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Abstract. To assess the relation of ventricular arrhythmias to myocardial
Ki movement during ischemia, we placed an electrode catheter in the left
anterior descending coronary artery for thrombus production in intact anes-
thetized dogs. 85Kr injections distal to the thrombus permitted serial coro-
nary blood flow measurements. Animals of Group I with a moderate flow
reduction exhibited no arrhythmia or myocardial egress of K+. In Group II,
marked flow reduction was accompanied by an injury potential and loss of K+
from the ischemic site, before and during ventricular tachycardia.

Therapeutic interventions were performed in animals having the same de-
gree of ischemia as Group II. Systemic procaine amide in Group III inter-
rupted the tachycardia and egress of K+, despite persistent ischemia. Group
IV did not respond to intracoronary insulin with K+ uptake, as did normal
dogs, and progressed to fibrillation. During the production of hyperglycemia
in Group V, myocardial loss of Ki ceased with maintenance of sinus rhythm.
Hemodynamic factors did not appear to have a major role in the genesis of
the arrhythmia.

Since intracoronary infusion of Ki in normal dogs similarly altered repolari-
zation and produced fibrillation, it would appear that during ischemia egress
of Ki before development of the arrhythmia indicates a major role of the ion
in pathogenesis. This view is supported by the myocardial loss of K+ and
arrhythmia induced in normal dogs by strophanthidin and by the fact that
pharmacologic regulation of K+ loss is associated with correction of the ar-
rhythmia, despite persistence of low blood flow.

Introduction

Ectopic pacemaker activity is one of the major
consequences of substantial reduction in coronary
blood flow. Continued interest in the possibility
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of controlling ventricular arrhythmias during
ischemia has made it desirable to analyze some
of the factors contributing to their pathogenesis.
Whereas hypoxia is known to produce a net loss
of potassium in the heart muscle (1-3), the degree
of blood flow reduction necessary to produce this
effect and the temporal relation of the ionic altera-
tion to ventricular arrhythmias have not been
established. Hence, we have undertaken exami-
nation of the net movement of this ion in the

Address requests for reprints to Dr. Timothy J. Re--
gan, Department of Medicine, New Jersey College of
Medicine, 24 Baldwin Avenue, Jersey City, N. J. 07304.
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ischemic myocardium during coronary artery
thrombosis to assess the relation of ion loss to
the development of ventricular tachycardia and
to the efficacy of various modes of arrhythmia
correction.

Methods

Male mongrel dogs, 19-22 kg, were anesthetized 18 hr
postprandial with morphine sulfate, 3 mg/kg, and pen-
tobarbital (Nembutal), 12 mg/kg, and studied without
opening the chest. After insertion of an endotracheal
tube, respiration was regulated with a Harvard re-
spiratory pump (Harvard Apparatus Co., Inc., Dover,
Mass.), which facilitated the maintenance of arterial
oxygen saturation and pH in the normal range. Cathe-
ters were placed in the coronary sinus, aorta, and left
ventricle for blood sampling and pressure determinations
and in the left coronary artery for myocardial blood flow
measurements. Although the catheters were initially
filled with dilute heparin, their patency was maintained
by slow saline infusions or intermittent flushes during the
experiment.

A closed-chest preparation was used for production of
coronary artery obstruction, to utilize its greater hemo-
dynamic stability. An electrode catheter was placed in
the left anterior descending coronary artery to permit
passage of current to effect thrombus formation in a
group of anesthetized dogs (4). In a modification of
this method, a stainless steel wire electrode was passed
through the proximal side hole of a No. 8 Sones-type
catheter (U. S. Catheter Co., Glens Falls, N. Y.);
the wire electrode encircled the catheter at this level.
Measurement of coronary blood flow to the ischemic
area was obtainable by injections of 'Kr distal to the
thrombus site (Fig. 1). This inert gas method ap-
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FIG. 1. CATHETER POSITIONS IN CORONARYVESSELS.
This diagram demonstrates the position of the electrode
catheter in the left anterior (ANT) descending coronary
artery (A) and of the Goodale-Lubin catheter in the
great cardiac vein. 'Kr in saline was injected distal to
the thrombus site for measurements of blood flow in the
ischemic site,

pears to give valid flow measurements over a wide
range of tissue perfusion (5, 6). In some animals catheter
placement itself was associated with reduction of coro-
nary blood flow, a transient phenomenon in the animals
reported here, with blood flow values returning to the
normal range before initiation of 200-400 uta of current.
Approximately 100 ,uc of 'Kr was injected at 6-10-min
intervals before ischemia and 12-20-min intervals there-
after. Decay slopes were obtained by precordial scintil-
lation counting and background radioactivity was sub-
tracted in the usual manner from the curve derived by
precordial counting (5). For the purpose of estimating
the size of the ischemic site, Evans blue dye was in-
jected via the coronary artery catheter into the area of
ischemia at the conclusion of each experiment, and the
dyed tissue was weighed. Thrombus formation was con-
firmed at postmortem and arterial obstruction appeared
to be complete, except in the group of animals with
moderate ischemia and no arrhythmia (Group I).

Collection of blood samples from the venous effluent
of the ischemic site during obstruction of the anterior
descending artery required placement of a coronary sinus
catheter under fluoroscopic control into the great cardiac
vein (7). Confirmation of the relation of this sampling
site to the area of reduced blood flow was obtained by
retrograde venous injection of 85Kr during ischemia into
the area subserved by the left anterior descending artery.
This manner of blood flow measurement gives values
closely corresponding to flow values derived by a prior
or subsequent arterial injection of this gas (8). Paired
sampling of arterial blood and venous blood from the
great cardiac vein began with the onset of blood flow re-
duction at 5-min intervals, for up to 90 min. Net ion
movement was calculated from the product of coronary
plasma flow and the arterial-coronary sinus (A-CS) dif-
ference of K+ in those animals whose coronary blood flow
and arterial ion concentration remained relatively con-
stant, within the 12% error of the flow method and 3%
for ion analysis. After flow reduction to a new plateau,
the steady-state level was presumably achieved in a short
time, in view of the 45 sec duration of the longest transit
time in the canine heart (7). Animals that developed
hypotension were excluded from our study.

Since the electrocardiographic (EKG) changes oc-
curring in our study during ischemia may be attributable
to an altered transcellular distribution of K+ ion in the
heart, potassium chloride in Ringer's solution was infused
through a catheter in the left anterior descending coro-
nary artery in a group of normal animals, while the
EKG was monitored. Potassium was administered for
up to 30 min at a rate of 17 AEq/min in six animals, and
50 ,uEq/min in another five experiments. The rapid
transfer of this ion between coronary plasma and inter-
stitial fluid (9) enabled a relatively constant venous
concentration to be achieved in 5-10 min. Plasma sam-
ples were taken from the great cardiac vein and aorta
for K+ analysis. A small polyethylene tube within the
Sones catheter permitted delivery of this solution to the
myocardium, while 'Kr in saline was inj ected through
the outer lumen for blood flow determinations,
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In a period of potassium loss from the myocardium
during ischemia, elevation of K+ concentration in coronary
venous plasma may result in ion uptake by red cells,
with consequent reduction of plasma values. We exam-
ined this question using animals that received the lower
rate of potassium infusion into the coronary artery. Red
cell concentrations were analyzed to assess whether in-
crements in coronary venous plasma produced altered
erythrocyte values. In the presence of a coronary ve-
nous plasma K+ rise of 0.74 ± 0.08 mEq/liter, the venous
erythrocyte K+ was 9.22 + 0.62 mEq/liter compared to
red cell samples from the aorta of 9.25 + 0.58 mEq/
liter. These red cell values did not differ from the pre-
infusion concentrations. Hence, the venous plasma con-
centration increments seen in the studies of ischemia are
unlikely to be affected by the presence of erythrocytes.

To examine the relation of K+ transfer during at-
tempted arrhythmia correction, we assessed arteriovenous
differences after administration of procaine amide, 10
mg/kg i.v. for 60 sec, in an attempt to restore sinus
node rhythm. A ventricular ectopic rate of at least 30
beats/min was required before drug usage, since spon-
taneous restoration of rhythm was not observed in un-
treated animals who achieved this ectopic rate. Drug
efficacy was also evaluated in additional animals in whom
technical problems precluded electrolyte studies. Since
insulin promotes K+ uptake in muscle (10), glucagon-
free insulin,' 40 mU/min, was infused into the left an-
terior descending coronary artery for 25 min in a group
of normal dogs and in animals with an ischemic ar-
rhythmia. In addition, a group of animals was studied
after induction of hyperglycemia by infusion of 10% glu-
cose, 40 mEq of KCI, and 20 U of crystalline zinc insu-
lin. After marked coronary blood flow reduction, 500 ml
of solution was delivered via the femoral vein, with a
priming dose of 12 ml/min for 5 min and 8 ml/min for
55 min. The potassium salt was used to maintain ar-
terial concentrations of this ion at a constant level. Ar-
terial blood glucose concentrations were determined on an
autoanalyzer (11).

To elaborate the role of potassium egress in the
production of ventricular arrhythmias arising in the ab-
sence of ischemia, we induced digitalis toxicity in a
separate group of eight animals with acetyl strophanthi-
din,2 0.05 mg/kg, given into a femoral vein over a pe-
riod of 30 sec. Another seven animals received procaine
amide, 10 mg/kg, as well as acetyl strophanthidin. The
antiarrhythmic agent was infused 5-10 min before the
administration of strophanthidin in view of the rapid
onset and short duration of ectopic beats after the latter
drug. Both groups underwent prior cervical vagotomy
to minimize changes in heart rate. A-CS blood samples
were taken at 1 min intervals after strophanthidin and
coronary blood flow was measured by the 'Kr method
with injection every 3 min.

1 Donated by Dr. W. R. Kirtley of Eli Lilly & Com-
pany, Indianapolis, Ind.

2 Donated by Dr. G. C. Chiu of Eli Lilly & Company,
Indianapolis, Ind.

Plasma potassium was analyzed on a Beckman B
spectrophotometer (Beckman Instruments, Inc., Fullerton,
Calif.) with a flame attachment. Only samples without
significant hemolysis were used. Duplicate determinations
for blood oxygen were performed by spectrophotometric
assay (12) on arterial and coronary venous samples
taken during blood flow measurement. Arterial pH was
determined on a Beckman meter at 37°C and hematocrit
by the glass capillary method. Donor animals were used
for 15-ml blood replacements after each A-CS sampling,
procedure which had no apparent effect on ion extraction
or hemodynamics in the control observations.

Epicardial EKG from saline-filled coronary arterial
and venous catheters were monitored for evidence of
injury potentials and left ventricular pressures were ex-
amined for contractility changes. An index of contrac-
tility change was deduced from the relation of the maxi-
mum rate of left ventricular pressure rise to the end
diastolic pressure (13-15). Ventricular and femoral
arterial presures were measured through 50-cm Goodale-
Lubin (U. S. Catheter Co., Glens Falls, N. Y.) 8F
catheters connected directly to Statham strain gage
transducers (P23Db, Statham Instruments Inc., Los
Angeles, Calif.). Intermittent photographic recordings
were made from a multichannel oscilloscope recorder
(Electronics for Medicine, Inc., White Plains, N. Y.).
The first derivative of the left ventricular pressure pulse
(dp/dt) was computed by an R-C differentiating circuit
and converted into millimeters of Hg per second (15).
Ventricular diastolic pressure was recorded at sufficient
sensitivity so that 1 mmHg equaled 5 mmof paper.
Measurements were made at the end expiration phase of
the respiratory cycle. Statistical variations are expressed
as SE and the Student t test was paired (16).

Results

Evidence of coronary artery obstruction oc-
curred 20-90 min after introduction of current
in the electrode catheter. Two types of responses
to thrombus production were observed, apparently
dependent on the degree of coronary blood flow
reduction. In animals of Group I (Fig. 2) a
moderate flow reduction to 35-55%o of control
levels was associated with slight ST depression
on the epicardial EKG, which was verified in the
open-chest preparation at the conclusion of the
experiments. Total left ventricular contractility
was not significantly affected (Table I). There
was no evidence of significant potassium ion egress
from the myocardium during the 90 min of elec-
trolyte study and we observed no arrhythmia up
to the end of the experiment, 4 hr after the onset
of ischemia.

On the other hand, when coronary blood flow
was reduced to 15-30%o of the control values
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FIG. 2. EFFECTS OF MODERATECORONARYBLOOD FLOWDECREMENT. The top panel illustrates in an individual ani-
mal the moderate decline of coronary blood flow and the minimal ST segment change. The mean blood flow values
for the group are depicted in the columns to the right. Below, the negligible differences in the arterial (Art) and
great cardiac vein (GCV) concentrations of K+ are exhibited. The mean cumulative ion uptake values in the myo-

cardium for the animals of Group I are presented in the columns to the right. The statistical variations are ex-

pressed as SE in this and subsequent figures.

(Group II), there was clear evidence of altered
repolarization with the appearance of an injury

potential on the epicardial lead (Fig. 3). Asso-
ciated with these changes, increased amounts of

potassium ion appeared in the coronary venous

effluent draining the ischemic site. This was fol-
lowed by the appearance of ectopic activity, typi-
cally in the form of isolated ventricular extra-

TABLE I

Hemodynamic and myocardial 02 uptake during ischemia

Group*
I II III IV V

C E C E C E C E C E

LV dp/dt max 2650 2595 2725 2069$ 2800 2155$ 2550 1975$ 2590 2210§
mmHg/sec -i 32 27 38 29 41 37 53 47 44 58

LV end diastolic 7.2 7.8 6.3 11.5$ 5.9 10.8$ 7.5 12.3$ 6.1 11.4$
pressure 4 0.8 0.9 0.4 1.0 0.3 0.9 0.7 1.1 0.5 1.2

Heart rate/min ± 148 153 132 121 136 139 141 148 128 125
9 11 12 12 8 13 12 9 8 12

Aortic pressure mean, 114 109 111 114 117 116 115 108 112 114
mmHg i 11 9 6 8 7 6 9 8 5 7

Myocardial 02 uptake, 12.9 6.9$ 12.1 3.7$ 13.2 3;9$ 12.6 4.2$
ml/100 g per min 4 0.62 0.42 0.78 0.21 0.85 0.28 0.69 0.37

C, Control; E, value obtaining at time of maximum change during ischemia before ectopic beats, except Group V, which represents value at
end of infusion; LV, left ventricular.

* Group I, no ventricular arrhythmia; II, ventricular arrhythmia without therapy; III, ventricular arrhythmia with procaine amide; IV,
ventricular arrhythmia with insulin; V, glucose infusion begun before anticipated arrhythmia,

j Statistically significant at P < 0.01 in paired t test,
Significant at P < 0.05,
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FIG. 3. EFFECTS OF MARKEDCORONARYBLOODFLOWDECREMENT. The course of ischemia in an individual ani-
mal of Group II is indicated in the upper panel while the mean blood flow for the group before and during the
appearance of ectopic beats is depicted in the columns to the right. The lower panel indicates the time course

of K+ loss from the myocardium, reflected in the negative arteriovenous differences in the presence of constant
arterial levels of the cation. An injury potential ensues, as seen in the middle of the figure, after the onset of
ventricular (vent) ectopic beats at 35 min of ischemia, which progressed to tachycardia and fibrillation.
Whereas the calculated K+ loss for the period of ventricular ectopics is less than in the preectopic period as

seen in columns to the lower right, this difference becomes insignificant when adjusted for the shorter dura-
tion of the ventricular ectopic period.

systoles, which increased in frequency until a

ventricular tachycardia developed. This degree
of coronary blood flow reduction culminated in
ventricular fibrillation in all untreated animals.

In view of the association of K+ egress with the
EKGmanifestations of ischemia, KCl was infused

into the anterior descending artery of normal ani-
mals (Table II). A continuous infusion of potas-
sium, 17 ftEq/min, into the left coronary artery
of six animals produced a steady-state K+ incre-
ment of 0.74 0.08 pzEq/liter in the coronary

venous plasma within 6 min and was associated

TABLE II

Intracoronary infusion of potassium chloride

Dosage of Time of steady-state* Coronary blood
K+/min concentrations K+ in GCV$ EKG flow

min mEq/liter ml/100 g per min
C§ 4.28 i 0.04 Normal 97 i 3

17 AEq, E 6 5.02 :1 0.08 ST segment elevation 95 i 4
n = 6

C 4.19 i: 0.06 Normal 94 4 6
50 ,Eq, E 10 6.41 :1 0.11 Ventricular tachycardia 96 ih 511
n=5

* Maximum time in the group of animals for appearance of constant concentrations in the coronary vein.
t Great cardiac vein.
§ C, represents control values; E, represents data during experiments with potassium infusion.
11 Coronary blood flow before arrhythmia.
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FIG. 4. POTASSIUM EGRESS AND PROCAINE AMIDE. The course of ischemia in an individual animal receiving pro-

caine amide illustrates, from top to bottom, coronary blood flow, the injury potential, alterations in myocardial K+
transfer, and the incidence of ectopic beats before and after the drug. The columns to the right indicate the per-
sistent blood flow reduction in this group after procaine amide (above), but a definite reduction in K+ loss from the
myocardium (below).

with significant elevation of the ST segment. At
an infusion rate of 50 uEq/min in five experi-
ments, after ST alteration, ventricular ectopic
beats and fibrillation were produced at coronary ve-
nous concentrations of 2.2 ± 0.11 fAEq/liter. The
terminal arrhythmia occurred between 10 and 15
min after the onset of infusion. No significant
change of coronary blood flow or systemic arterial
potassium concentration was observed in either
group.

To assess the influence of procaine amide on
the course of ischemia, we studied another group
(III, Fig. 4) that had a degree of coronary blood
flow reduction, injury potential, and loss of potas-
sium ion similar to that of Group II. After the
development of ectopic beats and ventricular tachy-
cardia, the introduction of the antiarrhythmic agent
procaine amide, 10 mg/kg i.v., effected a reduced
frequency of ventricular ectopic beats and disap-
pearance of the ventricular arrhythmia usually
within several minutes. With the exception of

two animals who required repetitive doses, normal
sinus rhythm was maintained until termination
of the experiment about 3 hr after the initial drug
usage. Associated with this therapeutic response
was a decline in the egress of potassium from the
heart without detectable alteration of blood flow.
The reduction of ion loss in the 30 min after ad-
ministration of drugs was highly significant when
compared with that in the pretreatment period
(P < 0.001). The surviving animals treated with
procaine amide had a blood flow reduction during
development of the arrhythmia similar to that of
the untreated animals that fibrillated. The cumu-
lative potassium loss calculated from the product
of flow and negative arteriovenous differences re-
vealed that a similar amount of ion was lost during
the period from the stable blood flow reduction to
the appearance of ectopic beats in the treated and
untreated animals.

A different time course was observed in nine
animals that are not included in Group III because
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the rapid appearance of ventricular tachycardia
within a minute after the initial ectopic beat pre-
cluded study of ion transport. These animals,
with one exception, were unresponsive to procaine
amide. 12 of 13 animals with the less abrupt
course, averaging 26 min, were restored to normal
sinus rhythm after use of this drug.

The sustained infusion of insulin into the left
anterior descending coronary artery of normal
animals resulted in a substantial uptake of potas-
sium ion over the course of hormone infusion,
without alteration of arterial concentrations (Fig.
5). In ischemic Group IV, infusion of hormone
into the hypoxic site after the onset of ventricular
ectopic beats and potassium loss from the myo-
cardium produced no effect on ion egress, and
fibrillation ensued. In none of the six animals so
treated was significant antiarrhythmic activity ob-
served. In contrast, during the systemic infusion
of glucose with insulin and potassium in ischemic
Group V (Fig. 6), there was an early reversion

of the myocardial K+ release. The production of
hyperglycemia was attended by rapid reduction of
the K+ loss already underway, followed by a pe-
riod of uptake of this ion. The change in cumu-
lative ion movement observed in this circumstance
was significantly different from that of Group II
(P < 0.01). No significant ectopic activity oc-
curred despite the persistence of the same degree
of coronary flow reduction.

As a possible important variable during the
response to hypoxia, the weight of the ischemic
area did not significantly differ in these studies.
In Groups I, II, III, IV, and V the weights were
35.3 ± 1.2, 36.1 + 1.8, 34.8 + 1.4, 34.4 + 1.2, and
35.9 + 1.7 g, respectively.

In assessing myocardial Ki transfer during the
production of ectopic beats in the absence of
ischemia, we found that administration of acetyl
strophanthidin, 0.05 mg/kg, produced prompt
egress of K+ from the normal left ventricle before
the onset of a ventricular arrhythmia, which ap-
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FIG. 5. POTAsSIUM EGRESSAND INSULIN. The change in myocardial extraction of K+ in normal animals is illus-
trated in the top panel. The response to insulin in ischemic animals (Group IV) is seen below, with the time course
of an individual experiment. The cumulative K+ change for the normal (above) and ischemic animals (below) is
indicated in the columns to the right. Ant Desc, anterior descending; GCV, great cardiac vein.
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FIG. 6. EFFECTS OF INFUSION OF GLUCOSESOLUTION ON K+ TRANSFERDURING ISCHEMIA. Coronary blood flow

(top panel) remained at ischemic levels in Group V during the infusion of 500 ml of 10%o glucose, 40 mEq
of KC1, and 20 U of insulin, beginning after 10 min of ischemia which increased arterial concentrations sixfold
(middle of figure). The bottom panel indicates the time course of the reversion of the K+ loss consequent to
ischemia in this group of six animals. The columns to the right indicate the cumulative ion loss during the
initial 10 min of ischemia, the cumulative loss during the first 30 min of glucose infusion indicating a reduced
rate of loss, and the subsequent uptake of K+. In contrast to the animals of Group II, none developed ven-
tricular tachycardia and fibrillation despite a similar reduction of coronary blood flow.

peared in each animal between 3 and 4 min after
injection (Fig. 7). At the peak of toxicity the
majority of beats were ectopic. The gradual,
spontaneous restoration of normal sinus rhythm
was associated with disappearance of significant
ion loss from the myocardium. In another group
of animals, pretreated with procaine amide 5-10
min before infusion of strophanthidin, toxicity was
avoided in the presence of a significantly reduced
loss of potassium.

The cumulative K+ loss from the myocardium
was calculated as the product of coronary plasma
flow and the arteriovenous difference of this ion.
In the ischemic animals that developed an arrhyth-
mia (Groups II and III, Fig. 3 and 4), the K+
egress up to the appearance of ectopic beats was
approximately 1 ,uEq/g of ischemic tissue. A
similar value was derived in the animals receiving
toxic doses of strophanthidin (Fig. 7), by extra-
polating a value for the 1st min from the 2nd and
3rd min back to control values. In the latter

group this degree of ion loss was achieved in about
one-seventh the time of the ischemic group because
of the larger concentrations of K+ in coronary
venous blood and the presence of normal coronary
plasma flow.

The hemodynamic alterations in these five
groups of animals are summarized in Table I.
There was no significant change from the control
period in the two major determinants of coronary
flow (17), arterial pressure, and heart rate, during
the initial phase of ischemia. Also, during the
course of the ectopic rhythm, heart rate was not
significantly changed from the relatively high con-
trol values. Exceptions occurred only just before
ventricular fibrillation. The animals of Group I
with a moderate coronary blood flow reduction did
not have a significant elevation of left ventricular
end diastolic pressure or diminished dp/dt max,
despite a significant decline in °2 consumption at
the ischemic site. Left ventricular contractility
appeared diminished in Groups II, III, and IV
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before the onset of ventricular tachycardia. An
apparently similar decline of function was seen
in Group V in which no arrhythmia occurred.
Groups II, III, and IV exhibited a similar O.,
extraction increase and a myocardial 02 consump-
tion reduction to about 30% of control, associated
with the marked coronary flow reduction.

Discussion

Our studies have indicated that ventricular ec-
topic beats eventuating in fibrillation can occur
without complete cessation of coronary blood flow.
Those animals with apparently complete coronary
artery obstruction presumably had significant col-
lateral flow available from the circumflex artery,
as has been demonstrated during ligation of the
anterior descending artery (18). Nevertheless,
severe hypoxia was sufficiently present to produce
fibrillation. The absence of significant ectopic
beats, in the presence of a less severe flow reduc-
tion to 35-55% of control, indicates that a degree
of hypoxia may be tolerated for at least several
hours as previously suggested (19), if not for an
indefinite period.

There were no significant alterations of heart
rate and arterial pressure up to the time of devel-
opment of ectopic beats, which might have con-
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FIG. 7. STROPHANTHIDIN-INDUCEDK+ LOSS, MODIFIED BY PROCAINE AMIDE. The upper panel illustrates the
time course of the negative arterial-coronary sinus (CS) differences of K+ in a representative experiment after
acetyl strophanthidin given at zero time. Cumulative ion loss, shown in columns to the right, was calculated
from the product of the arteriovenous difference and coronary plasma flow of 0.57 0.08 ml/g per min, which
was not significantly changed from control. In the lower panel, procaine amide, given 5-10 min before stro-
phantidin, substantially reduced the loss of cation from the myocardium, approximating the smaller ion egress

seen after nontoxic doses with positive inotopic activity (10). The mean coronary plasma flow in the treat-
ment group, at 0.5 0.06 ml/g per min, was not significantly changed from the predrug values.

tributed to the genesis of the arrhythmia. De-
pressed contractility during marked ischemia would
also not appear to be an important determinant
of abnormal electrical impulse formation, since a
similar alteration in left ventricular pressures was
observed in the animals receiving the glucose solu-
tion without an arrhythmia, as was found in the
groups developing ventricular tachycardia.

Altered ventricular repolarization manifest as
ST segment elevation occurred only in animals
with marked decline in coronary blood flow and
a net loss of Ki from the ischemic myocardium.
This electrophysiologic alteration may be related
to the abnormal ionic movements induced by
severe ischemia. A similar repolarization change
was seen during acute elevation of extracellular
K+, in agreement with a prior report (20). Mea-
surements of the transmembrane action potential
during hypoxia have also indicated a close simi-
larity to the effects of elevated Ki in the extra-
cellular fluid (21). In view of the persistence of
the ST segment elevation after pharmacologic cor-
rection of the net K+ loss however, either another
basis for this electrophysiologic change must exist,
or an irreversible alteration has occurred. Al-
though no definitive evidence is available, if there
is no net uptake of this ion by the cells after drug
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intervention, the continued reduction of the trans-

cellular ratio may contribute to the persistent re-

polarization change.
The observation that net loss of K+ from the

myocardium antecedes the appearance of ventricu-
lar ectopic beats indicates that such ion egress is
not a secondary manifestation of the arrhythmia,
but may provide a metabolic basis for its origin.
The fact that restoration of normal sinus rhythm
by procaine amide is attended by reversal of ion
loss supports this view. During the course of
ineffective therapy with insulin, such reversal was

not seen. Further, the production of hypergly-
cemia during the systemic infusion of a solution
containing glucose, insulin, and potassium dimin-
ished the elevated coronary venous concentrations
of K+ seen early in the course of ischemia and no

ventricular arrhythmia was observed. Persistence
of the reduced myocardial blood flow and oxygen

consumption after antiarrhythmic therapy indicates
that while hypoxia initiated the egress of K+ ion,
control of the latter variable appears to determine
the efficacy of pharmacologic intervention, despite
the persistence of an unaltered level of hypoxia.
Although no other metabolic property is known to

be shared by the antiarrhythmic agents used, an

effect on cellular swelling or the altered nucleo-
tide metabolism of ischemia, which could mediate
the regulation of ion transport, is not excluded.

An inconsistent relationship of coronary venous

potassium to ventricular arrhythmias was observed
during ischemia in a prior study of open-chest
animals (22), whereas a positive relation has been
observed in individual animals (23). However
the former observations, particularly, were limited
by the fact that blood sampling was not frequent
enough and the arterial concentrations were not
sufficiently constant to interpret arteriovenous dif-
ferences of K+ adequately, even if coronary blood
flow was stabilized during ischemia. In addition,
the coronary venous samples may well have in-
cluded effluent from normal myocardium.

An important role of the potassium ion in the
genesis of ectopic activity is also suggested by
findings during the cardiotoxic responses to acetyl
strophanthidin and effective antiarrhythmic ther-
apy. Ventricular arrhythmias that immediately
follow experimental hypercapnia (24) and appear

after the administration of octylamine (25) have
been similarly associated with loss of K+ from the

ventricle. In addition, ectopic activity has been
observed in the late stages of a sustained infusion
of epinephrine, when there is egress of this ion
from the ventricle (26).

The relevance of this cation is further evidenced
by the production of ventricular ectopic beats dur-
ing intracoronary infusion of potassium chloride,
in accord with previous studies (20, 23). The
induction of ventricular ectopic beats and fibrilla-
tion by increments of extracellular K+ suggests
that a net outward movement of the ion from the
cell is likely to modify rhythmicity principally
through its effect on the transcellular ratio. The
higher extracellular concentration of K+, seen
during the infusions of this ion which result in
ventricular arrhythmias, could still be consistent
with a reduced transcellular ratio that approxi-
mates the level seen during ischemia or strophan-
thidin usage. In these latter instances intra-
cellular K+ loss requires less of a rise outside the
cell to produce a given ratio decrement. More-
over, if significant ion accumulation occurs in the
interstitial space when blood flow is reduced to
about 25 % of normal, there may be a greater
effect on the ratio than might be anticipated from
the coronary venous K+ concentration. Infusion
of potassium chloride, on the other hand, may be
associated with cellular uptake of ion, necessitating
a larger K+ increment at the cell exterior to pro-
duce a similar ratio reduction.

Arrhythmias resulting from ischemia or excess
strophanthidin were both associated with a calcu-
lated loss of about 1 /iEq/g up to the time of ap-
pearance of ectopic beats. Hence, a decrease in
the transcellular ratio achieved by the egress of
a small percentage of total tissue potassium would
appear to be a basis for ectopic activity. Whether
the subcellular localization of the ion egress may
itself have specificity for modifying the electrical
properties of the cell is for further investigation
to decide. Available information on the role of
other cations during ischemia suggests that the
tissue increment of sodium is not equivalent to
the K+ egress and is perhaps not significant for at
least the 1st hr of coronary artery obstruction (2).
Under conditions of abnormal calcium or hydrogen
ion distribution the observed relation of K+ to
rhythmicity could well be modified.

It is noteworthy that the property of insulin
responsible for promoting K+ uptake in the myo-
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cardium appears to be substantially altered at nor-
mal arterial glucose levels during hypoxia. A
similar ineffectiveness has been observed when
egress of myocardial potassium was induced by
acetyl strophanthidin (10), so that the state of K+
transport in cardiac muscle may qualitatively mod-
ify the hormones' action on ion uptake. In the
instance of ischemia, there is a qualitative restora-
tion of the normal response of the cation to insulin
during the production of hyperglycemia, associated
with antiarrhythmic effects in agreement with an
earlier report (27).

The therapeutic refractoriness of ventricular
tachycardia to procaine amide, when this arrhyth-
mia occurred rapidly after the onset of ectopic
beats, is probably not related to the degree of
blood flow restriction in the ischemic site. The
coronary blood flow decrement appeared to be at
the same level as that seen in animals responding
to procaine amide, and in this latter circumstance
delivery of drug to the ischemic site was inferred
from the interruption of the ionic response to
hypoxia. That a relative delay in achieving thera-
peutic drug concentrations during the rapidly
evolving tachycardia is at least a contributing
factor is suggested by the greater efficacy of pro-
caine amide, administered as pretreatment, in
aborting the ventricular fibrillation that follows
release of coronary artery obstruction (28).
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