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INTRODUCTION

Despite extensive laboratory and clinical investigations, the exzact
role of electrolyte changes in the cardiac action of digitalis is still
obscure. While it is well established that potassium end calcium are
essential ions for the maintenance of normal heart function, the relation=-
ship and possible significence of these ione in the pharmscological and
toxicological actions of digitalis have been rather controversial. The
primary objective of this investigation was to elucidate, if possible,
these potassium~calcium-~digitalis interrelationships. In connection with
these studies some observations were also made concerning the possible
significance of the msgnesium, the lactate and the sodium ions as well as
dextrose, in regard to digitalis action.

The main cardiac action of the digitalis glycosides is to improve
myocardial contractility, but there is now no doubt that chenges in heart
activity can lead to associated or secondary changes in coronary blood
flow. Indeed, recent studies from thie laboratory, indicate "that, apart
from the mechanical influences associsted with changes in the heart cont-
ractions, .the rate of coronary flow can be strikingly influenced by changes
in potassium/calcium ratios in the perfusing fluids®, in isolated rabbit
heart experiments (Melville and Mazurkiewicz, 1956).

In assessing the role of electrolytes in the cardiasc actions of

digitelis, it is necessary therefore to consider the concomitant changes

in coronsary flow, and so far &8 we are aware, there are no previous
systematic studies in the literature along these lines. Moreover, some
recent observations of Wiggers (1954) would suggest that when the force of
ventricular contractions is increased (such as can be readily induced by

the digitalis glycosides) the coronary flow rate may actuaslly increase.
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It is conceivable therefore that in the weakened and "feiling heart", the
observed favorable therapeutic action of digitalies might be due, both to
the improved heart contractions, as well as to the resultant augmentation
of coronary flow. This has also been a debatable point, and it was hoped
that studies along the lines indicated above might throw some light upon
this question.

There are numerous investigations in the literature concerning the
offects of digitalis on cardiac potsssium equilibrium. In many of these
however, the changes occurring in the heart have only been inferred from
the observed changes in plasma potassium, when electrical or other changes
in the heart function ensued. Owing to the widdspread presence of potassium
in body tissues, it is difficult to evaluate éuch findings, and in order
to overcome these difficulties, the isolated perfused heart wae selected
for this study. Moreover, in this preperstion, it ie also possible to
follow sequential changee in potassium balance and to correlate these with
the charecteristic mechanical and electrical alterations in the heart, as
induced by digitalis under wvarious conditions of perfusion.

Finally, both potassium and magnesium have been reported (Historical
Review) to counteract the arrhythmias resulting from excessive digitalis
therapy; and, calcium excess in the body has long been reputed to enhance
digitelis toxicity. However, there is still no satisfactory antidote for
digitalis, and the problem of the relationship of ionic changes to the
processes of recovery in the over-digitalized heart also warrsnts investi-
gation. In the course of this work therefore, some preliminery observations
were also made in an attempt to asses the role of various electrolytes-~
potassium, calcium, magnesium and lactate~— in the recovery processes or

resuscitation of the digitalis-poisoned heart.
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HISTORICAL REVIEW

The general physiological role of potassium has been reviewed by
Danowski and Elkinton (1951), and the literature concerning the effects of
potassium and calcium on heart function has been summarized more recently
by Mazurkiewicz (1955) and Korol (1956). The present review will therefore
be confined to studies dealing primarily with the interrelationships of
ionic changes and the cardiac actions of digitalise.

A, Studies on Potassium-Digitalis Interrelati onships.

The complex pharmacological actions of digitalis in relation to
potaseium alterations have been reviewed by Cushny (1925), Lendle (1935)
and more recently by Lown and Levine (1954).

Effects on Isolated Perfused Hearts. Clark (1912) first observed that

alterations of potassium concentrations in the perfusing fluid did not
markedly influence the effects of low concemtrations (0.8 to 4 y/ml.) of
digitoxin on the isolated perfused frog heart when the heart is perfused
with recirculated perfusate. In addition, neither decreased sodium chloride
(to 0.1 per cent) nor addition of low concentrations (0.04 to 0.02 per cent)
of lactic acid appeared to affect the response to digitoxin. It was there-
fore concluded tat the action of digitoxin is mainly dependent on the
presence of the calcium ions in the perfusing fluid.

Hagen (1939) studied the influence of digilanid-c in isolated perfused
rabbits' hearts in which the parfusing Ringer-Locke solution was also
continuously recirculated, according to the technique described by Locke
and Romenheinm (1907). After ten minutes of "stabilization", and again,
after one hour of perfusion with added digilanid, samples were taken from
the left ventricle for potaesium and water anslyses. With "low" doeses of
the drug, ,there was a slight, but significant increase of potassium (+6.87
per cent) concertration in the ventricle, but with "high" doses there was

& definite loss (~14.72 per cent)e These alterations were not eccompanied
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by any change in the water content of the heart.

Friedman and Bine (1947) utilizing the perfused embryonic duck heart,
observed that omission of potassium from the perfusing fluid enhanced the
effects of lanatoside-C leading to arrhythmias and early arrest. On the
other hand, excess potassium depreseed the heart beat and inhibited the
actioﬁs of the glycosides. These authors also reported that only toxic
concentrations led to loss of potassium, sand suggested that excess
potassium might inhibit digitalis action by: "(1) itself depressing the
irritability of the heart, and (2) by serving as a source of potassium to
a heart apperently losing potassium after exposure to toxic amounts of
digitalis".

When the effects of a low concentration (O.4 y/ml.) of ouabain were
studied on isolated rabbits' hearts by Baker (1947), it was observed that
either increased calcium or decreased potassium hastened cardiac depression,
while either decreased calcium or increesed potassium reduced the effects
of the drug. The author postulated that the effects of changes in potassium
were greater than those of corresponding changes in calcium. The validity
of this conclusion is however doubtful, since the heart was kept for
rather prolonged "stabilization periods"; and the low ouabain concentrations
employed by this worker would certainly lead to marked veriability in the
end-point employed (50 per cent decrease in contraction response).

While studying the possible role of acetylcholine in the mechaniem of
digitalis action, Hollend, Greig and Dunn (1954), using guinea pig hearts,
observed thet low concentrations of lanatoside~C reterded potassium loss
from the heart, while high concentrations caused a significent loss (-14.6
per cent from auricle and 9 per cent from ventricle). By lowering the
concentrations of the potassium in the perfusing medium to 2.7 mM, the
loss of potassium following the glycoside was augmented (27 per cent from

the auricle and 20 per cent from the ventricle). Under these conditions
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acetylcholine, or a sodium-deficient medium (51 mM) or eserine, could
partially or completely reverse this potassium loss. The authors concluded
that the T-wave depression produced by digitalis may be due to the inhibition
of cholinesterase sctivity in the pressnce of the glycosides, but that the
R-ST segment clanges were due to the digitalis effect on some other metabolic
process. The basis for these conclusions is however not clear. Moreover,
Kahn and Acheson (1955) have tested the effects of various cholinesterase
inhibitors with eardiac glycosides upon the active cation transport across
the erythrocyte membrane, and concluded that "cholinesterase activity was
not involved".

Effects on Heart-Lung Preparation. Contrary to the findings of Hagen (1939)

on the isolated perfused rabbit heart, Wood and Moce (1938, 1940 and 1942)
observed that both "therapeutic” and "toxic"” doses of lanatosides (A, B or

C) led to decreased myocardial potassium without any significant effect on
water content. These authors could also not correlate the onset of
irregularities with the degree of potassium loss from the heart. They
suggest that the "therapeutic® and "toxic" effects of digitalis are independ-
ent of potassium myocardial changes. There are no other studies utilizing
the heart lung preparation, and these findings require confirmstion.

Effects on the Heart in Situ. Calhoun and Harrison (1931), follewing the

subcuteneous injections of whole leaf digitalis preparations in dogs,
observed that "low" doses induced @ slight and insignificant decrease of
potassium in the ventricles. These authore also concluded that skeletal
muscle potassium is not influenced by "toxic" doses of digitalis (two
experiments) .

From rather scant observations on dogs under pentobarbital anesthesia,
Cemp (1939) inferred that digitalis might produce an early sensitization

of the heart to injected potassium. Since no enalyses of either the blood
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or the heart for potassium were made, the data presented by thies worker
herdly justifies the inference.

Adequately-controlled experiments by Boyer and Poindexter (1940)
indicate however that divided or single "therapeutic” doses of 'digifolin',
that is, doses that produce characteristic electrocardiographic changes
without any evidence of intﬁxication, induced a significent increase in the
potassium content-of the cat's heart muscle. The muscle potessium increased
from 61.5 mEq./kg. in the controls to 69.4 mEq./kg. in the digitalizad oats.

Following toxic administrations of the tincture of digitelis to pentobar-
bitalized  dogs, Sherrod (1947) observed that the dog's auricles exhibit a
decrease in both potassium and calcium contents and some gain of sodium, but
this latter does not appear to compensate for the loss of potassium and
celcium. It was also observed that there was a gain in sodium in the ventri-
cular mmscle in the absence of any other electrolyte change. None of the
tissues fram the digitalized hearts showed any significant change in the
water content. These findings would rather suggest that movement of elsctirolytes
might be an important factor in digitslis sction.

Utilizing the Kollf-type of artificial kidney, Lown, Weller, Wyatt,
Hoigne snd Merrill (1952)showed that acetylstrophanthidin exhibited an
increased toxic effect, when the animals were depleted of potassium. Con-
versely, increasing the plasma potassium raised the toxic dose of the
glycosides. However, the toxic end pointe of digitelization as employed by
these workers, were ventricular premature beats and tachycardia, but sas is
well known, these effects might well be due to the potassium elterations

er se, rather than to any direct glycosidel action.

Zeeman, Hirsh and Bellet (1954) observed no significant difference
between the average lethal dose of lanatoside~C in untreated control doge
and animals treated with desoxycorticosterone acetate. In the latter group

there was presumebly a total body depletion of potassium, although closer
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scrutiny of the authors' data do not reveal any significant difference in
serum potassium in the two groups of animals.

Unterman, De Graff and Kupperman (1955) showed that in sdremalectomized
rats with characteristic hyperpotessemia, there wes an increased sensitivity
to ouabain, but desoxycorticorterone acetate-treated rats showed no such
change in sensitivity. It is rather surprising thet in the latter type of
experiment, ousbain did not induce a greater degree of potaseium depletion,
since Aikawa and Rhoades (1955) have shown that digitoxin reduces plasma
potassium, and leads to a gensral decrease in potassium concentrations in
body tissues.

Using k*2 ag tracer, Conn (1956) investigated the potassium movement in
the hearis of dogs. From calculations of the kinetics involved in the
potassium distribution in the left ventricle, it was concluded that digitoxin
reduced interstitiesl-intracellular potassium transfer rates and also
diminished cellular and interstitial potassium. These data do mot explain
whether the cellular potessium loss is due to an inhibition of influx or an
increased outflow from the cell, or a combination of both. Further appli=-
cation of this technique to the digitalis problem might be well worth while.

The coronary arterio~venous differences of sodium and potassium in
snesthetized dogs have been employed to measure myocardial ion exchange, by
Regan, Talmere and Hellems (1956). These findinge indicate that acetyl-
strophanthidin leads to an sbrupt increase in potassium and a decrease of
sodium in the coronary sinus blood. Both cations resume approximate control
values within 30 minutes, and there was no subetantial transfer of water.
This led to the hypothesis that the effect of digitalis on the myocardium
might be due to both sodium and potassium movements. However, since all
the calculations of these authors are based on the assumption that digitalis

does not effect coronary flow, the validity of their conclusions must be

questioned.
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Clinical Evidence. Sampson and Anderson (1932) ,Thomson (1939) and Stewart

and Smith (1941) have all reported favorable effects following oral admini-
stration of potagsium salts to man,,in various types of cardiac arrhytimias.
In extension of these findings, Sampson, Alberton and Kondo (1943) also
reported good effects with potassium therapy in 32 patients with ectopic
beats due to administrations of lanatosides (A, B and C). All patients were
given large enough doses of the glycosides to produce consteat nausea, and
marked slowing of the ventricular rate—one third developed sctopic beats.
These latter could all be abolished with 5 to 10 gm. of potassium salts given
orally. However, curiously enough, this action developed without any
significant change in the blood serum potassium. Levine, Merrill and
Somerville- (1951) more recently reviewed the effects of potassium excess in
man, and it would appear that rather similar types of cardiac irregularities
can be induced by either hypopotessemia or hyperpotassemia.

Enselberg, Simmons and Mintz (1950), and Lown, Saltzberg, Enselberg and
Weston (1951) have described verious aspects of potassium and digitalis
sction on man. The former suthors administered potassium salts (2 = 10 gm.)
on 40 different occasions to 31 patients with various arrhythmias, mostly
associated with digitalis. In general, the arrhytimias were corrected,but
the conduction disturbances were aggravated. Similarly, the latter group
of authors reported on ten patients with congestive heart failure, who were
in negative potassium balance following either (s) sdministration of
mercurial diuretics combined with smmonium chloride, or (b) desoxycorti-
costerons, or (c) intravenous infusions of glucose and insulin. The amounts
of the digitelis necessary to induce toxic characteristic electroscardiographic
changes were determined, before and after potassium depletion. Toxic effects
appeared following smaller doses of digitalis in patients who were presumably

in negative potassium balance, despite the fact that serum potessium levels
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were not significantly affected. The authors concluded that the increased
myocardial sensitivity to digitalis was probably & result of alterations in
intracellular potessium distribution.

In 1952 Clarke and Mosher reported some tissue analyses of autopsy
material obteined from eseven normal hearts, eleven hearts from patients in
congestive failure, and five hearts from patients who had been previously
digitalized. The four chambers and the septsl tissue were analysed
separately for sodium, potassium, chloride and water. The results indicated
that the total water content of normal, diseased or digitalized hearts were
the same. Howsver, in congestive heart failure, there was & sodium gain
and & reciprocal potassium loss. Digitalis therapy restored these values as
well as the sodium-potassium retio to near normsl levels.

Effects on Miscellaneous Isolated Tissues. Using isolated strips of turtle

ventricle electrically stimulated, Wedd (1939) studied the effects of

various concentrations of digoxin. It was concluded that low or "therapeutic!
doses exert their effect without influencing potassium movement but loss of
myocardial potessium occurred only with high or "toxic" concentrations of the
druge.

Cattell and Goodell (1937), end Cettell (1938) postulated that observed
sartorious muscle responses to ouabain were due to the release of potassium
from the muecle, but Guttmen and Cattell (1940) later showed clearly thet
there was no relationeship between the actions of {the glycoside and inter-
cellular potassium concentrations.

From studies on the cats' papillary muscle strips, Garb and Venturi
(1954) concluded that changes in potassium concentration did not influence
the positive inotropic sction of ouabain. However, the onset of ouabain . .
arrhythmias could be delayed by the use of high potassium concentrations.

Red blood cells have been utilized by several workers (Schatzmann, 19533
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Schatzmann and Witt, 1954; Kahn and Acheson, 1955) in attempts to elucidate
the effects of the cardiac glycosides and their aglycones on the active
transport of sodium and potassium. There is general agreement that the
glycosides are capable of completely inhibiting the active phase of cation
transport. Howefer, similar inhibition wes not observed with other compounds
capable of exerting lonotropic effects on the heart, e.g. adrenaline and
veratrum alkeloide. OCation transport studies of Johnson (1956) on frog
sartorious muscle showed that ouabain and strophanthidin inhibited the net
outward transport of sodium and the net inward transport of potassium. The
exact significance of these findings in relation to the in vivo effects of
digitalls, is still uncertain.

In summary, it appears that studies involving different experimental
arrangements, can lead to conflicting results regaiding the effects of
digitalis on ionic equilibrium in the heart. However, most authors agree
that "toxic” doses of the digitalis glycosides lower the potassium concentra-
tion of cardiac muscle. Several observations cited indicate that "low" or
"therapeutic" doses of digitalis do not effect or may actually increase the
level of myocardial potassium, but this point requires further investigation.
It has been reported that edministration of potassium either lessens, has no
offect, or augments the cardiac toxicity of digitalis. However, in connection

with this problem, the fact that potassium per se is a potent myocardial

depressant is often ignored. Indeed, the role of the electrolyte itself
under these conditions is difficult to esses, and in some instances, the
potassium may be exerting its antagonism entirely through its direct myocardial

depressant effecty rather than through its specific chemical role.




B. Studies on Calcium-Digitalis Interrelationships.

Synergistic Action. Many experimental studies in the literature suggest

that calcium and digitalis may be additive or synergistic in their eardiac
sactions (Werschinin, 1910; Clark, 1913; Burridge, 1915; Geiger and Jarisch,
1922; Schoen, 1923). The literature on this question as reviewed by
Billigheimer in 1929, led to a similar conclusion.

Loewi (1918) observed that the less calcium pontaihed in the perfusing
fluid of the frog heart, the higher the dose of strophanthin necessary to
lead to arrest of the heart. It was therefore concluded that strophanthin
renders the myocardium more sensitive to the presence of calcium.

Studies on the hypercalcemia induced in intact dogs by rapid intravenous
infusion of calcium chloride or by the administration of parathyroid hormone,
showed that when these are followed by infusion of ouabain, there is a
marked synergiem between calcium and ouabain on the heart (Gold and Edwards,
1927). Finally, Baker and Baker (1955) have also studied the electrical
responses of the ouabainized isolated frog heart to calecium and concluded
that "ouabein favors the development of increased ventricular autometism in
the presence of large concentrations of calcium”.

"One~Way” Synergism. Fisher (1928b) however, noted that calcium in the

concentrations used in Ringer,or in higher concentrations, had no effect
whatever if given before or during digitalis administration in the Straub-
perfused frog heart. On the other hand, a marked calcium effect became
apparent when digitalis was employed before increasing the calcium concen=-
trations It wes therefore concluded that digitalis sensitizes the heart-to
calcium, ,but that this is only a "one-way synergism®, because conversely,
calcium does not sensitize the heart to digitalis. Thus, the author concluded
that the two drugs exert their actions on different parts of the heart.

Bower and Mengle (1936) also ohserved in dogs thet after previous
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administration of 'digalin', 30 to 40 per cent only of the usual lethal dose
of calcium was required to induce cardiac arrest. However, if 30 per cent
of the lethal dose of calcium was given first, subsequent 'digalin' admini-
stration led to no unususl toxicity.

Golden and Brams (1938) and La Barre and Van Heerswynghels (1939) have
demonstrated that when calcium is injected at varying time intervals following
digitalis, toxic effects developed most readily, when an interval of 30
minutes elapsed between the digitalis and calcium injections. These
observations might lend some confirmation to the "one-way" synergism theery.

No Synergistic Responses. Konschegg (1913) has reported that during per-

fusion of the frog heart with calcium~free Ringer and ousbain solution,
the time required for cardiac arrest wae not prolonged, as compared with
that observed with ocuasbain in normal Ringer solution. It was also noted
that perfusion with calcium-free Ringer cen lead to cardiac arrest, but
this latter can be reversed with strophanthin. This was interpreted to
mean that the action of etrophanthin is independent of calcium. However,
Handoveky (1923) could not observe reversal of the calcium-free arrest by
strophanthin, but did observe some temporary recovery in the potassium-free
arrested heart. This suthor also reported tﬁat the strophanthin effect
could be much improved by the addition of glucose (one per cent) to the
normal Ringer.

Since changes arieing from the use of calcium-free Ringer solution
could be counteracted by maintaining proper osmotic pressure by addition of
cane sugar to the solution, Pietrkowski (1918) concluded that the glycosides
act directly on the heart muscles and the action did not depend on calcium.

Nyiri and DuBois (1930) have also reported some differences in the
actions of calcium and digitalis on the frog heart. Thus, the calecium
effect was immediate, whereas digitalis required a definite latent period.

Also, calcium toxicity could be readily reversed by perfusion with normal
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Ringer, or sodium chloride, or potassium-sodium chloride solution, but the
digitalis-arrested heart again recovered much more slowly. In a second
group of experiments, the combined effects of the various ions and digitelis
were studied. It was noted that digitalization of the heart could occur
within the usual time irrespective of caleium concentrations. However, one
cannot observe the effect, if the heart muscle has lost its ability to
contract, but, if at any given time, one re-establishes the inotropilc
properties in the course of the digitalization, the corresponding effect
for the time of perfusion can be observed. It was concluded by these authors
that full digitalis action can occur in the absence of calcium, and that
calcium and digitalie are not essentially related in their pharmacological
sctions in the isolated frog heart.

Calciuﬁ-digitalis interrelationships were later re-investigated by
Nehum and Hoff (1957) on unanesthetized rabbits. Their results also led to
the conclusion that there was no evidence of any additive effects of the
two egents. However, these findings have been severely criticised by Gold
and Kwit (1937) on the grounds (&) that the rabbit is an unsuitable animal
for digitalis studies,showing & rapid excretion end a high tolerance, (b)
that the concentrations employed were too small, end finally, (c) thet
Nahum and Hoff had ignored a"strong synergistic effect", which Gold and
Kwit considered to be shown by the results.

Using morphinized dogs, Smith Winkler and Hoff (1939a) could agsin
not demonstrate any synergistic or additive effects of calcium and digitalis.
The electrocardiographic changes were correlated with the ecalcium levele in
the serum, and the results indicated that the lethal effects of calcium and
digitalies were neither synergistic nor even completely additive.

Finally, Blumenfeld and Loewi (1945) have reinvestigated the calcium-
digitalis action in the isolated frog heart. Their results rather indicate

that the "systolic" or "diastolic" standstill of the heart, as produced by
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various concentrations of digitalis, cannot be reproduced with calcium ions.
In addition, the cardiac arrest following digitalis cannot be prevented by
decreasing the calcium concentration of the perfusing solution.

Clinical Studies. Edens and Huber (1916) have exemined the blood calcium

in patients showing digitalis hypersensitivity. They found rather high
values in many of these cases, and therefore suggested that this wee a
contributing factor to the increased tendency to bigeminel rhythme following
digitelis therapy in some cases. Bower and Mgngle (1936) have recorded two
~ deaths following intramusecular administration of Digalin and intravenous
injections of calcium gluconate in man. However, no conclusive evidence is
available from clinical reports on this subject.

In spummary, therefore, either complete synergism, "one-way" synergism
or total independence of actions, have been advocated for calcium-digitalis
interrelationships by wvarious groups of workers. It is therefore evident

that this problem requires furbher study.

Ce Studies on Effects of Magnesium on Heart Action
and on Magnesium-Digitalis Interrelatienships.

Effects of Magnesium on the Heart. A general review of the cardiovascular

and other actions of the magnesium ion has been published by Engbach (1952).
As early ds 1907, Matthews and Jackson reported that when magnesium sul phate
was administered %o the exposed hearts of frogs, turtles and birds (roosters
and geese), there was a very marked depression leading to standstill. This
depression could be temporarily counteracted by artificial mechanical
stimulation, or exposure to solutionslof barium chloride or calcium chloride,
althouéh adrenaline could not reversse this depression.

The electrocardiographic changes following intravenous injections of

magnesium eulphate into unanesthetized dogs have been described by Miller
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end Van Dellen (1938) and Smith, Winkler and Hoff (1939b). The data show
that magnesium caused an initial tachycardia, which gradually gave way to
a bradycardia. The electrocardiograms indicated that intracardiac conduction
is depressed, giving rise to incressed P-R intervals, occasional S-A and A-V
block and. widening of the QRS complex. There was however, & poor c¢orrelation
between magnesium serum levels and the observed electrocardiographic changes.
In addition, calcium failed to alter the megnesium effects on the heart.

Van Dellen and Miller (1959), noted that following atropine (0.2 mg./kg.)
or wvagotomy, the overall electrocardiographic findings induced by magnesium
were not effected. Thus, the effects of magnesium were not due to any
central vagal action, but to a direct effect on the heart.

The coronary action of magnesium was-investigated by Elek and Katz
(1942). Using a 25 per cent solution of magnesium sulphate they observed
augmentation of coronary flow renging from 27 to 89 per cent following
injections of 0.15 to 2 ml., i.e. 37.5 to 500 ﬁg. into isolated perfused
fibrillating dogs' hearts.

An extensive clinical investigation by Bernstein and Simkine (1939)
indicated that injections of a ten per cent solution of magnesium sulphate
in either patients without cardiovascular diseases (34 cases) or, patients
with various types of cardiac diseases (66 cases), produced no uniformity
in the responses. These authors concluded that such intravenous injections
of magheaium exert no deleterious effects on the humen heart.

Boyd and Scherf (1943) investigated the effects of intravenous injections
of magnesium sulphate in ten cases of paroxyesmal tachycardia, and in one case
of auricular flutter. It was reported that injections of 10 or 20 ml. of a
ten per cent solution lessened three out 6f eight attacks, whereas a 20 ml.
dose of & 20 per cent solution, stopped completely all attacks. Transitory

appearance of Bisturbed conduction and ventricular extrasystoles were also
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‘reported by these workers.

Magnesium-Digitalis Interrelationships. 1In 1935, Zwillinger suggested

intravenous magnesium sulphate for the treatment of premature beats and
paroxysmel téchycardia. He reported in one patient, that paroxysms of
ventricular tachycardia and fibrillation due to exceesive injections of
strophanthin were abolished by intracardiac injections of 10 ml. of a 15
per cent solution of magnesium sulphete, but the patient succumbed seven
hours later. The author also reported that rabbits and frogs, injected
with the usual "lethal doses" of digitalis could be saved by treatment
with repeated small doses of magnesium. No details of these experiments
were however given by the author. .

Rothberger and Zwillinger (1936) also noted that magnesium could
counteract the barium chloride or strophanthin tachycardia induced in
morphine-chloralosed dogs.

Using the heart-lung preparation, Stenbury end Farah (1950) investi-
geted the interaction of magnesium and digoxin action. It was observed that
magnesium slowed the rate of ths 8-A node by a direct action independent of
nervous influences, but that a significent increase of the level of the
magnesium ion in the blood in 14 heart-lung preparations, had little effect
on the "toxic" or "lethal® dose of digoxin. In two experiments magnesium
cnloride was added quickly to the preparation already showing toxic digoxin
effects, and in these cases, only a temporary restoration of normal rhythm
ensued.

Greiner and Garb (1950) have reported that magnesium (2 - 14 mM. concen-
tration) produced a slight and gradual increase in the threshold of electrical
excitability of the cat papillary muscle preparation. Similarly, Garb (1951)
observed that neither "magnesium-free Locke solution" nor "ten times the

physiological concentrations of magnesium" in Locke solution, exerted any




-17 -
effect upon either the elesctrogram or myogram in this preparation.

Miller and Van Dellen (1941) concluded that in two digitalized dogs,
magnesium sulphate exerted an additive effect in-altering the T-wave pre-
dueing further A-V delay. They noted that magnesium led to an imitial brief
tachycardia, which they attributed to & blocking of the vagel effect of
digitalise The results also suggested that magnesium does not overcome the
effect of digitalis poisoning, but rather incressed the degree of block and
the occurrence of the ectopic impulees. This view is rather opposed to
those of all earlier published studies in the literature, and in view of the
small number of animals studied, requires further investigation.

Enselberg, Siimonl and Mintz (1950) have confirmed that rapid intra-
venous injections (20 ml.) of 20 per cent magnesium sulphate abolished or
significantly reduced various types of digitalis srrhythmias, but concluded
that the antidotel velue of magnesium in these srrhythmiss, was limited by
its brief action end the occasional undesirable effects (flushing, feeling
of suffocation, paresthesiiaas),, which it produces.

Szekely (1946), Szekely and Wynne (1951), reported further clinical
and exparimental studies in which they confirmed that the magnesium action
was exerted directly on the heart, and that the intravenocus administratien
of magnesium sulphate might be a useful prodedure in overcoming extrasystoles
due to overdigitelization, but the effects may be only temporary.

| In summary, there is no doubt that high concentrations of magnesium can
be shown to possess a marked myoccardial depressant action. The antagonism
between digitalis and magnesium is however, limited and the observed short
duration of this antagoniem may well be due to this direct myecsrdisl
depressant effect of magnesium, rather than to any specific ionic magnesium-

digitalis interrelationship.




D. Observations on Changes in Coronary Flow as Related
to Ionic Effecte and to Digitelis-Tonie Inter-

relatienships.
On the basis of the electrocardiographic changes observed fellowing

the application of potassium chloride solution (20 per cent) to the dog's
heart in situ, Wiggers (1929) suggested that these alterations resembled
those induced by coronary occlusion. Gruber and Roberts (1926) ecbserved
that when isolated cats' and rabbits' hearts were perfused with potassium-
free Ringer solution, the coronary flow rate was decreased. They also
noted that celcium-free Ringer increased coronary flow rate.

A more detailed study of this problem was made by Katz, Rodbard, Friend
and Rottersman (1938) whe, using the isolated fibrillating dog heart, noted
that when the potassium coneentration in the pérfueing defibrinated blood
was increased slightly (4 per cent above normal), there waes & slight
increase in coronary flow. However, increasing the concentrations by 50 and
150 per cent above normal potassium levels, produced a decrease in the
-coronary flow. With higher potassium ooncentratiohs, these workers could
develop complete coronary closure. Similarly, increasing calcium coneen-
trations up to 24 fold, and sodium up to approximately three fold, both
caused coronary diletation. In view of the high concentrations employed,
the latter two ions may have produced their effects only through their
hypertonic actions, amd it is difficult to draw copolukione from these data.,

An attempt to evaluste the effects of potassium-calcium ratios on
coronary calibre was made by Cohan(1936), who recorded the effects of
various ions on isoleated coronary rings of cattle. The rings were placed
in normal ealine solution and various concentrations of calcium and/or
potassium were added to the bath. The results indicated that added calecium
when not aecbmpanied by potassium, increased the "tene" of the coronary

arteries, and on decreasing the caleium concentration, there was a reversal
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of this effect. Added potassium alone, in low concentrations, had & variable
effeect but high concentrations alweys depressed the corcnary "tone". However,
with calcium present in the solution, low potassium only depressed the "tone"
of the coronaries. Similarly, studies on magnesium indicated that this ion
depreseed coronary "tone”.

Pinslly, Melville and Mazurkiewlcz (1955, 1956), recording coronery flow
on the isolated rabbit heart, indicated that excessive doses of potassium
could induee coronary dilatation or a "paradoxical® coronary constrietion,
while calcium excess caused dilatation. OCuriously enough, decreasing or
completely omitting calcium or potassium from the perfusing fluid, both
incressed coronary flew. These workers have concluded that changes in the
potassium~cal cium ratios can therefore influence the corcnary flow.

Digitalis end Digitalie-Ionic Effeets. The effects of digitalis upen the
coronary circulation have been extensively investigated. Because of the
diffioulties involved in assessing the multiple factors affeeting coronary
changes, a wide variety of methods have been employed. Since ne single
technique takes into consideration all the factors influencing coronary flow,
the results on the whole have heen contradictory. Some of the varied
techniques and the results obtained both in connection with the actions of
digitalis and digitalis~ionic interrelationships in respect to the coronary
circulation are summasrized hereunder.

Effocts on Isolated Coronary Vessels. Eppinger and Hees (1909), using

isolated coronary arteries, reported that strophantims, Digalin and digitoxin
produced constriction. However, the opposite effect was observed by Cow (1911),
who showed thet coronary arterial strips were dilated with digitalis.

Rabe (1912), using isolated strips of coronaries, concluded that the
coronary arterioles were more sensitive to digitalis then the vessels of the
limbe. Thus, it was found that coronary constriction occurred with strophanthin

(1:20,000,000) while a dilution of 111,000 produced little or slight effect
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on the peripheral vessels. Similarly, Digitalin constricted the coronary
arteries in 1:5,000,000 coneentrations, but a concentration of 1:10,000 was
necessary to effect peripheral constriction. A variety of repponses were
obtained by Voegtlin and Macht (1913) using coronary arteries of the ex and
pig in oxygenated Locke solution. They concluded that: (1) coronary ertery
constriction was ceused by Digitﬁlin, digitoxin (Merck), . ' Digitalin
(Kiliani) and ®incture of digitalis; (2) coronary dilatation by Digalin, and
infusion of digitalis, and (3) no change in coronery artery occurred with
strophanthin (Merck) and strophanthin (Boshringer).

These earlier papers indicate already the . controversial nature of the
responges of the coronaries to'digitalie. This simple method also doee not
give information concerning the changes in smaller coronary vessels, .which
are the main component of the coronary bed. They also throw ne light on
changes in the rate of coronary flow in the besting heart.

Effect on Isolated Perfused Hearts. Loeb (1904), .using the isolated cat's
heart perfused with pbysiological ehline,‘obtained variable results. He
concluded from five experiments,that strophanthin (0.15 to0 0.2 mg./100 ml,
sadded to the perfusing fluid) produced no change in flow. Digitoxin (0.5 =
0.6 mg./100 ml.) led to rapid constriction.

With the isolated dog heart, Lindner and Katz (1941) reported that
injections of massive doses (25 mg.) of k-strophanthin caused variable
 constriction and dilatstion. In other experiments with both Bigifelin (Ciba)
and ousbain,variable and unpredicteble results were also obtained.

Effects in Heart-Lung Preparation. Bobo (1927-28) has shown that 0.0025 mg.
of g-girophanthin per 100 ml. of blood, as well as injections of the
tincture or infusion of digitelis (in equivalent doses) reduced heart size,
but the arterial pressure, cardiae output and work of the heart remained

constant, while the coronary sinus flow increased,following & delayed enset.
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He concluded that since bléod pressure remained constant, the increased
coronary flow was due to a decrease in the coronary resistance and that
digitalis ecaused direct coronary dilatation.

Pisher, Guggenheimer and Milller (1928) also employed a similar tech-
nique using strophenthin in doses of 0.05 to 0.2 mg. per 500 ml. bloed,
and found no change with the lower doses, but with higher "lethal dosses®
decreased coronary flow ensued.

Ruhl and Wiehler (1934) similarly studied the effects of strophenthin
(doses not given) and reported variable effecte on coronary simue outflow,
with e tendency towards constrietion. Ginsberg, Stoland and Siler (1938)
carried out an extensive study on 53 heart-lung preparations, sgain using
the Morawitz carmule to record the coronary sinus cutflow. A variety of
digitalis preparations were investigated by these authors, who concluded
that digitalis acted directly on the coronaries and ﬁot on the extrinsic
nervous mechaniesm controlling coronery flow, since no difference in response
was ohserved sfter atropine. In general, their findings indicated that
under all conditions employed, the most consistant effect was a decresse
in coronary flow rate during an initial period of about ten minutes,
followed by an increase which persisted throughout the remainder of the
experiment.

Effects on the Heart in Situ. Bond (1910) reported no change in the rate

of outflow from a sectioned coronary vessel 1in anesthetized dogs, after
intravenous injections of strophanthin. On the other hand, Meyer (1912)
reported an increase in coronary flow in curarized cats, in which a cannula
was inserted into a superficial coronary vein and the outflow messured.
From studies on urethanized cats, Sakai and Saneyoshi (1915) concluded

that "therapeutic" doses had no effect, but "high" doses led to - eardiac
arrest within 15 minutes and produced initial constriction followed by

marked dilatation just prior to death.
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Numerous reports in the literature (Fenn and Gilbert, 1932; Gilbert and
Fern, 1932, and Ginsberg, ,Stoland and Siler, 1938) indicate variable
coronary responses in anesthetized dogs following administratioﬁ of various
digitalis preparations.

Hildebrandt and Osterwald (1938), using the Rein thermostromuhr on
anesthetized dogs, observed no change in right coronary flow, after
injections of "therapeutic" doses (0.15 to 0.5 mg.) of strophanthin, but
higher doses produced a decrease followed by an increase in coronary blood
flow.

In attempting to avoid the usual experimental complications, Essex,
Herrick, Baldes and Mamn (1938), Essex, Herrick and Vischer (1938) and
Dearing, ,.Essex, Herrick and Barne (1943) have used unanesthetized trained
dogs, with a thermostromuhr previously attached to the circumflex branch
of the left coronary artery. Different digitalis preparations studied led
to the observation that "therapetuic" doses had no detectable effect on the
coronary flow. However, "toxic" doses decreased coronary flow, following
2 delay of four to six hours after intravenous administration. This
decrease persisted for several dayé. The changes in coronary flow could
not be correlated with the changes in heart rate or blood pressure.

’ In & preliminaery report on morphinized snesthetized dogs, Page, Wendel,
Sheldon and Foltz (1950) determined coronary flow by the nitrous oxide
technique, and concluded that small doses of ouabain had no effect on
coronsry vessels when comparisons are made before and 30 minutes after the
drug administration. Recently Regan, Talmers and Hellems (1956) alsc found
no change in myocardial oxygen A-V difference after acetyl-strophanthidin
was given to dogs.

Clinical Observations. There are numerous clinical studies in the litersture

concerning the possible influence of digitalis on coronery flow. One of

the earliest of these was made by Forthergill (1871). In his review he
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suggested that the improved cardiac: and‘genersal -¢irculatery astions_following
digitalis therapy lead +to éscendary improvement in the coronsry circulation.
Moreover, from some observations on two cases of angina pectoris, it was
concluded that digitelis might have a beneficial effect on that condition.

Eggleston (1920) and Cushny (1925), in extensive reviews of digitalis
action, concluded that in emall "therapeutic" quantities, digitalis had no
effect on coronary circulation in man. On the other hand, Ferm and Gilbert
(1932) reported that some patiente on digitalies therapy developed angina
pectorie, and when the drug was withdrawn, the attacks cesmsed. They then
performed an extensive series of experiments on doge, and concluded that
digitalis can produce anginal pain by constricting the coronatries, but this
does not occur in all cases and was unpredictable.

Kountz and Smith (1938) reported large inecreases in coronary flow
following digitalis in perfused, revived human hearts. Gold, Otteo, Kwit
and Satchwell (1958) investigated 120 smbulant cases of arterioesclerotic
heart disease with cardisc pain. Large enough doses of digitalis leaf
preparations were edministered to lead to toxic symptoms in 28 per cent of
their cases. The digitalis was given for perieds from one to 68 weeks
(average eleven weeks), and 15 per cent of the patients reported an increase
in pain, while 30 per cent reported a decrease. Similar results were,
however, obtained with a 'placebo'. These workers concluded that since these
patients were unusually susceptible to cardiasc ischemia, the results indi-~
cated that digitalis, even in large doses, rarely, if ever, produces
discernible constriction of the coronaries in man.

In 1939, Gold egein reviewed the literature on this quesfion and
reconfirmed his opinion that digitalis doees not exert amy direct constriction
of the coronary ecirculation. On the contrary, Levy, Bruenn end Williams

(1940) also administered digitalis leaves to a series of patients with

coronary sclerosis and anginal attacks. After five days of treatment, the
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patients were subjected to an "anoxemia test®, consisting of inhalation of
ten per cent oxygen and 90 per cent nitrogen. The authors found that the
appearance of pain occurred more rapidly and concluded that digitalis
increases the tendency to pain in certain patients, susceptible to
anginal attacks.

Bing, Maraist, Dammann, Draper, Heimbecker, Dailey, Gerard and Calazsl
(1950) catheterized the coronary sinus in twelve patients and messured the
coronary flow by means of the nitrous oxide method. Ten minutes after
_intra-arterial injections of 0;65 mge. k=-strophanthin, negligible effects

on the coronary flow were recorded. Thus the authors concluded that
strophanthin exerts no effect on the coroﬁaries.

In summary, the vﬁriablo results described above might be due to the
various methods employed for the measurement of changes in the coronary
circulation after the administration of digitalis. The use of isolated
coronary veesels appears tp be rather unphysiological. Measuring flow from
& sovered superficial céronary vesgel is not a reliesble index to the flow
of blood in the coronary system. The isolated heart prepa;ation can give
inaccurate results due to insufficiency of the aortic walvee. Furthermore,
the heart with empty chambers, beating outside the body is considered too
abnormal by some workers to give any conclusive findings. The coronary
blood flow in the heart-lung preparation, using the Morawitz cannula or the
thermostromuhr may be altered by the effects of the preparatory operative
procedures, by the asnesthetic agent, or by the fact that the total coromary
flow is not measured. Indeed, the clinical deta ie controversial and not
convincing in either direction. Thus, though a large variety of techniques

.are available, there ies no conclusive evidence concerningthe digitelis
effecte on the coronary vessels. Furthermore, there are no previocus

systematic studiee in the literature concerning the coronary flow changes

associated with potassium, calcium and magnesium actions in respect teo the
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overall cerdiac actions of digitelis.
E. "Resuscitation® Following Digitalis Toxicity.

The extensive earlier literature concerning the recovery or restitution
of perfused frog's hearte following digitalis arrest, has been reviewed by
Rothlin (1933), and Lendle (1935)e The ease with which thie action could be
schieved var;ed greatly with the different preparatiens and experimental
conditions employed (Straub, 1910; Clark, 1912; Igsekutz, 1915; Rothlin,
1927; Lenz, 1926; Fisher, 1928a; Graf,.1929; Gander, 1932, sand Beaune and
Belaceanu, 1933). It appears that with sufficient time complete recovery
could ensue, since a second periocd of poisoning followed exactly the same
pattern as the first. The effects of the agenies were equally reversible
when Ringer solution or blood plasma were used, or when the glycoside was
given to the intact frog, and the arrested heart subsequently excised and
perfused (Kingisepp, 1935).

No relationship was noted hetween reversibility of action and the
cumuletive action in the different preparations (Walter, 1918; Gottlieb,
1918). The former worker reported that after strophanthin, recovery
occurred in 2.5 to eight hours, whereas, after digitalis leaf preparatien,
the recovery time was more rapid (two to four hours). The pessibility that
the presence e¢f the genin in the infusion might enhance reveraibility'wa-
suggested by Giscomi: (1926). Straub (1931) found that the binding of
effective amounte of digitalis by heart muac}g occurred within the initial
60 seconds of contect between the muscle and the d:ug; Thus, after 60 -
seconds of exposure to digitalis, and replacement of the perfusing fluid
with nomeal Ringer, the process of poisening continued, as if the drug had
not been removed. Different glycosides showed different binding capacities,
which seemed to be dependent on water solubility and stability of the
particular molecule.

Frommel (1928a and b), postulated that the observed differences in
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reversibility between the actiens of whole leaf extracts and digitﬁxin,
depended on the presence of the potessium in the former.

Another relationship between potassium eand recovery was shown by
Scarinei (1953). His experiments indicated that after the freg's heart
(Straub perfueion) was stopped with ouabain (1:30,000) solution, washing

with Ringer solution without potassium,restored the contractiens of the

heert. If the heart, beating on thie potassium~-free solution, is then
re-perfused with normsl Ringer, the orgsn again went into arrest. Thus,
thie alternate perfusien with potessium-free Ringer and normal Ringer ean
elternatively stop and stert the frog heart under these conditiones.

Attempts to antidote digitalis toxieity in experimental memmalian
hearts have been rather disappoeinting. The literature on this question
has been reviewed by Cohen (1952). Kyser, Ginsberg and Gilbert (1945)
suggested from experimental observations on 32 digitalized dogs that atropine
might atd in modifying digitalis myocerdial lesions. However, the cliniesl
 reports are conflicting. In seven patients, Resnik - (1924) converted
digitalis induced transient amricular fibrillation in man te a reguler sinus
rhytim, with an injection of 2 mge of atropine. Similarly, Gold and Otto
(1926) stopped digitalis bigeminy in five cases with the subcutaneous injec-
tion of 4 mg. of etropine sulphate. However, neither vegotomy nor atrepini-
zation appear to lessen digitalis toxicity in experimental dogs (Robinson
and Wilson, 1918).

Both quinidine and procaine smide have also been studied as possible
antidotes in digitalis poisoning with variasble results (Berry, 1951; Kayden,
Brodie and Steele, 19513 Scaffer, 1951; Stearns and Cellahsn, 1951).
Finally, as already pointed out, both potassium and magnesium have been
employed to courmteract digitalis arrhythmias and toxicity. (See Seetionms
A and C.)

However, the mechanism of "resuscitation” is still obscure, and the
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poseible role of potassium or other chemical sgents in this process is

still rather uncertain.
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METHODS

The isolated rabbit's heart perfused with oxygenated Locke solution
by a modified Langendorff procedure was used in most experiments. A few
confirmatory observations were also made on the isolated perfused cat's
heart. Full details of the pnerfusing procedure have been described by
Lu and ¥Yelville (1950) and more recently by Melville and Mazurkiewicz
(1956). Korol (1956) has also ziven a detailed account of the procedure
and the experimental arrangevent. In brief, the method permits simul-
taneous kymographic recordinrs of coronary inflow and associated heart
contractions (amplitude and rate). In each experiment, after the heart
was attached to the apparatus, a preliminary "equilibration period" of
15 minutes of perfusion with normal Locke solution was always allowed
to elapse before any observations were recorded. It must be emphasized
that with this method of perfusion of the isolated heart, special care
must be teken to make sure that the aortic valve is functioning
efficiently after the preparation is set up. Consequently, durin; this
preliminery eguilibrating periocd the coronary flow was checked at fre-
quent intervaels, and unless a uniform and steady flow rate within"normal
limits" was being maintained after the initial ten minutes, the heart
was discarded. In order to facilitate chenging from one type of perfusing
fluid to another, two or three perfusion reservoirs were attached to the
apparatus and kept in a large water-bath, maintained at 570 C. by a thermo-
stat. The reservoirs were placed at & height of espproximately 60 cm. above
the heart.

The electrograms of the isclated heart were also recorded on a Sanborn
Visocardiette, using the standard lead II position, and attaching the right

arm (RA) lead to a fine silver wire tied around the aortic stump over the

thread attaching the morta 4o the perfusion cannula. The left leg (LL) lead
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was connected to a similar eterling silver wire (0,01 inch diemeter) electrode
econnected to the heart. A similar technique has been previously reported
by Korol (1956). Since the primsry - interest in these experiments was in
arrhythmias, the generic terms of QRS and ST-T changes were adhered to rather
than detailed descriptions of the action potentials or the monophasic curves.

The cats used in the expérimenta were lightly anesthetized with ether
before removing the heart; and the heparin (1 mg. per kg.) injected intra-
cardially. The remainder of the procedure was identical to that empleyed
in the rabbit experiments.

Semples of the fluid entering the heart and the fluld leaving the heart
were taken at the times marked by the signal line ae shown in the individual
kymograph records. A one in 50 dilution with distilled water was made of
the samples and the potassium determinations were carried out by standard
flame photometric procedure.

Stock standard solutions were prepared for use on the flame photometer.
These standards were prepared so that the final concenmtrations of sodium ion
was identical to that in the perfusing solution. Attempts were made to use
two standards with concentrations of potessium below, and two standards with
concentretions of potassium above, the unknown solution.

Similarly, .stendard preperations of sodium were used for sodiﬁm deter-
minations. Calcium determinations were done by the method of Olark and
Collip (1925). The Beckman D.U.3pectophotometer with flame attachment was
used for both the sodium end potassium determinations. All analyses were
done in random order in duplicate, or triplicate, if the first two values
varled more than three units per cent transmission. The concentrations of
the ions in the experimental samples were obtained from curves of the
standard solutions by plotting milliequivelents per liter on the absoissa,

against observed per cent transmission on the ordinate.
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The "net gain® or "net loas" of ion from the heart was calculated as the
difference between the amount of potassium entering and that leaving the
heart during a ten second period of time. Thig time was the average time
ugually required for collecting enough perfusate for analysis. Correction. for
variation in rates of coronary flow was made by multiplying the potassium
concentration (mEq. per liter) of the sample by the associated coronary flow
(ml. per ten seconds) as calculated from the records obtained at the time
the sample was collected. Consequently, the amount of potassium entering or
leaving the heart is expressed as microequivalents per ten seconds (YEq. per
10 sec.).

In presenting the results, the data from several experimenis were grouped
together and mean changes reported. In the graphs the average times for
specific criteria (e.g. cardiec standstill, net potassium chenges ) are pre-
sented. Standard errors, correlations and probability determinations were
carried out wherever practical, Snedecor (1955) was used as a standard
reference for these determinetions.

When modified Locke solutions were employed no attempt was made to mein-
tain isotonicity. It has been reported by Butcher, Wakim, Essex, Pruitt, and
Burchell (1952) thet addition or subtraction from the standard perfusion fluid
of 34 mEq./l. of sodium and chloride had little or no effect on the electro-
cardiograms recorded from the isolated rabbit, dog or turtle hearts. Since
the osmotic changes produced by altering the concentration of potassium during
the exneriments reported here were maximally of the order of 11.2 mEq./l.,
failure to balance to isotonicity should not alter significantly cardiac
function.

Ouabain U.S5.P. (S.B. Penick and Co.) was dissolved in the Locke or
modified Locke as indicated in the different experiments. The other chemicals

used were: (1) Merck rearent srade magnesium chloride (Mgfl,.6Ho0). This
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wae dried overnight at 100° C. prior to use. The concentration of magnesium
given'hAs therefo;e been calculated for the formuls MgCl,.4H,0. (2) sodium
lactate 1/6 Molar (Abbott*). And, (3) miscellaneous drug administrations,

such as adrenaline((l-adrenaline bitartrate**) or noradrensline (1l-nor=-
adrenaline bitartrate monohydrate**), potassium chloride or calcium chloride
solutions for injections, were freshly prepared, as needed, either in Locke
solution or Locke as modified for the perfusion.

In the experiments in which sodium lactate was employed, the normal
isotonicity was restored by omitting an equivalent calculated amount of
godium chloride. Similarly, when the sodium concentrations were reduced,

sucrose was used to restore isotonlcitye.

* Courtesy of Abbott Laboratories, Montreal, Que.

** Courtesy of Sterling-Winthrop Research Institute, Rensselar, N. Y.
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RESULTS

1. O3STRVATIONS ON T-E EWFECTS OF VARYINT CONCENTRATIONS OF OUABAIN

ADDED TO NORMAL LOCKE'S SOLUTION UPON 17HE CORONARY FLOVW, HEART ACTION

A"D ASSCCIATED ELTCTROLYTE /OVEMENTS.

(a) Compgrisons of the Zi'tects of Different Concentrations of Quabsin.

Since the development of the effects of the glycosides on the heart
requirees time, the concentrgtions of the perfusing fluid employed and the
rate of perfusing, are obviously importent factors. Prior to investigating
the influence of the various lonic chonges, 1t was therefore important to
make a comparison of the effects of different concentrations of ouabain,
winen perfused under the conditions of these experiments.

In Figure 1, are presented gravhically the average times (minutes)
reguired of perfusion to reach cardiac standstill (mechanical arrest),
when the hearts of rabbita or cats were perfused with different concen-
trations of ouabain, o.dded to normal Locke's solution. The standard
error in each case is also shown. A total of 31 different hearts were
used, comprising five (razbite) with the highest concentration (30 vy /
ml.); two croups of nine an:mals (seven rapbits and two cats in each
group), with both the 15 vy/ml. and 7.5 y/ml. doses; and three and five
rabbits with 3.75 y/ml. _nd 1.88 y/ml. respectively. Although only four
cats' hearts were included in this group, the results obtained with them
did not aprear to be strikingly different from those observed in corres—
ponding rabbit experiments, and therefore the findings in both specises
are considered together. A zreater number of cat experiments would how=
ever be necessary before a final conclusion regarding species differences
could be drawn. Since tnis was only an ineidental aspect of this work, it

was not considered necessary to extend these observations further.
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Ficure 1. Zranh of naverace tizes to rcardinc atnadetill followins nerfusion
with daemenain- gomenmbrations of nanbein (v/x1. added to norazal Tiocke).
Standard errors also shorn.
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It is evident from Pigure 1, that as the concentration of ouabain in
the perfueing_fluid is decreased, the average time required for cardiac
standstill incre;ees, and in addition the average variation from experiment
to experiment is greater, as shown by the standafd error in each group.

The average ﬁeriods required for cardiac standstill in the different groups
were: 9.0 20.75, 12.8 20,83, 17.56 $0.63, 26.7 4,08 and 46.0 %14.1 minutes
for ouabain concentrations 30, 15, 7.5, 3.75, and 1.88 y/ml. respectively, as
“shown in Figure 1. The variation with the lowest concentration (1.88 y/ml.)
was s0 marked that one of the five perfused hearts in this group did not
reech standstill even after 92 minutes of perfusion.

For the purpose of making comparative studies of changes in the heart
when ousbain is perfused under the different experimentel conditions employed
in this study, it is evident that the concentration leading to the least

variation from experiment to exveriment was en intermediate one (7.5 ¥/ml.).

In many of the earlier studies reported in the literature (see Historical
Review), workers have selected for comparison what has beén defined as
"therapeutic' or "toxic" concentrations of digitalis preparations. Such
terminology is however rather vague, ﬁnd the fact that only slight variations
in toxicity from experiment to éxperiment were observed at this dose level,
permit a more exact basis for comparative studies than hitherto reported in
the literature. It.is conceivable that the marked variations in the individual
experiments at the lower concentrations, might be due to lack of a constant
rate of fixetion or accumulation of ouabain in the heart at the normal rate
of coronary inflow, and conseguently, would not be suitable for such compara-
tive studies.

Figures 2, 3 and 4 show typical examples of the concomitant changes in

coronary inflow and heart contractions (both mechanical and electrical)
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88 recorded during perfusion with high (30 y/ml.), medium (7.5 v/ml.)
and low (1.88 y/ml.) concentratiens of ousbsin, respectively.

As can be seen from Figure 2, during perfusion with high ousbain,concentration|
there is a rapid increase in the amplitude of contractions, assogiated
with a slight initial decrease in coronsry flow rate (B)-—the corres-
ponding electrogram shows no significant change in form, but a slight
bradycardia. With continued perfusien st G, D, and E, one observes
econtinued augmentation of the amplitude of the contractions, associated
with various types of arrhythmias ---shifting pacemaker (C) and

; ventricular tachycardia (D and E), centinﬁing until mechanical arrest
ensued (G). Concomitantly, there is a progressive increase in coromary
inflow which alec persisted to G---the electrical record at this time
showed terminal fine fibrillasting movements. This figure also demenstirates
that when the perfueing fluld was changed to potassium-free Lecke, there
wes & transitory period of vemtrieular fibrillation (H) followed by srrest
of the heart, from which recoevery could not be obtained by chan;ing the
perfusing fluid to normal Locke. Similar results were obtained in snother
similar experiment.

Apart from delay in the appearance ef coronary dilatation and the
slower development of finel cardiac arrest, a rather similar sequence of
changes was observed with all lower concentrations, and typical exemples
of these are shown in Figures 3 and 4. Thise speak for themselves.

In Figures 3 and 4 may also be seen recovery from ousbain when the
perfusing fluid was changed to normal Locke. Similar reeovery was obtained
in nine different experiments. PFurthermore, when the cusbain-arrested
heart (Figui-e 5) is perfused with Locke solution centaining fifty per cent
of the normal potassium (2.8 mEq./1l.), as shown at (K), there was & rapid
onset of idioventricular beats, with temporary reversion t{o cardiac stend-

still, but on continued perfusion with this solution, there was progressive
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Figure 2. Isolated rabbit heart. Perfusion with ouabain (30 y/ml.) added to
Locke. Sections A to I of kymographic tracings (upper record) and associated
electrograms (lower record). T - time—10 seconds; the intervals between the
sections are shown in minutes. C.F. - calculated coronary inflow in ml. per
min. Each mark on the line corresponds to the passage of the "indicator" in
front of each photoelectric cell, alternately; &nd each interval represents

a fixed inflow (3.75 ml.) into the coronary vessels. The lower tracings on

the kymographic record shows the heart contractions, with systole upwards and

diastole dowvnwards.

Upper and Lower Records. At first arrow (start, Ouab. 30 v/ml.) the perfusing
fluid wase changed from normal Locke solution to Locke containing added ouabain.
At second srrow (end, K* free Locke) the ouabain perfusion was stopped and the
heart perfused with potassium-free Locke. At third arrow (Norhal Locke)
perfusion was chanced to normal Locke. -




Figure 3. Isolated rabbit heart. Perfusion with cuabain (7.5 y/ml.) added
to normal Locke. See legend of Figure 2.

Upper and Lowsr Records: At first arrow (Start, Ouab. 7.5 y/ml.), the per-
fusing fluid was chanped from normael Locke to Locke containing added ouabain.
At second arrow (end, normel Locke) the ouabain perfusion was chanced to
normal Locke.
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Figure 4. Isolated rabbit heart. Perfusion with ouabain (1.88 y/ml.) see
legend of Figure 2.

Upper and Lower Records: At first arrow (Start, Ouab. 7.5 y/ml.), the per-
fusing fluid was chenged from normal Locke to Locke containing added ouabain.
At second arrow (end, normal Locke), the ouabein perfusion was changed to
normal Locke.




Figure . Isolated rabbit heart. Perfusion with ouabain (7.5 y/ml.) see
legend of Figure 2. '

Upper and Lower Records: At first arrow (Start, Ouab. 7.5 v/ml.) the per-
fusing fluid was changes from normal Locke to Locke containing added ouabain.
At second arrow (end, Locke + 2.8 mEq./l. K*) the ouzbain perfusion was changed
to Locke plus 2.8 mEq./l. potassium. At third arrow (normal Locke) perfusion

fluid was chanzed to normal Locke.
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resteration of both auricular and ventrioular activity amd sinus rhythm.

It is to be noted that on changing to the low potassium selutien, tﬁore
is immediate coremery dilatation which persisted until the end of the
perfusion (Q), but on chenging to normal Locke, the rate of coronary flow
returned to the initial control level. Curiously eneugh, in similar experi-
ments, using the perfused cats' hearts, similer coronary changes were
observed, but no recovery of ventricular activity ensued. It is however. :
evidermt that complete restoration of the ousbain-arrested rabbit heart can be
accomplished by perfusion with either normel Locke or Locke containing
fifty per cent of?tﬁe normal potassium, but not with potassium~free Locke.

In Table I. are summarized the preliminary findings in the experiments
in which attempts were made to resuscitate the ouabain-poisoned heart, when
various types of perfusing fluids were employed. In general, when normal
Locke was used, there were nine complete recoveries to sinus rhythm, while
when potassium-free Locke was used, there were no rocovérie- (twe hearts).
With Locke containing fifty per cent potassium, there was recovery of one
rabbit heart (Figure 5 and Table I),,, but in the corresponding eat heart
experiment thgre was no recovery. The addition of sodium lactate to normal
Locke aleo led to complete recovery of four rabbit hearte, but en eentinued
perfusion, arrhythmias recurred but were subsequently stopped by normal
Locke alone. It may be concluded therefore that the addition of lactate to
the perfusion fluid under these conditions did not enhance recovery of the
heart.

S8imple injections of potassium echloride (25 mg./ml.) or esdcium ehloride
(25 mg./ml.) or lactate, .produced no favorable effeot on the ouabain-arrested
hearts. In some of these recevery experiments using nommal Locke selutien,
potassium movement was also studied, and it was observed that during the

initial phase (one to eight minutes) there was @ continuing "net koss"
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TABLE I .

Effects of Different Concentrations (¥/ml.) of Ouabain Added to
Normal Locke Solution and Ubservations concerning Recover

of the Heart,

Perfusion X . R
Egployed Observations During Post-Ouabain Perfusion
Conc} Mins. |Locke Solution R Kk
Employed emarks
30| 8 to 9 |K-free Immediate transient fibrillation, followed by
(2 Exp.) arrest (5 min.), Locke perfusion (4 min.), no
change, K-free re-perfusion - no change.
7.5 ] 22 Normal Recovery in 5 min.-sinus rhytlm (12 min.) re-
digitalization (7.5 /ml.) - arrest in 20 min.
Second recovery with Locke (12 min.) followed
by sinus rhythm,
Ts5 ] 28 Normal Recovery after 4 min.
7.5%| 27 Added 2,58 No recovery in 16 min., massage - no effect.
mEq./1. K.
Te5 1 27 Added 2.58 Recovery in 12 min.
mEq./1. K,
7.5% 24 Normal No recovery in 20 min., massage - no effect.
7.5 | 18 Added 1% Sinus rhythm in 6 min., followed by arrhythmias,
1/6 M, Na converted to sinus rhythm with subsequent Locke-
Lactate good response to an adrenaline (100 )injection.
7.5 { 20 Added 1% Recovery 2 min.- leading to sinus rhythm (10 min)
1/6 M, Na - followed by arrhythmias. Converted to sinus
Lactate rhythm in 12min. by subsequent Locke perfusions.
7.5 | 30 Added 0,5% Recovery 8 min, - sinus rhythm ~ then arrhythmias
1/6 M, Na - subsequent Locke - sinus rhythm in 14 min,
Lactate
3.75|35 to 48 |Normal Recovery in 4 to 8 min,
(3 Exp.)
1.88|42 to 88 |Normal No recovery in 12 to 24 min. (2 Exp.,) - poor
(3 Exp.) recovery (1 Exp.).

*  The isolated cat's heart was used in these experiments.
**  The term "Recovery" means 'initiation of visible ventricular improved
contractions'.
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followed during the intermediary period (eight to 16 minutes) by a "net gain®,
the potagsium balance returning to normal equilibrium after approximstely
20 minutes.

It is of some interest that the only two hearts which failed to recover
when perfused with normal Locke were those submitted to prolonged (51 or 42
mimites) perfusion with the very low ouabain concentration (1.88 y/ml.).
Why this is so, is not clear. 1t might be however, that this prolonged
exposure to the glycoside is an importent factor in fixation and hence no
recovery ensued. Further experiments woiild be necessary in order to elucidate
this point.

(b). Correlated Effeets of Ouabain on Coronary Flow and

Potassium Balance.

In the majority of the above~described experiments, potassium studies,
as previously indicated (Msthods) were carried out. In Pigure 6 and Figure
7 the average changes in coronary flow rate and associated "net changes® in
potasesium balence are shown: i.e. differences between the potassium supplied
to the heert by the perfusing ¥Fluid, and that found in the perfusate
collected at reguiar intervals.

It i8 elear that the initial observed decrease in coronary flow is
associated with a brief net increasse in potassium balance. However, both
figures show thet the net loss of potassium begins somewhat earlier than
the onset of the coronary dllatation. PFurthermore, the coronary dilatetion
in both instances, reached a pesk value, then declined somewhat before
cardiac standetill developed. In general, the potassium changes fluctusted
inversely with the ecoronary flow changes. Indeed, the data presented empha-
size again the necessity of taking into eonsideration the rate of ceronary
flow, in attempts to assess ionic movements in the peart.

In Tebles ITand I1I are presented more detailed analyses of these corenary

flow and potassium changes, respectively. Again, it can be seen (TableIl)
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Concentration of Ouabain (¥/ml. in Locke Solution)

Time (min.) 30 15 7.5 3.75 1.88
Control (ml/min) [ 12.7 19.0 19.3 12.6 16.7
1 4,96 -4.83 - - -
2 -1.7 -3.55 =747 -1,83 -
3 +0.54 <144 - - -
L +2,68 +0.97 ~4.80 -0.90 -1.37
5 +4. 1 +3.14 - - -
6 +5.15 +4.57 1.03 -0.73 -
8 +6,08 +7.68 +1.79 +1.76 +0.09
9 +5.58 +7.12 - - -
10 3.8 4180 +6.96 +1.43 -
12 - +7.27 +7.63 +1.36 +0,.87
13 - +7.04d - - -
14 - - V5T +1.90 -
16 - - +6.55 +2.27 +1,36
18 - - +4.58 +4.27 -
20 - - - +3,23 +0.84
22 - - - +1.15 -
2l ~ - - 0.00 +0,19
26 - - - =0.20 -
28 - - - - +0,76
32 - - - - +0,08
36 ] - - - 40,93
4O - - - - +0,55
L - - - - +0.55
No. Exp, per Mean| (5) (9) (9) (3) (4)




TABLE III

Mean Calculated Differences Between Potassium Inflow and Potassium

Outflow, dur;gg_ggpbaln perfusions, in Microegg;valents

per 10 sec,

Concentration of Ouabain (¥/ml. in Locke Solution)

Time (min.) 30 15 7.5 3.75 1.88
Control . .| -0.06 0,02 +0.03 +0,08 -0.15
1 +0.14  +0.11 - - -
2 =0.21 +0.09 +0.42 +1.08 -
3 -0,22 -0.46 - - -
4 Q.2 =0,72 +0.08 +0.69 +1,88
5 -0.79 ~0.64 - - -
6 .64 =0.55 0,52 +1.86
7 =0.71 0,58 - - -
8 =049 -0.66 -1.80 -0.86 -0.56
9 0.43  -0.58 - - -
10 -0.42  ~0,65 -2.87 -1.89
11 -0;51 - - -
12 ~0.43 -2.41 -1.34 -0.19
14 =0.26 ~2455 ~1.49 -
16 -2.35 ~1.87 -1.27
18 -1.91 -1.98 -
20 <1.84 -0.78
24 <1.19 -0.85
26 -0.93 3
28 0.00
3R -0.72
3% 40,03
40 =0,23
Ll =0.26
0. Exp. per Mean| (3) (3) (7) (3) (4)




-5 -

A o Xof/ml .OUABAIN
6 bs. chenge inCF (ml.)
8 .——O,u Ea’ .K* %in 10 geL.

Ao P Oum:n/ngm )

HJ:E,, K in 1030c.

8 /0 /2 4
o 3 4 6 - N

Figure 6,
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Lower Tranh: Cushain = 15 v/ml. added to normal Locke.




-.l).'(u.

° »  75¥/mlouaBa
A Ab2 change int Foul)

&—o,uE? K'in 10 sec.

(\g]

S NMNweronN ™D

.

0 2 4 6 8 0o 22 /4 K /MR 4 83K
T~ min .
3.75 ¥/ml Quabayn.
Ao A Abs. change in CF (m/)

40 3 ®—Q.uly Ktiniwo see.

f0?

};z 4 6 8 r0 2 M K /8 20 32 29 3 aBRA = 20
T- mnt :

FTioare 7.0 Bec lacen 27 Tioare § 0 2, = ovekotw ooerfasion etopnel L Ane
Cvesrt epfasel wil o a oooal Taevoi. forallel line broais, suowa(dd ), indicete
TN 7t mrtad.
r v /). =12ed 4o Locke.

. ndded to Locl .




- 48 -
that when 30 v of ouabain per ml. were perfused, the initisl coronary
constrictien lasted approximately for only twe minutes, and was followed
by coremary dilatation which resched its height in eight minutes. This
then gradually showed a deeline until errest of the heart.

A rather similar type of response was observed during perfusions with
15, 7.5 and 3.75 ¥ of ocuabain per ml., except that the initial constrietion
lested three, seven and swen'-mimtos,v respectively. The hearts perfused
with the 1.88 v per ml. of cusbain, beeause of the marked varistiens in
individual response, did not lead to such striking or typical patterns of
clanges, as were observed with the other four dese levels studied. However,
each heart in ganeral,, showed similar slight initial coronary constriction
followed by dilatation.

Table T shows the effects of the various concentrations of cuabain on
the potassium balance in the he#rt. Again, it can be seen that when 30 vy of
ouabein per ml. is perfused, there is an initial uptake of potassium for the
first minute, followed by & gradusl loss of potassium resching its pesk at
seven mimites. Fifteen, 7.5 and 3.75 ¥y ousbhain per ml. produced a similar
pattern of potassium change, except that the initial uptske lasted for two,
four and six minutes, respectively. Variable potassium balances were obtained
with the 1.88 v per ml. concentration.

I+ ean be seen from the above that in mest instances the petassium res-
ponse is the mirror image of the eoronary flow, that is, when the heart was
taking up potassium, there was a coromary censtriction and eonversely, when
the heart was losing potassium, there was & dilatation. Oorrelating these
various changes, it would also appeasr that the potassium alterations occur
slightly before the coromery flow changes. Thus, the degree of constriction
or dilstation of the corenaries, seems to be dependent on the mevement of

potassium in or out of the myocardium. These data (TableII and ITI) when

subjected. to.statistion] sorreletisyn showed a highly significant inverse




- 49 -

dependence between coronary flow and potassium movement as shown in Table IV.

Attempts to follow sodium and caleium belences in the heart during the
stages of digitalization with %0 and 15 ¥ ouabain per ml. in the perfusing
fluid, as above, did not lead to any consistent pattera of alteration of
these two ions. The calcium and sodium determinations were done in three and
five experiments, respectively. There was no alteration in the concentration
of ecalcium. The sodium balances gave inconsistent both negative and positive
slight alterations. The overall negative data from these experiments have
therefore been cmitted. More will be said regarding calcium and sodium in

regard to ocusbain action later.
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TABLE 1V

Inverse Correlation Coefficient for Coronary Flow
and Potassium Changes,

Correlation Level of

Ouabain Coefficient Significance
(r) (p)
30 -0,8884 <0.01
15 ~0,7152 <0.01
TS =0.9799 <0.,0R
3.75 -0,8027 <0.01
1.88 =0,4392 >0,05
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(d) Summery and Cenclusions.
In the isolated perfused rabbhit heart.it has been observed:

1. That, increasing the concentration of ouabain (1.88 to 30 y/ml.), in
the perfuelng fluid, leads teo a'oorrespending decresse in the time required
t0 reach cardiac standstill. The minimal concentration of ouabain, whiech
induced the least individual variations (ealculated Standard Errors) from
experiment to experiment, was observed to be 7.5 y/ml. under these conditiems.
2. That, incressing similarly the concentrations of ouabain in the perfusing
fluid leads to & transient initial sinus bradyecardia without other signifieant
ehanges in heert contractions. This iz followed by a more sustained cardiac
stimniation sseociated with inecreased amplitude of oéntractions and 1nc¥oased
degrees of arrhytimias (shifting pacemsker, ectopic beats, parexysmal and
multifocel ventricular techycardia and finsl ventricular fibrillation).
3. That, all concentrations of ouabain studied lead to an initial moderate
transient decreese in meen coronary flow rate, followed by a more wastained
increase. As the ouabain concentration ihcreased, the duration of the initiel
copatriction shortened.
4. That,.all concentrations of ousbain studied lead to an initial mederate
transient "net uptake® in potassium, followed by s more sustained "net loss".
Ag the ouabaein concentration increased, the duration of the initial "net uptake"
shortened.
5e That, following ouabain cardisc arrest, perfusions with normal Locke lead
to slight irregular coronary dilatation, followed by complete recevery.
Similar perfusion with Locke containing 50 per cent of normal potassium lead
to prompt and wustained coronary dilatetion, and eventual restoration to
normal sinus rhythm.
6. That, following ouebain cardisc arrest, prolonged perfusien with potassium-

free Locke led to no recovery. Perfusion with added sodium lactate or simple
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injections of potassium crloride, calcium chloride, or adrenaline did not
enhance the recovery as observed with normal Locke.

It is therefore concluded that:

(a) There is en intimate relationship between chenzes in coronary flow,
heart action and potassium balance in the beating heart which can be corre-
lated with varying concentrations of ouabain.

(b) Cuabain leads to arn initial transient coronary constriction associated
with sinus bradycardia and net gain of potassium, followed by susteined coronary
dilatation, cardiac stimulation and net loss of potassium.

(¢) The initial coronary constriction is associated with an increased
potassium uptake, while the suhsequent dilatation is preceeded by and appesrs
to be due to the observed potasssium loss.

(a) Subsequent resuscitetion of the ouabain-arrested heart appears to

depend upon the vresence of potassium in the perfusing fluid.



II. OBSERVATIOIS O THS EFFECTS OF VARYING COVCEITRATIONS OF POTASSIUM

IN TLE PERFUSING FLUID UPOY THE RESPONSES (CORONARY FLOW, HEART ACTION,

AYD ELECTZOLYTE :'OVE/ETS) TO QUABAIN.

(a) Effects upon Ouabain Toxicity and Recovery.

In all experiments in this series, a fixed concentration (7.5 y/ml.) of
ouabain was employed. This, as already pointed out, was the concentration
which led to the least variable results in different experiments under the
conditions of perfusion.employed.

Ficure 8 shows a gravhic comparison of the averace duration of perfusion
required to reach cardiac standstill (mechanicel arrest), when the hearts of
either rabbits or cats, were perfused with identical concentrations of ouabain,
in the verfusine fluid. In these experiments however, the potassium concen-
tration employed was either incressed (to 16.8 mEq./l.) or decreased (to zero).
A total of 3% hearts was studied.

As can be seen from Figure 8 and Table V, at the hichest potassium
concentration(16.8 mEq./l1.)—both in the presence and in the absence of oubain—
there was rapid cardiac standstill within an average of 3.33 ¥0.88 minutes
and 3.67 ¥1.2 minutes, resvectively. It is therefore clear that increasing
the votassium concentration to this extent was in itself rather deleterious
to tne heart, and furthermore there was no apparent antegonism of the toxicity
of ouabain under these conditions. Indeed, cardiac standstill ensued more
rapidly than in similar ouabain experiments with normal Locke as the vperfusing
fluid.

Ficure 8 and Table V also show that with a concentration of 11.2 mEq./1.
of potassium, without added ouabain, the heart continues to beat moderately
well for lonrer than an hour. On the other hand, addition of ouabain to
Locke solution with a similar potassium concentration (11.2 mEq./1.) produced

arrest in an average of 15.17 X3.05 minutes. This is however, not significantly
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TABLE V

Effects of Varying Concentrations of Potassium

During Perfusion with Ousbain (7.5 ¥ /ml.),

|
Recovery with Normal Lockd

Potassium Cardiac Arrest
Concentration (min,) min., )
(mEq,/1.) Control Ouabain Control |Ouabain
1&;8 2,0 5.0 Irmédiate|0.5
16.8 6.0 2e5 0.5 2.5
16.8Avg. 3.27 .2 _%3 $0.86 20 20
11.2 N.A. 12 - Immediate
11.2 N.A. 2 - Immediate
11.2 - 25 - Immediate
11,2% - 9 - 0.5
11,.2* - 8 - 0.5
11.2* - a3, - 0.5 Fibrillated
Avg. 15.17 -3.05 after 35 min
6.16 N.A. 16 - 12
6.16 N.A, 12 - 16
6.16 - 11 - 12
Avg. 13.0 21.53
5.88 - 16 - 12
2.80 - 12 - NoZRecovery
2.80 - 10 - 12
2,80 - 10 : - 16
Avg. 710.67 %0.64
1.40 - 14 - 16
1.40 - 14 - _12
1.40 - - 16

Avg.

e
13.0 =1.08
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TABLE V (Cont'd)

Potassium Cardiac Arrest Recovery with Normal Locke
Concentration " (min.) . (min.)
- (mEg./1.) Cont rol Quabain Control | Ouabain
0.00 9 12 - 8
0.00 16 12 - 8
Q.90 12 11 = -
0.00* - 17 - No Recovery
0.00* - 12.5 - No Recovery
0.,00* - 20,0 - No Recovery
Avg. | 12.33 ¥2.03| 14.09 =1.46

* The isolated cat's heart was used in these experiments,

The term "N, A." means'no cardiac arrest.'
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different from controls usinr normal Locke, in which cardiac arrest occurred
in an averase of 17.56 10.65 winutes. Thus, again this increesed potaseium
concentration in Locke 4id not alter the time renuired for ouabain cardiac
standstill,

When tre notassium concemtration in Locke was increased by only ten ner
cent ‘6.15 mIg./l.) with added ou=bain, cardiac arrest ensued in an averare
of 13 i1.55 minutes. This was significantly shorter then the average in
normal Locke control exnerimrents. evertrneless, when only a five per cent
incresse in potassium concentration (5.88 mEq./1.) was added with ouabain,
the time recuired for arrest in a sinzle neart observed, was not signifi-
cantly different from the control. It is therefore clear that incressine
the potassium conecsr-tration in Locke by only ten per cent, paradoxically
accelerated the onset of cardiac arrest induced by ouabein.

It can also be seen from Figure 8 that on décreasing~ the potassiﬁm con-
centrations to 2.30, 1.40 and zero nEn./l. respectivelv, the average durations
of perfusions to cardiac arrest with ouazbain were 10.67 10.54, 13.00 11.08 and
14.00 %1.46 minutes, resrectively. It had previouszly been shown, that with
reduction of tne votassiurm in Locke solution to 2.8 and 1.4 mEg./l., perfusion
of rabhbite' hearts could he continued without any apvarent deleterious effects
for at least one hour (Korol, 1956). In comparison with ousbain-normwal Locke
controls, thesz latter reriods of arrest t'.erefore amppear to be significantly
shortened. This would indicate th=t decreasin~ the pctassium tc th-ge latter
levels, enhances the toxlcity of cuabain. iowever, when tihe heart was per-
frused with zero mEq./l. o7 notzssium withoul ouabain, the standstill was
induced on an averace of 12.32 ¥2,0% minutea. Thus, from results obtained
in the notassium-free exn:rim-ntas, one cannot conclude that thie comnlets
lack of potrseiun enharced disitaliz toxicity.

The dota concernine recovery of +the ouabain arrested

hearts are also shown.-in Table V. It is evident +that with
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excese potassium (16.8 and 11.2 mEq./1.) there is rapid and sustained
recovery, when the perfusing fluid was changed to normal Locke, in both
rabbits and cate. With ten per cent excess potassium, recovery ensued
after an interval of 12 to 16 minutes. Curiously enough with reduced
potassium concentrations (2.8 to zero mEq./l.)'recovery in the rabbit
experiments were quite delayed, and could not be achieved in the cat.

gbz Effects of Increased Potasssium Concentratlons on Coronary Flow and

Heart Action.

As can be seen from Figure 9, when a high potassium (16.8 mEq./1.)
was employed, there was & rapid, almost immediete decrease in coronary
flow and associated depression of the heert contractions. These effects
continued for the duration of the perfusion, which'was stopped after 18
minutes (F). The electrical changes recorded concomitantly, show rapid
onset of - ventricular fibrillation (C), followed by sustained fine
fibrillatory changes (D and E), culminating in electrical silence (F).

Figure 9 also shows that when the perfusing fluid was changed to
nomasal Locke, there was a prompt initiation of electrical ventricular
activity (@), followed by strong ventricular contractions, as shown, and
associated with a relative increased coronary flow (G). As the perfusion
continmued, there was a period of total cardiac irregularities, shown
both on the kymographic and electrical records at H to L. Finally, there
was & slow (60 beats per minute) sinus rhytm (M). Concomitantly, with
these changes, there was sustained good coronary dilatation, as shown.

In Figure 10 is shown an example of the responses observed in a cat's



Figure 9, Isolated rabbit heart. Perfusion with Locke solution containing
16.8 mEq./1. potassium and 7.5v /ml, ouabain. See legend of Fipure 2.

Upper and Lower Record: At first arrow (Start Ouab, 7.5y /ml, + 16.8 mEq./1.
K'; the perfusing fluid was changed from normal Locke to Locke containing
added ouabain and 3 times potassium concentration. At second arrow,(end,
Normal Locke) the ouabain perfusion was changed to normal Locke.
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Figure 10. TIsolated cat heart. Perfusion with Locke solution containing
11.2 mEq./l. potassium and 7.5 y/ml. ouabain., See legend of Figure 2.

Upper and Lower Records: At first arrow (Start Ouab. 7.5 y/ml. + 11.2 mEq./
1. K*) the perfusing fluid was chenged from normal Locke to Locke containing
added ouabain and 2 times potessium concentration. At second arrow (end,
normal Locke) the ousbain perfusion was changed to normal Locke.
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Figure 1l. Isoclated rabbit heart. Perfusion with Locke solution containing
6.16 mEq./l. potaseium and 7.5 y/ml. ouabain. See legend of Figure 2.

Upper and Lower Record: At first arrow (Stert Ouab. 7.5 y/ml. + 6.16 mEq./
l. K¥) the perfusing fluid wes changed from normasl Locke to Locke containing
added ouabein and a ten per cent inecrease in potassium. At second arrow

(end, Normal Locke) the ousbain perfusion was changed to normal Locke.
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heart experiment in which the potassium concentration in the perfusing fluid

[y

wes high (11.2 mEq./1.). As cen be seen, there was a prompt and sustained
decrease in';orbnarj flow, associated with a more slowly progressive depression
of the heart cdntractions, culminating in complete arrest (B to I).

There was ﬁo evidence of any gross irregularities of the heart, but the
concomitant electrical records showed flattening of the P waves and brady-
cardia (B), followed by rapid complete disorganization in the QRS complex
and 5-T distortion (C to @)« Finally, there was complete electrical arrest
(H and I).

Again, when the ouabain was discontinued snd the perfusion fluid changed
t§ normal Locke (I), there was a sudden restoration of strong but slow
irregular ventricular contractions (J), followed by irregular tachycardia
(M to P) and culminating in regular heart contractions (R). The associated
electrograma also show the sudden onset of ventricular activity (J). Again
during restoration of the heart there was a good associated coronary dila-
tation.

Figure 11 shows results of an experiment in which the potassium concen-
tration in the perfusing fluid was increased by only ten per cent, i.e. to
6.16 mEq./1. As cen be seen, the initial coronary constriction was of shorter
(duration than in the control experiment (Fiszure 5,'ouabain in normal Locke),
and the subsequent dilatation more marked. In general, the changes in the
'heart contractions were only quantitatively different in the two groups.

Thus, sinus tachycardia developed more rapidly (B), and there was throughout,
less evidence of multifocal ectopic beats (C and D). The electrocardiogram

(6) showed a flattening of the P waves, and typical ST-T changes, characteristic
of hyperpotassemia. However, as previously pointed out, cardisc standstill
occurred more rapidly than in the control, and as can be seen when the perfusion
fluid was changed 4o normal Locke, recovery from ouabain was more delayed (12

to 16 minutes) than in the controls (4 to 8 minutes). The electrograms also




- 6% =
show initiation of auricular activity with sporadic ventricular activity (I),
and gradual restoration to normal sinus rhythm (K).

In one experiment, nerfusing the heart similarly with only a five ver
cent excess of potassium, i.e. 5.88 mEq./l., with added ouesbain, led to no
significant difference from the effect observed in the control. |

In comparison with the coronary flow and heart contraction chenges induced
by the same concentration of ouabain (7.5 Y/ﬁl.), when perfused in normal
Locke solution (Firures %3 and 7), it is apparent that in the vresence of
excessive potessium (11.2 to 16.8 mEq./1.) ousbain perfusion leads to (1)
more marked prolonged coronary constriction with no evidence of coronary
dilatation, (2) no‘multifocal ectopic béats, and (3) no stimuletion of heart
contractions. However, in the presence or absence of ouabain in the perfusing
fluids with excees potassium, there occurred an initial and susteined sinus
bradycardis but this developed much more rapidly in the hearts perfused with
ouzbain. This mi~ht indicate that the observed digitalis bradycerdia, under
these conditions, is due to the increased potassium intake. Mgre will be

said about this later.

' with normal Locke perfusion,

On the other hand, during the "recovery phase'
after the heart was previously ouabainized in the vresence of excess potassium,
the recovery is characterized by a rapid onset of ventricular activity and
stimuletion with multifocal ectopic beets rather suggesting the usual type of
ouabain action, although the drus had previously been discontinued. This
mirht indicate some ehange in ouabain fixétion in the presence of excess
potassium. In addition, when the potassium concentration is only slightly
increased to 6.16 mEq./l. or ten per cent above that of normal Locke, the
initial bradycardia is not clearly seen, and tachycardias also develops more
rapidly. This micht artain indicate more rapid fixations of the glycoside-
with the higher potassium concentration.

The toxicity of the digitalis is also clearly accentuated under these




- 64 -
conditions. It is therefore cleﬁr that excess potassium_(gggﬁgg) does not
counteract or inhibit the toxic action of digitalis, although the occurrence
of multifocal. ectopic beats is definitely lessened. Why this is so, is not
clear.

(c) Effects of Becreased Potassium Concentrations on Coronery Flow and
Heart Action.

Figures 12, 13 and 14 show some typical examples of the responses observed
when the potassium concentration in the ouabain perfused Locke solution was
decreased. As can be seen from Figure 12, when the potassium concentration
was reduced to P25 per cent of the normal, the initisl coronary constriction
and sinus bradycardia are generally reduced, while the latter coronary
dilatetion and techycardia are greatly increased. There were associated
ventricular tachycardia and multifocal ectopic beats, and finally cardise
arrest. As already pointed out, with reduced concentrations of potassium,
cardiec standstill developed earlier than during similar ouabein perfusion
inbnormal Locke solution.

During the recovery, as shown at P (Normal Locke), egain there is a
greater delay (eight minutes) in the initiation of electrical ventricular
action (Q), although no visible changes were seen in the kymographic record
(Q)» After a further eight minutes, relatively normal auriculer and ventri-
cular action ensued (R), and finally a sinus bradycardis with curiously
widened complexes. The coronary flow concomitantly wad decreased, and the
existing slow flow over a prolonged period of time (24 minutes) at 3 might
be responsible for these T wave changes. It should also be added, that
when the rabbit heart is perfused with either 50 per cent or 25 per cent
of the normallpotassium concentration in Locke solution, relatively normal
heart action can be maintained for at least 60 minutes (Korol, 1956).

Figures 13 and 14 show examples of the responses observed when either



Locke solution containing
only 1.8 mEq./1. potassium and 7.5 y/ml. ousbain. See legend of Figure 2.
Upper and Lower Record: At first arrow (Start, Ouab. 7.5 y/ml. + 1.8 mEq./l.

Perfusion with

RN : : : ¥
K¥) the perfusing fluid was changed from normal Locke to Locke containing
ouabain and a reduced amount of potassium (1.8 mEq./l.). At second arrow
(end, Normal Locke) the modified ouabain salution was changed to normal Locks.
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Figure 13, Isolated Rabbit Heart. Perfusion with potassium-free Locke solution

with added ousbain (7.58 vy/ml.). See legend of Figure 2.

Upper and Lowsr Record: At first arrow (Start, Ousb. 7.5 y/ml. + 0.0 mEq./1.
K¥) the perfusion fluid was changed from normal Locke to Locke solution con-
Normal Locke) the

- . . 3 . Iy 1 'd
taining ouabain and no potassium. At the second arrow (end,
modified ouabain solution was chenred to normel Locke.




Figure 14. Tsolateéd reat L heart. Perfusion with potessium-free Locke
solution with added ouabain (7.58 v/ml.). See legend of Figure 2. _
Upper and Lower Record: At first arrow (Start, Cuab. 7.5 y/mle + @a0
mEq./l. K*) the perfusion fluid was changed from normal Locke to Locke
solutation containing ouabain and no potassium. At second arrow (end,
Normal Locke) the modified ouabain solution wes changed to normal Locke.
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the cat's heart (Figure 14) or the rabbit's heart (Firure 13) is perfused
with ouebain in potassium-free Locke solution. In both insfances, it is
evident that there was only a brief initial coronary constriction followed
by intense coron-ry dilatation, associated with increasing degrees of
cardiac stimul-tion—ventricular extrasystoles and tachycardia and finall&
ventricular fibrillation (Fisure 13 K end Figure 14 L).

When the perfusing fluid was then changed to normal Locke, in the case
of the cat's heart (Figure 1#), there was no evidence of restitution of
heart activity (P to R),'although the coronary flow decreased to the normal
rate. On the oth2r hand, in the case of the rabbit's heart, (Figure 13},
followins an initial delay (eight minutes), there was a restoration of the
P-waves (N) and finally a shifting sinus pacemeker (O).

In comparison with the chnanges observed when ouebain is perfused in
normal Locke's solution, it would appear that, in the presence of a decreased
potassium concentration {a) there is less of the initial bradycerdia and
associated coron'ry constriction, (b) the subsequent coronary dilatation
ig greatly enhanced, and (c¢) recovery of the heart by perfusion with normal
Locke solution, occurred more slowly in the rabbit's heart, and could not
be achieved in the cat's heart.

These findings combined with the fact that the rapidity of the develop-
ment of cardiac standstill is increased, would rather suggest that decreasing
the potassium concentration in the perfusing fluid, enchances the cardiac
effects and toxicity of ouabain under these conditions. However, in the case
or the potassium-free experimenﬁs, no definite conclusions can be!drawn,
gince, as already pointed out, perfusion with potassium-free Lock;'s with-

out ouabain, leads to ventricular fibrillation in an average of /13 minutes

- At
(three exveriments).

(d) Effects on Cardiec Potassium Balance.

Averare chanres in coronary flow and potassium movement during ouabain
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perfusion in the presence of increased or decreased potassium concentrations

are illustrated in Figures 15 to 19 and the data summarized in Tables VI and
VII. In most instances, the corresponding changes induced by the altered
votassium concentrations (without ouabain) are also indicated.

Ficure 15 shows that in the vresence of an excessive concentration

(16.8 m3q./1.) of potassium, there is an immediate increased uptake of
potassium concomitant with a decreased coronary fléw, in botha the "ouabain®
and "control' exveriments. It would appear that there is a less marked
upteke in the presence of ouabain (upper graph) ag compared with the coatrol
(lower gravh). However, due to the rapid chenges involved, leading to
cardiac arrest within three to four minutes, coupled with the fact that

only three experiments were done in each case, the exact signif&cance of
this ie not clear.

When the perfusing fluid was then chanzed to normel Locke solution in
the ounebain arrested reart, there was a rapid coronary dilatation associated
with a net gain of votassium. In the control experiment, however, there was
only a sli~nt increase in thr coroncry flow and no net differencs in
potassium balance occurred.

In Firure 16, one sees the results of similar expveriments in which the
potassium concentration employed was 11.2 mEa./l., i.e. twice the normal
potassivm in Locke solution. It is clear thet in the presence of ouabain
(upver record), there is an initial net uptake of potassium associated
with a marked and sustained decrease in coronary flow during the Tirst six
minutes of perfusion. Althouch the coronary constriction persisted, there
was a subsecguent sli nt net loss of potassium until arrest onsued. It is
to be noted trat this net loss of potassium occurred despite the hish con-
centration in the perfusine fluid. In the absence of the ouabain (lower

record), there was a ranid ecuilibrium of the potassium exchange but this




Pota.ss:.um.
. Potassium Concentration (mEq./1.)
(;iﬁf) 16.8 | 16.8 |11.2 |[11.2 | 6.16 [6.16 | 2.80 | 1.40 | 0.00 [0.00
Ouab. | Cont. | Ouab. | Cont.| Ouab. |Cont.| Ouab,| Ouab.{ Ouab. |Cont.

Control :

(ml/min} 22.4 | 19.6 | 19.0 }15.2 | 13.8 |14.6 | 15.6 | 16.9 | 13.6 |17.0
1| -s.68]-10.95] o] - Lasisr| - | -6.00] -3.57 .03 +0.60
2 | -0.87|-13.05| -9.30| - - - | -1.87] -2.40 +2.20] +2,83
3 | -8.89l-12.95| 9.07| - | - | - | +0.99 +4.6q +u.76| +2.70
I -10.36 -8,83| ~1.40] +3.53| 0.00] +2,13 +4.971 +8.28] +3.20
5 1-10.97 =8.55| = | *he67| - | +7.13 +7.7qQ +12.37| +4.80
6 -8.87| = | *5.43| - | +8.53+10.0q +15.00 [+11.80
7 =9.00} - | *6.93] =~ |+11.43 +14.3q +17.80 [+20,10
8 9.18| -1.10| +7.57| +0.95| +11.97] +16.91 +19.70 |+26.20
9 862 - | M3T| - 41579 418.2; +21,.28 |+26.50
10 -8.501 = | *7.87] - |+15.50 +16.03 +27.90[+21.90
11 -8,83 - 1+10,60 - +15‘,57 +13<3.53 +27.87 |+22.10
12 -9.35{ -2.85/+10.55{ -~ +18.53 +27.34 {+24.10
13 -9.87| -~ |+11.20] - +18,67 +24.93 |+24.10
14 ~7.65 - }+10.,30 - +24,.73
15 -6.95| - - +28,70
16 =455 +0.75
20 ~5.60 -

2 -6.35 +0.60

32 ~7.25 +0.70
40 -8.60 ~0.30
Lh -8.75 -

48 ~9.15 +0, 30
52 -8,.30

o | P PP
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TABLE VIT

Mean Calculated Differences (Microequivalent per 10 sec. Betweey Potassium
Tnflow and Potassium Outflow During Perfusion with Ouabain (7.5 ¥ /ml,)

Varying Concentrations of Potassium,

Potassium Concentration (mEq./l.)
Time 16.8 [16.8 [ 11.2 |11.2 | 6.16 | €.16 |2.80 | 1.40 | Q.00 Q.00
(min.) | Ouab. | Cont. | Ouab. | Cont. | Ouab.| Cont. | Ouab.| Ouab. | Ouab. | Cont.
Control | -0.17 | +0.58| +0.13 | =0,22 | -0,08| ~0.04 | =0.39] =0.01 | -0.05 | +0.15
(ml/min)
1| +8.07 18,36 - - | = - |-3.6] - | - |-4.26
2 +2,49 1 +3.92] +1.,20 - +1,11 - - -1.99 | -1.68 | -1.51
3 +l;l5 - - - - - -2.78 - - -
L +1,29 | +0,74 | =<0.57 | +2,28{ 0,00 - 1,93} ~L.64 | =0.88
6 +1.,58] +0.38 - +1.48 - ~1.67 —0;96 -0.,52 | -0.98
8 -0.20 - 1okl =0.17 ] -1.78] -1.35| ~0.76 | =0.15
10 -0.13 - -1.27 - ~1.17} -0.88 | =0.77 | -0.19
12 0,23 +0,38 | =1.46 - -2.,08| =0.04 | =0.,20 | -1.00
14 -0.09 - -2.09 - ~0.60 | =0.20
16 - -1.53| -0.08 +0,02
20 +0.13 -
24 - <0.11
28 -0,19 -
32 - -0.15
36 -0.07 -
40 - -0.13
Ll +0,01 -
48 - -0.19
52 ~0.22 -
pz; ol IR U I 6 2 3 2 3 3 6 | 3

Cont. = Perfusion with varying potassium without added ouabain.
Ouab, = Added ouabain,
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was associzted with a slowly progressive coronary constiriction, in contrast
to the ouabain exveriment (uoper record).

When the verfusin~ fluid was then changed to normal Locke, there was
again a marxed and sustained coronary dilatation, associated with a lesser
loss of potescium, with restoration almost to equilibrium.

The notassium chonres, associzted with ouabain are strikingly seen in
Figure 17, when the potassium conceutration was only slightly increased
(ten ver cent) to €.16 mEq./l. As can be seen, during the ouabain perfusion
(upper record) there was & net unteke of notassium for six minutes, followed
by 2 wmarked sustained net loss, until cardiac arrest ensued. There wes an
associated initial coronary con-triction (three minutes) followed by
vrogressively increasin- coronary dilatation until cardiac standstill
develoved. Whereuvon chznsins the perfusing fluid to normel Locke solution
led to a slow propressive nosltive potassium balance with some striking
fluctuations, asg shown in the figure. These latter chances were associated
with coron~ry constriction. In the comparative control experimentc (lower
record), these chantes in potassium movement and coronary flow were both
almost neglegible.

It apvears from the above observations that ouabain in the nresence of
an increased potazssium concentration leads to an exaggerated coronary con-
striction, associated with a rapid initial increase in net upteke of pctassium,

followed in general, by a nzt loss despite the hirh extracellular potassium

congentrations. Conversely, during recovery of the ouabainized heert

under these conditions, there is a marked coronery dilatation, associated
with a net increased potassium uptake. These findings would again indicate
that under the influence of ouabain, there is a close correlation between
the changes in potassium moverent and those occurring in the coronary

vascular bed.
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Figure 18 shows concomitant changes in potassium movement and coronary
flow during perfusion with ouabain and Locke solution containing 50 per cent
of the normal potassium or 2.8 mEq./l. (above) and Locke solution containiug
25 per cent of normal potassium or 1.4 mEg./l. (below). As can be seen in
both grours, there was a sustzined"net loss"of potassium associated with a
brief initial coronary constriction followed by sustained coronary dilatation.
These changes continued until cardisc standstill.

When the nerfusion fluids were chenced to normal Locke solution without
ouabain, in both instances, again there was a rapid decrease in corsonary
flow associrted with a vositive potagsium balance in the heart.

gure 19, one sees again, during perfusion with ouabain

=

Finally, in Fi
in potassium-free Locke (upper record), there is a brief initial coronary
constriction followed by progressive and intense coronary dilatetion.
Throughout the experiment, also, there was a moderate negative potsasium
balence, resching a waximum of minus 1.68 yY-equivalents ver ten soconds,
followed by progressive restoration to equilibrium. When the perfusing
fluid wes then chanced to nommel Locke (without ousbain) again one sees the
sharp increase in potassium balance, associated with a decreased coronary
flow prior to restoration to the initial equilibrium.

The lower section of the figure demonstrates that in the absence of
ouabain, rather similar chanres in potassium movement and coronary flow
were obtained. Yoreover, there was no significent difference in the duration
of perfusion leadins to cerdiac arrest in the two series of experiments.

It would apnear therefore, that in the presence of decreased potassium
in the rerfusine~ fluid, ouabain produces relatively less initial coronary
constriction but greater subsequent coronary dilatation, and concomitantly
no evidence of the usual initial upteke of potassium, but rather e conti-

nuous and susteined net loss.
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In Fisure 20 are graphically summerized the relative chanres in
coronary flow during nerfusions with Locke solution containing different
" . potassium concentrations ranging from 16.8 mEq./l. (three times normal)
t0 zero potassium (potassium-free). It is clear froﬁ this comparison that
in the presence of ouzbain, hich concentrations of potassium in the per-
fusing fluid lead to oaly a coronary constriction, while with normal Locke
(N.L. 546 mEa./1.) there is an initial transient constriction followed by
diletation. Finally, with prowressively lower concentrations of potassium,
the duration of the initial constriqtion wves reduced, and subsecuent
coronary dilatation enhanced. These findinzs apgain demonstrate a close
rolztionshiv between the effects of ouabain upon coronary flow and potassium
equilibrium in the heart.

(e) Summary snd Conclusions.

In the isolated rabbit and cat heart perfused with a fixed concentration
(7.5 yv/ml.) of ouzbairn, it was observed:
1. Taat, durins verfusion with excessive potassium (16.8 mEq./1.)
in Locke, there is no significant differehce between the average times
required to lead to cardiac arrest, as compared with similar "control®

experiments without ouabain. In both groups of experiments there was a

rapid and sustained coronary constriction essociated with 2 net uptske of
potassium, but no coronary dilatation. Rapid ventricular fibrillation
ensued in both grouns.

2. Thet, with twice the normal votassium concentration (11.2 mEq./l.) added
to Locke, the average veriod for cardiac arrest was 15.17 13,05 minutes,
while in similar experiments without ouabain, the neart continued to heat
reletively well, for at least 60 minutes of observation. During perfusions
with ouzbain (7.5 y/ml.) in norral Locke, cardiac standstill occurred in

17.56 i0.65 minutes.
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3. That, during perfusion with twice normal potassium (11.2 mEq./l.), there
is a prompt and sustained coron-ry constriction associated with initial
marked increase in "net uptake" of potassium, followed by a slight "net

loss". In the controls (without ousbain) there was a more graduasl coronary

constriction associ-ted with little change in potassium equilibrium.

4. Thet, during perfusion with ten per cent excess potassium (6.16 mEq./1.)
the toxicity of ousbain was ennanced, as judged by the average time required
for cardiac arrsst (13.0 *1.53% minutes), and as compared with that required
when normal Locle was the perfusion fluid (17.56 %0.63 minutes). There was
2 brief coronary constriction followed by marked and sustained dilatation,
and associated with an average "net uptake" of potassium, followed by =

"net loss".

5« That, with all concentrations of potassium above thet in normal Locke,

there was a definite diminution in the tendency to the development of ventri-
cular ectoplc bheats, although there was no significant increase in the
verfusion times reouired for cardiac arrest.
6. That, with decreased potassium in the perfusing fluid, ouabain induced
relatively less initial coron=sry constriction followed by greater coronary
dilatation. Concomitantly, there was no evidence of the usual initial "net
uptalre® of potassium, but rather a continuous and sustained "net loss".
7+ That, .following cardiac arrest during perfusion with high potassium
(16.8 and 11.2 mEq./l.) normal Locke verfusion led to ranid recovery, that
is, initiation of ventricular activity associated with striking coronery
dilatation. 'Conversely, after orevious cardiac arrest with decreased
potassium, recovery with normal Locke was definitely more delayed in the
rabbit and absent in ths cat.

It is therefore concluded that:

(a) Excess potassium in the perfusing fluid can antagonize cardiac
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irregularties induced by ouabain, but no mutual antagoniem appears to exist
between the two =2gents in respect to the onset of cardiac standstill.

(b) Decreased votassium, but not complete absence of potasgsium, aug-
mented cardiac irresgularities and enhanced cardiac standstill in comperison
with controls.

(¢) The findings substantiate the view that under the influence of
ouabain, there is sn increased uptake of potassium, which is responsible
for the initial coronary constriction, while th2 coronary dilatation appesrs

to depend upon the concomitant potassium loss.
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ITTI. OBSHRVATIC.® (X T4% EFFECTS OF VAXYINC CONCEMNTRATIONS CF CALCIUY IXN

TLE PERFUSING FLUID UPOX THE RESPCISES (COROIVARY FLOW, HEART ACTION AND

ELECTROLYTE MOVEMENTI) TO QUABAIII.

(a) Effects Upon Ouyabain Toxicity and Recovery.

In all exoeriments in this series, a fixed concentration (7.5 y/ml.) of
ousbain was again employed. Fisure 21 and Table VIII show comparisons of the
average durations of perfusion reguired to reach cardiac standstill (mechanical
arrest), when the hearts of rabbits were perfused with this concentration of
ouzbain in Locke solution. In these experiments, the calcium concentration
was either increased (as high as 16.8 mEq./1.) or decreased (to zero). The
figure and table also show the findings in a similar group of experiments
from which both the calcium and potascium were removed from the porfusing
fluid. Three hearts were studied in each group in which the altered Locke
solution was verfused.

These data show clearly that there is no significant difference between
the toxicity of ousbain (7.5 v/ml.), whether verfused (a) in normal Locke
{(#.L.),or (b) in calcium-free Locke, or (c¢) in Locke containing four times
the normal calcium, i.e. 16.8 mEq./l., or (d) in both calcium~-free and
potassium~free Locke. It 1s therefore evident that even wide changes
in the calcium concentration in the nerfusing fluid, do not significantly
potentiate or antaronize digitalie toxicity.

In regard to the question of recovery, when the perfusingz fluid was
changed to normal Locke (without ouabain) following cardiac arrest, as can
be seen in Table VIII, there uere however some differences noted. Thus, in

the absence of calcium during the ouabain verfusion, changing to normal

Locke led to restoration of regular auricular activity after a period of
36 minutes in one exreriment, but there was no evidence of ventricular

restoration during a subsequent 15 minutes of perfusion, when the exveriment




TABLE VITI

Observed Effects Durin~ Perfusion with Ouabain (7.5 vy/ml.) in
Jaryine Concentrations of Calcium,

Concentration Cardisc Arrest

(mEq./1.) (min.) Recovery* with Normal Locke
0 cett : 14 ITo Recovery (auricular beat after 36 min.)
|
0 ca™* 14 Mo Recovery (54 min.)
0 catt Yo Recovery (30 min.)

16
Avg. 1L.67 %0.22

16.8 ca*t 12 Recovery in 16 min.

16.6 ca*™* 15 Recovery in 12 min.

16.8 ca** 17 Recovery in 12 min.
Avr. 15,00 %1.53

0 Ca**, 0 1+ 17 No Recovery (53 min.)

0 ca*t, 0 x* 18 iio Recovery (16 min.)

0 ca*t, o x*t 12 Atypical coronary flow, no attempted
Ave. 18067 i1.84 recovery.

* The term "Recovery" means 'initiation of vieible ventricular improved

contractions®.
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was terminated (see Figure 23, below). In addition with the two other
hearts in this group, as well as those in the group in which both calcium
and potassium were omitted from the ouabain perfusion fluid, there was no
evidence whatsoever of recovery under normal Locke, even after continuing
perfusion for as long as 50 = 60 minutes.

Cn the other hand, following perfusion with ouabain in Locke with

excess calcium, recovery of the hearts in 12 to 16 minutes occurrod when
the perfusine fluid was cﬁanged to normal Locke. It has been previously
shown (Mazurkiewicz, 1955) that following similar perfusions of isolated
rabbit hearts with both calcium-free Locke or excess calcium for 30 - 50
minutes, that changing the perfusing fluid to normel Locke led to rapid
restoration of the heart. Since, as previously pointed out (Section II),
recovery also occurred in all experiments in which the rabbit heart was
perfused with ouabain containing either hich or low potassium concentra-
tions, it is clear that digitelization of the heart in the absence of
calcium leads to an irreversihle type of toxicity.

Typical examples of the records obtained in the above exveriments are
ghown in Figures 22 and 23. As can be sgeen from Figure 22, during ouabeain
perfusion in a hish calcium concentration (16.8 mEq./1.), there is the
usual initial éoronary constriction (lasting for eight minutes) followed
by coronary dilatation, continuing until cardiac standstill. Concomitantly
the heart contractions were nrogressively stimulated with the developuent
of gross irregularities and tachycardia, followed by standatill (L and M).
The associated electrograms show the usual initial sinus bradycardia, with
disapvearance of P-waves and ST-T changes (D), followed by ventricular
techycardia (E to G) with multifocal ectopic beats (H and I). It ie to be

noted thet in these experiments, there were freguent intervals of transient

fibrillation before final cardisc arrest (I and J).
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Figure 22, Isolated rabbit heart. Perfusion with Locke solution containing
16.8 mEq./1. calcium and 7.5 y/ml. ouabain. See legend of Figure 2.

Upper and Lower Record: At first arrow (Start, Cuab. 7.5 v/ml. + 16.8 mEq./l.
Ca*t) the perfusing fluid was changed from normal Locke to Locke conteining
added ouabain plus excese ecalcium . At the second arrow (end, normal Locke)
the ouabein perfusion was changed to normal Locke.
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Figure 25, Isgolated rabbit heart. Perfusion with calecium-free Locke with
edded ousbain (7.5 v/ml.). See legend of Figure 2.

Upper and Lower Record: At first arrow (Start, Ouab. 7.5 y/ml. + 0.00 mEq./1.
Ca™*) the perfusing fluid wee changed from normal Locke to calcium-free Locke
end ousbain. At second arrow (CaClz, 25 mg.) an injection of 25 mg. of
calcium chloride wae administered. t third arrow (end, Normal Locke) the
ouabein perfusion wes changed to normal Locke.
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When the heart was subsequently perfused with normal Locke (Figure 22)

there was gradual development and intensification of ventricular fibrillation

(¥ and 0), followed by ventricular tachycardia (Q) and restoration to normul
sinus rhytha with slowing. Asscciated with this recovery, there was a
return of normal coronary flow.

In contrast (Firure 23), when the heart is perfused with ouabain in

calcium-free Locke, there wes again initial progressive coronary constriction

(six minutes) followed by progressive dilatation with caz@iac standstill.
However, associzted with tnese cnances, there was neither the initial sinus
bradycardia, nor the usual subsequent augmentation of the awplitude of the
heart contraction. The electrograms show disappearance of the P waves at
F, with progressive tachycardia and fibrillation (I to M). It should aleo
be notéd that an injection of a large dose of calcium chloride (25 mg.),
as chown on the record at ¥, led to no effect. Subsequent perfusion with
normal Locke resulted in the appearance of smell contractions at regular
intervals (either P waves or fesble ventricular contractions).

It would appear from these findings that in the oreéence of excess
calcium, ouabain leads to accentuated cardiac stimulation with increased
arrhythmias. The tendency to the development of ventriecular fibrillation
of a transitory tyve also occurrede On the other nand, in the presence of
decreased calcium, ouabain 1eadé to no significant sustained stimulation
of the heart but only curious preterminal arrhythmias and fibrillation.
However, under both conditions the effects were associated with the usual

brief coronary constriction followed by sustained coronary dilatation.

(b) Effects on Cardisc Potassium Balance.

The averaTe changes in potassium movement and coronary flow in the
above groups of exneriments are summarized in Tables IX and X, and the

correlated chanres in Figure 24, As is evident from the data under these




Concentrations of Calclum,

Locke with - | Locke with | Locke with
Time (min.) 16 gamEq°/l Gars ot
Control (ml./min.) 13.9 14,4 13;3
1 -3.60 -2.53 2,18
2 -3.00 o2l £,,12
3 _2.57 -5.87 +3,52
L 180 5.6 +20.68
5 -0.77 “4.19 +13.78
6 +l..70 -1.63 +16.23
7 +3.30 21,92 +18.29
8 +2.40 +1;79 +19.43
9 +5.97 +3.59 +18.89
10 +5.50 4,75 420,30
11 +5,07 +6.16 +20,65
12 +6.20 +6.83 +22.20
13 +h;77 +9,15 +22.00
14 +2.80 +3.56 +22.00
15 +2.55 +3.09 +22.00
16 +2.35 +22,00
No., Hearts per mean (3) (3) (2)




TAZLT X

lean Calculated Differences (Microsquivalents per Liter ver
10 gec.) 3etweern Potnscium Inflow and Potassium Cutflow

Jirins Perfusion with Quabain (7.5 y/ml.) in Vervinc Concen~
trationc of Calcivm,

-t

Loc?e uith Loce with Zero with
16.8 mE2q./1.)  Zero Zero Ce’* ang
Time (min.) Cca*t oot Zero K
Control (ml./min.) 0.00 -0,.12 -0.11
1 +0.38 +0.54 -1.82
3 +0.28 +0.24 ~1.42
5 ~0.25 . 40.06 -1.13
7 -1.35 —0.5 ~0.58
a -1.7% -1.19 -0, 4G
11 ~1.9% -2.78 -0.6%
1z -2.1% -2,38 -0,80
1= ~1.80 -2.08 -0.5€
0. Zearts ner Iean. 2 2 1
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Fizure 25. See legends of Figure 6 and T.
Granh: Ouabain - 7.5 v/ml. added tc calcium-free, potas:ium-free Locke.
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conditions, that is, with hich and low calcium perfusions, ouabain induced
the usual initial coronary constriction followed by coronary dilatation and
concomitantly, a net gain of potassium followed by a net loss. Following
arrest, perfusion with normal Locke again induced rapid decrease in coronary
flow and a relative increased potassium uptake in both types of experiments.
It is therefore obvious that these coronary and potassium changes induced by
ouabain are not dependent on the vresence or absence of calcium in the
perfusing fluid.

Figure 25 chows a typical example of the effect of ouabain during per-
fusion with Locke solution from which both the calcium and potassium were
omitted., It is sgain evident that after removal of both of these ions,
there is a marked sustained coronary dilatation associated with a sustained
negative potassium balance. 3o0th of these effects were reversed, on per-
fusion with normal Locke during 2 period of eight minutes, although there
was no evidence of subsecuent recovery of either auricular or ventricular
contractions as previously stated.

(¢) Summary and Conclusions.

"In the isolated rabbit heart, perfused with a fixed concen-
tration (7.5 v/ml.) of ouabain; it was observed:

1, That,during perfusion with either increased (16.8 mEq./1.)
or decreased (zero) calcium, there was no siznificant difference between
the average times required to lead 1o cardiac arrest.
2+ That, perfueion with normal Locke led to recovery and resuscitation of
the hearts, when previously arrested by ouesbain in excess calcium; but,
that no recovery ensued aftor.similar arrest by ouabain in calcium-free or
calcium-potagsium~-free Locke.

3. That, in the presence of excess calcium, accentuated cardiac stimulstion
and arrhythmias ensued, and conversely, in zero calcium, there was no

sustained stimulotion but only a short period of preterwinal arrhythmias.
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ﬂ; That, durins perfusion with either increased calcium or calcium-free
golutions, there was no significant deviation from the usually observed
ouabain effects on coronary flow or potassium balance.
. It is therefore concluded that:

(a) The onset of ouabain cardiac standstill is not influenced by
elther calcium concentration per se, or by the calcium-potassium ratio
in the perfusing fluid, although the appearance of arrhythmias was clearly
modified by tne presence or absence of calcium.

(b) With excess calecium, there was normal recovery of the heart but
in the absence of calcium, ouabain toxicity was irreversible, suggesting
elther an enhenced fixation or retention of the glycosides in the absence
of calcium.

(¢) The effects of ouabain on the coronary flow and on the cardiac

potassium equilibrium are not devendent on calcium.
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IV. CBSERVATIONS O THZ EFFECTS OF OTHER TYPES OF IONIC ALTERATICHNS

(MAGHESIUY, LACTATE A'D SODIU:) OF THE PERFUSING FLUID UPON THE CARDIAG

RESPOWSES TO OUABAIY,

(a) Effects of Added Magnesium.

In the first series of exneriments, a comparison was made of the cardiac
responses to relatively low concentrations of magnesium chloride (ranginv
from 0.009 to 0.364 mg. magnesium per ml. of Locke solution) perfused in
four different groups of exveriments. The average (five experiments) per
cent changee in the recorded heirhts of amplitude of contractions, heart
rates (per minute) and mean coronary inflow (ml. per minute), as were
observed after five minutes of perfusion of isolated rabbit hnearts with sach
of these solutions, are granhically shown in Figure 26.

Ag can be readily seen, with increasinc concentrations of magnesium,

there were increasing dezrees of coronary diletation. The observed changes

in both the awpnlitude of contraction and the heart rate were not striking,
although there ves a definite trend towards increasing degrees of deprescion
of contractions.

In order to determine the significance of the above resnonses, parti~
cularly those in emplitude and heart rate, the deta from the different
groups heve been summarized and statistically analysed (Table XI). As can

be seen from the table, neither the changes in amplitude nor those in heart

rate were significant at the C.05 level. On the other hand, the observed
gtrikine chan~es in coronary Flow were hichly significant.

It snould be added that in all of these experiments, coronary dilatation
occurred nromptly after the vnerfusion fluid was changed from normal Locke
solution to the masnesium-containing Locke, and this continued as long as
the maznesiur perfusion wes maintained. However, devression in heart action

developed more slowly, and the five minute observation period was arbitrarily
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TABLE XI

Average Percent Changes after 5 Minutes Perfusion with

Locke Solution Containing Added Magnesium.

Mg, conc,
mg./ml. 0.009 0.095 0.182 0.364
Coronary Flow -10.06* 25.60 56,70 139.90
(ml,/min.)
Amp%ituge 9.98 21.90 3.62 374
mm,
Heart Rate -7.78 ~7.30 -16,12 -24.,12
(per min.)
* Five hearts were used in each case,
Analysis of Variance.
Source of Mean Variance
Variation Squares Ratio
Coronary Flow | Treatments 30487.70 11.28*
Individuals 2701,92
Amplitude Treatment 368,93 0.45
Individuals 823.85
Heart Rate Treatment 317.28 1,25
Individuals 257.87

Degrees of Freedom:
Distribution of F;

1955).

Treatment (3);
0.05 (3.24);

Individuals (16);

0,01 (5.29) (Snedecor
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chosen, as an adequate time to permit comparisonsunder stabilized conditions.

In Fisure 27 and Table XII are shown respectively, a graph and summaries
of comparisons between the time required for cardiac standstill during
ouabasin verfusions in 23 different experiments in which either, normal
Locke (N.L.); or Locke with added sodium lactate (Lact.); or added magnesium
(¥g.); or Locke solution from which either sodium (Na.) or dextrose (Dex.)
was omitted.

In reference to the effects of magnesium, it can be seen from the data
that in the vresence of added magnesium alone (0.36 mg./ml.), the heart
continued to beat for as long as the perfusion continued (approximately 60
minutes). On the other hand, under similar conditions, with added ouabain,
cardiac standstill developed within an average of 16.00 i}.éi minutes.

These latter figures were however, not statistically different from the time

reauired to cardiasc standstill with ouabain in normal Locke (17.5 i'0.65

minutes). These findings would suggest that magnesium in this concentration,
does not vrevent the cardiac toxicity of ouabain. Higher concentrations of
megnesium were not studied in this connection, since these in themselves
hastened depression of heart action.

In the magnesium experiments, during the recovery verfusion with normal
Locke, it wes observed that complete recovery ensued in five out of six
hearts arrested by the ouzbain-magnesium combination. The table (Table XII)
shows that there were some differences between the responsss in rabbits' and
cats! hearts, both in the onset of cardiac standstill and in recovery, but

not enouch exweriments have been performed to draw any definite conclusions

on this point.
A typicel example of the coronary flow and heart contraction cnances
observed in & ouabain-magnesium experiment on a rabbit heart is shown in

Figure 28. As can be seen, in the presence of the marnesium, there is no




Observed Effects During Perfusion with Ousbain (7.5 y/ml.) in

TABLE XII

Varying Concentrations of Magnesium, Sodium, Dextrose and

Lactate.
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Concentration Cardisc Arrest (min.) o s 3 L
- ecovery**yith Yormal Locke
(mz./ml.) Control Cuabhain y
0.35 Mgtt T.A. 9 8
0.36 Ngtt A 7 12
0.35 Myt - 13 28
0,36 Mgt+* - 12 8 min., maintained for 24 min.
followed by sudden fibrillation.
0.36 Lgttx* - 30 7o Recovery in 30 min.
0.36 Ygtt* - 25 Hassage induced recovery in 3 min.
Ave.16.0 ¥3.61 | vaintained for 26 min., followed by
sudden fibrillation.
0 ¥at 4 7 Immediate recovery in both experi-
, ments.
0 Na*t 7 5 Immediate recovery in both experi~
ments.
0 mat = { Tmmediate recovery
Avn©.5 €.34 0,21

0O Dextrose -

O Dextrose -

O Dextrose -

A

1 Lactate

1 Lactste -

10 Lactate® -
10 Lactate* -
10 Lactate -

10 Lactate -

. |
el e

12

16

Lk
Avg.14.0 11,15

12

q
4

bve.12.5
7
7

11

12
Ave.10.0 £ g4

Wo Recovery -~ fibrillation

for several

No Recovery observed after

minutes.

continued

50 min.

Partial Recovery of richt ventricis
after 32 min.

16
o2h

Do Recovery
"o Recovery
o Recovery

2o Recovery

after 22 min.
after 76 min.
after 20 min.

after 36 min.

The term "N.A." mesns 'no cardiac arrest'.

*

The isolzated cat heart was used in these exneriments.

** The term "Recovery" weans 'initiation of visible ventricular imvoroved

contractions'.




-+

/bway ',ul‘uu b

<+

W PE 1

oyl
9EL'0
+«+

BN
!

'q8nQ ‘qEng qEnQ EnQ

_ng

X
%0

%

0
#W

P IN

Time require
o -~

d for

cardiac
o o S

N

standst | (’rzin.)

I~

N a

d

A WA

« 101 -

ASUAN

A2 Tium oo

1

Jod

.—

Fi urs 27. CGrs h of aversce liwes Lo ecordize stondetil? follawisg rerfusions
with oot in vwryilas e raceatretiona of loctrte, wooanrliom,

dcrtrees., JuL. = noral Linciies Lact. = lactatsy ng¥t = wopnzsiumg dat

socdin g

Jov.e = destroass Cuab.
ner? i -

r']‘l:‘ﬁ‘ L] 1 K

Toe Louv.

oucbain, Teo& v/wl. which wn-

~Z1ed 1o

4
e




- 102 -

Perfusion with Locke solution containing

Fipure 28. Isolated rabbit heart.
0.36 mg./ml. of magnesium and added ouabain (7.5 y/ml.).

first arrow (Start, Ouab. 7.5 y/ml. + Mg.** 0.36 mg./ml.), the
cke containing 0,36
second arrow

Record: At
perfusing fluid was chenged from normal Locke to Lo
mg./ml. of megnesium and added ousbain (7.5 y/ml.). At the
(end, Normal Locke), perfusion solution was changed to normal Locke.
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initial coronary vasoconstriction but rather an immediate intense dilatation
which becomes less marked, althourh well sustained throughout the whole
duration of the verfusion. Concomitantly, there was also less marked
stimuletion in the amplitude of the heart contractions with only slight
bradycardia, and no srose irregularities until almost complete standstill,
The associated electrograms show the slight procressive sinus alowing (B - D),
associated with ST-T changes (C to E). As the effects continued, the vent-
ricular complexes anpear less and less frequent (F), and are completely
absent at G, with only irregular auricular activi%ﬁ seen. Ultimately,
complete arrest occurred at H and T.

During subsequent verfusion with normal Locke, the reverse changes
were observed on the electrorrams, with final restoration to sinus rhythm
(J to N), althourh the restoration of the megpanical contraction wes rather
poor.

Figure 29 demonstrates the typical chenses observed during ouabain-
magnesium perfusion in a cat's heart. As can be seen, there is sustained
coronery diletetion, associnted with slight initial slowing, followed by
some stimulstion and increassed heart rate. These changes were found less
marked then in the absence of magnesium, and there were clearly fewer
irregularities. At J one sees the rather characteristic sudden cessation
of heart action and again at 0, during the recovery period the characteristic
sudden restoration of heart function, as was generally observed in these
magnesium experiments.

It is also noteworthy that during the recovery period, there were some
irregularities observed (P and Q) and a sudden sustained ventricular
fibrillation (R).

In Figure 30 and TablesXIII and XIV, are compared the coronary flow

and potassium movements in this group of experiments. In both the control
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at heart. Perfusion with Locke solution containing

Figure 29. 1=
jum and added ousbain (7.5 ¥/ml.).

0
0.36 mg./ml. of ma

=
;]
o+
| @
o
m Q

Record: At first arrow (Start, Ouab. 7.5 y/ml. + Mg.**+ 0.36 mg/ml.)the
perfusing fluid was changed from normal Locke to Locke containing 0.36
mg./ml. of magnesium and added ouabain (7.5 y¥/ml.). At the second arrow
(end, Normal Locks), perfusion solution was changed to normal Locke.
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Mean Recorded Changes in Coronary Inflow Rate (ml./min.) during

Perfusion with Ouabain (7.5¥/ml.) in Varying Concentrations of

Magnesium, Sodium, Dextrose and Lactate.

Concentrations (mg./ml.) and Agents

(iiﬁ?) Ségé Ségé Lac%ate Lac%ate Laigate Ng+ Na* Dgx.
Quab.| Cont. | Ouab. | Cont. | Ouab. | Ouab. | Cont. Ouab,
Control 15.1 16.3 - - 15.3 11.0 24,09 | 24.2
(ml/min)
0.17 - - - - +7.65 - - -
0.5 - - - - +13.10 - - -
1 +38.05 - - - +5,65 | =4.80 | =17.95 | <11.97
2 +31.33 - -8.3 -0.8 +2.10 | =4.54 | -14.52 —9;92
A +25.71 | +26.44 | -3.5 +0.2 +3,40 | =5,68| =13.93| -b6.4L
6 +21,22 - +3.3 +O;3 +11,22 -4;99 -11,29 | +2.25
8 +17,12 | +21.28 | +4.8 -1.1 | +12.16 - - +8.57
10 +17.72 - +he3 - +12,43 +7.75
12 +19,03 | +17.58 | +0.4 -2.0 | +23.90 +9.77
14 +13.80 - - +10.56
16 +13.25 | +11.41 -1.7 +5,00
20 +9.32 -2.5
2L +8,25 -2.6
28 +9.,05 =32
32 +7.43
36 +7.55
4O +7.,81
LL +5.35
70 ~5.2
Dor joarts 6| 2 1| 1 5 31 2 | 3
Ouab. = ouabain; Cont. = Control; Dex. = Dextrose.
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TABLE XIV

Me Calc ed Differences (Microeguivalent per 10 sec Betwee

Potassium Inflow and Potassium Outflow During Perfusion with
Ouabain (7.5 §/ml.) in Varﬁni Concentrations of Magnesium,

Lactate, Sodium and Dextrose.

Concentrations ./ml.) and Agents
_ O'%é 0:30 10 0, o
Time Mg Mg Lactate Na Dextrose
| _(min.) | Ouabain Control Ouabain Ouabain | Ouabain
Control +0,02 ~0.10 -0.27 +0,56 +0.,30
(ml/min.)
0.17 - - =0.75 - -
0;5 - - -0.68 - -
1 +0.15 +0.13 -1.54 +0,32 -
2 - ~ -0.87 +0.23 +0.10
3 +0.27 - - +0.07 -
L - -0.06 -0.96 +0.35 +0,18
5 +0.60 - - +0.11 -
) - - =2.77 =0okds
8 -0.04 +0.24 -0.57 =0.29
10 +0,18 - +0,42 =0.55
12 =0,24 - -1.58
14 -0,06 - -2,56
16 +0,03 ~0.13 -1.60
2L +0.39
32 ~0.12
40 -0.12
L -1.33
96 -0.04
No, Hearts L 2 3 2 2
per Mean _
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(lower section) and ouvabain exveriment (upper section) there were no observed
changes in potassium equilibrium, associated with the marked increased

coronary flow.

(b) &ffect of Locke Solution from which Either Sodium Chloride or Dextrose

Hee Been Omjitted.

Figure 27 and Teble XII also contain date from the exveriments in which
the hesrt was verfused with ouabain in Locke solution from which oither
godiur,chloride or dextrose was omitted. The osmotic pressure of the sodium-
free Locke was maintained by the addition of sucrose. It is clear from the
findin~s, that cardisec standstill occurred equally rapidly in the controls
and in the ouabain experimsnts under both of these conditions. Table XII
show that the durations for standstill in the sodium-free sxperiments were
5.5 and 6.34 *0.21 minutes, respectively, while from the dextrose-free
exverinents verformed, the averzre was 14.0 *1.16 minutes. This latter does
not difier significantly from the average time (17.56 iQ.65 minutes) required
when normal Locke is used.

The letter also shows that immediste recovery ensued in the sodium-free
exnerimeats, when the verfusine solution was changed to normal Locke; while
in the dextrose-free, tnere was no recovery in two and only particl recovevry
in one instance.

Some examples of the records obtained in the sodium-iree experiments are
nresented in Figures %1 and 32. In bdothk instances, there is nrompt and sus-
tained coronary constriction, associated with brief myocardiasl stimulation
(tackyeardia) and orosc irrevularities, leadin~ to standstill. The records
also show, in both instances, vromnt restoration of heart contractions,
asgociat~d with: marked coron~ry dilatation, when the perfusion fluid was
changed to normal Locke.

The associzted elcctrosrams dewonstrate that during the ouszbain ver-

fusion (Fi~ure 31), there was an initial sinus bradycardia with prominent
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Figure 31. Isolated rabbit heart. Perfusion with sodium-free Locke with
added ouabain (7.5 y/ml.). See legend of Figure 2.

Upper and Lower Record: A+ first arrow (Start, Ouab. 7.5 y/ml. + 0.00 mEq./1.
Na¥) the perfusing fluid was changed from normal Locke to sodium-free Locke
end ouabain. At second arrow (end, Normal Locke) the ouabain perfusion wae
changed to normal Locke.
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Figure 32. Igolated rabbit heart. Perfusion with sodium-free Locks.

See legend of Figure 2.

Upper and Lower Record: At first arrow (8tart, Nt free Locke) the perfusing
fluid was chanpged from normal Locke to sodium-free Locke. At second arrow
(end, Normal Locke) the sodium-free solution was changed to normal Locke.
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P waves and increased heigikt of the R waves, within two minutes (Section
B, tinme interval not shown on record). Within the next minute trensitory
ventricular fibrillation ensued (C) followed by ventricular tachycardia
(D), with only auricul:zr activity seen at ®, and finally cardiac arrest at
He Durinz the recovery veriod, there was ranid restoration to normal sinus
raythms. The chenres obrerved in the electrograms in the sodium-free
experiments without added ouebain (Fisure 52) were also rather similar,
except thct following the initial tachycardia, there was a brief 2:1 block
(D) followed by auriculcr fibrillation with scattered ventricular beats
(E), vroceedin~ to ventricular fibrillation (F to I), and final cardiac
arrest (J). It apneared that ventricular fibrillation ensued somewhat
more ranidly in the ouabain exneriment, than in the control (sodium-free
alone). The recovery changes in these lcotter were however rather similar
te those observed in the former.

Figure:54 snows an example of the results obtained in a dextrose-free
experimert, and needs little comment. In general, the changes in both
coronary flow and heert contractions following the ouabain, were similar
in every respect to those observed when the perfusing fluid was normal
Locke (compere Firure 5). In respect to the recovery, however, under these
conditions the usual restoration with normel Locke perfusion, either could
not be accomplished (after 50 minutes of perfusion) or was only partial.

The associated coronary flow and potassium changes in the above experi-
ments are svmmarized in Tables XIII and XIV, and grephically correlated in
Figure 33. As can be seen in this sodium~free exveriment (upper record),
there is sustained coronary constriction, not associated with any wmarked
changed in potassium equilibrium, and conversely, during the recovery period,
there is intense coronary dilatation, again without any consistent change

in potassium movement. On the contrary, when the dextrose-free perfusing
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Figure 34. Isgolated rabbit heart. Perfusion with dextrose-free Locke with
added ouabain (7.5 v/ml.). See legend of Figure 2.
Upper and Lower Record: At first arrow (Start, Ouab. 7.5 y/ml. + Dex. free
Locke) the perfusing fluid was changed from normal Locke to dextrose-free
At second arrow (end, Normal Locke) the ousbain perfusion

Locke and ouabain.
was chanced to normal Locks.
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medium was usod; the lower section of Figure 33 shows the usual ocuabein
respense—initial coronary constriction followed by dilatation and associated
initial net uptake of potassium, followed by a net losa.h During the recovery
period the coronary flow was also decreased énd there appeared to be a susteined
negative potassium balance.

(c) Preliminary Effeects of Added Lactate.

Again, in Figure 27 and Table XII, are presented some data concerning the

effects of ouabain perfusion in Locke solution econtaining sdded lactate. With:
& low coneentration of lactate (Lact. 1 mg./ml.), without sdded ouabain,in one
experiment,relative normal heart action was maintained for as long as 60 minutes
of perfusion. On the other hand, when a& similar perfusing fluid was used with
sdded ousbain (Lact. 1 mg./ml. + Ouab.)in two experiments, cardiac standstill
occurred somewhat more rapidly than normal, that is in 12,5 minutes. Additional
experiments would be needed before a definite conclusion ean bhe drawn oh this
point. However, when the concentration of lactate was inereased to 10 mg./ml.,
in the presence of ousbain (four experiments), the time to cardiac standstill
was definitely reduced (average 10,0, %1.64 mimites), in comparison with the
ouabain responses in normal Lecke.

It can also be seen in Table XII, .that following cardiac arrest with the
lower concentrations of lactate, recovery was rather delayed (16 to 24 mimmtes),
after the perfusiocn fluid was chenged to normal Locke. Indeed, with the high
econcentratione of lactate, no:recovery eould be schieved under these
conditons, ae long as 76 minutes of perfusion.

Typical examples of the coronary flow and heart contraction changes
observed in the above experiments are shown in Figures 35, 36 and 37. Thus,
with & low concentration of lactate (Figure 35), there is a progressive
moderate coronary constriction and gredusl slowing of the heart during a
90-minute period of perfusion (from B to K). The corresponding electrograme

show gradusl sinus bradycerdis associated with progressive ST-T changes. . .




Figure 35, Igolated rabbit heart. Perfusion with Locke solution
containing added lactate (1 mg./ml.).
Upper and Lower Record: At arrow (Start, Normel Locke + Lactate

1 mg./ml.) the perfusing fluid was changed from normal Locke to
Locke containing 1 mg./ml. lactate.
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C
a

Figare 56+ lsclated rabbit heart. DPeyfusicn with Logke solution gontaining

1 mgs/mle lactate and added ounbain (7.5 ¥v/ml.)s

Upper and Lower Regords At first arrow (Btart, Ouebe 7.5 v/ul. & Lactate 1
mg._?ml.i perfusing fluld was changed from normal Locke to Leocke containing 1
Bg./nls of lactate and added ouabain (7% y/ml.)s At second arrow (end, normal

Locke) perfusing fluld was ehanged to normal Locke. A4 thizrd arrow (04 7.5 ¥)
perfusing filuid was changed from noraal iLocke %o normal Loge containing added

ouabain,
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Figure 57, Isolated rabbit heart. Perfusion with Locke solution containing
10 mge/mls logtaie and added ouabain (7.5 v/ale)s

Upper and Lower Record: A%t first arrow (Start, Ouabe 7.5 y/ml. 4 Lagtate 10
wgs/mle; porfusing fluid was changed from nermal Locke 1o Lecke suntaining
10 mg./ml. of lectate and added ousbain (7.5 y/ml.). At second ayrow (end,
forsal Looke] perfusing fluid was changed to normal Locke.
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In the nressnce of ouabain, a low concentration of lectate (Figure 56)
led to the usuval initial coronary constriction followed by coronary dilatation,
associsted with prosressive cardiac stimulation (amprlitude and rate) with
cross irrecularities and final arrest. The acsocicted electrical changes
B to G, were not significantly different from those shown during ouabain
perfusion in normal Locke, and the record at G shows terminal veniricular
fibrillation.

On changing the perfusine fluid to normal Locke (without ouabain),
there wes, after a delay of anpnroximately 16 minutes, a sudden restoration
to normel ginus rhythm, which persisted for 30 minutes (0O), when relatively
normal heart action was restored. The records also show that reperfusion
with ourhain(7.5 y/ml.) alone in normal Locke, precipitated irregular
ventricular actioﬁs (R) in epproximately 14 minutes. The kymographic
records at P and Q show the essociated stimulated heart contractions and
cardiac standstill at R. These chanzes were not essentially different from
those observed in other experiments in which the heart was similarly
ouabainized after previous arrest following pverfusion in normal Lockse.

With the high lactate concentration (Figure 57), the usual initial
ousbain coronary constriction was not observed, but rather immediate coronary
dilatation, associated with derression rather than stimulation of the heart
contractions (C and D). On continued verfusion, however, with the mixture,
there was a progressive reduction in coronary flow, associated with improved
heart contractions, followed by marked coronary dilatation and éardiac
stimulation (H and I). There were no arrhythmias observed in these experi-
ments, but a terrinal slowing (J) wiih sudden complete arrest (K). When
the merfusion fluid was chansed to normel Locke, no recovery of the heart
contractions was observed, and the coronary flow ghowed a progressive

constriction.




75¥/ml Ouabain gwﬁn.s 33\::.

@—o Rbg chame nCF

I\&Mw K*in 105e€c.

3 st

|

23 4 567 89 0/ RRR G 8 /I RN

T =rm/n

< ided to

1)
La)

!

Ooabain (7.7

-
N
+
®
P~ ;i
~
L4 B
<o
c
O -
—t
[

=
T
T
o Q
|
(4]
G my
C !
Tt
PO
n.,.‘lfL
T ¢

-~
L.
o
O o
tr
.

.
o &
NN Q
[&]

o
b

-

s
Loe



- 120 -

Finally, the aseociited electrocardiograms show an exaggeration of
S8T-T changes (B to G) followed by ventricular slowing with an alternating
idioventricular rhytim (J), and terminal ventricular £ibrillation (K to L).
During the recovery phase, the electrograms show sustained complete arrest
of the heart for as long es 76 minutes of perfusion with normal Locke.

The coronary flow and associated potassium movement in these preliminary
experiments are summarized in Table XIII and XIV and correlated in Figure 38,

These data indicate that during the first minute of perfusion there was
an increased coronary flow associated with a net loss of potassiur from the
heart (see initial section of Figure 38). Subsequently,.there was a short
period of reduced eoromry flow cencomitant with reduction in net losa of
potassgium,and, followed by & progressive coronary dilatation, associated with
a continued loss, .followed by & terminal gain of potassium-—more or less the
normal type of responses previously demonstrated duiing perfusion with oua-
bain in normal Locke solution. During the post-cuabein perfusion period,
both the coronary flow and the potassium uptake of the heart decreased, when
the perfusing fluid was changed to normal Locks.
(4) Sgggggi and Conclusionsy

In the isolated rabbit or cat heart perfused with a fixed concentration
(7.5 y/ml.) of ocuabain, it was observed that:
1. In the presence of added magnesium (0.36 mg./ml.), .the average duration
to eardiac arrest was 16.0 3,61 mimites, while in similar experiments without
ouabain, the heart continued to beat in a relatively normsl menmner for
grproximately 60 minutes.
2. With added magnesium, there was & definite decrease in the occurrence of
ventricular ectopic beats, and decrease in the intensity of the contrasctions,
even when there was no significamt increase in time required for ocardiac arrest.
3. With added megnesium, there was an immediate intense coronary dilatation

which became less marked although well sustained. These changes.wore not
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accompanied by any marked alterations in the cardiac potassium equilibrium.
4. After magnesium-cuabein cardiac arrest, perfusion with normal Locke led
t0o no coneistent pattern in the recovery of hearts——some initiated
strong ventriculer contractions within minutes, while other showed only
8 weak activity after prolonged perfusion with normsl Locke, although
three out of six returned to normal sinus rhythm.

It is therefore concluded from the foregoing (Nos. 1 to 4), that,

(a) Magnesium edded to the perfusing fluid antagonizes the cardiac
irregularities induced by ouabain, but do>not delay the onset of cardieac
standstill.

(b) Magnesium antagonizes the usual observed changes in cardiac
potassium balance, following oumbain.

(c) Magnesium per se exerts & marked coromary-dilagtation, which is
independent of potassium movement and which is not effected by ousbain.

(d) Since no significant changes in potassium balance occur in these
experiments, magnesium per se abolishes the usually observed ouabain
potassium changes, and this effect might be responsible for the absence of
the cardisc arrhythmies.

(e) These findings would also emphasize that there is no relation-
ship between the onset of ouabain cardiac arrest and potassium equilibrium
in the heart.

5. During the perfusion of the isolated heart with Locke solution containing
no godium, the onset of cardiac arrest developed equally rapidly, whether
ousbain was added or not.

6+ Perfusion with the sodium-free Locke leads to coronary constriction and
rapid cardiac stimulation, followed by arrhytimias and ventricular fibrilla-
tion, and there were no marked alterations in the potassium equilibrium

either in the presence or absence of ouabain.

1. Following cardiac arrest in all sodium-free Locke experiments, perfusion
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with normsl Locke, induced prompt recovery of the heart associsted with an
intense coronmary dilatation.
8. The oversll changes in coronary flew and potassium balance, both during
the development of arrest and during the recovery peried, in the sodium-free
perfusion experiments, resemble rather elosely those observed earlier with
ousbain during perfusion with increased potassium.
9. During perfusion with dextrose-free Locke, the onset of ouabain cardiac
arrest is not altered, and the coronary flow, heart contractions and observed
changes in potassium balance, were similar to those generally seen with
ouabain in normal Locke.
10, Following ouabain cardisc arrest, during perfv¥ision with dextrose~free
Locke, perfusion with normal Locke led to no recovery.

The foregoing preliminary observations (Nos. 5 to 10) suggest that, the
cardiac alterations induced by sodium=free Locke perfusion mey be due to
the relative increase of potassium. It would appear then (i) that, the
sodium-potaseium ratio is important in maintaining both normal heart
function and coromsry circuletion, and (ii) that, en alteration in this
ratio in the heart might be @ fuhdamontal factor in the mechanism of the
action of ouabain. The problom however, requires further study. These
data also show that, (a) dextrose is not essential for either the occurrenes
of the effects of ocuabain on the coronary circulation or potaseium belance,
or for the development of cardiac arrest; and, (b) following digitelization
of the heart in the absence of dextrose, the toxicity is irreversible, -
rather like that observed following digitalization in the absence of
cal cium.
11, During perfusion of isolated hearts (rabbit or cat) with ousbain
(7.5 y/ml.) and Locke solution, containing either one or ten mg./ml. lasctate,

the average time interval to cardisc arrest, was shortened (12.5 and 10.0
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%] .64 mimites,respectively), in comparison with the ousbain reeponse in
normal Locke.
12, Definite decrease in-the number of ventricular ectopic beats and the
intensity of the contractions were observed with 10 mg./ml. lactate although
the toxicity of the ouabain was increased.
13, During perfusion with the low concentration of lasctate (1 mg./ml.) and
sdded ouabain, typical initial coronery constriction followed by dilatation
ensued. The usual associated potassium changes were also present. With the
high lactate concentration (10 mg./ml.) there wes an immediate coronary
dilatetion (associated with myocardial depressicn), followed by e slight
reduction in coronary flow, and subsequent increased coronary dilatation.
These changes were associated with a loes of potessium throughout the
duration of the lactate~ouabain perfusion.

It 18 therefore concluded from these preliminary obseivations (Nos.

11 to 13), that,

(o) Added lactate increased ouabain toxicity, although the arrhytimias
were completely prevented, indicating agein no relationship between ouabain
arrhythmias and oﬁabain toxicity (cardiae arrest).

(b) Both the coronary flow and potassium alterations with ouabain are
somewhat distorted by the assoclated myocardial depression due to the lactate.

(c) In the presence of lactate, digitalization of the heart led to an
irreversible toxicity, rather like that previously shown with calcium-free

or dextrose-free Locke.
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DISCUS3ICH

COROXARY FLOY 4.0 POTASSIUY MQVE EXNT.

The data presented above show clearly that under the influence of ouabain
characteristic concomitant chanres in coronary flow and potassium movement
occur in tne iscloted nerfused rabbit and cat heart. It has been observed

that, unider the conditions emnloyed, with normal Locke 2s the verfusing fluid,

durinz the initial neriod, there was a reduction in coronary flow and an
associated "net gain" of potassium by the heart. These effects were followed

by subscauent coron.ry dilatation associated with a "net loss" of pciassium.

4

' of potassium preceeded the change

The changze from "net gain® 4o "net loss!
from coronary constriction to diletation.

Ag ig well knoun, chramres in the heart action cen induce important
gecondary chmares in coronary flow. Thus, in general, increasing the systolic
contractions tends to retard coronary flow mechanically by increasin~ exira-
vascular compression; and conversely, with better diestolic relaxation coronary
flow may be mectaniczlly increased. Recent studiez by Wigzers (1954) however,
sur eet that increasing tne force of ventricular contraction "does not
t.rottle coron-ry flow hut actually promotes it". Iforeover, it is now
sbundantly clear that unknown cardiac metaholites, assoclated with myocardial
stimul-tion and released into the coronary circulation, can influence the
vasonotor!tone' of tu~ vessels, as reported in various types of exmeriments
by Melville and Lu (1940}, Tu and Melville (1951), Melville and iazurkiewicz
(1955), nackel and Clowes (1956). It has lons been nown that during
conditiona of anoxia, there is an increased corcnary flow (Drill, 1954).
Alells, Williams, Ro0lene-williars and Katz (1955) have recently shown that
coronary flow is vradominantly determined by the existin- level of oxygen

consumotion, and with incresccsing consumntion of oxysen, coronary dilatation

occurs to meet the needs of the myocardium for oxygen. How the oxygen needs
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of the heart lead to increased coronary flow, is still unknown.

The findinr~s preseited indicate that the observed initial "net gain'
of potassium during ouasbain perfusion might be the cause of the initial
decreased coronary flow; and conversely, the subsecuent coronary dilatation,
the result of the "net loss". It nas been noted under these condi“ions, that
in the majority of experiments the "net loss" of potassium from the heart
begins prior to tne initiaticn of {he coronary dilatation, and therefore
appears to be the cause.

It has been previously ohserved (Katz and Linder, 1938, and Melville
and Mazurkiewicz, 1955) that after injections (small doses) of potassium,
there ig coronary dilatation, but since the myocardium is also simultaneously
depressed, it 1s difiicult to assessthe significance of these observations.
However, excessive doses of potessium have been shown by the same workers,
to lead vredominantly +to coronary constriction, despite myocardial depression.

When tne effects of ouabain were studied during perfusion of the heart
with either excess or reduced potassium, it was further observed itn-t either
in the presence or absence of ouabain, increasing the potassium concentration

in the perfusing fluid, leads to coronary constriction agsociated with a

"net gain" of potassiuuw, All of these findinss favor the hypothesis that

potassium may be an important "metabolite" in the physiological control of
the coronary circulation.

In the presence of ouabain, during perfusion with decreased potassium,
a short initial coronary constriction was still observed, but there was no
"net gein" of potassium. In fact, in these experiments the "net loss" of
potassium again clearly precedes tne initiation of coronary dilatation.
Presumably, coronary dilaetation cannot ensue until after the potagsium level
in the heart has been decreased below a "critical! level.

In these experiieats, when the potassium concentration was increased only
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slightly (ten per cent above normal), the coronary flow changes were rather
similar to those observed with normal Locle, except that contrarily, the
dilatation began wnile there was still a positive potassium balance. Why
this was 80, is not clear.

It had been previously reported (Korol, 1956) that during cardiac
stimuletion oy various drugs (noradrenaline, adrensline, isoprenaline and
eminophylline), there was, in each case, a "net loss" of potassium associated
with coronary diletstion. IHowever, it was also noted that verious cardisac
depressants (acetylcholine, methoxamine and nitroglycerine) led to a "net
uptake" of potassium and coronary dilatation. In these latter experiments
again, the associnted myocardial deprescion might conceivably complicate
the overall coronary flow-potassium balance relationship.

The possibility thet change in either the calcium or the calcium-potas-
siur ratio mignt inilueice the coronary vascular bed, has been suggested
(ielville and .azurkiewicz, 1555). However, under the influence of ouabain,
when tie norzal potassium-calclum ratio was altered in variocus proportions,
only the effects of tue corresponding potassium alterations could be observed.
This would indicate tnat calcium is not involved in tne actions of ouabain
upon coronary flow and cardiac potassium beslance.

It is well known that nagnesium can exert a potent coronazry dilator
effect. Relative to the problem of ionic movezent, Stanbury (1948) has
reported tnat wmagnesiwa prevents the stimulating effect of potassium ions on
tae superior cervical ganglion. Siailarly, Bryant, Lehmann, and Knoefel
(1929) have demonstrated that cslecium antegonizes, both the central and
perisneral nervous systet nctions of ragnesium. Katz (1936) hes also con-
cluded that at the izyoneural junction, megnesium can exert a curare-like
blocizade, and tnris vlockade cuil be antagonized by potassiuzm; and finally,

Brosnan and Boyd (1956, 1:37) liave reported that calciux chloride, potassium
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chloride and adreualine caa oll counteract magnesium "curarization". The
letter authors have also su gested that, because the antagonism with adrena-
line develops more slowly, tiils effect is probably an indirect one and
possioly due to a wmobilization of potassiume. In our experiments, tie presence
of magnesium completely abolished the initial ouabain coronary constrictio:n,
but enhanced the subseruent dilatetion. Since the ounbain potassium changes
were prevented, it appeared tnat magnesium both:exerts a "direct" coronary
dilator action, and antagcnizes potassium movewents. The possibility arises
that these two actions might ve rclated, and perhaps then the coronary dilator
effect of uagnesiuw wiziit also involve potassiumw movexent. Thnis problem
again, requires furtuer investigation.

It has also peen previously suzgested (de Burgh Daly and Clark 1920)
that the cardisc effects resulting from a laciz of sodium resecuble those
induced by digitells in the isclated frog heart. Our data indicate that
the lack of sodium, eitner in the presence or absence of ouabain, leads to
coronary coastriction, and tunet this develops without significant potassium
ircpalance. Altaough tae numher of experiménts performed wae small, it
might be again t.at the resultant relative increased potassium-sodium ratio
is responsinle for t.is coronary constriction.

In the case of tne lactate ion, low concentrations without added ou=bain,
on prolonged perfusion (90 minutes) produced only a slight coronary constric-
tion and no detectable associated change in potassium balance. The usual
responses to ouabain were nowever still observed in the presence of low
lactate perfusion. With high lactate coucentrations myocardial depression
ensued and therefore tine results are equivocal.

One could conclude from thne above findings, that the observed changes in
the potassium balance in tue heart mey be the primary mechanism througn wnich

ousbain exerts its effect upon tue coronary circulation. However, some of
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the data suggest that sscondary alterations in the sodium-potassium ratio might
also be involved in this action. Finally, the results presented might explain
in part, some of the opposing views in the literature concerning the effects
of ousbain on coronary circulstion and myocardial potassium (see Historical
Review).

OUASATIN-INDUCED CA3DIAC ARRAYTHIAS AXD ELECTRCOLYTES.

The data presented snow tuat the characteristic cardiac arrhythmias
(sinus tradycsrdia, ectopic beats, ventricular tachycardia) induced by ouabain
can be significantly iniluenced by changes in tne elzactrolytes in the perfusing
fluid. Thus, these arrhythmias can be clearly diminished or prevented by
perfusion with Locke containing, either excess of potassium, or added mag-
nesium, or a high concentration of lactate, or reduced calcium content. Con-
versely, thne arrhythmias are enhanced or potentiated by either decreased
potassium, or increased calcium, or omission of sodium from the perfusing
fluid.

In the case of the initial sinus bradycardia, it would appear that this

L

is due to tne initial "net gain" of potassium by the heart, since excess
potessium in the perfusing fluid augments the bradycardia, while reduced

potassium decreases it. The later arrhythmias (ectopic beats,

ventricular tachycardia) also apvear to be due to the "net loss" of potassium
by thne neart, since they are lessened by excess potassium and enhanced oy
reduced votassius. In adiition, magnesium which antagonizes potassium move-
ments as shown above, also reduces these ouabain arrhythmias.

In addition, it is clear t.at either excess of calcium or an omission
of sodium from the perfusing fluid, can enhance the arrnythrnies. On the other
hand, either decreasing calciu:, or adding lactate abolished these arrhytimias.
Whether or not these effectcs involve relative or secondary chanzes in potaessium

cannot be stated from our data. However, curiously enough, under none of

these conditions was the ti.e required for cardiac standstill prolonged when

<
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the heart was perfused with a fixed (7.5 y/ml.) ouabain conceuntration.

Since the cerdiac actioans of the digitalis glycosides involve "peculiar
characteristics coniected witi trneir penetration and fixation in heart muscle!
(Sollwana, 1945}, this latier effect might be due to the foct that the
ultimate toxic aciion of ouabain on the neart depends only on & progressive
"eumulation" or"fixetion" of the glycoside, which occurs irrespective of any
of the electrolyte changes wnich have been investigated. These findiars
would agree in some resvects witn those recently described by Hazaerd, Hazerd
and Thouvenot (1958), concerning tne influence of various potassiur aalts
upon the toxicity cf dizitoxin on the guinea plg heart in vivo. These
authors found tnat with hi-% votassium concentrations, the average lethal
dose of digitoxin was not sirnificantly increased. It would tnen appear
frow our observations tazt the basic mechanism of the arrnythmias 1s not

ultimate
ideuntical with tnze basic rechianism leadine to/eardiac arvest bv ouabain.
This curious phenomenon zight indeed, be related to the cumulation or physical
fixetion of the glycoside in t..e neart. It is conceivavle tn2t these arr-
hythaias mignt be sinply "trlggered? perhans by the potassium imbalance
induced by ouzbain, but even wien these effects are blocked or anta _onized
by one means or another, tne progressive cumulation of tne glycoside still
contiinues unt?l a toxic maximum leedin~ to cardiac arrest is reached.

POST-CLU3AT 7 RESTITUTIS.. OF THE EEART A!lD BLECTROLYTES.

Although only a limited number of exveriments were performed in connec-
tion witii this pr-blem, 1t war observed tnat after a fixed concentration of
ouabain was verfused, trere were considerable variations in initiating
recovery, dependiag on tie ionic composition of the ouabain perfusing fluid
employed.

Using decreasing concentrations of ouabain in normal Loclte, while it
required louger to stop tue ueart, the recovery also developed more slowly,

and at times was impossiole. This might indicate that the duration of
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exposure to ouabain was the primary factor involved in the degree of
irreversinlc "fixation" of the rlycoside.

It would avoear that resuscitation of the ousbain arrested heart depends
upon the presence of rotassium in the perfusins fluid emploved during the
recovery period. Thus, as the =otassium concentration in this fluid decrcased,
the initiation of recovery was delayed and with potassium-free Locke, no
recovery ensuad. Recovery was also accelerated, followins perfusion with
excess notassiuw, or after the heart had besen oushainized in sodiurn-free
Locke. In the latter case also, there was a relative increased votassiim-
ouabain concentration. In hoth of these conditions, therefore the heart
mwight heve contained a hich potassium concentration at the time of arrest.
The renid recovery could then be due to an eccelerated outward movement of
notassium. Scarinei (1953) hes also reported thai in the iscleted frog heart
after systolic arrsst, induced by nerfusion with ouabain in Clark solution,
restoration of contrzctione could be readily obtained when the nerfusing
fluid wes claired to notrasium~-free Clark. There must however, be other
factors involved, since rcecovery czould not be achieved when the nesrt was
oushainized either in a calcium-free or in a dextrose-free or in a high lactate
medium. In addition, after perfusion with regrecivr-ouabain, recovery was
rather variable. Indeed, under none of these conditions was there any
detectable evidence of vpotassium retention.

Finally, it would a»near that in the abseuce of calcium durins ouabain
perfusion, althourh ouasbain toxicity develoved in the ueual manner, recovery
was not possible in five out 0% six exveriments. This might indicate that
in the 2bsence of this ion the ouabain becomes more firmly "fixed" in the
heart. o definite exvlanations for the luck of recovery with these latter
tyres of nerfusions can he ~iven at nresent, but this asmect of tne nroblem

anpears to warrant further investiration.




THE EFFUCT OF DIGITALIS QY SCME METABOLIC PROCESSES.

The available information concernin~ the biochemical reactions affected
by digitalis is limited. Indeed, the biochemical bases for the normal hesart
contractione or the changes involved in cardiac failureare still not knownm.
This problem has been reviewed by Wellenberger (1949).

That the action of diitalis does not involve oxidative meteabolism, the
¥rebs tricarboxylic acid cycle or the Embden-¥eyerhof reaction, has been

demonstrated by Zllie (1973). He showed that the responses of the isolated

frog heart to stroohanthin-k were not dependent on metabolic activity limited
by the apnlication of various enzyme inhibitors—nitrogen, sodium fluro-

acetate, sodium iodoacetate, iodoacetamide or 2.4 dinitrophenol. Ellis
concluded trat the site of action of the glycosides is in the area of

metabolism involved in the utilization of chemical energy for muscular work.

Recently Bellet, Yasserman and Brody (1953) have revived interest in

the nogsible use of sodium lactate to restore the failing heart. As early
as 1932, Lovatt-Evans showed that the heart can use lactic acid as a source
of energy.

Clark, Egrleton, Eg-leton, Gaddie and Stewart (1938) have also reported
that the frog heert can oxidize lactic acid hoth when it functions normally
and after it had been voisoned by iodoacetic acid, and in the latter lactate
coulld revive the hoart.

Trom in vitro studies on the influence of lactate on the dor's Heart
(left ventricle) by Vollenbergzer (19:3), it wae concluded that followinr
addition of Cl% labelled lactate to ouabain (¢ X 1077 ¥.), there was an
acceleretion of the untake of lactate and the production of CIAOQ.

Although the mechanism of the action of lactate in diririshing the
arrhythnnias, és-described above, is not clear, the date vreseated leavc
no doubt that sodium lactate docs not prevent ousbain cerdlac arrest. It

would appezr that a nrover antidote to di~itslis would have to alter not



-152 -
only the cerdiac arrhythmias, but al=zo antagonize or prevent the normal physical
ffixation" or "cumulation" of the glycosides in the heart. Thie latter
is apparently also not affected by any of the other ions (potassium, calcium,

sodium) studied. This sspeot of the findings warrants further investigation.
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GINERAL SUMMARY

In the isolated perfused rabbit and cat heart, it has been shown:
l. +that, increasin~ the concentrations of ouabain (1.88 to 30 y/ml.), in
the perfusing fluild, leads t0 a correspondinc decrease in.the time required
to reach cardiac standstill. The least variebility from experiment to
experinment was observed with a concentration of 7.5 y/ml. under these
conditions.
2. That, increasins the concentrations of o;abain'in the verfusing fluid
leads to transient initial sinus bradycardie, followed by a more sustained
cardiac stimuletion associated with incressed amplitude of contractions and
increased degrees of arrbhythmias (shiftin~ pacemaker, ectopic beats, paroxy-
smal and ventricular tachycardia and final ventricular fibrillation).
3. That, 2ll concentrations of ouabain studied lead to an initial moderate

'net,

transient decrease in coronary flow rate associated with a transient '
untake" in potassium, and followed by a more sustained increased coronary
flow, associated with a more sustained "net logs" of potassium.

4, That, following ouabain cardiac arrest, perfusions with normel Locke
lead to sli~ht irresular coronary dilatation, followed by complete recovery.
Similar perfusion with Locke containine 50 per cent of normal potnszium lend
to promnt and sustained coronary dilatation, and eventuel restoration to
normal sinus raythm, but prolonted perfusion with potassium-free Locke led
to no recovery. Perfusion with added sodium lactate or simvle injections

of potassium chloride, calcium chloride, or adrenaline did not enhance the
recovery @8 ohserved with normal Locke.

5. Trhat, usins a fixed ouabain perfusinz concentration (7.5 y/ml.) during

perfusion with excessive ootossium (16.8 mEg./1.) in Locke, there is no

significant difference hetween the averare times required to lead to cardiac

arrest, as commarad with similer "control" experiments without ousbain.
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In both zrcuns of experimentis there was a rapid and susteined coronary
conatriction associated with a net uptake of notassium, but no coronary
dilatation. Rapid ventricular fibrillation ensued in both groups.

€. Thot, with tne fixed ouabain concentration, and twice normal potagsium

(11.2 mEq./1.), the aver=ve veriod for cardiac arrest was 15.17 %3.05

minutes, while in siwilar experiwents without ousbain, the heart continued

to beat relativel; well, for at least 40 minutee of observation. During
nerfusions with ouzbain (7.5 v,/l.) in nowwel Locke, cerdiac standstill

. .+ .
occurred in 17.56 =0.563 minutrs.

7. That, duria~ similar perfusion with twice nor-al potaseium (11.2 nEq./1l.),

there is o nrompt and sustained coronary constriction associated with initial

marked incresse in "net untake" of notassium, followed by a slizht "net loss'.

In the coutrols {withodat ouabein) there was more gradual coronzry constriction

assoclated witnh little chenge in potessium equilibrium.

~+ Thiat, durin- perfusion with ten ver cent excecs potassium (6.15 mZq./1.)

the toxicity of oucbzin was enhanced, as judged by the average time reauired
for cardizc arrest (13.0 i1.55 rinutes), and 28 comnared with that reocuired
when normal Leeke was the tverfusion fluid (17.56 20.63 minutes). There was
a brief corcnery constriction followed by marked and sustained dilstation,
and associsted vith an average "net uptake" of potassium, followed by a

"net loss".

©. That, witn all conceatrations of potassium zbove that in normal Locke,

there was a definite diminution in the tendency to the development of ventri-
cular ectopic beats, altnough there was no significant increasse in the
verfusion times required for cardiac arrest.

10. That, witih decreased potassium in the perfusing fluid, ouabain iaduced
relatively less initial coromary conetriction followed by creater coron-ry
dilatation. Concoritantly, there was no evidence for the usual initial "net

untake" of potassium, but rather = continuous and sustained "net lose!
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11. That, following cardiac arrest during verfusion with hich potassium
(16.8 and 11.2 mEq./l.} normal Locke verfusion led to rapid recovery, that
is, initi=tion of ventric.lar activity associsted with striking coronary
dilatation. Conversely, after previous cardiasc arrest with decreased
potassium, recoverv with normal Locke was definitely more delayed in the
rabbit and absent in the cat.
12, Thet, with the fixed ousbain concentration, and using either increased
(16.8 mEg./1.) or decreased (zero) calcium, there was no significant
difference between the average times required to lead to cardiac arrest.
13. That, rerfusion with normel Locke led to recovery and resuscitation
of the hearts, when nreviouecly arrested by ouabain (7.5 v/ml.) in excess
caleium; but, trat no recovery ensued after similar arrest by ouabain in
calcium-free or calcium-votassium-free Locke.
14. Thet, in thc »resence of excess calcium, accentuated cardiac stimvlation
and arrhytimias ensuad, and conversely, in zero calcium, there was no
gustained stimul-tion, but only & short period of vreterminal afrhythmias.
15. That, during nerfusion with either increased calcium or calcium-free
golutions, there was no significant deviation from the usually observed
ouabain effects on coronary flow or potassium balance.

16. Thet, in the vresence of added magnesium (0.36 mg./ml.), the averare

duration to cardiac arrest was 16.0 i'5.61 minutes, while in similar exveri-
ments without ouabain, the heart continued to beat in a relatively normal
manner for anoroxizately 60 minutes.

17. That, with added mecnesium, there was an immediate ihtense coronary
dilatetion which became less marked althoush well sustained. Thess changes
were not accomvanied by any marked alterations in the cardiac potassium
eguilibrium.

18. That, with added magnesium, there was a definite decrease in the
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occurrence of ventricular ectopic beats, and decrease in the intensity

of the contractions, even when there was no significant increase in time

required for cardiac arrest.

19. That, after macnesium-ouabaln cardiac arrest, perfusion with normal
Locke led to no consistent pattern in the recovery of hearts—some initiated
strong ventriculzsr contractions within minutes, while others showed only a
weak activity after nrolonged nerfusion with normal Locke, although three
out of six returned to nomal sinus rhythm.

20. That, durins perfusion-of the isolated heart with Locke solution
containine no sodiur, the onset of cardiac arrest developed equally rapidly,
whether oucbain was sdded or not.

21. That, nerfusion with the sod ium-free Locke leads to coronary constric-
tion and rapid cardisc stimul-tion, followed by errhythmias and ventricular
fibrillation, and there were no marked alterations in the potassium equili=-
brium eitner in the presence or absence of ouabain.

22. That, following cardiac arrest, in all sodium-free Locks erneriments,
verfusion with norwal Locke induced prompt recovery of the heart associatad
with an intense coronzry dilntation.

23. Thet, the ovarall clhanves in coronary flow and potassium belence, both
during the developrent ¢f arrest and during the recovery pericd in the
godiur-free nerfusion exnwerirents, resenble rather closely those observed
earlier with ouabzin dorin perfusion with increased potassium.

24, The+, duria~ nerfusion with dextrose-free Locke, thc onset of ouabein
cardiac arrest ie not altered, and the coronary flow, heart contractions and
observed chen-es in votassium balence, vere similar to thore penerally seen
h ouabain in normal Locke.

25, Thnt, following ouanbein cardiac arrest, durin- perfusion with dextrose-

free Locke, vwerfusion witl nommal Locke led to no recovery.
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26. That, durincs serfusion of isolated hearts (rabbit or cat) with
ourbain (7.5 v/ml.) and Locke solution containing either one or ten
re./nl. lactate, the sverace time interval to cardiszc arrest was short-
ened (12.5 and 10.C %1.64 minutes, respectively), in comparison with the
ousbhain resnonse in normal’Locke.

27. That, definite decrence in the numver of ventricular sctopic beats

and tro intensity

o7 ths contractions were observed with 10 me./ml.
lactate althouh the toxicity of the ouzbain wes increcsed.
28. That, durins perfusion with the low c hcentration of lactate (1 m-./

rl.) 2nd added ouabain, typical initial coron ry conctriction followed

jul

by dilatetion easued. The usuel essociatsd votassium char 'es were also
nresent. fith ihe hich lactate conceniration {10 m~./wl.) tlere was an
immed’=te coronnry dilotetion {asrocisted with mvocardial depression),
followed by a2 =2lirht reductina in coronory flow, and subseavent increesed
coronzry dilatation. These clwures weve agssociated with a loss of potassium

throusnout the duration of the lactate-ouabain verfusion.

29. That, followin. cardisc arrest and verfurion with normal Locke, the

hearts arrested witi low lactate concentration (1 mes./ml.) with added

ouanbain, recovered in 12 - 16 minutes. On the other hani, hearts arrested

with high lactete (10 m-./ml.) plue ousbain, showed no tendency toc recovery.
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GETERAL COMCLUSIONS.

The findings presented above suggest the following conclusions:
1. There is en intimate relationship between changes in coronary flow,
heart action and potessium balance in the teating heart vwhich can be
correlated with varyins concentrations of ouabain.
2. Ouabain leads to an initial transient coronary constriction associated
with sinus bradycardia and net gain of potassium, followed by sustained
coronary dilatetion, cardiac stimulation and net loss of potassium.
3. The initial coronary constriction is associated with an incressed
potassium untake, while the subsequent dilatation is nreceded by and
appears to be due to the observed potassium loss.
4. Subsecuent resuscitation of the ouvabain-arrested heart avpears to
denend upnon tne nresence 07 notasslum in the »nerfusing fluid.
5. Excess potassium in the perfusing fluid can antagonize cardiac
irregularities induced by ocuahlain, but no mutual anteagonism appears to
exist béetween the two asents in resnect to the onset of cardiac stendstill.
6. Decreased potassium, but not comnlete absence of potassium, in the
perfusings fluid, sugmented cardiasc irregulerities and enhanced cardiac
atandstill, in comparison with controls.
7. The onset of ouabain cardiac standstill is not influenced by either
calcium concentration per se, or by the calcium-~potassium ratio in the
perfusin~ fluid, althourh t»e epnvearance of arrhythmias were clearly
modified by thc precence or ahsence of calcium,
8. Uith excess calcium, there was normal recovery of the heart, but in
tire abscnce of calcium, ouabain toxicity was irreversible, suspgesting
either an enhanced fixation or retention of tne glycosides in the absence
of ecalciunm.

9. The effecte of ourbein on the coronary flow and on the cardiac potassiuam
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equilibrium are not dewendent on calcium.
10. Yamnesium =dded to the perfusing fluld antasonizes the cardiec
irregularities induced by ouabain, but do'not delay the onset of cardiac
standstill.
11. Hagnesium antagonizes the usual observed changes in cardisec notassiunm
balance, following ouabain.
12. XYapnesium per se exerts a marked coronary dilatation, which is inde-
vendent of votasgsium moverent and which is not effected by ouabain.
13. Ilasnesium per se =sholisres the usually observed ouabain potassium
chances, and this effect might be responsible for the absence of the cerdiac
arrhytimics. These exveriments arain emphasize that there is no relation-
ship between the onset of ousbain cardiac arrest and potassium ecuilibrium
in the heart.
14. Characteristic cardinc alterations ipduced by sodium-free Locke
nerfusion may be due tc the relative increase of potassium and would sugrest:
(i) thnt, the sodium-potassium ratio is imvortant in maintainine both normal
heert function and coronary circulation and (ii) that, an elteration in
this retio in the heert misht be a fundasmental factor in the mechanism of
the action of ousbain.
1. Dex*trose is not eesential for either the occurrence of the effects of
ouabain on the coronary circulotion or potassium balance, or for the
develonment of cardiac arrest.
16. Following dicitalization of the heart in the absence of dextross, the
toxicity is irreversible, rather like th~t observed following digitalization

in the absence of calcium.

17. Added lactate increased ouabain toxieity, although the arrhytimias were
completely nrevented, indicating asain, no relationship between ouabein

arrhytiomias and ousbain toxicity (cardiac arrest).
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18. Both the ccronary flow 2ad potassium alterations with ouabain are
aomewhat distorted b:r the zssociated myocardial depression due to the
lactate.
19. In the vresence of lactate, dicitalization of the heart led to an
irreversible toxicity, rather like that oreviously shown with celcium-free

or dextrose-free Locke.
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CLATMS 0% ORICIVAL WORK

l. The application of a new technigue of simultaneously recording coronary
flow and heart action (mechanical and electrical) and associated potassium
exchangzes, to the astudy of the cardiac action of dizitalis.

2. A srstematic study on the effects of varidus concentrations of ions on
the coroneryv circulation and heart asction in the nreseiice or absence of
ouabain.

3. The use of ou2bain as a meens for'elucidating some of the chemical
factors thet mey effect coronary circulation.

4, The results of these investigations clarify'several conflicting obser-
vations in the literature, relative to the vroblem of the influence of the
electrolytes on the hzart and establish the physiological imvortsnce of
votassium movements in the control of the coronary circulation.

5. To the best ¥nowledge of therauthor, the findings presented in £his
gtudy are the first data in the litersture; (a) to indicate a definite
relationshin between cerdisc potassiun dicequilibrium snd the.calibre of

- the coronary vessels; (b) to show that dizitalis induced arrhythmias are
not necessarily related to di~itelis induced cardiac arrest; (c) to show
that the reversibility of di~italis "fixation" in the heart is denendent
uvon various electrolytes, or (d) to show thet cardisc devressants, such
as magnesium and 1actaté, can inhibit dicitalis asrrhythmies, without

effectiny ultimate diritalis cardiac arrest.
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