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SUMMARY



SUMMARY

The present study has investigated the effects of potassium, calcium
and magnesium on ligation induced arrhythmias in the isolated rat heart.
An attempt was made to elucidate the mechanism of action of potassium,
however, more work is required to fully explain the action of this
cation. Low calcium perfusion was found to reduce arrhythmias, however,
calcium antagonists and magnesium, the physiological calcium antagonist,

were only effective when they reduced the heart rate.

Next, the possible roles of prostaglandins, lysophospholipids
and free radicals in ligation induced arrhythmias in the isolated rat
heart were studied. Exogenous ZK36374 and manipulation of endogenous
prostaglandins did not seem to alter arrhythmias in this model. This
lack of effect in vitro was attributed to the absence of blood and
reflex neural influences. Similarly antioxidants, free radical
scavengers and manoeuvres that would be expected to alter endogenous

lysophospholipids did not alter arrhythmias in this model.

Finally, 86Rb+ efflux was used to investigate the effects of the
following compounds and conditions on potassium loss:- magnesium,
pH, hypothermia, ligation, reperfusion, fibrillation induced by altering

ionic milieu, calcium paradox, adenosine, mepacrine and chlorpromazine.
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1.0 INTRODUCTION



1.

1

Ischaemia induced arrhythmias: Clinical relevance

Sudden death in man is defined as death occurring within 1
hour of last being seen alive and represents approximately one-
third of the total expression of ischaemic heart disease (Armstrong
et al., 1972). Sudden cardiac death in man arising from obstruction
of the right coronary and left anterior descending coronary arteries
is documented (Oliver, 1982). Obstruction of a coronary artery
might occur as a result of coronary artery spasm, platelet thrombosis

’

or platelet emboli (Qliver, 1982).

The rat heart develops serious arrhythmias upon occlusion
of the main left coronary artery. These early arrhythmias occur
within a few minutes of occlusion, peak at 10-12 minutes and then
decline after 30 minutes. These life threatening arrhythmias are
believed to resemble pre-hospital sudden cardiac death. A late
phase of arrhythmias, which develops 4-24 hours after coronary
ligation in the rat, is thought to be similar to the arrhythmias

seen in the coronary care unit.

Myocardial ischaemia and metabolic changes

Ischaemia represents an imbalance between the myocardial
demand for, and the vascular supply of, coronary blood (Hearse,
1980). It is different from anoxia and hypoxia in that in the
case of anoxia and hypoxia, the oxygen delivery to the myocardium
is either reduced or stopped while coronary flow is normal. In
contrast to hypoxia and anoxia, ischaemia results in (1) retention
of metabolites, (2) accumulation of intra- or extracellular ions;
and (3) regiohal acidosis. The accumulation of these metabolites

makes ischaemic hearts far more vulnerable to ventricular fibrillation



than hearts made hypoxic without reduction of flow (Bagdonas

et a«l., 1961).

Soon after the onset of ischaemia disturbances of metabolism
occur. Extracellular potassium rises (Harris et al., 1954), lyso-
phospholipids (Sobel et al., 1978) and cyclic AMP (Podzuweit et
al., 1978) increase, pH is decreased and lactic acid accumulates
(Hirche et al., 1980), arachidonic acid metabolites are released
(Mest et al., 1981; Coker et al., 1981), magnesium is lost
(Johnson et al., 1979), free radicals are produced (Rao et al.,
1983) and catecholgmines are released (Riemersma, 1982). Accumu-
lation of these noxious metabolites are believed to predispose
to malignant ventricular arrhythmias. For any of these metabolites
to be implicated in thegeneﬁjs of arrhythmias, they should
satisfy certain criteria (Corr et al., 1982 a).

1. A change in the concentration of the metabolite should
precede the physiological derangements giving rise to
arrhythmias.

2. Exposure of the sarcolemma to exogenous material at
concentrations comparable to those encountered in the
vicinity of the cell membrane should exert arrhythmogenic
actions.

3. Conditions known to modify arrhythmias should also affect
the action of the putative arrhythmic metabolite.

4, The enzymic capacity to produce any arrhythmogenic metabolite
should be sufficient to produce that metabolite in
arrhythmogenic concentrations.

5. Expérihental modification of the concentration of the

endogenous constituent with parallel exacerbation or



amelioration of arrhythmogenesis should occur despite

induction of comparably severe ischaemia.

The aim of this thesis is to determine whether some of the
previously mentioned metabolites mediate the electrophysiological
derangements and rhythm disturbances induced by ischaemia in
isolated rat heart (in this thesis ischaemia means reduction of
flow in the area perfused by the left coronary artery). The above
mentioned rules are applied whenever possible during discussion

of the arrhythmogenic role of some of these metabolites.

Prophylaxis and treatment of ventricular arrhythmias induced
by ischaemia employs relatively non-specific anti-arrhythmic
agents such as procainamide which depresses membrane function
or propranolol which blocks sympathoadrenal influences. Theoretically,
more effective approaches may be possible with pharmacological
interventions designed to antagonize the specific, local
metabolic factors responsible for the initiation of these

arrhythmias (Corr and Sobel, 1980).

An important characteristic of ischaemia is its heterogeneity.
Varying conditions 6f work load and tissue perfusion create
regional differences in the ischaemic myocardium. The dispersion of
refractoriness  to conduction between the various zones may
predispose to re-entrant arrhythmias. Moreover, unidirectional
conduction abnormalities between the ischaemic and the non-ischaemic
zones may produce premature beats as reviewed by Hearse and Dennis
(1982). Furfhermore, mechanical disturbance in regional ischaemia

may produce depolarization and extrasystoles (Lab, 1982).



Electrophysiological alterations which are generated by
noxious metabolites and known to augment arrhythmogensis include;-
(1) A decreased (less negative) resting potential.

(2) Changes in phase O of the action potential.
(3) A shortening of action potential duration.
(4) An increase in the rate of spontaneous depolarization.

(for review see Opie et al., 1979)

Potassium status

Potassium is the main intracellular cation. The human body
contains 53 - 55 mM/kg body weight, 98% of which is confined
to the cell (Edelman, 1959). Human extracellular potassium con-

centration is normally between 3.5 - 5.5 mM/L (Schwartz, 1978).

' Extracellular potassium affects the cardiac action potential
and these alterations may appear independently of intracellular

potassium (Schwartz, 1978).

The high intracellular potassium concentration is maintained
by an active sodium-potassium pump. This involves a Na® - K*
dependent ATPase which requires a combination of ATP and magnesium
as a substrate. It is considered by most workers that sodium

is carried actively by the pump and potassium diffuses passively

to replace sodium (Schwartz, 1978).

Potassium carries three different delayed outward currents
during repolarization which show a phase of inward going
rectification and are responsible in part for prolongation of

action potential duration in Purkinje fibres and contribute



to diastolic depolarization in pacemaker fibres (Gettes, 1981).

The arrhythmogenic effect of potassium was suggested by
Harris et al., (1954) who reported an increase in coronary
venous potassium following coronary artery ligation in the dog.

A triphasic increase in extracellular myocardial potassium occurs
in the isolated arterially perfused rabbit interventricular
septum during ischaemia (Weiss et al., 1982). A substantial
rise in extracellular potassium in acute coronary artery ligated

pig hearts has also been reported by Hirche et al.,(1980).

Although the rise in extracellular potassium after the
onset of ischaemia is well established the reasons underlying
such a rise are controversial. It is not brought about by acidosis
or release of catecholamines (Weiss et al., 1982).Since the
heart is essentially an aerobic organ (Opie, 1978), it follows
that restriction of oxygen supply may affect all metabolic
processes in the heart. Na® - K* pump activity is one of
these processes seriously affected during ischaemia and its
inhibition might explain potassium leakage (Kunze, 1977).
Balasubramanian et al. (1972) reported a decreased activity
of Na* - k¥ ATPase during hypoxia. In contrast Rau et agl. (1977)
demonstrated maintenance of membrane Na' - K pump activity
through 60 minutes of anoxia. Despite this, potassium leaked
out, and it was suggested that an increase in the background
outward current was the mechanism for potassium loss.
Suppression of Na® - K* pump activity with 10—5 M acety-
strophanthidin during ischaemia does enhance potassium efflux

(Weiss et al., 1982). The fall in ATP content during ischaemia



is not rapid enough to be temporarily compatible with the onset
of arrhythmias unless ATP is compartmentalized (Weiss et al.,

1982).

The "on off'" characteristic of anoxia-induced potassium
efflux suggests the possibility of a direct effect of oxygen
on rate limiting efflux sites in the cell membrane. Coburn et
al. (1976) have proposed the existence of an oxygen sensing
system in smooth muscle and this may also be present in the

myocardium.

There are many possible mechanisms whereby a rise in extra-
cellular potassium could participate in arrhythmogeneSiS In-
creasing extracellular potassium causes the resting transmembrane
potential to fall (less negative). Under such conditions cells
may be depolarized to such an extent that the rapid sodium current
is depressed or inactivated;this, plus the activation of slow
calcium dependent action potential could lead to slow conductions
and re-entry (Shigenobu et al., 1972). Because of their slow
rate of propagation calcium dependent action potentials have
been implicated in the gene€sis of propagated responses and re—
entry type arrhythmias. Increases in potassium outward currents

shorten action potential duration (Vleugels et al., 1980).

The elevated concentration of potassium within the ischaemie
region and the resulting potassium gradient at the ischaemic-~
normal boundary produce two effects that apparently summate
to genéréte‘ectopic impulses:-

a) some boundary cells certainly are exposed to potassium



concentrations within the range that increase excitability
to electrical stimulation, and
b) the injury potassium potential produces currents which
circulate within this narrow range that contain the hyper-
excitzble cells as reviewed by Harris (1966).
Injection of potassium locally into a coronary artery produces
ectopic activity and fibrillation (Harris et al., 1954). Further
evidence in support of the concept that release of potassium
in a local region of myocardium induces ectopic activity and
ventricular fibrillation was provided by the findings of Hano
and Harris (1963). They found that injection into a coronary
artery of octylamine, a potassium releasing agent, is followed
by ventricular ectopic activity while generalized global hyper-
kalaemia produced by the slow intravenous infusion of potassium
chloride did not produce ectopic ventricular arrhythmias (Winkler
et al., 1938). Reduction of plasma potassium in the rat by
furosemide from 3.58 to 2.8 mmol/litre significantly increased
ventricular fibrillation incidence following coronary artery

ligation (Abrahamsson and Almgren, 1981).

Decreased potassium loss from hearts has been associated
with the antiarrhythmic actions of procaineamide, glucose/insulin

and lidocaine (Opie et al., 1979).

It has been reported that increases in extracellular potassium
concentration abolish arrhythmias induced by strophanthidin
in Purkinje fibres (Lin and Vassalle, 1980), while potassium
reduces fheAincidence and delays the onset of ventricular fibril-

lation produced by coronary ligation and reperfusion in the



isolated rat heart (Lubbe et al., 1978).

Experiments described in the present thesis were designed
to examine the protective role of potassium in coronary artery
ligation arrhythmias in the isolated rat heart. The effects of
rubidium which is physiologically handled ‘in the same way as
potassium and which counteracts glycoside induced arrhythmias
in vivo (Osman et al., 1976) and abolishes arrhythmias induced
by strophanthidin in Purkinjefibres (Lin and Vassalle, 1980)

has also been studied.

Calcium status

Human plasma calcium concentration is closely regulated
within the normal values of 2.1 to 2.7 mmole/litre. One half
of this plasma calcium is in NQONionized complexes. Calcium
is essential for the excitability of nerve and muscle membranes,
for the release of neurohumoral transmitters, for blood coagulation
and for bone formation. Thus, it is important that the concen-
tration of calcium in the plasma is kept within the above
mentioned limits. Plasma calcium levels are regulated by parathyroid
hormone and vitamin D which act synergestically to raise plasma
calcium whereas calcitonin acts under certain conditions to lower

it.

Some calcium, which is important in myocardial contractile
control, is bound to the sarcolemma. Upon excitation this calcium
enters the myocytes via the slow calcium channels and sodium/
calcium exchange (Langer, 1984); and is believed to trigger
release of large amounts of calcium from stores within the

sarcoplasmic reticulum resulting in a rise in intracellular free



calcium to levels adequate for contraction of the myofilaments
(Fabiato, 1981). During diastole some of this free calcium is

sequestered in the sarcoplasmic reticulum, while the remainder
is removed via sodium/calcium exchange and by a calcium ATPase

to the extracellular space.

Many models of arrhythmias involve increasing intracellular
free calcium. Administration of large doses of calcium induce
fibrillation and this has been used as a method for evaluating
potential antiarrhythmic drugs. The toxin aconitine produces
arrhythmias by preventing closure of voltage-dependent fast sodium
channels. Cardiac glycosides cause abnormal sodium accumulation
by inhibiting sodium - potassium ATPase, This increased
intracellular sodium depresses sodium dependent calcium extrusion
and leads to calcium accumulation (Cranefield, 1977), while
reducing serum ionized calcium by the addition of citrate has
an antiarrhythmic action in dogs (Clusin et al., 1982a). Doubling
the extracellular calcium concentration and halving extracellular
sodium concentration causes fibrillation in vitro (Woodward,
1981), while drugs enhancing calcium influx such as adrenaline

cause fibrillation (Clusin et al., 1982).

Despite this indirect evidence for the involvement of calcium
in arrhythmogensis no increase in calcium uptake during the
first 60 minutes of anoxia in the arterially perfused inter-
ventricular septum of the rabbit has been demonstrated
(Poole-Wilson et al., 1982). 1In contrast earlier experiments
performed‘in Langendorff perfused hearts of the rabbit have
shown a substantial increase in calcium uptake within 15 minutes

of hypoxia (Nayler et al., 1976). Variations in temperature and



10.

heart rate might account for this discrepancy (Poole-Wilson
group paced the septum at 74'b/m temperature 32°C, while the

Nayler group perfused the hearts at 37°C).

Interpretation of these results is made more difficult by
the fact that a deleterious accumulation of calcium in ultra-
structures, such as the mitochondria, could occur without any
change in sarcolemmal calcium permeability (Nakanishi et al.,
1982) suggesting calcium redistribution rather than gain as the
most detrimental factor during anoxia and ischaemia. It is
also possible that the techniques available to date are not sensitive
enough to measure minute changes in intracellular calcium during

regional and global ischaemia.

Calcium is known primarily to mediate the voltage and time
dependent slow current (Reuter, 1967). This current is activated
during the plateau phase in the Purkinje fibres and during

phase O in the SA and AV nodes.

During ischaemia the rise of extracellular potassium causes
membrane depolarization. Under such conditions cells may be
depolarized to such an extent that the rapid sodium current is
inactivated leaving the way open for the activation and
propagation of the slow calcium current by released catecholamines
(Shigenobu et al., 1972). These slow responses are characterized
by a slow upstroke velocity, delayed recovery of excitability
and slow propagation which can lead to re-entry (Cranefield
and Héffmén, 1972). Action potentials showing slow response
activity have in fact been recorded from partially depolarized

cells adjacent to the infarcted tissue (Myerburg et al., 1977)
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Nonetheless, it is still questionable whether these are calcium
action potentials or depressed fast action potentials. Hypoxia,
ischaemia, acidosis and low ATP levels encountered during ischaemia

tend to suppress the slow inward current (Sperelakis, 1984).

There are three proposed mechanisms whereby calcium causes
arrhythmias: -

1. Reduced oxygen availability during ischaemia leads to
failure of calcium homeostasis and raised cytosolic calcium.
This in turn leads to activation of calcium dependent lipases and
ATPases leading to mitochondrial calcium overload. Mito-
chondrial ATP production is inversely proportional to calcium
content. This may result in rhythm disturbance and loss of
function and structure (Nayler, 1981).

2. Calcium mediates oscillatory afterpotentials, aftercontractions,
and abnormal automaticity in calcium overloaded cells, these
can lead to fibrillation when calcium overload becomes severe
(Clusin et aql., 1982).

3. Rises in cytosolic calcium increases gap junctional resistance
leading to cell decoupling, conduction block and arrhythmias

(De Mello, 1982).

The protective action of the calcium slow channel blocking
drugs against arrhythmias is also controversial. Pretreatment
of dogs with verapamil dramatically suppressed ischaemic
ventricular fibrillation (Kaumann and Aramendia, 1968) while
diltiazem has been reported to prolong ventricular fibrillation
latency in the ischaemic dog heart (Clusin et al., 1982a).

Nifedipine reduced the number of arrhythmias following coronary
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artery occlusion in the dog (Coker and Parratt, 1983a). In
conscious rats verapamil reduced arrhythmias dose dependently
(Curtis et al., 1984). In contrast to these findings, verapamil
has been reported to increase the incidence of mortality due to
arrhythmias in the anaesthetised rats (Kane et al., 1979; Clark
et al.,, 1980). In conscious dogs diltiazem failed to protect
against arrhythmias induced by coronary ligation and programmed
electrical stimulation (Patterson et al., 1983) and in electri-
cally stimulated anaesthetised dogs (Patterson et al., 1983)

diltiazem was also shown to be inactive.

There are several criticisms regarding the above mentioned
experiments:-
1. The variety of models used make it difficult to determine
whether a drug is effective or not.
2. Most workers have used a single or few doses of drugs,
whereas it is well known that some calcium antagonists possess
a bell-shaped dose response curve (Hearse et aql., 1980; Nayler

and Sturrock, 1984).

Protection provided by calcium antagonists in some models
does not entirely implicate calcium as a mediator of arrhythmias.
Some calcium antagonists possess membrane stabilizing and a
receptor blocking action which could be protective (Muller et
al., 1982; Bayer et al., 1975). Calcium antagonists also
increase collateral blood flow to the ischaemic region (Henry
et al,,_1978) and preserve ATP stores by reducing myocardial
oxygen demand (Smith et al., 1975). Some of the antiarrhythmic

effects described above may be the result of an antiischaemic
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action rather than a direct antiarrhythmic action.
Experiments in the present thesis have been designed to
investigate the role of calcium, calcium antagonists and pacing
on ligation induced arrhythmias in the isolated rat heart which

is devoid of peripheral haemodynamic complications.

Calcium paradox

Zimmerman and Hulsman (1966) reported that perfusion of
rat hearts with calcium-free media for very short periods of
time, creates a situation such that upon readmission of calcium
there is massive tissue disruption, enzyme release and the
development of contracture. This phenomenon has been called the
"calcium paradox" and its damaging effects have been attributed
to sudden transmembrane fluxes of calcium. The clinical
importance of the calcium paradox lies in the use of calcium-
free cardioplegic solutions to arrest the heart and to protect
it from undesirable ischaemic injury during open-heart surgery
(Kirsch et al., 1972). Intracellular calcium overload and
deficiency have been implicated in thegenesis of myocardial
failure (Dhalla, 1976). It has been suggested that perfusion
of isolated rat hearts with calcium-free media is an appropriate
model for studying the effects of intracellular calcium
deficiency, whereas reperfusion with normal media of calcium
deprived hearts is suitable for investigating the effects of
intracellular calcium overload (Yates and Dhalla, 1975). The
occurrence of the calcium paradox is not restricted to the rat
heart. It has been demonstrated with hearts of several mammalian
species (Hearse et aql., 1978). This makes it likely that human
hearts will be susceptible to calcium withdrawal and subsequent

admission in a similar way.
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There are several indices used for evaluating the magnitude
of the calcium paradox and the effectiveness of proposed protective
procedures. In this thesis rubidium efflux is suggested as an
alternative index for evaluation of the extent of damage during

the calcium paradox.

Magnesium status

The rat ventricle contains 17.3 % 0.2 mM/kg of magnesium
distributed in the mitochondria, myofibrils and complexed to AMP,
ADP and ATP (Page and Polimeni, 1973). Magnesium ATP is a
substrate for different ATPase enzymes. Attachment of actin
and myosin filaments of cardiac muscle through cross bridges
to generate the contractile process requires energy which is.
provided by hydrolysis of the magnesium ATP complex. Magnesium
reduces the movement of extracellular calcium into the rat
myocardial cell by a competitive process localized at the
sarcolemmal membrane (Shine and Douglas, 1974). Changes in
extracellular magnesium concentration appear to have little
effect on the action potential of cardiac cells. (Shine et al.,
1979), unless. calcium is reduced or potassium is increased.
Magnesium 10 - 20 mM reduced potassium efflux and sodium influx
(Shine et al., 1979). Human normal plasma magnesium falls

within the range of 0.83 - 0.89 mM/litre (Nordin, 1976).

Magnesium loss from human myocardium has been demonstrated
after ischaemic myocardial injury and it has been suggested
that a relationship between this loss and sudden death may
exist (Johnson et al., 1979). A higher incidence of sudden
death due to ischaemic heart disease has also been noted in

cities with soft drinking water which is low in magnesium and
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calcium (Anderson et agl., 1975). In support of this interpretation
some workers have claimed that serum magnesium is decreased

in acute ischaemic heart disease and that myocardial tissue

is deficient in magnesium in victims of fatal myocardial infarction
(Johnson et al., 1979; Iseri et al., 1975; Dychner and

Wester , 1980). Hypomagnesaemia can potentiate the contractile
activity of a variety of neurohumoral substances and induce
vasospasm. Hypermagnesaemia has the reverse action, i.e.

it induces hyporeactivity, relaxation and vasodilation (Altura

et al., 1981). A number of disease states (e.g. alcoholism,
atherosclerosis, eclampsia, diabetes mellitis, essential and

renal hypertension) which result in elevation of blood pressure

are often associated with decreased levels of magnesium (Johnson

et al., 1979; Szelenyi , 1973). Patients with deficiency

in both potassium and magnesium were shown to be refractory

to potassium repletion unless extracellular magnesium was corrected

(Dyckner and Wester , 1980).

Despite the evidence that links magnesium deficiency
and cardiac arrhythmias there are several criticisms of this
hypothesis;
1. Moderate deficiency of extracellular magnesium failed
to induce vasoconstriction in bovine coronary artery
or sensitize it to agonist responses (Kalsner, 1983).
It is therefore unlikely that ischaemia is due to hypo-
magnesaemia induced coronary spasm.
2. Magnesium levels occasionally reported in human heart
diéeaée (Iseri et al., 1975) are marginally subnormal

and cannot be linked to marked changes in vascular dynamics.
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3. Hankin et al. (1970) have reported that the major dietary
source of magnesium is food, and only a small amount,
at most 12%, comes from water. They noted that residence
in hard water areas did not ensure an intake of only
hard water since approximately half of the studied subjects
drank softened or treated water at home. Therefore variations
in the magnesium content of drinking water are probably
not sufficient to explain regional differences in cardio-
vascular mortality.

4. The reported marginal decrease of plasma magnesium in
infarct patients could be a consequence of the infarct
rather than its cause (Seelig and Heggtveit, 1974).

5. Treatment of some arrhythmias in certain clinical cases
by infusion of magnesium (Johnson et al., 1979; Iseri
et al., 1975) could be due to reduction of peripheral
resistance and hence myocardial work rather than to a
direct effect on the myocardium.

6. Arrhythmias associated with magnesium deficiency reported
by Iseri et al. (1975) were also associated with possible
digitalis toxicity. Therefore the role of hypomagnesaemia

in this study is questionable.

In this thesis experiments have been carried out to determine
whether magnesium perfused at different concentrations possess
antiarrhythmic actions in the isolated coronary ligated rat’
model. The effects of magnesium on 86Rb+efflux have also been

studied.
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Prostaglandins

Prostaglandins are oxygenated derivatives of polyunsaturated
fatty acids such as dihomo-y-linolenic acid, arachidonic acid
and eicosapentaenoic acid. These three fatty acids give rise
to the prostaglandins of 1,2 and 3 series respectively. The
most common of these prostaglandin precursors is arachidonic
acid. Arachidonic acid is almost entirely bound to phospholipids.
Thus formation of prostaglandins must be preceded by activation
of phospholipases which release bound fatty acids. Free arachidonic
acid immediately enters one of several pathways and undergoes
(1) enzymatic conversion by cycloxygenase to endoperoxide inter-
mediates; (2) enzymatic conversion by lipoxygenases to hydroperoxy
acid; (3) enzymatic reacylation into phospholipids; (4) non enzymatic

binding to plasma albumin. Cyclic endoperoxides (PGG. and PGH2)

2

formed by cycloxygenase decompose spontaneously to a mixture of

PGE2 and PGD2 (Hamberg and Fredholm, 1976). The endoperoxides are

converted by thromboxane synthetase to thromboxane A2 which contracts
isolated blood vessels and aggregates platelet (Christ and Van Dorp,
1972) or by prostacyclin synthetase to prostacyclin which rélaxes
most blood vessels and inhibits platelet aggregation. In the endo-
thelial or smooth muscle layers of vessel wall, arachidonic acid

is preferentially converted to prostacyclin. In contrast, in blood
platelet arachidonic acid is preferentially converted to thromboxane
A2. Both prostacyclin and thromboxane A2 are unstable under

physiological conditions and decompose into 6—keto—PGF1u and

thromboxane B2 respectively. Lipoxygenase converts arachidonic
acid to hydroperoxy acid intermediates which form hydroxyacids or

leukotrienes. Leukotrienes exhibit a number of biological effects

such as contraction of bronchial smooth muscles,stimulation of
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vascular permeability, and attraction and activation of leukocytes

(for review see Hammerstrom, S., 1983).

Prostaglandin production is stimulated by ischaemia
(Needleman, 1978). Release of different prostaglandins during the
development of arrhythmias has been shown by different investigators
(for review see Coker, 1982) and prostacyclin is the major
prostaglandin released from the isolated perfused rat heart (De
Deckere e? al., 1977). The effects of different exogenous prosta-
glandins have produced conflicting reports onarrhythmias produced
in several models (for review see Coker, 1982). The variety
of models used make it difficult to determine whether a certain

prostaglandin is effective or not.

A balance in favour of thromboxane rélease is associated
with the occurrence of a greater number of arrhythmias in coronary
artery ligated greyhounds whereas fewer arrhythmias occur when the
balance is in favour of prostacyclin release (Coker et al., 1981).
Dazoxiben (UK-37, 248) and UK38,485, thromboxane A2 synthetase
inhibitors, reduced the number of extrasystoles that occurred
during the first 30 minutes of coronary occlusion and increased
survival following coronary artery reperfusion in the dog (Coker
et al., 1982; Coker, 1984). Prostacyclin and zK 36374, a stable
prostacyclin analogue, administered intracoronary reduced the
number of extrasystoles occurring during the first 30 minutes
of occlusion and the incidence of ventricular fibrillation during
reperfusion in anaesthetised greyhounds whereas intravenous admini-
stration 6f Both drugs exacerbated arrhythmias (Coker and Parratt,

1983). This detrimental effect was attributed to reflex increase
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in sympathetic drive initiated by systemic hypotension induced by

these drugs.

Prostacyclin prevented ischaemia-induced increases in lactate
and cyclic AMP in the myocardium (Rosen et al., 1981) and reduced
the increase in extracellular potassium in ischaemic pig hearts
(Hirche, 1982).

In rat hearts LTCA, LTD, and LTE4 caused a reduction in

4
coronary flow and spontaneous heart rate but LTB4 had no effect

on these parameters (Piper, 1983). The effects of these leukotrienes

on arrhythmias are not known.

All the experiments described above have used in vivo models.
In the present thesis experiments have been carried out using an
in vitro model where there are no platelets. In addition, coronary
flow has been controlled thus avoiding problems of interpretation
when vasodilator drugs are used although redistribution of coronary

flow could still occur.

Phospholipids

Cell membranes have an identical subunit molecular structure
consisting of a bilayer of mixed polar lipids (phospholipids with
hydrocarbon chains (hydrophobic) oriented toQard the centre of the
membrane forming a continuous hydrophobic phase). The hydrophilic
moieties of the lipids oriented toward the cytoplasm in one
direction and toward the cell exterior in the other direction,
with eaéh-su}face of the membrane covered by a layer of protein

(Robertson, 1959). These phospholipids are essential for the activity
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of membrane bound enzymes such as Na+/K+ ATPase, adenylate cyclase
and calcium ATP ase (Weglicki, 1980). Hydrolysis of these phospho-
lipids by phospholipase reduces the activity of these enzymes
indicating particular sensitivity of membrane transport to the
activity of phospholipases. The organisation of membrane phospho-
lipids appears to determine the relative membrane permeability

to ions, maintenance of membrane resistance, resting membrane
potential and generation of the cardiac action potential (Corr

and Sobel, 1982). The polar headgroups of membrane phospholipids
are important determinants of the electrophysiological properties
of membranes (De Mello, 1982). Treatment of excitable tissue with
phospholipase C, which hydrolyses the ester bond between glycerol
and the phosphate group and removes the polar group of the phospho-
lipid, abolishes membrane potentials in nerve and skeletal muscle.

Metabolism of phospholipids is shown in Figure 1.1.

Phospholipase Al and A2 can be classified into membrane-
bound and soluble forms. Enzymes of the former group are strongly
bound to the plasma, Golgi or mitochondrial membranes. They generally
require the presence of calcium ions for optimal catalytic activity
and usually have neutral pH optimum. Soluble phospholipase Al

and A2 have been isolated from lysosomes. These enzymes usually

have acidic pH optimum and no requirement for calcium.

Altered phéspholipid metabolism is implicated as a contri-
butory factor in membrane dysfunction, electrophysiological de-
rangements, malignant arrhythmias and cellular injury in ischaemic
myocardiﬁﬁ. Accumulation of lysophospholipids in ischaemic hearts

of several mammalian species has been reported by many investigators
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(Sobel et al., 1978; Chien et al., 1981; Corr et al.,1982;

Steenbergen and Jennings, 1984).

Accumulation of lysophospholipids as a result of the action
of endogenous phospholipases will occur if the rate of diacyl
phospholipid hydrolysis exceeds the combined rates of (1) hydrolysis
of lysophospholipids by lysophospholipases and (2) reacylation
of lysophosphatides and removal of lysophospholipids from membranes
by binding to albumin, which has a high affinity for these amphi-
philic compounds (Fiehn and Hasselbach, 1970). Activity of phospho-

lipase A, is enhanced by B adrenergic stimulation as reviewed by

2
Copr and Sobel (1982), bradykinin and ischaemia (Needleman, 1978).

Most of the processes which would diminish lysophospholipid
accumulation are impaired during ischaemia. Microsomal lysophospho-
lipase activity in normal myocardium is inhibited by a reduction
of pH to 6.5 (Gross and Sobel, 1982). Acylation of lysophospholipids
to phospholipids is inhibited by both acyl carnitine and glycero-
phosphoryl choline, both of which are known to accumulate during
ischaemia (Gross and Sobel, 1982a). Lee and Sobel (1981) using
radiolabelled phospholipid substrate failed to detect an increase
in the activity of rabbit microsomal and mitochondrial phospho-
lipase A2 in the ischaemic hearts and in hearts stimulated with
modulators of phospholipase A2 including bradykinin, noradrenaline
and adrenaline. They proposed that reacylation and breakdown of
lysophospholipid was impaired during ischaemia and that this

accounted for the accumulation of lysophosphoglycerides.

Lysophosphatidylcholine in comparable concentrations to
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those found in ischaemic hearts produced several derangements
including decreased resting membrane potential, overshoot of phase
0, maximal velocity of upstroke of phase 0 and action potential
duration in canine Purkinje fibre%(Corr et al., 1979; 1981) and
slow responses (Corr et al.,1982). Susceptibility of isolated
myocytes to attack by phospholipase C is related to both the ATP
content of the cell and its glycolytic activity (Higgins et al.,
1982). Lysophosphatidylcholine potentiates calcium accumulation

in rat cardiac myocytes (Sedlis et al., 1983). It inhibits myo-
cardial Na'/K® ATPase (Karli et dl., 1979) and therefore may
augment the intracellular sodium concentration with the consequent
acceleration of Na+/Ca++ exchange. Furthermore lysophosphatidyl
choline increases the synthesis of cyclic AMP (Ahumada et al.,
1979) which may augment calcium influx via phosphorylation-
dependent calcium channels (Watanabe and Besch, 1974). It can

form ion channels within lipid bilayers (Lee and Chang, 1977)

and these channels may potentially increase both influx and efflux

of calcium across the sarcolemma.

Lysophospholipids are cytolytic (Weltzien, 1979). They
induce their effect by three different mechanisms (Katz,
1982). At low concentrations lysophospholipids are incorporated
into biological membranes. They alter the physical state_of the
membrane bilayer, reducing its susceptibility to osmotic or
mechanical damage and inhibiting functional properties such as

excitability.

At higher concentrations mixed micelles are formed in which

the added lysophosphatidylcholine forms aggregates with lipids
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pulled out of the membrane into the aqueous solution around the
membrane. At still higher concentrations a further loss of membrane
phospholipids and physical disruption of the membrane and loss

of its ability to function as a barrier occur, allowing uncontrolled

calcium entry which leads to cellular death (Sedlis et al., 1983).

The suggested arrhythmogenic role of lysophosphatidylcholine
is met by several criticisms:-

1. In the experiments of electrophysiological effects of
lysophosphatidylcholine, exogenous lysophosphatidylcholine
was applied whereas it is known that the effects of exogenous
lysophosphatidylcholine on tissue is different from the
effects of endogenous lysophosphatidylcholine (Katz,

1982).

2. While 10 minutes of ischaemia is accompanied by an
‘approximately 50% increase in total myocardial lysophosphatides,
a 3.5 fold increase in lysophospholipids levels is observed
in the hibernating ground squirrel and is probably related
to enhanced membrane fluidity that allows cardiac function
to be preserved at temperatures as low as 1°C (Aloia et
al., 1979). This relatively high lysophosphatide content
is also compatible with function at normal body temperature
because hibernating squirrels awaken every 8 to 12
days to experience brief periods of activity at a body

temperature of 37°C.

In this thesis, experiments have been carried out to
investigate the role of lysophospholipids in ligation induced
arrhythmias in the isolated rat heart. This has been approached

by perfusing hearts with lysophosphatidylcholine and by adding
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activators and inhibitors of phospholipase to the perfusate of

coronary ligated hearts.

Free radicals

Molecular oxygen has two unpaired electrons with parallel
electron spin. Most organic compounds that might react with
oxygen contain paired electrons. When reacting with oxygen these
compounds are supposed to insert their paired electrons simultaneously
into a molecule of oxygen, but thislreaction is normally hindered
by the spin restriction of the oxygen electrons. The result of
this restriction is that ordinary molecular oxygen is relatively
non-reactive. Oxygen prefers to accept electrons one at a time.
This results in the formation of reduced oxygen intermediates.
These reduced oxygen intermediates are the free radicals. Generation

of different free radical species is shown in Figure 1.2.

These radicals if produced in living tissue are hazardous,
however the normal defence system of tissues which consists of
enzymes such as superoxide dismutase, catalase and glutathione
peroxidase, and reducing agents such as ascorbic acid, a-tocopherol
and thiol derivatives prevent the detrimental effects of these

radicals.

Biological systems very rarely become anoxic (Hess and
Manson, 1984) and although the rat heart has very little collateral
flow (Schaper, 1984), some oxygen will reach the ischaemic tissue

following coronary artery ligation.

Detailed 7n vitro radiobiological studies have demonstrated
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that free radical reactions occur even at very low oxygen tensions

(83% of maximum rate at PO2 ~ 6 mm Hg and 50% at PO, ~ 1 mm Hg

2
(Hall, . 1973). Rao et al. (1983) found a significant increase

of" free radicals in ischaemic tissue following left anterior descending
coronary artery ligation in the dog and a four fold increase of

free radicals in coronary venous blood within 5 minutes using electron
spin resonance spectrometry. Thus the low oxygen tension in ischaemic
tissue is adequate to support oxygen free radical formation .

During ischaemia the process of oxygen utilization by cytochrome

oxidase is impaired resulting in incomplete reduction of oxygen

and formation of activated oxygen species (Meerson et al., 1982).

The enzyme xanthine oxidase is synthesised as xanthine
dehydrogenase. The dehydrogenase form cannot transfer electrons
to molecular oxygen to form hydrogen peroxide or superoxide. During
ischaemia xanthine dehydrogenase is converted into xanthine oxidase
by the action of a protease enzyme. The latter enzyme is activated
by calcium which is thought to increase within the cell during
ischaemia (Roy and McCord, 1983). The ischaemically induced depletion
of cellular ATP results in an elevated concentration of AMP,
adenosine, inosine and hypoxanthine. The build up of hypoxanthine,
which has been demonstrated in ischaemic tissue by De Wall et al.
(1971) serves as an oxidizable purine substrate for xanthine oxidase.
In the heart the oxidase content was shown to double after 8 minutes of
iéchaemia (ldcCord, 1985). Oxidation of purine substrate by xanthine

oxidase generates superoxide anion and hydrogen peroxide.

Activation of phospholipase during ischaemia leads to activation

of the cycloxygenase pathway. Oxygen free radicals are generated



26.

during the conversion of prostaglandin G, to prostaglandin H2

2
(Kuhel et al., 1980).

Catecholamines autoxidised to adrenochrome can give rise
to catecholamine semiquinones, which can donate electrons to
oxygen and thus generate a superoxide anion radical (Bors et al.,

1978).

The normal defence system of tissues seems to be impaired
during ischaemia. Glutathione peroxidase activity and ascorbic
acid levels fall significantly during ischaemia in the dog (Rao
et al., 1983). Glutathione has been shown to leak from the ischaemic
rat heart (Guarnieri et al., 1979) while a 16 - 18% reduction of
catalase and superoxide dismutase in the rat heart has been

demonstrated by Meerson et al. (1982).

Hydroxyl radicals attack unsaturated fatty acid side chains
of membrane lipids by abstracting hydrogen and leaving a carbon
radical. This radical subsequently rearranges to produce a con-
Jjugated diene and the formation of organic oxygen radicals. These
organic oxygen radicals can abstract hydrogen from additional fatty
acid side chains resulting in a chain reaction and the production
of lipid peroxides. In the presence of metal salts these lipid
peroxides decompose to give alkoxy and péroxy radicals. Increases
in lipid peroxides will result in an increase in membrane fluidity,
increased permeability and loss of membrane integrity (Halliwell

et al., 1982).

Accumulation of lipid hydroperoxides was demonstrated in
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the rat by Meerson et al. (1982), while the antioxidant, butylated
hydroxy toluene, attenuated impairment of left ventricular contractility
in experimental infarction. a-Tocopherol and histidine reduced

the peroxidation of unsaturated lipids in rat heart (Gauduel and
Duvelleroy, 1984). Superoxide dismutase, catalase and indomethacin
attenUadted the depression of calcium uptake and calcium stimulated
magnesium dependent ATPase activity in the canine sarcoplasmic
reticulum induced by activated leukocytes (Rowe et agl., 1983) while
superoxide dismutase reversed the effect of free radicals generated
by a xanthine-xanthine oxidase system and acidosis in dog hearts
(Hess et al., 1984). This suggests that acidosis may contribute

to free radical formation.

Experiments have been carried out to determine whether per-
fusion of the coronary artery ligated rat heart with ascorbic acid,
glutathione, catalase and mannitol has a beneficial effect on the

development of arrhythmiaSs.

1.10 Summary of aims

Aims of this thesis are as follows:-

1. To investigate the effects of potassium on ligation induced
arrhythmias in the isolated rat heart and on the ventricular
fibrillation thresholds.

2. To study the effects of calcium, calcium antagonists and
pacing on ligation induced arrhythmias in the isolated rat
heart.

3. To investigate the effects of magnesium on ligation induced
arrhythmias in the isolated rat heart and on ventricular

fibrillation thresholds.
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To study the role of prostaglandins on ligation induced
arrhythmias in the isolated rat heart.

To investigate the role of phospholipids on ligation induced
arrhythmias in the isolated rat heart.

To study the role of free radicals on ligation induced
arrhythmias in the isolated rat heart.

To test the effect of magnesium on rubidium efflux.

To investigate the effect of fibrillaﬁion induced by changing
the ionic milieu on rubidium efflux.

To study the effect of calcium paradox on rubidium efflux.
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Rat hearts perfused by the Langendorff technique

Male Wistar rats (University of Bath strain) weighing 250 -

4

350 grams were used throughout the study. -

Rats were stunned by a blow on the head. Hearts were exposed,
excised and arrested by ice-cold perfusion media. The aorta was
attached to a stainless steel cannula and perfused at a constant
rate (10 mls/minute) by means of a Watson-Marlow flow inducer

(HR 100).

A fine pin was passed through the apex of the heart and
connected to an isometrictransducer (UF 1) vié a thread, this
was also used to trigger a Devices rate meter (4521). Perfusion
pressure was measured using a Bell and Howell transducer. Lead
IT was used for electrocardiography and this was displayed along
with.the contractility on a Gould digital storage oscilloscope
054000 and recorded on Devices MX 216 recorder. All other recordings
were made on a Devices M 19 recorder. Hearts were made fo beat
against a resting tension of two grams. A diagram of the equipment

is shown in Figure 2.1.

Perfusion media

Initially hearts were perfused with Krebs-~Henseleit buffer

having the following composition (mmol/litre): NaCl 118, NaHCO3

25, KC1 4.7, KH PO4 1.2, MgSO4 1.2, CaCl_, 1.23 and glucose 11.

2 2

It had a pH of 7.4 when gassed with 95% oxygen and 5% carbon
dioxide. During preparation of this solution precautions were
taken to prevent the precipitation of calcium. Perfusion fluid
was pumped through a filter (Whatman No. 1) to prevent small

particles from entering the coronary circulation. Temperature was
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maintained at 37°C by means of a Grant SU5 circulating pump. Both -

temperature and pH were frequently checked.

Induction of ischaemia and arrhythmias

After setting the heart up, a loose ligature was placed
around the main left coronary artery using a curved stainless steel
surgical needle size 6. Five minutes before ligation calcium was
increased to 2.5 mmol/litre and potassium decreased to 2.5 mmol/litre
(by decreasing KCl). Coronary artery ligation was produced by
tightening the ligature and the electrocardiogram was recorded
for 30 minutes following ligation. The protocol of the experiments
is shown in Figure 2.2. Whenever reperfusion of heart was required,
the thread was passed through a fine polythene tube to form a snare
This was then held in place with a small bulldog clip. To reperfuse

the ischaemic tissue the clip was released.

The E.C.G. parameters recorded were the number of premature
ventricular contractions (P¥C's), the incidence, onset and duration of
ventricular tachycardia (V.T.) and incidence, onset and duration
of ventricular fibrillation (V.F.). Premature contractions recorded
during runs of tachycardia were included in the total PVC's

count.

Pacing Langendorff perfused hearts

Hearts were paced with bipolar stimulating electrodes placed
on the metal aortic cannula and on the atrioventricular groove.
The right atrium was removed and hearts were stimulated at rates
between 200 and 450 beats min"l with square wave pulse of 2 mseconds

duration and 10V amplitude, delivered by Grass S48 stimulator via
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Grass SIUSA isolation unit.

Evaluation of ventricular fibrillation thfésholds

Hearts were set up and paced at 300 beats.min-l with bipolar
stimulating electrodes using one channel of a Gr ass 588 two
channel stimulator as described in Section 2.1. The second channel
of the stimulator was synchronized with the first channel and
with a second stimulator (Grass S48). The second stimulator was
used to deliver a train of pulses (2 mseconds pulses every 5
mseconds for 70 mseconds delivered 10 mseconds after the peak
of the R wave) from the S48 with a controlled delay after the
pacing stimulus with the use of the arrhythmic pulse facility
of the S88. Trains were delivered via a Grass S1U5A stimulus
isolation unit to bipolar stimulating electrodes positioned across
the ventricular wall. The positioning of the electrodes and the
use of the isolation units prevented interference of stimulus
with the ECG recording. The second channel of the S88 stimulator
also triggered a single sweep of a Narco TM storage oscilloscope.

Equipment used is shown in Figure 2 .3.

Experimental procedure

After stabilising the heart for 15 minutes an arrhythmic
stimulus was commenced with a stimulus delivered 10 mseconds
after the peak of the R wave. Stimulation was initiated at
1 mA and increased at 20 second intervals in 2 mA increments ﬁntil
ventricular fibrillation was obtained. If fibrillation occurred
the heart was allowed to stabilize for 1 minute before repetition
of the same stimulus. Fibrillation was considered to occur when

a chaotic electrical activity appeared with associated collapse
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of contractility which persisted for 800 mseconds. Ventricular
fibrillation threshold was taken as the current which produced

fibrillation on two successive occasions. -

Determination of 86Rb+ efflux rate constant using liquid

scintillation counting

Construction of quench curve:-

A quench curve was constructed using the external standard
channel ratio. 4 mililitres of scintillation fluid (Opti phase
'Safe') and 0.02 uCi of 86Rb+were added to two mini-vials. To
tubes 2,3,4,5,6,7,8, 9 and 10 were added 20, 40, 60, 80, 100,

120, 140, 160 and 180 ul of CCl4 respectively. Then the volume

was completed to 5 mililitres with distilled water to simulate

the emulS.ion system found in the experimental conditions and the
tubes were capped. The activity in 0.02 uCi of 86Rb+was counted

in terms of dpm and entered in the machine. The samples were then
loaded into the LKB 1215 liquid scintillation counter which had
been programmed to count the samples and to construct automatically
a quench curve. This curve was stored in the counter's memory so

that dpms for all subsequent samples were calculated automatically.
A typical quench curve is shown in Figure 2.4.

86Rb+ loading procedure

The rat heart wasSetupand perfused with Krebs—Henseleit
solution containing calcium 1.2 mM, potassium 2.5 mM unless
otherwise indicated for a control period of 5 minutes. 86Rb+
(0.2uCi/ml) was then added for 10 minutes. 86Rb+ was then washed
out using the above mentioned Krebs' solution. The effluent

collected for the first 14 minutes was discarded, aliquots were

then collected every minute for 15 minutes. The perfusate was
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then switched to the one being studied. One millilitre of perfusate
was added to four millilitres of scintillation fluid (Opti phase
'Safe') and counted in an LKB 1215 scihtiliation couﬁter using

an external standard channel ratio method for 10,000 counts or

10 minutes. At the end of the experiment the heart was blotted
with tissue paper, chopped into small pieces and left to dissolve

in 5 mls of 1N KOH. After 48 hours the dissolved heart was neutfalized
with 5 mls of 1N HCl to prevent chemiluminescence. The decay during
the 48 hours was allowed for. Then one millilitre of the neutralized
material was added to 4 mls of the scintillation cocktail and
counted.

Treatment of 86Rb+ efflux results

The efflux rate constant of 86Rb+ was calculated by dividing

the counts in the perfusate by the number of counts contained

in the hearts during the collection period (Durbin and Jenkinson,

1961).

-1 _ Counts in perfusate
T Tissue counts x collection time (min)

Efflux rate constant min

The mean of the last 5 samples of the control period were compared
with the mean of the last 5 samples of the treatment period. However,
in the early experiments only the percentage increase in 86Rb+

counts were calculated.

Effect of ventricular fibrillation on 86Rb+ efflux

Hearts were set up as in Section 2.1 and perfused with
Krebs-Hens€l€it solution containing potassium 2.5 mM, calcium
1.2 mM. In order to determine if ventricular fibrillation affects
rubidium efflux,hearts were made to fibrillate in the absence

of ligation by the use of arrhythmogenic solutions. The following
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arrhythmogenic solutions were used:-

a) ca't s mM K* 1.2 mM Mgttt 1.2 mM
b) ca't 5 mM Na* 59 mM K' s5.9mM
c) catt 5 mM Mg*t 0 mM K* 2.5 mM

Changes were made by altering KCl concentration. In the case of

59 mM NaCl,sucrose was added to maintain normal osmolarity.

Effect of calcium paradox on 86Rb+ efflux

Hearts were set up as in Séction 2.1 and perfused with
Krebs-Henseleit solution (K* 2.5, ca*™ 1.2 mM). The hearts were
then perfused with calcium free solution for 2, 4, 6, 8 and 10
minutes followed by calcium repletion. Samples of perfusate were
collected every minute for evaluation of 86Rb+ and protein efflux.
Percentage rise in resting tension and recovery of developed tension

were also calculated.

Estimation of protein

Protein was determined by the Lowry method (Lowry et

al., 1951).

The following three stock solutions were prepared:
(1) 5% CuS0,.5H,0
(2) 10% NaK tartarate
(3) 2% Na,CO, in 0.1 N NaOH.

Solution A was prepared by adding 1 ml of the 5% CuSO4.5H2O
and 1 ml of 10% NaK tartarate to 8 mls water.
Solution B was prepared by adding 1 ml of solution A to 50 mls

of 2% Na2003 in 0.1 N NaOH. Folin Ciocalteau reagent (phenol)

was diluted 1 in 1 with water just before use.
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A standard curve was constructed using 10 - 200 pg bovine serum
albumin (Figure 2.5).
Procedure

0.5 ml samples were added to solution B and left for 10
min at room temperature. Then 0.5 ml of Folin Ciocalteau reagent
was added, mixed and read at 610 nm after 30 minutes using a

spectrophotometer.

2.12 Determination of dry weight/wet weight ratio

In experiments where protein estimation was performed,
hearts were blotted with tissue paper and wet weight was determined.
Hearts were then left overnight in a hot oven (100°C). The next
day hearts were cooled to room temperature and weighed to determine

the dry weight/wet weight ratio.

2.13 Statistical analysis

Results are expressed as the mean * standard error of mean.

Paired and unpaired t-test were used as appropriate.

Assessment of the data relating to premature ventriCUlar
contractions during occlusion was by Wilcoxon's rank sum test
for unpaired data. Statistical differences between incidences
of ventricular tachycardia and ventricular fibrillation were
assessed by Chi-Squared analysis. Regression lines were fitted
by least squares analysis. P < 0.05 was considered to be signi-

ficantly different from the appropriate control.

2.14 Drugs used




Drug Manufacturer

Adenosine Sigma
Adrenaline " BDH '
Arachidonic acid BDH
Ascorbic acid BDH
Aspirin Sigma
Atropine Sigma

BW 755C Wellcome
Carbachol BDH
Catalase Sigma
Dazoxiben Pfizer
Diltiazem Pfizer
Eicosatetraynoic acid Roche
Glutathione Sigma
Indomethacin MSD
Lysophosphatidylcholine Sigma
Man nitol | BDH
Mepacrine Sigma
Nafaztrom Bayer
N-butyl imidazole : Koch Light Laboratories
Ouabain BDH
86RbCl Amersham
Verapamil Abbot

ZK 36374 ) Schering
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CHAPTER 3
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In this chapter the effects of perfusate potassium, calcium
and magnesium on ligation induced arrhythmias in the isolated rat
heart are described. The effects of these ions on the haemodynamics
of the perfused heart are also considered. Inhibition of Na+—K+
ATPase with ouabain and the use of drugs that shorten action potential
duration (carbachol and adrenaline) are used to investigate the
mechanism of action of potassium on ligation induced arrhythmias.
The effects of potassium and magnesium on veNtricular fibrillation

thresholds are also described.

3.1 Coronary ligation induced arrhythmias

Hearts were initially stabilised in modified Krebs-Henseleit
solution containing 1.2 mM calcium and 5.9 mM potassium. Five minutes
prior to ligation the ionic milieu was adjusted according to the

required experimental conditions.

The criteria for a successful ligation were an increase in
perfusion pressure (P.P.), a decrease in developed tension (D.T.),
a rise in resting tension (R.T.) and discolouration of the ischaemic
area on the left ventricle. A typical example is shown in Figure

3.1.

Ventricular tachycardia was diagnosed if more than four or
more consecutive morphologically similar ventricular extrasystoles
occurred. Fibrillation was diagnosed if chaotic fractionated irreg-

ularities persisted for more than two seconds (Figure 3.2).
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3.2 Effects of potassium on ligation induced arrhythmias

Potassium experiments were performed in the presence of 2.5 mM
calcium. Potassium 1.2 - 10 mM induced a.coﬁcéntration éependent
reduction in the incidence (P < 0.05, r = 0.957) and duration:

(P < 0.02, r = 0.877) of ventricular fibrillation (Figure 3.3).
Potassium also delayed the onset of fibrillation (r = 0.955, P <

0.01) in those hearts that developed this type of arrhythmia

(Figure 3.4).

Potassium within the concentration range of 1.2 to 5.9 mM
had no substantial effect on the number of premature contractions
or on the incidence and duration of ventricular tachycardia, but
at a concentration of 10 mM it significantly reduced all of these

arrhythmias (Figure 3.3).

The major haemodynamic effect of potassium was to produce
a concentration dependent vasodilation (P < 0.01, r = -0.945) (Figure
3.5). at the concentrations used, potassium had no significant

effect on developed tension or heart rate.

3.3 Effects of postligation administration of potassium on ligation

induced arrhythmias

In the clinical situation drugs are usually applied after
infarction has taken place. This experiment was carried out to
test if postligation administration of potassium was beneficial.
Postligation administration of 10 mM potassium significantly (P <
0.05) reduced the incidence and duration of ventricular fibrillation

(Figure 3.86).



46.

3.4 Effects of replacing potassium with rubidium on ligation

induced arrhythmias

4,7 mM rubidium in the presence of i.Z.mM potassiuﬁ significantly
reduced the incidence and duration of ventricular fibrillation.
There was no significant difference between the antiarrhythmic
effects elicited by this combination of rubidium and potassium and

the effect of 5.9 mM potassium (Figure 3.6).

3.5 Effects of ouabain on ligation induced arrhythmias

It is possible that potassium exerts its antiarrhythmic effects
by stimulating the sodium potassium pump. This experiment was carried
out to test whether inhibition of this pump can aggravate arrhythmias.

S and 5 x 10—5M) had no effect on ligation induced

Ouabain (10~
arrhythmias (n = 9). At these concentrations ouabain did not
significantly alter heart rate, perfusion pressure or developed
tension. Increasing the ouabain concentration to lO_4 M caused

the resting tension to rise, but the developed tension was not

increased.

3.6 Effects of carbachol on ligation induced arrhythmias

Accumulation of extracellular potassium in the ischaemic region
would be expected to shorten action potential duration in that
area. This would elicit an inhomogeneity in action potential
duration between the ischaemic and non-ischaemic regions which
may result in electrophysiological derrangements. It is possible
that potassium exerts its antiarrhythmic effects by producing
shortening of action potential duration in the non-ischaemic region

thus reducing the heterogeneity between the ischaemic and non-ischaemic
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region. Carbachol, which shortens the action potential duration
by increasing potassium efflux, was used to see if by shortening
the action potential duration a similar protective effect could
be obtained to that seen with potassium.

Carbachol (10‘6

M) did not alter any measured parameter of
coronary ligation induced arrhythmias, however it did significantly
reduce heart rate from 230 * 18 to 105 * 17 beats/minute (n = 5)
(P < 0.05) and increased perfusion pressure from 53 * 4 to 93 *
9 mm Hg (P < 0.05). To counteract any possible protective effect
which might be elicited by low heart rate, carbachol treated hearts

were paced at the initial heart rate 10 minutes before ligation

(stimulus parameters were 6V, 2 mseconds duration).

3.7 Effects of adrenaline on corconary ligation induced arrhythmias

This experiment was carried out to test whether inducing
homogenous shortening of action potential duration with adrenaline
could produce an antiarrhythmic effect similar to potassium.

Adrenaline (10.'7 M) did not signficiantly alter any measured arrhythmia
parameter,al though there was a tendency for the incidence and duration
of ventricular fibrillation to increase. Perfusion pressure was
significantly decreased from 56 * 4 to 43 *+ 1 mm Hg (P < 0.05)

(n = 5) and the heart rate was significnatly (P < 0.05) increased

from 213 £ 18 to 280 % 11 beats/minute following the addition of

adrenaline.

3.8 Effects of calcium on coronary ligation induced arrhythmias

These experiments were done to investigate the role of calcium

on coronary ligation induced arrhythmias. Different concentrations



of calcium were perfused to test whether low extracellular calcium
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can protect against these arrhythmias. In these experiments a potassium

concentration of 2.5 mM was used. 0.61, 1.23 and 2.5 mM calcium

did not significantly alter the incidence or duration of ventricular
fibrillation (Figure 3.7), however, decreasing extracellular calcium
did delay the onset of ventricular fibrillation (r = -0.999, P<

0.05) (Figure 3.8). 0.6 mM calcium significantly (P < 0.05) reduced
the number of premature ventiruclar contractions (Figure 3.7) and
delayed the time required to reach maximum instability after coronary

ligation from 12 to 20 minutes (Figure 3.9).

3.9 Effects of verapamil on coronary ligation induced arrhythmias

Verapamil was used to test whether blocking the slow calcium
channels was protective against ligation induced arrhythmias.

8, 5 x 10—8 and 10'-7 M) perfused for 15 minutes

Verapamil (10~
prior toligation and during ligation failed to exert any protective
effect on arrhythmias although with 5 x 10—8 M (n = 15) there was
a tendency for the incidence of ventricular fibrillation to decrease.
5 x 107° verapamil significantly (P < 0.01) reduced developed tension
from 9.4 £ 1 to 6.5 * 0.8 grams while 1077 M verapamil (n = 11)
significantly reduced (P < 0.01) both developed tension from.

8.4 * 0.7 to 4.6 £ 0.5 grams and perfusion pressure from 87 % 10

to 63 £ 7 mm Hg. At these concentrations of verapamil there was

no significant effect on heart rate.

3.10 Effects of diltiazem on coronary ligation induced arrhythmias

-7 R C o
10 M diltiazem had no significant effect on the incidence

and duration of ventricular fibrillation, however increasing the
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concentration to lO“6 M significantly (P < 0.05) reduced the incidence
and duration of ventricular fibrillation (Figure 3.10). Diltiazem
induced a concentration dependent reduction of developed tension,
perfusion pressure and heart rate. The effects of verapamil and
diltiazem on perfusion pressure, developed tension and heart rate

are shown in Figure 3.11. Unlike low calcium,neither drug affected

the onset of ventricular fibrillation.

Pacing of hearts at 300 beats/minute reversed the protective

6

effect of 10~ M diltiazem (Figure 3.10). Diltiazem solvent, ethanol,

was used as a control.

3.11Effects of electrical pacing on coronary artery ligation arrhythmias

Pacing of hearts at 200, 250, 300, 350 and 450 beats/minute
did not have any significant effect on the incidence of ventricular
fibrillation, however there was a significant (P < 0.05) negative
correlation between heart rate and onset of ventricular fibrillation

(r = -0.924) (Figure 3.12).

3.12 Effects of magnesium on ligation induced arrhythmias

Perfusion of hearts with 0.6, 1.2. 2.4 and 3.6 mM magnesium
did not affect the incidence or duration of ventricular fibrillation,
but 4.8 mM magnesium significently (P < 0.05) reduced both the
incidence and duration of ventricular fibrillation. 4.8 mM magnesium
produced 31% reduction in heart rate from 245 + 11 to 169%76 bpm
which could contribute to its antiarrhythmic action. This is
supported by the fact that pacing hearts at 300 beats/minute

reversed the protective effect of 4.8 mM magnesium (Figure 3.13).
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Magnesium also produced a concentration dependent reduction in

developed tension and perfusion pressure.

3.13 Effects of magnesium and potassium. on ventricular fibrillation

thresholds

Electrically induced fibrillation causes an increase in the
resting tension and irregularities in the electrocardiogram. A
typical example of electrically induced ventricular fibrillation

is shown in Figure 3.14.

Perfusion with magnesium (0.6 - 4.8 mM) did not induce any
significant effect on ventricular fibrillation thresholds. On the
other hand, potassium 5.9 mM significantly (P < 0.0l1) increased
the ventricular fibrillation threshold when compared with 2.5 mM

potassium (Figure 3.15).



ligation

Figure 3.1. An example of an experiment in which the criteria
for a successful ligation were satisfied. Note
the increase in perfusion pressure (P.P.), rise
in resting tension and the decrease in

developed tension (D.T.) occurring on ligation.
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Figure 3.2.

3VCs VT VF

An example of an experiment in which

premature ventricular contractions

(P.V.C.s), tachycardia (V.T.) and

fibrillation (V.F.) occurred

following coronary artery ligation.
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Figure 3.3.

Effects of potassium on coronary artery ligation

arrhythmias in the rat heart in vitro

-(a) Duration of ventricular fibrillation (sec)

{b) Percentage incidence of ventricular fibrillation,
(c) Duration of ventricular tachycardia (sec)
(d) Percentage incidence of ventricular tachycardia,
(e) Premature ventricular contractions/30 min

[)compared with 2.5 mM potassium.
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Figure 3.5.

Relationship between perfusate potassium concentration and
percentage increase in perfusion pressure (PP) before
coronary ligation from control potassium level of
5.9 mM. Perfusion pressure at 5.9 mM potassium was

61 + 1, n = 68.



Figure 3.6.

Effects of 10 mM potassium given immediately after coronary

artery ligation and 4.7 mM rubidium + 1.2 mM potassium given

before ligation on coronary artery ligation arrhythmias in

the rat in vitro.

(a)
(b)
(c)
(d)
(e)

Duration of ventricular fibrillation (sec)
Percentage incidence of ventricular fibrillation
Duration of ventricular tachycardia (sec)
Percentage incidence of ventricular tachycardia
Premature ventricular contractions/ 30 min,

Control potassium was 2.5 mM.
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Figure 3.7 Effects of calcium concentration on coronary artery
ligation induced arrhythmias
(a) Duration of ventricular fibrillation (sec)
(b) Percentage incidence of ventricular fibrillation
(c) Duration of ventricular tachycardia (sec)
(d) Percentage incidence of ventricular tachycardia

(e) Premature ventricular contraction/3c min.

*P < 0.05 compared with 2.5 mM calcium and 2.5 mM

potassium.
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Figure 3.8 Effects of calcium concentration on the onset of

ventricular fibrillation following coronary artery

ligation.
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Time course of the occurrence of premature ventricular
contractions during coronary artery ligation in the
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Note the delay in the peak elicited by reducing

extracellular calcium to 0.6 mM.



Figure 3.10. Effects of diltiazem concentration of the perfusate during
coronary artery ligation on:
(a) Duration of ventricular fibrillation in seconds
(b) Percentage incidence of ventricular fibrillation
(¢c) Duration of ventricular tachycardia in seconds
(d) Percentage incidence of ventricular tachycardia
(e) Premature ventricular contractions/30 minutes
Note the reversal of the protective effect, elicited
by 1078 M diltiazem by pacing the hearts to 300 beats/

minute. Control was 0.0001 v/v ethanol.
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Figure 3.11. Comparison of the effects of verapamil and diltiazem on
(a) Developed tension DT (b) Perfusion pressure (PP),
(c) Heart rate HR. The control values of each

treatment were as follows:

DT(g) , PP HR(b/m) n
{min Hz)

Verapamil 108 9.9%0.7 46 £ 3 257 t 7 5

Verapamil 5x10°oM 9.4 £ 1 64 £ 7 255 £+ 9 15
_7

Verapamil 10 © 8.4%0.7 87 *10 259 t 9 11

Diltiazem 107 M 10.1%0.6 61 = 5 237 £ 5 9
6

Diltiazem 10 M 9.740.6 64 *+ 8 252 *14 9

61
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Figure 3.12. Relationship between pacing rate and onset

of ventricular fibrillation.
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Figure 3.13. Effects of magnesium concentration on:

(a) Duration of ventricular fibrillation in seconds
(b) Percentage incidence of ventricular fibrillation
(c) Duration of ventricular tachycardia in seconds
(d) Percentage incidence of ventricular tachycardia
(e) Premature ventricular contractions/30 minutes
Note the reversal of the protective effect, elicited
by 4.8 mM magnesium, by pacing hearts at 300 beats/

minute. Results compared with 1.2 mM magnesium.
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Figure 3.14. An example of the effect of ventricular fibrillation
induced by the train of stimuli method on:
(a) Developed tension
(b) Electrocardiogram

(Noise due to the pacing impulse is seen in the

E.C.G.)
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3.a Acute coronary ligation as a model of arrhythmias

Although all coronary occlusion models have drawbacks such
as the inability to precisely predict the time of onset of arrhythmias
or even whether arrhythmias will orwill not develop, and variability
due to the site of coronary occlusion, they still have been very
helpful in prediCtinganﬁafﬂﬁﬂhﬂkhfficacy. Coronary occlusion probably
bears a closer resemblance to the clinical situation than many

other arrhythmia models.

Animals like the dog, the pig and the rat develop an early
phase of arrhythmias following coronary occlusion which last for
about 30 minutes and which can further be divided into phase la
and 1b (Meesmann, 1982; Podzuweit, 1982; Fagbemi, 1985). These
early arrhythmias are thought to resemble a sudden cardiac attack

in man.

3.b The rat heart as an experimental model of arrhythmias

The rat is cheaper compared to other experimental animals
and its small size will save drugs, especially costly newly syn-

thesised compounds.

The rat heart like healthy man has low collateral flow
(Schaper , 1984) and upon ligation an almost homogenous
ischaemia is induced. The low level of collateral flow means that
in the absence of inotropic or chronotropic effect any actions
relating to arrhythmias are more likely to be the result of direct
effects on-the’electrical activity of the heart and not the result

of non specific anti-ischaemic actions.

Drugs routinely used for the treatment of cardiac arrhythmias



67.

in man such as lignocaine and propranolol are effective in the

rat (Kane et aql., 1981).

Despite these advantages which favour the use of the rat as

an experimental model, the rat does have some disadvantages.

1. Unlike man, the rat ECG lacks a definite ST segment. Infant
rats do show an ST segment, which begins to disappear at about
20 days of age. The lack of the ST segment is due to the fact
that rat ventricular muscle does not exhibit a prominent plateau
phase during repolarization and its total duration is con-
siderably shorter than that of most other mammalian species.
The rat also has a briefer conduction time and shorter
refractory period compared to other species. This accounts
for the shorter PR interval and the ability of the rat heart
to conduct impulses from atrium to ventricle at the faster
heart rate characteristic of this species (Spear, 1981).

2. The rat exhibits a marked seasohal variation in the occurrence
of ventricular fibrillation following coronary ligation in
vivo (Abrahamsson and Alm gren, 1981). The mechanism behind
this variability is at present not known but may involve
seasonal variation in hormonal, nervous and metabolic activity.

3. Electrophysiological differences exist between small and
large hearts. Small hearts are prone to spontaneous defibrillation,
particularly if a reent rant or circus mechanism is invoked
as the cause of arrhythmias. Thus ventlicular fibrillation
in the rat may be easily reversed by drugs which produce only
slight_chgnges in action-potential duration or refractory

period (Bargey and Beil, 1983).




3.c The isolated rat heart as a model of arrhythmia

The time course of premature contractions, elicited upon ligation
of the rat heart Zm vitro, is similar to that seen <xn vivo (Clark
et al., 1980 and this thesis). They peak about 10 minutes post-
ligation in both cases, though they decline earlier <n vZivo. This
might be due to the higher im vivo heart rate which might accelerate

ischaemic tissue death rendering it electrically quiescent.

The isolated rat heart has the advantage of being devoid of
neural hormonal and haemodynamic influences and hence interpretation
of results is less complicated than the Zmn vZivo model. Moreover
the variation in arrhythmias encountered <n vZvo can be largely

avoided.

However, isolated hearts perfused by the Langendorff technique
have several drawbacks.

1. It can be questioned that the coronary artery ligated isolated
heart is not truly ischaemic, this is because high coronary
flow rates are usually used. This is a consequence of absence
of haemoglobin in the perfusion fluid because haemoglobin
has a higher carrying capacity for oxygen than water. But
lack of coronary flow probably means that ischaemia is still
occurring.

2. Hearts perfused by the Langendorff mode perform no volume
work as there is no left atrial filling. This could affect
the severity of arrhythmias.

.In conclusiop,’the isolated rat heart is a useful model for screening

antiarrhythmic drugs and possesses many advantages which seem to

outweigh its drawbacks.
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3.d Effects of potassium on ligation inducd arrhythmias in the

isolated rat heart

It is clear from Figures 3.3 and 3.4 that potassium delayed
and reduced ventricular fibrillation in a concentration related
manner. Potassium within the concentration range 1.2 - 5.9 mM did
not affect the incidence or duration of ventricular tachycardia,
however, increasing potassium concentration to 10 mM reduced both
incidence and duration of ventricular tachycardia. In the case
of 1.2 mM potassium the onset of ventricular fibrillation was
so rapid that it allowed little chance for ventricular tachycardia

and premature ventricular contractions to develop.

These results are in agreement with the finding of Abrahamsson
and Alm gren (1981) who obtained an increase in the incidence of
ventricular fibrillation by reducing plasma potassium in the anaesth-

etized rat using furosemide.

A similar protective effect of potassium was noticed in re-
perfusion arrhythmias in the isolated rat heart (Lubbe et al., 1978) and
" in strophanthidin - induced arrhythmias in canine Purkinje

fibres (Lin and Vassalle, 1980).

These results also concur with the clinical observations that
relate low plasma potassium with the occurrence of arrhythmias
(Gettes, 1981) and tend to confirm that coronary artery ligated
isolated rat heart does behave in a similar way to other species

with regard to arrhythmogenesis .

The main haemodynamic effect of potassium is the induction
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of concentration dependent fall in perfusion pressure (Figure 3.5)
which is a measure of coronary dilatation. This vasodilation effect
could benefit the ischaemic region by increasing the low collateral
flow to the forementioned area. However, vasodilatation could
direct flow to the non ischaemic region at the expense of the
ischaemic region and hence cancel that beneficial effect, because
total flow cannot be increased in these experiments and ischaemic

vessels are already maximally vasodilated.

The beneficial effects of diltiazem over verapamil has been
attributed to flow increase in the marginal ischaemic zone (Thuillez
et al., 1983). The possibility exists that potassiuh could induce
such an effect and hence preserve the viability of that zone,
however;jmore extensive study is required to prove this hypothesis.
Potassium has recently been shown to depress calcium dependent

depolarizations in guinea-pig heart (Hiraoka et al., 1985). This

could also contribute to its antiarrhythmic action.

The finding that postligation administration of potassium
reduced arrhythmias (Figure 3.6) although not as effective as
preligation administration, along with the fact that the rat heart
possesses very low collateral circulation suggest that the site
of action of potassium is possibly in the non-ischaemic zone rather
than in the ischaemic zone i.e. reducing K" heterogeneity across

ischaemia-normal border.

The antiarrhythmic effect of potassium has been ascribed to
stimulation of Na+/K+ ATPase by this ion (Skou, 1957). Such

stimulation would result in hyperpolarization by restoring the



electrolyte gradient and increasing the net outward current.

However, in the present study ouabaip which inhibits Na+/K+ pump
failed to increase the incidence of fibrillation. This could be

due to the fact that rat hearts are resistant to ouabain (Erdman

et al., 1980) and this is evident by the fact that no increase

in heart rate or developed tension was produced by the concentrations

used in the present study.

An argument not in favour of the suggestion of Skou is that
during ischaemia potassium is already high in the ischaemic zone

and should have stimulated the sodiumpump.

Potassium leakage in response to ischaemia has been reported
in the dog (Harris et al., 1954), pig heart {(Hirche et aql., 1980)
and the rabbit interventricular septum (Weiss and Shine,1982).
This rise in extracellular potassium was found to be accompanied
by shortening of the action potential duration and an increase
in conduction time in the ischaemic myocardium (Weiss . and Shine,
, 1982a). The shortening of action potential duration and the
increase in conduction time in the ischaemic zone by 1leaked
potassium might produée electrical inhomogeneity between ischaemic
and normoxic zones in the heart. When differences in action potential
duration exist in adjacent areas, current flow from the site of
the longest action potential duration to that of the shorter duration,
might in the latter area induce an extrasystole when the current
is strong enough to depolarize these cells to threshold (Janse
et al., 1980). High perfusate potassium might produce electrical

homogeneity in the heart by shortening the action potential in

the normoxic zones. However, drugs which shorten the action potential
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duration such as carbachol and adrenaline failed to protect against

ligation induced arrhythmias in the present study. This could imply:

1. Shortening the action potential duration is not the sole
electrophysiological mechanism whereby potassium induces its
protective effect.

2. Or potassium might act by an unidentified mechanism.

3. Or carbachol and adrenaline possess arrhythmogenic influences

which outweighed any possible protective effects.

In fact carbachol has been shown to increase potassium permea-
bility in guinea-pig intestine (Bolton © and Clark -., 1981)
whereas adrenaline augments the slow inward current (Shimoni et

al., 1984).

A possible mechanism for the protective effect of potassium
is that high perfusate potassium may reduce potassium loss from
cells in the borderline ischaemic zone where perfusion is reduced

but not absent as suggested by Lubbe et al. (1978).

Potassium reduced calcium overload in canine Purkinje fibres
(Lin and Vassalle, 1980). Recently, delayed after depolarizations
have been observed in guinea-pig ventricular muscle with low
potassium (Hiraoka et al., 1985). These delayed after depolarizations
are assumed to be an important factor for thegenssis of arrhythmias.
The antiarrhythmic effect of high perfusate potassium could possibly

be ascribed to abolition of these delayed after depolarizations.

3.e Effects of rubidium on ligation induced arrhythmias

Rubidium induced a similar protective effect to that of potassium
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against ligation induced arrhythmic along witha similar effect on

perfusion pressure (Figure 3.6).

A protective effect of rubidium against strophanthidin~induced
arrhythmias in canine Purkinje fibres was reported by Lin and
Vassalle (1980). Probably the mechanismSresponsible for

potassium antiarrhythmic effect also apply to rubidium.

Two beneficial practical conclusions could be drawn from these
potassium experiments:

1. During in vivo experiments of arrhythmias plasma potassium
should be monitored because surgical trauma and haemorﬂﬁage
enhance plasma potassium and hence could contribute to the
variability seen in acute im vivo experiments.

2. Human extracellular potassium concentration is 3.5 - 5 mM
(Schwartz, 1978). These levels fluctuate due to acidosis,
glucose and insulin(Schwartz, 1978) and catecholamine
administration (Linton et al., 1982). Hence insuring
proper potassium intake and maintaining high plasma potassium
levels might serve as a prophylactic against sudden cardiac

death.

In conclusion, potassium possesses a striking antiarrhythmic
effect in the isolated coronary ligated rat heart. The mechanism

underlying this effect still requires further investigation.

3.f. Effects of calcium on ligation induced arrhythmias

Reducing calcium in the perfusate from 2.5 to 0.6 mM had no
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effect on the incidence or duration of ventricular fibrillation,
however, it did delay the onset of ventricular fibrillation, reduced
the number of premature beats and delayed the time required to

reach maximum instability from 12 to 20 minutes (Figures 3.7, 3.8

and 3.9).

The reduction in thenumber of premature contractions produced
by 0.6 mM calcium could be due to the fact that the time required
to reach maximum instability was delayed and the counting of the

premature contractions was performed only for 30 minutes.

These results are in harmony with the findings of Clusin e?
al. (1982a), who increased ventricular fibrillation latency in

the dog by reducing serum ionized calcium by chelation with citrate.

Calcium ions have been implicated as one mediator of the adverse
effects of myocardial ischaemia and arrhythmias (Clusin et al.,
1982) and calcium ions mediate slow responses (Reuter, 1967). These
slow responses, because of their much slower rate of propagation,
are thought to play an important role in abnormal automaticity
(Isenberg , 1977). However, the possibility of slow current
generation in the ischaemic area is questionable as hypoxia,acidosis
and low ATP levels encountered during ischaemia tend to suppress
the slow inward current (Sperelakis,1984) and increase of calcium
uptake during the early minutes of ischaemia is controversial
(Poole-Wilson et al., 1982), although the hearts in the present
‘study did demonstrate a rise in resting tension which is an indication
of increase of intracellular free calcium (Figure 3.2). Therefore

the possibility exists that calcium does increase but this increase
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cannot be substantiated with the present technology.

The protective effect of low calcium could be explained by
the low extracellular calcium reducing calcium influx which in
turn would reduce the ionic current giving rise to abnormal

automaticity and slow responses.

VThe main haemodynamic influence of calcium is the induction
of a concentration dependent increase in developed tension up to
2.5 mM whereafter the developed tension levels off. Reduction in
contractility by low calcium may reduce ischaemic tissue demand
for oxygen and decrease requirements for high energy phosphates
thus preventing tissue damage. Decreased calcium influx might also
spare high energy phosphates required for calcium sequestration.
The influx of calcium its f might injure cellular organelles by
activation of phospholipases or by calcium loading of the mito-

. chondria (Shine and Douglas, 1983). Protection of the mitochondria
from calcium loading might facilitate recovery of high energy
phosphate production. A low calcium perfusate may also reduce

gap Jjunctional resistance leading to improvement of conduction

and hence protection against arrhythmias (De ilello, 1982).

3.g Effects of verapamil on ligation induced arrhythmias

Verapamil over the concentration range used did not reduce
the incidence or the duration of ventricular fibrillation, although

8

there was a tendency for the middle concentration (5 x 10 ~ M)

to protect against ligation induced arrhythmias.

This bell-shaped dose response curve of verapamil has been
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reported by Hearse et al. (1980) in enzyme and protein leakage
studies and by Nayler and Sturrock (1984) in catecholamine release

experiments.

Studies with verapamil have provided conflicting data as
to its efficacy in preventing ligation induced arrhythmias. It
has been reported to reduce arrhythmias dose dependently in vivo
in the conscious rats (Curtis et al., 1984). On the other hand,
it has been shown to increase the incidence of mortality in anaes-

thetized rats (Kane et al., 1979; Clark et al., 1980).

Verapamil is well-established as treatment for supra-ventricular
arrhythmias. The doses used by Kane and Clark (bolus injection
of 0.1 mg/kg) appear to correspond with those used clinically for
supraventricular arrhythmias and there is no reason to assume that
such a dose will continuously suppress ischaemic induced ventricular
arrythmias. To prove that administration of low doses of verapamil
was the reason underlying verapamil's failure to suppress ventri-
cular fibrillation in other studies, Curtis et agl. (1984) used higher
doses (2 - 20 mg/kg). They obtained a dose-dependent reduction
in arrhythmias with an EDSO of 6 mg/kg However, these doses
produced plasma concentrations in the pmolar range and rats with

large occluded zones died before the onset of arrhythmias.

3.h Effects of diltiazem on ligation induced arrhythmias

Diltiazem 107/ M did not reduce ventricular fibrillation
incidence or duration. Increasing the concentration to 10'6 M reduced
both incidence and duration of ventricular fibrillation (Figure

3.10). However it induceda 25% reduction in heart rate. 10~° M diltiazem



is almost equivalent to 10_7 M verapamil in reducing developed
tension and perfusion pressure. On the other hand verapamil at

the concentrations used had a negligible effect on heart rate
(Figure 3.11). The antiarrhythmic effect of diltiazem may be
attributed to its effect on heart rate. This is supported by the
fact that pacing hearts at 300 beats/min reversed this protective
effect. However, it is also possible that electrical stimulation
releases neurotransmitter substances that may aggravate arrhythmias.

But control hearts would also have this release.

This disparity in action of calcium channel blockers is
expected because they are of heterogenous chemical structure. It
has been demonstrated that diltiazem increased regional myocardial
blood flow and contractility in the marginal ischaemic area in
the dog and preserved the viability of this zone while verapamil
did not (Thuillez et al., 1983). Therefore it is also possible
that these effects may contribute to the antiarrhythmic effect

of diltiazem seen at high concentrations.

The failure of verapamil and diltiazem to produce a similar
effect to low calcium implies that if calcium accumulation is
involved irdhegenensis of ligation induced arrhythmias, then the
calcium slow channel is not the major route whereby calcium gets
into the cell. Calcium may gain access through the sodium/calcium
exchange process which is probably not affected by calcium

antagonists.

3.1 Effect of electrical pacing on ligation induced arrhythmias

Pacing hearts at different rates did not affect the incidence

77.
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of ventricular fibrillation, however, a negative correlation between
heart rate and onset of ventricular fibrillation was obtained (Figure
3.13). It was reported by Clusin et aql. (1982) that the average

rate of calcium influx increases with heart frequency. Therefore
electrical pacing increases calcium influx in a beat to beat manner
raising cytosolic calcium leading in turn to activation of calcium
dependent lipases, ATPases and mitochondrial calcium overlOad.

This may result in rhythm disturbances (Nayler, 1981).

Electrical pacing induces vasodilatation. This vasodilatation
cannot be attributed to a direct effect on calcium fluxes, however,
it is possible that electrical stimulation releases vasodilator subscances
such as adrenaline or prostacyclin. Alternatively the negative
inotropic effect induced by electrical stimulation may physically

reduce vascular compression hence induce vasodilatation.

These results with electrical pacing lend further support
for the involvement of calcium in the gen€SiSof arrhythmias,
however, the possibility again exists that electrical stimulation
releases other neurohumoral substances which could aggravate

arrhythmias.

3.J Effects of magnesium on ligation induced arrhythmias

Magnesium over the range 0.6 - 3.6 mM failed to protect against
ligation induced arrhythmias in the isolated rat heart, however,
4.8 mM magnesium significantly reduced both incidence and duration

of ventricular fibrillation(Figure 3.14).

Magnesium within the concentration range used in the present



study produced c:ncentration dependent reduction in heart rate,
developed tension and perfusion pressure. These results indicate
that increase in extracellular magnesium must be extreme in order

to reduce significantzly the incidence of ventricular fibrillation.
The protective effect of high extracellular magnesium could be
attributed to the marked decrease in heart rate. In support of

this, pacing hearts at 300 beats/min reversed the protection induced
by 4.8 mM magnesium. The bradycardia and the negative inotropic
effect elicited by 4.8 mM magnesium could protect the heart by
reducing calcium influx andpreserving high energy phosphate levels
(Nayler, 1981). The fact that halving extracellular magnesium
concentration did not significantly increase the incidence of vent-
ricular fibrillation indicates that moderate changes in extracellular
magnesium concentration does not alter cardiac rhythm. Human

plasma magnesium levels fall within the range of 0.82 - 0.89 mM

and do not vary enormously. Distinctly abnormal plasma values

(i.e. 0.3 - 0.4 mM) are rarely encountered, except in condition

such as renal failure and acute alcoholism (Kalsner, 1983). Therefore,
marginally subnormal magnesium levels repoirted in humans do not
seem to play an essential role in rhythm disturbance. Moreover,
changes in extracellular magnesium concentration appear to haveA
little effect on the action potential of cardiac cells (Shine

et al., 1979).

Therefore the present results do not confirm an association
of cardiovascular death with magnesium deficiency and are in accord

with Kalsner (1983) findings.
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3.k Ventricular fibrillation thresholds as an index of electrical

instability

Fibrillation is often. preceded by a rapid ventricular tachy-
arrhythmia or a premature ventricular contraction falling within
the vulnerable phase of the preceding beat (R-on-T phenomenon).
The advantage of the ventricular fibrillation threshold technique
is that it allows one to study the influence of single factors
on ventricular vulnerability in a controlled system free of many
of the variables associated with fibrillation in the intact animal.
Passing current during the vulnerable period of the E.C.G. serves
to increase artificially the amount of inhomogeneity between

adjacent ventricular fibres.
The clinical relevance of this technique is questionable.
However, effective antiarrhythmic drugs in man are effective using

this technique (Lubbe et al., 1975).

3.1 Effects of potassium and magnesium on ventricular fibrillation

threshold

5.9 mM potassium significantly elevated the ventricular fibrill-
ation threshold compared to 2.5 mM potassium (Figure 3.16). While
magnesium over the range 0.6 - 4.8 mM failed to induce any significant
effect on the ventricular fibrillation threshold. This protective
effect of high perfusate potassium is possibly due to stimulation
of Né7K+pump or reduction of calcium overload and improvement
of cell-to-cell communication (De Mello, 1982) and confirmSthe

findings dgmpnstrated with potassium in coronary 1ligated hearts.

The failure of magnesium to increase the ventricular fibrillation
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threshold is also in agreement with the previous results of ligation
induced arrhythmias. The protective effect of 4.8 mM magnesium

in the latter experiments was possibly due fg.the markea reduction

in heart rate. In the ventricular fibrillation thresholds experiments

hearts were paced to 300 bonand this electrical pacing might have

abolished the possible protective effect of 4.8 mM magnesium.



CHAPTER 4



In this chapter the role of prostaglandins, lysophospholipids
and free radicals on ligation induced arrhythmias in the isolated
rat heart are examined. Inhibitors of enzymes encountered in
arachidonic acid and phospholipid metabolism, general antioxidants

and free radicals scavengers were used as tools in this investigation.

4.1Effects of prostaglandins on coronary artery ligation induced

arrhythmias in the isolated rat heart

In vitro studies have shown that a balance in favour of throm-
boxane release is associated with the occurrence of a greater number
of arrhythmias whereas fewer arrhythmias occur when the balance
is in favour of prostacyclin release (Coker ec al., 1981). In the
present study, experiments were designed to see if such a balance
is of any importance in Zn vitro model devoid of blood and neural

influences.

The metabolic pathways of arachidonic acid are shown in Figure

4.1 along with the enzyme inhibitors used in this study .

4.1a Effects of ZK36374 on ligation induced arrhythmias in the

isolated rat heart

ZK36374, a stable pfostacyclin analogue.(Coker and Parratt,
1983) was perfused to see if it possessed any antiarrhythmic action
in the isolated rat heart. ZK 36374 (2 x 100 M, 107° M) qid not
significantly alter the incidence and duration of ventricular
fibrillation. ZK 36374 (2 x 10"8 M) reduced the developed tension
from 8.1 * 915 tq 7.1 * 0.4 grams and perfusion pressure from
88 10 to 60 +5 mm Hg (P < 0.05) (n = 8) while ZK 36374 (10°° M)

reduced the developed tension from 11.5 t 1.2 to 8.5 * 1 grams
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(P < 0.05) and the perfusion pressure from 92 ¥ 7 to 58 * 3 mm
Hg (P < 0.05) (n = 8). Neither concentration affected heart rate.

Hearts perfused with ZK 36374 solvent were used as controls.

4.1b Effects of a combination of ZK 36374 (2 x 10—8 M)and indomethacin

(10—7 M) on ligation induced arrhythmias

It is possible that any protective effect of ZK 36374 in
the previous experiment was masked by thromboxane A2 produced in
the heart. Indomethacin was used to prevent possible thromboxane
A2 synthesis by inhibiting the cyclooxygenase enzymes.

The indomethacin and ZK 36374 combination did not significantly
affect the incidence and duration of ventricular fibrillation,
however, it did reduce both developed tension and perfusion pressure

. (P <0.05) (n = 10).

4.1c Effects of arachidonic acid on coronary ligation induced arrhythmias

Arachidonic acid, which is the precursor of prostaglandins,
prostacyclin and thromboxane (Needleman, 1978), was used to test
if arachidonic acid or endogenously produced arachidonic acid

metabolites possessed any antiarrhythmic action.

Arachidonic acid (10—6 M) did not alter ligation induced arr-
hythmias or haemodynamic properties of the 9 hearts used in this

experiment.

4,1d Effects of aspirin and indomethacin on ligation induced arrhythmias

:

in the isolated rat heart

Aspirin and indomethacin are cyclo oxygenase inhibitors (Higgs
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and Vane, 1983). They are used in the present study to see if inhibition

of cyclooxygenase protected against ligation induced arrhythmias.

Aspirin (10_5 M) and indomethacin (10“6 M and 107° M) failed
to alter any of the measured parameters of arrhythmias and haemodynamic
properties of the hearts, although there was a tendency for the

duration of ventricular fibrillation to increase (n 6-8).

4.1 e Effects of N-butyl imidazole (10_6 M) and dazoxiben (10—5M)

on ligation induced arrhythmias

N-butyl imidazole (Bowman and Rand, 1980) and dazoxiben

(Coker et al., 1982) are thromboxane A_ synthetase inhibitors.

2
Indomethacin and aspirin non selectively inhibit both thromboxane
and prostacyclin synthesis.

N-butyl imidazole (lO_6

‘M) did not reduce the incidence and
duration of ventricular fibrillation, however, it initially reduced
the perfusion pressure from 71 * 4 to 61 *+ 4 (P < 0.05) and then in-
creased it to 90 * 7 mm Hg (n = 10). N-butyl imidazole at this

concentration did not affect developed tension or heart rate.

Dazoxiben fajiled to alter any of the measured parameters

of arrhythmias or haemodynamic properties of the hearts.

4.1f Effects of BW 755C and 5, 8, 11, 14 eicosatetraynoic acid

(ETYA) on ligation induced arrhythmias

The possibility that the increased ventricular fibrillation

[}

duration induced by aspirin and indomethacin was due to leukotrienes

synthesis prompted more work to investigate this pathway. BW 755C
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and ETYA are dual inhibitors of cyclo-oxygenase and lipoxygenase enzymes.

(Honn and Dunn, 1982).

BW 755C (4, 10 and .20 mg/L) induced a bell-shaped effect
on the incidence of ventricular fibrillation (Figure 4. 2).
BW 755C imparted a yellowish colour on the hearts, the intensity
of whichwas dependent on the concentration of the drug (BW 755C
is colourless in aqueous solution). BW 755C reduced (P < 0.05)
develOped tension from 10.3 * 0.7 to 8.4 * 0.7 grams while 20 mg/L
BW 755C reduced (P < 0.01) developed tension from 11.8 * 0.7 to
8.4 * 0.5 grams (n = 8-10). BW 755C at the concentrations used

did not affect the heart rate or the perfusion pressure.

ETYA (5 and 10 mg/L) did not protect against ligation induced

arrhythmias or affect the haemodynamic properties of the hearts.

4.1 Effects of nafazatrom on ligation induced arrhythmias

Nafazatrom is a lipoxygenase inhibitor and prostacyclin

5 M)

synthesis inducer (Honn and Dunn, 1982). Nafazatrom (3.9 x 10
was sonicated in 100 ul ethyl alcohol and dispersed in one litre
of Krebs solution. It significantly (P < 0.05) reduced both the

incidence and duration of ventricular fibrillation (Figure 4.3).

but it did not affect the haemodynamic properties of the hearts.

4.2g Effects of lysophosphatidylcholine on. ligation induced arrhythmias

Increases of lysophospholipids during ischaemia are documented
gnd implicated ;p cardiac rhythm disturbances (Corr et al., 1979,
1981, 1982). The following experiments were performed to see if
perfusion of isolated hearts with lysophosphatidylcholine and the

use of phospholipase stimulators and inhibitors could affect the



incidence of ventricular fibrillation. Chloroform was used as

a solvent for lysophosphatidylcholine.

The concentration of lysophosphatidylcholine determined by
Corr et al. (1981) in the ischaemic canine myocardium (0.2 mM),
which they used for their study of electrophysiological changes
and calcium up-take, caused a sudden collapse of contractility
in the isolated perfused rat heart. 10—5 M lysophosphatidylcholine
induced a gradual decrease in developed tensions and a gradual
rise in resting tension which culminated in ventricular fibrillation.
On the other hand 10-6 M lysophosphatidylcholine had no effect
on parameters of arrhythmias and tension. This suggests an all

or none effect of lysophosphatidylcholine on tension and arrhythmias.

2 x 10_6 M lysophosphatidylcholine (initially dissolved in
20 pl chloroform and dispersed in one litre of Krebs solution) elicited
a significant (P < 0.01) increase in the incidence and duration of
ventricular fibrillation in the presence or absence of coronary
artery ligation (Figures 4.4 and 4.5). In these hearts developed
tension gradually decreased, followed by uncoupling which culminated
in ventricular fibrillation. In these experiments the colour of the
hearts became whitish. Control hearts in these experiments were per-
fused with 20 pl/L chloroform. Also in these experiments, control
hearts were perfused by 4.4 mM potassium because an increase in

ventricular fibrillation incidence was expected.

4.2a Effects of lysophosphatidylcholine in presence of 10 mM

i

potassium on ligation induced arrhythmias

It is possible that lysophosphatidylcholine produces its

arrhythmic effect by increasing calcium influx (Sedlis et al., 1983).
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Potassium was increased to 10 mM to reduce calcium influx (Lin
and Vassalle, 1980). 10 mM potassium protected against the

detrimental effect of lysophosphatidylcholine (Figure 4.6).

4.2b Effects of mepacrine on ligation induced arrhythmias

In the previous experiments exogenously applied lysophosphatidyl-
choline induced fibrillation. It is possible that endogenously
produced lysophosphatidylcholine has a different effect. Mepacrine,
chloropromazine and trifluperazine were used to inhibit phospholipase
A, while bradykinin was used to stimulate it (Porozaleck et al.,1982;

2
Needleman et al., 1975 ).

Mepacrine 10_7 M and 10_6 M reduced the incidence and duration
of ventricular fibrillation (Figure 4.7). 100 u mepacrine also
reduced (P < 0.05) developed tension. Neither concentration had

any significant effect on perfusion pressure or heart rate.

4.2c Effects of chlorpromazine and trifluperazine on ligation induced

arrhythmias
. . -7 -6 . .
Neither chlorpromazine (10 ° M and 10 ~ M) nor trifluperazine
-7
(10 " M) had any effect on ligation induced arrhythmias or the

haemodynamic properties of the hearts (n = 9).

4.2d Effects of bradykinin on 1ligation induced arrhythmias

Bradykinin (7.5 ng/ml and 15 ng/ml) perfused in the presence
of 5.9 mM potassium (because an increase in the incidence of
‘ventriculgp_fiprillation was expected), did not affect ligation
induced arrhythmias. Bradykinin 15 ng/ml reduced perfusion pressure

from 77 £ 6 tb 53 £ 5 mm Hg (P < 0.05). No significant effect was
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induced on developed tension or on heart rate (N = 9-10).

4.3 Effects of antioxidants and free radical scavengers on ligation

induced arrhythmias

The antioxidants ascorbic acid and glutathione; mannitol which
is a hydroxyl radical scavenger, and catalase which catalyses the
reduction of hydrogen peroxide to water were used to investigate
the possible role of free radicals in ligationinduced arrhythmias.
The concentrations of ascorbic acid, mannitol and glutathione
used were found to be effective in the more serious reperfusion

arrhythmias in the rat heart (Woodward and Zakaria, 1985).

4.3a Effects of ascorbic acid on ligation induced arrhythmias

Ascorbic acid 10_3 M did not significantly alter arrhythmias

or the haemodynamics of the hearts.

4.3b Effects of glutathione on ligation induced arrhythmias

Glutathione 10-'3 M failed to exert any protective effect against
ligation induced arrhythmias. A significant (P < 0.05) reduction in
developed tension from 9.8 * 0.3 to 8.8 *0.3 grams and perfusion
pressure from 53 + 4 to 45 * 3 was noticed with no significant

effect on heart rate (n = 9).

4.3c Effects of mannitol on ligation induced arrhythmias

Mannitol 20 mM/L did not alter arrhythmias or haemodynamic

properties of the hearts.

4.3d Effects of catalase on ligation induced arrhythmias

Catalase 3000 u/ml did not protect against ligation induced

arrhythmias or affect the haemodynamic properties of the hearts.
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Figure 4.1. Diagram illustrating arachidonic &cid metabolic pathways.
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. ..-used in this study are shown.
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Figure 4.2. Effects of perfusate concentration of BW 755C on:
(a) Duration of ventricular fibrillation (sec)
(b) Percentage incidence of ventricular fibrillation
(c) Duration of ventricular tachycardia (sec)
(d) Percentage incidence of ventricular
tachycardia
(e) Premature ventricular contractions/30 min.

Control calcium was 2.5 mM and potassium 2.5 mM.
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Figure 4.3. Effects of nafazatrom on:

(a) Duration of ventricular fibrillation (sec)

(b) Percentage incidence of ventricular
fibrillation

(c) Duration of ventricular tachycardia (sec)

(d) Percentage incidence of ventricular
tachycardia

(e) Premature ventricular contractions./30 win

Control calcium was 2.5 mM and potassium 2.5 mM.
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Figure 4.4. Effects of lysophosphatidylcholine perfused in
ligated hearts on:
(a) Duration of ventricular fibrillation (sec)
(b) Percentage incidence of ventricular fibrillation
(c) Duration of ventricular tachycardia (sec)
(d) Percentage incidence of ventricular tachycardia
(e) Premature ventricular contractions/30 min.

Control calcium was 2.5 mM and potassium 4.4. mM.
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Figure 4.5. Effects of lysophosphatidylcholine perfused
in non ligated hearts on:
(a) Duration of ventricular fibrillation (sec)
(b) Percentage incidence of ventricular fibrillation
(c) Duration of ventricular tachycardia (sec)
(d) Percentage incidence of ventricular
tachycardia
(e) Premature ventricular contractions/30 min.

Control calcium was 2.5 mM and potassium 4.4. mM.
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Figure 4.6. Effects of 10 mM potassium on arrhythmia parameters
induced by lysophosphatidylcholine. These parameters are:
(a) Duration of ventricular fibrillation
(b) Incidence of ventricular fibrillation
(c) Duration of ventricular tachycardia (sec)
(d) Incidence of ventricular tachycardia

(e) Premature ventricular contractions/30 min.
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Figure 4.7. Effects of mepacrine on:
(a) Duration of ventricular fibrillation (sec)
(b) Percentage incidence of ventricular fibrillation
(c) Duration of ventricular tachycardia (sec)
(d) Percentage incidence of ventricular tachycardia
(e) Premature ventricular contractions/30 min

Control calcium was 2.5 mM and potassium 2.5. mM.
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4.1.1 Effects of modulations of prostaglandins on coronary artery ligation

induced arrhythmias in the isolated rat heart

Release of prostaglandins during ischaemia has been reported
by many authors (for review see Coker, 1981), while many classes
of antiarrhythmic drugs can inhibit prostaglandin synthesis (Das,

1981).

In addition some inhibitors of prostaglandin synthesis have been
shown to possess antiarrhythmic properties (Das, 1981; Moschos and
Haider, 1978; Johnston et al., 1983). Thromboxane has been implicated
in the development of ventricular fibrillation (Coker et al., 1981;
Coker et al., 1982) while prostacyclin has been reported to be

antiarrhythmic (Coker and Parratt, 1983; Johnston et al., 1983).

Almost all of the work related to prostaglandins and
arrhythmia has been done Zn vivo while little is known about the
effect of these local hormones in in vitro models of arrhythmias

devoid of blood, neural and hormonal influences.

4.1.ii Effects of ZK 36374 on ligation induced arrhythmias in the

isolated rat heart

In contrast to the in viwo findings of Coker and Parratt (1983),
ZK 36374 failed to reduce the incidence of ventricular fibrillation
in the isolated rat heart. The protective imn vivo effect of ZK 36374
and prostacyclin could be explained because of their potent
inhibitory effect on platelet aggrezation (Needleman and Kaley,
1978). As platelets are absent in tre isolated rat heart this could
explain why ZK 36374 did not affect arrhythmias in the <n vitro
model. In vivo thromboxane induced platelet aggregation may obstruct

collateral circulation to the ischaemic zone and hence aggravate
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the ischaemic injury. Also ZK 36374 induced reduction in peripheral

resistance in vivo might reduce heart load.

The failure of the combination of ZK 36374 and indomethacin
to prevent arrhythmias Zn vitro indicates that ZK 36374 does not
possess an antiarrhythmic effect which is masked by the production
of thromboxane as indomethacin. would inhibit thromboxane production,
however, there could be no thromboxane production im vitro due to
the absence of platelets. Similarly, arachidonic acid, the precursor
of prostaglandins, did not protect against ligation induced arrhythmias.
However, if it had any protective effect (possibly attributed to prosta-
cyclin synthesis) this could be abolished by thromboxane or leuko-

trienes synthesis if these metabolites are detrimental.

4.1.iii Effects of aspirin and indomethacin on ligation induced

arrhythmias

Aspirin and indomethacin have the disadvantage of blocking
the synthesis of both prostacyclin and thromboxane. 10—5 M aspirin
— which is used in the present study -~ has been shown to induce a
20% inhibition of human synovial prostaglandins synthesis in vitro
whereas indomethacin is 257 times more potent (Crook et al., 1976).
300 ng/ml/min indomethacin was found to completely inhibit prosta-
cyclin synthesis in the rabbit heart (Needleman, 1976). This is
approximately between 10"'6 and 10”5 M. However no data is available

about the effect of these drugs in the rat im vitro.

The present results are in contrast to the im vivo findings
of Moschos et al. (1982) and Johnston 't al. (1983). They are also
against the postulation that salicylate ion possesses an antiarrhythmic

effect independent of cyclo-oxygenase inhibition (Johnston et al.,1983)'
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The increase in the duration of ventricular fibrillation in
the case of aspirin and indomethacin could be accounted for as inhibition
of cyclo-oxygenase leaves more arachidonic aéid available for
conversion to leukotrienes (Higgs and Vane, 1983) which could have
detrimental effects as suggested by the protective effect of BW 755C

and nafazatrom.

4.1.iv Effects of N-butyl imidazole and dazoxiben on ligation induced
arrhythmias
In order to keep the prostacyclin/thromboxane balance in favour
of prostacyclin, thromboxane synthetase selective inhibitors have
been used in the present study. 2 mg/kg i.v. dazoxiben reduced coronary
sinus thromboxane B2 concentration by 30% in the dog (Coker et al.,
1982). If the extracellular fluid volume is 0.31 litre/kg - 0.61
litre/kg (Bowman and Rand, 1980) this dose of 2 mg/kg approximately

5

equals a concentration of 2 x 10~ M - lO‘5 M which is similar to

that used in this thesis (102

M).

Although there is no available data about the effects of these
drugs on the isolated rat heart, it could be concluded, that
thromboxane synthesis inhibition has no protective role on ligation
induced arrhythmias in the rat heart im vitro. This is in contrast

to the in vivo findings of Coker et al.,:{1982) in the dog.

The failure of ZK 36374, arachidonic acid, aspirin, indomethacin,
N-butylimidazole and dazoxiben to aiter ligation induced arrhythmia
in the isolated rat heart strongly sugzgests that prostaglandins and
thromboxane are not implicated in the zensis of arrhythmias in

this model. Effects reported in the 7» vivo models could be
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attributed to the presence of platelets or to extracardiac neural

and hormonal influences.

4.1.v Effects of ETYA, BW 755C and nafazatrom on ligation induced

arrhythmias

The possibility that.the increase in ventricular fibrillation
duration\induced by aspirin and indomethacin is due to leukotriene
synthesis prompted more work to investigate this pathway. However,
no information is available about the presence of leukotrienes in
the isolated rat heart. Despite this,drugs which affect leukotriene ,
synthesis in other tissues were examined. 5, 8, 11, 14 - eicosatetray-

noic acid is a dual inhibitor of both lipoxygenase and cycloxygenase.

50
and Dunn, 1982). BW 755C inhibits the synthesis of prostaglandins,

It inhibits tumor cell lipoxygenase with an ED of 0.9 uM (Honn
hydroxy acids and leukotrienes possibly by an antioxidant or
reducing mechanism (Higgs and Vane, 1983). Nafazatrom is a prosta-
cyclin synthesis inducer and lipoxygenase inhibitor. It inhibited

tumor cell lipoxygenase at ED50 = 3 4 M (Honn and Dunn, 1982).

BW 755C reduced the incidence of ventricular fibrillation in
a concentration dependent manner with a maximum effect at 10 pg/ml

whereafter the protective effect was reduced (Figure 4.2).

BW 755C also induced a concantration dependent change in the
colour of the hearts associated wifhreductionin developed tension.
The reason for this change is not c.ear but it could be postulated
that BW 755C possesses a toxic effec:; judged by the change of

colour, which antagonises its antiarrhythmic effect.
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The ability of BW 755C and nafazatrom to redpce the incidence
of ventricular fibrillation (Figure 4.3) may implicate lipoxygenase
products in the gensis of arrhythmias in thé isolated rat heart.
However, the failure of ETYA to reduce arrhythmias complicates the

interpretation of results.

It could be postulated that 1) lipoxygenase pathway is arrhythmo-~
genic but ETYA\has a very toxic effect that counteracts its beneficial
effect or 2) lipoxygenase pathway has no role in the gensis of
arrhythmias and BW 755C and nafazatrom have an unidentified anti-

arrhythmic mechanism

Further investigation is required to evaluate the role of leuko-
trien€Sin the isolated rat heart and to examine the direct electro-
physiological effects of some of these compounds. Coker and Parratt
(1984) ascribed the protective effect of nafazatrom in anaesthetized
dogs to its effect on prostacyclin release. However, this mechanism
does not explain the actions of this compound in the isolated rat
hearts. For ZK 36374 and manoeuvres that would be expected to
increase prostacyclin release failed to affect arrhythmia$in the

isolated rat heart.

4.2.1i Effects of lysophospholipids on ligation induced arrhythmias

The ability of lysophosphatidylcholine to precipitate fibrill-
ation in the normoxic heart (Figur:s 4.4, 4.5) is in agreement
with the findings of Man and Choy (:982). It is also in harmony
with the findings of Corr et al. (1979) that normal and ischaemic

myocardium deteriorates in response tc exogenous lysophosphoglycerides.
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This effect could be attributed to the cytolytic effect of
lysophosphatidylcholine (Weltzien, 1978) and potentiation of
calcium accumulation (Sedlis et al., 1979). Other detrimental effects
of lysophosphatidylcholine which may possibly precipitate arrhythmias
are inhibition of myocardial Na*-k" ATPase (Karli et al., 1979)
increased synthesis of cyclic AMP (Ahumada et al., 1979) and the
formation of ion channels within lipid bilayers (Lee and Chang,

1977) that may potentially increase both influx and efflux of calcium

ions across the sarcolemma.

The concentration of lysophosphatidylcholine, that caused
colapse of contractility and fibrillation in the present study,
is almost 1/100th the concentration estimated by Corr et al. (1981)
in the ischaemic zone and which they used for electrophysiological
and calcium overload studies. This suggests that the concentration
of lysophosphatidylcholine found in the rabbit by Corr et aql. (1981),
is either overestimated or that endogenous lysophosphatidylcholine
behaves differently from exogenous lysophosphatidylcholine. In
fact the effects of low concentrations of added lysophosphatides
on calcium transport by phospholipase C treated membranes were
shown to be opposite to those of higher concentrations in the native

membrane (Katz , 1982).

This together with results cn drugs affecting prostaglandins
prompted a study of phospholipases \2 inhibitors which should

decrease lysophosphatidylcholine lev=ls.

4.2.ii Effects of mepacrine, chlorpromazine and trifluperazine

on ligation induced arrhythmias

Mepacrine and the phenothiazines are calmodulin inhibitors



(Prozialeck and Weiss, 1982). Calmodulin has been shown to activate
phospholipase A2 (Prozialeck and Weiss, 1982). These compounds
are also able to form complexes with phospholipids and thereby

prevent enzymatic attack by phospholipases (Blackwell and Flower,

1983).

IC50 values for bovine brain calmodulin were 28, 40 and 42

pmolar for trifluperazine, chlorpromazine and mepacrine respectively

(Prozialeck and Weiss, 1982). However, no data is available for

the rat heart. However, if similar sensitivity is assumed for the

rat heart, it can be seen that the concentrations used in the present

study were by far less and would account for some of the negative

findings.
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The ability of mepacrine to suppress ligation induced arrhythmias

(Figure 4.7) and the failure of chlorpromazine and trifluperazine

can either mean:

1. Lysophospholipids are involved in the . .sis of arrhythmias,
but the concentrations of chlorpromazine and trifluperazine
used were too low to inhibit phospholipase Aé' This possi-

bility could be ruled out by evaluating the effect of these

drugs on rat heart phospholipase.

2. Lysophospholipids are not involved in the - sis of arrhythmias

and mepacrine acts .by some other_mechanism possibly local
anaesthetic. This is support=d by the structural similarity
of this drug with quinidine, this possibility could be
confirmed by evaluating the elzctrophysiological effects

of mepacrine on the heart.
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4.2.iii Effects of bradykinin on ligation induced arrhythmias

7.5 ng/ml bradykinin was shown to stimulate maximum production
of prostaglandins in the rabbit heart (Needleman et al., 1975).
The concentrations used in the present study (7.5 ng/ml and 15

ng/ml) are therefore likely to stimulate phospholipase unless

the rat heart is less sensitive to bradykinin.

The failure of bradykinin to elicit an increase in the
incidence of ventricular fibrillation is in agreement with Lee
and Sobel (1981). This group failed to detect an increase in the
activity of ischaemic rabbit heart microsomal and mitochondrial
phospholipase A_ in the presence of bradykinin.

2

4.3.1 Effects of antioxidants and free radical scavengers on

ligation inducd arrhythmias

Free radicals cause accumulation of lipid hydroperoxides
(Meerson et al., 1982), inhibition of Na+/K+ ATPase (Acosta et
al., 1984) and depression of calcium uptake by the sarcoplasmic

reticulum (Rowe et al., 1983).

There is considerable data implicating free radicals in
ischaemically induced myocardial damage, however, their possible

role in arrhythmia production is not clear.

The free radical scavengers and antioxidants at the concen-
trations used in the present study were shown to prevent the more
serious reperfusion arrhythmias <n vitro (Woodward and Zakaria,
1985). However, the failure of these compounds to exert a
protective effect in ligation induced arrhythmias may imply a

different aetiology for the reperfusion arrhyfhmias. The process
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of reperfusion involves a sudden influx of oxygen into the ischaemic
region. This coupled with impairment of the oxidation-phosphorylation
system and accumulation, during ischaemic period of reducing

equivalents, will create conditions favouring free radical generation

(Meerson et al., 1982).



CHAPTER 5
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Extracellular potassium increases following ischaemia and this
may be an important factor leading to the development of arrhythmias.
In this chapter, the effects of magnesium, pH, hypothermia, contractility
and antiarrhythmic drugs on 86Rb+ efflux from the isolated rat hearts
have been studied. 86Rb+ has been used as a marker for potassium as
it behaves in a similar manner to potassium and is more convenient to
use. The effects of electrical pacing and non ischaemically induced

arrhythmias on 86Rb+ efflux have also been examined in order to see if

arrhythmias can themselves affect 86Rb+ efflux.

5.1 Effects of magnesium on 86Rb+ efflux rate constant (e.r.c.).

These experiments were carried out to investigate the effects of

magnesium on rubidium efflux rate constant.

Increasing extracellular magnesium concentration from 1.2 mM to

* e.r.c. from 0.035 * 0.003 to 0.024

4.8 mM reduced (p < 0.01) 86Rb
+0.001 min_l. Reperfusion with normal perfusate (Mg++, 1.2 mM)

re—established the initial e.r.c. values (Figure 5.1).

Perfusion of three hearts with magnesium (0.6 - 4.8 mM) elicited
a concentration dependent effect on e.r.c. (Figure 5.2) (P < 0.01,
r = -0.969), heart rate (Figure 5.3) (P < 0.01, r = -0.988), developed
tension (Figure 5.4) (P < 0.001, r = -0.994) and perfusion pressure
(Figure 5.5) (P < 0.05, r = -0.972). The change in e.r.c. brought
about by magnesium was linearly correlated with change in heart rate
(Figure 5.6) (P < 0.01, r = -0.986), developed tension (Figure 5.7)
(P < 0.01, r = -0.983) and perfusion pressure (Figure 5.8) (P < 0.01,

r = -0.966).
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The effects of magnesium on e.r.c. could be due to its action on
heart rate, developed tension or perfusion pressure rather than a direct
effect on e.r.c. In order to test this a fufthéf series of experiments

were carried out.

5.2 Effects of magnesium (4.8 mi4) on e.r.c. in hearts paced at 300 b/min

In order to assess whether the correlation between e.r.c. and heart
rate is causative, hearts were paced at 300 b/min 5 minutes before
magnesium (4.8 mM) was perfused. In these paced hearts the e.r.c. was
still reduced (P < 0.05) by magnesium (4.8 mM) when compared with 1.2
mM magnesium (Figure 5.9a). However, the reduction in e.r.c. was less
pronounced than that produced in the absence of pacing (18% in presence
and 30% in absence). This implies that reduction in heart rate induced
by magnesium may account for some of the reduction in e.r.c. In these
electrically paced hearts the reduction in e.r.c. induced by magnesium
was still accompanied by a reduction (p < 0.05) in developed tension

(Figure 5.9b).

5.3 Effects of electrical pacing at different rates on e.r.c.

For further assessment of the effects of heart rate on e.r.c.,
hearts were paced at different rates (250, 300, 350, 400 and 450 bpm).
Pacing at these rates did not significantly affect e.r.c., however,
electrical pacing was accompanied by a decrease in developed tension

(p < 0.01, r =-0.996) (Figure 5.10).

5.3 Effects of calcium and verapamil on e.r.c.

In order to examine the effect of a reduction in developed tension
on e.r.c., developed tension was altered by perfusing hearts with

different concentrations of calcium (0.6, 1.2, 2.4, 3.6 and 4.8 mM) and

-7

one concentration of the calcium antagonist, verapamil (10 M).
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Perfusion of hearts with 0.6, 1.2, 2.4 mM calcium produced a concentration
dependent increase in contractility, above this concentration the
contractility tended to level off. The two concentrations which increased
developed tension (1.2 and 2.4 mM) produced a significant increase (P <

0.05) in e.r.c. (Figure 5.11).

Verapamil (10-7M) significantly reduced developed tension and e.r.c.

(p < 0.01) (Figure 5.12).

For further investigation of the effect of developed tension on e.r.c.,

developed tension was reduced by increasing hydrogen ion concentration.

5.4 Effects of pH on e.r.c.

Reduction of perfusate pH to 6.7 and 5.2 was achieved by omitting
18 millimole or 25 milimole of sodium bicarbonate respectively. Sodium ion
concentration was adjusted by adding sodium chloride. Reduction of pH to
6.7 induced a slight initial increase in developed tension followed by a
decrease (p < 0.001); perfusion pressure was initially decreased (P < 0.01).
This was then followed by an increase which was significant (p < 0.01).

Heart rate and e.r.c. were both reduced (p < 0.01) (Figure 5.13).

Reduction of pH to 5.2 reduced developed tension (p < 0.001) and
e.r.c. (p <0.01) while perfusion pressure was increased (p < 0.05).
The weak contractility in this experiment failed to trigger the rate

meter (Figure 5.13).

5.5 Effects of hypothermia on e.r.c.

Perfusate temperature was reduced from 37°C to 23°C in order to

reduce the heart rate.
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reduced (P < 0.001) e.r.c. despite the increase (P < 0.01) in developed

tension (Figure 5.14).

5.6 Effects of adenosine on e.r.c.

To investigate the relation between reduction in e.r.c. and reduction
in perfusion pressure produced by magnesium the vasodilator adenosine
. -8 -7 -6 -5 . .
was used. Adenosine (10 ~, 10 ', 10 -, 10 M) induced a concentration

dependent effect on perfusion pressure with no significant effect on

e.r.c. (Figure '5.15).

5.7 Effects of ligation and reperfusion on % increase in 86Rb+ counts

Extracellular increases of potassium following coronary artery liacion
might be an important factor leading to the development of ventricular
arrhythmias. It was of interest to see if potassium loss preceded

the development of arrhythmias.

In these experiments % change in 86Rb+ counts was used instead
of e.r.c. because they were some of the earlier experiments when

no measurement of rate was performed.

No increase in 86Rb+ counts was noticed upon ligation of
coronary artery and that could be due to the low collateral circulation
in the rat heart (Figure 5.16). Because no increase in 86Rb+ counts
was detected during ligation hearts were reperfused to see if 86Rb+
released during ischaemia could be washed out. In these experiments
hearts were perfused with 10 mM potassium to prevent fibrillation upon
reperfusion. Increasing potassium to 10 mM itself increased (p < 0.01)

e.r.c. (Figure 5.17). Perfusate was collected for 35 seconds following

reperfusion to calculate the percentage increase in counts. An example



of the effect of ligation and reperfusion is shown in Figure 5.16.

Ligation for 5, 10, 13 and 15 minutes produced a time dependent
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increase in counts during reperfusion (P < 0.05, r = 0.095) (Figure 5.18).

experiments could be due to inhibition of Na+/K+ pump activity during

Increases of extracellular potassium during reperfusion in these

ischaemia (Kunze, 1977). To assess the possible contribution of

inhibition of Na+/K+ pump activity to the leakage of potassium during

ischaemia, hearts were perfused with ouabain.

5.8 Effects of ouabain on e.r.c.

6

Ouabain (10‘7, 10, 1072 and 1074 M) did not exert any significant

effect on e.r.c., heart rate or developed tension.

5.9 Effects of ventricular fibrillation on e.r.c.

arrhythmia development in the coronary ligated rat

Because it was not possible to measure a change in e.r.c. during

were induced by altering the ionic milieu to see if arrhythmias

themselves affect e.r.c.

be consistent and predictable. Three models were attempted and these

were: —

(a)
(b)
(c)

(a)

++
Ca

++
Ca

++
Ca

++
Ca

5 mM Na* 59 mM Kkt 5.9 mM
+ +

5 mM Nat 118 mM k¥ 1.2 mM

5 mM Mg'T 0o k¥ 2.5 mM

5 mM, Na® 59 mM, K* 5.9 mM

In the experiments using model {(a) sucrose was added to

comensate for  reduction of osmolarity produced by halving sodium

Fibrillation in these models was found to

heart, arrhythmias
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chloride concentration. After introducing the arrhythmogenic solution

a, samples were taken every 15 seconds. Fibrillation in this model occurs
180 %15 seconds (n = 3) after changing the composition of the

perfusate. When fibrillation took place rubidium e.r.c. had already
started to increase and a greater increase in e.r.c. took place after
the onset of ventricular fibrillation- (Figure 5.19a) but this increase
was not maintained.

*'5 oM, K* 1.2 mM.

(b) ca’
In this model, fibrillation occurs 187 * 7 seconds after changing

the composition of the perfusate. After altering the ionic milieu ’

a transient increase in e.r.c. took place. On the onset of ventricular

fibrillation a greater increase in e.r.c. occurred (Figure 5.19b) which

was not maintained.

(c) ca*t s mm, Mg*t 0, K" 2.5 mM.

In this model, fibrillation occurs 210 * 54 seconds after
altering the ionic composition of the perfusate. A gradual increase
in e.r.c. took place before the onset of ventricular fibrillation.

(Figure 5.19c).

In the previous three models of arrhythmias increase in e.r.c.
accompanied the onset of fibrillation. Further experiments were carried
out to try to dissociate the occurrrence of ventricular fibrillation

from the change in e.r.c.

5.10 Effects of mexiletine (5-10 mg/litre) and verapamil lO_GM on

fibrillation induced by 5 mM calcium, 59 mM sodium chloride and

1

5.9 mM potassium

Drugs were applied 15 minutes before altering the ionic milieu



5 and 10 mg/litre mexiletine alone reduced (P < 0.0l1) e.r.c. but
after altering the ionic milieu a gradual increase in e.r.c. still
occurred. Despite this both concentrations of mexiletine prevented

the development of ventricular fibrillation within 7 minutes.
Verapamil 10_6 M reduced (P < 0.01) e.r.c. and prevented the
incidence of ventricular fibrillation. Upon altering the ionic milieu

a gradual increase in e.r.c. still took place (Figure 5.20).

5.11 Effects of mexiletine on fibrillation induced by 5 mM calcium,

1.2 mM potassium

10 mg mexiletine prevented ventricular fibrillation and reduced
(P < 0.01) e.r.c. Upon altering the ionic composition of the
perfusate e.r.c. increased only for 2 minutes before levelling off.

(Figure 5.21).

5.12 Effects of mexiletine on fibrillation induced by 5 mM calcium,

0 mM magnesium and 2.5 mM potassium

10 mg/L mexiletine reduced (P < 0.01) e.r.c.. 8

after altering the ionic milieu but was reduced compared to control .

Ventricular fibrillation was also prevented (Figure 5.22).

5.13 Effects of mexiletine and verapamil on the haemodynamics of the

isolated hearts

5 mg/L mexiletine reduced non significantly the heart rate and
developed tension while 10 mg/L mexiletine significantly (P < 0.05)
reduced both developed tension and heart rate. Neither concentration

had a significant effect on perfusion pressure (Figure 5.23).

6., + .
Rb e.r.c. increased

111.
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I~

lO—6 M verapamil reduced the developed tensions from 8.4 0.5
to 3.9 * 0.4 grams and the e.r.c. from 0.029 * 0.001 to 0.021 *
0.001 min_l. The low contractility did not trigger the rate meter.

5.14 Evaluation of 86Rb+ efflux during calcium paradox

86

Rb" detected following reperfusion in the isolated rat heart
could be due to wash out of accumulated 86Rb+ during coronary occlusion.
Some of this increase in 86Rb+ efflux could also be due to the direct
effect of reperfusion as reperfusion injury may be caused by calcium

overload (Shine and Douglas, 1983), as this can be induced by the

calcium paradox. The effects of this on 86Rb+ efflux were examined.

5.15 Effects of duration of calcium depletion on % increase in

86

Rb+ counts

This is one of the early experiments where % increase incounts was

used . instead of e.r.c.

Perfusate was depleted of calcium for 2, 4, 6, 8 and 10 minutes.
Experiments were arranged in such a way that calcium repletion took place
40 minutes after the start of 86Rb+ washout so that efflux could be
compared with the control values at this time. One minute after calcium
depletion hearts were uncoupled and perfusion pressure fell

significantly (P < 0.01) from 70 * 5 to 54 * 2 mm Hg (n = 16).

At the time of calcium repletion there was a 52% increase in
perfusion pressure. This rise in perfusion pressure was not dependent on

the period of calcium depletion.
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Re-admission of calcium following depletion for 2 and 4 minutes
resulted in 80 * 6 and 86 * 4 recovery of developed tensidn respectively

and loss of 86Rb+.

On the other hand, calcium repletion after depletion for 6, 8 and
10 minutes resulted in loss of mechanical and electrical activity,
protein leakage, increases in 86Rb+ efflux and a rise in resting tension

(Figures 5.24, 5.25, 5.26).

Tissue water content was not affected by time of calcium

depletion.

5.16 Effects of hypothermia and low calcium perfusion (both appplied

during the period of calcium depletion) on calcium paradox.

Hypothermia and perfusion with 0.25 mM calcium both during calcium
depletion period (for 6 minutes) resulted in complete contractile
. 86, + . . ++
recovery and preservation of Rb  and protein. (F1gure+§.27).Ca 0.25 mM
. Ca
was used because any concentration higher than0.05mM\l(dur‘ing the calcium

deprivation was shown to protect hearts against the damage caused by

calcium readmission by Alto and Dhalla (1979).

5.17 Effects of mepacrine and chlorpromazine on e.r.c.

The phospholipase A2 inhibitor meparcine (10—7 and 10-'6 M) had an
antiarrhythmic action (4.2c) while chlorpromazine another phospholipase
inhibitor failed to exert any antiarrhythmic effect at the dosage

used (10’7 and 10°° M).

Experiments were designed to see whether these antiarrhythmic
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concentrations of mepacrine had any effect on e.r.c. Perfusion of hearts

with mepacrine (10-7, 10—6, 10~° and 10—4) reduced the e.r.c. and

t

developed tension in a concentration dependent manner (Figure 5.28).

No significant effect was induced by chlorpromazine (10—7, 10-6
and 10"5 M) but a concentration of lO_4 M, which caused a marked reduction
of contractility induced a significant (P < 0.001) reduction in e.r.c.

(Figure 5.29).

Neither drug had any significant effect on heart rate.
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Figure 5.1. Effect of 4.8 milimolar magnesium sulphate on mmmd+ efflux Wde constant ASHSIHV. The

mean of the last five control samples is compared with the mean of the last five treated

samples as indicated by the bars. Calcium concentration was 1.2 mM and potassium 2.5 mM.
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Figure 5.13. Effects of pH 6.7 and pH 5.2 on
(a) 86Rb+ efflux rate constant (ERC) (min-l)
(b) Heart rate (HR) (Beats/min)
(c) Developed tension (DT) (g)
(d) Perfusion pressure (PP) (mm Hg)
Developed tension and perfusion pressure showed
biphasic change when pH was decreased to 6.7. (I)
represents initial change and (F) represents final

steady state change. In the case of pH 5.2 the developed

tension did not trigger the rate meter.
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Figure 5.19. Time course of the effects of:

(a) ca** 5 mM, Na* 59 mM

+

(b) ca*t 5 mmM, kK 1.2 mM

(c) ca™ 5 mM, Mg"™" 0 mm

86

on “PRb* efflux rate constant (min'-1

).
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Figure 5.20. Time course of the effect of 5 mM calcium and 59 mM sodium chloride on Rb” efflux rate constant and the
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bars are compared.
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Figure 5.27. Effects of hypothermia (23°C) and low calcium perfusion
(0.25 mM) both during 6 minutes of calcium depletion on:
(a) Protein leakage (mg protein/5 min/g dry weight) during
Ca++ repletion
(b) Percentage recovery in developed tension (DT) during
catt repletion

86

(c) Rb' efflux rate constant (min—l) (ERC) during

calcium repletion

80hb* efflux rate constant (min_l) (ERC) during

(d)

control period.

Control calcium was 1.2. mM.
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CHAPTER 5. DISCUSSION
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5.a Use of 86Rb+ as a tracer of potassium fluxes

Because 42K+ has a short half-life (12.4 hours), 86Rb+ whose half
decay time is 18.7 days, has been used as a substitute as it can replace
potassium electrophysiologically. Howevexr, 86Rb+ does have a blocking
effect on the potassium permeability of the cell membrane in skeletal

e et s + .+ . 86, +
muscle by inhibiting the Na /K pump (Adrian, 1964). Rb has been
used as a tracer of potassium ions for investigations in pancreatic

islets cells (Henquin, 1977) and membrane transport systems such as

6 42 +

the sodium potassium pump (Tomita and Yamamoto, 1971). 8 Rb* and K

were shown to be lost from a single homogenous compartment and the
rate coefficient of 86Rb+ loss was not significantly different from

+
that of 42K in smooth muscle of canine trachea (Imaizumi and Watanabe,

1981).

The biological half life of 86Rb+ in the present study in the isolated
rat heart was found to be 21.2 %1 minutes, n = 30, which is far less
than that reported in canine tracheal smooth muscle (140.8 * 19.9 minutes,
n=8) (Imaizumi and Watanabe, 1981). This difference is possibly due

to the higher metabolic and mechanical activity of the rat heart.

5.b Effects of magnesium on 86Rb+ efflux rate constant (e.r.c.)

The results in Figures 5.1 and 5.2 demonstrate that magnesium induces
a concentration dependent reduction in e.r.c. This reduction in e.r.c.
is accompanied by a decrease in developed tension, heart rate and per-

fusion pressure (Figures 5.3, 5.4, 5.5, 5.6, 5.7 and 5.8).

These results are in agreement with the findings of Shine and Douglas
(1974), however, in the present study changes of e.r.c. are shown with

lower concentrations of magnesium than those reported by Shine and Douglas.
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The rapid effect of magnesium on e.r.c. suggests an effect at
the sarcole membrane. Mangesium might inhibit a pathway for potassium
exchange in the rat ventricle, however, an effect on haemodynamics
is not excluded as magnesium reduced heart rate, developed tension and

perfusion pressure.

5.c¢ Reduction in heart rate as a possible mechanism for reduction of

e.r.c.

The failure of magnesium to induce similar reduction in e.r.c.
in hearts electrically paced at 300 bpm (Figure 5.9) indicates that
the decrease in heart rate induced by magnesium contributes to some
extent to its effect on 86Rb+ efflux. The remaining component is possibly
due to adirect magnesium effect and/or the negative inotropic effect
of magnesium. However, electrical stimulation of hearts at different
rates did not induce a significant increase in e.r.c. (Figure 5.10).
One possible explanation for this discrepancy is that the rat heartshows
a negative staircase. effect with pacing and any increase in e.r.c.
due to increase in heart rate could be masked by the decrease in e.r.c.
induced by the negative inotropic effect of pacing, however, the possi-
bility that activation of the Na+/K+ pump by electrical pacing, which
may compensate for the possible increase in e.r.c. (Kléber, A.G., 1983)

could not be ruled out.

5.d Negative inotropic effect of magnesium as a possible mechanism

of e.r.c. reduction

In order to investigate the contributary role of magnesium negative
inotropism to its effect on e.r.c., developed tension was manipulated
by perfusion with different concentrations of calcium and one concen-

tration of verapamil.
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The fact that increasing concentrations of calcium induced an
increase in developed tension, and significant increases in e.r.c.
(Figure 5.11) implies that changes in contractile force can affect the
e.r.c. The finding that the concentration dependent increase in devel-
oped tension produced by calcium were not accompanied by a concentration
dependent effects on e.r.c. is possibly due to the fact that the calcium
concentration in these experiments was not added progressively (1.2,
then 0.6 then 2.4 mM) and to the small change in e.r.c. The small
change in e.r.c. induced by calcium demonstrates that the decrease in
developed tension caused by magnesium could be responsible for a

small component of the decrease in e.r.c.

These results are in contrast with those of Shine and Douglas

(1979). In their experiment, 5 mM calcium reversed the depression of

20 mM magnesium on developed tension but did not affect 42K+ exchange,

however. Shine and Douglas:

1. Applied a different method of counting rate (effluent counts min—2)
which is probably not as accurate as the method used in the
present study because it does not relate the effluent count to
the tissue count.

2. May be their technique was not sensitive enough to measure the
minute changes induced by calcium as they failed to detect changes

in 42K+ efflux with magnesium concentrations less than 5 mM.

These results suggest the presence of Ca-activated K* channels
in the heart, however, the evidence that such channels exist is
equivocal. (Eisner and Vaughan-Jones, 1983). This is partly due to

technical difficulties encountered in identifying an individual ionic

current amongst the many currents that exist in the heart. In addition
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an increase in intracellular calcium will produce an intracellular acidi-
fication which will shorten the action potential duration .and increase

the potassium outward current. Moreover, increasing intracellular calcium
will cause a fall in ATP which in turn will activate the potassium current
that is activated by ATP depletion. (Eisner and Vaughan-Jones, 1983;

Akinori and Tohru, 1985).

. . +
These two currents could be confused with a Ca-activated K
current since many manoceuvres which increase intracellular calcium also

decrease intracellular ATP and pH.

The negative inotropic effect of verapamil was accompanied by
a reduction in e.r.c. (Figure 5.12), however, verapamil's negative
inotropic action does not account for the whole of the e.r.c. decrease.
A 27% reduction in developed tension produced by verapamil, elicited
a 70% reduction in e.r.c. while a 72% reduction in developed tension
produced by halving the calcium concentration elicited only an 11%
reduction in e.r.c., which suggests an additional unidentified mechanism

for verapamil's action.

5.f Effects of reduction of developed tension by reducing pH on e.r.c.

In order to simulate the negative inotropic effect induced by

magnesium, developed tension was reduced by reducing pH.

The simultaneous reduction of developed tension, heart rate and
e.r.c. induced by increased hydrogen ion concentration (Figure 5.13)
lends further support for the correlation between these parameters.
The negative inotropic effect of acidosis is accounted for by a

reduction of calcium influx (Fry and Poole-Wilson, 1979), however,



an effect on calcium-troponin interaction or calcium release from the
sarcoplasmic reticulum is not excluded (Tsien, R.W., 1976). Replace-
ment of calcium bound to the sarcolemmal membrane by H* might explain

the initial transient increase in developed tension.

Intracellular pH falls after the onset of ischaemia (Steenbergen
et al., 1977). This fall in pH is apparently protective against further
possible ischaemic injury as the acidosis induced reductions in con-
tractility reduces tissue demand for oxygen and hence preserves high
energy phosphates (Steenbergen et al., 1977). The preservation of high
energy phosphates could explain the decrease in the potassium loss.

(Akinori and Tohru, 1985).

5.f Effect of reducing heart rate by hypothermia on e.r.c.

In order to simulate reduction of heart rate induced by magnesium,
heart rate was reduced by hypothermia. Reduction of heart rate to
42 * 5 bpm by reducing temperature to 23°C was associated with a
decrease in e.r.c. despite the increase in developed tension (Figure
5.14). In one ex periment (not shown here) a reduction of temperature

to 29°C reduced the heart rate to 150 bpm and increased e.r.c. These

148.

results indicate that the effect of hypothermia on e.r.c. is a resultant

of two opposing effects, these are the increase in developed tension
and the decrease in heart rate. The results of hypothermia lend further
support for a positive correlation between heart rate and developed

tension on one hand and e.r.c. on the other hand.

5.g Effect of vasodilation induced by adenosine on e.r.c.

In order to investigate the contribution of vasodilation induced

by magnesium to its effect on e.r.c., vasodilation was induced by
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different concentrations of adenosine.

The failure of adenosine to affect e.r.c. despite the marked vaso-
dilatation (Figure 5.15) indicates that vasodilatation does not play
a major role in regulating e.r.c. The magnesium induced reduction
in e.r.c. is probably not mediated by the vasodilator action of
magnesium. The preserving effect of magnesium on intfacellular potassium
may account for protection against ischaemia induced cardiac necrosis

in rats reported by Seelig, M.S. (1974).

5. h Effects of ligation and reperfusion on % increase in 86Rb+ counts

The failure to detect an increase in 86Rb+ count during coronary
artery ligation (Figure 5.16) is similar to the findings of Abrahamsson
et al., 1983), who studied 3H—noradrenaline. They failed to detect
an increase of labelled noradrenaline upon coronary artery ligation
in the perfused rat hgart. This could be accounted for because the
low collateral circulation of the rat heart did not allow wash out
of the labelled material. However, upon reperfusion a marked increase
in 86Rb+ washout is seen (Figure 5.16). It is not clear whether this
change is merely due to washout of 86Rb+ during ischaemia, or to
ischaemia and reperfusion damage, however, the linearity of the change
in 86Rb+ with time may suggest that this change is due only to washout
of accumulated 86Rb+ (Figure 5.18). Moreover, the fact that the
effect is not persistent does not support a role for reperfusion damage

86

initiating further Rb* efflux.

The present results of 86Rb+ efflux during ischaemia are consistent
with the findings of Harris et al. (1954), Weiss et al. (1982) and

Hirche et al. (1980) who studied potassium efflux.
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The net cellular potassium loss must result from an increase
in potassium efflux or from a decrease in potassium influx brought
about by reduced Na+/K+ pumping or from a combination of these two
processes (Kléber, A.G., 1984).

~4

The failure of ouabain (10_7 - 10 M) to induce an increase in

86Rb+ washout could be attributed to the fact that rat hearts are
relatively resistant to this drug. But rat heart Na+/K+ ATPase activity

5M)

is half-maximally inhibited by ouabain in a concentration of 5.9 x 10
(Erdmann, 1980). This may suggest that the increase in 86Rb+ efflux

is not the result of a decrease in Na+/K+ pump activity during the

ischaemic period.

5.i. Effects of potassium on 86Rb+ e.r.c.

The increase in e.r.c. induced by high potassium, used in the
previous experiment to prevent fibrillation, (Figure 5.17) is in
agreement with Bartschat and Blaustein (1985). This potassium-stimulated

86Rb+ efflux is presumably due to depolarizing cells.

5.j Effects of induction of arrhythmias by altering the ionic milieu
on e.r.c.
The present experiments were performed tc¢ see if potassium loss

precedes the development of arrhythmias.

Most models used for the study of antiarrhythmic drugs for the
prevention of sudden cardiac death produce variable and non predictable
arrhythmias. ﬁqyever, Karli (1958) showed that low potassium or sodium
in the perfusate coupled with a high calcium concentration favoured
the development of ventricular fibrillation. These manoeuvres are

believed to inhibit Na'/K* ATPase leading to an increase of
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intracellular calcium via Na+/Ca++ exchange. The clinical relevance of
fibrillation in this model is questionable. However,
antiarrhythmic drugs, effective in man were found to be effective in

this model (Wdodward, 1980).

The three models used to induce fibrillation (Figure 5.19) demon-

6Rb+ e.r.c. before the onset of ventricular

strated an increase 0f‘8
fibrillation although the time course is different for every model.
++ ++ . . -
The model of (Ca ~ 5 mM, Mg  O) is not good due to the inconsistency
of the incidence of ventricular fibrillation. The major increase in
86Rb+ e.r.c. in these models which develop after the onset of ventricular

fibrillation could be attributed to the contracture which normally

accompanies the onset of fibrillation.

The increase in e.r.c. which preceded fibrillation in all 3 models
could be ascribed to an increase of intracellular calcium. This is
evident from the increase in resting tension which preceded the onset

of ventricular fibrillation.

The increase of potassium permeability that preceded ventricular
fibrillation is possibly the cause of ventricular fibrillation. This
is in line with the findings of Harris et al. (1954). They induced
ectopic activity and fibrillation by locally injecting potassium into

a coronary artery of the dog.

The protective effect against the development of ventricular
fibrillation in these models induced by mexiletine and verapamil
(Figures 5.20;'5.21, 5.22) could be attributed‘to the ability of these
drugs to reduce potassium loss. Although the arrhythmogenic solutions
reversed the reduction in e.r.c. produced by these drugs, but the

e.r.c. seems to stabilize at a lower elvel than that what was associated
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with the development of ventricular fibrillation. However, it is not
known whether these drugs delay or simply prevent the incidence of
ventricular fibrillation for these drugs were studied only for 7 minutes

after changing the ionic milieu.
The simultaneous reduction of heart rate, developed tension and
e.r.c. induced by mexiletine (Figure 5.23 and Section 5.13) lends

further support for the positive correlation of these parameters.

5.k  Evaluation of 86Rb+ efflux during calcium paradox

In the previous arrhythmogenic models increases in intracellular
calcium would be expected and this could be the cause of arrhythmias.
Reperfusion of calcium deprived hearts with normal media is a suitable
model for investigating the effects of calcium overload (Yates and
Dhalla, 1975). In agreement with Alto and Dhalla (1979) calcium repletion
after a period of calcium deprivation induced potassium loss which

was dependent on the period of calcium deprivation (Figure 5.24).

In the present study mechanical activity was not lost completely
when calcium was deprived for periods less than 6 minutes, however,
readmission of calcium wés accompanied by reduction of contractile
recovery and 86Rb+ loss. Calcium depletion for a longer period produced
on calcium readmission, loss of mechanical activity, 86Rb+ and protein
loss (Figures 5.25, 5.26). This protein leakage may mean that the loss

in 86Rb+ is not due to specific calcium effect on 86Rb+ but to a
more generalised cell damage. The loss of protein during calcium re-

pletion is in agreement with the findings of Hearse et al. (1980).
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The present results have shown a dissociation between some of
the indices of the calcium paradox (Figure 5.25). The magnitude of
contracture does not parallel 86Rb+ efflux and protein loss. Such a
dissociation of calcium paradox indices has been shown by Baker et

al. (1984) between calcium delivery, enzyme leakage and cell damage.

In many experimental studies only one or two indices are used,
the assumption being made is that these are sufficient to define the
extent of cell damage. This assumption may be dangerous as these indices

are not necessarily parallel.

Protection against the calcium paradox induced damage by hypothermia
and a low calcium concentration perfusion during the calcium deprivation
period (Figure 5.27) is in agreement with the findings of Alto and
Dhalla (1977). They have shown that calcium concentrations higher
than 0.05 mM during the calcium deprivation period protect hearts
against the damage caused by calcium readmission. This protective effect
of low calcium could be explained because above a minimal calcium
concentration, no damage of calcium fucose bridges occurs (Frank et
al., 1977). The protective effect of hypothermia applied during the
calcium depletion period is possibly due to the fact that the more
crystalline structure of the cell membrane at low temperatures allows
the membrane to bind calcium more firmly and hence protect the membrane

structure (Grinwald and Nayler, 1981).

5.1 Effects of mepacrine and chlorpromazine on e.r.c.

The concentration dependent reduction on e.r.c. induced by mepacrine

‘

and the failure of chlorpromazine to induce a similar effect (Figures

5.28, 5.29) is consistent with the effects of these drugs on 1ligation
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induced arrhythmias (4.2c). The antiarrhythmic aption of mepaérine
could possibly be attributed to its effect on potassium movement.

Thé simultaneous reduction of developed tension produced by mepacrine
lends further support for the correlation between e.r.c. and developed
tension. Quinine, a structural analogue of mepacrine has been shown
to block Ca-activated potassium channels in many tissues (Bartschat
and Blaustein, 1985), however, further investigation is required to

elucidate the mechanism of action of mepacrine.



6.0 FINAL DISCUSSION
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6.1 Contribution of haemodynamic effects to the antiarrhythmic effects

of drugs and ions on ligation induced arrhythmias in the isolated

rat heart

A decrease in perfusion pressure, which is a measure of vasodilation,
is thought to protect hearts against ischaemic damage by increasing
flow through collateral vessels to the ischaemic zone. An increase
of flow will salvage the ischaemic tissue by providing substrates and
removing noxious metabolites. However, in the present study there seems
no correlation between the antiarrhythmic effect of the drug and its
vascular effect (Table I). While potassium reduced both parameters,
ZK 36374 reduced perfusion pressure with no effect on arrhythmias.
On the other hand, BW 755C, nafazatrom and mepacrine, which did not
affect perfusion pressure, significantly reduced arrhythmias. This
dissociation of the two parameters could be attributed to the low
collateral circulation of the rat heart (Schaper, 1984). If anything,
a coronary dilator might be expected to exacerbate damage by causing

coronary steal.

Similarly, no correlation exists between a decrease of developed
tension and ligation induced arrhythmias in the isolated rat heart.
A decrease of developed tension would be expected to protect the
ischaemic tissue by reducing oxygen demand, preserving high energy
phosphates, and reducing calcium influx. Potassium and nafazatrom
exerted their antiarrhythmic effect without affecting the developed
tension while mepacrine and BW 755C reduced both parameters. On the
other hand, ZK 36374 and verapamil reduced developed tension with no
significant efﬁec? on arrhythmias. Potassium, BW 755C, nafazatrom
and mepacrine exerted their antiarrhythmic effect without affecting
the heart rate, however, magnesium and diltiazem did not induce any

antiarrhythmic effect unless they reduced the heart rate.
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Table 1. Summary of the effects of some of the drugs and ions used

in the present study on ligation induced arrhythmias and

haemodynamic properties of the hearts;

4+ and + denote increase

and decrease respectively whereas - denotes no effect.

Drug or ion Perfusion Developed Heart Arrhythmias
pressure tension rate
Potassium ¥ - - ¥
Magnesium ¥ ¥ ¥ ¥
ZK 36374 ¥ ¥ - -
Verapamil ¥ ¥ - -
Diltiazem ¥ ¥ ¥ 7
Aspirin - - - -
Indomethacin - - - -
Dazoxiben - - - -
BW 755C - ¥ - ¥
Nafazatrom - - - ¥
Mepacrine - ¥ - ¥
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In conclusion, vasodilation and reduced developed tension do not
have an important contribution to antiarrhythmic mechanism but they
serve as adjuvant to the mechanisms of certain drugs. However, a decrease
in heart rate does seem to confer some antiarrhythmic effect. This
was seen with magnesium and diltiazem, the beneficial effect of which

was prevented by electrical pacing.

6.2 Potassium efflux as a factor in the development of arrhythmias
Potassium loss has been implicated in the gensis of arrhythmias

(for citation of references, see Introduction section). Hence a drug

that reduces potassium loss would be expected to be a potential anti-

arrhythmic agent. In the present study the antiarrhythmic effects of

mepacrine and mexiletine have been attributed to their potassium sparing

effect (Table 2). However, potassium which is a potential antiarrhythmic

ion, increased potassium efflux but potassium would itself reduce

heterogeneity between the ischaemic and non-ischaemic area.

Table 2. Summary of the effects of certain drugs and ions on

arrhythmias and 86Rb+ efflux rate constant.

Drug or ion 86Rb+ e.r.c. ' Arrhythmias
Mepacrine . 4 v
Mexiletine ¥ ¥
Chlorpromazine - -

Potassium + v
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Table 3. Comparison of the effects of magnesium and mepacrine
86, + . . . .
on Rb e.r.c. and ligation induced arrhythmias.
. . 86 X
% reduction in Rb e.r.c. Effect on arrhythmias

Magnesium

2.4 mM 14 -

4.8 mM 31 ¥
Mepacrine

107M 3 +

10~%u 13 2




159.

However, this association between potassium preservation and
antiarrhythmic effect of a drug is met by a reservation. A slight
effect on 86Rb+ e.r.c. was associated with antiarrhythmic effect in
the case of mepacrine whereas the same effect on 86Rb+ e.r.c. was not
associated with antiarrhythmic effect in the case of magnesium (Table
3). This can only be explained as mepacrine possessed another anti-—
arrhythmic mechanism and that potassium preservation served as an

adjuvant to that mechanism.

‘6.3 Conclusions

The isolated rat heart is a simple preparation and useful for
screening of antiarrhythmic drugs. In this preparation (1) Potassium
possesses a striking antiarrhythmic effect in the isolated coronary
ligated rat heart. The mechanism underlying this effect requires

further investigation.

2. Calcium has detrimental effects on 1ligation induced arrhythmias,
however, calcium antagonists failed to protect against this type of

arrhythmia .

3. The results in the present thesis do not confirm an association

between magnesium deficiency and arrhythmias.

4, Prostaglandins do not seem to be directly implicated in ligation

induced arrhythmias in this model.

5. Perfusion of hearts with lysophosphatidylcholine has a detrimental
effect on arrhrythmias whereas free radical scavengers have no effect.

86Rb+

6. Magnesium has a striking effect on efflux which seems to
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be associated with heart rate and developed tension.

7. Ventricular fibrillation induced by ionic manipulation is preceded

by an increase in 86Rb+ efflux.
8. Readmission of calcium to hearts after deprivation is accompanied
by an increase in 86Rb+ efflux which seems to be due to generalized

cellular damage. This is evidenced by protein leakage.

6.4 Suggestions for future work

1. Evaluation of effects of potassium on regional flow and myocardial

function in the non-ischaemic zone, marginal zone and ischaemic zone.

2. Comparison of the effects of mepacrine and phenothiazines on the

electrophysiology of the heart and phospholipase activity.

3. Evaluation of the effects of BW 755C and nafazatrom on the
electrophysiology of the heart and lipoxygenase activity.
4, Examination of the effect of lysophosphatidylcholine on 86Rb+

efflux.

5. Evaluation of the effects of varying pH and temperature on

86Rb+ efflux in paced hearts.

6. Comparison of the effects of metabolic and respiratory acidosis

on 86Rb+ efflux.
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7. Use of rise in 86Rb+ efflux caused by anoxia and reoxygenation
for investigation of the effects of calcium antagonists and free

radical scavengers.

8. Use of 86Rb+ efflux increase as a calcium paradox index for
investigation of the route of calcium influx during calcium readmission

and the effect of calcium antagonists.

9. Bartschat and Blaustein (1985) employed a sensitive method for

evaluation of 86Rb+ efflux which could measure changes in 86Rb+

efflux in every second. This method could be employed to give more
accurate results for investigations of the effect of arrhythmias on

86pb* efflux.
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