein Estimation (figure
7.9)
On the basis of Coomasie staining protein loading of the immunoblots shown
in figures 7.7 and 7.8 was equal between lanes. The optical density of the actin band,
the major band running at about 40kDa, was used to normalise for slight variations
in protein loading.
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72kDa stress protein content 24 hours Following
Each of the Pre Treatments
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Figure 7.7: 72kDa stress protein content for each pretreatment group. Panel A: Shows the
hsp72 immunoreactivity in 4 hearts from each of the pretreatment groups. Samples for the
ischaemic pre-treatment group were prepared from risk zones, samples from the other
pre treatment groups were of left ventricular tissue. There is a graded induction of hsp72
moving from heat stress pretreatment group on the left to sham heat stress group on the right.
G raph B: Shows that when the hsp72 bands are normalised with respect to the density of the
Coomasie actin band (see figure 7.9) the graded induction seen in panel A, is translated into
statistically different hsp72 stress protein concentrations between groups, with heat stress and
ischaemic pretreatment groups resulting in significant induction of hsp72. Comparisons are by
ANOVA with post-hoc comparisons using the FPLSD method. Bars represent±SEM.
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60kDa Stress Protein Content 24 hours Following Each of
A
the Pre Treatments
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Figure 7.8: 60kDa stress protein content for each pretreatment group. Panel A: Shows the
hsp60 immunoreactivity in 4 hearts from each of the pretreatment groups. Lane arrangements
and sample loadings are as in figures 7.7 and 7.9. In contrast to hsp72, hsp60 content is similar
between groups. Panel B: Shows the density of the hsp60 bands normalised to actin, there is a
slight and significant induction of hsp60 by ischaemic pretreatment. Statistical comparisons are
by ANOVA with a post-hoc FPLSD test. Bars represent±SEM.

Chapter 7

165

Coomasie Staining of Samples Prepared from Left
Ventricular Tissue Following Heat Stress, Ischaemic,
Sham Ischaemic and Sham Heat Stress Pretreatments

sion aoaa sc
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Figure 7.9: Coomasie stain of SDS-Page gel loaded with samples prepared from four hearts
from each of the pretreatment groups. Tlie four lanes on the left are from left ventricular
tissue harvested 24 hours following whole body heat stress (Heart IHS to Heart 4HS); the
next 4 lanes are prepared from the ischaemic zones o f hearts subjected to 4, 5 minute
coronary occlusions 24 hours previously (Heart 1 Isc to heart 4 Isc); the next four lanes are
loaded with apical tissue from the sham ischaemic group (Heart 1 Shm Isc to Heart 4 Shm
Isc): and the last (right) 4 lanes from sham heat stress hearts (Heart 1C to Heart 4C). The
molecular weight markers appear on the right, with the Coomasie actin band below the 46
kDa molecular weight marker. The lane arrangements, samples and sample loading volumes
are identical to those of figures 7.7 and 7.8. The density of the actin band on this gel was
used to normalise the specific stress protein bands seen in figures 7.7A and 7.8A.
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4 Discussion
This study demonstrates that both ischaemic and heat stress pretreatment
elevate myocardial hsp72 to a similar extent and are associated with a similar
reduction of infarct size. This reduction occurs despite similar rate pressure products
prior to and during prolonged coronary artery occlusion, and therefore suggests that
the protection is a direct result of enhanced myocardial resistance to infarction. This
enhanced resistance to infarction is at least associated with hsp72, and it is tempting
to postulate that it occurs as a direct consequence of myocardial stress protein
induction.

4.1 Whole Body Heat Stress and Resistance to Infarction In-vivo
In a previous report from our laboratory whole body heat stress followed by
24 hours of recovery failed to limit infarction caused by a 45 minute coronary ligation
(Yellon et al 1992b), whilst in this study contrary to expectation, in an almost
identical model, infarct size was reduced after a 30 minute ligation. Donnelly et al
(1992) similarly found a reduction in infarct size with a 35 minute but not a 45 minute
coronary occlusion following whole body heat stress in the rat. In addition, very
recently Currie et al (1993) reported a significant reduction in infarct size following
a 30 minute coronary occlusion 24 hours after whole body heat stress in the rabbit (a
model identical to the one used in this study), the protection was however absent 48
hours after whole body heat stress. The evidence that whole body heat stress is
capable of hmiting infarction resulting from a 30-35 minute ligation is strong and a
possible reason underlying the failure to protect against a 45 minute ligation may
simply be that the insult is too severe. A similar dependence on the length of coronary
occlusion is seen in ischaemic preconditioning in the dog where the marked protection
seen after a 60 minute occlusion is absent after a 90 minute occlusion (Nao et al
1990).

4.2 The Basis fo r the Reduction in M yocardial Infarct Size
The design of this study is similar to, and the findings are consistent with those
of Donnelly et al (1992). These investigators were able to demonstrate significant
infarct size reduction following whole body heat stress, however ischaemic
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pretreatment with a single 20 minute coronary occlusion failed to reduce infarct size,
but also failed to increase myocardial hsp72 to the level seen following heat stress.
These investigators therefore concluded that the absolute levels o f hsp72 maybe
important in conferring protection from ischaemic injury. This conclusion is supported
and extended by the findings of this study which demonstrate that greater ischaemic
elevation of myocardial hsp72 is indeed associated with protection. Moreover a modest
elevation of hsp72, as occurred with sham ischaemic pretreatment is not associated
with protection. In addition, our study suggests that hsp60 induction appears not to be
a pre-requisite for myocardial salvage whilst an appropriate level of hsp72 maybe.
However, the relationship between whole body heat stress and subsequent myocardial
salvage is complicated by the fact that in the isolated rat heart protection seems to
involve an increase in myocardial catalase activity rather than an induction of hsp72,
since protection can be abolished by inhibition of myocardial catalase with 3-aminotriazole (Karmazyn et al 1990). In a recent report endogenous superoxide dismutase
activity was also increased by repetitive ischaemia and reperfusion (Hoshida et al
1993) and therefore a common mechanism independent o f stress proteins may underlie
the protection seen with both ischaemic and heat stress pretreatments. Somewhat
against this explanation is the observation that heat stress is protective in a number of
different biological systems against injuries not obviously involving oxidant stress (Li
and Werb 1982 and Barbe et al 1988). More importantly, other reports suggests that
heart cells transfected so as to over express hsp72 become resistant to anoxic injury
(Dillmann et al 1992). A possible explanation for these apparently contradictory
findings is the suggestion that stress proteins may in some way modify antioxidant
activity (Kukreja and Hess 1992). This is supported by the observation that the
increase in myocardial catalase following heat stress is not transcriptionally regulated
(Currie and Tanguay 1991).
In the ischaemic pretreatment group, the protection observed could be an
ischaemia triggered increase in collateral flow or stunning. Both these explanations are
unlikely since it is unclear whether the oxygen requirements and susceptibility to
infarction are increased, decreased or normal in stunned myocardium (Ohgoshi et al
1991) and in a previous study a pattern of ischaemic pretreatment identical to that
used in our experiments, produced only a very mild degree of stunning (Knowlton et
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al 1991a). In addition the rabbit is a species deficient in collateral vessels (Maxwell
et al 1987), therefore any increase in collateral blood flow occurring as a result of
ischaemic pretreatment would have to be on the basis of new (mitotic) vessel growth
and this is unlikely to occur over a 24 hour period.

4.3 The Relationship between Ischaemic Pretreatment and Ischaemic
Preconditioning
The protocol employed in this study and protocols known to trigger "ischaemic
preconditioning" are identical (Walker and Yellon 1992). Ischaemic preconditioning
however, is a short lived phenomenon with protective benefits waning within 2 hours
of reperfusion (van Winkle et al 1992). This study therefore raises the possibility of
a delayed, but perhaps longer lasting, "second window of protection" (a biphasic
protective effect). Evidence in support of such a phenomenon exists in neuronal tissue,
as the stress protein content of neuronal tissue can be elevated by 2 minute, daily
episodes of ischaemia a treatment that also seems to increase the neuronal resistance
to more prolonged ischaemia (Kitagawa et al 1990, Nowak 1990). Very recent
findings from other laboratories confirm a similarly delayed protection at 24 hours
following "classical" preconditioning of the dog heart (with repetitive coronary
occlusions) (Kuzuya et al 1993); and also 24 hours after rapid pacing of the rabbit
heart (Szekeres et al 1993). In the study by Kuzuya et al (1993) the experimental
protocol was similar to that described in this chapter with four, 5 minute coronary
occlusions followed by variable recovery times before dogs were subjected to a 90
minute coronary occlusion. With 24 hours of recovery following ischaemic
pretreatment infarct size as a percentage o f the area at risk, was 35.1% in the sham
ischaemic pretreatment group versus 18.8% in the ischaemic pretreatment group, a
protective effect that occurred independent of collateral flow. Interestingly, no
protection was evident when infarction was performed 3 or 12 hours after the
ischaemic pretreatment. These experimental findings may explain the apparent benefit
of a 7 or more day history of angina prior to myocardial infarction (Muller et al
1990), although differences in treatment and collateral vessel formation may
complicate the issue.
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The relationship between the early phase of protection following brief episodes
o f ischaemia (as seen in ischaemic preconditioning), and the later phase of protection
(as seen in this study) is speculative. An obvious inconsistency is the fact that multiple
coronary occlusions are as effective as a single occlusion in triggering preconditioning
(Li et al 1990) but differ in their ability to induce myocardial hsp72 (Knowlton et al
1991). This inconsistency may explain why protection against ischaemic arrhythmia
was not seen 24 hours or 72 hours following a single 5 minute coronary occlusion in
the rat (Shiki and Hearse 1987).

4.4 The Haemodynamic Benefits o f Whole Body Heat Stress
During reperfusion, rate pressure product and blood pressure were higher in the
heat stress pre-treatment group. This effect seemed to be independent of a reduction
in infarct size. It is possible that blood pressure was artifactually depressed in the
ischaemic and sham ischaemic groups by a combination of intravascular volume
depletion and sepsis secondary to surgical pretreatment. This would not however
explain the advantage seen over the sham heat stress pre-treatment group. Since this
effect is independent of infarct size it must either be a preferential action of whole
body heat stress on non-infarcted myocardium, reducing stunning in the risk zone for
example, or a peripheral action that alters arterial tone. Interestingly, Donnelly et al
(1992) noted a similar advantage to heat stress pretreatment, and postulated that it may
be secondary to a rise in arterial smooth muscle calcium content following whole body
heat stress.

4.5 Critique o f Methods
The volume of myocardium at risk of infarction was greatest in the sham
ischaemic pretreatment group. The reason for this was that 24 hours after sternotomy
the heart was covered in a fibrinous exudate making visualisation of the coronary
vasculature difficult, consequently the marginal branch of the circumflex tended to be
ligated closer to the atrioventricular groove where it was often visible close to the
marginal vein. This difficulty also resulted in a failure to ligate a coronary artery in
3 rabbits in this group (see this Chapter Section 2.1). The higher risk volume in this
group may alter the infarctirisk ratio if the relationship between these variables is non
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linear. For this reason we plotted risk volume against infarct volume for each
experimental group. This plot (figure 7.2B) confirms that the relationship is linear but
surprisingly the intercept is not through the origin. The relationship suggests that when
risk volume is less than 0.4 cm^ infarction does not occur, presumably since the needs
of the myocardium are met by diffusion of substrates and metabolites. The expression
o f infarct size simply as a volume to volume ratio is not strictly valid and standard
errors of the means between groups will be larger than the true biological variation
would predict. In fact the standard errors o f the mean infarct:risk ratios can halved by
subtraction of the x-intercept from each o f the risk volumes prior to their use as the
denominator in normalising infarct volume. For the purposes o f this study this type
of analysis confirms that the protection seen following ischaemic pretreatment is not
a spurious effect of the larger risk volumes in the corresponding sham group.
The arterial pH (table 7.1) suggests that rabbits were over ventilated during the
early part of the experiment prior to coronary ligation this effect was seen in all
groups and therefore cannot account for the differences in infarction found. In addition
it would be difficult to postulate how arterial alkalosis could influence infarct size,
given that pH within the risk area will fall rapidly once coronary flow ceases.
Rabbits were ventilated with 100% oxygen during surgical pretreatment and
infarct size assessment. The ischaemic pretreatment protocol induces stress protein
expression and the trigger for this event may be the oxidative stress associated with
reperfusion. If the enzymes responsible for oxygen centred free radical formation
follow first-order kinetics then the degree of oxidative stress will be unphysiologically
high in this preparation. The degree of stress protein induction seen in the ischaemic
pretreatment group may have been less marked if arterial pOg had been in the normal
range and the protection seen 24 hours following heat stress may therefore have been
absent.

4.6 Conclusions
The results of this study indicate that substantial myocardial hsp72 induction
is possible with either sublethal thermal or ischaemic pretreatment, whilst hsp60 is
preferentially elevated by ischaemic pretreatment. This observation is the first
indication that myocardial hsp72 maybe more important than other stress proteins.
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since myocardial salvage was seen following a 30 minute coronary occlusion with
both ischaemic and thermal pretreatments. In addition to limiting infarct size, whole
body heat stress has other non-specific effects which act to maintain rate pressure
product.
Our results provide evidence for what may prove to be a clinically relevant
myocardial adaptive response, occurring 24 hours after short episodes o f cardiac
ischaemia, that serves to increase myocardial resistance to infarction.

Chapters

172

Chapter 8:
General Discussion and Conclusions
1 Sum m ary of R e s u lt s ...........................................................................................................................

172

2 The M echanism of Myocardial P r o te c tio n ..................................................................................

173

3 O ngoing I n v e stig a tio n s......................................................................................................................

174

5 The Implications of the Work D e s c r ib e d .....................................................................................

178

1 Summary of Results
The studies presented in this thesis indicate that subtle changes occur within
the rabbit myocardium 24 hours after whole body heat stress. These changes render
the myocardium resistant to a variety of different forms o f injury including ischaemia,
high flow hypoxia without substrate and the calcium paradox. In addition protection
is seen in a variety of different models with different endpoints including, superfused
right ventricular papillary muscles with contractile recovery, the retrogradely perfused
isolated heart with both contractile recovery and intracellular enzyme release, and the
in-situ heart with infarct size.
The mechanism of the protection induced by whole body heat stress is not
known. The studies using papillary muscles and isolated hearts show that baseline
mechanical activity and the timing of mechanical activation are not altered by heat
stress, confirming that the protection is not a result of "stunning" with a decreased
metabolic requirement for contraction. The papillary muscle studies suggest that the
degree of injury during high flow hypoxia is similar in heat stress and control groups,
but that prior heat stress increases recovery during reoxygenation, especially with a
directly oxidisable substrate such as pyruvate. This preference for an oxidisable
substrate was interpreted as relative protection of mitochondrial over glycolytic
pathways. In addition the degree of recovery in individual papillary muscles was
related to the content of hsp72 but not the mitochondrial stress protein hsp60.
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In the initial papillary muscle studies the protection seen after heat stress
against a gentle form of calcium paradox was confirmed in the isolated heart where
a more severe degree of injury occurred. This insult, is not thought to involve oxygencentred free radicals and hence indicates that changes within the myocardium
following whole body heat stress are capable of attenuating myocardial injury
independent of the known increase in endogenous antioxidants.
In the last study described in this thesis sublethal myocardial ischaemia was
used to trigger a stress protein response. The benefits o f pretreatment with whole body
heat stress against pretreatment with sublethal ischaemia were compared in an infarct
size model. The two forms of pre-treatment induced similar amounts of hsp72 but
differing amounts of hsp60, however a similar reduction of infarct size occurred in
both models suggesting that a stress response involving an increase in hsp72 may be
necessary for protection whilst one involving hsp60 may not.
In contrast to the studies above, no protection was seen in a model designed
to mimic stunning and therefore associated with a mild degree of injury without
myocyte death. The interpretation of this study was complex but seemed to indicate
that the changes occurring in the myocardium following whole body heat stress may
not protect against very mild forms of injury not involving myocyte death.

2 The Mechanism of Myocardial Protection
Theoretical considerations as well as evidence from other biological systems
suggests that stress proteins are themselves capable of protecting cells from injury (see
Chapter 1 Section 5 and Welch 1993). The results presented in this thesis are certainly
compatible with this hypothesis, but do not prove that the association between stress
protein induction, in particular hsp72, and protection is causal. In particular the
evidence presented does not conclusively differentiate between stress proteins and
other proposed mechanisms involving enhanced antioxidant defences (Karmazyn et al
1990) or other protective endogenous substances (Parratt 1993). These uncertainties
are the subject of ongoing studies.
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3 Ongoing Investigations
The fact that thermal and ischaemic pretreatment both trigger stress protein
induction and result in protection has prompted us to investigate another completely
different form of pretreatment. Knowlton et al (1991b) have demonstrated hsp72
induction following myocardial stretch in the rabbit. A recovery model has been
developed where the myocardium is stretched acutely by completely occluding the
ascending aorta through a small transverse sternotomy at the level o f the second
intercostal space. The 10 second aortic occlusions are repeated 4 times, during each
occlusion the heart is not ischaemic but remains pink and hyperaemic as the entire left
heart cardiac output is directed through the coronary vasculature.
The changes in myocardial hsp72 and hsp60 occurring 24 hours after
pretreatment are shown in figure 8.1. Infarction after a 30 minute coronary occlusion
has also been assessed in a small number of animals at this timepoint and is 43.6±3.7,
n=6 V 29.2±8.9, n=6, t=1.51, p=0.16, (I/R%) in the control v cross-clamp group,
respectively. When the data are analysed as plots of infarct volume v risk volume the
relationship between the groups is identical (data not shown). Larger numbers are
required before any further conclusions can be drawn.
The changes in endogenous antioxidant content within rabbit myocardium 24
hours following each of the pretreatments mentioned in this thesis has been measured
with the help of D r Michaela Mocanu a visiting fellow. The results of these
measurements are shown in figure 8.2. In summary heat stress causes a two-fold
increase in reducedroxidised glutathione and a modest increase in superoxide
dismutase, whilst ischaemic pretreatment causes a two fold increase in catalase
activity, crossclamp pretreatment causes a minor non-significant increase in catalase
alone. Hence the interventions associated with protection do seem to cause an increase
in endogenous antioxidants as well as hsp72.

4 The Design of Future Studies
The findings presented in this thesis support the need to design experiments
to determine the relative role of stress proteins and endogenous antioxidants in the
protection occurring following heat stress. The difficulty is that the experimental
designs used so far rely on cross-tolerance, namely one stress protecting against a
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subsequent differing stress. The changes induced by the first stress seem to be
numerous and non-specific involving changes in stress protein content, endogenous
antioxidants and perhaps several other factors. This drawback can only be overcome
by specific manipulation of myocyte stress protein content. This could be achieved by
a number of mechanisms. In-vivo gene transfer has been described by direct injection
of DNA into the myocardium (von Harsdorf et al 1993) however this technique is
inefficient and involves mechanical injury likely to induce the stress response. An
alternative would be to transfect myocytes in-vivo using a cardiotropic viral vector
such as coxsackie. Once again viral infection acts as a trigger for the stress response
at least in the acute phase (Bansal et al 1990). It may however be possible to stably
transfect the heart in-vivo over a timeframe that would allow the acute cellular
response to viral infection to decay (Stratford-Perricaudet et al 1992).
An alternative strategy would be to use isolated myocytes and transfect either
primary cultures or an established dividing myocyte derived cell line. Myocyte cell
lines such as the H9c2 embryonal rat line have been stably transfected with hsp72 and
transfected cells seem resistant to simulated ischaemia (Mestril et al 1992). The
problem with this avenue of investigation is that dividing myocytes are de
differentiated, the H9c2 line for example more closely resembles skeletal myoblasts
than cardiac myocytes (Hescheler et al 1991). Transfecting primary cultures would
also present difficulties since these myocytes also tend to de-differentiate with the time
needed to confirm stable transfection and expression of the relevant protein. These
problems coupled with the complication of, (i)interpreting alterations in isolated
myocyte (unloaded) contraction (ii)designing in-vitro stresses to simulate ischaemia
and reperfusion (iii)interpreting enzyme efflux and other surrogate endpoints in the
absence of cell to cell communication and mechanical coupling, makes the use of
these models unattractive.
Perhaps the most attractive strategy would be to develop a transgenic mouse
with organ specific and time specific induction of hsp72. This could be achieved by
coupling the hsp72 gene to an organ specific promotor such as myosin light chain 2
or by triggering expression through the metalloproteinase promotor (Robbins 1993).
However, this model has the disadvantage that in-vivo endpoints o f myocardial injury
have not been characterised in the mouse.
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Although these molecular manipulative strategies would go someway into
determining the relative importance of hsp72, or some other best-bet stress protein,
there are intricacies to the stress response that remain difficult to simulate. For
example translocation of hsp72 to the nucleus may hold some special importance
(Snoeckx et al 1991) as may post-translational modifications that alter hsp72 mobility
on 2-dimensional gels (Meerson et al 1992). These subtleties may make the results of
genetically engineered increases in single stress proteins difficult to interpret.

5 The Implications of the Work Described
The field of myocardial protection has been an area of intensive research for
over 2 decades. It’s attraction lies in the fact that myocardial infarction is the major
cause of death in the Western W orld and that any manoeuvre that slows or prevents
ischaemic cell death would have important clinical applications. The need for "anti
infarct" therapies has now become even more relevant as a possible adjunct to
thrombolytic therapy. The results presented in this thesis suggest that the changes
occurring within the myocardium following whole body heat stress and sublethal
ischaemia are capable of reducing the myocardial injury occurring in response to a
number of stresses including lethal ischaemia. At present the mechanisms underlying
this protection are unknown, and it is not practical to use either whole body heat stress
or sublethal ischaemia in the clinical setting. Future applications must account for the
fact that in most instances the onset of myocardial infarction is unpredictable and
effective therapies would therefore need to act within the timecourse o f thrombolytic
therapy, this is unlikely to be tenable. Interestingly, the results presented suggest that
endogenous protective mechanisms may already have been triggered in those patients
with ischaemic syndromes as a prodrome to infarction.
With further characterisation o f the basis for the myocardial protection
described in this thesis it may at some future date be possible, by specific and nonabusive means, to increase the heart’s endogenous protective mechanisms to alter
prognosis in individuals at an increased risk of myocardial ischaemia.
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1 Sample Buffer (Two-Times)
This solution was used to solublize myocardial specimens, and has a high specific
gravity allowing samples to sink into the wells in the stacking gel.
Comprises 20% Glycerol, 6% SDS in 0.12 M TRIS at pH 6.8
Glycerol

20ml

SDS*

6g

T R ISt

1.4g

the above was made upto 100ml with D water.
Prior to use SOOmcl of 2-times buffer is added to 2(X)mcl o f beta- mercaptoethanol and
5 pi of Bromophenol Blue dye 8% in distilled water (w/v).

*SDS = sodium dodecylsulphate (Laural Sulphate, Sigma chemicals)
tTR IS = tris(hydroxymethyl)methylamine (Sigma chemicals, Mousourri, USA)
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2 Acrylamide Gel Solution
The gels were prepared from varying proportions o f acrylamide 30% (w/v in dist
water), TRIS buffered gel stock solution at pH 6.8 or 8.8 (see below) and distilled
water. Temed and APS were added to promote polymerisation and crosslinking.
stacking gel

resolving gel

Concentration%

5

10

12.5

30% Acrylamide*

2ml

8.4

12

(mis)

Tris pH 8.8
(resolving)

9ml

9

9

(mis)

Tris pH 6.8
(stacking)

3ml

-

-

Dist W ater

7ml

18

15

(mis)

10% A PSt

lOOpl

225

180

(pis)

TEMED§

lOpl

15

15

(pis)

*30% Acrylamide with 1% bisacrylamide (Protogel solution, National Diagnostics,
New Jersey, USA)
tA PS = Ammonium persulphate (BDH chemicals, Dorset, England), made up in
distilled water 10% w/v
§TEMED = NNNN-Tetraethylethalinediamine (Sigma chemicals, Mousourri, USA)

3 TRIS Stock Solutions for SDS-PAGE Gels

3.1 Resolving (Base) Gel
Comprised 1.5 M TRIS, 0.4% SDS pH adjusted to 8.8 with HCl
100 ml

made upto:

SDS

0.4g

500 ml

SDS

2.0g

TRIS 18.16g

TRIS

90.9g

100ml with D water

500ml with D water
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3.2 Stacking (Top) Gel
Comprised 0.5 M TRIS, 0.4% SDS pH adjusted to 6.8 with HCl
100 ml

made upto:

SDS 0.4g

500 ml

SDS 2.0g

TRIS 6.05g

TRIS 30.25g

100ml with D water

500ml with D water

4 SDS-PAGE Running Buffer
This was made up as a ten-times concentrated stock solution and diluted in distilled
water prior to use. The electrophoresis apparatus required approximately 2 litres of
solution to fill upper and lower resevoirs. The natural pH of this solution was critical,
and if it deviated from pH 8.8 proteins would fail to resolve adequately. It was
prepared by mixing reagents in the following proportions.
1000ml

500ml

glycine

144.2g

72. Ig

SDS

lO.Og

5.0g

TRIS

30.3g

15.15g

5 Coomasie Blue Staining Solution
This solution was used to stain SDS-PAGE gels to visualise protein. The stain was
prepared by mixing constituents in the following proportions.
Methanol

250ml

D water

250ml

Acetic acid

35ml

Coomasie blue

1.07g
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6 Coomasie Blue De-Staining Solution
This solution was used to wash non-specific Coomasie blue stain from SDS-PAGE
gels. The solution needed to be changed frequently as dye leeched out o f the
acrylamide. It comprised of 10% acetic acid, 50% methanol and 40% distilled water.
Acetic acid

300ml

Methanol

1500ml

D water

1200ml

During destaining the gel would shrink and was re-expanaded by agitating in distilled
water with 7% acetic acid.

7 Ten-Times Blotting Buffer for W estern Blotting
A ten-times concentrated stock solution was made from the following reagents.

1000ml

500ml

TRIS

30.3g

15.2g

Glycine

144.2g

72. Ig

made upto:

1000ml with D water

500ml with D water

Prior to Western blotting 300mls of ten-times blotting buffer was added to 600ml of
methanol and 2100ml of D-water to make one-times buffer. The standard blotting tank
required 3 litres of reconstituted blotting buffer.
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1 MMAQUIS.BAS
1.1 Description of MMAQUIS.BAS
This program operates in real time to acquire and display data from the A/D converter.

lines

Function

20-40

Request the entry of a file name. The format of this name is (i) first
character letter of the alphabet describing the stage of the experiment
(ii) the date in 6 figure format (iii) a suffix describing the species being
used for the experiment.

50

Sets the graphic screen size

60-100

Interrogate the computer clock to set the time, day,date and month

130-430

Set up screen windows, graph axes and annotation
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Inputs data from A/D board via RS232 port, the program loops until
output begins, the first 8 bytes are taken as 4 integers ISS, lES, ID l,
ID2 that describe steady state, extrasystolic, first post-extrasystolic(l)
and second post-extrasystolic(2) coupling intervals, respectively. The
next 400 bytes are incorporated into 4, 100 character strings describing
the tension envelopes of steady state, extra-systolic, first post-extrasystolic and second post-extrasystolic beats.

590-660

Draws the windows at the top of the screen to display force envelopes

670-740

Every second ASC II characters is "peeled" from each o f the 4 data
strings, inverted and set into an array.

760-820

The ASC II values of the last 64mS o f each of the 4 force envelopes
is averaged to give a resting force value.

830-970

Determines the maximal developed force for each of the 4 beats, draws
the force envelopes for each of the 4 beats and plots the resting tension
on the lower graph axes.

980-1080

Draws maximum developed force for each of the 4 beats on the lower
graph axes.

1090-1140

Opens a random access file and writes the beat coupling intervals, ASC
II character strings describing the force envelope and the run number
to disc.

1160

Controls program flow, until the desired maximal extra-systolic interval
is reached, the program loops searching for more data from the A/D
converter.

1170-1240

Writes to screen that data acquisition has finished and emits a sound
to attract operators attention. (The appearance o f the screen at the end
of the force interval protocol is shown in Chapter 2 figure 2.7.)

1250-1270

Controls program flow, if the run is successful the program continues,
if not it finishes here.

1280-1320

Appends the date and time of the experiment to a log file "datedata" on
the floppy disc.

Subroutine 1380 This nested subroutine drives the Epson HI-80 pen plotter. The
plotter prints experiment title, date o f creation, and force interval points
for maximal developed force as well as maximal positive and negative
dF/dt at each extra-systolic interval. An example of the output o f this
subroutine is seen in Chapter 3 figure 3.2 and at the end o f the program
listing.
1350-1360

These lines display the content of the data log file datedata.

Appendix 2

1.2 Listing o f MMAQUIS.BAS
1 REM ***Michael Marber 20/12/90***
5 KEY(8) ON
6 ON KEY(8) GOSUB 1180
7 DIM COORD(1,3,50)
lO C L S
20 PRINT "This is the New Data Aquisition Program !":PRINT
30 INPUT "Enter the file name ...New Format...";F$
40 INPUT 'Enter Max coupling interval for interposed beat in mS";MIES%
50 VIEW (10,1)-(790,210)
60C L S
70 D EH N T I-M
80 T$=TIME$
90 MONTH$="JanFebMarAprMayJunJulAugSepOctNovDec"
100 DEE FNMO =VAL(MID$(DATE$,1,2))
110 IR=1
120 CLS
130 DIM L(2500),M(50,4),MX(4)
140 GET (10,5)-(170,200),L
150 VIEW(10,1)-(790,210),1
160 FOR 1=1 TO 4
170 K =195*M 80
180 PUT(K,7),L,PSET
190 NEXT I
200 VIEW (200,230)-(790,380)
210 W INDOW (2.1,-20)-(4.5,270)
220 LINE (2.2,0)-(2.15,0)
230 LINE (2.2,100)-(2.15,100)
240 LINE (2.2,200)-(2.15,200)
250 LINE (2.2,0)-(2.2,255)
260 LINE (2.2,0)-(4.5,0)
270 FOR X=200 TO 1000 STEP 200
280 Y=LOG(X)/2.3
290 LINE (Y,0)-(Y,-10)
300 NEXT X
310 FOR X=2000 TO 20000 STEP 1000
320 Y=LOG(X)/2.3

185

Appendix 2

186

330 LINE (Y,0)-(Y,-10)
340 NEXT X
350 Y=LOG(1000)/2.3
360 LINE (Y,0)-(Y,-20)
370 Y=LOG(10000)/2.3
380 LINE (Y,0)-(Y,-20)
390 LOCATE 25,40:PRINT " 1-SEC

10-SEC";

400 LOCATE 20,19:PRINT "100";
410 LOCATE 17,19:PRINT "200";
420 LOCATE 25,1:PRINT " FILENAME=",F$;
430 OPEN "AUX" FOR INPUT AS 2
440 A$=INPUT$(1,#2)
450 IF ASC(A$)=0 GOTO 470
460 GOTO 440
470 INPUT# 2,ISS,IES,ID1,ID2
480 D$(0)=INPUT$(100,#2)
490 D$(1)=INPUT$(100,#2)
500 D$(2)=INPUT$(100,#2)
510 D$(3)=INPUT$(100,#2)
520 LOCATE 15,15:PRINT USING "###################"; IES,ID1,ID2
530 LOCATE 15,10:PRINT ISS
540 M(0,0)=ISS: M(0,1)=IES: M(0,2)=ID1: M(0,3)=ID2
550 MO$=MKI$(ISS)
560 M1$=MKI$(IES)
570 M2$=MKI$(ID1)
580 M3$=MKI$(ID2)
590 WINDOW
600 VIEW (10,1)-(790,210)
610 FOR 1=1 TO 4
620 K=195*I-180
630 PUT(K,7),L,PSET
640 NEXT I
650 WINDOW (0,-30)-(320,300)
660 LINE (0,0)-(0,0)
670 FOR 1=0 TO 3
680 K=1
690 FOR J= 1 TO 49
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700 A$=MID$(D$(I),K,1)
710 M(J,I)=256-ASC(A$)
720 K=K+2
730 NEXT J
740 NEXT I
750 SUM=0:MEAN=0:NN=0
760 FOR 1=0 TO 3
770 FOR J= 41 TO 49
780 SUM=SUM+M(J,I)
790 NN=NN+1
800 NEXT J
810 NEXT I
820 MEAN=SUM/NN
830 FOR 1=0 TO 3
840 MX(I)=0
850 K l=(I+l)*80-65
860 JK=M(0,I+1)/10
870 IF 1=3 THEN JK=48
880 IF JK>48 THEN JK=48
890 FOR J=2 TO JK
900 M(J,I)=M(J,I)-MEAN
910 IF M(J,I)>MX(I) THEN MX(I)=M(J,I)
920 M(J,I)=M(J,I)+MEAN
930 K=K1+J
940 LINE (K,M(J,I))-(K,M(J+1,I))
950 CIRCLE(K,MEAN),.02
960 NEXT J
970 NEXT I
980 VIEW (200,230)-(790,380)
990 WINDOW (2.1,-20)-(4.5,270)
1000 ES=m S
1010 X=LOG(ES)/2.3
1020 PSET(X,MX(0))
1030 CIRCLE(X,MX(1)),.02
1040 CIRCLE(X,MX(2)),.01
1050 LOCATE 20,1:PRINT "RUN NO=";:PRINT USING "###";IR
1060 FOR 1=0 TO 2

187
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1070 COORD (0,J,IR)=X*2.3:COORD(1,J,IR)=MX(J)
1080 NEXT
1090 OPEN "R",#1,F$,420
1100 FIELD #1,2 AS F0$,2 AS F l$ ,2 AS F2$,2 AS F3$,100 AS F$(0),100 AS F $(l),
100 AS F$(2),100 AS F$(3)
1110 LSET FO$=MO$:LSET F1$=M1$:LSET F2$=M2$:LSET F3$=M3$
1120 LSET F$(0)=D$(0):LSET F$(1)=D$(1):LSET F$(2)=D$(2):LSET F$(3)=D$(3)
1130 PUT #1,IR
1140 CLOSE 1
1150 IR=IR+1
1160 IF mS=M IES THEN GOTO 1180
1170 GOTO 440
1180 CLOSE
1190 VIEW(20,6)-(780,205),2
1200 LOCATE 6,35 :PRINT"*Finish*":LOCATE 6,40:PRINT;
1210 FOR K=1 TO 2
1220 FOR D=30 TO 2000: SOUND D,1:NEXT D
1230 FOR D=30 TO 2000 STEP 20: SOUND D,1:NEXT D
1240 NEXT K
1250 LOCATE 7,3:PRINT"Okay (y/n) ?";
1260 A$=INKEY$:IF A$="" THEN GOTO 1260
1270 A=INSTR("YyNn",A$):IF A=0 THEN GOTO 1260 ELSE IF A>2 THEN PRINT
"No.":END ELSE PRINT "Yes."
1280 D$=MID$(DATE$,4,2)+" "+MID$(M ONTH$,(FNM O-l)*3+l,3)+" "+
MID$(DATE$,7,4)
1290 REM Record time and date that file was created
1300 OPEN "A",#l,"datedata"
1310 PRINT #1,F$;",";T$;",";D$
1320 CLOSE 1
1330 GOSUB 1380
1340 END
1350 REM Display datedata ===>
1360 OPEN "I",#l,"datedata":WHILE NOT E0F(1):IN PU T #1,A$,B$,C$:PRINT
A$,B$,C$:WEND:CLOSE 1
1370 END
1380 REM Plot resitition graphs...
1390 OY=200
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1400 LPRINT "vsl"
1410 A$=LEFT$(F$,1)
1420 A=INSTR("aei",A$)
1430 IF A>0 THEN LPRINT "si 40,40":LPRINT "di 0,36":GOSUB 1640:LPRINT
"ma 50,1350":LPRINT "la";D$:OX=660:GOTO 1470
1440 A=INSTR("bfj",A$): IF A>0 THEN OX=1305:GOTO 1470
1450 A=INSTR("cgk",A$): IF A>0 THEN OX=1972:GOTO 1470
1460 A=INSTR("dhl",A$): IF A>0 THEN OX=2640 ELSE OX=668
1470

LPRINT

"si

25,25":LPRINT

"ma

";OX-600;",";OY:LPRINT

"ax

1,120,5,0,250,-50,10,1"
1480 LPRINT "si 20,20":LPRINT "ma ";OX;",";OY:LPRINT "ax 0,750,2,0"
1490 FOR K=200 TO 800 STEP 200:LPRINT "ma ";
OX-5;",";OY+(LOG(K)-4.6)*325.72:LPRINT "dr 10,0":NEXT:FOR K=2000
TO 9000 STEP lOOOiLPRINT "ma ";
OX-5;",";OY+(LOG(K)-4.6)*325.72:LPRINT "dr 10,0":NEXT
1500 LPRINT "di 0,36":LPRINT "ma ";OX+30;",";OY+750:LPRINT "lal":LPRINT
"ma";OX+30;",";OY+1500:LPRINT "ialO"
1510 LPRINT "vsO"
1520 FOR J=0 TO 2
1530 FOR 1=1 TO IR-1
1540 LPRINT "am ";2^J;",";OX-COORD(l,J,I)*2.4;
",";OY+(COORD(0,J,I)-4.6)*325.72
1550 NEXTiNEXT
1560 LPRINT "si 30,30"
1570 LPRINT "ma ";OX-550;",";OY+800:LPRINT "la";F$;" timed at:
";LEFT$(T$,5):LPRINT "si 20,20"
1580 LPRINT "ma ";OX-500;",";OY+1000:LPRINT "rm 1,0,0":LPRINT "la = SS"
1590 LPRINT "ma ";OX-450;",";OY+1000:LPRINT "rm 2,0,0":LPRINT "la = ES"
1600 LPRINT "ma ";OX-400;",";OY+1000:LPRINT "rm 4,0,0":LPRINT "la = PES"
1610 LPRINT "si 20,20"
1620 IF OX=2640 THEN LPRINT "ch":CLS:PRINT"Change paper":FOR K=1 TO 3:
FOR F=0 TO 2000 STEP 20:SOUND F,1:NEXT:NEXT ELSE LPRINT "ma
2600,0"
1630 RETURN
1640 REM Title Restitution graphs
1650 CLS
1660 PRINT "Title resitition graphs"
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1670 PRINTrPRINT " Which title do you wish ?"
1680 PRINTiPRINT SPC(5)"1. Control Animal"
1690 PRINT SPC(5)"2. Heat shock Animal"
1700 PRINT SPC(5)"3. No title."
1710 PRINTiPRINT " Option ?";
1720 A$=INKEY$:IF A$="" THEN GOTO 1720
1730 A=INSTR("123",A$):IF A=0 THEN 1720
1740 GOSUB 1810
1750 ON A GOSUB 1780,1790,1800
1760 ON A GOSUB 1780,1790,1800
1770 RETURN
1780 LPRINT "ma 40,200"iLPRINT "laControl ";A$:RETURN
1790 LPRINT "ma 40,200"iLPRINT "laHeat Shock ";A$:RETURN
1800 LPRINT "ma 0,0":LPRINT "da 0,1000,35,1000,35,0,0,0":RETURN
1810 REM Assign title according to file name
1820 A$=RIGHT$(F$,3)
1830 IF A$="rab" THEN A$="Rabbit"
1840 IF A$="rat" THEN A$="Rat"
1850 IF A$="fer" THEN A$="Ferret"
1860 IF A$="dog" THEN A$="Dog"
1870 IF A$="hum" THEN A$="Human"
1880 IF LEN(A$)>3 THEN RETURN
1890 A$="animal":RETURN
For an example of the screen output of MMAQUIS.BAS see Chapter 3 figure 3.2
For an example of the plotter output of MMAQUIS.BAS see Chapter 2 figure 2.8
and figure app2.1 in this Appendix.

1.3 Plotter Output o f MMAQUIS.BAS
An example of the output of this programme is shown in figure app2.1, these
force interval curves were derived from the experimental protocol described in Chapter
3.
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Figure App2.1 (contd): O u tp u t of M M A Q U IS
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F ig u re A pp2.1: The output o f MMAQUIS.BAS for the entire su strate preference
protocol (see chapter 4). The y-axis of each force-interval curve is in ASC II units,
the x-axis in log seconds. Each curve is plotted out in real time at the end of the data
collection (when extrasystolic interval=10sec), the steady state beats are averaged
and used to calculate developed and resting force. SS=steady state beat,
ES=extrasystolic beat and PES=post- extrasystolic beat.
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2 MMCALCUL.BAS
2.7 Description of MMCALCUL.BAS
This programme analyses the contraction data saved on disc by MMAQUIS.BAS.
lines

function

50-90

Sets all variables to zero and sets the dimensions o f the data arrays to
be used. Line 60 defines the function used to convert ASC II character
values to force in grammes.

160-200

Request information regarding the settings of the bridge amplifier used
during the experiment and the name o f the data file for analysis.

290

Sets the values for the variables used to convert ASC II to grammes on
the basis of the amplifier settings.

Subroutine 1100

Opens the data log disc file containing the details of date and
time the experiment was performed.

Subroutine 1490
310-320

Plots the axes on the screen for the force-interval relationship.

Sets the file suffixes to save maximum values for extrasystolic and post
extrasystolic force and maximum and minimum values for extrasystolic
and postextrasystolic dF/dt.

330-390

Opens the disc file containing the experimental data and gets data. If
the conditions of line 380 are met the file name was incorrect and the
program flow is directed to a subroutine 1260 to erase the file. If the
conditions in line 390 are correct the end of the file has been reached.

440-560

Examines the data points within the ASC n string for steady state,
extrasytolic and postextrasystolic beats. Within the arrays set up for
each of these beats the peak force, time to peak force, maximum rate
of rise of force, maximum rate of fall of force, resting force are all
determined and assigned to their respective arrays for each extrasytolic
interval.

570-580

Sets the counters for the number of loops through this part of the
programme and sums data for later calculation of means.

subroutine 1190

Time to 90% relaxation, this subroutine was inactivated since

it crashed easily with data glitches and proved difficult to protect with
software filters.
585-586

Calculate max and min dF/dt and enter values in an array.

subroutine 1430

Plots force data for on screen restitution curve.
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Counts the number of times the disc is accessed, equivalent to the
number of runs.

620

Repeats data sorting until conditions in line 390 mean end of file and
then the file is closed.

subroutine 1310

This routine calculates means and standard error of the mean for

each of the data arrays.
subroutine 1750

This routine ending in line 2120 draws the axes and plots the

force interval data on the Epson HI-80 pen plotter, in practise this was
very time consuming. An example o f the output o f the plotter is seen
in figure app2.2 at the end of the program listing.
657-780

Prints the data out on a HP Inkjet printer. Control characters are sent
to the printer to alter character emphasis. An example of the printer
output is shown in figure app2.3 at the end of the program listing.

790-1020

Opens and writes to 6 output files. The data written contains the
extrasystolic

interval with corresponding

values

for force for

extrasystolic beat, post-extrasystolic beat and positive and negative
dF/dt for each of these beats.
1030-1090

Output messages to speaker and screen to inform operator that data
analysis has ended.

2.2 Listing o f MMCALCUL.BAS
1 REM
4 REM

*****Michael Marber****** 11/01/91
MMCALCUL.BAS 11/01/91 CALCULATES PEAK TENSION AND dT/dt
IN GRAMS.

5 REM

THIS PROGRAM CONVERTS DATA STRING IN FILE F$ FORMED

6 REM

BY MMAQUIS, TO SINGLE PRECISION NUMBER IN FORMAT

7 REM

FOR IBM 386 REGRESSION ANALYSIS.

8 REM

DATA ARRAYS ARE SET UP AS FOLLOW S/ RTA()=REST TEN;
RXT()=t 90%RELAX

9 REM

MX()=MAX TEN; VMND()=MIN dT/dt; VMXD()=MAX dT/dt; TTPT()=t
to peak T

40 ON ERROR GOTO 1400
50 DEFSTR F,D,S : DEFSNG E,V iDEHNT C,I,J,R,M,T
60 DEE FNLX(X)=(((X-172.59)/-128)+BCC*(BALANCE-4.2)-ZLC)/LC
70 DIM M(100,4),MX(3,70),ESI(70),VMXD(3,70),VMND(3,70),RXT(3,70),RTA(3,70)
80 DIM TTPT(3,70)
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90IR =l:œ U N T=0:ETl=0:R T 2=0:R Tl=0:E T2=0:C O N ST =1000/12
100 CLS
110 PRINT:
120 PRINT "DATA CONVERSION FROM DATA STREAM TO SNG PRECISION"
130 PRINT "DATA DISC 386-XEN FORMAT MUST BE IN DRIVE B"
140 PRINT "VALUES FOR COUPLING INTERVALS AND TENSION
PARAMETERS TO LPT1"
150 PRINT: PRINT: PRINT
160 INPUT "Enter name of data file";F$
170 PRINT: PRINT:
180 INPUT "FSD of rec amplifier for this file";MAG
190 IF MAG<1 OR MAG>5 OR MAG=3 OR MAG=4 THEN PRINT' Out o f range.":
BEEP:GOTO 180
200 INPUT "Balance of recording amplifier for this file";BALANCE
210 REM

FILES USING FIRST 4 LETTERS OF THIS NAME

220 REM

WITH SUFFIX ECT,DP1,MXDE,MNDE,MXD1,MND1 AND

APPENDED <.DAT>
230 REM

WILL BE SENT TO DRIVE B:

240 REM

DATA WILL BE IN THE FORM OF ASCI EQUIVALENTS IN THE

RANGE
250 REM

0 TO 255 FOR TENSION, AND AS SINGLE PRECISION NUMBER

FOR TIME
260 REM

EXPRESSED IN SECONDS. CONVERSION OF ASCI TO g BY FNLX

270 REM

Calculate conversion constants —>

275 REM

BCC = balance correction constant; ZLC = Zero load constant;
LC = loading constant

280 BCC=-34.367*(MAG=1)-17.409*(MAG=2)-6MAG=5):
LC=1.47*(MAG=1)+.737*(MAG=2)+.298*(MAG=5)
290 GOSUB 1100
295 GOSUB 1490
300 S$=MID$(F$,1,4)
310 S(1)="B:"+S$+"ECT.DAT" : S(2)="B:"+S$+"DP1.DAT" :
S(3)="B: "+S$+"MXDE.DAT"
320 S(4)="B:"+S$+"MNDE.DAT" : S(5)="B:"+S$+"MXD1.DAT":
S(6)="B:"+S$+"MND1.DAT"
330 F$="A:"+F$
340 OPEN"R",#1,F$,420
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350 FIELD #1, 2 AS F0$, 2 AS F l$ , 2 AS F2$, 2 AS F3$, 100 AS D$(0), 100 AS
D $(l), 100 AS D$(2), 100 AS D$(3)
360 GET #1:
370 ISS=CVI(F0$):ESI(IR)=CVI(F1$)/1000:ID1=CVI(F2$):ID2=CVI(F3$)
380 IF ISS=0 AND 1=0 THEN GOTO 1260
390 IF ISS=0 GOTO 630
400 REM

LOOP TO FIND MAX/MIN AFTER INVERSION, FIRST 5 DATA

POINTS EXCLUDED
410 REM Differential at 12msec ie 3 array point distance.
440 FOR 1= 0 TO 2
450 RT0=0:TOT=0:EX=0: MAX=0: MIN=0
460 FOR J= 1 TO 98
470 M(J,I)=ASC(MID$(D$(I),J, 1))
480 M(J,I)=(256-M(J,I))
490 IF J<5 THEN GOTO 560
500 IF MX(I,IR)<M(J,I) THEN MX(I,IR)=M(J,I): TTPT(I,IR)=J*4
505 IF 1=0 THEN GOTO 540
510 MX=M(J,I)-M(J-3,I)
520 IF MX>MAX THEN MAX=MX:TMAX=J
530 IF MX<MIN THEN MIN=MX:TMIN=J
540 IF J>87 THEN RTO=RTO+M(J,I):TOT=TOT+1
560 NEXT
570 ET1=ET1+RTO:COUNT=COUNT+TOT:RTA(I,IR)=RTO/TOT
575 IF 1=0 THEN RT2=RT2+MX(I,IR):GOSUB 1190:GOTO 600
580 REM GOSUB 1190
581 REM

Tally for resting tension & set resting tension array

585 VMXD(I,IR)=FNLX(M(TMAX,I))-FNLX(M(TMAX-3,I))
586 VMND(I,IR)=FNLX(M(TMIN,I))-FNLX(M(TMIN-3,I))
590 GOSUB 1430
600 NEXT
610 IR=IR+1
620 GOTO 360
630 CLOSE #1
650 GOSUB 1310
655 LOCATE 16,30:PRINT" Title of output >";:INPUT TLE$
656 GOSUB 1750
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657 LPRINT CHR$(1);CHR$(27);"-";CHR$(1);CHR$(1);CHR$(27);
"E";TLE$;CHR$(1);CHR$(27);"-’’;CHR$(0);CHR$(1);CHR$(27);"F":LPRINT
660 LPRINT 'MMCALCUL output for file ";F$
670 LPRINT"(";F$;” was created at ";TSTR$;" on the ";DSTR$;”)"
680 LPRINTiLPRINT 'The following files have been formed from "F$
690 FOR 1= 1 TO 6
700 LPRINT ,S(I):
710 NEXT I
715 P$=CHR$(27)+"S"+CHR$(0)+"+"+CHR$(8)+CHR$(27)+"S"+CHR$(l)+"-"+
CHR$(27)+"T"
720 LPRINTiLPRINTiLPRINT; "Resting tension during experiment ";P$;" SE =";
iLPRINT USING "##.###";FNLX(MEAN 1);:LPRINT” ";P$;" ";:LPRINT
USING "#.######";FNLX(MEAN1+ZD1)-FNLX(MEAN1);:LPRINT’* g"
730 LPRINT : LPRINT;SPC(8);"Steady state peak tension ";P$;" SE =";:LPRINT
USING"##.###"; FNLX(MEANO);iLPRINT" ";P$;:LPRINT USING
"##.######";FNLX(MEANO+ZDO)-FNLX(MEANO);:LPRINT"g"
733 LPRINT:LPRINT;SPC(3);"Steady state developed tension ";P$;" SE =";iLPRINT
USING "##.###";FNLX(MEANO)-FNLX(MEANl);iLPRINT" ";P$;iLPRINT
USING "##.######";FNLX(MEAN0+ZD01)-FNLX(MEAN0);iLPRINT" g"
734 LPRINTiLPRINT;SPC(3);"Average time to 90% relaxation ";P$;" SE =";iLPRINT
USING"###.##";MEAN2(0); iLPRINT" ";P$; iLPRINT
USING"##.######";ZD2(0);iLPRINT" msec"
735 LPRINTiLPRINTiLPRINT;SPC(20);"Total number of runs =";IR-1
740 LPRINTi LPRINT
750 LPRINT "FOR EXTRA-SYSTOLIC BEAT"
760 O$=CHR$(27)+"S"+CHR$(0)+"-l"+CHR$(27)+"T"
770 LPRINT,"Maximum","Time of peak","Maximum","Minimum

Relax"

780 LPRINT "ESI(Secs)","tension (g)","tension (ms)","dT/dt g.s";0$," dT/dt g.s";
O$;SPC(3);"90%"
790 OPEN "0",#1,S(1)
800 OPEN "0",#2,S(3)
810 OPEN "0",#3,S(4)
820 FOR J= 1 TO IR-1
830 PRINT #1,USING"##.###";ESI(J),FNLX(MX(1,J))
840 PRINT #2,USING"###.###";ESI(J),VMXD(1,J)*1000/12
850 PRINT #3,USING"###.###";ESI(J),VMND(1,J)*1000/12
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860 LPRINT USING"#.###";ESI(J);:LPRINT,;:LPRINT USING"##.###";
FNLX(MX( 1,J)); :LPRINT,TTPT(1,J),; iLPRINT
USING"###.###";VMXD(1,J)*1000/12;:LPRINT,;:LPRINT USING
"###.###";VMND(1,J)*1000/12;:LPRINT SPC(7);RXT(1,J)
870 NEXT
880 CLOSE #l:C LO SE #2: CLOSE#3
890 LPRINT: LPRINT: LPRINT:
900 LPRINT "FOR POST-EXTRASYSTOLIC BEAT 1"
910 LPRINT,"Maximum","Time of peak","Maximum","Minimum

Relax"

920 LPRINT "ESI(Secs)","tension (g)","tension (ms)","dT/dt g.s";0$," dT/dt
g.s";O$;SPC(3);"90%"
930 OPEN "O", #1, S(2)
940 OPEN "O", #2, S(5)
950 OPEN "O", #3, S(6)
960 FOR J=1 TO IR-1
970 PRINT #1,USING"##.###"; ESI(J),FNLX(MX(2,J))
980 PRINT #2, USING"###.###";ESI(J),VMXD(2,J)* 1000/12
990 PRINT #3, USING"###.###";ESI(J),VMND(2,J)*1000/12
1000 LPRINT USING"#.###";ESI(J);:LPRINT,;:LPRINT USING"##.###";
F N L X (M X (2 ,J));:L P R IN T ,T T P T (2 ,J),;:L P R IN T

U S IN G "# # # .# # # ";

VMXD(2,J)* 1000/12; iLPRINT,;iLPRINT USING"###.###";
VMND(2,J)*1000/12;:LPRINT SPC(7);RXT(2,J)
1010 NEXT
1020 CLOSE #l:CLOSE#2:CLOSE#3
1030 LPRINT i LPRINT i LPRINT i
1040 GOTO 1050
1050 FOR K%=50 TO lOOOiSOUND K % ,liN EX T K%
1060 CLS
1070 LOCATE 12,29iPRINT "*** Finished ***"
1080 PRINTiPRINTiPRINT"Bye !"
1090 END
1100 REM Load date data routine
1110 FT R $= F$iTSTR $="_7_y_":D STR $="______ 1990"
1120 OPEN "I",#l,"datedata"
1130 WHILE NOT EO F(l)
1140 INPUT #1,A$,B$,C$
1150 IF A$=F$ THEN TSTR$=B$iDSTR$=C$
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1160 WEND
1170 CLOSE 1
1180 RETURN
1190 REM Find 90% relaxation and ave resting tension for ES and D PI
1210 FOR J= TTPT(I,IR)/4 TO 98
1220 IF M(J,I)<=(RTA(I,IR)+.1*(MX(I,IR)-RTA(I,IR))) THEN RXT(I,IR)=J*4:J=98
1230 NEXT
1235 IF 1=0 THEN ET2=ET2+RXT(I,IR)
1240 REM MEAN2(I)=RXT(I,IR)+MEAN2(I)
1250 RETURN
1260 REM

SUBROUTINE TO DESTROY INCORRECTLY FORMED RANDOM

ACCESS FILE
1270 CLOSE #1
1275 CLS
1280 KILL F$
1290 INPUT"

INCORRECT FILE NAME, PLEASE RE-ENTER";F$

1300 GOTO 170
1310 REM

Subroutine to calculate Std Error o f Means

1311 REM

MEANO=mean peak SS; M EANl=m ean rest T of SS/ES/DPl;

MEAN2(l)=mean t
1312 REM

to 90% relax ES; MEAN2(2)=mean t to 90% relax D PI.

1315 MEAN0=RT2/(IR-1): MEAN 1=ET 1/COUNT: MEAN2(1)=MEAN2(1)/(IR-1):
MEAN2(2)=MEAN2(2)/(IR-1): MEAN2(0)=ET2/(IR-1)
1320 FOR J=1 TO IR-1
1330 ZD0=ZD0+(MX(0,J)-MEAN0)^2
1340 1= 0
1350 ZD1=ZD1+(RTA(I,J)-MEAN1)^2
1355 ZD2(I)=ZD2(I)-k(RXT(I,J)-MEAN2(I))/\2
1360 NEXT J
1370 ZD0=SQR(ZD0)/(IR-1): ZD1=SQR(ZD1)/(3*(IR-1)):
ZD2(I)=SQR(ZD2(I))/(IR-1)
1371 ZD0SD=ZD0*SQR(IR-1):ZD1SD=ZD1*SQR(3*(IR-1))
1373 REM

SE of Diff MEANO and MEAN1=ZD01

1375 ZD01=SQR(((ZDlSD)^2*(3*IR-l)+(ZD0SD)'^2*(IR-l))/(4*IR-2))
1377 ZD01=SQR(1/(3*IR-1)+1/(IR-1))*ZD01
1380 RETURN
1400 REM Error trap.
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1410 IF ERR=53 AND ERL=1120 THEN GOTO 1180
1415 PRINT' Error ";ERR;" at line ”;ERL
1420 END
1430 REM Plot max T, max dT/dt, & min dT/dt
1435 SOUND 50,1
1440 X=LOG(ESI(IR)*10)*130.29+100
1450 CIRCLE (X,(90-2.25*VMXD(I,IR)*CONST)+20),2*I
1460 CIRCLE (X,(90-2.25*VMND(I,IR)*CONST)+20),2*I
1470 CIRCLE (X,(180-.72*MX(I,IR))+210),2*I
1475 CIRCLE (X,(180-.72*RTA(I,IR))+210),.5*I
1480 RETURN
1490 REM plot axis
1500 CLSiCOLOR 1
1510 PRINT "Differentials and maximal tensions for extra-systolic &
post-extra-systolic beat";
1520 PRINT SPC(40);"(PES plotted as larger symbols.)"
1530 LINE (100,20)-(100,200):LINE (100,110)-(700,110)
1540 LINE (100,210)-(100,390):LINE (100,390)-(700,390)
1550 LOCATE 2,6
1560 PRINT "+40"
1570 LOCATE 7,9:PRINT "0"
1580 LOCATE 13,6:PRINT "-40"
1590 LOCATE 14,6:PRINT "250"
1600 LOCATE 24,9:PRINT "0"
1610 LOCATE 7,2:PRINT "dT":LOCATE 8,2:PRINT "dt"
1615 LINE (10,110)-(30,110)
1620 LOCATE 19,2:PRINT "Max T"
1630 LOCATE 4,7 LPRINT "max"
1635 LOCATE 7,7 LPRINT "ESI"
1640 LOCATE 8,7 LPRINT "time (ms)"
1650 LOCATE 11,7 LPRINT "min"
1660 FOR J=200 TO 1000 STEP 200
1670 X=LOG(J/100)* 130.29+100
1680 LINE (X,115)-(X,105):LINE (X,390)-(X,395)
1690 NEXT J
1700 FOR J=1000 TO 10000 STEP 1000
1710 X=LOG(J/100)* 130.29+100

200
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1720 LINE (X,115)-(X,105):LINE (X,390)-(X,395)
1730 NEXT J
1740 RETURN
1750 REM Routine to plot differential and max. tension graphs
1760 LOCATE 17,40:PRINT "Select Plotter and press a key";
1770 A$=INKEY$:IF A$="" GOTO 1770
1780 PRINT " Okay."
1785 LPRINT "em 1"
1790 LPRINT "si 40,40":LPRINT "di 0,36":LPRINT "ma 50,0":LPRINT "la ";TLE$
1795 LPRINT "em 0"
1800 LPRINT "si 30,30":LPRINT "ma 100,0":LPRINT "la File ";F$;" was created at
";LEFT$(TSTR$,5);" on the ";DSTR$
1810 LPRINT "ma 150,0":LPRINT "la This experiment had a FSD of ";MAG;" and
a balance of ";BALANCE
1820 LPRINT "si 25,25"
1890 LPRINT "ma 330,120"iLPRINT "ax 1,100,10,0,50,-10,5,1"
1900 LPRINT "ma 830,120" iLPRINT "ax 0,900,2,0"
1910 LPRINT "ma 1480,120"iLPRINT "ax 1,200,5,0,250,-50,1,1"
1920 LPRINT "ma 2480,120" iLPRINT "ax 0,900,2,0"
1930 FOR 1=200 TO 800 STEP 200
1940 X=LOG(J/100)*390.88+120
1950 LPRINT "ma 830,";XiLPRINT "dr 5,0"
1960 LPRINT "ma 2480,";XiLPRINT "dr 5,0"
1970 NEXT J
1980 FOR J=1100 TO 9000 STEP 1000
1990 X=LOG(J/100)*390.88+120
1995 LPRINT "ma 830,";XiLPRINT "dr 5,0"
2000 LPRINT "ma 2480,";XiLPRINT "dr 5,0"
2010 NEXT J
2012 LPRINT "ma 380,800" iLPRINT "la Differential dT/dt (g/sec) verses ESI
(msec)" iLPRINT "ma 1510,900"iLPRINT "la Maximum developed tension
(ASCII)"iLPRINT "ma 1550,900"iLPRINT "la verses ESI (msec)"
2013 LPRINT "ma 420,1200"iLPRINT "rm 1,0,0 'iLPRINT "la = ES"iLPRINT "ma
455.1200 'iLPRINT "rm 2,0,0 'iLPRINT "la = PES"iLPRINT "ma
1590.1200 'iLPRINT "rm 1,0,0"iLPRINT "la = ES 'iLPRINT "ma
1625,1200'iLPRINT "rm 2,0,0'iLPRINT "la = PES'iLPRIN T "ma 1660,1200"
2014 LPRINT "rm 4,0,0" iLPRINT "la = RT"
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2020 FOR J=1 TO IR-1
2030 FOR 1=1 TO 2
2035 X=LOG(ESI(J)*10)*390.88+120
2040 LPRINT "am ";I;",";830-10*VMXD(I,J)*CONST;",";X
2050 LPRINT "am ";I;",";830-10*VMND(I,J)*CONST;",";X
2060 LPRINT "am ";I;",";2480-4*MX(I,J);",";X
2065 IF I<2 THEN LPRINT "am ";4;",";2480-4*RTA(I,J);",";X
2080 NEXT ENEXT J
2090 LOCATE 18,40:PRINT "Select Printer and piess a key";:SOUND 100,5
2100 A$=INKEY$:IF A$="" GOTO 2100
2110 LPRINT "eh"
2120 RETURN

2.3 Plotter Output o f MMCALCUL.BAS
An example of the plotter output o f MMCALCUL.BAS is shown in figure
app2.2

2.4 Printer Output o f MMCALCUL.BAS
An example of the printer output of MMCALCUL.BAS is shown in figure
app2.3.
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cfc0801rab
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Figure App2.2: Plotter output o f MMCAICUL.BAS. U pper trace is of the maximum
+ve and -ve first differential of force, at each extrasystolic interval. Lower trace is a
classical force interval relationship. ES=extrasystole, PES= post extrasystole RT=resting
tension.
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MMCALCUL output for file A:\il040rab
(A:\il040rab was created at 09:50:19 on the 10 Apr 1991)
control pyruvate
FSD= 2
balance^ 4.26
The following files have been formed from A:\il040rab
C:\data\APR91\il04ECT.DAT
C:\data\APR91\il04DPl.DAT
C:\data\APR91\il04MXDE.DAT
C:\data\APR91\il04MNDE.DAT
C :\data\APR91\il04MXDl.DAT
C:\data\APR91\il04MNDl.DAT
Resting tension during experiment ± SE = 0.175 ± 0.0051 g
FOR S T E A D Y -S T A T E BEAT

Steady state peak tension ± SE = 0.790 ± 0.0069 g
Steady state developed tension ± SE = 0.615 ± 0.0043 g
Average time to 90% relaxation ± SE = 224.00 ±

0.816 msec

Average max rate of tension rise ± SE = 10.681 ± 0.119 9 / s
Average min rate of tension rise ± SE = -7.870 ± 0.096 9 / s
Average time to peak tension ± SE = 110.2 ± 5.7 ms
Total number of runs = 4 4
FOR EXTRA-SYSTOLIC BEAT
Maximum
ESI(Secs)
tension (g)
0.200
0 .466
0. 225
0 .392
0.250
0 .382
0.275
0. 403
0 .300
0.424
0.325
0.456
0.350
0.488
0. 375
0.488
0 .400
0.498
0.425
0.562
0.450
0.530
0.475
0.572
0.500
0.572
0.525
0.657
0.550
0.604
0.575
0.625
0 .600
0.636
0.625
0.636
0.650
0.625
0.675
0.636
0.700
0.625
0.725
0.625
0.750
0.615

Time of peak
tension (ms)
88
108
112
116
120
120
108
132
120
108
120
116
108
116
116
124
120
108
116
116
112
112
112

Maximum
Minimum
**
** dT/dt g.s""6 .184
-7 .067
6 .184
-6.184
7.067
-6.184
7. 950
-6.184
7.067
— 6.184
8.834
-6.184
8.834
-7.067
7. 950
-6.184
9.717
-7.067
9.717
-7.950
7.950
-7.950
8.834
-7.067
9.717
-7.067
11.484
-8 .834
9.717
-7.067
9.717
-7.950
11.484
-7.950
10.600
-7.950
11.484
-8.834
10.600
-7.950
8.834
-7.950
10.600
-8.834
10.600
-7.950

Appendix 2
0 . 775
0 . 800
0.9 0 0
1 .000
1 .5 0 0
2 .0 0 0
2 .5 0 0
3 .0 0 0
3 .5 0 0
4 .0 0 0
4.5 0 0
5 .0 0 0
5 .500
6 .000
6 .5 0 0
7 .0 0 0
7 .500
8 .000
8 .500
9 .000
9.500

E S I(S e c s )
0 .200
0 .225
0 . 250
0. 275
0 .3 0 0
0. 325
0 .3 5 0
0. 375
0 .400
0 .4 2 5
0 .450
0 . 475
0 .5 0 0
0 .525
0 .550
0 .575
0 .600
0 .6 2 5
0 .6 5 0
0 .675
0 .7 0 0
0 .7 2 5
0 .7 5 0
0 .7 7 5
0 .8 0 0
0 .900
1 .000
1 .5 0 0
2 .000
2 .5 0 0
3 .000
3 .5 0 0
4 .0 0 0

App2.3: Printer Output o f M M CALCUL.BAS (contd)

M axim um
te n s io n
1.367
1 .2 3 0
1 .1 0 2
1 .0 3 9
0 .986
0 . 954
0.9 3 3
0.912
0 .8 3 7
0 . 827
0.795
0.7 9 5
0.795
0 . 816
0 .7 8 4
1.1 9 8
0 .7 8 4
0.774
0.742
0.731
0 .700
0 .689
0.657
0.668
0.647
0.625
0 .625
0.541
0.498
0.488
0.477
0 .4 3 5
0 .435

10.6 0 0
1 1 .48 4
10.600
9 .7 1 7
10 .60 0
1 2 .3 6 7
11 .4 8 4
11 .484
11 .48 4
1 1 .48 4
13 .2 5 1
1 2 .3 6 7
1 2.367
1 1 .4 8 4
11 .4 8 4
1 1 .4 8 4
11 .4 8 4
1 0 .6 0 0
10 .6 0 0
9.717
9 .7 1 7

112
104
108
116
100
104
96
112
96
96
100
100
100
96
96
100
96
100
92
104
104

0.625
0 .604
0.625
0 .6 2 5
0.572
0 .5 8 3
0.5 8 3
0.6 2 5
0 .5 7 2
0.6 0 4
0 .6 1 5
0 .5 6 2
0 .5 72
0.5 6 2
0.551
0.541
0 .5 8 3
0.530
0.509
0.5 3 0
0 .4 9 8

(g)

T im e o f
te n s io n
100
104
96
104
104
100
104
108
100
108
108
104
108
104
112
84
108
104
112
116
104
108
104
108
112
104
116
116
100
108
104
112
112

p e a k
(m s)

M axim um
** d T /d t
26 .50 1
23 .85 1
21.201
1 9 .43 4
1 8 .5 5 1
1 7 .6 6 7
1 6.7 84
1 5.9 01
15 .0 1 7
14 .13 4
1 4.13 4
1 4.134
14 .1 3 4
1 3 .2 5 1
1 4.134
4 9 .4 6 9
14 .1 3 4
1 2.367
1 3.251
1 2.367
1 1.484
1 2 .3 6 7
1 1 .4 8 4
10 .6 0 0
1 0 .600
11 .4 8 4
1 0 .6 0 0
9.7 1 7
9 .717
7 .9 5 0
7 .950
7 .9 5 0
8 .8 3 4
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-7 .9 5 0
-7 .0 6 7
-8 .8 3 4
-7 .9 5 0
-7 .9 5 0
-7 .9 5 0
-7 .0 6 7
-7 .0 6 7
-6 .1 8 4
-9 .7 1 7
-7 .9 5 0
-6 .1 8 4
-7 .0 6 7
-6 .1 8 4
-7 .0 6 7
-7 .0 6 7
-7 .9 5 0
-7 .0 6 7
-6 .1 8 4
-7 .0 6 7
-6 .1 8 4

M inim um
g . s “ ^

**
-1 5 .9 0 1
-1 4 .1 3 4
-1 3 .2 5 1
-1 3 .2 5 1
- 1 1 . 484
-9 .7 1 7
-1 0 .6 0 0
-1 0 .6 0 0
-8 .8 3 4
-9 .7 1 7
-9 .7 1 7
-1 1 .4 8 4
-9 .7 1 7
-9 .7 1 7
-9 .7 1 7
-2 9 .1 5 1
-1 2 .3 6 7
-9 .7 1 7
-9 .7 1 7
-8 .8 3 4
-8 .8 3 4
-7 .9 5 0
-8 .8 3 4
-7 .9 5 0
-7 .9 5 0
-1 0 .6 0 0
-7 .0 6 7
-7 .0 6 7
-7 .0 6 7
-6 .1 8 4
-7 .0 6 7
-6 .1 8 4
-6 .1 8 4

Figure App2.3: Printer output of MMCAICUL.BAS. The parameters decribing the
tension enveloppe of the 44 steady state beats are averaged and listed at the start o f the
output (on the previous page). The remainder of the output lists the changes in these
parameters for extrasystolic and post extrasystolic beats at each of the extrasystolic
intervals.
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3 MM COLLAT.BAS
This program analysed the output from MMCALCUL. A number of files formed by
MMCALCUL would be opened the data at each extrasystolic interval divided by
steady stateforce to give a normalised force, the program then calculated the mean
and standard

deviation of normalised beat force at each o f the 44 extrasystolic

intervals for each of the files opened. The means o f the normalised beat force at each
extrasystolic interval was saved in format for analysis and curve fitting by Regression.

3.1 Description o f MMCOLLAT.BAS
lines

function

70-90

Request information about the group of experiments to be analysed

100-190

Opens a file containing the file names, steady state developed force and
number of initial beats to be excluded, this file could be edited by the
DOS text editor if entry error occurred. If the programme had to be
restarted after correcting a filename a GoTo line740 was needed at
line75.

200-310

Opens each of the experimental files and sets up data arrays of
normalised beat force and sets the value of excluded beats to zero.

320-360

Transposes the arrays and calculates mean developed force at each
extra-systolic interval,

subroutine 600

Calculates the standard deviation for each of the means at

differing extrasystolic intervals.
380-500

Prints the individual normalised values for each experiment together
with means and standard deviations. An example o f the output is seen
in figure app2.4.

510-590

Opens a disc file and writes means, extrasysloic intervals and standard
errors to disc.

840-960

Using the data file containing the details of each invidual experiment
within the group this routine modifies the file name so that files
containing extrasystolic beat force rather than post extrasystolic beat
force are examined.

Appendix 2

3.2 Listing o f MMCOLLAT.BAS
10 REM program to calculate means and spread of a given number of
20 REM beats from différant experiments normalised using steady state
paramaters ***** *01/04/91 * * * * * *Michael Marber
30 REM the DOS line editor is used to correct temp file formed in basic dir
40 DIM DT(100,20),F$(20),SS(20),MEAN(20),TALLY(20),EXCL(20),
SD(100),TAT(100),SUM(100),ESI(100)
50 ON ERROR GOTO 700
60PION$=CHR$(27)+"(slS"+CHR$(27)+"(s3B":PIOF$=CHR$(27)
+"(sOS"+CHR$(27)+"(sOB"
70 INPUT "title of experimental series ";TITLE$
80 INPUT "how many experiments to be analysed";NUM
90 S$="c:Ndata\"+MID$(TITLE$,l,8)+".fls"
100 OPEN "o",#l,S$
110 FOR J= 1 TO NUM
120 PRINT J;
130 INPUT "data file name";F$(J)
140 INPUT "steady state developed tension";SS(J)
150 INPUT "how many of the first data points need to be excluded";EXCL(J)
160 FS$=CHR$(34)+F$(J)+CHR$(34)
170 PRINT #1,FS$,SS(J),EXCL(J)
180 NEXT J
190 CLOSE #1
200 FOR J=1 TO NUM
210 OPEN "i",#l,F$(J)
220 WHILE NOT EO F(l)
230 IR=IR+1:PRINT IR
240 INPUT #1,ESI(IR),DT(IR,J)
250 DT(IR,J)=DT(IR,J)/SS(J)
260 WEND
270 TALLY(J)=IR:IR=0
280 IF TOT<TALLY(J) THEN TOT=TALLY(J)
290 FOR X=1 TO EXCL(J):DT(X,J)=0:NEXT X
300 CLOSE #1
310 NEXT
320 FOR J= 1 TO NUM
330 FOR IR= EXCL(J)+1 TO TALLY(J)
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340 SUM(IR)= SUM(IR)+DT(IR,J):TAT(IR)=TAT(IR)+1
350 NEXT:NEXT
360 FOR IR= 1 TO TOT: SUM(IR)=SUM(IR)/TAT(IR):NEXT IR
370 GOSUB 600
380 LPRINT PION$+"COLLATED DATA OUTPUT FOR EXPERIMENTS
"+TITLE$+PIOF$
390 FOR IR= 1 TO TOT
400 FOR J = 1 TO NUM
410 LPRINT USING "#.###";DT(IR,J);:LPRINT"
420 NEXT J
430 LPRINT:
440 NEXT IR
450PION$=CHR$(27)+"(slS"+CHR$(27)+"(s3B*':PIOF$=CHR$(27)+
"(sOS"+CHR$(27)+"(sOB"
460 LPRINT:LPRINT PION$+"collated data"
470 FOR IR= 1 TO TOT
480 LPRINT USING "#.###";ESI(IR);:LPRINT " MEAN=";:LPRINT USING
"#.###";SUM(IR);:LPRINT " STANDARD ERROR=";:LPRINT USING
"#.###";SD(IR)/SQR(TAT(IR)-1);:LPRINT " NUMBER OF
OBSERVATIONS=";TAT(IR)
490 NEXT
500 LPRINT PIOF$
510 S$="c:\graph\"+MID$(TITLE$,l,8)+".dat"
520 FW$=CHR$(44)
530 OPEN "0",#1,S$
540 FOR IR= 1 TO TOT
550 PRINT #1„ESI(IR)„SUM(IR)„(SD(IR)/SQR(TAT(IR)-1))
560 PRINT „ESI(IR)„SUM(IR)„(SD(IR)/SQR(TAT(IR)-1))
570 NEXT
580 CLOSE #1
590 END
600 REM subroutine for SD
610 FOR J=1 TO NUM
620 FOR IR=EXCL(J)+1 TO TALLY(J)
630 SD(IR)=(SUM(IR)-DT(IR,J))^2+SD(IR)
640 NEXT:NEXT
650 FOR IR=1 TO TOT
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660 IF TAT(IR)=1 THEN SD(IR)=0:GOTO 680
670 SD(IR)=SQR(SD(IR)/(TAT(IR)-1))
680 NEXT IR
690 RETURN
700 PRINT " file=";F$(J)
710 PRINT "error in line ";ERL,"error code ";ERR
720 RESUME NEXT
730 RETURN
740 REM

Wrong input routine to read corrected inputs from disc

750 REM

needs insertion of "goto 740" at line 75 to activate

760 OPEN "i",#l,S$
770 WHILE NOT EO F(l)
780 J=J+1
790 INPUT #1,F$(J),SS(J),EXCL(J):
800 PRINT F$(J),SS(J),EXCL(J)
810 WEND
820 STOP
830 GOTO 190
840 REM

Reads disk file with D PI suffix and converts it to

850 REM

ect suffix for analysis of restitution, needs goto 840

860 REM at line 75 to activate
870 OPEN "i",#l,S$
880 WHILE NOT EO F(l)
890 J=J+1
900 INPUT #1,F$(J),SS(J),EXCL(J):
910 W=LEN(F$(J)):W=W-6:MID$(F$(J),W)="ect.dat"
920 PRINT F$(J),SS(J),EXCL(J)
930 WEND
940 TITLE$=MID$(TITLE$,l,5)+"ect":PRINT TITLES
950 STOP
960 GOTO 190

5.5 Output o f MMCOLLAT.BAS
An example of the printed output from MMCOLLAT.BAS is shown if figure app2.4.
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App2.4: Printer Output of MMCOLLAT.BAS
'COLJuATED d a t a OUTPUT FOR EXPERIM ENTS H SPB A SA L
1.7 8 2
1 .6 5 5
1.6 0 0
1 .5 2 7
1.4 3 6
1 .4 1 9
1.345
1.309
1.2 7 3
1 .2 5 4
1.254
1 .2 01
1.182
1 .2 01
1.127
1 .0 91
1.055
1 .0 91
1.036
1.0 5 5
1.0 5 5
1.0 3 6
1.0 3 6
1.036
1 .0 1 9
0 .9 6 4
0.9 4 5
0.9 0 9
0.873
0.8 5 4
0.8 5 4
0.8 3 7
0.8 1 8
0.7 8 2
0.799
0.7 9 9
0.799
0.763
0.782
0 .7 8 2
0 .763
0.7 4 6
0 .7 6 3
0.7 4 6

1 .385
1.000
1.385
1.167
1.052
1 .052
1 .0 0 0
1.104
1.104
1.052
0 .9 3 8
0.938
1 .052
1 .167
0 .885
1 .0 5 2
1.271
0 .9 38
1 .000
1 .0 0 0
0.8 3 3
0 .9 38
0.938
0 .9 3 8
1 .0 0 0
1 .0 5 2
0.8 85
1.104
1.052
1 .2 1 9
1.167
1 .104
0.938
1.000
0 .9 3 8
0.938
1.000
1.000
1.000
0.938
0.885
0 .8 8 5
0.9 3 8
1.167

c o lla te d

0.200
0.225
0.250
0.275
0.300
0.325
0.350
0.375
0.400
0 .425
0.450
0.475
0.500

1 .392
1 .32 7
1 .2 8 4
1 .2 2 5
1 .2 0 3
1 .1 7 5
1 .1 3 8
1 .. 1 3 1
1 .. 1 0 9
1 .. 0 7 4
1 .. 0 8 7
1 .. 0 5 9
1 .. 0 3 7
1 .. 0 5 9
1 .. 0 2 2
1 .. 0 3 7
1 .. 0 3 0
1 .. 0 3 0
1 .. 0 1 5
1 .. 0 3 0
1 .. 0 1 5
1 .. 0 1 5
1 .. 0 0 8
1. 000
1. 008
1. 008
0. 993
0. 978
0. 950
0. 958
0. 958
0. 958
0. 986
0. 965
0. 943
0. 936
0. 943
0. 936
0. 950
0. 943
0. 928
0. 928
0. 877
0. 870

1.509
1.489
1.377
1 .340
1 .2 8 3
1.246
1 .2 2 6
1.226
1.1 8 9
1.189
1.151
1 .1 5 1
1.1 1 2
1 .1 1 2
1 .0 7 5
1 .0 7 5
1.075
1.075
1 .0 75
1 .0 5 7
1 .0 5 7
1.057
1 .0 5 7
1 .0 1 8
1 .0 3 7
1 .0 0 0
1 .0 1 8
0.980
0.963
0.963
0 .9 2 3
0 .9 0 6
0 .923
0 .9 0 6
0 .9 0 6
0 .9 0 6
0 .8 8 6
0.8 8 6
0.8 68
0 .8 6 8
0 .8 6 8
0 .8 4 9
0 .8 4 9
0 .8 6 8

1 -640
1 .574
1 .507
1 .426
1 .400
1 .374
1 .360
1 .293
1 .253
1 .253
1 .240
1 .214
1 .186
1 .160
1 .186
1 .160
1 .174
1 .119
1 .160
1 .107
1 .107
1 .119
1 .093
1 .067
1 .067
1 .067
1 .053
0. 960
0. 893
0 . 867
0. 853
0 . 853
0. 826
0 . 840
0. 786
0. 786
0. 774
0. 747
0. 747
0. 733
0. 719
0 . 707
0. 681
0 . 681

1.748
1 .6 3 3
1.558
443
,355
292
253
216
178
165
153
1 .1 4 0
1.1 2 7
1 .1 5 3
1 .1 1 5
1.1 1 5
1 .0 9 0
1.1 0 2
1 .063
1.063
1.0 7 6
1 .0 5 1
1 .0 3 8
1.038
1 .013
1 .0 0 0
1.013
0 .9 3 7
0 .900
0.886
0.861
0 .8 6 1
0.873
0 .8 6 1
0 . 873
0.861
0.886
0.873
0.873
0 .8 6 1
0 .8 6 1
0 .8 2 3
0 .8 1 0
0 .7 9 8

1 .346
1.2 8 7
1 .2 2 7
1 .2 1 8
1.1 6 8
1 .1 0 8
1 .1 0 8
1.0 8 9
1 .089
1 .0 8 9
1 .0 6 9
1 .0 5 9
1.0 6 9
1 .0 9 9
1.108
1 .1 0 8
1.089
1.0 5 9
0 .990
0 .960
0.9 7 0
1 .0 5 9
1 .0 7 8
1.0 0 0
0 .9 3 0
0.9 0 1
0 .8 8 0
0 .8 8 0
0 861
0 880
0 901
921
930
940
951
930
930
0 .9 3 0
0.9 2 1
0 .9 1 0
0 .930
0 .901
0.880
0.861

1.674
1 .6 0 8
1.495
1.427
1.38 3
1.371
1.304
1 .2 9 3
1.281
1 .2 48
1.2 0 3
1 .1 8 0
1.169
1 .15 8
1.124
1 .1 2 4
1.102
1 .1 0 2
1 .068
1.056
1.046
1 .0 3 4
1.034
1 .0 4 6
1 .0 2 3
1 .012
.989
877
0 .8 5 5
0.8 31
,821
831
,831
0.831
0 .8 3 1
0 .843
0.843
0 .831
0 .8 2 1
0 .7 9 9
0.7 8 7
0.775
0 .7 7 5
0.787

0.000
2 .332
268
237

120
982
940
876
802
1.7 6 0
1.717
1.675
1.611
1.611
1.558
1.495
1.431
1.389
389
367
367
346
325
336
325
240
187
028
965
0.9 4 3
0.9 0 1
0 .8 9 0
0 . 880
0 .8 59
0.8 5 9
0 .8 3 7
0.816
0 .8 37
0. 816
0 .8 06
0.795
0 .7 74
0.7 6 3
0 .7 5 3

1.858
1.6 8 3
1.545
1.472
403
317
281
386

211
228
175
175

122
139

122
122
122
069
053
053
053
1.036
1.036
017
036
017
964
931
894
858
0 .8 7 8
0 .858
0 . 842
0 .825
0 . 842
0 .8 4 2
842
825
842
842
0.825
0 .8 2 5
0 .8 2 5
0 .805

.577
.060
.639
.433
.349
.373
.349
.3 2 5
.325
.277
.241
.2 2 8
.205
.192
.168
.1 4 4
.144

.1 2 0
.097
.108
.084
.084
.072
.084
.072
.024
.9 7 6
0 .856
0 .7 9 5
0 .759
0 .770
0 .795
.783
.783
.770
.770
0 .795
0 .795
0 .783
0 .783
0 .770
0 .759
0 .783
0 .747

0
0
0
0
0
0

0
0
0
0
0
0

d a ta

MEAS=1.706
MBAN=1.615
MEAN=1.543
ME2is=1.458
MEAN=1.388
MEAN=1.353
MEAN=1.310
MSAN=1.304
HEAN=1.265
KEAN=^1.246
HEAN=1.212
MEAN=1.190
HEAN=1.179

STANDARD
STANDARD
STANDARD
STAND2ŒD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD

ERROR=0.109
ERROR=0.104
ERROR=0.080
ERROR=0.083
ERROR=0.079
ERROR=0.072
ERROR=0.070
ERROR=0.063
ERROR=0.058
ERROR=0.056
ERROR=0.057
ERROR=0.053
ERROR=0.046

NUMBEROF
NUMBEROF
NUMBEROF
NUMBEROF
NUMBEROF
NUMBEROF
NUMBEROF
NUMBEROF
NUMBEROF
NUMBEROF
NUMBEROF
NUMBEROF
NUMBEROF

OBSERVATIONS^ 11
0BSERVAT10NS= 12
OBSERVATIONS^ 12
0BSERVAT10NS= 12
0BSER7AT10NS= 12
0BSERVAT10NS= 12
0BSERVAT10NS= 12
0BSERVAT10NS= 12
OBSERVATIONS^ 12
OBSERVATIONS^ 12
OBSERVATIONS^ 12
OBSERVATIONS^ 12
OBSERVATIONS^ 12

.858
.736
.630
.578
.508
.525
.419
.403
.370
.370
.317
.264
.281
.175
.191
.175
.191
.158
.139
.158
.106
.106
.106
.069
.158
.036
.964
.947
.911
.858
.825
.805
.805
.789
.789
.789
.736
.736
.805
.719
.736
.736
.703
.719

A ppendix 2
-

^ .5 2 5
0 .5 5 0
0 .5 7 5
0 .6 0 0
0 .6 2 5
0 .6 5 0
0 .6 7 5
0 .7 0 0
0 .7 2 5
0 .7 5 0
0 .7 7 5
0 .8 0 0
0 .9 0 0
1 .0 0 0
1 .5 0 0
2 .0 0 0
2 .5 0 0
3 .0 0 0
3 .5 0 0
4 .0 0 0
4 .5 0 0
5 .0 0 0
5 .5 0 0
6 .0 0 0
6 .5 0 0
7 .0 0 0
7 .5 0 0
8 .0 0 0
8 .5 0 0
9 .0 0 0
9 .5 0 0
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A pp2.4: Printer Output o f MMCOLLAT.BAS (contd)
M E A N = 1 .1 8 5
M E A N = 1 .1 4 0
M EAN =1. 1 4 1
M EAN =1. 1 4 8
M EA N =1. 1 0 4
M EAN =1. 0 9 0
M E A N = 1 .0 8 5
M EAN =1. 0 6 4
M E A N = 1 .0 7 3
M E A N = 1 .0 6 B
M E A N = 1 .0 5 4
M EAN=^1.057
M E A N = 1 .0 2 7
M E A N = 0 .9 B 9
M E A S - 0 .9 4 9
M E A N = 0 .9 0 9
M E A N = 0 .9 0 6
M EAN =0. 8 9 3
M EAN =0. 8 8 5
M E A N -0 .8 7 0
M EAN =0. 8 6 5
H E A N = 0 .8 5 7
M EAN =0. 8 5 3
M EAN =0. 8 5 4
M EAN =0. 8 4 7
M EAN =0. 8 5 1
M E A N = 0 .8 3 2
M E A N = 0 .8 2 2
M EAN =0. 8 0 9
M E A N = 0 .8 0 4
M EAN =0. 8 1 7

STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STJUHDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDJiRD
STANDARD

E R R O R = 0. 0 4 2
E R R O R = 0 .0 4 7
E R R O R = 0. 0 3 6
E R R O R = 0. 0 3 3
E R R O R = 0. 0 3 2
E R R O R = 0. 0 3 2
E R R O R = 0 .0 3 1
E R R O R =0. 0 3 6
E R R O R =0. 0 2 9
E R R O R = 0. 0 2 8
E R R O R = 0 .0 2 9
E R R O R =0. 0 3 0
E R R O R = 0 .0 2 4
E R R O R = 0 .0 2 4
E R R O R = 0 .0 2 1
E R R O R =0. 0 2 0
E R R O R = 0 .0 3 4
E R R O R = 0 .0 3 0
E R R O R = 0 .0 2 5
E R R O R =0. 0 1 9
E R R O R = 0 .0 2 2
E R R O R =0. 0 2 0
E R R O R = 0 .0 1 9
E R R O R =0. 0 2 3
E R R O R = 0 .0 2 5
E R R O R =0. 0 2 3
E R R O R =0. 0 2 2
E R R O R =0. 0 2 2
E R R O R =0. 0 2 1
E R R O R =0. 0 2 3
E R R O R =0. 0 3 8

NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER
NUMBER

OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF
OF

O BSERVATIO N S=
O BSERVATIO N S=
OBSERVATIO N S^
O BSERVATIO N S^
OBSERVATIONS=^
O BSERVATIO N S^
O BSERVATIO N S=
O BSERVATIO N S=
O BSERVATIO N S=
O B SERVATIO N S=
O BSERVATIO N S=
O B SERVATIO N S^
O B SE R 7A T IO N S=
O BSERVATIO N S^
O BSERVATIO N S^
O B SE R V A TIO N S^
O BSERVATIO N S^
O B SERVATIO N S^
O BSERVATIO N S^
O B SE R V A T IO N S O BSERVATIO N S=
O BSERVATIO N S^
O BSERVATIO N S^
O BSERVATIO N S^
O BSERVATIO N S^
O BSERVATIO N S=
O BSERVATIO N S^
O BSERVATIO N S=
O BSERVATIO N S^
O BSERVATIO N S^
OBSERVATIONS=^

12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

COLLATED DATA OUTPUT FOR EXPERIM ENTS H S P 30M IN
1.630
1 .5 5 1
1.474
1 .4 4 7
1 .3 9 5
1. 342
1.367
1 .2 6 3
1 .263
1 .2 6 3
1 .2 1 1
1 .2 1 1
1 .1 5 6
1 .1 8 4
1.1 5 6
1 .1 3 2
1 .1 8 4
1 .156
1 .1 0 4
1 .132
1 .0 7 9
1 .1 3 2
1.0 7 9
1 .079
1 .079
1 .0 2 5
1 .052

1.651
1.208
1 .208
1.208
1 .151
1.057
1.2 0 8
1 .057
1.104
1.0 0 0
1.3 0 2
1.057
1 .0 5 7
1 .0 0 0
1 .000
0.953
1.208
1 .0 5 7
1.1 5 1
1.104
1.104
0.953
1 .057
1.057
1 .104
1.057
1.1 0 4

1 .138
1.080
1 .116
1.080
1 .080
1.058
1 .080
1 .098
1.080
1.058
1 .040
1.058
1 .058
1 .022
0.982
1.022
1.000
1.000
1.022
1 .000
1.022
1 .022
1.022
1 .000
0.982
1 .000
1.000

2.055
1 .8 8 6
1 .772
1 .6 7 8
1 .603
1 .5 4 6
1 .489
1.434
1 .4 1 5
1.3 7 7
1 .3 4 0
1.3 0 1
1 .301
1 .2 8 3
1 .2 4 6
1.246
1 .1 8 9
1 .169
1 .1 6 9
1 .169
1 .1 51
1 .151
1.112
1 .094
1 .0 94
1.057
1 .0 3 7

1 .1 5 8
1.1 2 1
1 .1 5 8
1 .1 5 8
1 .1 5 8
1 . 200
1.042
1.121
1 .121
1 .079
1 .042
1 .079
1.000
1 .0 4 2
1 .042
1 .0 4 2
1 .042
0 .9 5 8
1 .0 7 9
0 .958
1.0 0 0
1.000
1 .0 0 0
0 .958
1 .042
1 .000
0 .9 5 8

2 .018
1 .8 8 6
1.772
1.698
1.623
1.566
1.528
1.489
1.415
1.377
1.358
1.3 4 0
1.320
1.263
1.226
1.2 6 3
1.226
1.1 8 9
1.206
1.169
1.169
1.1 5 1
1.132
1.112
1.112
1 .0 5 7
1.018

0 .000
0.000
1 .578
1.538
1.512
1.447
1.421
1.395
1.341
1.329
1.289
1.289
1.249
1.223
1.223
1 .210
1.1 9 7
1.1 8 4
1.1 7 0
1.1 4 4
1 .132
1 .118
1.1 3 2
1.104
1.0 9 2
1.078
1.026

2 .5 4 7
2 .4 1 0
2. 233
2 .1 5 5
2 .0 1 8
1 .8 6 1
1 .7 2 5
1 .6 4 5
1 .5 0 8
1 .4 3 1
1 .3 9 2
1 .3 7 2
1 .3 3 3
1 .2 7 4
1 .2 3 5
1 .2 1 4
1 .1 7 6
1 .1 3 7
1 .0 7 8
1 .0 7 8
1 .0 1 8
0 .9 8 0
0 .9 8 0
0 .9 8 0
1 .0 0 0
0 .9 4 1
0 .9 0 2

2.063
1 .9 7 1
1.851
1 .760
1.669
1 .669
1 .6 11
1 .549
1.520
1 .486
1.457
1 .3 6 6
1.366
1 .337
1 .274
1.309
1 .2 1 7
1 .2 17
1 .183
1.246
1.154
1 .1 8 3
1.18 3
1 .2 17
1 .0 9 1
1 .0 6 3
1.034

0.000
0.000
1.240
1.175
1.136
1 .1 7 5
1 .1 7 5
1.136
1.136
1. 208
1.104
1.104
1 .1 7 5
1.0 71
1 .0 3 2
1 .0 3 2
1 .175
1 .0 0 0
1.0 0 0
1 .000
1 .0 7 1
0 .9 6 8
1 .0 71
1 .0 7 1
1 .0 3 2
1 .0 3 2
1.0 0 0

3 .324
3 . 018
2 .7 1 5
2 .5 4 1
2 .3 6 7
2 .2 1 5
2 .064
1 .9 77
1 .912
1 .8 69
1 .8 0 3
1 .7 3 8
1 .672
1 .60 7
1.5 8 6
1.498
1 .498
1 .477
1 .434
1 .4 3 4
1 .369
1 .3 2 6
1 .260
1.303
1 .281
1 .1 2 9
1 .064

Figure App2.4: Printer output of MMCOLLAT..BAS. The matrix at the start of the
output on the previous page is from 12 experiments, each column represents a different
experiment and each row a different extrasystolic interval. The print in bold type
represents the mean and standard error for normalised beat force at a given extrasystolic
interval, ie from each row of the matrix.
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4 Regression
4.1 Description o f Regression
This commercial program, which operates in the Microsoft Windows environment, was
used to fit force-interval curves to a biexponential function. The data for this program
was entered directly from the disc files created by MMCOLLAT.BAS. The program
uses an iterative fitting procedure based on the Marquand algorhythm to minimise
residual distances between data points and the biexponential function synthesised. The
theoretical basis for this method of curve fitting is provided in the software
documentation (Blackwell Scientific, Oxford, England).

4.2 Output o f Regression
An example of the output of this program is shown in figure app2.5.

5 MMAREA.BAS
5.1 Description o f MM AREA.BAS
This program was used to trace the force envelopes recorded at slow paper speed to
estimate papillary muscle activity during hypoxia. The envelopes were traced on a bit
pad and the stylus location transferred via the RS232 port to a personal computer. This
program displayed stylus position on the screen and calculated the area enclosed by
the stylus using Simpson’s rule.
lines

function

75-148

Defines the scaling functions to transpose stylus position to screen
position.

150-178

Sets ports for communication and calculates steady state develped force
for normalisation.

180-360

Positional information is entered into an array, the program flow carries
on looping until a data point is entered further to the left than the
original point. The stylus position is recorded on the screen.

390-470

The area of activity is calculated by Simpson’s rule.

475-494

Outputs the actual and normalised activity data to screen and printer
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5.2 Listing o f MMAREA.BAS
10 REM program to calculate area normalizing for pre-anoxia steady state
20 REM using the suma sketch II set at 9600 baud,
30 REM in ASCII BCD report format, 8 bits no parity.
40 REM (JUMPERS AA IN, AB OUT AND AC OUT)
50 REM ***Downey/Marber***

25/04/91

60 REM
70 DIM X(250),Y(250)
72 REM Scaling for screen 2
75 DEE FNXC(X) =(X/5840)*650
76 DEE ENYC(Y) =(200-(Y/5840)*200)*1.6
86 PRINTrPRINT
145 CLS
148 SCREEN 2
150 OPEN "com2:9600,n,8,l" AS #1
160 PRINT# 1, "B":REM Sets pointing mode
170 INPUT "name of experiment"; NAM$
172 PRINT "click on pre-anoxia SS amplitude"
174 INPUT#l,XA,YA,A$:SOUND 1000,2
176 INPUT#l,XB,YB,A$:SOUND 1000,2
177 IE A$="2" THEN PRINT "do you wish to stop pointing?":GOSUB 650: IE Y
THEN 492
178 SS=SQR((XA-XB)^2+(YA-YB)'^2)
180 CLS:PRINT"!!!start tracing!!!"
182 PRINT "trace out tensions during anoxia"
190 1=1
200 INPUT#l,X,Y,A$:SOUND 1500,2
205 IE A$="2" THEN PRINT "do you wish to stop pointing?":GOSUB 650: IE Y
THEN 492
220 XP=ENXC(X):YP=ENYC(Y)
221 WP=ENYC(Y+SS)
225 IE 1=1 THEN PSET (XP,WP)
230 IE XP<0 THEN XP=0
240 IE YP<0 THEN YP=0
250 IE XP>639 THEN XP=639
260 IE YP>199 THEN YP=199
270 IE I>1 AND X>X(1) THEN LINE -(XP,YP) ELSE IE 1=1 THEN PSET(XP,YP)
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290 X(I)=X
300 Y(I)=Y
310 IF X (I)cX (l) THEN LINE -(FNXC(X(l)),FNYC(Y(l))):GOTO 370
320 IF 1=250 THEN 350
330 1=1+1
340 GOTO 200
350 PRINT "out of data error"
360 STOP
370 REM analyse data
390 BEEP
400 PRINT I,"!!(points collected!!!"
410 A=0
420 FOR N=1 TO 1-2
430 A=A+(X(N+l)-X(N))*((Y(N)+Y(N+l))/2)
440 NEXT N
450 N=1
470 PRINT:PRINT:PRINT
475 LPRINT:LPRINTiLPRINTiLPRINT "standard activity during ischaemia for ";
NAM$
481 LPRINT A,"unit secs"
490 PRINT A/SS "standard secs"
491 LPRINT A/SS "standard secs"
492 PRINT "Is there another trace to follow ?":GOSUB 650
493 CLOSE #1
494 IF NOT Y THEN END
520 GOTO 148
530 RETURN
650 REM yes or no routine
660 Z$=INKEY$:IF Z$="" THEN GOTO 660
670 Z=INSTR("YyNn",Z$):IF Z=0 THEN GOTO 660 ELSE IF Z>2 THEN PRINT
"No.":Y=0 ELSE PRINT"Yes.":Y=-l
680 RETURN
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A pp2.5: Printer Output o f REGRESSION

Heal S tress h

TFINSIQN

4

Q
T i t l e
TENSI
I t e r a
Sum o
S ta n d
D e te r
A
B
C
k l
k2

S

E x p o n e n tia l F a l l Tw in EXP F i t
O N =A +B*(e x p ( - o n e / k l * t i m e ) ) + C * (e x p ( - o n e /k 2 * tir a e ))
t i o n c o u n t
= 28
f s q u a re s
= 0 .0 0 9 4 7 5 9 6
a r d d e v ia tio n = 0 .0 1 5 7 9 1 4
m in a tio n c o e f. = 0 .9 9 5 7 3
0 .8 3 1 9 8 2 + / - 0 .0 0 6 9 0 4 9 9
1 .8 8 0 6 1 + / - 0 .1 3 1 0 7 6
0 .3 3 7 8 5 5 + / - 0 .0 2 6 6 5 1 4
0 .1 6 5 1 8 9 + /- 0 .0 1 1 4 5 2 3
1 .6 1 6 9 2 + /- 0 .2 3 0 1 8 4

p

— O

. 0 4

;tiu e ,

Ç

_

TENSION,

Calculated,

Residual

F igure A pp2.5: Printer output o f Regression. The upper graph shows the data as squares
with the iterative fit as a solid line. The equation used to fit this data is listed in line 2 of
the text below the graph. The values for A, B, C, k l and k2 together with their errors are
given in lines 7 to 11. The values of k l and k2 are used to compare force-interval
relationships (see Chapter 4 figures 4.9 to 4.12). The data used to derive this relationship
was obtained by MMCOLLAT.BAS and is listed in figure App2.4. The lower graph is
of the residuals, ie a graphical representation of how far the fitted line deviates from
each of the data points.
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A pp2.5: Printer Output o f REGRESSION (Contd)

0.2,
0.225,
0.25,
0.275,
0 .3 ,
0.325,
0.35,
0.375,
0.4,
0.425,
0.45,
0.475,
0 .5 ,
0.525,
0.55,
0.575,
0 .6 ,
0.625,
0.65,
0.675,
0.7,
0.725,
0.75,
0.775,
0.8,
0. 9,
E
1.5,
2,
2.5,
3,
3 .5 ,
4,
4.5,
5,
5 .5 ,
6,
6 .5 ,
7,
7 .5 ,
8,
8.5 ,
9,

1.706,
1.615,
1.543,
1.458,
1.388,
1.353,
1.31,
1.304,
1.265,
1.246,
1.212,
1.19,
1.179,
1.185,
1.14,
1.141,
1.148,
1.104,
1.09,
1.085,
1.064,
1.073,
1.068,
1.054,
1.057,
1.027,
0.989,
0.949,
0.909,
0.906,
0.893,
0.885,
0.87,
0.865,
0.857,
0.853,
0.854,
0.847,
0.851,
0.832,
0.822,
0.809,
0.804,

1.69091,
1.60763,
1.53547,
1.47288,
1.41852,
1.37125,
1.33009,
1.29417,
1.26278,
1.23528,
1.21113,
1.18988,
1.17112,
1.15452,
1.13977,
1.12662,
1.11486,
1.10429,
1.09476,
1.08613,
1.07828,
1.0711,
1.06451,
1.05843,
1.0528,
1.03372,
1.01843,
0.965806,
0.930063,
0.903968,
0.88482,
0.870766,
0.86045,
0.852877,
0.847319,
0.84324,
0.840245,
0.838047,
0.836434,
0.83525,
0.83438,
0.833742,
0.833274,

0.015089
0.00737294
0.00753303
-0.0148772
-0.0305224
-0.0182544
-0.0200863
0.00983032
0.00222484
0.0107244
0.00086809
0.000119507
0.00787719
0.0304839
0.000234166
0.0143816
0.0331439
-0.000291229
-0.00476274
-0.0011319
-0.0142794
0.0018974
0.00348687
-0.00443497
0.00419735
-0.00671552
-0.029427
-0.016806
-0.0210635
0.00203225
0.00818005
0.0142344
0.00955049
0.0121226
0.00968062
0.00976027
0.0137548
0.00895278
0.0145661
-0.00324963
-0.0123804
-0.0247424
-0.029274

Figure App2.5: Printer output of Regression (contd). The columns listed above have
their headings on the previous page. Extrasystolic interval appears on the left,
experimental data in the next column, fitted data in the next column and residuals in the
rightmost column. The residuals are squared and summed to give a total measure of
goodness of fit this value is given in the upper text on the previous page. At each
extrasystolic interval the magnitude of the residuals is small compared to the data values.
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6 MMINFRSK.BAS
6.1 Description o f MMINFRSK.BAS
This program was originally written by Dr James Downey, Dept of Physiology,
University

of S.Alabama, USA. Their have been

some

minor subsequent

modifications. The program utilizes the bit pad to display and calculate risk areas and
areas of necrosis in heart slices. The program flow and logic is similar to MM ARE A
and will not be described further.

6.2 Listing o f MMINFRSK.BAS
10 REM program to calculate area
20 REM using the suma sketch II set at 9600 baud,
30 REM in ASCII BCD report format, 8 bits no parity.
40 REM (JUMPERS AA IN, AB OUT AND AC OUT)
50 REM ***James Downey 17 NOV 1990 ***
60 REM ***Mike M arber SEPT 1991***
70 DIM X(250),Y(250)
80 CLS
90 MG=1.41:TH=.2 ****** set defaults here
100 MG=MG^2
105 PRINT "magnification now correct (Sept/91)"
110 INPUT "magnification from original (default=1.41)";A$
120 IF A$<>"" THEN MG=(VAL(A$)^2)
130 INPUT "slice thickness in Cm (default=.2)";A$
140 IF A$<>"" THEN TH=VAL(A$)
150 OPEN "com2:9600,n,8,l" AS #1
160 PRINT#1, "B"
170 CLS:PRINT"!!!start tracing!!!":GOSUB 640
180 SCREEN 1
190 1=1
200 INPUT#1,X,Y,A$
210 REM PRINT X,Y,A$;GOTO 120
220 XP=(X/10)-100:YP=400-(Y/10)
230 IF XP<0 THEN XP=0
240 IF YP<0 THEN YP=0
250 IF XP>639 THEN XP=639
260 IF YP>199 THEN YP=199
270 IF I>1 THEN LINE -(XP,YP) : GOTO 290

Appendix 2

280 PSET (XP,YP)
290 X(I)=X
300 Y(I)=Y
310 IF X(I)<X(1) THEN LINE -((X(1)/10)-100,(400-Y(1)/10)):GOTO 370
320 IF 1=250 THEN 350
330 1=1+1
340 GOTO 200
350 PRINT "out of data error"
360 STOP
370 REM analyse data
380 SCREEN 1
390 BEEP
400 PRINT I,"!!(points collected!!!"
410 A=0
420 FOR N=1 TO 1-2
430 A=A+(X(N+l)-X(N))*((Y(N)+Y(N+l))/2)
440 NEXT N
450 N=1
460 A =A +(X (l)-X (I-l))*((Y (I-l)+Y (l))/2)
470 PRINT:PRINT:PRINT
480 PRINT 4*A/(MG* 152465!),"square centimeters"
490 PRINT TH*A*4/(MG*152465!),"cubic centimeters"
500 PRINT "click the pen for another"
510 INPUT#1, X,Y,A$ iBEEP
520 IF A$="2" THEN GOTO 170
530 GOTO 510
540 Yl=Y(N-200)
550 Nl=INT(X(N)/32)
560 X2=X(N)-N 1*32+64
570 X 3=N l+32
580 N2=INT(Yl/32)
590 Y2=Yl-N2*32+96
600 Y3=32+N2
610 PRINTCHR$(Y3);CHR$(Y2);CHR$(X3);CHR$(X2);
620 RETURN
630 SCREEN 3: SYSTEM
640 FOR FT=1 TO 500:NEXT FT.RETURN
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Cardiac Stress Protein Elevation 24 Hours After
Brief Ischemia or Heat Stress Is Associated
With Resistance to Myocardial Infarction
Michael S. Marber, MRCP; David S. Latchman, PhD;
J. Malcolm Walker, MD, FRCP; Derek M. Yellon, PhD, FACC

Background. To test the hypothesis that the heat shock response is associated with myocardial salvage,
the heat-stress protein (HSP) content of cardiac tissue was increased by either ischemic or thermal stress.
Methods and Results. Rabbits were divided into four groups. Ischemic pretreatment (n=15) comprised
four 5-minute episodes of coronary ligation separated by 10 minutes of reperfusion. The corresponding
control group (n=21) underwent surgical preparation without coronary ligation. Thermal pretreatment
(n = I6) involved whole-body temperature elevation to 42°C for 15 minutes; corresponding controls (n = 15)
were treated with anesthetic alone. Twenty-four hours later, hearts were removed for HSP estimation or
infarct size assessment after a 30-minute coronary ligation. Myocardial HSP72 content assessed by
Western blotting was elevated by both ischemic and thermal pretreatments (2.5±0.2 units, n=4, and
2.8±0.3 units, n=4, mean±SEM; P=NS, respectively) compared with the corresponding control groups
(1.0±0.3, h=4, P<.01 and 0.3±0.1, n=4, P<.01, respectively). HSP60 was preferentially elevated by
ischemic pretreatment. After a 30-minute coronary occlusion and 120 minutes of reperfusion, ischemic
and thermal pretreatments limited infarct size as a percentage of the volume at risk by 28.8±5.2% vs
52.0±5.2%, P<.01 and 32.8±3.8% vs 56.9±6.5%, P<.01, respectively.
Conclusions. Myocardial stress protein induced by either sublethal thermal or ischemic injury is
associated with myocardial salvage. Our findings suggest that stress protein elevation, rather than the
nonspecific effects of thermal or ischemic stress, may be responsible for the myocardial protection seen in
this model. Our observations may have important implications regarding myocardial adaptation to brief
periods of ischemia. (Circulation 1993;88;***-»**)
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h
hen any living cell is exposed to a sublethal
elevation of environmental temperature, a
series of adaptive changes occur that serve
to protect that cell from subsequent increases in tem
perature.' A group of proteins known as the heat-shock
or heat-stress proteins (HSPs) are the major proteins
synthesized during such stress and play a pivotal role in
providing this p r o t e c t i o n . ^ ^
similar increase in stress
protein synthesis is seen after a variety of nonthermal
stresses; for example, in myocardial tissue, stress pro
tein synthesis is increased by ischemic and mechanical
injury.^-* It seems likely, therefore, that stress proteins
are involved in recovery from nonthermal as well as
thermal injury. This conclusion is supported by the fact
that stress proteins raised by one form of sublethal
injury seem capable of protecting against a subsequent
but different injury, a phenomenon known as cross-
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tolerance.In keeping with this phenomenon, a number
of investigators have demonstrated that whole-body
hyperthermia increases myocardial stress protein con
tent and renders the isolated blood- or buffer-perfused
heart resistant to subsequent ischemia and reperfu
sion.*-However, our attempts to use whole-body heat
stress to limit infarction after a 45-minute coronary
ligation were successful in the isolated blood-perfused
heart" but unsuccessful in vivo," leading to the specu
lation that whole-body heat stress may have deleterious
aspects that negate any beneficial effects secondary to
myocardial stress protein elevation." In contrast, in the
in situ rat heart, Donnelly and coworkers" have dem
onstrated that whole-body heat stress can reduce infarct
size after a 35-minute but not a 45-minute coronary
occlusion.
The purpose of this study was to examine in more
detail the relation between myocardial stress protein
content and the subsequent resistance of the in situ
rabbit heart to ischemia. An established protocol of
repetitive short coronary artery occlusions was used to
selectively elevate myocardial stress protein content,
thereby avoiding whole-body heat stress and its possible
deleterious consequences. More importantly, brief cor
onary occlusions, unlike thermal stress, are a physiolog
ically more relevant stimulus for stress protein indue-
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Fig 1. Sum mary o f experimental protocols. Group 1, isch
emic pretreatment, was subjected to four 5-minute coronary
ligations separated by lO-minute periods o f reperfusion. The
corresponding sham ischemia group (group 2) underwent
identical surgical preparation but without coronary ligation. In
the heat-stress group (group 3), after anesthesia, rectal tem 
perature was raised to 42°C for 15 minutes by wrapping rabbits
in an electric warming blanket. Rabbits then recovered at
room temperature. The corresponding sham-heat-stress group
(group 4) received anesthetic agent without warming. A ll
groups were allowed to recover fo r 24 hours before either
m yocardial stress protein estimation (n = 4 fo r each group) or
a 30-minute coronary ligation follow ed by reperfusion and
infarct size assessment (n = 10 fo r each group).
tion, having been likened to the clinical situation during
unstable angina/
Methods
E x p e rim e n ta l P ro to c o ls an d E xclu sion s

For the purposes of this study, 67 New Zealand White
rabbits (2.0 to 3.0 kg) were divided into four experimen
tal groups. Within each group, the end point was either
stress protein estimation or infarct size assessment (see
protocol. Fig 1). Experiments were performed sequen
tially between the groups, except when an experimental
exclusion necessitated repetition. Hemodynamic, tem
perature, and blood gas data from experiments that
were excluded were not used for subsequent analysis.
Group 1, ischemic pretreatment, consisted of 15
rabbits. There was 1 exclusion because of respiratory
obstruction and death 2 hours after repetitive ischemia.
Four rabbits were used for stress protein estimation and
10 rabbits for infarct size assessment.
Group 2, sham ischemic pretreatment, consisted of 21
rabbits with 7 exclusions. In 3 rabbits, coronary ligation
was unsuccessful (no risk area evident after micro
sphere injection), 2 rabbits failed to reperfuse ade
quately (as judged by a large area of infarction without
intramyocardial hemorrhage), and 2 animals died dur
ing the 30-minute coronary ligation secondary to hypo
tension and progressive acidosis. Four rabbits were used
for stress protein estimation and 10 for infarct size
assessment.

Group 3, heat stress, consisted of 16 rabbits, with 2
exclusions. One rabbit died during the 30-minute coro
nary ligation, and 1 experiment had to be excluded
because of inadequate staining of viable myocardium
with triphenyltetrazolium. Ten rabbits were used for
infarct size assessment and 4 rabbits for stress protein
estimation.
Group 4, sham heat stress, consisted of 15 rabbits.
There was 1 exclusion because of inadequate tissue
staining. Ten rabbits were used for infarct size assess
ment and 4 rabbits for stress protein estimation.
Isch em ic a n d S h a m Isch em ic P re trea tm en ts

Rabbits were anesthetized with intramuscular fentanyl 100 Ag/kg and fluanisone 3 mg/kg (Janssen Phar
maceuticals, Oxford, UK), followed by intraperitoneal
diazepam 2 mg/kg. Anesthesia was maintained by fentanyl and fluanisone administered every 30 minutes.
Once the rabbits were adequately anesthetized, they
were orally intubated, and limb lead EGG electrodes
(Medicotest, Rugmarken, Denmark) were attached.
The rabbits were mechanically ventilated with 100%
oxygen at a tidal volume of 5 mlVkg delivered at a rate
of 1 Hz. A.marginal ear vein was cannulated to admin
ister fluids and drugs, and 30 mg of intramuscular
amoxycillin was given prophylactically.
The heart was exposed through a median sternotomy,
and a coronary artery (usually an anterolateral branch
of the circumflex) was underrun with 3/0 silk suture on
a tapered needle. The free ends of the suture were
passed through a soft vinyl tube so as to form a snare to
occlude the artery. Rabbits then received 1000 units of
heparin before the first 5-minute coronary artery liga
tion. Successful ligation was confirmed by myocardial
cyanosis with bulging and changes in the amplified ECG
signal (ECG amplifier and series 3000 recorder, Gould
Inc, Ohio). Reperfusion was confirmed by a myocardial
blush and resolution of ECG changes. After four
5 -minute coronary ligations separated by 10 minutes of
reperfusion, the vinyl occluder was removed, and the
coronary suture was left in situ while the sternotomy
was closed by suturing muscle and then skin layers.
Animals were given 10 mL/kg of 0.9% saline intrave
nously, allowed to breathe spontaneously, and eventu
ally extubated.
The surgical preparation for the sham ischemic pre
treatment group was identical to that described above.
However, although the pericardium was opened, a
coronary artery was neither underrun nor occluded,
thus avoiding mechanical manipulation of the myocar
dium, which may in itself act as a trigger for stress
protein induction.®
H ea t S tress a n d S h a m H e a t S tress P re trea tm en ts

Rabbits were anesthetized with pentobarbitone 40
mg/kg delivered via a marginal ear vein. In the heatstressed group, rectal temperature was raised to at least
42°C for 15 minutes by wrapping the anesthetized rabbit
in an electric warming blanket. Animals were then
allowed to recover at room temperature.
Sham-heat-stress rabbits were identically anesthe
tized and wrapped for similar periods with the blanket
not turned on.
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Twenty-four hours after the pretreatment interven
tion, rabbits were reanesthetized with intravenous pen
tobarbitone (60 mg/kg), and hearts were removed for
stress protein determination (see Fig 1). Excised hearts
were washed and briefly retrogradely perfused with iced
saline to remove blood and albumin. In the ischemic
pretreatment group, the coronary tie was retightened
and Coomassie brilliant blue R250 dye (BDH Chemi
cals, Poole, England) was introduced into the coronary
perfusate. Hearts were then removed from the perfu
sion rig, and atria, fat, and right ventricular free wall
were removed. In the ischemic pretreatment group, the
area without dye (risk zone) was separated from stained
(perfused) myocardium. Left ventricular specimens
were then rapidly frozen in liquid nitrogen.
At a later date, myocardial specimens were crushed
and homogenized in 2x concentrated sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDSPAGE) sample buffer (20% glycerol and 6% SDS in
0.12 mol/LTris at pH 6.8), and protein concentrations
were estimated by use of the Pierce BCA reagent
(Pierce, Rockford, 111) and equalized by further addition
of sample buffer where necessary; 2-mercaptoethanol
to a final concentration of 10% was added before
boiling. Samples were then centrifuged and stored at
- 7 0 ’C. Subsequently, samples were thawed, recentri
fuged, and further diluted in sample buffer to allow
loading of approximately 30 ^ig of total protein per lane
of slab gel.
Proteins were separated by SDS-PAGE on 0.8-mmthick, 12.5% acrylamide gels according to Laemmli.‘“
Equivalence of loading and adequacy of sample prepa
ration were determined by visualization of proteins with
Coomassie blue stain. When loading conditions were
optimal, three identical gels were prepared, each loaded
with four heart samples derived from each of the four
groups. The proteins on two gels were transferred onto
a nitrocellulose membrane (Hybond C, Amersham,
Bucks, UK) by Western blotting. The other identical gel
was stained with Coomassie brilliant blue to visualize
protein for subsequent densitometry.
One nitrocellulose membrane was washed in phos
phate-buffered saline with 0.1% dried skimmed milk
powder to block nonspecific binding sites. After washing,
the membrane was incubated at 37°C for 1 hour with
mouse monoclonal IgG cross-reactive to the inducible
72-kDa heat shock protein (Stressgen, Sidney, Canada)
at 1:1000 dilution. After repeated washing, the mem
brane was incubated with horseradish peroxidase-conju
gated rabbit anti-mouse IgG (DAKO, Denmark) at
1:1000 dilution at room temperature for 1 hour. The filter
was then washed and developed by use of enhanced
chemiluminescence detection (Amersham, Bucks, UK).
The other identical nitrocellulose membrane was
blocked with 3% skimmed milk powder and after wash
ing at room temperature for 3 hours was exposed to a
mouse monoclonal IgG raised against human heat
shock protein 60 at 1:2000 dilution.Subsequent meth
ods were as described above with the second antibody at
1:2000 dilution. The monoclonal used recognizes only
the mitochondrial form of the 60-kDa stress protein and

II
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does not cross-react with the cytosolic homologue
(TCP 1).
The relative levels of heat shock proteins 72 and 60
were determined using densitometry (model 620 video
densitometer with Biorad analyst 2 version 3.1 software,
Biorad, Hemel Hempstead, UK), normalizing to the
actin band on the Coomassie-stained gel. This proce
dure adjusts for slight variations in protein loading
between samples.*^
M yo ca rd ia l Infarction a n d In farct S ize A ssessm en t

Approximately 24 hours after the above pretreat
ments, animals were reanesthetized with pentobarbi
tone (40 mg/kg) via the marginal ear vein. ECG elec
trodes were attached, and the trachea was opened and
intubated via a midline cervical incision. Mechanical
ventilation was as previously described; however, the
tidal volume was reduced to 4 mL/kg in keeping with the
reduction in ventilatory dead space. The right common
carotid artery was cannulated with a short rigid poly
thene cannula attached to a pressure transducer
(P23XL, Gould), for continuous recording of arterial
pressure and intermittent arterial blood gas estimations
(ABL2, Radiometer, Copenhagen, Denmark). Through
out the procedure, rectal temperature was monitored
and maintained between 38.5°C and 39.0°C by an elec
tric warming pad. The chest was opened (or reopened)
via a midline sternotomy, and a coronary artery was
identified. Rabbits were given 1000 units of heparin
intravenously, and the coronary artery was ligated as
described for the ischemic pretreatment group. In the
case of the ischemic pretreatment group, the existing
coronary tie was reused to ensure that the same coro
nary bed was rendered ischemic as on the previous day.
In the sham ischemia group, identification of a suitable
coronary vessel was often difficult, since the surface of
the heart was encased in a thin fibrinous exudate.
After a 30-minute coronary occlusion, reperfusion
was confirmed by the appearance of a myocardial blush.
After 120 minutes of reperfusion, a-further 1000 units of
heparin was given, and the heart was removed and
retrogradely perfused with 0.9% saline. After blood had
been washed out of the coronary vasculature, the cor
onary snare was re-tightened and fluorescent micro
spheres infused via the aortic cannula. Demarcation of
the myocardial surface at risk (area without spheres)
was confirmed under UV light. The heart was then
frozen at -1 8 “C overnight. The next day, while still
frozen, the heart was sliced at 2-mm intervals at right
angles to its long axis. The slices were then incubated at
3 T C in triphenyltetrazolium chloride 10 mg/mL of
phosphate buffer at pH 7.4. When the viable myocar
dium had stained, slices were placed in 10% formalde
hyde solution. Approximately 24 hours later, heart slices
were placed caudal surface upward and compressed
between two glass plates separated by 2-mm spacers.
Risk areas and areas of infarction were traced, photo
graphically enlarged, and planimetered (Summa Graph
ics, Summa Sketch II, Conn). The area of infarction (no
tétrazolium staining) was expressed as a percentage of
the area at risk of infarction (no fluorescent micro
spheres). The volume of myocardial tissue at risk and
the volume of infarction were calculated by multiplying
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the corresponding areas by the depth (2 mm) of the
tissue slices.
Statistics

All values are expressed as mean±SEM. All compar
isons between groups were assessed for significance with
a one-way ANOVA, Fisher’s Protected Least Signifi
cant Difference method being used for comparisons
within the ANOVA table. Changes in hemodynamic
parameters within groups over the course of the exper
iment were compared by two-way ANOVA with a post
hoc paired t test for comparison of variables at baseline
and end of reperfusion. An unpaired t test was used to
compare baseline temperatures between heat-stress and
sham-heat-stress groups. Association between ratepressure product (RPP) and infarct size was tested by
the Spearman Rank Correlation method. Statistical
significance was defined as F<.05.

•t

Fig 2. Densitometric assessment o f Western
blot loaded with four specimens from each o f the
four intervention groups and probed against heat
stress protein (HSP) 72. The graded induction o f
HSP72 between groups seen after immunoblotting (upper portion o f figure) becomes more
obvious after densitometric assessment (lower
portion o f figure). On the basis o f optical density
ratios, heat stress and ischemic pretreatm ent
resulted in a similar level o f HSP72 induction
(2.8± 0.3 units vs 2 .5 ± 0 .2 units, respectively).
However, sham ischemia caused a greater induc
tion than sham heat stress (I.0 ± 0 .3 units w
0.3± 0.1 units, respectively). A ll comparisons
were by A N O VA.

the nonischemic area, data not shown). When the blot
was examined densitometrically, the graded induction of
stress protein with differing interventions became more
apparent with thermal pretreatment, resulting in margin
ally greater induction than ischemic pretreatment. How
ever, the mean stress protein content in each of the
pretreatment groups was greater than in corresponding
controls. Between the control groups, there was a signif
icant induction in the sham ischemic pretreatment group.
The reason for this may lie in the greater surgical trauma
occurring with sham ischemic pretreatment, although
other differences exist between these two control groups,
including the method of ventilation and anesthetic regi
mens. Compared with the sham-heat-stress group, there
was an approximately eightfold HSP72 induction by
thermal, sevenfold by ischemic, and threefold by sham
ischemic pretreatments.
M yo ca rd ia l 6 0 -k D S tress P rotein C o n te n t

Results
T em perature C hanges D u rin g H e a t S tress

Before warming, there was no significant difference
between basal rectal temperature within sham or heatstress groups (39.1± 0.rC , n = 14, and 39.0±0.rC ,
n = 14,/*=NS, respectively). After the heat-stress rabbits
were wrapped in an electric warming blanket, an aver
age of 42.6±2.9 minutes elapsed before the rectal
temperature reached 42°C. The peak temperature re
corded was 42.3±0.rC , and the time that the rectal
temperature remained above 42°C was 17.6±1.4
minutes.

Fig 3 demonstrates that the marked variation seen
between experimental groups for the 72-kD stress pro
tein was not apparent when an identically loaded gel
was blotted and probed for the 60-kD stress protein. In
this model, cardiac HSP60 was not significantly elevated
by whole-body heat stress. The only intervention asso
ciated with any change in HSP60 content was ischemic
pretreatment, which resulted in an approximately 1.5to 2-fold induction compared with other intervention
groups. Therefore, differences exist in stress protein
inducibility, with HSP72 being more inducible than
HSP60, whereas HSP60 is preferentially, though only
modestly, induced by ischemia.

M yo ca rd ia l 72-kD Stress P ro tein C o n te n t

An initial protocol with only 6 hours of recovery after
ischemic pretreatment caused some increase in HSP72,
but this was not significantly different'from basal expres
sion and was significantly less than the elevation seen 24
hours after heat stress. The recovery time after ischemic
pretreatment was therefore increased to 24 hours.
Fig 2 demonstrates that significant induction of the
72-kD stress protein occurred 24 hours after heat stress
and ischemic pretreatments. This protein was detected in
all myocardial samples examined (including those from

Infarct S ize

Risk volume, infarct volume, and percentage of risk
area infarcted are shown in Fig 4. The volumes of
myocardial tissue at risk after coronary ligation were
not significantly different between intervention groups.
However, thermal or ischemic pretreatment resulted in
both a significant reduction in absolute infarct volume
and a reduction in infarct volume expressed as a per
centage of the volume of tissue at risk. The volume of
infarction as a percentage of the volume at risk for
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Fig 3. Densitometric assessment o f Western
blot loaded with four specimens from each o f the
four intervention groups and probed against heat
stress protein (HSP)60. The lane arrangement
gel loading conditions and figure layout are
identical to Fig 2. HSP60 levels appeared quite
sim ilar between groups. The HSP60 band did,
however, appear denser in the lanes containing
sam ples from the ischemically pretreated hearts.
D ensitom etry confirmed that ischemic pretreat
ment was associated with a selective induction o f
HSP60. Optical density ratios, ischemic pretreat
ment w sham ischemia, heat stress, and sham
heat stress were 3 .8 ± 0 .4 w 2.4±0.3, 2 .6± 0.3
and 2.1 ±0.2, respectively. A ll comparisons were
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p<0.05

ischemic pretreatment compared with control was
28.8±5.2% vs 52.0±5.2%, f <.01, respectively, and for
thermal p retreatm ent com pared with control,
32.8 + 3.8% vs 56.9±6.5%, f <.01, respectively. There
fore, both ischemic and thermal pretreatment resulted
in myocardial protection.
In all treatment groups, the infarcted areas exhibited
intramyocardial hemorrhage. The absence of any hem
orrhage was rare and usually indicative of a failure to
reperfuse (see exclusions).
H em o d y n a m ic a n d M e ta b o lic D a ta

Fig 5 describes the changes in RPP that occur before,
during, and after the 30-minute coronary occlusion for
each group. There were no differences in RPP between
groups before coronary occlusion or during ischemia,
implying that myocardial work and therefore oxygen
demand was likely to be similar between groups.
During reperfusion, the RPF was consistently higher
in the heat-stress group, and at various time points, it
was significantly different from all other groups. This
preservation of RPP is likely to be independent of
infarct size, since a similar reduction in infarct size was
seen with ischemic pretreatment but was not associated

1 .6

-

by AN O VA.

p<0.05

Ischemia

Heal Stress

Sham Ischemia

Sham Heal Stress

with any significant advantage in RPP. In an attempt to
further elucidate the reason for this apparent advan
tage, we correlated RPP at the end of reperfusion with
infarct volume as a ratio of heart mass (volume : heart
weight ratio). As seen in Fig 6, there was no correlation
between infarct size and RPP for any group. This
finding suggests, surprisingly, that in this experimental
model, infarct size does not appear to be the major
determinant of cardiac work.
The Table includes the hemodynamic as well as
acid/base balance data for each experimental group
(the RPP is displayed in graphic form in Fig 5). There
were no significant differences between groups in terms
of acid/base balance or heart rate.
Discussion
This study demonstrates that both ischemic and heatstress pretreatments elevate myocardial HSP72 to a
similar extent and are associated with a similar reduc
tion of infarct size. This reduction occurs despite similar
RPPs before and during prolonged coronary artery
occlusion and therefore suggests that the protection is a
direct result of enhanced myocardial resistance to in
farction. This enhanced resistance to infarction is at

r 80
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Fig 4. Bar graphs o f risk and infarct
zone volumes. Risk zones were dem arcated
60
by the absence o f fluorescent microspheres
0) and infarct zones by absence o f staining
S’ with triphenyltetrazolium. Both ischemic
and heat stress pretreatments were associ
40 c
ated with a significant reduction in infarct
0)
CL volume as well as infarct zone as a per
centage o f risk zone. A ll comparisons were
20
by AN O VA.
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least associated with HSP72, and it is tempting to
postulate that it occurs as a direct consequence of
myocardial stress protein induction.
Basis fo r the R edu ction in M yocardial Infarct S ize

140

The design of this study is similar to and the findings
are consistent with those of Donnelly et al.*^ Those
investigators were able to demonstrate significant in
farct size reduction after whole-body heat stress; how
ever, ischemic pretreatment with a single 20-minute
coronary occlusion failed to reduce infarct size but also
failed to increase myocardial HSP72 to the level seen
after heat stress. Those investigators, therefore, con
cluded that the absolute levels of HSP72 may be impor
tant in conferring protection from ischemic injury. This
conclusion is supported and extended by the findings of
our study, which demonstrate that greater ischemic ele
vation of myocardial HSP72 is indeed associated with
protection. Moreover, a modest elevation of HSP72, as
occurred with sham ischemic pretreatment, is not asso
ciated with protection. In addition, our study suggests
that HSP60 induction appears not to be a prerequisite for
myocardial salvage, whereas an appropriate level of
HSP72 may be. However, the relation between wholebody heat stress and subsequent myocardial salvage is
complicated by the fact that in the isolated rat heart,
protection seems to involve an increase in myocardial
catalase activity rather than an induction of HSP72, since
protection can be abolished by inhibition of myocardial
catalase with 3-amino-triazole.'^ In a preliminary report,
endogenous catalase activity was also increased by re
peated ischemia and reperfusion'®; therefore, a common

160

M inutes
Fig 5.

Graph o f raie-pressure product before, during, and

after 30-m inute coronary occlusion. The sh aded area repre
sents the perio d o f coronary occlusion. Although no signifi
cant differences existed before or during coronary occlusion,
upon reperfusion, rate-pressure produ ct was consistently
higher in the heat-stress group. Heat stress was the only
intervention without a significant drop in rate-pressure produ ct
for the duration o f the experiment. The m inus-15-m inute
hem odynam ic data were collected while the chest w as closed,
and the m inus-5-m inute data were collected when the chest
and pericardium were reopened. * 2 - 05 heat stress vs isch
emia an d sham ischemia; ^ ? < .0 5 1 te a t stress w sh am isch
emia and sham heat stress; IIP <.05, ##P<.07 fo r each
group at 150 m inutes vs baseline by A N O V A .
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Fig 6. Scatterplots show ing relation between infarct volum e n orm alized to heart weight an d rate-pressure product at 120 minutes
o f reperfusion.
represents the coefficient o f determ ination. There is no correlation betw een n orm alized infarct volum e and
rate-pressure product in any o f the intervention groups. T his finding implies that infarct volum e does not determine rate-pressure
product in our experim ental model.
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Hemodynamic, Arterial pH, and OxygenTension Changes During M
yocardial Infarction
Period of coronary artery
occlusion
Baseline Preocclusion

5m
in

15m
in

30m
in

Periodof myocardial
reperfusion
45 m
in

60 m
in

90 m
in

120m
in

150 m
in

Heart rate (bpm)
Ischemia

297±6

277±7

272+9

278±6

Shamischemia

293+11

277±9

271±10

271±11 284±15

Heat stress

273+9

273±10

269+9

269+8

Shamheat stress

281±7

265+14 272±12

270±5
265±9

271±11
1
1

257±6

258+7

255+5

269±13

267+10

271±8

268±10

270±1I

260±14|1

256±10

259±10

266±12

262+11

264±11

263±11

266±11

264+9

261+10

260±91

74±8||

277+10

270+13

Arterial svstolic pressure (m
m
Hg)
Ischemia
92+7

90±7

76±10

77±6

74±6

70±5

70±6

67±6

73±6

Shamischemia

91+6

76±4

67±4

72+3

75±6

68+6

68+5

67±4

65±5

71±6

Heat stress

99+6

86±6

83±6

87+6

84±7

85+64'

89±6

94±6t

88±6§

87±6f

Shamheat stress

92+6

86+5

78±6

82±7

81±5

75±5

73±5

78+5

61±6

63±71

Arterial diastolic pressure (m
mHg)
Ischem
ia

73i7

71±8

59+9

60±6

56±6

52±5

52+5

49+5

55±6

55+81

Shamischemia

73±6

59±4

53+4

58±3

59±5

53+6

52±5

50+4 ■

50±5

52+611

Heat stress

81±7

73±7

70+6

75±6

67±8

69+7

74±6*

76±5t

72+7

71+6

Shamheat stress

78±7

70±5

63±7

68+8

65±7

62+8

57±7

58±6

43±6

49±61

M
ean arterial pressure (mmHg)
Ischemia

81+7

80±8

66+9

68+6

63±6

60±5

60±6

56±5

62±7

63±81

Shamischemia

79+5

66±4

59±4

64±4

65±5

59±6

60±5

56±4

57±5

58±6||

Heat stress

88+6

80+7

77±6

80+6

76±7

77±7

82+6'

84±6t

79±7*

78+6

Shamheat stress

84+7

76±4

74±8

75±7

76±6

68±6

68+6

71±6

56±6

60+71

Arterial blood pH
Ischemia

7.49±0.02

7.50±0.03

7.46±0.02

Shamischemia

7.53±0.02

7.48±0.02

7.43±0.04

7.44±0.02 7.43±0.01 7.40±0.02 7.39±0.01||

Heat stress

7.51±0.02

7.53±0.04

7.46±0.02

7.44±0.02 7.46±0.01 7.45±0.01 7.45±0.01

7.46±0.02

7.45±0.04

7.41±0.03

7.42±0.03 7.42±0.02 7.38±0.04 7.38±0.04||

Shamheat stress

S'

Arterial blood oxygen

(uP.d

7.45±0.02 7.47±0.02 7.44+0.02 7.44±0.02

Ischemia

47.9±6.7

51.3±5.8

48.9±5.6

47.2+6.1

47.8±4.7

50.7±5.3

Shamischemia

60.3±3.1

59.1±3.1

55.1±2.0

51.4±4.7

48.4±4.6

50.1+3.5

54.9±3.1

Heat stress

61.5±4.2

58.9±2.3

56.3±3.3

59.4±1.6

55.9±4.0

59.6±2.3

59.5±1.7

Shamheat stress

52.3±5.8

54.7+2.0

50.6±2.6

53.1+2.0

50.5+3.4

50.5±5.0

55.0±6.1

54.2±4.5

n=IOfor each group, bpm, Beats per minute. Baseline data were recorded before the chest was opened. M
ean weights (kg): Ischemia.
2.57±0.14; shamischemia, 2.40+0.12; heat stress, 2.58 +0.22; shamheat stress; 2.45+0.16.
*P<.05, ÎP5.01 vs ischemiaandshamischemia; $Ps.05, §Ps.01 vs shamischemia andshamheat stress usingANOVA; ||P<.05, IP^.Ol
for each individual group at ISOminutes vs baseline using ANOVA.

mechanism independent of stress proteins may underlie
the protection seen with both ischemic and heat-stress
pretreatments. Somewhat against this explanation is the
observation that heat stress is protective in a number of
different biological systems against injuries not obviously
involving oxidant stress.^-*’ More importantly, a recent
report suggests that heart cells transfected so as to
overexpress HSP72 become resistant to anoxic in ju ry .A
possible explanation for these apparently contradictory
findings is the suggestion that stress proteins may in some
way modify catalase activity.^' This is supported by the
observation that the increase in myocardial catalase after
heat stress is not transcriptionally r e g u l a t e d . ^ ^
The mechanisms whereby stress proteins may directly
limit infarct size are necessarily speculative, since at the
molecular level, the key sites of injury during ischemia
are poorly understood. The most attractive possibilities
mvove the stabilization of the cytoskeleton during
emia by a^-crystallin (an HSP homologue).-'' Alter

natively, the chaperoning function (of the HSP90 and
HSP70 families) of stress proteins may allow the correct
refolding of proteins sublethally damaged by ischemia/
reperfusion or may prevent inappropriate molecular
interactions between these damaged proteins and oth
erwise viable proteins.'*’ Another possibility may simply
be that the general inhibition of protein synthesis
accompanying the stress protein response’^ helps pre
serve the activity of more essential processes during
ischemia, a hypothesis in keeping with the finding that
cell turnover is lower in myocyte cultures that overex
press HSP72 and are resistant to simulated ischemia.’"
In the ischemic pretreatment group, the protection
observed could be an ischemia-triggered increase in
collateral flow or stunning. Both these explanations are
unlikely, since it is unclear whether the oxygen require
ments and susceptibility to infarction are increased,
decreased, or normal in stunned myocardium.“ In a
previous study, a pattern of ischemic pretreatmcnt
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identical to that used in our experiments produced only
a very mild degree of stunning/ In addition, the rabbit
is a species deficient in collateral vessels^^; therefore,
any increase in collateral blood flow occurring as a
result of ischemic pretreatment would have to be on the
basis of new (mitotic) vessel growth, and this is unlikely
to occur over a 24-hour period.
R elation B etw een Isch em ic P re trea tm en t a n d
Ischem ic P recon ditioning

I

The protocol used in this study and protocols known
to trigger “ischemic preconditioning” are identical.^^
Ischemic preconditioning, however. Is a short-lived phe
nomenon with protective benefits waning within 2 hours
of reperfusion.^^ This study therefore raises the possin
perhaps longer-lasting, second
window of protection* (a biphasic protective effect).
Evidence in support of such a phenomenon exists in
neuronal tissue, since the stress protein content of
neuronal tissue can be elevated by 2-minute, daily
episodes of ischemia, a treatment that also seems to
increase the neuronal resistance to more prolonged
ischemia.^-2’ Preliminary findings from other laborato
ries confirm a similarly delayed protection at 24 hours
after “classic” preconditioning of the dog heart (with
repeated coronary occlusions)^® and also 24 hours after
rapid pacing of the rabbit heart.^' These experimental
findings may explain the apparent benefit of a >7-day
history of angina before myocardial infarction,^- al
though differences in treatment and collateral vessel
formation may complicate the issue.
The relation between the early phase of protection
after brief episodes of ischemia (as seen in ischemic
preconditioning) and the later phase of protection (as
seen in this study) is speculative. An obvious inconsis
tency is the fact that multiple coronary occlusions are as
effective as a single occlusion in triggering precondition
ing" but differ in their ability to induce myocardial
HSP72.^ This inconsistency may explain why protection
against ischemic arrhythmia was not seen 24 hours or 72
hours after a single 5-minute coronary occlusion in the
rat."
Conclusions

The results of this study indicate that substantial
myocardial HSP72 induction is possible with either
sublethal thermal or ischemic pretreatment, whereas
HSF60 is preferentially elevated by ischemic pretreat
ment. This observation is the first indication that myo
cardial HSP72 may be more important than other stress
proteins, since myocardial salvage was seen after a
30-minute coronary occlusion with both ischemic and
thermal pretreatments. In addition to limiting infarct
size, whole-body heat stress has other nonspecific effects
that act to maintain RPP.
Our results provide evidence for what may prove to
be a clinically relevant myocardial adaptive response
occurring 24 hours after short episodes of cardiac
ischemia that serves to increase myocardial resistance
to infarction.
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A single five minute period of rapid atrial pacing
fails to limit infarct size in the in situ rabbit heart
Michael S Marber, David M Walker, David J Eveson, J Malcolm Walker,
Derek M Yellon
Objective: Rapid pacing has been shown to precondition the dog heart against ischaemic dysrrhythmia. The aim
of this study was to determine whether rapid pacing could also limit infarct size. Methods: Rabbits (n=5) were
rapidly paced via the left atrium at 420-480 beats min"'. Five min of rapid pacing and 10 min of recovery in
sinus rhythm were followed by 45 min of regional ischaemia and 120 min of reperfusion. Control rabbits (n=9)
were treated identically without prior rapid pacing. Infarct size was determined in both groups using tétrazolium
and expressed as a percentage of the area at risk demarcated by fluorescent miscrospheres. In a separate series
of experiments, rapidly paced Langendorff perfused rabbit hearts (n=9) were used to determine coronary flow
under perfusion conditions designed to simulate the in vivo situation during rapid pacing. Results: Rapid pacing
caused a fall in systolic pressure from 91.4(SEM 4.5) to 47.0(5.9) mm Hg (p<0.01) and diastolic pressure from
67.2(2.9) to 23.6(3.2) mm Hg (p<0.01). Both recovered within 30 s of cessation of pacing. During rapid pacing
the action potential duration shortened from 192(13) to 128(5) ms (p=0.01) and developed electrical altemans
(n=4). Following rapid pacing the EGG showed either ST depression or T wave inversion (n=4). Despite these
profound changes, rapid pacing did not reduce infarct size v control [52.7(4.6)% v 60.8(9.1)% of the area at
risk, respectively]. The in vitro experiments estimated that rapid pacing would result in a reduction in coronary
flow to 44% of that in sinus rhythm without a significant rise in lactate efflux. Conclusions: In our model,
pretreatment with rapid pacing fails to reduce infarct size. The most likely reason for this is that rapid pacing
at a rate of 480 beats min"' does not cause myocardial ischaemia of sufficient severity to trigger the
preconditioning response.
Cardiovascular Research 1993;27:597-601
n recent years the phenomenon of ischaemic
preconditioning has received considerable attention.' Ischaemic preconditioning is the term used to describe
the observation made by Murry and colleagues that short
coronary occlusions separated by reperfusion are able to
increase the resistance of the heart to a subsequent prolonged
coronary occlusion.' Later studies indicated that a single
coronary occlusion followed by reperfusion was as effective
as multiple occlusions in reducing infarct size."* Although
these original descriptions demonstrated myocardial
protection in terms of a reduction in infarct size, subsequent
studies have shown that identical protocols can reduce
ischaemic and reperfusion dysrhythmias.' ^ The protection
afforded against either of these endpoints is substantial and
has acted as a stimulus for research into pharmacological and
other means of inducing the preconditioning response.
Theoretically it may be possible to induce preconditioning
by other manoeuvres that alter the balance between
myocardial supply and metabolic demand. One such pro
cedure, rapid pacing, reduces myocardial supply (by causing
a fall in mean aortic root pressure and increasing the length
of time the heart is in systole), while increasing myocardial
metabolic demand (by increasing the number of cardiac
contractions per unit time). Ischaemia secondary to rapid
pacing will differ from coronary artery occlusion in that flow
and metabolite washout will continue during the
preconditioning insult, and this may prevent the trigger for
the preconditioning response. However, it seems unlikely
that metabolite accumulation is a prerequisite for the

I

preconditioning phenomenon since regional pretreatment
with high flow hypoxia is as efficacious as coronary
occlusion in terms of infarct size reduction.’
In support of such alternative means of inducing
preconditioning, a recent report suggests that short periods of
rapid pacing can substitute for “classical preconditioning”.*
Vegh and colleagues found that two brief (two minute)
periods of rapid pacing attenuated the dysrhythmias
associated with a subsequent 25 minute coronary occlusion
in the dog. In addition, these investigators have shown that
the degree of protection afforded against arrhythmias by
rapid pacing is similar to that of classical preconditioning.
The implications of these findings are that it may be possible,
by relatively simple means, to precondition the human heart
at risk of infarction prior to coronary angioplasty or coronary
artery bypass grafting.
In an attempt to address these issues we examined the
protective benefits of rapidly pacing the in situ rabbit heart
using infarct size as the endpoint. In addition, to examine
more closely the effects of rapid pacing on coronary flow
and myocardial metabolism we simulated the in vivo effects
of rapid pacing by using an isolated perfused heart.
Methods
T he in v estig a tio n s d escribed b elo w w ere in a ccord ance w ith G u id a n ce
on th e o p e ra tio n o f th e A n im a ls (S cien tific P r o c e d u r e s ) A ct 1986,
p ublished by H M SO , London.
In vivo ex p e rim en ts
R a p id p a c in g g ro u p - M ale N ew Zealand W h ite rabbits, n =5, 2 .0 -2 .5
kg. w ere anaestheti.sed with intravenous pentobarbitone 4 0 m g kg"'.
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Further d oses w ere g iv e n as required. T h e trachea w as o p en ed via a
midline cervical in cisio n after infiltration w ith 2% lig n o c a in e solu tion .
Follow ing tracheal intubation anim als w ere ven tilated w ith 100%
oxygen, delivered w ith a p o sitiv e end expiratory pressure o f 5 cm H iO .
to maintain arterial pH in the p h ysiological range (7 .3 5 to 7 .4 5 ). A short
polyethylene tube co n n ected to a pressure transducer w as in serted into
the right com m on carotid artery.
The chest w as o p en ed via a left th oracotom y and tw o suction
electrodes w ere ap p lied to the ex p o sed left surface o f the heart. The
first, an A g/A gC I electro d e, w as applied o v er the left v en tricle and used
to record the m o n o p h a sic action poten tial. T he seco n d , a platinum
bipolar pacing electro d e, w a s placed o v er the left atrial ap p en d age. In
preliminary exp erim en ts attem pts to p a ce the right v en tricle at rates
above 3 6 0 m in ' u sin g an epicardial b ip olar e lectro d e resu lted in
profound h yp oten sion and eventual ven tricu lar fib rillation. R apid
pacing, in this stu d y, w as ach ieved by p acin g the left atrium at tw ice
the threshold am p litu d e w ith a 2 m s square w a v e p u lse, at a rate o f
between 4 2 0 and 4 8 0 m in ''. C ond u ction across the atrioven tricu lar node
was confirm ed by o b se rv in g a 1:1 relation ship b etw een the p a cin g spike
and the upstroke o f the left ventricular m o n o p h a sic action potential.
Pacing w as initiated at a rate o f 4 2 0 m in ' and if the s y sto lic arterial
pressure remained a b o v e 5 0 m m Hg during the first m in u te, increased
to 4 8 0 min '. F o llo w in g 5 m in o f rapid p acin g the heart w a s a llo w e d
to recover for 10 m in in sin u s rhythm prior to p ro lo n g ed coronary
occlusion, to m im ic the reperfusion phase f o llo w in g coronary ligation
in classical p recond itioning. D uring the 10 m in “rep erfu sion ” p eriod a
marginal branch o f the left circu m flex coronary artery w a s underrun
with 3 /0 silk suture on a tapered n eed le. F iv e hundred units o f heparin
were given in travenou sly, and regional i.schaem ia w as a c h ie v e d by
passing the free en d s o f the silk suture through a so ft p lastic tu be w hich
was then applied to the surface o f the heart to o c c lu d e the coronary
artery. S u ccessfu l o cc lu sio n w as confirm ed by c y a n o s is and b u lg in g o f
the m yocardium , togeth er with shortening o f the action potential
duration and ST segm en t elevation on the su rface EC G . A fter 4 5 min
of o cclu sion the heart w as reperfused by re m o v in g the p la stic snare
occluder. R eperfusion w as confirm ed by o b se rv in g a m yocard ial blush
and arrhythmia on the surface ECG. F o llo w in g 120 m in o f reperfusion,
a further 5(X) units o f heparin were g iv e n , and the heart w a s rem oved
and retrogradely perfused w ith 0.9% sa lin e. A fter b lood had been
washed out o f the coronary vasculature the coronary snare w as
retightened and flu orescen t m icrospheres in fu sed via the aortic cannula.
Demarcation o f the area at risk (area w ith out sp h eres) w as con firm ed
under ultraviolet light. T h e heart w as then frozen at - 1 8 ° C overnight.
The follow in g d ay, w h ile still frozen, the heart w a s slic e d at 2 mm
intervals at right a n g les to its long axis. T he s lic e s w ere then incubated
at 37°C in triphenyltetrazolium ch lorid e, 10 m g ml ' in p h osp h ate buffer
at pH 7.4. O nce the viab le mytxrardium had stain ed , s lic e s w ere placed
in 10% form aldehyde solu tion and ap proxim ately 2 4 h later risk areas
and areas o f infarction w ere traced, p hotograp h ically en la r g ed , and
planimetercd.
C o n tro l ftroitp - T h e con trol group c o n sisted o f n in e N e w Zealand
White rabbits treated as d escribed ab ove but w ith ou t rapid p a cin g prior
to ischaem ia.
In vitro experim en ts
In an attempt to d eterm in e the in flu en ce o f rapid atrial p a cin g on
coronary artery flow and m yocardial m eta b o lism , a series o f in vitro
experim ents u sing a L an gen d orff perfused heart w a s p erform ed.
N ine N ew Zealand W hite rabbits, 2 .0 -3 .0 k g, w ere an a esth e tised w ith
pentobarbitone and heparinised as ab ove. O n ce the an im a ls had stopp ed
breathing hearts w ere rapidly ex c ise d , p laced in iced sa lin e, and w ithin
90 s were retrogradely perfused w ith o x y g e n a te d K rebs buffer.
Perfusion was in con stant pressure m od e w ith prefiltered (p ore s iz e 2
p m ) m odified T yrod e’s o f the fo llo w in g c o m p o s itio n (m m o l litre '):
NaCl 118, KCl 4 .7 , M g S 0 ,.6 H ,0 1.2, C aC U -H jO 1.3, N a H C O , 2 4 ,
glu cose 10, pyruvate 2, and lactate 0 .5 , eq u ilibrated w ith 95% 0 ^ 5 %
CO, to provide a pH o f 7 .3 5 -7 .4 5 and P o , o f 6 0 -7 0 kPa.
The left atrial ap pend age w as rem oved and a fluid filled latex
balloon, con n ected via a short length o f p o ly e th y le n e tu b in g to a
pressure transducer, w as introduced into the left v en tricle b y traversing
the mitral valve. A th erm ocou p le w as p laced in the right ven tricle by
introducing it retrogradely across the p ulm on ary v a lv e , and the
temperature w as m aintained c lo se to 37°C by w ater circu la tin g in
jacketing surrounding the heart cham ber and p erfu sate heat exch an ger.
Coronary flow w a s estim ated by tim ed c o lle c tio n o f the perfusate
leaving the heart.
Hearts were p erfused under tw o d ifferen t sets o f co n d itio n s, ch o sen
to sim ulate the h aem od yn am ics o f the in situ heart durin g sin u s rhythm
and rapid pacing. In the first set o f co n d itio n s h earts w ere p aced at
180 m in ' with a coronary perfusion pressure o f 75 m m H g. T h e p acin g
rate and mean coronary perfusion pressure w ere c h o se n to correspon d
to the resting heart rate and m ean arterial pressure o f rabbits in the rapid
pacing group. In the seco n d set o f co n d itio n s hearts w ere p aced at
480 min ' with a coronary perfusion pressure o f 31 m m H g. T h e p acin g
rale and mean coronary (K-rfusion pressure w ere again c h o se n to

correspond to the p aced heart rate and resu ltin g m ean arterial pressure
o f rabbits during rapid p a cin g . D uring both o f th ese sets o f ex p er im en ts
the hearts w ere a llo w e d to sta b ilise for a 5 m in period b efo re perfusate
w a s c o llecte d for estim a tio n o f coronary flo w (m l m in '' g '') and
m easu rem en t o f lactate e fflu x . Both sets o f co n d itio n s w ere p erfo n n ed
w ith the intraventricular b a llo o n inflated to an end d ia sto lic p ressure o f
10 mm H g and w ith the b alloon deflated.
S a m p les o f coronary efflu en t w ere rapidly frozen and stored for
en zy m a tic lactate d eterm in ation u sin g a co m m er cia l kit (S ig m a ).
S ta tistic s
E xperim ental data b etw een and w ith in g ro u p s w ere co m p a red by
unpaired and paired S tu d en t t tests re sp ectiv ely . V alues are g iv e n as
m ean (S E M ). A p rob ability valu e o f le ss than 5% w a s co n sid ere d
sign ificant.

Results
IN VIVO EXPERIM ENTS

H a e m o d y n a m ic c h a n g e s d u rin g r a p id p a c in g

With the onset of rapid pacing there was an immediate
profound fall in arterial pressure. When pressures were
recorded immediately prior to and 4.5 min after the onset of
rapid pacing (fig 1), the mean systolic arterial pressure fell
from 91.4(SEM 4.5) to 47.0(5.9) mm Hg, while mean
diastolic pressure fell from 67.2(2.9) to 23.6(3.2) mm Hg.
Following rapid pacing there was a prompt recovery of
developed pressure so that at the moment of coronary
ligation there was no significant difference in heart rate or
arterial pressure between control and rapid pacing groups
(fig 2).
During rapid pacing, four out of the five rabbits,
developed alternans o f monophasic action potential duration
and amplitude. Interestingly these changes were not apparent
in the surface ECG. In two of the rabbits electrical alternans
was associated with alternans of the arterial pressure
waveform, with only those beats of long action potential
duration being of sufficient force to open the aortic valve and
transmit a waveform of adequate amplitude to be recorded
in the carotid artery (see fig 3).
H a e m o d y n a m ic
rep erfu sio n

changes

d u rin g

coronary

lig a tio n

and

Figure 2 shows that prior to and during ischaemia, heart rate
and arterial pressures were very similar, implying that
myocardial oxygen demand and therefore susceptibility to
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wet weight. After 4.5 min of pacing at 480 min ', with a
concomitant drop in coronary perfusion pressure to 31.4
mm Hg, the coronary flow was 3.1(0.4) m min"'g"' wet
weight. These measurements were taken with the
intraventricular balloon inflated to give a left ventricular end
diastolic pressure of 10 mm Hg. The coronary flows were
little altered when the experimental conditions were repeated
with the balloon deflated, with corresponding flows under the
two conditions of 7.6(1.5) and 3.1(0.5) ml min ' g"' wet
weight respectively. (The changes in developed and end
diastolic left ventricular pressures occurring with the onset of
rapid pacing have not been presented, as the frequency
response of the recording system is not sufficient to record
balloon pressure reliably at a heart rate of 480 min '.)
Interestingly, with a coronary perfusion pressure o f 31
mm Hg, there was little difference in coronary flow with or
without rapid pacing [3.1(0.4) v 3.4(0.2) ml min 'g"' wet
weight, respectively). To exclude the possibility that
coronary flow was being maintained during rapid pacing by
the release of adenosine, 8 (p-sulphophenyl) theophylline
(SPT), at a concentration of 77 p.M litre ' (five times the Kj
for the A] receptor), was added to the perfusate. In the four
hearts treated with SPT, rapid pacing still did not have a

A rterial pressure and heart rate before, during, and

nfier coronary occlusion in control an d rapid pacin g groups. Values

are means, bars=SEM . Although heart rate an d arterial pressu res
tmded to be higher in the rapid pacing group, there w as no clearly
jiscernable difference. Coronary occlusion was fro m 0 to 4 5 min.

infarction should not differ between groups. Upon
reperfusion, although no significant differences existed, there
ivas a tendency for heart rate and arterial pressure to be
'higher in the rapid pacing group; this may reflect the slightly
smaller infarct size in this group (see fig 4).
Assessment o f in fa rct s iz e

The infarct size was estimated as a percentage of the volume
tissue at risk, that is, the volume of tissue
I subtended
" myocardial
by the ligated coronary artery. The volume of
lissue at risk, the volume of tissue infarcted, and the
percentage of the volume at risk infarcted were similar in all
groups (fig 4).
IV VITRO EXPERIM ENTS

The coronary flow while pacing at 180 min"' with a coronary
perfusion pressure of 75.3 mm Hg was 7.3(1.1) ml min 'g '
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significant effect on coronary flow. With a perfusion pressure
of 31 mm Hg in the presence o f SPT, flow was 4.1(0.!)
ml-min"'g'' wet weight at a pacing rate of 180 min"' and
3.9(0.2) ml-min"'g"' at a rate of 480 min"'. Lactate efflux
tended to increase during rapid pacing but not to a significant
degree. During conditions mimicking sinus rhythm there was
a net lactate efflux of 0.47(0.86) p.M min"'g"' wet weight,
which increased to 1.43(0.38) p.M min"'g"' during rapid
pacing at the lower coronary perfusion pressure.
Discussion
This study shows that it is not possible to produce ischaemic
preconditioning in the in situ rabbit heart with a single five
minute period o f rapid pacing at 480 min"'. To investigate the
reason for this negative finding we manipulated the perfusion
conditions o f a Langendorff heart to simulate heart rate and
arterial pressure during sinus rhythm and rapid pacing in
vivo. These in vitro experiments suggest that rapid pacing
failed to diminish coronary flow to a sufficient degree to
trigger the preconditioning response.
The mechanisms involved in ischaemic preconditioning
are currently a subject o f intense investigation. Work from
D ow ney’s laboratory suggests that in the rabbit the A,
subclass o f adenosine receptors plays a central role in the
preconditioning phenomenon."^ The currently favoured
hypothesis, proposed by this laboratory, is that adenosine
released during the preconditioning occlusion activates the
AI receptor, which, coupled to the inhibitory type o f G
protein, initiates the preconditioning response.'" For rapid
pacing to result in preconditioning it would therefore require
ischaemia of sufficient severity to cause ATP breakdown and
adenosine release. Although the changes in coronary flow in
the buffer perfused heart will only approximate to conditions
in vivo, we had no direct evidence o f substantial ischaemia.
In particular there was no significant lactate efflux, or
indirect evidence of adenosine efflux in terms o f coronary
vasoconstriction in the presence o f SPT. These findings are
in keeping with those of other investigators, who have shown
that even in the presence of critical bilateral coronary
stenoses the ischaemia induced by rapid pacing is milder
than that induced by coronary occlusion." Similarly, rapid
pacing regimens in the human are often capable o f inducing
objective and subjective cardiac ischaemia in the presence of
coronary stenoses but have no effect in normal controls.'*
These studies endorse the speculation that, although we were
unable to precondition the rabbit heart by rapid pacing, this
technique may precondition areas o f myocardium subtended
by a coronary stenosis.
Further indirect evidence suggesting that the ischaemia
induced by rapid pacing is mild is the fact that arterial
systolic and diastolic pressures recover quickly following
rapid pacing. This observation implies that significant
stunning is absent under these conditions and that therefore
any associated ischaemic insult must be mild. This argument
has to be interpreted with some caution, however, since the
rabbit myocardium is resistant to stunning and a five minute
coronary occlusion causes barely detectable changes in
segment shortening.''
In contrast to the observations made in vitro, the findings
o f alternans in monophasic action potential duration and
pulse amplitude seen in the in vivo rabbit heart do seem
suggestive o f ischaemia. However the aetiology of these
phenomena is not well understood, and although their
appearance at slow heart rates can be indicative o f acidosis
or ischaemia,''*
at the faster heart rates occurring during

rapid pacing they may reflect alterations in calcium handling
within the myocardium that are not dependent on hypoxia or
acidosis (see
for discussion). In two o f the four hearts
showing alternans in action potential duration, no variation
in arterial pressure weaveform was apparent. Other
investigators, using a closed chest dog model o f alternans
induced by a combination of rapid pacing and caval
occlusion, have shown that the first abnormality that occurs
is alternating prolongation o f the time constant of isovolumetric relaxation, suggesting that alterations in cellular
calcium handling may underlie this phenomenon.'* The
occurrence of action potential alternans without mechanical
alternans (so called discordant alternans) does not neces
sarily imply that changes in action potential duration are an
earlier indication o f the onset o f alternans than mechanical
events, since the relationship between these two forms of
altemans is far from simple, and is further complicated by
open chest preparations where inhomogeneity o f temperature
may alter regional susceptibility to electrical alternans.'-'
There are two important possibilities to explain the
difference in findings between this study and that o f Vegh et
a i* The first is that the degree of cardiac ischaemia induced
by pacing was less in our study. However, in Vegh’s study
the fall in blood pressure at the onset of rapid pacing was
in fact less marked than we observed. These investigators
showed that on rapid pacing at 300 min"' (from a resting
heart rate of 141), systolic pressure fell from 125 to 87
mm Hg and diastolic pressure from 79 to 38 mm Hg. In
comparison, with rapid pacing in our model there was a fall
in systolic pressure from 91 to 47 mm Hg and in diastolic
pressure from 67 to 24 mm Hg. A less severe ischaemic
insult is therefore unlikely to be the explanation for our
negative findings. The second and more likely possibility is
that the protection seen with preconditioning differs
according to whether arrhythmia or infarct size are used as
endpoints. For example in a preliminary report Lawson'’ has
shown that a dose dependent relationship exists between the
number o f preconditioning occlusions and reperfusion
induced arrhythmias, while no such relationship exists for
infarction.* Other possible suggestions to explain the
differences between these two studies include species
variation, differing preconditioning protocols, and differing
lengths of ischaemic insult.
C ritiq u e o f m e th o d s

The buffer perfused Langendorff heart was used to mimic
coronary flow conditions in vivo during rapid pacing. The
viscosity and oxygen carriage capacity of blood and buffer
differ markedly. The low viscosity of buffer gives rise to
unphysiologically high coronary flow rates which partially
compensate for the reduced oxygen carriage o f buffer
compared to blood. The net result o f these two opposing
effects is that the buffer perfused heart is probably barely
adequately oxygenated,'*
although this is not a universal
finding.’" In the light o f these studies it seem s unlikely that
oxygenation o f the buffer perfused Langendorff heart is
greater than that o f the heart in vivo. The Langendorff model
is therefore likely to be more prone to flow induced and
demand induced ischaemia than the in situ heart and so the
lack o f ischaemia in vitro is likely to reflect the lack of
ischaemia in vivo.
Another possible explanation for our negative findings is
that more than one cycle, a longer period o f rapid pacing, or
a shorter period o f more rapid pacing are required for the
preconditioning trigger. In previous studies a single live
minute coronary occlusion was sufficient to precondition the

R a p id p a c i n g a n d i s c h a e m ic p r c c o n d itto m n ^

heairt even in a well collateralised species such as the d o g /
whtere on average the ischaemic bed will still receive 16%
of inormal perfusion during coronary ligation/' It is therefore
posisible that a five minute rapid pacing regime might trigger
pre-conditioning if it reduced global myocardial flow to a
simiilar degree. We were barely able to halve coronary flow
wit;h a pacing regime that caused severe haemodynamic
chainges and it therefore seems unlikely that with normal
cor onary vasculature the degree of coronary flow reduction
reqiuired to precondition against infarction can be achieved
unless the period o f rapid pacing is drastically extended. For
exam ple, Ovize e t al'^ have recently shown that the dog
heart can be preconditioned by a 50% reduction in coronary
flo'w sustained for 15 minutes, while in the same species a
sim ilar reduction in infarct size can be achieved with a single
five minute period o f total occlusion," a partial effect being
evident with a 2.5 minute occlusion.” The question remains
as to whether the tendency towards smaller infarcts in the
rapiid pacing group represents a subtotal preconditioning
response which would have become more obvious with
repetitive or more prolonged periods o f rapid pacing. With
a group size of only five in the rapid pacing group it would
be possible to “m iss” a subtotal preconditioning response but
on the basis of power calculations the probability of missing
the impressive infarct size reduction seen in classical
preconditioning is very remote.”
C o n c lu s io n

Rapid pacing for five minutes to a heart rate o f 480 min''
fails to precondition the in situ rabbit heart, despite resulting
in profound hypotension. The most likeb leason for this
failure is that the ischaemia that results during rapid pacing
is far less severe than the ischaemia present during coronary
occlusion and is insufficient to trigger a preconditioning
response.
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Y e l l o n , E v a s i o P a s i n i , A n n a C a r g n o n i , M i c h a e l S. M a r b e r , D a v i d S. L a t c h m a n , R o b e r t o
T h e P ro te c tiv e R o le o f H e a t S tress in the Isch aem ic a n d R ep e rfu se d R a b b it M y o c a rd iu m . Journal o f
Molecutar and Cellular Cardiology (1992) 2 4 , 8 9 5 -9 0 8 . C ells su b jec te d to increases in te m p e ra tu re in d u c e the
expression o f several p ro te in s k n o w n as h e a t shock o r stress p roteins. T h is process e n h an c e s th e cell's a b ility to
o v erco m e th e effects o f fu r th e r stress. In this respect, the effects o f h e a t stress h a v e been re p o rte d to p ro te c t the
hearts o f ra ts follow ing isc h a e m ia a n d rep erfu sio n . W e h a v e co n firm ed a n d e x te n d ed this o b se rv a tio n , n o t only
using d ifferen t indices o f m y o c a rd ia l in ju ry b u t also in a n o th e r species, nam ely th e ra b b it. A n im als w ere
a n ae sth e tize d a n d th e b o d y te m p e ra tu re raised to 42°C for a 15-m in p e rio d . C o n tro ls w ere tre a te d in th e sam e
way b u t w ith o u t h e a tin g . T w e n ty -fo u r h o u rs la te r the ra b b its w ere re -a n a e s th e tiz e d a n d th e h e a rts re m o v e d for
eith e r h e a t stress p ro te in a n aly sis o r perfu sio n w ith K re b s buffer u sing an isolated p erfused h e a rt a p p a r a tu s .
H earts w ere su b jected to 60 m in o f low flow (1 m l/m in ) isch aem ia follow ed by 30 m in o f rep erfu sio n . All h e arts
su b jected to h e at stress sh o w ed a n e n h a n c e d recovery o f fu n c tio n u p o n rep erfu sio n as m e a su re d by
im p ro v em e n ts in d e v elo p ed p ressu re (27.3 ± 3 .6 vs 16.3 ± 3.0 m m H g ) a n d diasto lic p ressu re (37.3 ± 7 . 4 vs
54.7 ± 3.1 m m H g ). In a d d itio n , c re a tin e k in ase release, associated w ith rcperfusion, w as sig n ific a n tly re d u c ed in
the heat-stressed h e a rts (532 ± 1 0 2 vs 1138 ± 73 m U /rn in /g w et w t). M y o c a rd ia l a c c u m u la tio n a n d release o f
oxidized g lu ta th io n e , a n in d e x o f o x id a tiv e stress, w as sign ifican tly re d u c ed in th e heat-stressed g ro u p
(0.003 ± 0.003 vs 0.3 7 6 ± 0 .1 1 3 n m o l/m in /g w et w t). The im p ro v ed m e ta b o lic s tatu s o f th e re p erfu sed h e a tstressed h e a rts w as fu r th e r d e m o n s tra te d by a significant c o n se rv a tio n in the levels o f A I T (6.1 ± 0 . 9 vs
2.8 ± 0 . 8 /im o l/g d ry w t) a n d C P (3 6 .9 ± 6 .4 vs 1 6 .4 ± 5 . 1 /im o l/g d ry w t). F inally, isolated m ito c h o n d ria l
fu nction in term s o f re s p ira to ry c o n tro l in d e x ( R C l) w as m a in ta in e d in the heat-stressed h e a rts (9.2 ± 0 . 9 vs
5.7 ± 0 .2 ) a n d o v e rlo a d in g w ith c alciu m w as re d u c ed . T h e se d a ta e x te n d the hypothesis th a t h e a t stress p ro te c ts
the h e a rt follow ing is c h a e m ia a n d re p erfu sio n in this in vitro m odel, in a w ay as yet u n d e te rm in e d .
D erek

M.

F errari.
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the ultimate size of an evolving myocardial
Developing therapeutic means o f protecting infarct (Braunwald, 1985; Yellon and Dow the ischaemic m yocardium has been the goal ney, 1990).
o f cardiologists for over two decades. During
It has been demonstrated that hypertherthis period numerous therapeutic interven- mia induces the synthesis, in the heart and
tions and novel agents have been exhaustively other tissues, of a small group of proteins
tested but with m inim um success (M aroko et known as the heat shock or heat stress proteins
a i , 1971; Hearse and Yellon, 1984; Hearse
(HSP) (Currie and W hite, 1983; Lindquist,
a i , 1986). It is now realized that other than
1986). The cells that are subjected to such a
early restoration of coronary blood flow, there stress, and which accum ulate these heat stress
is little that can be done in order to salvage the proteins appear to acquire a transient resistischaemic myocardium and reduce or limit ance to further episodes o f oxidative stress
Please a d d re ss all c o rre s p o n d e n c e to: D erek M . Y ellon, D ire c to r, T h e H a tte r In s titu te for C a rd io v a sc u la r S tu d ies,
D e p a rtm e n t o f A c ad e m ic C a rd io lo g y , U n iv e rsity C ollege H o sp ital, G o w e r S tree t, L o n d o n W C 1 E 6 A U , U K .
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(Currie et al., 1988). Recent in vitro evidence
indicates that this stress response is associated
with an enhanced post-ischaemic ventricular
recovery of function in the isolated Krebs
perfused rat heart (Currie el a i , 1988). In
addition, Currie and colleagues (1988) also
demonstrated that endogenous levels o f the
anti-oxidant catalase were significantly raised
in the heat-stressed animals which they specu
late may play a significant role in the overall
protective mechanism o f the HSPs.
However, as yet, little is understood regard
ing the exact mechanism o f the protection
conferred by the expression o f these proteins.
In addition, no other studies have been under
taken which either confirm or deny these
interesting findings. In the light o f the above
we have repeated the study using an isolated
perfused heart model to ascertain if heat stress
is indeed associated with a protective effect on
the ischaemic/reperfused heart. We have ex
amined this heat stress (HS) response using
additional indices of m yocardial injury such
as the effect HS has on oxidative stress,
measured in terms o f reduced and oxidized
glutathione metabolism; the effect of HS on
mitochondrial integrity; the relationship of
HS to high-energy phosphate conservation as
well as the effect of HS on myocardial func
tion following ischaemia and reperfusion. In
addition, these studies o f HSP synthesis and
its associated cardiac protection, using the
ischaemic/reperfusion heart model, were ex
tended to another species, namely the rabbit.
M a te r ia ls a n d M e th o d s
Eighty-two adult male N ew Zealand white
rabbits (2.5-3.0 kg body weight) maintained
on a standard diet, were used for this study.
O f these, 35 rabbits (18 control and 17 HS)
were used for the determ ination of isolated
mitochondrial function. A further 35 rabbits
(18 control and 17 HS) were used for the
determination o f the A T P , CP, GSSG and
GSH tissue content and haem odynam ic data.
Twelve rabbits (6 control and 6 HS) were
used for the analysis o f the synthesis o f the
HSP70.
H eal stress protocol

The rabbits were anaesthetized with sodium
pentobarbital (50 m g/kg iv) and placed on a

temperature-controlled heating blanket. Body
temperature was allowed to rise to 42°C and
monitored throughout using a rectal ther
mometer. T he elevated temperature was
maintained for 15 min at 42°C following
which the animal was allowed to recover to
normal physiological temperature. Control
animals were treated in the same manner but
without heating.

H eart perfusion

Twenty-four hours after the initial rise in
body temperature the rabbits were stunned by
a blow to the neck. T he hearts were removed
and immersed in ice-cold modified K rebsHenseleit buffer. The aorta was then exposed
and suspended on a metal cannula. T he hearts
were perfused using a non-recirculating Lan
gendorff perfusion system using a modified
K rebs-H enseleit buffer solution containing
1.5 n iM calcium as previously described (Fer
rari et a i , 1985). T he buffer solution was
delivered to the aortic cannula at 37°C and at
a perfusion pressure o f 6 0 -8 0 m m Hg, m ain
tained with a W atson M arlow rotary pump
(M H R E M K 3). The hearts were then paced
at 180 beats/m in using suprathreshold rectan
gular pulses o f 1.0 ms duration and perfused
under aerobic conditions (coronary flow
224:0.5 m l/m in) for a 30 min equilibration
period. Thereafter, the hearts were either
perfused under aerobic conditions for a
further 90 min, or made ischaemic by reduc
ing the coronary flow from 22 to 1 m l/m in for
60 min. In separate groups of experiments, the
hearts, following 60 min of ischaemia, were
reperfused for 30 min at a coronary flow of
22 ml/min. Left ventricular wall temperature
was maintained at 37°C, irrespective o f coron
ary flow.

L eft ventricular pres.sure

T o obtain an isovolumetrically beating pre
paration a fluid-filled balloon was inserted
into the left ventricle via the left atrium. The
intraventricular balloon was connected by a
fluid-filled polyethylene catheter to a Statham
pressure transducer (P23D b) for the deter
mination o f left ventricular pressure, as pre
viously described (Ferrari et a l., 1991).
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Coronary effluent analysis and C P K determination

M itochondrial oxygen consumption measurements

During each perfusion the coronary effluent
was collected in chilled glass vials and assayed,
on the same day, for creatine kinase (CK) and
reduced (GSH) and oxidized (GSSG) glu
tathione. CK activity was determ ined spectrophotometrically by the m ethod o f Oliver
(1955).

Rates o f oxygen consum ption were monitored
polarographically at 25°C using a Clark-type
electrode; 1.25 m g/m l o f m itochondrial pro
tein was suspended in 2 ml o f an incubation
solution containing 250 m M sucrose, 3 m M
potassium glutam ate, pH 7.4, adjusted with
Tris and allowed to equilibrate for 1 min.
State 3 respiration was initiated by adding
0.5 mM AD P.
M itochondrial function was assessed in
terms of R C I, Q 0 2 and A D P /O , where RCI
(respiratory control index) is the ratio o f
oxygen used in the presence o f ADP to that
used in the absence o f ADP; Q 0 2 are natoms
o f oxygen used/m g o f m itochrondrial protein/
min in response to the addition o f ADP; and
A D P/O are nmol o f A D P used/natoms o f
oxygen consumed.

Reduced ( G S H ) and oxidized ( G S S G )
gluthathione determination

GSH and GSSG were analysed by the method
of Tietze (1969). The reaction mixture
(1.0 ml) contained: 0.05 m potassium phos
phate buffer, pH 7.4, I m M E D T A , 0.1 m M 55'-dithiobis-(2 nitrobenzoic acid) (D T N B ),
0.15 m M N A D P and an appropriate volum e of
sample. After 2 min of pre-incubation, the
reaction was initiated by the addition o f 1 U
o f glutathione reductase and the rate of
reduction o f the D TN B was m onitored con
tinuously at 412 nm; the slope was propor
tional to the glutathione concentration over
the range o f 0-1
GSSG was measured as
described above after the preliminary reac
tion of G SH with 20 nM N -ethylm aleim ide,
followed by com plete removal o f untreated
sulphydryl reagent with diethylether.

Isolation o f mitochondria

Mitochondria were isolated at the end o f each
perfusion by differential centrifugation as
previously described (Ferrari and Williams,
1986). T w o different isolation media were
used. The mitochondria required for oxygen
consumption studies were isolated in the
medium described by Sordhal et al. (1973) and
containing 180 m M KCl, 10 m M E D T A and
0.5% bovine serum album in (BSA). The
m itochondria used for the determ ination o f
endogenous calcium and o f A T P production
were extracted in a m edium containing
250 m M sucrose and 5 //M ruthenium red
(Peng et a l., 1977). R uthenium red, an inhib
itor of m itochondrial calcium uptake, was
included to prevent calcium accum ulation
during the isolation procedure (Ferrari and
Williams, 1986; Ferrari et a i , 1982).

Protein determination

M itochondrial protein concentration was
determined by the method o f Bradford (1978)
using BSA as standard.

M itochondrial A T P production

ATP synthesis was initiated by adding 0.5 mM
ADP to the same incubation solution as d e
scribed for the measurement o f oxygen con 
sumption, containing 1.25 m g/m l of m ito
chondrial protein.
Samples, 200 //I, were taken before and at 6 ,
15, 30, 45, 60, 120 and 180 s after adding
ADP. T hey were then mixed with 50 p \ of
10 % perchloric acid on ice.
Precipitated protein was separated by cen
trifugation and the A T P content o f the super
natant was determined enzym atically using
the method o f Lamprecht and Trautschold
(1974). T h e total am ount o f A T P produced
was calculated as the A TP present in the
reaction chamber 15 s after the transition
from state 3 to state 4 respiration.

M itochondrial calcium content

Calcium content was determined by atomic
absorption spectrometry. M itochondrial pel
lets were digested overnight in 500 p \ H N O 3.
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Lanthanum chloride was added to provide a
final concentration ofO.1% . CaCO j was used
as a standard.
Tissue calcium

At the end o f the perfusion period, duplicate
samples o f left ventricular muscle were taken
and digested in 1 ml H N O j/g weight tissue.
The extracts were diluted in 25 ml o f de
ionized water and the calcium content was
assayed as described above. Total tissue water
was obtained by drying samples to constant
weight at 95°C.
Tissue A T P and C P determination

The perfusion o f hearts in which A T P and CP
levels were determined was terminated by
im mediate freeze-clamping of the left ventri
cular apex with aluminium tongs kept at
liquid nitrogen temperature. Tissue was
stored, ground and mixed with 0.4 N per
chloric acid (approxim ately 3 m l/500 mg) at
— 195°C. The mixture was transferred from
the mortar to a tube and allowed to thaw
while stirring on a Vortex mixer. It was
further hom ogenized four times at 0 -4 ° C with
an Ultra-turrax for 3 -5 s, interspaced with
30 s cooling periods. T he hom ogenate was
then centrifuged at 3000 g for 10 min at 4°C.
The supernatant fluid was adjusted to pH 6 .0 6.5 with 6 N K O H . After removal o f KCIO^
the extract was used for analysis o f highenergy phosphates. A separate aliquot o f tis
sue was dried at 100°C to determine dry
weight.
A TP and CP were determined with the
HPLC method described by Stocchi et al.
(1987). T he H PLC system included a Waters
model 600 E multisolvent delivery system and
model 990 photodiode array detector. Separa
tions were performed on a Supelchem C18
3 ;^m reverse-phase colum n (0 .4 6 x 1 5 cm).
The mobile phase consisted of a gradient o f
buffer A (0.1 m KH^PO^, 5 mM tetrabutylam monium hydrogensulphate, 25% (v/v) acetonitril, pH 5.5) and buffer ( 0 .1 m KH^PO^,
5 mM
tetrabutylam monium
hydrogensul
phate, 2.5% acetonitril, pH 6.0). T he column
was eluted at 0.8 m l/m in, usually for 3 min
with buffer A, 2 min with buffer A plus buffer
B, increasing to 11% and 25 min with a

further gradual increase o f buffer B to 100%.
The column was then equilibrated again for
20 min with 100% buffer A. Detection was
performed at 205 nm for CP and 2 6 0 //m for
ATP.
Determination o f tissue G S H , G S SG and
sulphydryl groups

For GSH and GSSG determ ination, 100 mg
of tissue was deproteinized with 3 m perchloric
acid and the supernatant obtained after cen
trifugation at 6000 g for 15 min was neutral
ized with 2 M KjCOj. A sam ple o f the neutral
ized extract was analysed for G SH and GSSG
as described above.
For the determination o f protein sulphydryl
groups a portion of the left ventricle was
homogenized as described by Sedlack and
Lindsay (1968), with 20 m M ED TA pH 7.4,
and filtered on nylon mesh. Samples of homogenates were mixed with 0.2 m Tris-HCl,
0.01 M DTNB and methanol to a final volume
o f 10 ml, pH 8.2. A reagent blank (without
sample) and a sample blank (without DTN B)
were prepared in a similar manner. The m ix
ture was incubated for 30 min at room tem
perature. .\bsorbance was read at 412 nm and
a molar extinction coefficient o f 13 600 mM/
cm was used. The acid-soluble thiol group
content (as an expression o f non-protein sul
phydryl groups) was determined in the same
manner in the supernatant fluid obtained
after dénaturation of the hom ogenate with
ice-cold 50% trichloro acetic acid (TCA).
Protein-SH groups were determined by
subtracting the acid soluble from the total SH
group content.
H eat stress protein assay

Samples of myocardium were prepared from
apical ( « = 10 ) and atrial (« = 2 ) tissue of
rapidly frozen hearts by hom ogenizing ap
proximately 100 m g/m l(w et wt) in 2 x con
centrated S D S-P A G E sample buffer (without
2-mercaptoethanol). Follow ing the addition
o f 2 -mercaptoethanol (to 2 0 %) and bromophenol blue, samples were heated over a boil
ing water bath for 10 min and centrifuged at
11 500 g for 5 min. Samples were diluted
where appropriate with com plete 2 x concen
trated sample buffer such that approximately
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45 fig of total protein was loaded per lane.
Proteins were separated by S D S -P A G E on
0.8 mm thick 12.5% acrylam ide gels accord
ing to Laemmli (1970). Tw o identically
loaded gels were prepared with 6 heat-stressed
and control sam ples interposed by molecular
weight markers. T h e proteins on one gel were
transferred to nitrocellulose by Western blot
ting. The other identical gel was stained with
Coomassie Brilliant Blue R250 (BD H ) to
visualize the proteins.
Following transfer the nitrocellulose filters
were incubated with mouse m onoclonal anti
sera cross-reactive to the 72 kD H SP 70
(Stressgen) at 1:2000 dilution. Second anti
body was horseradish peroxidase-conjugated
rabbit anti-mouse antisera (D A K O ) at 1:2500
dilution. T he filter was developed using
enhanced chem ilum inescence (ECL) detec
tion (Amersham) and exposed to X -ray film
for the appropriate time.
Phe relative levels of HSP 70 were deter
mined using densitometry (Biorad model 620
video densitometer with Biorad analyst 2 ver
sion 3.1 software) norm alizing to the actin
band on the Coomassie stained gel. This pro
cedure adjusts for slight variations in protein
loading between samples.
Expérimental compounds and statistical evaluation

The reagents were o f reagent grade quality.
All enzymes used for the biochem ical deter
mination were obtained from Sigma Com 
pany (U SA ).
The data are expressed as m eansis.E .M . of
n experiments where each experim ent is an
individual perfusion or HS determination.
For statistical evaluation o f the results a mul
tiple group comparison was performed by
analysis of variance followed by Student’s t
test for paired or unpaired data with Bonferroni’s corrections, taking f < 0.05 as the limit
o f significance.

R e s u lt s
Preliminary control studies confirmed our
previously reported findings as to the stability
o f the preparation and indicated that the
(30 min) anaesthetization o f the animals 24 h
before isolation o f their hearts did not pro
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duce any alteration in any o f the parameters
considered in this study.
M echanical function

The developed and diastolic pressure for the
isolated perfused rabbit hearts are shown in
Figures 1(a) and (b), respectively. In control
hearts reduction o f coronary flow to 1 ml/min
induced a rapid decline o f developed pressure.
Diastolic pressure began to rise progressively
20 min after the onset o f ischaemia and after
60 min it had increased to 28.0 ± 6 .1 mmHg.
Readmission o f coronary flow resulted in a
rapid, further increase of diastolic pressure,
reaching a peak 20 min after reperfusion with
only a 33% recovery of developed pressure.
H eat shock of the rabbits the day before the
experiment did not significantly modify the
pressure developed by the isolated heart dur
ing the 30 min before the onset o f ischaemia,
but it increased the recovery o f developed
pressure on reperfusion to 71% (T < 0.01 ).
The rise in diastolic pressure during re perfu
sion was also significantly reduced.
Creatine kinase ( C K )

When the hearts were perfused under aerobic
conditions for 120 min only small am ounts of
CK were present in the coronary effluent
(data not shown). In control hearts, due to the
severe reduction in coronary flow, ischaemia
did not cause any CK release. Reperfusion of
these hearts, however, resulted in a marked
and sustained exacerbation o f the rate o f CK
release into the coronary effluent [Fig. l(c)J.
T he hearts from heat-shocked rabbits
demonstrated a significant and sustained
reduction in enzym e release caused by reper
fusion as seen in Figure 1(c).
M itochondrial respiration

Table 1 and Figure 2 summarize the data
related to the function o f m itochondria iso
lated from the two groups. M itochondria har
vested from control hearts after 60 min of
ischaemia showed, as expected, a depressed
yield, R C I, Q 0 2 but normal A D P /O (near to
the expected value o f 3). Reperfusion o f these
hearts resulted in a further decline o f these
indices.
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F I G U R E 1. (a) a n d (b ) E ffect o f h e a t stress o n d e v elo p ed p ressure. G ra p h s show b o th systolic a n d d ia sto lic pressures
o f iso lated p erfused r a b b it h e a rts from b o th c o n tro l a n d h e a t stressed a n im a ls. E ach p o in t re p re sen ts th e m e a n is .E .M .
o f six h e arts from each g ro u p . Isc h a e m ia w as in tro d u c e d a t 0 m in a n d m a in ta in e d for 60 m in a n d th e n re p e rfu se d for
30 m in as in d ic a te d by th e a rro w s, (c) Effect o f h e a t shock on G re a tin e K in a se (C K ) release. G ra p h sh o w in g C K release
from iso lated ra b b it h e a rts d u rin g isch aem ia a n d rep erfu sio n . E ach p o in t rep resen ts th e m e a n is .E .M . o f six h e a rts.
< 0 .0 1 a n d
< 0 .0 5 fro m c o n tro l h e a r t v alu es using S tu d e n t’s t test for p a ire d d a ta . (C o n tro l = o p e n sy m bols a n d
H S = closed sym bols.)

Following heat shock the rabbits m ain
tained the oxidative phosphorylating capacity
o f m itochrondria isolated either after isch
aem ia or following reperfusion. This pro
tective effect was observed when either
glutam ate or succinate was used as substrate.

Calcium homeostasis and mitochondrial A T P
production

T he data on calcium homeostasis and m ito
chondrial ATP production are shown in
Figure 2. Calcium homeostasis was deter

mined by measuring tissue and mitochondrial
calcium in the same heart. For this purpose,
the mitochondria were isolated in a medium
lacking E D T A and containing ruthenium red.
In control hearts ischaemia caused an al
teration o f calcium homeostasis, as revealed
by a small, non-signficant gain in tissue cal
cium associated with a significant (f* < 0 .0 5 )
increase o f m itochondrial calcium content.
This was concom itant with a decrease in the
m itochondrial A TP producing capacity.
Reperfusion of these hearts resulted in a large
accum ulation of both tissue and m itochon
drial calcium with a severe reduction of A T P
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FABLE 1. Efi'cct of heat shock on isolated mitochondrial function
Group

Aerobic
(120 min)

Reperfusion
(30 min)

Ischaemia
(60 min)

Statistics

RCI
Control
HS

23.4±3.2 (6)
21.9 ±4.3 (5)

P.

^3

N .S .

0.01
0.05

0.05
0.05

0.05

0.05

N. S .

N .S .

N.S.

N.S .

2.6 ±0.9 (6)
2.6±0.I (6)

N .S .

N .S.

N .S .

N .S .

N .S.

N.S .

6.0 ± 1.9 (6)
9.8 ±1.4 (6)

N.S.

0.05

N .S .

N .S .

N .S .

N.S .

5.7±0.2 (6)
9.2±0.9 (6)**

8.4±2.1 (6)
16.4±2.0 (6)**

0.01

QPj (natoms O^/mg prot/min)
Control
HS

125.4±5.3 (6)
145.0±6.1 (5)

95.1 ±3.0 (6)
139.4±3.4 (6)**

87.3±4.1 (6)
122.9±3.3 (6)**

ADP/O (nmol ADP/natoms OJ
Control
HS

2.7±0.2 (6)
2.6 ±0.09 (5)

2.6 ±0.07 (6)
2.5 ±0.09 (6)
Yield (mg prot/g dry wt)

Control
HS

10.6± 1.3 (6)
12.0±2.9 (5)

7.9 ±2.4 (6)
11.3± 1.0 (6)

D a ta o b ta in e d using g lu ta m a te as s u b s tra te a n d a re expressed as m eans ± s.e. P^ re la te s to th e significance o f th e
dilTerence b e tw ee n values o b ta in e d a fte r a e ro b ic a n d ischaem ia; Pj to those o b ta in e d a fte r a e ro b ic a n d rcperfusion; P^
to those o b ta in e d a fte r isch a e m ia a n d rep c rfu sio n . ** f < 0.01 ; c o m p a re d w ith c o n tro l g ro u p .

jjroduction during state 3 o f m itochondrial
respiration.
Heat stress prevented the occurrence of
changes in calcium homeostasis during isch
aemia and o f the large tissue and m itochon
drial calcium accumulation on reperfusion. As
a consequence of these events, the capacity of
the isolated mitochondria to phosphorylate
ADP to A T P was also m aintained in the HS
group.

Tissue A T P and C P reserves

In control hearts, as expected, ischaemia
induced a severe depletion o f endogenous
stores of A T P and CP with the readmission o f
coronary flow failing to restore the tissue
content o f these high-energy phosphates
(Table 2).
Heat stress had no effects on the tissue levels
of ATP and CP following 120 min o f aerobic
perfusion and failed to reduce the ischaemicinduced depletion o f tissue A TP and CP.
However, it significantly improved the recov
ery of CP and of A T P following repcrfusion,
although the restoration o f A TP was not
complete.

O xidative stress

Oxidative stress was determ ined by measuring
the glutathione status before and at the end o f
ischaemia, and after reperfusion. In control
hearts there was no release o f GSH and GSSG
during ischaemia (Fig. 3). Despite these find
ings, the tissue content o f G SH and proteinSH following ischaemia was reduced (Table
3). Reperfusion o f control hearts resulted in a
significant increase o f GSSG eoneentration
and decrease of protein-SH . These changes
were concom itant with a marked and sus
tained release o f oxidized glutathione (Fig. 3
and Table 3). Heat shock o f the rabbits
minimized the occurrence o f oxidative stress
as the release o f GSH and G SSG was reduced
and there was also less o f an increase of tissue
GSSG and protein-SH after reperfusion.
H S P synthesis

Figure 4(a) shows the results o f the expression
and synthesis o f the 72 kD H SP from six HS
(5 ventricular and 1 atrial sample) and six
control (5 ventricular and 1 atrial sample)
rabbits. Figure 4(b) also includes the Coomasie stained gel to dem onstrate protein loading.
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F I G U R E 2. EfTect o f h e a l shock o n c alciu m h om eostasis a n d initiai ra te of m ito c h o n d ria l AT I’ p ro d u c tio n . R esults
a rc expressed as m ean ± s ta n d a rd d e v ia tio n o f six s e p a ra te e x p erim e n ts. P relates to th e significance o f th e d ifference
from the c o n tro l. O p e n b a rs, a e ro b ic co n d itio n s; h a tc h e d bars, end o f ischaem ia; a n d black b ars, en d o f rep erfu sio n .

TABLE 2. Effect of heat shock on tissue content of ATP and CP
Group

Aerobic
(120 min)

Ischaemia
(60 min)

Reperfusion
(30 min)

ATP tissue content (//mol/g dry wt)
Control
HS

19.9±4.5 (6)
17.64=4.0 (5)

3.3± 1.0 (5)
4.0± 1.1 (6)

2.7±0.8 (6)
6.1 ±0.9 (6)**

Statistics

P.

Pi

Pi

0.01
0.01

0.01
0.01

N.S.

0.01
0.01

0.01

N.S.

N.S.

N.S.

N.S .

CP tissue content (/nnol/g (dry wt)
Control
HS

49.0 ±4.1 (6)
47.3 ±3.6 (5)

15.5±3.1 (5)
26.2 ±2.5 (6)

16.4±5.1 (6)
36.9 ±6.4 (6)**

D a ta a re expressed as m e a n s ± s.E. / ’, relates to th e significance o f th e d ilferen ce b e tw ee n v alues o b ta in e d a fte r
aero b ic a n d isch aem ia; f , to th o se o b ta in e d a fte r aero b ic a n d re perfusion: / ’, to those o b ta in e d a fte r isch a e m ia a n d
rep erfu sio n . * * / ’ < 0 .0 1 ; * / ’ < 0 .0 5 ; c o m p a re d w ith c o n tro l g ro u p .
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FABLE 3. Effect of heat shock on tissue content of reduced and oxidized glutathione and protein-SH
Group

Aerobic
(120 min)

Ischaemia
(60 min)

Rcperfusion
(30 min)

Statistics

GSH tissue content (nmol/mg prot)
Control
HS

9.6 ±0.6 (6)
10.8 ±0.6 (5)

6.0±0.8 (6)
6.8±0.7 (6)

4.07±0.4 (6)
6.8±0.8(6)*

^3
0.05
0.05

0.05
0.05

N .S .

0.01
0.01

0.01
0.01

0.01

0.01
0.01

0.01

0.05
0.01

N.S.

GSSG tissue content (nmol/mg prot)
Control
HS

0.250 ±0.06 (6)
0.248 ±0.07 (5)

0.159 ±0.03 (6)
0.142 ± 0.05 (6)

0.478 ±0.04 (6)
0.132 ± 0.06 (6) **

N.S.

Protein-SH tissue content (nmol/mg prot)
Control
HS

320.0 ±9.1 (6)
315.3±9.4 (5)

95.0± 10.3 (6)
105.1 ± 13.3 (6)

188.3± 12.3 (6)
295.3±9.9 (6)**

N .S .

D a ta are ex p ressed as m e a n s ± s . e .
relates to th e significance o f th e d ifference b e tw ee n values o b ta in e d a fte r
aero b ic a n d isch a e m ia ; P j to th o se o b ta in e d a fte r a e ro b ic a n d repcrfusion; P , to those o b ta in e d a fte r isc h a e m ia a n d
reperfusion. * * P < 0 .0 1 ; * P < 0 .0 5 ; c o m p a re d w ith c o n tro l g ro u p .

Note that in the control hearts, which were
not subjected to hypertherm ia, there was only
a relati\ ely small expression of the 72 kD stress
protein as determined by Western blot ana
lysis. In the heat-stressed group, however, the
synthesis of the 72 kD stress protein was signi

ficantly increased when analysed by densito
metry. O ptical density ratios for the control
and HS were 0.50 ± 0 .7 and 1.9 ± 0 .3 2 , re
spectively ( f < 0 .0 1 ) (Fig. 5). In experim ents
in which the primary, anti-H SP70, antibody
was omitted from the reaction the 72 kD band
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was not observed, confirming that it was in
deed the 72 kD heat stress protein (data not
shown).
D is c u s s io n
Our data dem onstrate that heat stress with
subsequent expression o f the heat stress pro
tein confers a significant protection to the
isolated rabbit heart subjected to 60 min of
low flow ischaemia followed by 30 min reper
fusion. These findings are in agreem ent with
that o f Currie et al. (1988) who were the first
to demonstrate the protective role o f HSPs in
the ischaemic/reperfused rat heart. W e have,
however, utilized different indices o f m yocar
dial dam age and show for the first time that
heat stress reduces the degree o f oxidative
stress and the deterioration o f m itochondrial
function caused by post-ischaemic reperfu
sion. In addition, by extending these studies to
the rabbit we have also shown that the protec
tion exerted by heat stress is not unique to one
species alone.
I'he mechanism for the injury in the reper
fused ischaemic heart is still unclear. It is
generally thought to be due to either a direct
free radical involvem ent or calcium overload
occurring upon reperfusion (for review, see
Yellon and Downey, 1990). More specifically,
the calcium hypothesis suggests that ischaemia
induces a defect in the cell’s ability to regulate
calcium fluxes such that the cell, and particu
larly the mitochondria, accum ulates toxic
levels o f calcium on reperfusion (Grinwald,
1982; Ferrari et a t., 1988). T he free radical
hypothesis proposes that cytotoxic oxygenderived free radicals are generated at the time
of reperfusion, above the myocardial defence
capacity, and exert a deleterious effect on the
reperfused hearts (Ceconi et a t., 1988). These
two mechanisms o f injury are not necessarily
mutually exclusive. Our finding o f an
increased production and release of oxidized
glutathione indicates that the oxidative stress
has occurred on reperfusion which was conco
mitant with alteration o f calcium homeostasis
and impairment o f mitochondrial function.
Heat stress of the rabbits reduced the extent o f
both these negative events.
Currie et al. (1988) showed that the levels of
endogenous catalase, the naturally occurring
hydroxyl radical scavenger, were significantly
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raised in heat-stressed rat heart following
similar periods o f ischaemia and reperfusion.
Inactivating catalase with 3 -AT abolished the
protective influences seen at 24 and 48 h post
heat stress (Karm azyn et a i , 1990). They
speculated that the expression o f the heat
inducible protein itself may not be directly
involved in the protective response but hyper
thermia, by som ehow influencing the catalase
activity, could be associated with myocardial
protection. Furthermore, Brown et al. (1989)
recently reported that endotoxin treatment in
rats, 24 h prior to removal o f their hearts, also
appeared to be associated with an increase in
catalase activity and cardiac protection. D e
pletion o f catalase with 3-A T also resulted in a
loss of the protective effect in their model.
Certainly an increase in the catalase activity is
important and at the myocardial level, where
the activity of the enzym e is particularly low,
it would scavenge H^O^ produced from super
oxide dismutase, thus reducing as observed
the degree o f oxidative stress.
Although these studies o f catalase and its
inhibition are o f im portance to an under
standing o f the protective effect of heat stress,
one should be careful not to draw too sharp a
distinction between HSP synthesis and an
anti-oxidant effect o f catalase. If catalase is
synthesized at increased levels in response to
heat it would, by definition, be a heat stress
protein, its role as an anti-oxidant providing
another aspect o f the wide variety o f protec
tive roles of HSPs in protein folding and
degradation. Similarly, it has been shown that
the synthesis o f the HSPs themselves, which
occurs upon exposure o f phagocytes to hydro
gen peroxide, is associated with inhibition of
superoxide anion generation by these cells
following heat shock and it has therefore been
speculated that HSPs themselves may have a
direct anti-oxidant effect (Polla, 1988).
It should be mentioned that not all studies
have been positive. Wall et al (1990) were
unable to demonstrate any protection follow
ing heat stress in the isolated perfused rat
heart with respect to myocardial function.
They used a model o f 25 min zero-flow isch
aemia followed by 30 min reperfusion which
is likely to be too severe to dem onstrate any
protective effect. T he end points that they
measured, in which no improvem ent was
noted, were rate pressure product and cardiac
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output. It could be argued that heat-stressed
hearts are better able to utilize substrates
under low flow conditions compared to con
trol hearts but not when the substrate is absent
as in the case with total ischaemia.
The present results are also partially in
contrast to that o f a very recent study by both
Currie el al. (1990) as well as ourselves (Pasini
el al., 1991) in which we found that highenergy phosphate levels were no different
between heat-stressed and control hearts
either during ischaemia or following a period
o f reperfusion in the rat heart.
In the rabbit study, which we report here,
we were able to dem onstrate a significantly
increased level o f A T P and CP at the end of
the reperfusion period in the heat-stressed
rabbits. T he most attractive explanation for
this difference is a species difference, between
our rabbit study and the two rat studies.
Rouslin el al. ( 1988) report that much of the
ATP used during ischaemia in the rabbit can
be attributed to m itochondrial ATPase. Heat
stress may act to inhibit this ATPase by acting
on a specific A TPase inhibitor protein that
exists in most slow heart rate hearts such as
that of the rabbit. W hile mitochondrial
ATPase activity is high in the ischaemic rabbit
heart it is undetectable in the ischaemic rat
heart, due apparently to the lack in situ of
mitochondrial A l Pase inhibitor function.
Thus an inhibition o f m itochondrial .A I Pase
would not be expected to alter the rate o f ATP
utilization in the ischaemic rat heart. Other
specifically related differences are also possible
such as that mentioned above where Currie el
al. (1990) used a zero-flow ischaemic model
compared to our low-flow ischaemic model.
Again heat-stressed hearts may be better able
to utilize substrate under low flow conditions
than control hearts but not when substrate is
absent as in the case with total ischaemia.
The higher tissue content o f A TP and CP
could also be the result o f a higher capacity of
the mitochondria to phosphorylate ADP into

A TP in the presence o f oxygen, as dem on
strated by our data on isolated m itochondrial
function. Thus the m itochondrial protection
which we found in ihe heat-stressed rabbit
could be secondary to a general effect on the
plasmalemma and/oi m itochondrial m em 
branes reducing their fragility during isch
aemia and reperfusion, or alternatively, to a
direct reduction o f cytosolic calcium accum u
lation or indeed to a specific inhibition o f
m itochondrial calcium accum ulation, m ito
chondrial calcium transport and A T P syn
thesis com peting for the same energy source;
the transmembrane potential restored on
reperfusion by the presence o f oxygen.
U nfortunately, other than speculation, we
are not able to identify the basis for the
protection. This could be the result o f a direct
effect of the expression o f the HS protein itself
playing a protective role with respect to its
ability to cause folding and unfolding as well
as translocation of polypeptides and the as
sembly and disasseinl)ly o f protein com plexes
(for review, see Yellon and Latchm an, 1992).
Or it could be the result o f other indirect
effect in terms of oxygen free radical scaveng
ing as suggested by ( lurrie el al. (1988). In
deed, we would even speculate that the con
stitutive form of the I ISP cannot be dismissed
as it may itself be involved in protection
through post-translaiional m odification or
even translocation between organelles.
W hatever the case, the encouraging results
that we obtained strengthen the view that
heat stress and heal shock protein synthesis
appear to play a unique role in the cell’s
overall ability to protect itself from the con
sequences o f ischaemia and reperfusion. We
believe that by undcistanding and exploiting
the ability o f a cell to protect itself, be it by
heat stress protein synthesis or some other
related m echanism, should enable us to invest
igate new methods and means o f protecting
the ischaemic and reperfused m yocardium.
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Heat stress limits infarct size in the isolated perfused
rabbit heart
D M Walker, E Pasini, S Kucukoglu, M S Marber, E lliodrom itis, R Ferrari, and
D M Yellon
Objective: Heat stress, with the expression of heat stress proteins, has been shown to protect the rabbit heart
in vitro against global ischaemia/reperfusion injury, though no benefit is apparent in an in vivo rabbit model
of infarct size. The aim of this study was therefore to investigate this discrepancy and to discover whether heating
itself has any effect which could negate the protection derived from myocardial stress protein synthesis.
Methods: (1) To ascertain whether heat stress could limit infarct size in the absence of blood, isolated buffer
perfused hearts, with or without prior heat stress, were subjected to 45 min of regional ischaemia and 120 min
reperfusion, and the resulting infarct size was expressed as a percentage of the risk area (1/R%). (2) The
observations were repeated in an isolated blood perfused heart model in which a support rabbit (heat stressed
or control) was used to perfuse the isolated heart. Results: In the buffer perfused heart, prior heat stress reduced
1/R from 70.8(SEM 4.4)%, n=10, in controls to 51.5(5.7)%, n=12 (p<0.05). In hearts perfused by support rabbits,
prior heat stress reduced I/R [from 34.7(3.7)%, n=16, to 23.5(3.3)%, n=15 (p<0.05)] only when the perfusing
rabbit was a control (not heat stressed). If the perfusing rabbit had been heated, 1/R was greater in both heat
stressed and control hearts [51.9(7.0)% and 44.9(3.3)%, p<0.05 v control support rabbit]. Conclusions: Heat
stress limits infarct size in this rabbit model. However it appears to have additional adverse effects, probably
on the blood, which may override any benefit associated with myocardial stress protein synthesis.
C ardiovascular Research 1993;27:962-967
tress proteins have been detected in the heart tissue of
a variety of species and their synthesis has been shown
to increase with hyperthermia,ischaemia,"* isch
aemia and reperfusion,^ anoxia,^ hypoxia,^ and pressure or
volume overload.^ Stress protein induction may therefore
play a role in the response of the heart to stress. Cells which
are subjected to thermal stress (and accumulate stress
proteins) acquire a transient resistance to further episodes of
thermal stress,^ a phenomenon known as thermotolerance.
This has been linked with the expression of stress proteins
by the observation that thermotolerance decreases with the
decline in stress protein levels'" and dependence of the
phenomenon on individual stress proteins has been
demonstrated using anti-sense RNA" and cell lines with
stress protein gene deletions.'^ It has been suggested,
therefore, that pre-elevation of stress proteins might render
the heart more resistant to a range of stresses - and in
particular to injury from ischaemia and reperfusion.'^
Evidence in support of this hypothesis comes from in vitro
studies in the isolated rat'"* and rabbit'" heart, examining
ischaemia and reperfusion injury. These studies show that
prior heat stress is associated with improved postischaemic
recovery of function with decreased creatine kinase
r e l e a s e , a n d also improvement in other indices of
protection such as preservation of high energy phosphates,
reduced oxidative stress on reperfusion, and mitochondrial
preservation.'"
When we extended these investigations to a whole animal
model of myocardial infarction in the open chest rabbit, no
protective effect on infarct size was seen, in spite of a clear
increase in stress protein levels.'^ The cause of this
discrepancy between the in vitro and in vivo studies is

S

unclear, but there are possible explanations. Firstly, heat
stress proteins may not be protective against severe forms of
injury such as myocardial infarction, and secondly whole
body hyperthermia may itself have some adverse effects
which negate any beneficial effects that stress proteins might
have within the heart.
The two studies described here were designed to examine
in more detail whether a severe form of injury such as
myocardial infarction could be limited by prior heat stress
treatment in the rabbit heart. Initially we extended our
previous in vitro observations'" to see whether infarct size
could be limited by heat stress in the isolated buffer perfused
heart. Subsequently, to test whether any additional
consequences of whole body hyperthermia were in some
way affecting infarct size in the whole animal ihodel, we
decided to repeat these experiments in an isolated heart,
perfused with blood from a support rabbit. This experimental
design allowed us to heat stress either the donor rabbit - so
that stress proteins were increased within the isolated heart
- or the support rabbit - so that the blood with which the
heart was perfused came from a heat stressed rabbit. This
enabled us to control for any additional effects of heat stress
outside the isolated heart, provided that they were mediated
by the blood.
Methods
These studies were performed acording to the Home Office Guidance
on the operation o f the Animals (Scientific Procedures) Act 1986,

published by HM
SO, London.
Stress protein induction

All rabbits receiving heat stress therapy were treated in an identical
manner in both experiments. Twenty four hours before an experiment.
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therabbits were anaesthetised withsodiumpentobarbitone (40 mg kg'')
given via the marginal ear vein, wrapped in a warming blanket, and
their core temperatures raised to 42°C for 15 minutes. Afterwards all
rabbits were allowed to recover. Temperatures were measured rectally
with a digital thermometer throughout this procedure. Control animals
were treated in the same manner, being anaesthetised and wrapped but
not warmed.
Stress protein assay

t

Eight rabbits, fourheat stressedandfourcontrols, were usedfor72 kDa
stress protein determination 24 h after this procedure. After a lethal
intravenous dose of sodium pentobarbitone (80 mg kg '), the hearts
were rapidly removed and frozen. At a later date these specimens were
homogenised indouble strength Laemmli’s sample buffer,'*boiled, and
centrifuged. Samples were further diluted in buffer to allow loading of
approximately 30 p,g of total protein per lane. Proteins were separated
by SDS-PAGE on 0.8 mmthick 12.5%acrylamide gels according to
Laem
m
li."* Two identically loaded gels were produced with four heat
stress andcontrol samples separated by molecular weight markers. The
proteins on one gel were transferred to nitrocellulose by western
blotting. The other identical gel was stained with Coomassie brilliant
blue R250 to visualise the proteins.
Following transfer the nitrocellulose filters were incubated with
mouse monoclonal antisera crossreactive to the 72 kDa stress protein
(Stressgen, Sidney, Canada) at 1:1000 dilution. The second antibody
used was horseradish peroxidase conjugated rabbit antimouse antisera
(DAKO, Denmark) at 1:2500 dilution. The filter was developed using
enhanced chemiluminescence (ECL) detection and exposed to x ray
filmfor the appropriate time.
The relative levels of the 72 kDa stress protein were determined
using densitometry, normalising to the actin band on the Coomassie
stained gel. This procedure adjusts for slight variations in protein
loading between samples.
B U tTER PERFUSED ISO LA TED HEART M ODEL

Isolated heart preparatum - M
ale NewZealandW
hite rabbits (2-2.5
kg), prepared as above, were re-anaesthetised with sodium
pentobarbitone (40 mgkg ') given via the other marginal ear vein. A
tracheostomy was performedunder additional local anaesthetic (3 ml of
2%lignocaine) and the rabbit was ventilated with 100%oxygen. The
respiratoryratewas adjustedtokeeparterial pHandPco? withinnormal
limits. Athoracotomy was performedinthe fourthleft intercostal space
and the pericardium incised to expose the heart. The left atrial
appendage was retracted so that the left coronary anatomy could be
identified. A3-0 silk suture on asmall roundbodied needle was passed
through the myocardium behind the proximal segment of a large
anterior arterial branch and the ends were threaded through a small
vinyl tube to forma snare. The rabbits were given 500 units kg ' of
sodiumheparin andthe heart was rapidly removed by cutting the great
vessels, placed in ice cold saline, and mounted on the Langendorff
apparatus. The time fromremoval of the heart to retrograde perfusion
was less than one minute.
Preparation o f perfusion apparatus - Perfusate consisted of (in
mmol litre '): NaCl 118.0, KCl 4.0, M
gCl^.bH.O 1.0, NaCOj 24.0,
NaH2?0 4 .2 H, 0 0.4, CaCL.2H20 1.8, glucose 10.0, pyruvate 2.Ô, with
bovine serumalbumin2%
. Albuminwas added toreduce tissue oedema
and enable better delineation of infarction with the tétrazolium
technique (see below). AstandardLangendorff preparationwas used in
this experiment with anin-line 5 p,mfilter, except that the usual bubble
oxygenator was replaced with a thin filmoxygenator to avoid excess
frothing due to the albumin. The hearts were perfused inconstant flow
mode in a recirculating system, with recordings taken of coronary
perfusion pressure via a side arm in the perfusion cannula. Left
ventricular pressures were measured with a fluid filled latex balloon,
connected by polyethylene tubing to apressure transducer andinserted
into the left ventricle via an incision in the left atrial appendage. The
balloon volume was adjusted to give an initial diastolic pressure of 10
mmHg. All hearts were paced fromthe right atriumat a rate of 180
beats min '.
Experimental protocol - Rabbits were alternately either heat stressed
or shamtreated. The isolated hearts were allowed to stabilise for 15
min, before tightening the coronary snare to induce ischaemia for 45
min andreleasing for 2 hreperfusion. Although there is no cyanosis to
help distinguish ischaemia in this model, there was a slight colour
change inthe ischaemic areawhich, combinedwithparadoxical systolic
bulging and a rise in coronary perfusion pressure, was sufficient to
confirmthat the heart had been made ischaemic.
B LOOD PERFU SED ISO LA T ED HEART M ODEL

Isolated heart preparation - This was identical to that described for

the buffer experiments.
Blood support rabbit preparation - M
ale NewZealandW
hite rabbits
weighing 3-3.5 kg were used for this purpose. Rabbits preparedthe day
before were given anaesthetic (sodiumpentobarbitone 40 mgkg ' via
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marginal ear vein), a tracheostomy was performed and the rabbit
ventilated as described above. Additional doses of pentobarbitone were
given as necessary to maintain anaesthesia. The left femoral artery was
cannulated to monitor arterial blood pressure andto facilitate blood gas
measurement.
Catheters were placed inthe left carotidartery to supply blood to the
isolated heart and in the right jugular vein to receive the returning
blood. To anticoagulate the circulating blood, the rabbits were given a
1000 unit kg ' bolus of sodium heparin, with additional doses of 500
units kg ' every hour. The perfusion circuit consisted of silicon tubing
running fromthe support rabbit’s carotid artery, through aroller pump
and via abubble trapto aTeflon cannula fromwhich the isolated heart
was suspended. The heart was placed within a chamber and covered
with plastic filmto helpmaintainconstant temperature. Boththe bubble
trap and heart chamber were jacketed and circulated with water at a
constant temperature of 37°C. All tubing and glassware had been
pretreated with Sigmacote (Sigma Chemical Company, Poole, UK).
The pulmonary artery was cut to allow blood to drip into the heart
chamber and fromthere the blood was returned to the support rabbit
by a second roller pump. A thermocouple was inserted through the
opening in the pulmonary artery to monitor intracardiac temperature.
Coronary perfusionpressure was measuredas before andcoronary flow
was kept constant throughout at 1.2 m
l min 'g ' heart weight. Left
ventricular pressures were again measured with a fluid filled latex
balloon, with its volume adjusted to give an initial diastolic pressure of
between 5 and 15 mmHg. The heart was allowed to stabilise for 15
minutes before starting the experiment.
Experimental protocol - Experiments were divided into four groups
and were chosen sequentially. In group 1, control donor rabbits
provided the isolated hearts to be perfused by control blood support
rabbits. In group 2, heat stressed donor rabbits provided hearts for
control blood support rabbits. In groups 3 and 4, control and heat
stressed hearts were perfused by heat stressed support rabbits.
Each experiment consisted of 15 minutes stabilisation, 45 minutes
regional ischaemia (by tightening the snare aroundthe coronary artery),
and two hours of reperfusion. Ischaemia could be detected by cyanosis
and bulging of the affected area and by a sharp rise in coronary
perfusion pressure.
Measurement o f risk area and infarct size

After reperfusion in the support animal experiments, the hearts were
moved to a second Langendorff perfusion apparatus and perfused with
saline at roomtemperature. After 2 min, the snare was retightened and
fluorescent particles (1-10 p,min diameter) infused into the perfusate
to outline the area at risk. In the buffer perfused experiments, the
isolated hearts were perfused with particles while still on the original
perfusion apparatus.
All hearts were then weighed, frozen, andsliced into 2 mmsections.
On thawing, the slices were incubated in 1%triphenyl tétrazolium
chloride (TTC) at 37°Cfor 15 min. TTCstains all living tissues brick
red, allowing visualisation of the infarcted areas (white). Tracings were
takenof the slices, showing the areaat risk(non-fluorescent area under
ultraviolet light) and the infarcted area, and these were subsequently
measured by planimetry. The volume of tissue was calculated by
multiplying by the slice thickness (2 mm). Infarct size was then
expressed as a percentage of the risk zone size.
Exclusions

Atotal of 32 rabbits enteredthe buffer perfusedexperiments. Tenhearts
were excluded, two due to infarction outside risk area (one fromeach
group), two due to arrhythmias in the isolated heart (both from the
control group), andsix due to poorly definedriskareas (three fromeach
group).
A total of 61 donor rabbits entered the blood support rabbit
experiments. Eleven of these were excluded or failed to reach
completion. Of these, two hearts had infarction outside the risk area,
presumably due to thromboembolic phenomena, three hadno clear risk
area, four experiments were not completed due to problems with the
support rabbit and its extracorporeal circulation, and in two cases there
were problems due toventricular fibrillation inthe isolatedheart. These
exclusions were distributed evenly between the groups. In addition 64
support rabbits were used, seven of which didnot complete the protocol
due to hypotension (three prior to suspension of the isolated heart).
Data analysis

All results are expressed as mean (SEM). Statistical analysis between
groups in the support rabbit experiments was performed using analysis
of variance, followed by multiple comparisons with Fisher’s protected
least significant difference method.'’ An unpaired Student’s t test was
used for comparison between groups in the buffer perfusion
experiments anddifferences within groups were analysed with apaired
Student’s t test. In all cases p<0.05 was taken as the criterion of
significance.
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Results
B U FFER PERFU SED EX PERIM EN TS

H aem odyn am ic d a ta o f the iso la te d h earts - Data
collected on developed and diastolic pressures are expressed
in figs 1 and 2. Developed pressure changes followed a
similar pattern throughout the experiment in both groups,
although the observed fall in pressure was only significant
in the control group: from 42.6(SEM 3.5) to 27.8(4.6) mm
Hg, p<0.005 by paired t test. Diastolic pressure tended to rise
more in the control group, but this did not reach statistical
significance. Initial coronary perfusion pressures are shown
in table I.
Infarct size a n d risk zon e size d a ta - Results for risk zone
and infarct size (expressed both in absolute terms and as
percentages of the area at risk-I/R ratio) are also summarised
in table I. The I/R ratio is used for comparisons between
groups as this eontrols for any minor variation in risk area.
No correction is made for collateral flow as this is
insignificant in the rabbit.^" Risk zone size in the control

group was 1.115(0.150) cm^ (n=10) and it was 0.954(0.127)
cm^ (n=12) in the heat stress group (NS). I/R ratio was
reduced from 70.7(4.4)% in the control group to 51.5(5.7)%
in the heat stress group (p<0.05). Individual I/R ratios are
shown in fig 3.
BLO O D SUPPO RT RA BB IT EX PERIM EN TS

H aem odynam ic d a ta o f the iso la te d hearts - Figures 4-6
show the data collected for developed pressure, diastolic
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Table /

F igu re 4 Changes in d eveloped pressure o ver the course o f the
experim ent fo r the four b lood perfu sed isolated heart groups.
Values are means, bars=SEM . G roup I (empty' circles) are control
hearts perfu sed by control b lood support rabbit; group 2 (filled
circles) are heat stress hearts perfu sed by control rabbits; group
3 (em pty squares) are control hearts perfu sed by heat stre.ss blood
support rabbits; group 4 (filled squares) are heat stress hearts
perfu sed by heat stress blood .support rabbits.
*p< 0.05, group 4 v group 2.

Buffer p erfu sed experim ental data. Values are means (SEM).

Control (n=10)
Heat stress (n=12)
*p<0.05 V control

Coronary perfusion pressure
(mm Hg)

Risk area
(c m ’)

Infarct size
(cm:’)

Infarction
(I/R%)

41(5)
35(1)

1.115(0.150)
0.954(0.127)

0.793(0.130)
0.524(0.113)

70.7(4.4)
51.5(5.7)*

Heat stress limits infarct size
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Figure 5 Changes in diastolic pressure over the course o f the
experiment f o r the fo u r blo od perfu sed isolated heart groups. For
details see legend to fig 4.
*p^0.05, group 4 V group 2.

Risk zone a n d infarct size data - Table II also summarises
the risk zone and infarct sizes, and the I/R ratios for the four
groups. With the control blood support rabbits, the risk zone
sizes were 0.562(0.053) cm^ in the control heart group
(group I, n=I5) and 0.636(0.048) cm^ in the heat stress heart
group (group 2, n=I 6 ). Similarly in the heat stress blood
support rabbit groups, the risk zone sizes were 0.616(0.059)
cm’ for the control hearts (group 3, n=I2) and 0.806(0.123)
cm’ for the heat stress hearts (group 4, n=7). These
differences are not statistically significant.
I/R ratio was reduced from 33.7(3.7)% in the control
hearts (group I) to 23.5(3.3)% in the heat stress hearts
(group 2 ), when perfused with blood from a control support
rabbit (p<0.05). With a heat stressed support rabbit, I/R
ratios were significantly higher in both groups: 44.8(3.3)%
for the control hearts (group 3) and 51.9(7.0)% for the heat
stress hearts (group 4) (p<0.05 compared with groups I and
2, respectively). Although group 4 had larger infarcts than
group 3, this did not reach statistical significance. Individual
I/R ratios for the four groups are shown in fig 7.
Stress pro tein determ ination

2 1 0 -1

The 72 kDa protein was seen in all specimens examined (fig
8 ). There was an obvious increase in its expression after heat
stress, which can be seen with optical densitometry to be
approximately sevenfold.
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Figure 6 Changes in heart rate over the course o f the experim ent
fo r the fo u r blood perfused isolated heart groups. For details see
legend to fig 4.

pressure, and heart rate respectively. The developed
pressures (fig 4) followed similar trends in all four groups,
and were not significantly different at either the start or
completion of the experiment. However, after 45 minutes of
ischaemia the heat stress heart perfused with heat stress
blood had significantly worse systolic function than in the
control (p<0.05). Similarly with the diastolic pressures (fig
5), no significant changes were noted in groups 1-3.
However, in group 4, diastolic pressure rose significantly
during the early stages of reperfusion (p<0.05), before
settling slightly. Heart rates (fig 6 ) decreased slightly in all
four groups during the experiment, but were not significantly
different from each other at any time point. Initial coronary
perfusion pressures are shown in table II.
Table II

Group
Group
Group
Group

1
2
3
4

0 Q*
□^

tj 40

ft

20

Control
heart

Heat
stress

Control support

Control
heart

Heat
stress

Heat shock support

F igure 7 Scatterplot o f individual infarct sizes f o r the fo u r blood
perfused isolated heart groups. M eans and .standard errors are also
shown.
*p< 0.05 V control heart perfused by control blood support rabbit;
fp < 0 .0 5 Vcontrol heart perfused by control blood support rabbit;
tp < 0 .0 1 V heat .stress heart perfused by control blood support
rabbit.

Support rabbit experim ental data. Values are means (SEM).

(n=15)
(n=16)
(n=12)
(n=7)

Coronary perfusion pressure
(mm Hg)

Risk area
(cm’)

Infarct size
(cm’)

Infarction
(I/R%)

51(1)
50(2)
48(1)
54(5)

0.562(0.048)
0.636(0.048)
0.616(0.059)
0.806(0.123)

0.202(0.036)
0.146(0.024)
0.276(0.032)
0.418(0.067)

33.7(3.7)
23.5(3.3)1
44.8(3.3)*
51.9(7.0)$

Group 1 are control hearts perfused by control blood support rabbits; group 2 are heat stress hearts perfused by control blood support rabbits; group 3 are
control hearts perfused by heat stress blood support rabbits; group 4 are heat stress hearts perfused by heat stress blood support rabbits.
tp<0.05 V group 1; *p<0.05 v group 1; fp<0.01 v group 2.
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F ig u re 8 Western blo t o f extracts fro m fo u r h eat str e ss e d (left
fo u r lanes) a n d fo u r con trol (righ t f o u r lanes) ra b b it hearts.
D en sito m etric quantification reveals an approxim ately .sevenfold
induction o f the 72kD a stress protein : heat stress 2.83(SE M 0.154)
units V co n tro l 0.412 (0 .113) units (p < 0 .0 1 ).

used is clearly critical, as protection is lost when the heart
is perfused with blood from a heat stressed rabbit. Where
blood from a control support rabbit is used, a similar degree
of protection can be seen in both the buffer perfused and
blood perfused models, although infarct sizes are greater in
the former. It is interesting to note that the blood perfused
model gives smaller infarct sizes than seen in vivo, possibly
due to a combination of factors such as the constant flow
system used, reduced cardiac work, and a lower operating
temperature in vitro, as well as possible activation of
vasoactive elements by the extracorporeal circuit. The larger
I/R ratios in the buffer perfused model may reflect catabolite
accumulation in the recirculating system, although pH did
not fall significantly (data not shown). The differences seen
in the haemodynamic data largely reflect the different infarct
sizes in individual groups. For example, in the buffer
perfused heart experiments, developed pressure is better
maintained in the heat stress group compared with controls.
In the support experiments there is a marked rise in the
diastolic pressure on reperfusion in group 4 (heat stressed
hearts perfused by heat stressed blood support rabbit), which
seems out of proportion to the increase in infarct size.
However, this may reflect the trend towards both larger mean
risk area and a slightly higher initial mean diastolic pressure
which has occurred by chance in this group (these
differences did not reach statistical significance).
Although 24 hours after heat stress we were unable to
show any limitation of infarct size following 45 minutes of
ischaemia in the in vivo rabbit m o d el,recen t evidence from
both Currie e t
and our own work^‘ has shown that heat
stress can limit infarction after 30 minutes of ischaemia in
the same model. This somewhat surprising discovery that the
length of the ischaemic time is so critical also appears to be
true for the rat, where heat stress protects against a 35 minute
coronary occlusion but not against 45 minutes of occlusion.
Here the authors have suggested that this reflects a delay in
irreversible myocardial injury.^^ Such a situation may also
exist in ischaemic preconditioning, in which protection is
lost as ischaemia is prolonged and infarct size tends towards
100% of the risk area.^‘* However in the rat, infarct size
following 45 minutes of ischaemia is only about 60% of the
risk area.^^ Furthermore, in our studies in the is o la te d rabbit

heart, which is less collateralised than the rat,-" we have
shown definite protection at 45 minutes and so an alternative
explanation may be required. It is possible, however, that
this difference simply reflects the greater severity of the
ischaemic insult in vivo compared with that in vitro, which
we have already discussed.
Further controversy arises from the finding by Currie et al
that the protection afforded by heat stress in vivo is lost by
40 hours.^' Stress proteins are still raised at this time and
indeed previous in vitro work has shown protection 48 hours
after heat stress.-" It is possible that this difference between
the in vivo and in vitro experiments, although using different
end points, may reflect additional extracardiac effects of heat
stress. Our results in this paper show that in the presence of
blood from a heat stressed rabbit, infarct size is increased,
whether stress proteins are increased in the isolated heart or
not. This provides evidence in favour of such an extracardiac
effect. Indeed these results also suggest that any deleterious
effect o f heat stress on the ischaemic/reperfused myocardium
may be mediated by the blood. There is some evidence that
the function of blood constituents such as platelets” and
white cells^* ” is modified by heat and this may be relevant
to our findings. Perhaps more interesting is the observation
that lymphocytes from rats pretreated with either
doxorubicin, Freund’s adjuvant, or coxsackie B, are able to
lyse myocardial cells from the same species, with cell lysis
seemingly dependent on stress protein expression within the
myocytes.^" This lysis was greatest in cells pretreated by heat
stress.^" One could speculate that a similar immune mech
anism is responsible for our results. The question remains
unanswered as to whether such mechanisms could act
differentially according to the length of coronary occlusion
and thereby explain the problem o f infarct size limitation
with 30 (or 35) minutes versus 45 minutes of ischaemia.
This study has examined the enhanced resistance of the
heart to ischaemia through prior heat stress. At present it is
not known whether this observed resistance comes from
stress proteins themselves or alternatively is mediated by
some other aspect of heat stress.^' For example, Currie and
co-workers-" found that myocardial catalase, an endogenous
antioxidant, is increased twofold by heat stress. When heat
stressed rats were pretreated with 3-amino-1,2,4-triazole to
deplete catalase, the benefits of heat stress on ischaemia/
reperfusion were abolished in their model. It is possible,
therefore, that heat stress works entirely by increasing
catalase activity, with stress proteins being an epiphenomenon. However the evidence for acquired thermotolerance
resulting from increased levels of stress proteins is more
conclusive'"”'- and a preliminary study by Dillmann et a F
has shown that induction of 70 kDa heat shock protein by
plasmid transfection of embryonal rat heart cells leads to
cellular protection in a model of ischaemia. Further
circumstantial evidence that the protection associated with
heat stress may be stress protein mediated comes from
isolated papillary muscle studies where resistance to hypoxia
has been positively correlated with the content of the 72kDa
stress protein.T herefore there may be a direct protective
role for stress proteins in ischaemia, in addition to the effects
on catalase activity.
In conclusion, we feel that prior heat stress is protective
to ischaemic myocardium, although these studies cannot link
this causally to stress proteins. In view of the difficulties we
have discussed in attempting to limit infarct size with heat
stress, it is important to develop alternative less abusive
methods of stress protein induction within the heart to further
evaluate their possible protective role.

Heat stress limits infarct size
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Viewpoint
Stress proteins - an endogenous route to myocardial
protection: fact or fiction?
D erek M Y ellon, D avid S L atch m an , and M ichael S M arb er

n increase in whole body temperature, in both the
rabbit and rat, renders the heart resistant to
subsequent isc h a e m ia .T h e cause for this enhanced
resistance is unknown but all published studies have shown
that a rise in temperature induces cardiac stress protein
synthesis. The question of interest is whether these stress
proteins determine the observed enhanced resistance of the
heart to ischaemia, or whether this is mediated by some other
aspect of heat stress. The aim of this article is to speculate
on the relationships between heat, stress proteins and
myocardial protection.

A

Function and properties of stress proteins
To understand the possible protective benefits of stress
proteins a brief description of their function is necessary. The
stress proteins are a group of highly conserved proteins that
are synthesised in response to varying stresses/ Such
proteins may be either constitutive, in that they are present
in the unstressed state but are preferentially synthesised
during stress, or inducible, being present only in the stressed
organism. They consist of families of proteins with differing
functions (see'* for review) and their nomenclature is
according to molecular weight. The 90 kDa family binds
actin, a phenomenon that is modulated by both calcium and
calmodulin.^ Their location is predominantly cytoplasmic
and they are thought to act as chaperones/ being able to
transport molecules through their interaction with actin
filaments while also offering protection against inappropriate
or premature molecular interactions. Proteins of the 70 kDa
family bind ATP and, among other functions, are involved
in post-translational import of proteins into endoplasmic
reticulum and mitochondria.^ The 72 kDa stress protein is
inducible and the most frequently used marker of the cardiac
stress response. Proteins of the 60 kDa family are predomin
antly mitochondrial and facilitate the necessary refolding of
proteins imported from the cytoplasm.^ Numerous other
lower molecular weight stress proteins exist, the most highly
conserved being ubiquitin, which by binding to proteins
targets them for degradation.**

Speculations on the mechanisms of stress protein
protection against ischaemia/reperfusion
Following ischaemia and reperfusion one can hypothesise
that stress proteins could both prevent cellular damage by
maintaining protein structure despite the de-energised state
and enhance recovery by promoting degradation of
denatured proteins while assisting relocation of newly
synthesised proteins.
The key proteins that are damaged during ischaemia and
reperfusion have not been fully characterised, and the exact
mechanisms by which stress proteins may influence the
damage that occurs are unknown. Changes in cytoskeletal
proteins are thought to occur during ischaemia.* Interestingly
one such protein, a crystallin, which is homologous to the
low molecular weight stress proteins, is concentrated at the
Z disc and may protect the cytoskeleton during physiological
non-ischaemic stress.^ However since a crystallin aggregates
within 10 minutes of the onset of ischaem ia/ it is an unlikely
candidate for the protection during ischaemia and
reperfusion. The important reduction in fatty acid oxidation
that follows ischaemia has been partially attributed to
oxidation of thiol groups within the branch point enzyme
carnitine palmitoyltransferase. Following ischaemia and
reperfusion this key enzyme is thought to undergo a
conformational change (rather than proteolytic cleavage),'”
which alters its affinity for malonyl CoA. Since the 60 kDa
family of mitochondrial proteins is involved in the initial
folding of this mitochondrial protein, these proteins may also
be able to facilitate its correct refolding.^
Stress proteins and thermal injury
The role of stress proteins in the limitation of thermal injury
is less controversial. Acquired thermotolerance describes a
phenomenon whereby the resistance of tissue to a lethal
temperature rise can be enhanced by a preceding sublethal
temperature rise. The first episode of thermal stress results
in stress protein production and as a direct result of the
synthesis of these proteins thermotolerance occurs. Hence
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thermotolerance follows the accumulation of stress protein
temporally." In addition, thermotolerance can be abolished
by the use of stress protein anti-sense RNA^ or cell lines
with heat stress protein gene deletions,'^ and artificial
constitutive expression of an inducible stress protein can
confer thermotolerance without the need for a preceding
sublethal temperature rise.''*
The phenomenon of crosstolerance
Is it possible to induce thermotolerance by elevating stress
proteins by means other than heat? Such a possibility is
suggested above,'"”''* and has been confirmed by the finding
that stress proteins synthesised as a result of exposure to
ethanol and sodium arse ni te are able to confer
therm otolerance.This phenomenon which is related to
acquired thermotolerance is known as crosstolerance. A
conceptually interesting extension to these observations
could be termed reverse crosstolerance. Thus imagine that a
particular non-thermal stress is associated with stress protein
production: will tissue with thermally pre-elevated stress
protein have an enhance tolerance to this stress? Clearly this
is speculative, but logic dictates that this is the case.
Since permanent coronary occlusions as well as short
occlusions with reperfusion result in stress protein
synthesis,'^
investigators following the above line of
reasoning have been prompted to examine the protective
benefits of heat stress with respect to myocardial ischaemia.
As expected, hearts with thermally pre-elevated stress
protein content do seem more than ordinarily resistant to
ischaemia,'”^ although there are some preliminary reports
that do not support these conclusions.'" If the phenomenon
of reverse crosstolerance were to apply generally then prior
heat stress should render the heart tolerant to subsequent
volume or pressure overload,"" exposure to cardiotoxic
drugs,"' high doses of inotropic drugs,"" mechanical stretch,"*
and anoxia,** since all these stresses are associated with
cardiac stress protein synthesis. The effects of prior heat
stress on these subsequent stresses has not to our knowledge
been examined.
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heat may alter translational or post-translational control
processes.*" Interestingly a preliminary report from other
workers has shown that in the pig heat stress induces cardiac
(72 kDa) stress protein and increases endogenous superoxide
dismutase activity but does not affect catalase.** It seems
quite feasible that heat stress, by enhancing the heart’s
endogenous antioxidant defences, may be able to protect
against reperfusion injury. In keeping with such a hypothesis
we have been able to demonstrate that oxidant stress
(measured indirectly by glutathione status, protein-SH
groups and mitochondrial function) is greatly attenuated
following ischaemia and reperfusion of the heat stressed
rabbit heart.*
Investigators have also attempted to use ischaemia
followed by an eight hour reperfusion period to induce stress
proteins. The protective benefits of ischaemic and heat
induced stress protein pre-elevation in an infarct size model*
were than compared. In this study only heat pretreatment
resulted in protection. The authors concluded, however, that
the ischaemic pretreatment was not nearly as effective as
heat in raising the cardiac content of the 72 kDa stress
protein and it was for this reason that no protection was seen.
An alternative explanation would be that, unlike heat stress,
ischaemia did not increase endogenous myocardial
antioxidant defences. In addition to the enhanced antioxidant
defences that follow heat stress, it has recently been shown
that prior heat stress protects the myocardium against a
calcium paradox,*" an injury in which oxidant stress is not
thought to play a major role.*^ *" Thus it could be argued that
some portion of the heat stress response represents a form of
cardiac adaptation capable of limiting myocyte injury
independent of antioxidant mechanisms.
The strongest evidence to date of a direct protective role
for heat stress protein in anoxic injury is in the form of a
preliminary report by Dillmann and colleagues.*' These
investigators have shown that successful transfection of an
embryonal rat cell line with plasmids expressing the human
inducible 70 kDa heat shock protein resulted in resistance to
anoxia and reoxygenation injury.
Stress proteins and ischaemic preconditioning

Are stress proteins the mediators of the protection
following heat stress?
Apart from the above relationship between heat stress, stress
protein synthesis, and protection against ischaemia and
reperfusion, is there any direct evidence that heat stress
protects via an elevation in cardiac stress protein content?
Currie and coworkers were the first investigators to show
the protective benefits of heat stress in the isolated rat heart.'
In these studies the myocardial content of the 72 kDa stress
protein and the resistance of the heart to ischaemia and
reperfusion follow the same time course.' ** However, the
same investigators also demonstrated an approximately
twofold increase in myocardial catalase activity following
heat stress.** When heat stressed rats were pretreated with
3-amino-1,2,4-triazole, myocardial catalase activity was
diminished to half that in the control group. Such
pretreatment abolished the benefits of heat stress, but
interestingly did not worsen the ischaemic injury in control
hearts.** The results of these studies suggest that heat stress
may act via an increase in endogenous catalase activity,
stress proteins being an epiphenomenon. Further studies by
the same workers have shown that the increase in catalase
activity following heat stress is not associated with any
change in levels of mRNA coding for catalase, suggesting

Since ischaemia, both with'* and without'" reperfusion, is
known to increase stress proteins, one could surmise that the
synthesis of stress proteins as a consequence of such
ischaemia might be expected to minimise the damage caused
to the heart during a subsequent more sustained ischaemic
episode. In view of this hypothesis there has been intriguing
speculation on the involvement of these proteins in another
method of endogenous cardiac protection, the phenomenon
known as ischaemic preconditioning.** In this process a
series of short coronary artery occlusions followed by
reperfusion renders the heart resistant to a subsequent
sustained period of ischaemia.** Although the mechanism of
ischaemic preconditioning is unclear, the involvement of
stress proteins appears an attractive possibility. In agreement
with this idea, Knowlton e t
showed that brief bursts of
ischaemia, such as occur in ischaemic preconditioning, can
induce the expression of the mRNA and accumulation of the
72 kDa stress protein within the heart. These investigators'*
found that the 72 kDa stress protein only became noticeably
raised after two hours of reperfusion and remained increased
for at least 24 hours after the ischaemic insult. In contrast the
protective effect of ischaemic preconditioning has been
shown to diminish beyond about 60 minutes.** The involve
ment of protein synthesis in ischaemic preconditioning has
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also been questioned by the finding that the protective
benefits of preconditioning can still be observed under
conditions where de novo protein synthesis has been almost
entirely inhibited^”*(although stress protein was not measured
directly). In view of the above, doubt is cast on the role of
stress proteins in the protection observed during ischaemic
preconditioning. It should be emphasised, however, that the
limited amount of work examining the relationship between
stress proteins and ischaemic preconditioning has focused
almost entirely on the 72 kDa stress protein, ignoring the
other stress proteins. Until other such families of stress
proteins are examined in more detail their involvement in
this protective phenomenon cannot categorically be ruled
out.
Although the protective benefits of classical pre
conditioning begin to wane approximately 60 minutes after
coronary occlusion,^"* the stress protein content of the heart
continues to rise"’ offering the theoretical possibility of a
delayed, but perhaps longer lasting, “second window of
protection”. Evidence in support of such a phenomenon
exists in neuronal tissue, as the stress protein content of
neuronal tissue can be increased by daily two minute
episodes of ischaemia, a treatment that also seems to
increase the neuronal resistance to more prolonged ischaemia
(see’^ for review). Preliminary findings suggest that a
similarly delayed protection occurs 24 hours after “classical”
preconditioning of the dog heart’^ and also 24 hours after
rapid pacing of the rabbit heart.’* The ramifications of these
unsubstantiated findings are immense and may explain the
apparent benefits, despite more severe coronary artery
disease, of a history of angina prior to myocardial
infarction.’^
Conclusion
In conclusion we believe the cell’s inherent ability to
produce specific stress proteins to help protect itself against
thermal injury is not in question. At present, however, there
is little direct evidence to suggest that the myocardial
protection that follows heat stress or ischaemia is related to
the expression of these proteins. The key question that still
needs to be answered is whether an increase in stress
proteins by non-thermal means will prove effective in
limiting myocardial injury. Although preliminary evidence
suggests that this may be the case,” until studies are
designed which can either limit stress protein expression or
conversely cause expression of the proteins via a nonabusive procedure (ie, specific pharmacological therapy or
gene tranfection), their importance in myocardial protection,
although attractive, must remain uncertain.
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