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ABSTRACT

MECHANISM OF ENHANCEMENT OF THE ARRHYTHMOGENIC EFFECTS OF
DIGITALIS BY ISCHEMIA

By

Donghee Kim

Myocardial ischemia sensitizes the heart to the arrhythmogenic
effects of digitalis thereby reducing the therapeutic usefulness of
digitalis for the treatment of heart failure in the presence of myo-
cardial ischemia. Therefore, mechanisms by which this phenomenon
occurs were studied. Ligation of the left anterior descending (LAD)
coronary artery in isolated guinea-pig hearts reduced the time to
onset of arrhythmias during perfusion with a toxic concentration of
digoxin. The period of occlusion was less than 80 min in all pre-
parations. Kinetic parameters of (3H)ouaba1‘n binding to Na,K-ATPase,
a putative receptor for the glycoside, and the enzyme activity itself,
were unchanged by 2-hr of partial or complete ischemia. Thus, the
enhanced sensitivity of the LAD artery ligated guinea-pig heart to
digitalis appears to be due to mechanisms other than an altered
glycoside binding to the enzyme. LAD artery ligation in anesthetized
cats also reduced the dose of digoxin required to produce arrhythmias.
Removal of the autonomic nervous system input to the heart by bila-

teral vagotomy and spinal section or by propranolol pretreatment
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failed to influence the enhanced sensitivity of LAD artery ligated
animals to digitalis.

The direct effects of ischemia on the heart that might enhance
the arrhythmogenic actions of digitalis were further examined using
Langendorff preparations of guinea-pig heart. Reserpine or cimetidine
pretreatment failed to abolish the increased digitalis sensitivity
caused by LAD artery ligation. Infusion of a high (10.6 mM) K"
solution, but not a 5.8 mM Kt solution into the LAD coronary artery
and perfusion of the rest of the heart with digoxin significantly
enhanced the arrhythmogenic action of the glycoside. These results
suggest that the ischemia-induced increase in digitalis sensitivity
may be due to an interaction between K+ ion and digitalis in certain

areas of the heart.
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INTRODUCTION

A.  General Background

A group of cardiac glycosides and aglycones that are found in the
digitalis leaves, strophanthus seeds and squill bulbs are collectively
referred to as digitalis. Although digitalis has been in use for many
hundreds of years, the first written account of its beneficial effects
in cardiac insufficiency was that by William Withering in 1785. Later
in 1912, Herrick advocated digitalis therapy in acute myocardial
infarction as a means of improving cardiac function. Early clinical
observations, however, indicated that treatment of myocardial infarc-
tion with digitalis was largely associated with the development of
ventricular arrhythmias. These clinical observations prompted several
investigators to examine the possibility that myocardial infarction
may sensitize the heart to digitalis, resulting in toxicity.

The earliest of such studies in experimental animals demonstrated
that the arrhythmogenic doses of digitalis preparations were signifi-
cantly reduced in coronary artery occluded animals compared to that in
non-occluded animals (Bellet et al., 1973; Travell et al., 1938). In
another series of studies, experimental animals with acute myocardial
ischemia (Kumar et al., 1970; Ku and Lucchesi, 1979) as well as
chronic myocardial infarction (Hood et al., 1967; Morris et al.,

1969; Moss et al., 1981) showed greater sensitivity to the arrhythmo-

genic effects of digitalis.
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In addition, pathologic conditions producing hypoxemia, an
important component of ischemia, were also observed to enhance digi-
talis-induced rhythm disturbances (Baum et al., 1959; Hargreave, 1965;
Harrison, 1968; Williams et al., 1968; Beller et al., 1971; Mason et
al., 1971; Friedman et al., 1972; Beller and Smith, 1975). Thus, in
patients with acute or chronic pulmonary insufficiency with or without
cor pulmonale, or in experimental animals with artificially-induced
acute hypoxemia, the sensitivity to the arrhythmogenic actions of
cardiac glycosides were significantly increased.

It appears then that ischemic conditions enhance the arrhythmo-
genic potential of digitalis. The mechanism of these phenomenon is
not completely understood at present. It is of clinical significance
to understand how ischemia sensitizes the heart to the arrhythmogenic
activity of digitalis since these drugs are of immense value in the
treatment of certain types of heart failure and arrhythmias, such as
congestive heart failure, in acute pulmonary disease, and in supra-
ventricular tachycardia with or without myocardial infarction (Selzer,
1965; Karliner and Braunwald, 1972). In the present study, attempts
were made to elucidate the mechanism by which ischemia enhances the
toxic (arrhythmogenic) actions of digitalis

B. Effects of Ischemia on the Direct Effects of Digitalis on the
Heart

1. Mechanism of inotropic and toxic actions of digitalis

In 1938, Cattell and Gold demonstrated that digitalis in-
creased the force of contraction of isolated, electrically-driven cat

papillary muscle. Since then, the direct positive inotropic action of
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digitalis on the heart has been firmly established. It was further
observed that cardiac glycosides specifically inhibit the active
transport of sodium and potassium ions across the cell membrane
(Schatzmann, 1953; Glynn, 1957). The ATP-dependent sodium-potassium
ATPase, also known as the sodium pump was highly sensitive to the
inhibitory effects of the cardiac glycosides (Skou, 1957; Glynn, 1964;
Skou, 1965). The amount of cardiac glycosides bound to Na,K-ATPase
was demonstrated to strongly and inversely correlate with Na,K-ATPase
activity (Matsui and Schwartz, 1968; Hansen et al., 1971). These two
different effects by digitalis, sodium pump inhibition and positive
inotropy, have therefore resulted in speculation that they may be
causally related.

Further studies on the relationship between Na,K-ATPase
inhibition and positive inotropy produced by digitalis have shown that
the two effects are positively and temporally correlated (Repke, 1964,
1965; Tobin and Brody, 1972; Akera et al., 1969; Allen and Schwartz,
1969; Hougen and Smith, 1978). Therefore, it is generally accepted
that inhibition of Na*,K'-ATPase is the mechanism by which cardiac
glycosides produce their positive inotropic effects, and that Na,K-
ATPase is the putative pharmacological receptor for the inotropic
action of digitalis (Repke, 1964; Schwartz et al., 1975; Akera and
Brody, 1977). Other mechanisms for the positive inotropic actions of
digitalis have been proposed (Dutta et al., 1968; Schwartz, 1976).
Schwartz (1976) has proposed that digitalis binds to Na,K-ATPase and
alters the affinity of enzyme-associated 1ipids for ca™t. Dutta et

al. (1968) proposed that Na,K-ATPase transports digitalis to
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intracellular space. These mechanisms for the positive inotropic
effect of digitalis, however, have received little support.

Further investigations of the relationship between digi-
talis-induced Na*,k*-ATPase inhibition and subsequent positive ino-
tropic effect have revealed that a transient increase in intracellular
sodium concentration may be responsible for the observed positive
inotropic effect following enzyme inhibition. For example, increasing
the intracellular sodium concentration by sodium ionophores, veratrum
alkaloids, or grayanotoxins, similar to the outcome of sodium pump
inhibition, was followed by a positive inotropic effect (Horackova and
Vassort, 1974; Akera et al., 1976; Howard et al., 1976; Ku et al.,
1977).

The relationship between digitalis cardiotoxicity and Na,K-
ATPase inhibition has not been as well defined as that of the positive
inotropic effect and enzyme inhibition. For example, the arrhythmo-
genic actions of cardioactive glycosides could be dissociated from
their inotropic actions. The percent increases in contractility by
various glycosides did not correlate with the percent development of
arrhythmias (Haustein and Hauptmann, 1974). It is generally accepted,
however, that an excessive sodium pump inhibition is responsible for
the toxic effects of cardiac glycosides. Toxicity occurs when the
reserve capacity of the sodium pump is exhausted and further inhi-
bition of the sodium pump results in accumulation of Na+ and loss of
K+ (Akera and Brody, 1977; Akera and Brody, 1982). Akera et al.
(1976) have observed that an approximately 60% inhibition of sodium

pump occurred with a toxic dose of digitalis whereas a lesser
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inhibition (40%) occurred with a positive inotropic dose. The in-
volvement of Na,K-ATPase in digitalis toxicity is further supported by
the findings that k* was lost to the extracellular space with toxic
doses of digitalis (Langer and Serena, 1970; Lee and Klaus, 1971).
Such large increases in extracellular k* and the resulting electro-
physiological changes were therefore proposed to be responsible for
digitalis toxicity (Langer, 1972). Thus, a k*-induced reduction in
the membrane potential, which may reach the threshold level for spon-
taneous firing has been proposed to be responsible for the arrhythmo-
genic actions of digitalis. More recent studies have demonstrated
that the digitalis-induced arrhythmias can be developed from delayed
afterdepolarizations which are observed with a toxic concentration of
digitalis (Ferrier et al., 1973; Rosen et al., 1975; Ferrier, 1977).
Although the exact ionic mechanism by which delayed afterdepolari-
zations occur is not known, it is well established that digitalis-
induced inhibition of the sodium pump is the first step in the pro-
cess. Thus, the toxic or arrhythmogenic effects of digitalis result
from sodium pump inhibition; however, the steps following the sodium
pump inhibition appear to be very complex.

2.  Factors Involving Na,K-ATPase that May Enhance Digitalis
Toxicity

Ischemia may affect glycoside binding to the sarcolemmal

Na,K-ATPase in several ways. It may alter the affinity of the binding
sites on the enzyme for the glycoside, the number of functioning
enzyme units, or both. It has been shown that ischemia or hypoxia

s sy s s
increases the membrane permeability to certain ions such as K and
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ca™ (Nayler et al., 1979; Nayler, 1981; Shine, 1981). Such effects
will alter the ionic environment immediately surrounding the Na,K-
ATPase. Since various ions determine the activity of the enzyme and
therefore the turnover rate, the affinity for the glycoside will
concomitantly change (Clausen and Hansen, 1977). It has been well
demonstrated that stimulation of the sodium pump by increasing the
intracellular sodium concentration either by high frequency stimu-
lation of cardiac muscle (Yamamoto et al., 1979) or using pharmaco-
logical agents that specifically increase Na-K-pump activity (Clausen
and Hansen, 1977) enhances glycoside binding to Na,K-ATPase. By this
mechanism ischemia may enhance digitalis toxicity.

Alternatively, ischemia itself may cause inhibition of the
cardiac Na,K-ATPase activity and contribute to digitalis toxicity.
Beller et al. (1976) reported that following 2-hr of coronary artery
Tigation in dogs, Na,K-ATPase activity in the partially purified
enzyme obtained from ischemic tissues was significantly reduced. Ku
and Lucchesi (1979) observed, however, that the sodium pump activity
in ventricular slices obtained from partially ischemic and completely
ischemic tissues in coronary artery ligated dog heart was increased
and was also more sensitive to the inhibitory effects of digitalis.
In other studies, no changes in Na,K-ATPase activity following a 24-hr
occlusion in dogs were observed (Schwartz et al., 1973).

Studies with hypoxia, an important component of ischemia,
also showed contrasting results on Na,K-ATPase activity. Hypoxic
perfusion for 15 min caused significant reduction in Na,K-ATPase

activity in the rat heart (Balasubramanian et al., 1973) whereas a
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much longer period (60 min) of anoxia failed to affect Na pump acti-
vity in rabbit heart (Rau et al., 1977). McDonald and MacLeod (1971,
1973) reported that in electrically stimulated guinea-pig papillary
muscle maintained at 35°C, 8 hr of anoxic perfusion had a stimulatory
effect on sodium pump activity that was responsible for the main-
tenance of the resting membrane potential in spite of a large K+
leakage to the extracellular space. These investigators further
reported that sensitivity of the sodium pump to the inhibitory effect
of ouabain was markedly greater in 8 hr anoxic when compared with 10
min anoxic tissues. This effect was attributed to the increased
sodium pump activity in 8 hr anoxic tissues. This latter finding is
supported by the results that increased sodium pump activity enhanced
the inhibitory effects of digitalis by causing greater glycoside
binding to Na,K-ATPase (Yamamoto et al., 1979).

Thus, the above contrasting results suggest that there may
be species-specificity with respect to the effects of ischemia on
Na,K-ATPase or sodium pump activity. If so, ischemia may or may not
alter the glycoside effect on Na,K-ATPase, depending on the animal

species. Ischemia may also reduce the reserve capacity of the sodium

pump and enhance the toxic effects of digitalis. It has been proposed

that digitalis toxicity occurs when glycoside-induced inhibition of

the sodium pump exceeds its reserve capacity, and the remaining sodium

pump activity becomes inadequate for maintaining a Tow intracellular
sodium ion concentration (Akera and Brody, 1977). Membrane depolari-

zation may subsequently occur and give rise to an action potential
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when the membrane potential reaches the threshold potential for spon-
taneous activity.

Therefore, an increase in the affinity of the Na,K-ATPase
for glycoside, a decrease in the number of functioning enzyme mole-
cules or a reduction in the reserve capacity of the sodium pump may

enhance digitalis-induced toxicity in the heart.

C. Effects of Ischemia on the Indirect Action of Digitalis on the

Heart
1. Role of Autonomic Nervous System in Toxic Actions of
Digitalis

In addition to the direct action of digitalis on cardiac
tissues, the extracardiac effects have been shown to significantly
contribute to the toxic effects of digitalis, i.e. to the development
of ventricular arrhythmias. Although neuroexcitatory effects of
digitalis have been known for a long time, it was not until 1937 that
Korth et al. emphasized a specific effect of digitalis to increase
central sympathetic outflow to the heart. Since then a vast amount of
research has accumulated implicating the sympathetic nervous system as
one of the causes for digitalis-induced arrhythmias.

A strong correlation between digitalis-induced increase in
sympathetic activity and the occurrence of ventricular arrhythmias was
observed by several investigators (Gillis, 1969; Gillis et al., 1972;
McLain, 1969; Pace and Gillis, 1976). Procedures that interfered with
the central sympathetic outflow to the heart, such as intraventricular
administration of propranolol, abolished neurally associated cardiac
arrhythmias (Lewis and Haeusler, 1975). Using hypothalamic stimu-

lation to augment sympathetic outflow, Evans and Gillis (1975) were
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able to produce arrhythmias with a dose of ouabain that would not
normally be arrhythmogenic.

Studies utilizing spinal cord transection techniques also
demonstrated the involvement of the sympathetic nervous system in
digitalis-induced arrhythmias. Raines et al. (1967) observed that C-1
section increased the dose of ouabain to produce ventricular tachy-
cardia and fibrillation. Similar results were obtained by many other
investigators (Gillis et al., 1972; Cagin et al., 1974; Levitt et al.,
1973; Somberg et al., 1978). Acute or chronic cardiac denervation in
dogs decreased the sensitivity of the heart to the arrhythmogenic
actions of digitalis (Mendez et al., 1961; Cooper et al., 1961; Solti
et al., 1965).

In addition to surgical methods, drugs that modify sympa-
thetic nervous system function have been extensively studied. Drugs
that depress central sympathetic outflow such as clonidine (Gillis et
al., 1972); drugs that block cholinergic transmission, both nicotinic
and muscarinic, such as hexamethonium and atropine (Gillis et al.,
1975); beta-adrenergic receptor blocking agents, such as d1-proprano-
1ol (Evans et al., 1976), or sotalol (Kelliher and Roberts, 1974); or
drugs that interfere with storage and release of norepinephrine at the
postganglionic sympathetic nerve endings, such as reserpine (Boyajy
and Nash, 1965; Ciofalo et al., 1967; Nadeau and Champlaine, 1973), 6-
hydroxydopamine (Saito et al., 1974), guanethidine (Raines et al.,
1968), or bretylium (Papp and Vaughn Williams, 1969; Gillis et al.,
1973), all increased the dose of digitalis required to produce ven-

tricular arrhythmias either in dogs, cats, or guinea-pigs. In
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conjunction with these results was the finding that exogenously ad-
ministered catecholamines enhanced the arrhythmogenic effect of digi-
talis (Morrow, 1967; Raper and Wale, 1969; Lum et al., 1977). These
observations strongly suggest the importance of the sympathetic
nervous system in digitalis-induced ventricular arrhythmias.

The role of the parasympathetic nervous system in digitalis-
induced arrhythmias, however, remains controversial. The vagus is
reported to have a protective effect (LoSasso and Paradise, 1969;
Levitt et al., 1970), an enhancing action (Robinson and Wilson, 1918;
Kreuger and Unna, 1942), or no effect (McLain et al., 1958; Boyazy and
Nash, 1966; Lechat and Schmitt, 1982) on digitalis-induced arrhyth-
mias.

2. Factors that May Enhance Digitalis Toxicity

From above studies, it may be concluded that if ischemia
affects autonomic nerve activity, the toxic actions of digitalis on
the heart may be altered. In 1967, Brown noted that coronary artery
occlusion activated sympathetic cardiac afferent nerves in cats.
Since then, a series of studies by other investigators have confirmed
this observation and further demonstrated coronary artery occlusion-
induced increases in sympathetic cardiac efferent nerve activity
(Malliani et al., 1969; Uchida and Murao, 1974; Felder and Thames,
1979; Bosnjak et al., 1979). Such a sympathetic reflex was also
present in C-1 spinal-sectioned animals (Malliani et al., 1969), an
observation that led to the proposal that a cardiocardiac sympathetic
reflex may be present during myocardial ischemia. In addition to

changes in cardiac efferent nerve activity, coronary artery occlusion
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caused changes in renal nerve activity (Weaver et al., 1981). There-
fore, coronary artery occlusion, by activating afferent cardiac
sympathetic nerves, influenced efferent sympathetic nerve activity not
only to the heart, but also to other organs. On the other hand, many
investigators observed a coronary artery occlusion-induced inhibitory
influence on cardiac sympathetic nerve activity in similar animal
models (Constantin, 1963; Thoren, 1973; Kedzi et al., 1974; Felder and
Thames, 1979). Kedzi et al. (1974) recorded postganglionic sympa-
thetic nerve activity and blood pressure following occlusion of
circumflex coronary artery of anesthetized dogs. Although blood
pressure decreased following occlusion, postganglionic sympathetic
nerve activity was also reduced. Cutting the vagus nerves resulted in
an immediate increase in sympathetic nerve activity and blood pres-
sure. Thus, in these experiments, coronary artery occlusion, by
activating vagal afferents, reflexly inhibited sympathetic outflow.

The reason for these disparate observations on sympathetic
cardiac nerve activity induced by coronary artery occlusion is not
clear. The area of myocardial ischemia may be an important determi-
nant of the direction of change in sympathetic nerve activity, sihce
sympathetic or vagal afferents in the heart may be unequally distri-
buted (Oberg and Thoren, 1973; Thoren, 1973; Uchida et al., 1974; Corr
et al., 1976). Of particular interest are the findings of Lathers et
al. (1978) that coronary artery occlusion produced increases, de-
creases or no change in discharge within a bundle of postganglionic
cardiac sympathetic nerves. They therefore postulated that such non-

uniform changes in nerve activity may cause arrhythmias to develop.
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In both human patients and experimental animals with ische-
mic heart and coronary artery ligation respectively, the catecholamine
concentration in the blood and urine were significantly elevated
(Forssman et al., 1952; Valorie et al., 1967; Klein et al., 1968;
Staszewska-Barczak and Ceremuzynski, 1968; Hayashi et al., 1969;
Siggers et al., 1971; Staszewska-Barczak, 1971). In many cases, the
amount of catecholamine released into the blood was closely correlated
with morphological changes in the ischemic heart. Conversely, admi-
nistration of exogenous catecholamines produced features similar to
myocardial ischemia (Raab et al., 1962; Waldenstrom et al., 1978).
These findings suggest that during the ischemic process there is
increased sympathetic activity and release of catecholamines. Such

effects may predispose the heart to digitalis-induced toxicity.

D. Release of Endogenous Substances that may Enhance Digitalis
Toxicity

It has been demonstrated that ischemia can release endogenous

substances such as catecholamine and histamine into the circulating
blood. These substances have been shown to produce changes in bio-
chemical and physiological functions of the heart. Ischemia also
impairs ionic movements across the cell membrane and within the cell
(Nayler et al., 1979). Therefore, electrical events during exci-
tation-contraction coupling may be depressed. These effects may alter
the toxic actions of digitalis on the heart.

1. Catecholamines

It is well known that catecholamines potentiate the arrhyth-

mogenic effects of digitalis. As described in section C of the
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Introduction, beta-adrenergic blocking agents, catecholamine depleting
drugs, and sympathectomy all reduced digitalis toxicity. Consistent
with these findings are the results that exogenously administered
catecholamines potentiated digitalis toxicity. Thus, if ischemia
increases the level of catecholamines in the heart, the arrhythmogenic
actions of digitalis will be enhanced.

In addition to increases in catecholamine release by sympa-
thetic stimulation, ischemia (Lammerant et al., 1966; Ceremuzynski,
1969; Shahab et al., 1969; Abrahamsson et al., 1981) or hypoxia
(Wollenberger and Shahab, 1965; Penna et al., 1965) has also been
shown to cause local release of catecholamines from the nerve termi-
nals in isolated heart muscle.

Digitalis has also been shown to release catecholamines from
nerve terminals in isolated cardiac tissues. In isolated perfused rat
or guinea pig hearts, ouabain increased spontaneously occurring
norepinephrine release (Linmar and Loffelholz, 1974; Harvey, 1975). A
Targe number of experiments have also been performed to study the
effects of digitalis on the uptake of norepinephrine. These studies
have indicated that digitalis inhibited the uptake of norepinephrine
by neuronal membranes of heart tissues (Dengler et al., 1962; Berti
and Shore, 1967; Stickney, 1976; Sharma and Banerjee, 1977). Ischemia
may augment these effects and elevate digitalis toxicity. Thus,
ischemia-induced release of catecholamines in the heart or its en-
hancing effects on the release and inhibition of uptake of norepin-
ephrine by digitalis may potentiate the arrhythmogenic actions of

digitalis in the ischemic heart.




2, Histamine

Histamine is found in cardiac tissues of many mammalian
species including humans. Using H1 and H2 antagonists, both H] and
H2 receptors and responses of cardiac tissues to histamine were
identified (Powell and Brody, 1976; Levi et al., 1976). Although the
physiological role of endogenous cardiac histamine is uncertain, when
released from the cardiac tissues during immediate hypersensitivity
reactions (Levi, 1972), histamine produced marked changes in cardiac
function by altering contractility, conduction, automaticity and
coronary flow (Rocha and Silva, 1966; Levi, 1972). The arrhythmogenic
actions of histamine at high doses were demonstrated to be by an
action on Hz-receptors of cardiac tissues.

The interaction between digitalis and histamine to poten-
tiate their effects on atrioventricular conduction block and ventri-
cular automaticity was observed by Levi and Capurro (1974). In their
study, ouabain enhanced histamine-induced changes in the above para-
meters in isolated guinea-pig hearts. In a related study, Somberg et
al. (1980) found that both Hy and H, antagonists were able to protect
the cat heart from ouabain-induced cardiotoxicity. Histamine ad-
ministration abolished the increase in lethal doses of ouabain caused
by H2 antagonists, but not that caused by H1 antagonists. Thus,
although the mechanism of the antiarrhythmogenic action of histamine
antagonists is still not understood, the above studies indicate that
histamine, when released, may augment the toxic actions of digitalis.
Thus, ischemia may sensitize the heart to digitalis-induced toxicity

by causing histamine release.



3.  Potassium Ion

It has been clearly demonstrated that ischemia causes in-
creases in extracellular K' concentration as a result of leakage from
the intracellular space (Harris et al., 1954; Hill and Gettes, 1980;
Hirche et al., 1980). Harris (1954) has proposed that such an effect
is a major cause for the ventricular arrhythmias observed early in
acute myocardial ischemia. The exact cause for the genesis of ven-
tricular ectopic activity was attributed to a local increase in KJr
concentration within a normal region such that a K+ gradient was
present and a current of injury was flowing at the boundary between
ischemic and normal tissue (Harris, 1954, 1966; Hoffman, 1966; Hill
and Gettes, 1978; Hirche et al., 1980; Weiss and Shine, 1981). How-
ever, the precise mechanism by which coronary artery occlusion pro-
duced such ectopic activities has not been identified.

Several mechanisms have been proposed for the genesis of
ventricular arrhythmias in early myocardial ischemia. In parallel
with the loss of intracellular K+, the resting membrane potential of
ischemic cells was decreased (Kleber et al., 1978). It is well
established that a reduction of the resting membrane potential to
values lower than approximately -65 mV inactivates the fast inward
sodium current without affecting the slow inward current carried
mainly by calcium. It also was discovered that the slow inward
current can under certain conditions generate propagated and automatic
action potentials, called "slow responses" (Carmeliet and Vereecke,
1969; Pappano, 1970; Cranefield et al., 1971; Aronson and Cranefield,

1973). 1In the presence of high concentrations of beta-adrenergic
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agonists which enhance the inward calcium movement and therefore the
slow inward current, slow responses were observed (Wit et al., 1972;
Sherlag et al., 1974). Thus, K+-induced depolarizations may generate
such propagated "slow" action potentials and contribute to ectopic
activities observed in acute myocardial ischemia, and catecholamines
may augment these effects of Kt (Wit and Bigger, 1975; Zipes et al.,
1975).

In ischemic tissues, an elevation of extracellular K+
concentrations was also closely related to the shortening of the
action potential duration and lengthening of conduction time (Weiss
and Shine, 1981). Such localized changes in these parameters during
regional ischemia have been hypothesized to be an important mechanism
that sets a condition for re-entrant arrhythmias (Wit and Bigger,
1975; E1-Sherif et al., 1977). In this mechanism, slow responses need
not be present for arrhythmias to occur, but the presence of non-
uniform changes in action potential duration and conduction time is
sufficient for development of arrhythmias. Thus, in ischemic hearts
with no arrhythmic activities, the addition of digitalis may help to
bring the above processes into play and cause ventricular ectopic
activities to appear.

In summary, digitalis alters ion movements across the cell
membrane and also alters ion concentrations inside the cell to cause
inotropic and toxic effects. Several possibilities exist that may
enhance digitalis toxicity in the ischemic heart. Any one or a

combination of these may be responsible for this phenomenon.



E. Objectives

The objective of the present study was to elucidate the mecha-

nisms responsible for the enhanced arrhythmogenic effects of digitalis

in ischemic hearts. The possible mechanisms were divided into three

major categories and each was examined.

1.

Ischemia may enhance the direct effects of digitalis on the
heart. Since digitalis has been proposed to bind to cardiac
sarcolemmal Na,K-ATPase to produce its pharmacological and
toxic effects, the possibility that ischemia alters Na,K-
ATPase activity, glycoside binding to the enzyme, or reserve
capacity of the sodium pump was studied.

The toxic (arrhythmic) effect of digitalis is enhanced by
the sympathetic nervous system. Therefore, ischemia may
alter sympathetic activity and potentiate digitalis toxi-
city. Thus, the role of the sympathetic nervous system in
ischemia-induced sensitization to arrhythmogenic actions of
digitalis was examined.

Endogenous substances such as cardiac histamine and cate-
cholamines are known to potentiate digitalis toxicity.
Enhanced digitalis toxicity observed in ischemic hearts may
be due to release of such substances. Ischemia also causes
an increase in membrane permeability to Kt and possibly to
other ions. The possibility that such changes elevate

digitalis-induced toxicity were studied.



MATERIALS AND METHODS

A. Materials

Tritium-labeled ouabain (generally labeled, specific radioacti-
vity, 14 Ci/mmol1) and 3H-]abe]ed digoxin (12a-1abeled, specific
radioactivity, 14 Ci/mmol) were purchased from New England Nuclear,
Boston, MA. Potassium hydroxide (42K-]abe1ed, specific radioactivity,
0.6 mCi/mmol) was prepared at the Nuclear Reactor Laboratory of
Michigan State University. 42KOH was neutralized with HC1 before use.

Ouabain octahydrate (strophanthin-G), digoxin, Tris-ATP, rubidium
chloride, reserpine, a-chloralose, d1-propranolol-HC1, isoproterenol-
HC1, Patent Blue Violet dye, gallamine triethiodide, bovine serum
albumin, tyramine-HC1 were all purchased from Sigma Chemical Company,
St. Louis, MO. Dihydrodigoxin was purchased from Boehringer Mannheim
Biochemicals, Indianapolis, IN. Rubidium chloride (ultrapure grade)
was obtained from Alfa Division, Danvers, MA. Other chemicals were of
analytical reagent grade.

Radioimmunoassay kits for digoxin were obtained from Clinical
Assays, Cambridge, MA. Biofluor (Tiquid scintillation counting solu-
tion) was purchased from New England Nuclear, Boston, MA. Nitro-
cellulose filters were obtained from Millipore Filter Corporation,
Bedford, MA type AA, pore size 0.8 um). Gas mixtures were obtained

from AIRCO, Inc., Montvale, NJ.



B. Isolated Heart Studies

An isolated perfused heart is a good model to study the direct
effects of pathophysiological or pharmacological interventions on
cardiac function. Various physiological parameters such as heart
rate, temperature or perfusion rate may be precisely controlled,
making the interpretation of data easier and accurate. In the present
study, isolated heart preparations of guinea pigs were used primarily
because preliminary results have indicated that this animal model is
suitable for this study, and for other practical reasons such as size
of the heart and availability.

Guinea pigs of either sex weighing 300-400 g were stunned by a
sharp blow to the head, and the hearts were quickly removed and
immersed in a bath containing Krebs-Henseleit bicarbonate buffer (pH
7.5) solution containing 118 mM NaCl, 27.2 mM NaHCO3, 4.8 mM KC1, 1.0
mM KH2P04, 1.2 mM MgC12, 1.2 mM CaC]2 and 11.1 mM glucose, and satur-
ated with a 95% 02-5% CO2 gas mixture at room temperature. The aortic
root was then cannulated and the heart was allowed to hang from a
Langendorff perfusion apparatus. The hearts were perfused at a
constant flow rate of approximately 2.5 ml/g tissue/min or at a con-
stant pressure of 20 mmHg with the oxygenated Krebs-Henseleit buffer
(pH 7.5) solution maintained at either 32°C or 36°C.

When the visible blood in the heart was washed away, both left
and right atrial muscles were excised. The hearts were electrically
stimulated at 1.5 Hz with square wave pulses of 5 msec duration at a
voltage 30% above threshold by a pair of platinum electrodes placed
near the atrioventricular node. One end of a thin silk thread was

tied to the apex of the heart and the other end was connected to a
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force-displacement transducer via a pulley. Resting tension was
adjusted to 1.0 g and the force of contraction and twitch tension
curves were recorded on a polygraph recorder using a force-displace-
ment transducer (Grass Instrument Co., model 7D and FT-03C, respec-
tively).

For studies of ischemia-induced changes in digitalis sensitivity,
the hearts were equilibrated for 30 min and when no arrhythmic beats
were observed, the left anterior descending coronary artery, approxi-
mately 1 cm above the apex of the heart, was completely occluded by
passing a silk thread through the muscle surrounding the artery with a
needle, and tying the ends of the threads tightly around the artery.
The control preparations were subjected to the same procedure, but
the thread was not tied. Following coronary artery occlusion, the
hearts were perfused via the aorta for an additional 40 min. When no
arrhythmic contractions were present during this period, digoxin was
added to the perfusing solution (final digoxin concentration, 1.8 or
2.5 uM) and twitch tension curves were monitored to determine glyco-
side-induced arrhythmias. Control preparations were similarly per-
fused with digoxin solution. Approximately 5% of all heart prepara-
tions produced arrhythmic beats before or after coronary occlusion,
but not after digoxin perfusion and therefore were discarded.

In another set of experiments, guinea pigs were intraperitoneally
injected with 5 mg/kg reserpine solution 24 hr prior to sacrifice. To
test catecholamine depleting effects of reserpine, a dose-response
curve for the positive inotropic action of tyramine-HC1 (10'6 - 10'4M)

was obtained in reserpine-treated and control heart preparations. In
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histamine studies, cimetidine (IO-SM), an Hz-receptor blocker, was
added to the perfusing solution 60 min prior to addition of digoxin to
block effects of endogenously released histamine. The Hz-receptor
blocking effects of cimetidine were tested by obtaining a dose-re-
sponse curve for the positive inotropic effect of histamine in the
presence and absence of cimetidine-pretreatment. The time to the
onset of digoxin-induced arrhythmias was similarly monitored from
twitch-tension recordings.

To study the non-uniform effects of digitalis on the heart, the
Teft anterior descending coronary artery was carefully cannulated with
a 27 gauge needle and normal Krebs-Henseleit bicarbonate buffer (pH
7.5) solution (5.8 mM K+) was infused through the needle at a constant
rate of 1.0 ml/min. After a 40-min equilibration period, digoxin was
added to the solution that perfused the rest of the coronary arteries
via the aorta. In another group of hearts, a modified Krebs-Henseleit
bicarbonate buffer containing 10.6 mM k" instead of 5.8 mM K+, was
infused through the cannulated LAD artery. Digoxin was similarly
added to the solution perfusing the rest of the heart via the aorta
and the time to onset of arrhythmias was monitored. Heart prepara-
tions with the cannulated artery infused with a solution containing
either 5.8 mM K+ or 10.6 mM K+ without digoxin perfusion were also
monitored for comparable time periods for development of arrhythmias.
In order to confirm the non-uniform distribution of digoxin in the
heart by color staining, Patent Blue Violet dye was added to either
solution perfusing the heart via the aorta or the solution perfusing

the cannulated artery. At the end of the experiment, the heart was
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cut in cross-section to visually identify areas of stained and non-
stained tissues.

For global ischemia studies, Langendorff preparations of guinea-
pig heart were maintained at 36°C in a humidified chamber and perfused
at control flow rate of 2.5 ml/g tissue/min. Following a 20-min
period, the flow rate was either maintained at control rate, or re-
duced to 5% of the control flow rate or the flow was completely
stopped for 2 or 6 hr. For reperfusion studies, perfusion of the
hearts were completely stopped for 2 or 5 hr and reperfused at control
flow rate for 20 min or 1 hr. For the transition from no-flow to
reperfusion, the rate of increase of flow rate was 0.5 ml/g tissue/
min. At the end of global ischemia or reperfusion, ventricular
muscles were dissected and homogenized. The homogenates were imme-
diately assayed for Na,K-ATPase activity and (3H)ouabain binding (see

below).

C. Whole Animal Studies

Cats of either sex weighing 1.9-3.2 kg were anesthetized by
intravenous injection of 60 mg/kg a-chloralose. A tracheostomy was
performed and the animals were artificially respired with room air
supplemented with approximately 30% oxygen. Femoral artery and vein
were cannulated with polyethylene tubing for blood pressure and drug
administration, respectively. Blood pressure and electrocardiogram
from Tead II were recorded using a pressure transducer and EKG-ampli-
fier on a polygraph recorder (Statham-Gould, Oxnard, CA, model P23-ID

and Grass Instruments Co., model 7D). Animal body temperature was
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maintained at 36-38°C using a heating pad. A left thoracotomy was
then performed and the heart was exposed by cutting open the peri-
cardium. The left anterior descending coronary artery was identified
and a silk ligature was passed around the artery approximately 1 cm
below the Tower tip of the left atria and left untied. The animals
were then either left neurally intact, bilaterally vagotomized, or
bilaterally vagotomized and spinal-cord sectioned at Cl1 or pretreated
with d1-propranolol. After 60 min, when the blood pressure became
stable, the artery was either untied (control) or ligated (LAD liga-
tion) by tying the thread around the artery.

Digoxin was first dissolved in 50% alcohol and further diluted
with 0.9% saline solution. The final alcohol content was approxi-
mately 0.5%. This digoxin solution was continuously infused at a rate
of 60 ug/kg/hr after 40 min of LAD artery ligation. In some cats with
LAD artery ligation, 0.9% saline solution containing similar amounts
of alcohol with no digoxin was infused. For digoxin infusion in the
presence of dl-propranolol, isoproterenol (0.1, 0.3 or 1.0 ug/kg) was
infused intravenously and the changes in heart rate were noted for
each dose of isoproterenol. A loading dose of dl-propranolol (1
mg/kg, i.v.) followed by a continuous infusion of 1 mg/kg/hr was
started and the effect of isoproterenol on the heart rate were ex-
amined again after 30 min. This dose of dl-propranolol completely
inhibited isoproterenol-induced changes in heart rate.

At the onset of digoxin-induced arrhythmias in both coronary
artery occluded and non-occluded animals, 5 ml blood samples were

collected and then 3 ml of Patent Blue Violet dye (100 mg dissolved in
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3 ml of 0.9% saline solution) was infused via a femoral vein. When
the heart turned blue, it was cut in cross-section to visualize dye-
stained and non-stained areas. Darkly stained, lightly stained and
non-stained tissues were visually delineated and small pieces of each
type were cut out and immediately homogenized for biochemical assays
and myocardial digoxin uptake determinations (see below). Darkly-
stained, lightly-stained or non-stained tissues were designated as
non-ischemic (NI), partially ischemic (PI) or completely ischemic

(CI), respectively.

D. Plasma and Myocardial Digoxin Concentration Studies

Digoxin concentrations in plasma were determined by either radio-
immunoassay for digoxin or by assaying for radioactivity of the plasma
following an intravenous infusion or 3H-digoxin. At appropriate times
before and after digoxin infusion to anesthetized cats, blood samples
were obtained from the femoral artery and placed in heparinized tubes.
Blood samples were then centrifuged for 10 min at 2000 rpm to obtain
plasma samples which were quickly frozen at -20°C. The plasma samples
were subsequently analyzed for digoxin using the radioimmunoassay
method (Clinical assays, Cambridge, MA; kit for digoxin). In one
series of experiments, digoxin solution containing tracer amounts of
12a-3H-digoxin was infused into the animals. Plasma digoxin concen-
trations of these cats were estimated by dissolving the plasma samples
in 20 m1 of Biofluor (New England Nuclear, Boston, MA) and assaying
for radioactivity using a liquid scintillation spectrometer. At the

onset of digoxin-induced ventricular arrhythmias, Patent Blue Violet
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dye was infused into the animals via a femoral vein. Hearts were
removed several minutes later and ischemic, partially ischemic and
non-ischemic areas of the heart were dissected after they were visu-
ally identified from the intensity of dye staining. The respective
tissues were homogenized in distilled water (1 g/ml1) and a 200 ul
aliquot of each homogenate was dissolved in 1.0 ml of NCS tissue
solubilizer (Amersham/Searle). To each sample, 15 m1 of Dimilume-30
solution (Packard Instrument Company, Inc., Downers Grove, IL) was
added and radioactivity was assayed. Counting efficiency (approxi-
mately 30%) was monitored by the external standard channel ratio
method. Background radioactivity was assayed using homogenates or

plasma samples obtained from saline-infused animals.

E. (3H)0uabain Binding Studies

Affinity of glycoside binding sites on Na,K-ATPase for (3H)-
ouabain and the number of glycoside binding sites were estimated by
the method developed by Akera and Cheng (1977). Ventricular muscles
obtained in ischemic studies were homogenized at 0°C in 10 mM Tris-HC]
buffer (pH 7.5) containing 1 mM EDTA using a Potter-Elvehjem glass
homogenizer with a motor driven Teflon pestle to the final concen-
tration of approximately 40 mg of tissue per 1 ml of buffer solution.
The ventricular muscle homogenates (final concentration in incubation
medium, 0.3-0.4 mg protein/ml) were added to a pre-warmed (37°C for 5
min) mixture containing final concentrations of 1 mM MgClz, 1 mM Tris-
phosphate, 10 mM Tris-HC1 buffer (pH 7.5), 10 nM (3H)ouabain and
various concentrations of non-labeled ouabain (0, 20, 50, 100, 200,

500 or 1000 nM). The mixture was incubated at 37°C for 90 min to
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attain equilibrium of the binding reaction. After incubation, the
(3H)ouabain binding reaction was terminated by the addition of non-
labeled ouabain (final concentration, 0.1 mM). Bound and free (3H)-
ouabain were separated by filtering the aliquot through nitrocellulose
Millipore filters. The filters were washed twice with 5 ml each of an
ice-cold solution containing 0.1 mM nonradioactive ouabain, 15 mM KCI
and 50 mM Tris-HC1 buffer (pH 7.5) and dissolved in 1 ml1 of ethylene-
glycol monomethyl ether. The radioactivity on the filter (bound
ouabain) was assayed using a liquid scintillation spectrometer.
Counting efficiency (approximately 30%) was monitored by the external
standard channel ratio method. Saturable ouabain binding was calcu-
lated by subtracting the non-saturable binding observed in the pre-
sence of 0.1 mM non-labelled ouabain from the total binding. From
these values, the number of specific (3H)ouabain binding sites and the
affinity of these sites for (3H)ouaba1n were calculated by the method
of Akera and Cheng (1977).

Fractional occupancy of the glycoside binding sites on Na,K-
ATPase in non-ischemic, partially ichemic and ischemic tissues by
digoxin during digoxin or saline infusion was estimated from the
reduction in ATP-dependent (3H)ouabain binding to the respective
tissue homogenates. Tissues were homogenized in a 10 mM Tris-HCI
buffer (pH 7.5) containing 1 mM EDTA. The homogenates were added to a
prewarmed (37°C) incubation mixture yielding final concentrations of
0.5-0.8 mg of protein per ml, 200 mM NaCl, 5 mM MgC]Z, 50 mM Tris-HCI1
buffer (pH 7.5) and 20 nM (3H)ouabain with or without 5 mM Tris-ATP.

After a 2-min incubation at 37°C, the binding reaction was terminated
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by adding a cold solution containing excess non-labeled ouabain which
inhibits further binding of (3H)ouabain. The mixture was immediately
filtered through a nitrocellulose filter (Millipore Filter Corpora-
tion, Bedford, MA; type AA, pore size, 0.8 um) to separate bound and
free (3H)ouabain. The filter was washed with two 5-ml aliquots of an
ice-cold solution containing 0.1 mM nonradioactive ouabain, 15 mM KC1
and 50 mM Tris-HC1 buffer (pH 7.5) within 10 sec after the termination
of the binding reaction. The radioactivity trapped on the filter
(bound ouabain) was assayed using a liquid scintillation spectrometer
after dissolving the filter in ethylene glycol monomethyl ether. The
ATP-dependent (3H)ouabain binding is the difference in values observed
in the presence and absence of ATP. This value represents the binding
of (3H)ouabain to the glycoside binding sites on Na,K-ATPase in tissue
homogenates (Allen et al., 1971) and its reduction indicates the
previous occupancy of these sites by a g]yposide (Ku et al., 1974).
Since the digoxin-Na,K-ATPase complex has a relatively long half-life
(Akera et al., 1974), the observed values are reasonable estimates of
fractional occupancy of the glycoside binding sites by digoxin which
takes place during digoxin infusion.

To estimate ischemic-induced changes in the effects of k' or Nat
on the glycoside binding to Na,K-ATPase, ventricular muscle homogen-
ates were incubated in the presence of 200 mM NaCl, 5 mM MgC]Z, 5mM
Tris-ATP, 50 mM Tris-HC1 buffer (pH 7.5) and 0-150 mM KC1 (medium A),
or in the presence of 5 mM MgC]z, 5 mM Tris-ATP, 50 mM Tris-HC1 buffer
(pH 7.5) and 0-300 mM NaCl (medium B). (3H)ouabain binding was
assayed as above and the specific binding was calculated as the differ-

ence in values observed in the presence and absence of ATP. The
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affinity (KO.S value) of Na,K-ATPase for Kt or Nat was estimated from
the concentration of K™ to cause a half-maximal inhibition of the
specific (3H)ouaba1'n binding observed in Medium A, or from the con-
centration of Na+ to cause a half-maximal stimulation of the specific

(3H)ouaba1'n binding in Medium B.

F. Na,K-ATPase Studies

ATPase activity of the ventricular muscle homogenates was assayed
by measuring the amount of inorganic phosphate (Pi) released from ATP
(Bonting et al., 1961). Ventricular muscle homogenates were prepared
as described above. Homogenates were added to a prewarmed (37°C)
incubation mixture (final concentration of protein, 0.3-0.4 mg/ml)
containing 5 mM MgC12 5 mM sodium azide, 50 mM Tris-HC1 buffer (pH
7.5), 5 mM Tris-ATP, 100 mM NaCl, 15 mM KC1 and an indicated concen-
tration of dihydrodigoxin in the presence or absence of 0.1 mM vana-
date. After a 10-min incubation, the reaction was terminated by
adding 1 ml of an ice-cold 0.8 M perchloric acid solution. The amount
of inorganic phosphate (Pi) released from ATP was assayed by adding a
color reagent and reading the Tight absorption of the mixture at 700
nM using a spectrophotometer (Gilford, Oberlin, OH). Mg-ATPase acti-
vity, assayed in the presence of 0.1 mM vanadate was subtracted from
the value observed in its absence to calculate the Na,K-ATPase acti-
vity. Sodium azide was used to inhibit Mg-ATPase activity and the
possible regeneration of ATP by oxidative phosphorylation (Ismail-
Beigi and Edelman, 1971). Since Ca-ATPase activity was negligible

under the present assay conditions, the vanadate-sensitive ATPase
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activity could be taken as the representative of Na,K-ATPase activity.

Essentially, the same results were obtained by using 1 mM ouabain.

42 86

k' or %°Rb" Uptake Binding

Sodium pump activity was estimated from the ouabain-sensitive
42K+ or 86Rb+ uptake by strips of right ventricular muscle or slices
of left ventricular muscle, respectively. Langendorff preparations of
guinea-pig heart were perfused with Krebs-Henseleit bicarbonate buffer
solution (pH 7.5) at a control flow rate of 2.5 ml/g tissue/min, or at
5% of the control flow rate, or not perfused at all for 2 hr. Several
preparations of the last group were reperfused for an additional 20-
min period at the control flow rate. From the first two groups of
preparations, thin ventricular strips were obtained and suspended in a
tissue bath containing the above Krebs-Henseleit bicarbonate buffer

solution maintained at 36°C and saturated with a 5% 02-90% N2-5% CO2

gas mixture. The strips were electrically stimulated at either 1.5 or

7 Hz. Tracer amounts of 42K+ were then added to the incubation medium
and the 42K+ uptake during a 10-min incubation period was assayed.
42

The tissues were rinsed in a "K' -free solution, blotted on filter
paper, and the radioactivity in the tissue was estimated using a gamma
scintillation spectrometer (Searle Analytic Inc., Des Plaines, IL;

42K+ uptake is the difference in

model 1185). Ouabain-sensitive

values observed in the presence and absence of 0.3 mM ouabain.
Ventricular strips obtained from the reperfused hearts did not

respond to electrical stimulation, making it impossible to evaluate

the viability of preparations on the effect of electrical stimulation.
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Furthermore, in noncontracting tissues, the exchange of substances
between interstitial fluid and the medium may be limited (Lullmann et
al., 1979). Therefore, sodium pump activity was estimated from the

86Rb+ uptake using thin slices of

more conventional method involving
the ventricular muscle. Approximately 0.5 mm thick slices were pre-
pared by using a Stadie-Riggs tissue slicer (A.H. Thomas, Philadel-
phia, PA). The slices were incubated in a prewarmed (37°C) Krebs-
Henseleit bicarbonate buffer solution containing 2 mM RbC1 with tracer
amounts of 86Rb+ (specific activity, 0.16 Ci/mmol1) and no k'. After a
10-min incubation at 37°C, the slices were rinsed twice by immersing
in separate K'-free solutions for 20 sec each and blotting each time
with filter paper. The radioactivity remaining in the slices was
assayed using a gamma scintillation spectrometer. OQuabain-sensitive
86Rb+ uptake is the difference in values observed in the absence and

presence of 0.3 mM ouabain.

H. Nerve Activity Studies

Cats weighing 1.8-3.6 kg were anesthetized and prepared as de-
scribed above. During surgical preparation, cats were immobilized
with gallamine triethiodide (4 mg/kg) which caused muscle relaxation.
In all animals, the first and second ribs on the left were removed
extrapleurally and a thin postganglionic segment, the inferior cardiac
efferent nerve, arising from the left stellate ganglion was carefully
dissected out and mounted on a paired platinum electrode for monitor-
ing electrical activity. A left thoracotomy was then performed and

the pericardial sac opened to expose the left anterior descending
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coronary artery. A silk thread was then passed through the myocardium
surrounding the artery just below the left atrium. The ends of the
silk sutures were fitted through a short piece of polyethylene tubing
and the artery was occluded, when needed, by pulling on the suture
through the tubing.

Neural discharges from the cardiac nerve were monitored with an
oscilloscope, and the mean discharge rates were determined using a
window discriminator and rate analyzer (Frederick Haer, Brunswick, ME)
and displayed on a polygraph recorder. The femoral arterial blood
pressure and lead II electrocardiogram were also recorded on the
polygraph. After an equilibration period of 30 min, when the nerve
activity was stable, the LAD was occluded for 60 sec and released.
Following recovery of the occlusion-induced changes in nerve activity,
digoxin infusion (60 ug/kg/hr) was started. When approximately 80-85%
of the arrhythmogenic dose of digoxin had been administered, the LAD
was again occluded for another 60 sec period and the electrical
activity of the nerve was monitored. When ventricular arrhythmias
finally developed, the 60 sec occlusion was again performed. When the
blood pressure was reduced by LAD artery occlusion, animals were
hemorrhaged, following release of occlusion and recovery of nerve
activity, by collecting blood from the femoral artery until the blood
pressure decreased to the same level as observed during occlusion.

The blood was infused back into the animal after the hemorrhage

experiment.
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I. Miscellaneous Methods

Protein concentrations were determined by the method of Lowry et

al., (1951), using bovine serum albumin as the standard.

J. Statistical Analysis

Statistical evaluations of the data were performed by student's
t-test, paired t test, linear regression and two-way analysis of
variance with or without block design. Criterion for significance was

a probability value of less than 0.05.



RESULTS

A.  Ischemia-induced Enhancement of the Arrhythmogenic Actions of
Digitalis: Effects of Ischemia, and Reperfusion on Cardiac
Sarcolemmal Na,K-ATPase Activity, on the Kinetic Parameters of
Na,K-ATPase for (°H)Ouabain Binding and on Sodium Pump Activity

The arrhythmogenic effects of digitalis glycosides have been
shown to result from both a direct action on the heart and an indirect
action involving the autonomic nervous system. A direct action of the
glycoside on the heart has been shown to result from its binding to
sarcolemmal Na,K-ATPase, a putative receptor for the glycoside (Akera
and Brody, 1977). Since ischemia is well known to produce membrane
damage, electrolyte imbalance and abnormal metabolism (Jennings et
al., 1981), such effects may augment the direct action of the glyco-
side on the heart, by altering Na,K-ATPase activity, the sensitivity
of Na,K-ATPase to the inhibitory effects of digitalis, or by reducing
the reserve capacity of the sodium pump. Digitalis toxicity is pro-
posed to occur when glycoside-induced inhibition of the sodium pump
exceeds its reserve capacity, and the remaining pump becomes inade-
quate for maintaining a low intracellular sodium ion concentration.
Therefore, these possibilities were studied using Langendorff pre-
parations of guinea-pig hearts.

1. Isolated-Heart Perfusion Studies

In order to determine whether ischemia augments the arrhyth-

mogenic effects of digitalis in the isolated guinea-pig heart, the
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left anterior descending (LAD) coronary artery was completely occluded
for 40 min before perfusion with an arrhythmogenic concentration of
digoxin.

The perfusion of the heart at a constant flow rate of 2.5
ml/g tissue/min did not produce arrhythmias and the force of contrac-
tion remained stable for at least three hours. Coronary artery occlu-
sion by itself also did not produce arrhythmias during the perfusion
under the experimental condition (Figure la). The perfusion at a
constant flow rate with either 1.8 or 2.5 uM digoxin produced a posi-
tive inotropic effect and then arrhythmias. Although the rate of
onset of the positive inotropic effect of digoxin was similar in both
control and LAD artery ligated animals, the onset of arrhythmias was
significantly earlier in the LAD artery ligated animals for both
concentrations of digoxin (Figure 2). The types of digoxin-induced
arrhythmic contractions observed in control and the LAD artery ligated
hearts are shown in Figure 1 (b-f). Extra beats following the normal
stimulation-induced beat were present in all digoxin-induced arrhyth-
mias. During the extra beat, the muscle failed to respond to elec-
trical stimulation, probably due to refractoriness during repolari-
zation. When the extra beat was complete, stimulation was again
followed by contractions. All types of arrhythmic contractions shown
were observed in both control and LAD-ligated hearts.

In order to examine the possbility that changes in the time
to onset of digoxin-induced arrhythmias are due to alterations in the
flow distribution caused by LAD artery ligation, several heart pre-

parations were perfused under a constant pressure of 20 mmHg. In this
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Figure 1. Effects of digoxin on the isometric twitch tension curves
observed in Langendorf preparations of guinea-pig heart. The heart
preparations were electrically stimulated at 1.5 Hz and perfused with
Krebs-Henseleit bicarbonate buffer (pH 7.5) solution at 32°C. Follow-
ing an equilibration period, the left anterior descending coronary
artery was occluded, and digoxin (final concentration, 1.8 or 2.5 uM)
was added to the perfusing solution 40 min later. Development of
digoxin-induced arrhythmias was monitored by the twitch tension
curves. a: Non-arrythmic beats observed before the onset of arryth-
mias in all preparations perfused with or without digoxin. b-f:
Typical arrhythmic beats observed at the onset of digoxin-induced
arrhythmias in both control (b,d,e) and occluded (c,f) preparations.
Typical tracings are shown from several experiments.
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Figure 2. Effects of LAD artery ligation on the time of digoxin
perfusion required to produce arrhythmias. See legend to Figure 1.
Open bars: Control hearts without occlusion. Shaded bars: LAD
artery occluded hearts. The rate of perfusion of the hearts were
either at 2.5 ml/g tissue/min or at constant pressure of 20 mmHg.
Each bar represents the mean of 6 experiments. Vertical lines indi-
cate S.E. *Significantly different from the corresponding control
value (p<0.05).
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model too, 2.5 uM digoxin produced arrhythmias earlier in the LAD
artery ligated than in control preparations (Figure 2). In these
hearts, there were no clear differences between the two groups with
respect to the types of contractions. These results demonstrate that
LAD artery ligation sensitizes the isolated heart preparations to the
arrhythmogenic actions of digoxin and that Langendorff preparations of
guinea-pig hearts may be used to study the mechanisms of increased
sensitivity of ischemic heart to digitalis.

2. Na,K-ATPase Studies

An enhanced digitalis sensitivity of the ischemic heart may
be due to a change in Na,K-ATPase activity or its sensitivity to the
inhibitory actions of the glycoside. Thus, enzyme activity of homo-
genates obtained from ischemic hearts and the sensitivity of the
enzyme to the inhibitory actions of dihydrodigoxin were examined using
globally ischemic guinea-pig heart preparations. Perfusion of Langen-
dorff preparations was completely stopped or they were perfused at 5%
of the control flow rate for 2 or 6 hr. Since digitalis action on the
ischemic border zone may be important, heart preparations were per-
fused with severely-reduced flow rates (5% of the control flow rate).
Subsequently, ventricular muscle homogenates were prepared and assayed
for Na,K-ATPase in the absence and presence of dihydrodigoxin. This
glycoside was selected because of its rapid rate of binding to the
glycoside binding sites on Na,K-ATPase.

Perfusion of Langendorff preparations for 2 hr with a re-
duced flow rate (5% of the control rate) or no perfusion (0% of the

control rate) failed to significantly alter Na,K-ATPase activity in
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homogenates obtained from these preparations (Figure 3). Perfusion of
Langendorff preparations for 6 hr with a reduced flow rate failed to
alter enzyme activity whereas 6 hr of zero-perfusion caused a signi-
ficant decrease in Na,K-ATPase activity (Figure 4). Dihydrodigoxin
inhibited the enzyme in concentrations ranging from 30 to 300 uM.
Sensitivity of Na,K-ATPase to the inhibitory action of dihydrodigoxin
was not altered by ischemia, as indicated by the similar dihydro-
digoxin concentrations necessary to cause a 50% inhibition (approxi-
mately 100 uM) of Na,K-ATPase in homogenates obtained from control or
ischemic tissues (Figures 3 and 4).

The effect of reperfusion of ischemic tissues on Na,K-ATPase
activity was examined since ischemia-induced myocardial damage may
recover or may be further enhanced during reperfusion. In these
studies, perfusion was completely stopped for 2 or 5 hr, and subse-
quently, the preparations were reperfused at a control flow rate (2.5
ml/g tissue/min) for an additional 1 hr period. After 2 or 5 hr of
complete ischemia and 1-hr reperfusion, Na,K-ATPase activity of ven-
tricular muscle homogenates, assayed as above, was significantly
reduced (Figure 5). It should be noted that 2-hr ischemia failed to
cause significant decreases in Na,K-ATPase activity. Therefore,
reperfusion of ischemic tissues apparently enhanced the reduction in
Na,K-ATPase activity caused by ischemia. Sensitivity of the remaining
active enzymes to the inhibitory actions of dihydrodigoxin was un-
affected by ischemia and reperfusion.

It is possible that ischemic tissues obtained from globally

ischemic hearts may not be similar to the ischemic tissues formed in
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Figure 3. Effects of global ischemia on Na,K-ATPase activity and its
inhibition by dihydrodigoxin. Langendorff preparations of guinea-pig
hearts were perfused at control flow rate of 2.5 ml/g tissue/min (@),
or 5% (M) or 0% (A) of the control flow rate for 2 hr. Subsequent-
ly, ventricular muscle was homogenized and assayed for Na,K-ATPase
activity. Na,K-ATPase activity was calculated as the difference in
values observed in the absence and presence of 0.1 mM vanadate. Each
point represents mean of 6 experiments and vertical lines indicate
S.E. None of the values were significantly different from the corre-
sponding control values (p<0.05).
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Figure 4. Effects of global ischemia on Na,K-ATPase activity and its
inhibition by dihydrodigoxin. Langendorff preparations of guinea-pi
hearts were perfused at control flow rate of 2.5 ml/g tissue/min (O),
or 5% (@) or 0% ( A) of the control flow rate for 6 hr. Subsequent-
ly, ventricular muscle was homogenized and assayed for Na,K-ATPase
activity. Na,K-ATPase activity was calculated as the difference in
values ohserved in the absence and presence of 0.1 mM vanadate. Each
point represents mean of six experiments and vertical Tines indicate
?.E. *§1gnif1cant1y different from the corresponding control value
p<0.05).
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Figure 5. Effects of reperfusion on Na,K-ATPase activity and its
inhibition by dihydrodigoxin. Langendorff preparations of guinea-pig
heart were perfused at 0% of the control flow rate for 2 hr (M) or 5
hr (M) and subsequently reperfused at control flow rates for 1 hr.
Control preparations were perfused for 3 hr (O) or 6 hr (@®). Na,K-
ATPase activity of the ventricular homogenates were assayed, Na,K-
ATPase activity was calculated as the difference in values observed in
the absence and presence of 0.1 mM vanadate. Each point represents
the mean of six experiments and vertical lines indicate S.E. *Signi-
ficantly different from the corresponding control values (p<0.05).
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coronary artery occluded hearts with respect to uniformity of ischemia
and metabolic events. In particular, the ischemic border zone, pro-
posed to exist in ischemic hearts, may not be mimicked simply by
reducing the perfusion flow rate. Therefore, the effect of coronary
artery occlusion-induced ischemia on Na,K-ATPase activity was examined
using ischemic tissues obtained from LAD artery occluded hearts of
anesthetized cats. This animal species was used because preliminary
studies (see Part B) have indicate that LAD artery ligation enhanced
the arrhythmogenic effects of digitalis, and the size of hearts is
relatively large, allowing sufficient quantities of ischemic tissues
to be obtained for analysis.

Following LAD artery ligation, either digoxin was infused
intravenously at a rate of 60 ug/kg/hr until the onset of arrhythmias
or 0.9% saline solution was infused for a similar period of time. A
dye solution was infused and non-ischemic (NI), partially ischemic
(PI) and completely ischemic (CI) ventricular tissues were obtained
(see Figure 6), and the homogenates of these tissues were assayed for
Na,K-ATPase activity. Animal preparations without LAD artery occlu-
sion were also infused with digoxin and heart tissues obtained at the
onset of arrhythmias.

Na,K-ATPase activities of the homogenates obtained from
perfused, partially perfused and non-perfused tissues in saline
infused animals were all similar (Figure 7). Na,K-ATPase activities
of the homogenates obtained from partially ischemic and non-ischemic
tissues in digoxin-infused animals were significantly reduced compared
to the corresponding control values in saline-infused animals. Na,K-

ATPase activity of the homogenates obtained from completely ischemic
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Figure 6

Figure 6. A cross-section of the heart showing stained and non-
stained ventricular muscle following infusion with a dye at the onset
of digoxin-induced arrhythmias in LAD artery ligated cats.
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Figure 7. Effects of ischemia on Na,K-ATPase activity in ventricular
muscle homogenates obtained from anesthetized cat hearts. LAD artery
was completely ligated and either digoxin or similar volume of 0.9%
saline was infused 40 min later. At the onset of arrhythmias in
digoxin-infused animals or 3 hr later in saline-infused animals, dye
was infused and completely stained (CI), partially stained (PI) or
nonstained (NI) ventricular tissues were prepared. Homogenates ob-
tained from these tissues were assayed for Na,K-ATPase activity.
Na,K-ATPase activity is the difference in values observed in the
presence and absence of 0.3 mM ouabain. Open bars: Na,K-ATPase
activity in non-ischemic (NI); dotted bars: in partially ischemic
(PI); and shaded bars: 1in completely ischemic (CI) tissue homogen-
ates. The smallest open bar (C) represents Na,K-ATPase activity in
tissue homogenates obtained from control (no coronary artery occlu-
sion), digoxin infused animals. Each bar represents the mean of five
experiments. Vertical lines indicate the S.E. *Significantly differ-
ent from the corresponding control value (p<0.05).
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tissues was, however, similar to the control value suggesting that
ischemia itself did not inhibit the enzyme activity. In digoxin-
infused animals with no LAD-ligation, Na,K-ATPase activity of the
ventricular homogenates was lower than that from LAD artery ligated.
hearts. This is probably due to a longer infusion period in control
animals, and therefore a larger dose of digoxin infused for the
development of arrhythmias.

Thus, ischemia produced globally, or by coronary artery
occlusion, failed to alter Na,K-ATPase when the period of ischemia was
2 or 3 hr, respectively. A longer period of ischemia (6 hr) or re-
perfusion following 2 hr of ischemia reduced Na,K-ATPase activity by
decreasing the number of active Na,K-ATPase molecules, but the sensi-
tivity of the residual enzyme to the inhibitory effects of digitalis
remained unaltered. In animals in which LAD coronary artery was
ligated and infused with digoxin, the completely ischemic tissue were
not reduced in enzyme activity. This is probably due to absence of
digoxin in this tissue.

3. (3H)0uabain Binding Studies

The elevated sensitivity of the ischemic heart to the toxic
actions of the cardiac glycosides may result from a change in glyco-
side binding to sarcolemmal Na,K-ATPase. Therefore, possible changes
in the number of glycoside binding sites and their affinity for (3H)—
ouabain binding were determined. Initial velocity of (3H)ouabain
binding reaction was also estimated to determine whether ischemia

alters the rate of glycoside binding to Na,K-ATPase.
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Ventricular muscle homogenates obtained from globally is-
chemic Langendorff preparations were incubated with (3H)ouaba1n for 90
min, allowing the binding reaction to reach equilibrium. The number
of (3H)ouaba1n binding sites (Bmax) and the affinity of the sites for
ouabain (Kd value) were calculated as described previously (Akera and
Cheng, 1977). A reduced perfusion rate (5% of the control flow rate)
for 2 or 6 hr, or a zero-perfusion for 2 hr, failed to significantly
alter either Bmax or Kd value in ventricular muscle homogenates (Table
1); however, zero-perfusion for 6 hr, or 2 or 5 hr of zero-perfusion
followed by 1 hr of reperfusion, significantly reduced the number of
binding sites, without affecting the affinity of the remaining binding
sites for ouabain.

Ventricular muscle homogenates obtained from hearts of
anesthetized cats in which the LAD artery was ligated and then infused
with either saline or digoxin were prepared as described above, and
assayed for initial velocity of ATP-dependent (3H)ouabain binding.
(3H)0uabain binding was similar in ventricular muscle homogenates
obtained from non-ischemic (NI), partially ichemic (PI) and completely
ischemic (CI) tissues (Figure 8). In digoxin-infused animals, ATP-
dependent (3H)ouabain binding to the non-ischemic and partially
ischemic ventricular muscle homogenates was significantly less than
the values observed in similar tissues obtained from saline-infused
animals (control). (3H)0uabain binding to completely ischemic muscle
homogenates was slightly, but not significantly, reduced from the
control value. This is probably because of the absence of digoxin in

the ischemic tissues as a result of lack of perfusion. Therefore, the
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TABLE 1

Effect of Global Ischemia and Reperfusion on Kinetic Parameters
of Na,K-ATPase for (3H)0uabain Binding Reaction

Langendorff preparations of guinea-pig heart were perfused at
control flow rate of 2.5 ml/g/min or 5% or 0% of the control flow rate
for either 2 or 6 hr. In some preparations, hearts were perfused at
0% for 2 or 5 hr and reperfused at control rate for 1 hr. Ventricular
muscle was then homogenized and incubated with (3)ouabain in the
presence of 1 mM MgClo, 1 mM Tris-POg, 10 mM Tris-HC1 buffer (pH 7.5)
and various concentrations of non-labeled ouabain (0-1000 nM). After
a 90-min incubation, specific (3H)ouabain binding was calculated by
subtracting non-specific binding observed in the presence of 0.1 mM
ouabain from the total binding observed in its absence. The affinity
of the binding sites for ouabain (Kd value) and the method of Akera
and Cheng (1977). Each value represents mean + S.E. of six experi-
ments.

1

Perfusion (time) Bmax Kd

Pmol/mg protein nM
Contro1? (2 hr) 6.30+0.38 110.95.5
59 (2 hr) 5.85+0.45 95.1:7.9
0% (2 hr) 5.30+0.34 91.1:7.0
Control1? (6 hr) 5.54+0.43 90.2+8.3
59 (6 hr) 4.41:0.27, 80.8:3.4
0% (6 hr) 3.80:0.21 103.046.6
Control? (3 hr) 6.05:0.51 105.8:4.2
0% (2 hr) plus contro12 (1 hr) 4.2010.363 107.547.5
Control? (6 hr) 6.18+0.40 102.0%3.7
0% (5 hr) plus control®> (1 hr) 3.50£0.413 101.247.4

]Bmax (binding site concentration) and Kd (apparent dissociation

constant).
22.5 ml/g tissue/min.

3Significant1y different from control values (p<0.50).
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Figure 8. Effects of ischemia on the ATP-dependent (3H)ouabain
binding to ventricular muscle homogenates obtained from anesthetized
cat hearts. See legend to Figure 6. Homogenates obtained from com-
pletely ischemic (CI, shaded bars), partially ischemic (PI, dotted
bars) and non-ischemic (NI, open bars) ventricular muscle were assayed
for (3H)ouabain binding. Specific (3H)ouabain binding is the differ-
ence in value observed in the presence and absence of ATP. The
smallest open bar (C) represents (3H)ouabain binding to homogenates
obtained from control, digoxin-infused animals. Each bar represents
the mean of five experiments. Vertical lines indicate the S.E.
*Significantly different from the corresponding control value (p<0.05).
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glycoside binding sites were not occupied by digoxin. In digoxin-
infused animals in which the LAD artery was not occluded, the initial
velocity of (3H)ouabain binding to the ventricular muscle homogenates
prepared at the onset of glycoside-induced arrhythmias was slightly
lower than the value observed in homogenates obtained from occluded
animals. Thus, fractional occupancy of the glycoside binding sites on
Na,K-ATPase by digoxin was non-uniform in LAD artery ligated hearts
and was less in ischemic tissues than in non-ischemic tissues.

The binding of the cardiac glycoside to Na,K-ATPase is
elevated by increased intracellular Na* or decreased extracellular k'
(Akera and Brody, 1977). Therefore, possible changes in the effects
of these cations to stimulate or inhibit the specific (3H)ouabain
binding were examined in ventricular muscle homogenates obtained from
globally ischemic heart preparations. After a reduced perfusion (5%
of control flow rate) or zero-perfusion for 6 hr, or after 2 or 5 hr
of zero-perfusion followed by 1 hr of reperfusion, the concentration
of Na© to cause a half-maximal stimulation of the glycoside binding or
the concentration of K' to cause a half-maximal inhibition of the
binding was unchanged (Table 2). Thus, a 2-hr ischemia, whether
produced globally by reducing or stopping the perfusion of the whole
heart, or produced locally by coronary artery occlusion, failed to
affect the number of glycoside binding sites or their affinity for
ouabain. A much longer ischemia (6 hr) or reperfusion following 2- or
5-hr ischemia markedly reduced the number of binding sites without

affecting their affinity for ouabain, Na+ and K+.
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TABLE 2

Concentrations of K and Na© Affecting Specific Binding
of (3H)0uaba1n to Na,K-ATPase During Ischemia

Langendorff preparations of guinea-pig heart were per-

fused as described in the legend to Table 1.

The ventricu-

lar muscle homogenates were incubated in a medium containing
200 mM NaCl, 5 mM MgCl2, 5 mM Tris-ATP, 50 mM Tris-HCI
buffer (pH 7.5), 10 nM (3H)ouabain and KC1 (0-150 mM), or in

a similar medium without KC1 containing 0-300 mM NaCl. Each
value represents the mean + S.E. of six experiments.
+ 1 + 2
. . K Na
Perfusion (time) (mM) (mM)
Control (3 hr) 2.75+0.10 32.8+1.0
Control (6 hr) 2.90+0,20 30.5+1.5
5% (6 hr) 2.8040.10 30.6x1.7
0% (6 hr) 3.00£0.10 31.6%1.3
0% (2 hr) + control (1 hr) 3.10+0.26 30.2+2.9
0% (5 hr) + control (1 hr) 2.60+0.15 32.0+4.0

None of the values were significantly different from the
corresponding control values (p<0.05).

]The concentration of K+ to cause a 50% inhibition of the

specific ouabain binding.
2

tion of the specific ouabain binding.

The concentration of Na+ to cause a half-maximal stimula-



51

42, + or 86

4, K Rb™ Uptake Studies

Myocardial ischemia may elevate the digitalis sensitivity of
the heart by decreasing either the sodium pump activity or the reserve
capacity of the sodium pump. In order to examine these possibilities,
ventricular slices were prepared from isolated guinea-pig hearts which
were perfused at 5% of the control flow rate or not perfused for 2 hr,
or subjected to zero-perfusion for 2 hr and subsequently reperfused at
the control flow rate for 20 min. Activity of the sodium pump was
estimated from the specific (ouabain-sensitive) 86Rb+ uptake. In

86

these preparations, specific Rb+ uptake accounted for approximately

50% of the total uptake, the remaining 50% representing nonspecific

86

uptake (Figure 9). The specific Rb* uptake was unaffected by either

the reduced perfusion or zero-perfusion for 2 hr; however, 2 hr of

zero-perfusion followed by 20 min reperfusion significantly reduced

86Rb+ uptake by ventricular slices obtained from these pre-

86

specific

parations. It should be noted that nonspecific Rb+ uptake was also

reduced in these preparations.

The reserve capacity of the sodium pump may be estimated

42

from the difference in the specific Kkt uptake by the tissues when

stimulated at 7 and 1.5 Hz. Since thin slices of ventricular muscle
do not respond to electrical stimulation by visible contraction, right

ventricular strips were used in these experiments. In ventricular

42, +

strips obtained from non-ischemic preparations, the specific K

uptake observed at 7 Hz stimulation was significantly greater than

42 +

that observed at 1.5 Hz stimulation (Figure 10). The specific K

uptake by ventricular muscle strips obtained from Langendorff



]
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Figure 9. Effects of ischemia, and reperfusion on 86Rb+ uptake in
ventricular slices of guinea-pig heart. Langendorff preparations of
guinea-pig heart were perfused at control flow rate of 2.5 ml/g
tissue/min, 5% (PI) or 0% (CI) of the control rate for 2 hr, or 0% of
the control rate for 2 hr and reperfused at control rate for 20 min
(R). Ventricular slices were prepared and incubated at 37°C in modi-
fied Krebs-Henseleit bxcarbonate buffer (pH 7.5) solution containing 2
mM RbC1 and no Kt, ang Rb+ uptake by the tissues was estimated 10
min later. Specific 6Rrp* uptake (open bars) is the difference in
values observed in the absence (whole bars) and presence (shaded bars)
of 0.3 mM ouabain. Each bar represents the mean of six experiments.
Vertical lines indicate S.E. (Significantly different from the
control value (p<0.05).
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Figure 10. Effects of ischemia on the specific 42K+ uptake by ven-
tricular strips of guinea-pig heart. Langendorff preparations of
guinea-pig heart were perfused at the control flow rate of 2.5 ml/g
tissue/min or 5% of the control rate for 2 hr. Subsequently, right
ventricular strips were prepared and incubated in_Krebs-Henseleit
bicarbonate buffer solution (pH 7.5) containing 42t Preparations
were electrically stimulated at either 1.5 (open bars) or 7 Hz (shaded
bars) and 42y+ uptake was estimated 10 min later. Specific 42+
uptake is the difference in uptake observed in the absence and pre-
sence of 0.3 mM ouabain. Each bar represents the mean of seven
experiments. Vertical lines indicate S.E. *Significantly different
from the control value (p<0.05).
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preparations perfused for 2 hr at a reduced flow rate (5% of the
control flow rate) was slightly higher than corresponding values
observed with control (non-ischemic) preparations. The difference in

42K+ uptake observed at 1.5 and 7 Hz stimulation, how-

the specific
ever, was not altered by partial ischemia. These results indicate
that sodium pump activity was not significantly affected by the par-
tial reduction or complete stopping of the perfusion for 2 hr. The
reserve capacity of the sodium pump was also unchanged by 2 hr of
reduced perufsion.

In summary, coronary artery occlusion significantly enhanced
the arrhythmogenic actions of digitalis in isolated perfused guinea-
pig heart. This effect occurred within 80 min following coronary
occlusion. However, Na,K-ATPase activity, its sensitivity to the
inhibitory effects of digitalis, number of glycoside binding sites and
their affinity for ouabain, Kt and Na+, sodium pump activity, and the
reserve capacity of the sodium pump were not affected by 120 min of
ischemia. Therefore, although the primary mechanism of digitalis
sensitization appears to be by a direct action on the heart, it is not
by an enhanced glycoside effect on the cardiac sarcolemmal Na,K-
ATPase. It is possible, however, that the lack of effect of digoxin
in completely ischemic tissues may contribute to the reduced tolerance
of the heart to digitalis by causing a non-uniform digitalis effect on
the heart. This problem was further examined and is described in Part
C.

Although the direct action of digitalis is sufficient to
account for the enhanced toxicity in the ischemic heart, one cannot

rule out the additional influence of indirect effects of digitalis via
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the autonomic nervous system. Therefore, the indirect effects of
digitalis on the sensitivity of the ischemic hearts to the glycosides
were examined next.

B. Ischemia-induced Enhancement of Arrhythmogenic Actions of Digi-
talis: Involvement of the Sympathetic Nervous System

Results of studies in Part A have demonstrated that ischemia
enhances the arrhythmogenic effects of digitalis by a direct action on
the heart. It has been shown that in patients with myocardial is-
chemia, as well as in experimental animals with coronary artery occlu-
sion, the catecholamine concentrations in the blood are significantly
elevated (Valorie et al., 1967; Staszewska-Barczak, 1971). In ani-
mals, coronary artery occlusion has been shown to produce alterations
in sympathetic discharge (Brown and Malliani, 1971) and vagal afferent
nerve activities (Kedzi et al., 1974). Since the effect of digitalis
on the heart has been demonstrated to be affected by the autonomic
nervous system (Gillis and Quest, 1979), the possibility that the
nervous system might influence the arrhythmogenic effects of digitalis
on the ischemic heart strongly exists. Therefore, intact animals were
employed to examine this possibility.

1. Whole Animal Studies

In order to study the role of the sympathetic nervous system
in the reduced tolerance of the ischemic heart to the toxic effects of
digitalis, sympathetic discharge to the heart was interrupted surgi-
cally or pharmacologically. Anesthetized cats were either left
neurally intact, bilaterally vagotomized, or bilaterally vagotomized
and spinal cord sectioned at C-1 or pretreated with dl-propranolol.

After a 40-min occlusion of the left anterior descending coronary
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artery, digoxin (60 ug/kg/hr) was infused until the onset of ventri-
cular arrhythmias. In four animals in which the coronary artery was
occluded, the intravenous infusion of 0.9% saline solution did not
produce arrhythmias for the entire experimental period of 4 hr.
Figure 11 shows typical electrocardiograms and blood pressure in
neurally-intact (control) and LAD artery ligated animals infused with
digoxin. In all animal preparations, digoxin infusion caused a
gradual rise in blood pressure, and a gradual fall in heart rate.
Blood pressure was not significantly altered by occlusion itself
although in some animals, a slight and transient fall was observed.
The mean blood pressures observed before and at various time points
after digoxin infusion were similar in both coronary artery occluded
and non-occluded hearts. Coronary artery occlusion caused S-T segment
elevation which became more pronounced with time. The onset of
digoxin-induced arrhythmias was accompanied by QRS complexes with
markedly greater amplitudes and disappearance of P waves in both LAD
artery occluded and control animals. However, in either neurally
intact or bilaterally vagotomized animal preparations, the onset of
arrhythmias was earlier in LAD artery occluded than in control, non-
occluded preparations (Figure 12). The differences in the dose of
digoxin required to produce arrhythmias in control and LAD artery
ligated animals were similar in intact and vagotomized animals.

Bilateral vagotomy caused an initial rise in blood pressure
that returned to control levels within 30 min. In these animals,
spinal cord section at C-1 produced a dramatic and immediate increase

in blood pressure and heart rate followed by a gradual decline to a
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level approximately 60 mmHg below the pre-surgical blood pressure.
The mean blood pressure remained at approximately 80-100 mmHg. Such
effects indicated success of C-1 spinal section. In these C-1 sec-
tioned animal preparations, the dose of digoxin required to produce
arrhythmias was significantly greater than that in neurally-intact
animals in both coronary artery occluded and non-occluded animals
(Figure 14). The differences in the dose of digoxin required to
produce arrhythmias in control and LAD artery ligated animals were
similar in neurally-intact and C-1 sectioned animals. These results
indicated that C-1 spinal section did not influence the ischemia-
induced sensitivity to the arrhythmogenic actions of digitalis.

In animal preparations pretreated with dl-propranolol, the
effect of isoproterenol-HC1 on the heart rate was examined to test the
completeness of beta-adrenergic receptor blockade (Figure 13). Con-
centrations of isoproterenol-HC1 (0.1-1.0 nug/kg) produced marked dose-
dependent increases in heart rate which were completely blocked by the
d1-propranolol dose-regimen used in this study. In these animals
without LAD artery ligation the dose of digoxin required to produce
arrhythmias was greater than that in control, untreated animals. The
effect of dl-propranolol pretreatment on the dose of digoxin required
to produce arrhythmias was slightly greater than the effect of C-1
section, but the difference in dose was not statistically significant.
These results demonstrate that bilateral vagotomy and/or sympathectomy
produced by either spinal transection or beta-adrenergic receptor
blockade failed to influence the increase in digitalis sensitivity of

the ischemic heart.
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Figure 12. Effects of LAD artery ligation on the dose of digoxin
required to produce arrhythmias in neurally intact or bilaterally
vagotomized anesthetized cats. Sixty min following bilateral vagotomy
or sham operation, the left anterior descending coronary artery was
occluded. Forty min later, digoxin infusion (60 ug/kg/ hr) was )
started in LAD artery occluded (shaded bars) and non-occluded animals
(open bars) and the time to the onset of glycoside-induced arrhythmias
was monitored. Each bar represents the mean of six experiments.
Vertical lines indicate the S.E. *Significantly different from con-
trol values (p<0.05). .
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Figure 13. Effects of isoproterenol-HC1 on the heart rate in the
absence and presence of dl-propranolol-HCl1 in anesthetized cats. An
intravenous loading dose of d1-propranolol (1 mg/kg) was followed by a
slow continuous infusion (1 ug/kg/min). Thirty min later, an intra-
venous bolus injection of 0.1, 0.3 and 1.0 ug/kg isoproterenol-HCIl
were given at 20 min intervals and the changes in the heart rate was
monitored. Control animals were similarly tested with isoproterenol-
HC1. Peak chronotropic effects were noted and plotted against the
isoproterenol concentrations. Each point represents the mean of six
experiments. Vertical lines indicate S.E. *Significantly different
from the corresponding control values (p<0.05).
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Figure 14. Effects of LAD artery ligation on the dose of digoxin
required to produce arrhythmias in C-1 sectioned or d1-propranolol-
treated anesthetized cats. Sixty min following bilateral vagotomy and
C-1 section or propranolol treatment, LAD was occluded. Digoxin
infusion (60 npg/kg/hr) was started in both LAD-occluded (shaded bars)
and control (open bars) preparations 40 min later and the time to the
onset of glycoside-induced arrythmias was monitored. Each bar repre-
sents the mean of five experiments. Vertical lines indicate S.E.
*Significantly different from the control values (p<0.05).
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2. Plasma and Myocardial Digoxin Concentration Studies

In order to examine whether the animals in which the coro-
nary artery was occluded have altered digoxin pharmacokinetics, the
plasma digoxin concentration was assayed at various time points
following digoxin infusion. Either specifically labeled ]2a-3H-
digoxin or unlabeled digoxin was infused and the plasma digoxin was
estimated by assaying for radioactivity or by radioimmunoassay, re-
spectively. An intravenous infusion of digoxin (60 ug/kg/hr) to
control animals caused a linear increase in plasma glycoside concen-
tration (Figure 15). Similar digoxin infusion to coronary-occluded
animals changed neither the rate of increase nor the concentration of
digoxin in plasma at any time period from the corresponding control
values. The plasma digoxin concentration at the onset of arrhythmia
was, however, significantly less in LAD artery occluded than in con-
trol animals. Since the method of assay for digoxin was the same for
any paired group of animals (Table 3), these results indicate that a
lower plasma glycoside concentration was present at the onset of
arrhythmias in LAD artery occluded animals than control animals and
that this was not due to altered digoxin pharmacokinetics. It is
possible that other factors such as heart rate may affect digoxin
binding to cardiac tissues since the rate of glycoside binding has
been shown to be frequency-dependent (Yamamoto et al., 1979). This
possibility was examined by determining myocardial digoxin uptake in
LAD artery occluded and control animals infused with radioactive
digoxin. Cardiac tissues were prepared from both groups of animals

and assayed for radioactivity to estimate tissue-bound digoxin.
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Figure 15, Effects of LAD artery ligation on plasma digoxin con-
centration on anesthetized cats. Digoxin solution was infused at a
rate of 60 ug/kg/hr, and blood samples were obtained at various time
points and digoxin concentration in the plasma was determined by
radioimmunoassay. Open circles: control, unoccluded animals.

Filled circles: the left anterior descending coronary artery was
occluded 40 min prior to digoxin infusion. Each point represents the
mean of six experiments. Vertical lines indicate S.E. None of the
values were significantly different from the corresponding control
values (p<0.05§
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TABLE 3

Plasma Digoxin Concentrations at the Onset of
Digoxin-induced Ventricular Arrhythmias in
Coronary-occluded and Non-occluded
Anesthetized Cats

See legends for Figures 11 and 13. Blood samples
obtained from the femoral artery at the onset of ventri-
cular arrhythmias were centrifuged at 1000 rpm for 10
min. The plasma samples thus obtained were assayed for
digoxin by rad1o1mmunoassay or by assaying for the
radioactivity 1n the plasma samples obtained from animals
infused with (SH)digoxin (the last pair of groups in the
table). Each value represents the mean + S.E. of five
experiments.

Animal Preparations Digoxin (nM)
Neurally intact 127.9+ 4.6
Intact with occlusion 108.8+ 2.9*
Bilateral vagotomy 116.4+ 5.6
Vagotomy with occlusion 94.4+ 4.8*
C-1 section + vagotomy 151.3+ 9.9
C-1 section with occlusion 132.8+ 3.8%*

+ vagotomy
d1-propranolol + vagotomy 128.8+ 9.7
d1-propranolol with occlusion 93.9+11.2*
+ vagotomy

*Significantly different from the corresponding
control values (p<0.05).
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Figure 16 shows myocardial digoxin bound at the onset of arrhythmia in
both LAD artery occluded and control animals. Since the time to onset
of arrhythmias was longer in control than LAD artery occluded animals,
the total amount of digoxin infused to the LAD artery occluded animals
was less than that of the control animals. Digoxin concentrations in
hearts of control animals were significantly greater than that in LAD
artery occluded animals. Furthermore, ischemic areas of the heart
contained much less digoxin than non-ischemic areas, probably due to
reduced blood flow to these tissues following coronary occlusion.
These data indicate that the amount of digoxin bound to the LAD artery
occluded heart at the time of arrhythmias is less than that bound to
non-occluded hearts and therefore, the increased sensitivity of the
ischemic heart to the arrhythmogenic effects of digitalis is not by an
enhanced uptake of the glycoside by the ischemic myocardium.

3. Nerve Activity Studies

In order to further examine the role of sympathetic outflow
on the increased digitalis sensitivity of ischemic heart, the effects
of digitalis and coronary artery occlusion on the cardiac efferent
sympathetic nerve activity were studied. The inferior cardiac effer-
ent sympathetic nerve arising from the left stellate ganglion was
isolated and its electrical activity measured during a 60-sec occlu-
sion of the left anterior descending coronary artery, in the absence
and presence of subtoxic and toxic doses of digoxin. LAD artery
occlusion before digoxin infusion to anesthetized cats caused variable
effects on nerve activity (Figure 17), i.e., increases, decreases or

no change were observed. The mean changes in nerve activity from the
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Figure 16. Effects of LAD artery ligation on myocardial digoxin
uptake. Anesthetized cats were infused with digoxin solution (60
ng/kg/hr) containing (3 H)digoxin, and at the onset of arrhythmia, a
dye was further infused. Non-ischemic (NI) tissues from LAD artery
occluded and control animals, and partially (PI) and completely (CI)
ischemic tissues from occluded animals were obtained from stained,
medium-stained and non-stained tissues, respectively. Tissue digoxin
content was determined by assaying for the radioactivity of tissue
homogenates. Each bar represents the mean of five experiments.
Vertical lines indicate S.E. *Significantly different from the
control value observed in unoccluded animals (p<O. 05) **Signifi-
cantly different from the control values observed in both occluded and
non-occluded animals (p<0.05).
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control during the three successive 20 sec periods were 109 + 8%, 91 +
11%, and 109 + 12%, respectively. Release of the occlusion returned
the nerve activity to control levels observed before the occlusion.
When digoxin infusion was started and the amount of infused digoxin
reached 83.0+4.3% of the arrhythmogenic dose, a similar 60-sec LAD
artery ligation caused either reduction or elevation of nerve acti-
vity; however, nerve activity tended to be lower than the response
observed prior to digoxin infusion. During the second 20-sec occlu-
sion period, reduction of nerve activity caused by LAD artery ligation
was statistically significant (66+12% vs. 91+11%). LAD artery liga-
tion during digoxin-induced ventricular arrhythmias caused a further
decrease in the activity of the nerve. Thus, temporary LAD artery
ligation reduced the mean cardiac sympathetic nerve activity when
near-toxic or toxic concentrations of digoxin were present in the
animal.

LAD artery ligation was generally followed by either a
moderate decrease or no change in blood pressure. The blood pressure
decrease, when present, was transient. To determine whether such
changes in blood pressure might alter the response of the electrical
activity of the nerve caused by coronary artery occlusion, the blood
pressure was reduced to a similar extent by hemorrhage. As expected
in a baroreceptor-intact animal, reduction in blood pressure by
hemorrahge increased the firing of the nerve (data not shown). These
results demonstrate that reduction in the nerve activity observed

during LAD artery ligation was not due to changes in blood pressure.
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It appears from above studies that ischemia-induced changes

in sympathetic input to the heart or vagal activity does not play a
significant role in the enhancement of arrhythmogenic effects of
digitalis on the ischemic heart. These results further support the
observation that a direct action of digitalis on the ischemic heart is
of primary importance in the increased sensitivity to digitalis.

C. Ischemia-induced Enhancement of the Arrhythmogenic Actions of

Digitalis: Involvement of Endogenously-Released Substances and
non-Uniform Digitalis Effect

It has been shown that coronary artery occlusion causes release
of endogenous catecholamines from the nerve terminals in the early
stages of myocardial ischemia (Lammerant et al., 1966; Shahab et al.,
1969; Staszewska-Barczak, 1971). Reperfusion of the ischemic hearts
has been also shown to cause a marked increase in norepinephrine
concentration in the perfusate (Abrahamsson et al., 1981) suggesting
that the catecholamine concentration in the extracellular space was
elevated during ischemia. Coronary artery occlusion may also release
endogenous cardiac histamine. Histamine has been shown to be released
from the heart during immediate hypersensitivity reactions (Levi and
Burke, 1980). Since catecholamine and histamine at high concentra-
tions are arrhythmogenic in themselves and are known to potentiate
toxic digitalis actions on the heart, ischemia-induced release of
these substances may enhance the arrhythmogenic actions of digitalis.

Results from studies in sections A and B demonstrate that digi-
talis is unevenly distributed within the ischemic heart. Addition-

ally, extracellular k* concentrations have been shown to be elevated
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in ischemic areas of the heart, as a result of increased Kt permea-
bility. Such effects have been proposed to be responsible for is-
chemia-induced arrhythmias (Harris, 1966), since automatic activity
may be elicited by high k*. Therefore, the possibility that such
events cause elevation of toxic effects of digitalis on the ischemic
heart was examined.

1. Isolated Heart Studies: Involvement of Catecholamine and
Histamine

To examine the possibility that ischemia-induced release of
endogenous catecholamines or histamine may enhance the arrhythmogenic
effects of digitalis, guinea-pigs were pretreated with reserpine 24 hr
prior to sacrifice, or Langendorff preparations were pretreated with

1072

M cimetidine, a H2 receptor blocker, respectively. In guinea-pig
hearts, the Hz-receptors have been demonstrated to mediate histamine-
induced idioventricular tachyarrhythmias (Levi et al., 1976).
Addition of cimetidine to the perfusing solution caused an
approximately 15% reduction in developed tension of the heart. The
catecholamine depleting effects of reserpine or the Hz-receptor
blocking actions of cimetidine was tested by challenging with tyra-
mine-HC1 or histamine, respectively, and obtaining a dose-response
curve for the positive inotropic effect of tyramine or histamine. The
dose of reserpine or cimetidine employed in the present study com-
pletely inhibited the positive inotropic effect of 10'4M tyramine or

1076

M histamine in the guinea-pig heart preparation (data not shown).
Following an equilibration period, the left anterior de-

scending coronary artery of the Langendorff preparation of guinea-pig
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heart was completely occluded and 40 min later, the heart was perfused
at a constant pressure with 2.5 uM digoxin. Digoxin produced a
positive inotropic effect followed by arrhythmias in all preparations.
The onset of arrhythmias was earlier in LAD artery occluded than in
control preparations (Figure 18). Reserpine or cimetidine pretreat-
ment did not significantly alter the time to onset of arrhythmias in
either control or LAD artery ligated hearts. The types of digoxin-
induced arrhythmic contractions observed in both LAD artery occluded
and control preparations were similar to those shown in Figure 1.
There were no clear differences between the two groups with respect to
the types of arrhythmic contractions.

Although a separate effect of catecholamine depletion or
histamine antagonism did not affect the sensitivity of the LAD artery
occluded heart to the arrhythmogenic effect of digitalis, it is
possible than an additive effect may abolish the increased digitalis
sensitivity. Therefore, isolated heart preparations from guinea pigs
pretreated with reserpine were perfused with a solution containing
cimetidine. In these preparations also, the onset of digoxin-induced
arrhythmias was earlier in LAD artery occluded preparations (Figure
18). These results indicate that the increased arrhythmogenic effects
of digitalis in ischemic hearts can be observed in the absence of
endogenously released cardiac catecholamine, histamine or both. These
results partly support the earlier finding in intact cats that di-
propranolol treatment also failed to influence the ischemia-induced

enhancement of digitalis toxicity.
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Figure 18. Effects of LAD artery ligation on the time to the onset
of digoxin-induced arrhythmias in the isolated perfused guinea-pig
heart. Following an equilibration period, LAD artery was ligated and
digoxin added to the perfusing solution 40 min later (final concen-
tration, 2.5 uM) (shaded bars). Control preparations were also per-
fused with a similar concentration of digoxin (open bars). Reserpine,
when used, was injected 24 hr prior to sacrifice of the animal (R).
Cimetidine (final concentration, 10 uM) was added 40 min prior to
digoxin perfusion to either control (C) or reserpine-treated (R + C)
hearts. Each bar represents the mean of six experiments. Vertical
lines indicate S.E. *Significantly different from the corresponding
control value (p<0.05).
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2. Isolated Heart Studies: Non-uniform Digitalis Effect
and K"

In hearts in which the LAD coronary artery is ligated and
then perfused with digoxin, an uneven glycoside distribution occurs
due to areas that are only partially perfused or not perfused at all
(Thompson et al., 1974). Therefore, in coronary artery-occluded
hearts, non-homogeneous glycoside effects will occur and non-uniform
electrophysiological characteristics such as an altered action poten-
tial duration or conduction velocity may result. It is believed by
some investigators (Weiss and Shine, 1981; Wit and Bigger, 1975) that
non-uniform alterations in these electrical events may cause the
development of arrhythmias. Therefore, possible contributions of such
non-uniform digitalis effects on the heart to the earlier generation
of arrhythmias were examined using Langendorff preparations of guinea-
pig heart.

To mimic a non-uniform digitalis distribution, the left
anterior descending coronary artery of the isolated guinea-pig heart
was cannulated. Thus, the heart was perfused via the coronary ar-
teries by way of the aorta and also separately through the cannulated
coronary artery. Following an equilibration period, an arrhythmogenic
concentration of digoxin was added only to the solution perfusing the
heart via the aorta such that the tissue areas perfused by the cannu-
lated artery were digoxin-free. The non-homogeneity of glycoside
distribution was visually identified by adding a dye only to the
solution perfusing the heart via the aorta. Control heart prepara-

tions were similarly cannulated but the entire heart was perfused with
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digoxin by adding the glycoside to the solution perfusing the heart
via both the aorta and the cannulated artery. The time to the onset
of digoxin-induced arrhythmias was similar in the two groups of
preparations (Figure 19B). Thus, a simple, non-uniform digitalis
distribution within the heart did not increase the sensitivity of the
heart to digitalis-induced arrhythmias.

The extracellular K™ concentration has been shown to be
elevated in ischemic tissues (Hill and Gettes, 1980; Hirche et al.,
1980). Although the estimated values of extracellular K" concentra-
tions were varied, they were generally between 8 mM and 14 mM. The
extracellular K concentration remained elevated when it was measured
30 min following ischemia. Therefore, the effects of such an elevated
extracellular K* concentration on the arrhythmogenic actions of digi-
talis were further examined using isolated perfused guinea-pig heart
in which the left anterior descending coronary artery was cannulated
and separately perfused. Normal Krebs-Henseleit bicarbonate buffer
solution (pH 7.5) containing 5.8 mM K" was perfused through the aorta
whereas a modified solution containing 10.6 mM K" was infused through
the cannulated artery. Such perfusion of the heart with two different
concentrations of K' solution to different coronary arteries did not
cause arrhythmias to develop during the 90-min period under the
experimental conditions employed. An arrhythmogenic concentration of
digoxin (2.5 uM) was then added to the solution perfusing the heart
via the aorta but not to the solution perfusing the cannulated coro-

nary artery. Digoxin-induced arrhythmias appeared significantly
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Figure 19. Effects of non- -uniform digitalis perfusion with or
without 1oca11y elevated Kt concentration on the time to onset of
arrhythmias in the isolated, perfused guinea-pig heart. Left anterior
descending coronary artery was cannulated and Krebs- Hense]e1t bicar-
bonate buffer (pH 7.5) so]ut1on containing either 5.8 mM K* and 2.5 uM
digoxin (control, A), 5.8 mM K with no digoxin (B) or 10.6 mM K* with
no digoxin (C) was infused while the rest of the heart was perfused
with 2.5 uM digoxin solution through the coronary arteries via the
aorta. Development of arrhythmias was monitored from twitch-tension
curves. Each bar represents the mean of six experiments. Vertical
lines indicate S.E. *Significantly different from the values of other
bars (p<0.05).






78
earlier in these hearts than in the hearts entirely perfused with
solution containing 5.8 mM K" and perfused with digoxin solution via
the aorta (Figure 19C). When the whole heart was perfused with a
solution containing 10.6 mM K+, a similar concentration of digoxin
added to the solution perfusing the aorta produced a positive ino-
tropic effect with no arrhythmias occurring up to 90 min.

3. (3H)Ouabain Binding

Non-uniform glycoside distribution and effects in hearts
perfused with digoxin through the aorta but not through the cannulated
LAD were further studied. Dye was perfused through the aorta at the
onset of arrhytgmias. The fractional occupancy of glycoside binding
sites on Na,K-ATPase from the reduction in the initial velocity of
ATP-dependent (3H)ouabain binding to ventricular muscle homogenates
obtained from dye-stained (S) and non-stained (NS) myocardial tissues
were estimated. Control heart preparations were perfused for a simi-
lar period of time. Figure 20 shows the (3H)ouabain binding to <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>