
European Journal of  Pharmacology, 57 (1979) 135--147 135 
© Elsevier/North-Holland Biomedical Press 

ISCHEMIC-INDUCED ALTERATIONS IN CARDIAC SENSITIVITY TO DIGITALIS 

DAVID D. KU * and BENEDICT R. LUCCHESI ** 

Department of Pharmacology and The Upjohn Center for Clinical Pharmacology, The University of Michigan 
Medical School, Ann Arbor, Michigan 48109, U.S.A. 

Received 13 March 1979, accepted 24 April 1979 

D.D. KU and B.R. LUCCHESI, Ischemia-induced alterations in cardiac sensitivity to digitalis, European J. Phar- 
macol. 57 (1979) 135--147. 

Intravenous infusion of acetylstrophanthidin to 6 dogs, after a 60 min left anterior descending coronary artery 
occlusion, was associated with a 43.0 -+ 10.5% decrease in the dose of digitalis needed to produce ventricular 
arrhythmias as compared to the pre-ischemic dose (97.5 -+ 8.0 ~g/kg). Reperfusion of the ischemic region for 
2 h after a 90 min occlusion resulted in a 54.4 + 6.7% decrease in the arrhythmogenic dose. Direct intracoronary 
infusions of digitalis into the ischemic region, after a 90 rain coronary occlusion followed by 2 h of reperfusion, 
was associated with a 47.7 ± 6.4% decrease in the dose of digitalis needed to produce arrhythmias. The pre- 
ischemic (control) arrhythmogenic dose of digitalis via the intracoronary infusion method was 1.5 +- 0.3 pg/kg 
(mean -+ S.E.M. of 7 dogs). Sodium pump activity, estimated from the ouabain-sensitive 86Rb uptake in sodium- 
loaded ventricular slices, was significantly higher in slices obtained from the ischemic regions (6.84 ± 0.30 nmoles 
86Rb/mg dry wt. (mean _+ S.E.M.), than from the non-ischemic regions (3.43 -+ 0.64 nmoles 86Rb/mg dry wt.). 
Sensitivity of the sodium pump activity to the inhibitory effect of ouabain also was increased in the ischemic 
regions as indicated by a shift in the log dose--response curve to the left. Thus, it appears that there is an increase 
in myocardial sensitivity to the toxic effect of digitalis after temporary ischemia and it appears to be related to an 
increase in the sensitivity of the Na+,K÷-ATPase or sodium pump to the inhibitory effect of digitalis. 
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1. Introduction 

Congestive heart failure remains one of  the 
major causes of in-hospital deaths in patients 
with acute myocardial infarction. Although 
digitalis is commonly indicated as the drug of 
choice for improving mechanical failure of the 
heart muscle, the use of digitalis in acute 
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myocardial infarction has been controversial. 
The controversy results mainly from evidence 
accumulated from both experimental and 
clinical observations suggesting an increased 
tendency of digitalis to induce ventricular 
arrhythmias after acute myocardial infarction 
(Bellet et al., 1934; Travell et al., 1938; Hood 
et al., 1967; Morris et al., 1969; Kumar et al., 
1970; Morrison and Killip, 1971). The mecha- 
nism(s) of these reported increases in myo- 
cardial sensitivity to the toxic effects of 
digitalis after acute myocardial infarction 
have not been studied extensively. Many 
recent studies had attempted to relate digitalis 
distribution and uptake in the ischemic myo- 
cardium to these toxic effects. Several inves- 
tigators had reported that ischemic myocardial 
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tissue accumulated significantly less labeled 
digitalis than normal  non-ischemic tissues 
(Beller et al., 1972, 1975, 1976; Hopkins and 
Taylor, 1973; Kuhlmann et al., 1975). Beller 
et al. (1976) had suggested that the decreased 
digitalis uptake by the ischemic tissue may be 
related to a defect or reduction in cardiac 
Na+,K*-ATPase, a putative receptor for the 
pharmacologic and/or toxic effects of digitalis. 
However, Kohama et al. (1971) had reported 
that a prolonged period of ischemia in skeletal 
muscle resulted in an increase in Na+,K ÷- 
ATPase activity. Furthermore, other investiga- 
tors had reported that acute myocardial infarc- 
tion was not accompanied by an increase in 
myocardial sensitivity to digitalis (Sanazaro, 
1957; Selzer, 1968; Constant, 1970; Rei- 
cansky et al., 1976). 

Thus, the present study was undertaken to 
re-examine the changes in myocardial sensi- 
tivity to digitalis by performing digitalis sen- 
sitivity tests before and after temporary 
coronary artery occlusion. The digitalis sen- 
sitivity tests were performed by both intra- 
venous and intracoronary drug infusion 
methods. The direct intracoronary digitalis 
administration had been shown to be effective 
in differentiating the intrinsic cardiac effects 
of digitalis from its extracardiac effects (Ro- 
berge et al., 1968), and thus allows a more 
accurate determination of the mechanism of 
myocardial ischemia-induced changes in 
cardiac sensitivity to digitalis. In addition, the 
activity of the sodium pump and its sensitivity 
to the in vitro inhibitory effect of digitalis 
after temporary coronary occlusion were 
studied. 

2. Materials and methods 

2.1. Experimental myocardial infarction 

Male, mongrel dogs weighing between 13.8 
and 23.4 kg (mean of 17.1 kg) were anesthe- 
tized with pentobarbital sodium (30 mg/kg, 
i.v.). Each dog was intubated with a cuffed 
endotracheal tube and ventilated with room 
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Fig. 1. A schematic representation of the canine myo- 
cardium. The left anterior descending coronary artery 
(LAD) was isolated and occluded below its first 
diagonal branch with a screw clamp. An electro- 
magnetic flow probe was used to monitor LAD blood 
flow. Isometric contractile force was monitored by 
Walton--Brodie strain gauge arches. For the series of 
intracoronary drug infusion studies, a 25 G needle 
was implanted in the coronary artery and connected 
to a Harvard infusion pump. LCX = left circumflex 
coronary artery. 

air using a Harvard respirator. Catheters were 
implanted in the left carotid artery for record- 
ing blood pressure using a Statham p23Db 
pressure transducer and in the left jugular 
vein for all subsequent drug administration. 
Heart rates were monitored from the Lead II 
electrocardiogram which triggered a cardio- 
tachograph and all recordings were obtained 
on a Grass model 7 polygraph. 

A lateral thoracotomy was performed 
through the fifth left intercostal space and 
the heart was suspended in a pericardial 
cradle. The left anterior descending coronary 
artery (LAD) was isolated below its first 
diagonal branch (fig. 1) and, at appropriate 
times, the blood flow was interrupted with a 
screw clamp. A calibrated electromagnetic 
flow probe (Carolina Medical Electronics) 
was placed around the anterior descending 
coronary artery for continuous monitoring of 
blood flow. At the end of the 90 min 
coronary occlusion period, blood flow was 
reinstituted over 35 min in an incremental 
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fashion. At 0 t ime (i.e., after 90 min of  
occlusion) 10% of the pre-ischemic flow was 
re-instituted. Every 5 min an additional 10% 
of the pre-ischemic flow was re-instituted un- 
til 35 min had elapsed, at which time the 
screw clamp was removed. The gradual re- 
institution of  coronary flow minimized the 
development  of  a reactive hyperemic response 
and reduced the incidence of  hemorrhagic 
infarction and ventricular fibrillation 
(Lucchesi et al., 1976; Ku and Lucchesi, 
1978). Preliminary experiments with this 
slow, incremental release of the occluded left 
anterior descending coronary artery were 
demonstrated to be relatively free of any 
premature ventricular beats during the 2 h of  
reperfusion. 

Regional myocardial  contractile force was 
monitored using t w o  calibrated Walton-- 
Brodie strain gauge arches. One strain gauge 
was sutured to the free wall of  the left ven- 
tricle in a region perfused by  the left anterior 
descending coronary artery. The second 
strain gauge was posit ioned in the region 
perfused by  the left circumflex coronary 
artery. The isometric contractile force signals 
were differentiated electronically to obtain 
dF/dt .  In one series of  experiments,  epi- 
cardial electrograms were recorded by  plati- 
num electrodes embedded in a 3 × 4  cm 
acrylic plaque (Perm, The Hygienic Dental 
Co., Akron,  Ohio). The plaque was positioned 
and sutured to the free wall of  the left ven- 
tricle so that  recordings were obtained from 
both  non-ischemic and ischemic regions. 
Epicardial electrograms were monitored 
sequentially and recorded on Grass polygraph 
before and 15 min after complete  LAD occlu- 
sion. These recordings were repeated after 
90 min of  LAD occlusion and 2 h after reper- 
fusion. Epicardial ST-segment elevations, 15 
min after occlusion (ST,sin), greater than 2 
mV were considered abnormal as previously 
described (Maroko et al., 1971) and were 
arbitrarily graded as follows: normal (non- 
ischemic), STlsm < 2 mV; moderately ische- 
mic (border), 2 mV < STlsm < 6 mV; and 
ischemic, STlsm > 6 mV. At the end of  2 h 

of  reperfusion, the animals were sacrificed 
with an overdose of  pentobarbital  sodium. 
Transmural sections (2 cm × 1 cm) of  the left 
ventricle under the electrodes were excised 
for subsequent biochemical studies. 

2.2. Sodium p u m p  studies 

Sodium pump activity was estimated by  
determining the ouabain-sensitive S6Rb up- 
take as described previously (Ku et al., 1974, 
1977a,b) with minor modifications. Briefly, 
canine ventricular slices (approximately 0.5 
mm thick) were prepared using a Stadie-- 
Riggs tissue slicer (A.H. Thomas Company,  
Philadelphia, Pennsylvania). Under normal 
condtitions, intracellular sodium concentra- 
tion is the rate limiting determinant of mono- 
valent cation pump activity (the rate of  oua- 
bain-sensitive 86Rb uptake) (see Post, 1968; 
Thomas, 1972; Langer, 1974).  Therefore, 
ventricular slices were preincubated at 0--2°C 
for 5 min in a K÷-free and Ca2÷-free Krebs-- 
Henseleit solution for sodium "loading". Un- 
der these conditions, in which the intracellu- 
lar sodium concentrat ion is not  the rate- 
limiting factor for monovalent  cation pump 
activity, the rate of  the ouabain-sensitive 
86Rb uptake would be determined by  factors 
other than the intracellular sodium concentra- 
tion. S6Rb uptake was estimated by incubating 
slices with 2 m M  RbC1 containing tracer 
amounts  of  S6Rb (New England Nuclear, 
Boston,  Massachusetts; specific activity 3.5 
mCi/mg) in a K÷-free Krebs--Henseleit solu- 
tion at 37°C in the presence or absence of  
0.1 mM ouabain. After  a 10 min incubation 
period, slices were rinsed three times by im- 
mersing in separate K÷-free solutions con- 
taining non-radioactive RbC1 ( 2 m M )  and 
blotting each time with filter paper. Radio- 
activity was estimated using a 7 scintillation 
spectrometer.  The difference in S6Rb uptake 
observed in the presence and absence of 
ouabain was calculated as the ouabain-sensi- 
tive S~Rb uptake which represented approxi- 
mately 40% of the total  S6Rb uptake. For the 
series of  dose--response studies with ouabain, 
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ventricular slices from the non-ischemic and 
ischemic regions were incubated in various 
concentrations of  ouabain and the maximum 
inhibition of  86Rb uptake by the highest dose 
of ouabain tested, 0.1 mM, served as 1 0 0 %  
inhibition. 

2.3. Acetylstrophanthidin titration test 

The acetylstrophanthidin titration test was 
performed as described previously (Lucchesi 
and Shivak, 1964). In the first series of experi- 
ments, acetylstrophanthidin was adminstered 
intravenously at a rate of  75 pg/min using a 
Harvard infusion pump,  whereas, in a second 
series of  experiments,  acetylstrophanthidin 
was administered directly into either the left 
anterior descending or left circumflex 
coronary artery via a 25 G needle, at a rate of  
2 #g/min. The end-point of  the titration test 
was the first electrocardiographic evidence of 
a loss of  sinus node dominance as indicated 
by  ventricular tachycardia (three or more con- 
secutive ventricular beats) or idioventricular 
rhythm lasting for at least one minute 
(Lucchesi and Shivak, 1964). The digitalis 
titration test was performed before, during 
and after experimental myocardial  infarction. 
Thus, each animal served as its own control  
and the toxic doses in the successive digitalis 
t i tration tests were compared to their control,  
pre-infarction dose. 

2.4. Miscellaneous 

All data were analyzed statistically using 
Student 's  paired t-test. P values smaller than 
0.05 were considered to be statistically signifi- 
cant. The half-maximal inhibition of 8eRb up- 
take by  ouabain was estimated by  the method 
of  probit  analysis. 

3. Results 

3.1. Ef fect  o f  myocardial ischemia on the 
cardiac sensitivity to digitalis 

Fig. 2 shows a typical tracing of  the cardiac 
hemodynamic  responses during an intravenous 

acetylstrophanthidin titration test. Intravenous 
infusion of acetylstrophanthidin,  75 pg/min, 
resulted in an increase in mean arterial blood 
pressure from 1 4 0 + 6  to 155+  6 m m H g  
(mean + S.E.M. of 6 dogs) and a decrease in 
heart rate from 171 +- 8 to 116 + 12 beats/ 
min with a prolongation of the P--R interval. 
There was a 54.4 ± 19.8% (65.6 + 7.5 g) 
increase in isometric contractile force in the 
region of the left ventricular myocardium per- 
fused by  the left circumflex coronary artery 
and a 53.7 + 13.3% {80.3 + 12.8 g) increased 
in isometric force in the region perfused by 
the left anterior descending coronary artery. 
Continued infusion of  acetylstrophanthidin 
resulted in a ventricular dysrhythmia.  The 
averaged arrhythmogenic dose of acetyl- 
strophanthidin was 97.5 + 8.0 pg/kg. Normal 
sinus rhythm recovered in 4.0 + 0.8 min upon 
termination of  the intravenous drug infusion. 

Fig. 3 summarizes the results obtained 
from the intravenous acetylstrophantidin titra- 
tion test in 6 control  (sham-operated) animals 
and in 6 animals with experimentally induced 
myocardial ischemia. In the control  animals, 
wi thout  myocardial  ischemia, repeated 
intravenous acetylstrophanthidin titration 
tests every 2 h resulted in a 10.1 ± 5.2% and 
18.0 ± 4.8% decrease in the arrhythmogenic 
dose during the second and third tests, respec- 
tively. The decrease in the arrhythmogenic 
dose of  acetylstrophanthidin in the repeated 
tests was probably due to residual circulating 
digitalis in the animal. In the 6 animals with 
experimental myocardial ischemia, however, 
there was an average 43.0 ± 10.5% decrease in 
the arrhythmogenic dose 60 min after left 
anterior descending coronary occlusion, as 
compared to the pre-ischemic dose. This was 
further reduced (--54.4 ± 6.7%) when the 
hearts were re-perfused for 2 h after a 90 min 
occlusion with a concomit tant  increase in the 
duration of  arrhythmias (14.5 ± 4.1 min). 

In order to identify the origin of the 
increased cardiac sensitivity to digitalis, the 
acetylstrophanthidin t i tration test was per- 
formed by  a direct intracoronary drug infu- 
sion method as described previously (Roberge 
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Fig. 2. The effect of  intravenous infusion of acetylstrophanthidin into the dog. Acetylstrophanthidin was infused 
into the jugular vein at a rate of 75 pg/min. The end point of the digitalis titration test was defined as the first 
electrocardiographic evidence of  a loss of sinus node dominance for at least 1 rain. CF (LCX) indicates isometric 
contractile force of  the left ventricle perfused by left circumflex coronary artery, whereas CF (LAD) indicates 
isometric contractile force of the left ventricle perfused by left anterior descending coronary artery. The averaged 
time to reach ventricular arrhythmia in 6 dogs was 23.3 ± 2.9 rain and averaged recovery time was 4.0 ± 0.8 rain. 
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Fig. 3. Percent changes in the arrhythmogenic dose of 
acetylstrophanthidin in the control and experimental 
myocardial infarction animals during intravenous 

digitalis t i tration tests. Successive acetylstrophan- 
thidin titration tests every 2 h in control animals, 
without myocardial infarction (open circles), resulted 
in a 10.1 +_ 5.2% and 18.0 -+ 4.8% decrease in the 
arrhythmogenic dose of digitalis in the second and 
third trials, respectively. In the experimental myo- 
cardial infarction group (closed circles), there was a 
mean 43.0-+ 10.5% decrease in the arrhythmogenic 
dose 60 rain after left anterior descending coronary 
occlusion. This was further reduced (--54.4 ~ 6.7%) 
when the occluded region was allowed to reperfuse 
for 2 h after a 90 rain occlusion. Vertical lines 
represent the standard error of  the mean of  6 animals. 
Asterisk indicates P < 0.05. Ordinate: % change of 
arrhythmogenic dose of acetylstrophanthidin (i.v.). 
Abscissa: time (h). 
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Fig. 4. The effect of direct intracoronary infusion of acetylstrophanthidin in the dog. Acetylstrophanthidin was 
infused into the left anterior descending coronary artery (LAD) at a rate of 2 pg]min. At the peak response, 
digitalis produced an increase (31.2 +- 8.6%) in isometric contractile force (CF (LAD)) only in the region perfused 
by the left anterior descending coronary artery. No significant change in contractile force of the ventricle per- 
fused by the left circumflex coronary artery (CF (LCX)). Arterial blood pressure and heart rate were also not  
affected. Continued infusion of digitalis into the LAD resulted in ventricular dysrhythmias. The average time to 
reach arrhythmia in seven dogs was 13.6 +- 2.1 rain. The time for recovery of normal sinus rhythm after the 
termination of the drug was 5.8 ± 1.1 rain. 

et al., 1968;Hood et al., 1968) to differentiate 
the intrinsic cardiac effects of  digitalis f rom 
its extra-cardiac effects. The results of  a 
typical intracoronary acetylstrophanthidin 
ti tration test is shown in fig. 4. Direct intra- 
coronary infusion of digitalis into the left 
anterior descending coronary artery resulted 
in an average 31.2 + 8.6% (mean + S.E.M. of 
7 animals) increase in isometric contractile 
force in the region of  the  left vehicle perfused 
by the left anterior descending coronary 

artery. There was no significant change in 
force in the left circumflex coronary artery 
perfused region. The arterial blood pressure 
and heart  rate were not  altered by this direct 
intracoronary administration of acetylstro- 
phanthidin. Continued infusion of acetyl- 
strophanthidin resulted in ventricular dys- 
rhythmia.  The arrhythmogenic dose of acetyl- 
strophanthidin via the intracoronary route  
was 1.5 + 0.3/ag/kg. Similar results were ob- 
tained with infusion of  acetylstrophanthidin 
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Fig. 5. Percent changes in the intracoronary arrhyth- 
mogenic dose of acetylstrophanthidin in the control 
and experimental myocardial infarction animals. Due 
to the small amount of drug required by this infusion 
method, repeated AS titration tests did not result in 
an accumulation of drug and the successive arrhyth- 
mogenic doses were not significantly altered in the 
control animals (open circles). Repeated acetyl- 
strophanthidin titration tests in the left circumflex 
coronary artery perfused region (non-ischemic and 
possibly border regions; closed circles) during and 
after the left anterior descending coronary artery 
occlusion resulted in a 33.9 ± 11.1 and 31.7 ± 7.4% 
decrease in the arrhythmogenic dose as compared 
to the pre-ischemic doses, respectively. In the 
ischemic region (closed triangle), after a 90 min 
left anterior descending coronary artery occlusion 
and 2 h of reperfusion, repeated digitalis t i tration 
tests resulted in a 47.7 ± 6.4% decrease in the 
arrhythmogenic dose. Vertical lines indicate the 
standard error of the mean of 6 dogs; asterisk indi -  
c a t e s  P < 0.05. Ordinate: % change of arrhythmogenic 
dose of acetylstrophanthidin (i.c.). Abscissa: time (h). 

into the left circumflex coronary artery 
during which the positive inotropic response 
was observed only in the ventricular muscle 
being perfused by the left circumflex and not  
in the left anterior descending coronary artery. 

Fig. 5 summarizes the results obtained 
from the direct intracoronary digitalis titra- 
t ion tests. In the 7 control, sham-operated 
animals, repeated digitalis t i tration tests did 
not  cause drug accumulation and the arrhyth- 
mogenic doses were slightly increased in the 
successive digitalis t i trat ion tests. In the 
6 animals with experimental myocardial  
ischemia, repeated infusion of  acetylstrophan- 

thidin into the left circumflex coronary 
artery, i.e., area of non-ischemic and possibly 
border regions, after a 90 min occlusion of 
the left anterior descending coronary artery, 
resulted in a 33.9 + 11.1% decrease in the 
arrhythmogenic dose of digitalis. A similar 
decrease {13.7 + 7.4%) in the toxic dose of 
digitalis was obtained when the occluded left 
anterior descending coronary was reperfused 
for 2 h after a 90 min occlusion. Intracoro- 
nary digitalis t i tration tests in the left anterior 
descending coronary artery (i.e., the ischemic 
region) were not  performed 60 min following 
its occlusion because the  blood flow was 
stopped at this t ime period. Repeated acetyl- 
strophanthidin ti tration tests in the  left 
anterior descending coronary artery, after a 
90 min occlusion and 2 h of reperfusion, how- 
ever, resulted in a 47.7 + 6.4% decrease in the 
arrhythmogenic dose. 

The time required for the recovery of 
normal sinus rhy thm after termination of 
either intravenous (4.0 + 0.8 min, mean -+ 
S.E.M. of 6 animals) or intracoronary (5.8 + 
1.1 rain, mean + S.E.M. of 7 animals) digita- 
lis t i tration tests was not  significantly different 
in the control animals without  experimental 
myocardial ischemia. Repeated intracoronary 
digitalis titration tests in these animals did not  
alter the recovery times. In the 5 animals with 
experimental myocardial  ischemia, repeated 
intracoronary digitalis t i trat ion tests in the 
non-occluded left circumflex coronary artery, 
during and after experimental  myocardial  
ischemia, did not  result in any change in the 
recovery times (3.2-+ 1.1 min). However, in 
the ischemic region (left anterior descending 
coronary artery),  following a 90 min coronary 
occlusion and 2 h of reperfusion, ventricular 
dysrhythmias persisted for 17.9 + 1.1 min 
after termination of the intracoronary drug 
infusion. Thus, it appears that  the duration 
of  action of  digitalis in the region perfused by 
the left anterior descending coronary artery 
(ischemic region) was prolonged, which could 
be attributed to the observed decrease in the 
arrhythmogenic dose of  digitalis after experi- 
mental myocardial  ischemia. 
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3.2. Effect of  myocardial ischemia on sodium 
pump activity 

In order to determine the sodium pump 
activity and its sensitivity to the inhib i tory  
effect of  digitalis in vitro, another series of  
5 animals with experimental myocardial 
ischemia was prepared. These animals had not  
been subjected to any previous digitalis 
titration test. 

Sodium pump activity, estimated from the 
ouabain-sensitive ~6Rb uptake,  was deter- 
mined in myocardial slices obtained from 
non-ischemic, moderately ischemic (border), 
and ischemic regions after a 90 min left 
anterior descending coronary artery occlusion 
and 2 h of  reperfusion. These three regions 
were determined from the relative epicardial 
ST-segment elevation 15 min after coronary 
occlusion and the subsequent  development of 
Q-waves after 2 h of , reperfusion (fig. 6). In 
the non-ischemic region, the ouabain-sensitive 
port ion of  S6Rb uptake by  the sodium-loaded 
ventricular slices was 3.43 + 0.64 nmoles 
S6Rb/mg tissue (dry weight). This value was 
not  different from the previously published 
results in normal canine ventricular slices (Ku 
et al., 1977b).  In the border region, there was 
a small but  significant increase in ouabain- 
sensitive S6Rb uptake (5.26 + 0.70 nmoles 
S6Rb/mg tissue (dry weight)). This was 
increased further in the ischemic region; 
achieving a value almost two-times (6.84 +- 
0 .30nmoles  S~Rb/mg tissue (dry weight)) 
as high as that  in the non-ischemic region. 
The non-specific or ouabain-insensitive por- 
tions of S~Rb uptake was not  reduced signifi- 
cantly in the border and ischemic regions 
(--7.6 and --8.3%, respectively). Intracellular 
water content  was increased from 73.9 + 
0.9% in the non-ischemic region to 75.0 + 1.1 
and 77.7 + 0.7% in the border and ischemic 
regions. 

Acetylstrophanthidin was selected as the 
digitalis derivative in the digitalis t i tration 
test because of  its rapid onset  and short 
duration of action. This allows one to 
perform an intravenous digitalis t i tration test 
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Fig. 6. Effects of temporary myocardial ischemia on 
86Rb uptake by canine ventricular slices. After a 
90 min left anterior descending coronary occlusion 
and 2 h of reperfusion, ventricular slices (approxi- 
mately 0.5 mm thick) obtained from non-ischemic, 
border and ischemic regions were pre-incubated for 
5 min at 0--2°C in a K+-free and Ca2+-free Krebs-- 
Henseleit solution for sodium "loading" prior to 
assay for 86Rb uptake. The total height of the bars 
and slashed bars represents the 86Rb uptake in the 
absence and presence of 0.1 mM ouabain. Thus, open 
bars represent the ouabain~sensitive component of 
S6Rb uptake. The number in the bars indicates the 
number of experiments. Vertical lines represent the 
S.E.M.; asterisk indicates P < 0.05. Epicardiat ST- 
segment elevation 15 rain after coronary occlusion 
and Q-waves development after 90 min of occlusion 
and 2 h reperfusion were used to identify the normal, 
border and ischemic regions. The percent water 
content of the slices was determined from the dif- 
ference between the wet weight and dry weight of 
the slices. D, Total uptake; ~, ouabain (0.1 mM). 

before, during, and after experimental myo- 
cardial infarction in a relatively short period 
(4- -5h) .  Measurement of  sodium pump 
transport  activity from the ouabain-sensitive 
port ion of S6Rb uptake is well documented  
(Ku et al., 1974, 1977a, 1977b) and has 
been shown to be highly sensitive to the 
inhibitory effects of  digitalis (Ku et al., 1974, 
1977b).  Since ouabain and acetylstrophanthi- 
din presumably bind to the same site on 
Na+K*-ATPase to exert their effects, the 
sodium pump activity measurement and its 
sensitivity to the inhibitory effect of digitalis 
was performed with a more stable digitalis, 
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Fig. 7. Effect of ouabain on 86Rb uptake by the 
sodium-loaded canine ventricular slices after tem- 
porary myocardial ischemia. After a 90 rain left 
anterior descending coronary artery occlusion and 2 h 
of  reperfusion, 7--8 slices (approximately 0.5 mm 
thick) of ventricular muscle from the non-ischemic 
(closed circles) and ischemic region (open circles) 
were pre-incubated for 5 rain at 0--2°C in a K+-free 
and Ca2÷-free Krebs--Henseleit solution for sodium 
"loading" prior to S6Rb uptake assay. 86Rb uptake 
was determined in the presence of various concentra- 
tions of ouabain. The maximum inhibition of  86Rb 
uptake by 0.1 mM ouabain served as 100% inhibition 
which was not significantly different between the 
two g~oups. Each point represents the average data 
obtained from 5 dogs. Ordinate:  % inhibition of 
S6Rb uptake. Abscissa:  ouabain (pM). 

ouabain, instead of acetylstrophanthidin. 
Fig. 7 shows the log dose--response curves 

of  the sodium pump activity to the inhibitory 
effect of  ouabain in canine ventricular slices 
obtained from non-ischemic ahd ischemic 
regions. The maximum inhibition of S~Rb by 
the highest dose of  ouabain tested, 0.1 mM, 
served as 100% inhibition. The ventricular 
slices obtained from the ischemic regions 
were more sensitive to the inhibitory effect  
of  ouabain than the non-ischemic regions as 
indicated by the leftward shift in the ouabain 
concentrat ion response curve. The half- 
maximal inhibition of 86Rb uptake by ouabain 
(Iso) was reduced from 3.7 + 1.4 × 10-7 M 
(mean + S.E.M. of 5 experiments) in the non- 
ischemic tissues to 1.3 + 0.3 × 10-7 M in the 
ischemic tissues. 

4. Discussion 

Acute myocardial  infarction following 
experimental coronary artery occlusion in 
dogs and pigs had consistently been shown to 
result in an increase in myocardial  sensitivity 
to the toxic effects of  digitalis (a 20--30% 
decrease in the toxic dose of digitalis as com- 
pared to the pre-ischemic dose) (Bellet et al., 
1934; Travell et al., 1938; Hood et al., 1967; 
Morris et al., 1969; Kumar et al., 1970). The 
time course of development and duration of 
this altered myocardial sensitivity to digitalis, 
however, were not  consistent. In the early 
study by Bellet et al. (1934), it was reported 
that there was no change in the toxic dose of 
digitalis 40 min after the ligation of the 
coronary artery. Significant decreases in the 
toxic dose of digitalis was observed, however, 
four days after coronary artery occlusion and 
was sustained for six weeks. In contrast, Ku- 
mar et al. (1970) had reported that increased 
cardiac sensitivity to digitalis was observed 
only during the acute phase (one hour  after 
coronary artery occlusion) and was not  ob- 
served during the healing phase (2 and 7 days 
after coronary artery occlusion). The cause of 
these variable rates of  onset and duration of 
altered cardiac sensitivity to digitalis is not  
clear. However, these variable rates and dura- 
tion could, in part, explain the inability of 
several investigators to demonstrate an 
increase in myocardial sensitivity to digitalis, 
especially in the clinical settings (Sanazaro, 
1957; Selzer, 1968; Constant, 1970; Rei- 
cansky et al., 1976). The present findings 
support, in part, the observations made by 
Kumar et al. (1970) that  increased myocardial 
sensitivity (decreased arrhythmogenic dose) 
was observed 1 h after coronary occlusion and 
further  demonstrated that  this increased 
myocardial sensitivity to digitalis was sus- 
tained for at least 2 h after 90 min of 
coronary occlusion. 

The origin or site of  this altered myocardial 
sensitivity to digitalis after acute myocardial 
infarction is not  well understood. Since all of 
the earlier experimental studies with digitalis 
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sensitivity tests were performed after per- 
manent ligation of  a major coronary artery 
branch and reperfusion of  the occluded region 
was not  re-instituted (Bellet et al., 1934; 
Travell et al. 1938; Hood et al., 1967;Morris  
et al., 1969; Kumar et al., 1970). In addition, 
Bellet et al. {1934) had reported that  the 
magnitude of the increase in myocardial sen- 
sitivity was related to the size of  the infarcted 
myocardium. Thus, it had been suggested that  
the periphery of  the ischemic myocardium 
{border region) might be the site of the 
altered myocardial sensitivity. The present 
s tudy in dogs, using a model  of temporary 
coronary occlusion followed by  reperfusion, 
confirmed this hypothesis and further demon- 
strated that  the ischemic myocardium may 
also contr ibute to the observed increase in 
myocardial sensitivity. The present findings 
demonstrated that  a similar decrease (47.4 + 
6.4%) in the arrhythmogenic dose of  digitalis 
was obtained when digitalis was administered 
directly (intracoronary) into the ischemic 
region after a 90 min coronary occlusion and 
2 h of  reperfusion (fig. 5). The direct intra- 
coronary digitalis administration required 
approximately 1--2% of the dose required 
by the intravenous administration method to 
induce ventricular arrhythmia and, in addition, 
the cardiotoxicity occurred before any signifi- 
cant changes in heart rate and arterial blood 
pressure. 

The mechansim(s) of  the increase in myo- 
cardial sensitivity to the toxic effects of 
digitalis after acute myocardial  infarction 
have not  been studied extensively. Previous 
studies dealing with tissue distribution of  
labeled digitalis had indicated an uneven dis- 
tr ibution of  digitalis between the ischemic 
and non-ischemic myocardium (Beller et al., 
1972, 1975, 1976;  Hopkins and Taylor, 1973; 
Kuhlmann et al., 1975). The mechanism of 
the decreased digitalis uptake by  the ischemic 
myocardium is not  clear. It had been suggested 
that decreased digitalis uptake by the ischemic 
myocardial tissue may be related to a defect  
or reduction in cardiac Na÷,K÷-ATPase, a 
putative receptor  for the pharmacologic and/ 

or toxic effects of  digitalis. Willerson et al. 
(1977) had reported that  cardiac Na*,K ÷- 
ATPase activity was depressed (approximately 
20%) as early as 40 min after coronary artery 
occlusion. Beller et al. (1976) had demon- 
strated that  reduction in labeled digitalis up- 
take in the ischemic tissue after 2 and 6 h 
of coronary occlusion was correlated with a 
reduction in cardiac Na÷,K÷-ATPase activity. 
The present findings do not  support  the con- 
tention that temporary myocardial ischemia 
causes a decrease in N÷,K*-ATPase or sodium 
pump activity. In the present study,  after 
90 min of coronary occlusion and 2 h of 
reperfusion, the ouabain-sensitive 86Rb uptake 
by the ventricular slices, an estimate of 
sodium pump activity, was significantly 
higher in slices obtained from ischemic myo- 
cardium than from non-ischemic and mo- 
derately ischemic myocardium {fig. 6). The 
reason(s) for the apparent difference between 
the present findings and the earlier results are 
not  certain. It appears that the method em- 
ployed in the present study, i.e., the estima- 
tion of  sodium pump activity by determining 
the ouabain-sensitive S6Rb uptake in ventricu- 
lar slices, has several advantages. The present 
method eliminates the necessity of  lengthy 
treatment  with deoxycholic acid and sodium 
iodide resulting in a more accurate estimate 
of the ischemia-induced changes in the myo- 
cardial cytoplasmic membrane occurring in 
vivo. It is also important to note  that  these 
same investigators (Beller et al., 1976), who 
demonstrated a reduction in N÷,K÷-ATPase 
activity, were unable to demonstrate a signifi- 
cant correlation between the reduction in 
digitalis uptake and cardiac Na÷,K*-ATPase 
activity in the ischemic tissue after 1 h of 
coronary occlusion. Furthermore,  it is well 
known that determination of  total  myocardial 
digitalis uptake after temporary coronary 
occlusion may be influenced by  many other 
factors, such as changes in local b lood flow 
and intracellular and extracellular cation con- 
centrations. Thus, it appears from the present 
finding that a decrease in digitalis uptake by  
the ischemic myocardial tissue after tem- 
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porary (90 min) coronary occlusion may not  
be related to a decrease in the digitalis binding 
receptor. 

The mechanism of the increase in sodium 
pump activity after 90 min of coronary artery 
occlusion and reperfusion is not  clear. Since 
the increase in sodium pump activity was ob- 
served under the conditions in which the 
intracellular sodium concentrat ion was not  
the rate-limiting factor for sodium pump 
activity, i.e., with sodium pre-loading prior 
to a6Rb uptake studies, the results suggest 
that  the myocardial  ischemic process might 
have a direct st imulatory effect on sodium 
pump activity. It is well documented  that  
myocardial ischemia is generally accompanied 
by an increase in intracellular sodium concen- 
tration (Lie et al., 1975; Polimeni and A1- 
Sadir, 1975; Bodenheimer et al., 1976), thus, 
it is possible that  such an increase in intra- 
cellular sodium concentrat ion during tempo- 
rary myocardial  ischemia could maximally 
activate the sodium pump activity when the 
occluded region was reperfused. Similar 
stimulation of  sodium pump activity after 
increased sodium loading had also been 
reported (Ernst et al., 1967; Fletcher et al., 
1967; Katz and Epstein, 1967; Ku et al., 
1977a). It is important  to note that  sodium 
pump activity will eventually be depressed 
or damaged after prolonged myocardial  ische- 
mia and when the cardiac cells become 
necrotic. Thus, it is conceivable that  the 
degree of sodium pump stimulation observed 
in the present study, after 90 min of coronary 
artery occlusion and 2 h reperfusion, may be 
underestimated because partial cell dysfunc- 
tion may have occurred. 

One of  the remarkable features of the 
digitalis action is the diverse species-dependent 
differences in sensitivity to digitalis. It had 
been demonstrated that the divergent sensi- 
tivity of  the myocardium to the pharma- 
cologic effects of  digitalis in various animal 
species is related to the divergent sensitivity 
of cardiac Na÷,K÷-ATPase to the in vitro 
inhibitory effect  of  digitalis (Repke et al., 
1965). The present findings demonstrated 

that the sodium pump activity of the ischemic 
myocardial tissue was more sensitive to the 
inhibitory effect  of  digitalis than the non- 
ischemic tissue. The half-maximal inhibition 
of a6Rb uptake by ouabain was reduced from 
3.7 + 1.4 × 10 -7 M in the non-ischemic tissue 
to 1.3 + 0.3 × 10 -7 M in the ischemic tissue 
(fig. 7). Although a statistically significant 
difference between the half-maximal inhibi- 
tion (Is0) of  S6Rb uptake by ouabain in the 
two regions was not  obtained in the present 
study, it is important  to note that  the 
magnitude of  increase in myocardial  sen- 
sitivity (decrease in the intravenous arrhyth- 
mogenic dose of digitalis, --54.4 + 7.6%) after 
a 9 0 m i n  coronary occlusion and reperfu- 
sion, is similar to that  observed in the 
increased sensitivity of the sodium pump to 
ouabain in vitro (decrease in the half-maximal 
inhibition dose, --64.9+ 8.1%). Thus, it 
appears from the present findings that an 
increase in cardiac sensitivity to digitalis after 
90 min of coronary occlusion may be related 
to an increase in sensitivity of sodium pump 
to the in vitro inhibitory effect  of  digitalis. 
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