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The requirements of the heart for a constant supply
of substrates to meet its high and sustained energy
consumption means that a period of ischaemia cannot be
tolerated for any length of time. Studies of ischaemia
using multicellular preparations are complicated by the
asynchrony in individuals cells' behaviour. This makes
the relationship between averaged biochemical
measurements and cell integrity difficult to form.
Studies were performed using single rat venticular
cardiomyocytes to overcome the problem of asynchrony.

From previous studies a working hypothesis was
formulated to explain the close temporal relationship
between the extreme shortening of an individual cell, in
response to energy deprivation, and the sustained rise in
cytoplasmic free calcium. It is proposed that the
shortening event is due to a rigor-mediated activation of
myosin-ATPase which acts as a sink for residual
cytoplasmic ATP. This sink pulls cytoplasmic ATP down to
levels that are no longer sufficient to support
plasmalemmal ion pumping activity, with a resultant loss
of the cell's ionic homeostasis.

In the absence of existing methods to measure
cytoplasmic ATP in a single cell a technique was
developed using microinjected firefly luciferase. The
light generated by a single injected cell was used as a
measure of the cytoplasmic ATP concentration. Using a
system that allowed bioluminescence measurements to be
made while simultaneously viewing the cell under infra-
red light, it was found that cell shortening was
accompanied by a sudden fall in cytoplasmic ATP as the
working hypothesis predicts.

Measurements of cytoplasmic calcium were made using
aequorin and fura-2. The discrepancy found in the time
of loss of calcium homeostasis can be accounted for by
the insensitivity of aequorin, particularly in the
presence of rising cytosolic free magnesium
concentrations.

Measurements of cytosolic free sodium were made
using the fluorescent probe SBFI. Characteristics of
this probe are described. The loss of sodium homeostasis
in response to metabolic inhibition was found to occur
slightly before the cell shortened.

The results are discussed in terms of the working
hypothesis and related to clinical manifestations, such
as the oxygen paradox.
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ABBREVIATIONS

The abbreviations of the Biochemical Journal have

been used throughout this thesis. Additional

abbreviations are listed below:

bicarbonate-buffered Krebs
carbonylcyanide-p-trifluoro-
methoxyphenylhydrazone

coenzyme A

counts per second

cytosolic pH

2-deoxyglucose

Free energy change of hydrolysis
phosphocreatine

photomultiplier background signal
phosophorus nuclear magnetic resonance
pyrophosphate

sodium binding benzofuran isophthalate

BBK

FCCP
CoA
cps
PH;
2-DOG
AGp
PCY

P-NMR
PP

SBFI



ACKNOWLEDGEMENTS

I would like to thank my supervisor,
Prof. P.H. Cobbold, for his help and enthusiasm
throughout this study and his patience during the writing
of this thesis.

I am grateful to Liverpool University and especially
to the Wellcome Trust for financial support.

I would also like to thank my parents for their
understanding throughout my periods of study.

Thanks also to Dr. A.P. Allshire for his guidance
and patience in teaching me many invaluable lessons.



CHAPTER 1

GENERAL INTRODUCTION



1.1 Ischaemia and tissue models

The working heart requires a constant supply of
oxygen and nutrients to maintain its rapid and sustained
energy consumption. For example, the beating rat heart
at 27°C consumes ATP at the rate of 0.5 mM s~1, as
estimated by heat production from papillary muscle
(Stienen & Elzinga, 1990). These demands are met by a
high coronary blood flow which, if reduced or halted
altogether, will lead to the condition of ischaemia
(Jennings, 1970). 1In ischaemia there is an imbalance
between energy supply and demand and a series of
biochemical and mechanical changes occur which, if they
are allowed to persist, will prevent the heart from
pumping blood effectively and will eventually lead to
irreversible tissue damage. Ischaemic heart disease is
prevalent in Western societies and so it is not
surprising that research in this field is extensive. 1In
the clinical condition ischaemia invariably affects the
left ventricle (Katz, 1992) and this can be modelled in
whole heart experiments, both in situ, and in vitro, by
ligature of one of the left coronary arteries to give
regional ischaemia. Other studies examine the more
severe model of global ischaemia where perfusion of the
heart is completely halted. Studies of isolated cardiac
tissue, such as papillary muscles or Purkinje fibres,
have mimicked the conditions of ischaemia by removing the
bathing solution and gassing the tissue with water-
saturated 95% N,/5% CO,, (Allen et al., 1989) or immersing
the tissue in o0il (Gasser & Vaughan-Jones, 1990; Vanheel
et al., 1990). However, experimental difficulties arise
in the study of ischaemia due to the inability to apply

drugs and change the composition of the extracellular



media. For these reasons many studies have maintained
perfusion of the tissue but simulated the other facets of
ischaemia, most notably substrate deprivation and the
removal of all or most of the oxygen ('anoxia' or
'hypoxia' respectively). Alternatively, inhibitors of
oxidative-phosphorylation (e.g. cyanide or mitochondrial
uncouplers) and of glycolysis (e.g. 2-deoxyglucose or
iodoacetate) have been employed to simulate the imbalance
between energy supply and demand that occurs in the
ischaemic myocardium. Models in which perfusion is
maintained will differ in many respects to ischaemia in
that tissue acidosis will be less severe, there is no
build up of extracellular potassium, lactate, lipids, and
there is an infinite supply of cations (sodium and
calcium), bicarbonate and also tissue water. These
conditions, however, can be imposed upon the model: for
example the addition to the perfusate of either lactate
(Pacini & Kane, 1991) or potasium or hydrogen ions (Wilde
& Kleber, 1986; Griese et al., 1988). 1In the intact
animal it is possible that conditions will occur between
the two extremes of hypoxia and ischaemia, particularly
when coronary flow is non-uniform in the tissue, partial

in some regions and absent in others.

1.1.1 The time-course of changes in ischaemia

Despite these differences between the various models
used to study the ischaemic condition, together with
other sources of variability (species, temperature etc.
Hearse et al., Maxwell et al., 1987; Lewis et al., 1979),
there remains a clear pattern of events that are common
to cardiac tissue when it is metabolically compromised
(Poole-Wilson, 1985).

From a functional point of view there is an initial
disturbance in normal contractility, with the appearance
of arryhthmias. There then follows a rapid decline in



developed tension (Hearse, 1979; Allen & Orchard, 1984)
and a subsequent slow rise in resting tension referred to
as contracture (Hearse, 1977; Koretsune & Marban, 1990;
Steenbergen et al., 1990; Lowe et al., 1979; MacLeod,
1989; Smith & Allen, 1988).

Biochemical changes start with a halting of aerobic
metabolism. Anaerobic glycolysis may continue in
ischaemia , resulting in an increase in intracellular
lactate, but glycolysis fails when the NADH/NAD* ratio
rises and intracellular pH (pH;)falls (Rovetto, 1973).
The tissue undergces a fall in its energy status.
Numerous 31P-NMR spectroscopic studies have shown a fall
in tissue phosphocreatine with a corresponding rise in
inorganic phosphate. The onset of these changes preceeds
the decline in adenosine triphosphate (ATP) (Koretsune &
Marban, 1990; Steenbergen et al., 1990; Kingsley, et al.,
1991; Allen et al., 1985; Elliott et al., 1992).
Adenosine diphosphate (ADP) and adenosine monophosphate
(AMP) have also been shown to rise (Headrick et al.,
1989). Intracellular acidosis can be observed in all the
above studies, the degree of which can be shown to be
dependent upon the rate of glycolysis (Elliott et al.,
1992; Allen et al., 1985; Kingsley et al., 1991).

Ionic imbalances include an increase in cytosolic
free calcium, the timing of which depends upon the
protocol (Koretsune & Marban, 1990; Steenbergen et al.,
1987; Marban et al., 1989; Smith & Allen, 1988;).
Cytosolic free magnesium rises (Borchgrevink et al.,
1989; Headrick & Willis, 1991), as does cytosolic free
sodium (Pike et al., 1990; Guarnieri, 1987, Tani & Neely,
1989; MacLeod, 1989). An increase in extracellular
potassium and a depolarization of the resting membrane
potential follow similar timecourses and occur before the
loss of cytosolic sodium homeostasis (Kleber, 1978).



1.1.2 Causes of pump failure in ischaemia

The early fall in developed pressure, or early
pump failure, has been attributed to a number of
biochemical changes. The intracellular acidosis or the
rise in inorganic phosphate are the main candidates as
these have been shown to desensitize the myofilaments to
calcium (Fabiato & Fabiato, 1976; Kentish, 1986).
Hyperpolarisation of the plasmalemma by activation of
ATP-sensitive potassium channels, when cytosolic ATP
falls, is another possible mechanism (Nichols & Lederer,
1991). A shortening of the action potential duration may
also contribute to early pump failure by lessening the
amount of calcium released from the sarcoplasmic
reticulum during each beat.

The subsequent increase in resting tension, or
contracture, has been attributed to either an elevated
cytosolic free calcium or to a rigor-mediated mechanism
caused by a fall in cytosolic ATP (Allen & Orchard,
1987). As this contracture is highlighted as a key event
in determining the recovery of the tissue from energetic
stress, the biochemical mechanism underlying it will be
discussed at length later (see section 1.5). Prolonged
ischaemia or hypoxia will lead to irreversible injury of
myocardial cells.

1.1.3 Recovery from injury: arryhthmias, stunning and the
oxygen paradox

The tissue is not necessarily irreversibly injured
by periods of ischaemia or other compromising conditions,
and recovery of the tissue can be complete as long as the
damaging protocol is removed before or soon after the
tissue undergoes contracture. 1In this case there would



cytoplasmic enzymes, although some cells may display
vacuoles and swollen mitochondria (Ganote, 1983).
Aerobic energy metabolism will resume; phosphocreatine
content is completely replenished, ATP levels are almost
completely restored (Ambrosio et al., 1989; Steenbergen
et al., 1987, 1990) and cytosolic free calcium and
cytosolic free sodium are returned to resting levels
(Steenbergen et al., 1987; 1990; Marban et al., 1989;
Tani & Neely, 1989; Pike et al., 1990; MacLeod, 1989;
Allen et al., 1989). Cytosolic free magnesium and Pj
also fall towards normal (Borchgrevink et al., 1989;
Griese et al., 1988). The appearance of arryhthmias is
common and in the clinical condition often proves to be
fatal if ventricular fibrillation ensues.

Recovery of contractile function will not always be
total and may take several weeks to return; this
condition is termed myocardial stunning. The mechanism
of this phenomenon is unknown. Loss of ATP and related
nucleotides has been proposed as a cause. Nucleosides
such as adenosine (derived from ATP hydrolysis during
ischaemia) can be washed from the tissue and this may
limit the restoration of ATP levels (Reimer et al.,
1981). However, studies using protocols that limit
nucleoside loss have shown an improvement in restoration
of ATP and related nucleotides while failing to show a
concomitant improvement in the restoration of
contractility (Ambrosio et al., 1989), pointing to other
factors being the cause of myocardial stunning, such as
alterations in myofilament responsiveness to calcium or
disturbances in excitation-contraction coupling.

If the ischaemic/hypoxic episode is allowed to
persist, and reperfusion/reoxygenation occurs sometime
after the tissue contracture, then tissue damage is
exacerbated rather than diminished (Poole-Wilson, 1985;
Jennings et al., 1986). This phenomenon is termed the
'oxygen paradox' and is responsible for 'reperfusion

damage' in ischaemia, and 'reoxygenation damage' in



hypoxia. The oxygen paradox is characterised by an
abrupt release of intracellular constituents, due to a
sudden rupture of cell membranes (Hearse et al., 1975)
and the formation of contraction bands (Ganote, 1983).
These are distorted structures of both hypercontracted
and over extended sarcomeres in the same cell, caused by
severe mechanical stresses from adjacent cells that are
also undergoing hypercontracture. Calcium in the tissue
rises abruptly during the oxygen paradox (Poole-Wilson,
1985). The tissue is irreversibly damaged, and in the
whole heart the damaged area is termed an infarct.

In the clinical condition the patient may die almost
immediately because of ventricular fibrillation. 12% of
patients die within 6 weeks of an infarction. Infarct
tissue is replaced by fibrous tissue which would disrupt
the normal conduction pathways of the heart and lead to a
greater risk of further arryhthmias. The survival rate
after a heart attack will depend upon the amount of
myocardial tissue involved in the infarct. It is
important to know, therefore, at which point the
ischaemic myocardium becomes irreversibly damaged, and
which of the biochemical changes is responsible for the

transition from reversible to irreversible damage.



1.2 The need for single cell studies

Any biochemical measurements from whole tissue, or
even suspensions of single cells, will be an average of
the individual values from each cell. There is great
heterogeneity in the response of cardiac tissue to
compromising protocols. Steenbergen et al. (1977)
showed, using NADH fluorescence photography, areas of
anoxic zones bordered by healthy tissue even in high flow
hypoxia. Such heterogeneity has been used to explain the
discrepancies between averaged measurements of ATP and
the change in resting pressure (contracture) seen in
hypoxic hearts (Allen et al., 1985). In some of their
experiments there was a good correlation between the fall
in cytosolic ATP to low levels and a rise in resting
tension, and in other experiments the correlation was
less clear. They reasoned that in some parts of the
heart cytosolic ATP may be normal but in others it was
low enough to cause a rigor-mediated contracture (see
later) and hence a rise in resting tension. This point
is of particular relevance since it highlights the need
for measurements of ATP from single cardiomyocytes.

The ability to isolate calcium-tolerant single
venticular cardiomyocytes (Powell & Twist, 1976) yielded
a new experimental model for heart research (Powell,
1985). Preparations of individual heart cells provide a
less complex model system for studying the consequences
of anoxia or similar protocols. The system removes
complicating factors such as cell-cell interactions, both
mechanical and electrical. Since the incubating medium
can be a well-defined ionic environment the non-
uniformity of the conditions seen in the
ischaemic/hypoxic tissue can be removed. Also serial
sampling of a cell suspension allows time courses of
biochemical changes to be monitored (Altschuld et al.,



1981). Haworth et al. (1981) treated a population of
isolated rat ventricular cells to near-ischaemic
conditions (anoxia accentuated by allowing the cells to
form a pellet). They found that over a period of
approximately 1 hour the cells changed from their normal
healthy rod-shaped appearance to a shortened, square
form. This contracture is the probable mechanism
underlying the rise in resting tension seen in intact
tissue studies. Their important observation was that the
contracture of each individual cell occurred over a very
short time period, being complete within c.30 seconds
(although not measured in that study). Consequently, the
time course of the measured decline in ATP resulted from
a spread of times at which individual cells lost their
ATP. Such a variability in times before cells underwent
contracture was seen by Stern et al., (1985) using anoxic
conditions. Cells took between 17 and 47 minutes before
they went into contracture, shortening to c.33 % of their
original length. Thus, there is considerable asynchrony
in the response of cardiomyocytes to compromising
protocols (Haworth & Berkoff, 1985).

Heterogeneity in the cells' response comes about
when anoxic cells are reoxygenated. Some cells remain
truncated rods, others suddenly hypercontract and assume
a rounded form. Significantly, Stern et al. (1985)
showed that the response of an individual cell depends
upon the time elapsed since cell contracture, not since
imposition of the anoxic period. Contracture, or cell
shortening, is therefore a turning point in the process
of cell deterioration which predisposes the cell to the
'oxygen paradox'.

Averaged biochemical data from a population of cells
showing an asynchronous response to anoxia and a
heterogeneous response to reoxygenation obviously make
the relationship between measured biochemical changes
(eg. calcium or ATP) and cell viability difficult to

assess. Such a problem can be largely overcome by



studying individual cells; following the history of an
individual cell with regard to its response to
anoxia/reoxygenation whilst making continuous

measurements of its biochemical changes.

1.3 Single cardiomyocytes as a model of hypoxia

Isolated rat ventricular cardiomyocytes are
quiescent, lacking any pacemaker current. They do
occasionally undergo spontaneous calcium oscillations in
the quiescent state, more so than in other species at a
physiological external calcium concentration of 1-2 mM
(for a review see Lakatta et al., 1985). These
oscillations produce asynchronous rippling of the cell
and are abolished by electrical pacing. Ideally
cardiomyocytes should be stimulated to mimic the
physiological state (at 5 Hz since rat heart beats at
approximately 300 beats per minute). This will increase
the calcium loading of the sarcoplasmic reticulum and
also the resting cytosolic sodium concentration (Lee and
Levi, 1991).

When a single ventricular cardiomyocyte is exposed
to anoxic conditions, in the absence of glucose, its
contractile response to electrical stimulation diminishes
and finally fails (Stern et al., 1988). After a further
period of time, of the order of tens of minutes, it
undergoes a rapid contracture, which is complete within
30 seconds, to c¢.60 % of its original length. This
contracture is analogous to the increase in resting
tension seen in intact tissue preparations under similar
conditions. Microblebs form on the plasma membrane
(Schwartz et al., 1984). 1If reoxygenation occurs soon
after this contracture the cell first slightly contracts
and will then relengthen slightly (Stern et al., 1985).
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An analogous event is seen in intact preparations (Smith
& Allen, 1988). The cell can recover mechanical activity
in response to electrical stimuli. If the reoxygenation
is delayed (by c.20 minutes) then the cell hypercontracts
and takes on a 'rounded' appearance and large sarcolemma
blebs form on the surface of the cell (Schwartz et al.,
1984; Stern et al., 1985). This is partially analogous
to the 'oxygen paradox' seen in intact tissue
preparations. An important difference is the absence of
cell-cell interaction in dispersed cell preparations. It
is the mechanical tearing of cells due to adjacent cell
hypercontracture that is thought to be responsible for
much of the damage seen in the 'oxygen paradox'. Piper
et al. (1984) has proposed that this lack of cell-cell
interaction, particularly mechanical forces, is the
reason why changes considered typical of the 'oxygen
paradox', such as the loss of sarcolemmal integrity, are
not seen in dispersed cardiomyocytes. Indeed single
cells do not display contraction bands when they
hypercontract, whereas contraction bands are commonplace
in reperfused tissue.

So single cardiomyocytes can reproduce the sequence
of events seen in intact tissue preparations when they
are metabolically compromised, with the exception of the
final stages of the oxygen paradox.

To produce anoxia in a single cardiomyocyte is not
easy. A pO; as low as 0.15 Torr is required (Wittenberg
& Wittenberg, 1985), which introduces technical
difficulties. Furthermore, anoxia take a long and
variable time to induce cell changes: up to 48 minutes
before mechanical activity fails (Stern et al., 1988), up
to 2 hours for a contracture to develop (Allshire et al.,
1987). For this reason a chemical equivalent to anoxia
is used by many laboratories.
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1.3.1 Chemical models of anoxia

To mimic anoxia, chemicals are used which inhibit
ATP generation by the mitochondria. Cyanide is the most
commonly used of these poisons. At millimolar
concentrations cyanide is a potent inhibitor of
cytochrome oxidases, the predominant O,-consuming enzyme
required for mitochondrial ATP production (Solomonson,
1981). Cyanide, in the absence of glucose, causes cells
to undergo contracture usually within 20 minutes of its
application. It must be noted that a study on cyanide
toxicity in hepatocytes has shown it to have effects
different from anoxia (Aw and Jones, 1989). Cyanide
causes mitochondrial swelling, due to phosphate-loading,
and loss of the proton-motive force; both these effects
do not occur in anoxia. Cyanide toxicity was greater in
aerobic than in anaerobic conditions. This indicates that
some protective mechanism is present during anoxia, which
is absent when cyanide is used.

Other inhibitors of oxidative-phosphorylation
include the uncouplers. These are proton ionophores
which short-circuit the membrane conductance of the inner
mitochondrial membrane and 'uncouple' the ATP synthetase
from the respiratory electron-transfer chain which
maintains the proton gradient across the membrane. These
compounds , such as FCCP (Carbonylcyanide-p-
trifluoromethoxyphenylhydrazone), will actually stimulate
the mitochondrial synthetase to reverse, and soO consume
ATP. This property has been used in protocols where a
rapid depletion of ATP is needed (Haworth et al., 1988).
Reversal of the mitochondrial synthetase can be inhibited
with oligomycin. This agent has been used to assess the
reversal of the synthetase has on the rate of ATP
depletion in cells (Haworth et al., 1981). Rotenone, an

inhibitor of mitochondrial NAD-linked respiration, has



12

also been used (Haworth et al., 1988), as has amytal, a
reversible inhibitor of NADH-dehydrogenase (Esumi et al.,
1991).

In the absence of oxidative-phosphorylation
anaerobic glycolysis becomes the principal source of new
high-energy phosphates. However, glycolysis quickly
fails in the ischaemic tissue, despite the fact that
gycogen stores are not fully depleted, due to a number of
factors such as reduced intracellular pH, increased
lactate concentration, and reduced NAD/NADH ratio
(Rovetto et al., 1973, 1975; Kobayashi & Neely, 1979).

To mimic the conditions of ischaemia in the single
cardiomyocyte glycolysis is usually also inhibited.
Piroli and Allen (1986) have assessed various methods for
achieving inhibition of glycolysis by measuring lactate
production as an index of glycolytic flux in isolated
anoxic-perfused ferret hearts. They found the most
satisfactory method was to stimulate the tissue at a high
frequency in the absence of glucose. This depleted the
glycogen stores of the tissue and glycolysis could be
reduced by an chosen extent and in a reversible manner.
Iodoacetate completely blocked glycolysis but is
irreversible. Phosphorylation of glycolytic
intermediates may actually increase the rate of
consumption of ATP. The same is true of 2-deoxyglucose,
which needs to be phosphorylated to 2-deoxyglucose-6-
phosphate before it can exert its effects, and this may
contribute to a fall in ATP.
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1.4 Cytosolic free calcium studies in single
cardiomyocytes

Aequorin measurements of cytosolic free calcium in
single rat ventricular cardiomyocytes made by Cobbold &
Bourne (1984) yielded a surprising finding. Cells
treated with the uncoupler CCP underwent contracture, as
described earlier, before cytosolic free calcium had
risen above 3x10~7 M. Two to three minutes after
contracture cytosolic free calcium began to rise
gradually, reaching to c.2 uM after a further 10 minutes.
The role of calcium in pathophysiological changes was,
and still is, a matter of debate (Poole-Wilson et al.,
1984). The above study showed that cell damage, in the
form of an extreme contracture, could occur in the
absence of any significant rise in cytosolic free
calcium. This phenomenon was confirmed using anoxia to
induce the contracture: cytosolic free calcium was found
to be significantly below 350 nM for c.l minute after the
contracture had developed (Allshire et al., 1987). Work
by Eisner et al. (1989), using the fluorescent probe
fura-2, showed that cytosolic free calcium rose slightly
before a contracture had developed in metabolically-
poisoned cardiomyocytes. However, the contracture could
not be relaxed by removal of extracellular calcium even
though cytosolic free calcium returned towards resting
levels. Allshire et al. (1987) also showed that
contracture occured with no rise in free cytosolic
calcium, before or after, in medium lacking calcium.
More recently work using indo-1 showed that cytosolic
free calcium rose only after the cells had undergone a
contracture (Silverman et al., 1992).

Allshire et al. (1987) also investigated the effects
of reoxygenation. If cells were reoxygenated before the

contracture they showed no signs of morphological damage
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and cytosolic free calcium remained at basal levels.
Thus, it appears that the contracture of the cell
represents some turning point in the cells response to
reoxygenation. 1Indeed, if the cells were reoxygenated
after the contracture but before cytosolic free calcium
had risen to above 1.5 uM then the cells went into
spontaneous mechanical oscillations (3-4 Hz) paralleled
by oscillations in cytosolic free calcium. After 3-5
minutes cytosolic free calcium then returned to basal
levels. Reoxygenation of cells when cytosolic free
calcium was above 5 uM led to immediate hypercontracture
and large blebs formed on the surface of the cell. 1If
cytosolic free calcium was between 1.5 and 5 uM when the
cells were reoxygenated then the results were more
variable: oscillations still occurred but cytosolic free
calcium sometimes recovered to basal levels before it
subsequently rose and the cell hypercontracted. Such a
correlation between the level of cytosolic free calcium
and recovery was found in metabolically poisoned ferret
papillary muscle (Smith & Allen, 1988).

The hypercontracture of cells upon reoxygenation
does not occur in the presence of metabolic inhibitors
(Quaife et al., 1991). Thus, both an elevated cytosolic
free calcium and ATP generation is necessary for the
hypercontracture to occur. Siegmund et al. (1991)
demonstrated that temporary blockade of the contractile
machinery, using butanedione monoxime (BDM), prevented
hypercontracture. The cell remained stable when the BDM
was removed 15 minutes after reoxygenation. This is
proposed to give the cell time to reduce its cytosolic
free calcium to levels which do not elicit an extreme
contracture. Allshire's work (1987) on reoxygenation
showed the sarcoplasmic reticulum (S.R.) to be essential
in the sequestering of calcium and hence, the recovery of
cytosolic free calcium to basal levels. (Caffeine-
treatment of cells yielded them more suceptible to

reoxygenation-induced hypercontracture, even when
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cytosolic free calcium was below 1 uM, an otherwise

managable concentration.)

Further work by Allshire et al., (1987) assessed the
nature of the rise in cytosolic free calcium using a
protocol which briefly removed extracellular calcium. It
was found that the cytosolic free calcium fell when
extracellular calcium was removed but upon readdition of
the extracellular calcium, cytosolic free calcium quickly
rose to the level it would have been predicted to have
reached had there been no intervention. This indicates
that the rise in cytosolic free calcium is due, not to a
non-specific leakiness of the cell membrane, but to an
alteration in an equilibrium between calcium influx and
efflux. The factor responsible for this resetting of the
equilibrium is relatively insensitive to removal of
extracellular calcium and the most likely candidate is a
rise in cytosolic free sodium. It has been shown using
microelectrodes that cytosolic free sodium rises
predominantly after a cardiomyocyte undergoes a
contracture (Li et al., 1988). Sodium and calcium
gradients are intimately linked by the sodium-calcium
exchanger. This antiport is electrogenic, transporting 3
sodium ions for 1 calcium ion (Eisner & Lederer, 1985).
Normally it will function to export calcium as sodium
enters the cell down its chemical gradient. A rise in
cytosolic free sodium, together with the known inhibition
of the exchanger at low ATP concentrations (Reeves, 1985)
will tend to decrease the export of calcium from the
cell, thereby resetting the equilibrium cytosolic free

calcium for the sodium-calcium exchange to higher levels.
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1.5 A working hypothesis

To explain the link between the free calcium-
independent contracture of a single cell and the loss of
ionic homeostasis that starts at about the same time a
working hypothesis was formulated (Allshire & Cobbold,
1989, 1990). Figure 1.1 outlines the hypothesis. When
ATP production is blocked the hydrolysis of
phosphocreatine initially buffers the cytosolic ATP.
Eventually cytosolic ATP does start to fall. When it
reaches a low level in the cytosol, in the sub-millimolar
range, there is a rigor-mediated activation of the
myosin-ATPase and the cell undergoes a calcium-
independent shortening. Activation of the myosin-ATPase
consumes the residual ATP in the cytosol of the cell.
This then causes the failure of ATP-dependent ionic
pumps, such as the sodium,potassium-ATPase or the
sarcolemmal calcium-ATPase, and loss of ionic homeostasis
ensues. If this hypothesis is correct then it highlights
rigor-activation of the myosin-ATPase as a key target for
further work aimed at protecting the myocardium from
ischaemic damage. By abolishing the fall in cytosolic
ATP brought about by the rigor-activated ATPase it may be
possible to prolong the time a cell can tolerate an
ischaemic insult before it becomes irreversibly damaged
or is destined to become irreversibly damaged by

reperfusion.



5.0

cytosolic [ATP] mM

0.0

Time

Figure 1.1 The working hypothesis. When ATP production is
halted phosphocreatine initially buffers cytosolic ATP.
Eventually cytosolic ATP does fall, to a level in the
sub-millimolar range, until at point A on the diagram
there is rigor-mediated activation of the myosin-ATPase.
The cell shortens and residual cytosolic ATP is consumed.
The fall in cytosolic ATP to low (uM) levels precipitates

loss of ionic homeostasis as shown by the rise in
cytosolic free calcium (Ca;) and sodium (Na;).
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1.5.1 Rigor-mediated activation of myosin-ATPase

Rigor is a intermediate step, albeit extremely
transiently, in the normal crossbridge cycle of muscle
contraction. The chemical states, in a simplified form ,

are shown below.

AM q---—————=—————— AM.ADP.P;
| &

v |
AM.ATP |

[ I

v I
M.ATP ====m=—————— » M.ADP.P;

where A is actin, M is myosin, AM is actomyosin,
other abbreviations as defined earlier.

Force development results from a chemical bonding
between the actin filament and the myosin head. The
chemical energy for the process comes from the hydrolysis
of ATP by the myosin-ATPase. Actin activates the myosin-
ATPase by binding to it and accelerating the release of
P;. ADP release then occurs, leaving an actin-myosin
complex, a 'rigor complex', to which ATP rapidly binds,
thereby dissociating the rigor complex. ATP remains
bound to the myosin. Subsequent hydrolysis of the ATP
provides the energy for sliding of the myosin filaments
across the actin (Stienen & Elzinga, 1990). The rigor
complex is a low-energy state and hence extremely stable
(in the absence of ATP). It is this state that accounts
for the extreme rigidity, rigor mortis, that develops
when ATP is not available to dissociate the rigor
complexes in muscles after death.

The work of Bremel and Weber (1972), reviewed by
Murray and Weber (1975), yielded an interesting finding.
Using a soluble assay system they found that at low
concentrations of ATP, 1-30 uM, tropomyosin-decorated F-
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actin and myosin-S1 together produced ATPase activity, in
the absence of calcium. The loss of the regulatory
control of calcium was a surprise and their work went on
to confirm that rigor complexes were switching on the
hydrolysis of ATP through an action dependent upon the
presence of tropomyosin. These findings had important
implications since they added a new regulatory level to
muscle contraction, especially in view of the fact that
this regulation of ATPase activity by rigor complexes
could occur even in the presence of calcium. Thus, rigor
complexes could communicate through tropomyosin, with

adjacent myosin Sl-molecules, to activate their activity.

1.6 Support for the'working hypothesis

1.6.1 Evidence for rigor

The possibility that the ischaemic contracture in
whole hearts was a rigor-mediated event was first
highlighted by Katz and Tada (1972). They were careful,
however, not to discount the possible contribution of an
elevated cytosolic free calcium. Twenty years later, the
relative roles of cytosolic free calcium and a low
cytosolic ATP have not been fully resolved, although a
rigor-mediated event is favoured by most studies.

Evidence for rigor-mediated contracture in the
ischaemic heart comes from measurements of heat
production by rat papillary muscle. During hypoxia-
induced contractures heat production was low, indicating
that cross-bridge cycling was slow, consistent with a
rigor-mediated event (Holubarsch et ales, 1982). By
contrast, potassium chloride-induced contractures

produced more heat, consistent with a fast free Ca-






















































































































































































































































































































































































































































