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INTRODUCTION 

Despite extensive laboratory and clinical investigations, the exact 

role of electrolyte changee in the cardiac action of digitalis is still 

obscure. While it ie well established that potassium and calcium are 

eesential ions for the maintenance of nonDal heart tunction, the relation

ahip and possible significance of these ions in the pharmacological and 

toxicological actions of digitalis have been rather controversial. The 

primary objective of this investigation vas to elucidate, if possible, 

these potasaium-calcium-dii!talis interrelationships. In conneetion with 

these etudies same observations were alao made concerning the possible 

aignificance of t œ magnesium, the lactate and the sodium ions as well as 

dextrose, in regard to digitalia action. 

The main eardiac action of the digitalis glycosides is to improve 

myocardial oontractility, but there is now no doubt that changea in heart 

activity can lead to assooiated or aecondary changes in coronary blood 

tlow. Indeed, recent etudies from th:ls labora.tory, indicate 11tba'\, apart 

from the mechanical influence& a.ssociated witb changes in the hea.rt con'\

ra.ctiona, .the rate of coronary flow can be atrikingly influenced by changea 

in potassium/calcium ratio1 in the perfUsing fluids 1
, in iaolated rabbit 

heart experimenta (Melville and Mazurkiewicz, 1956). 

In asseasing the role of electrolytes in the cardia.c actions of 

digitalie, it is neceasary therefore to con11der the concomitant changes 

in corona.ry tl ow, and so far as we are aware, tbere are no prerious 

ayatema.tic etudies in the literature along theae linea. Moreover, some 

recent observations of Wi&gers (1954) would suggeet that when the torce of 

Yentrioular contractions is increaaed (such a1 oan be rea.dily induced by 

the di~talis glycoaides) the ooronary flow rate may actually inoreaae. 
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It is conceivable therefore that in the weakened and •tailin~ heart", the 

observed favorable therapeutic action of digitalis might be due, both to 

the improved heart contractions, ae well as to the resultant augmentation 

ot corona:cy flow. This bas also been a de bata ble point, and i t was hoped 

that etudies along the lines indicated above might throw some light upon 

this question. 

There are numerous investigations in the literature concerning the 

affects of di gi talis on ce.rdiac potassium equilibrium. In many of theee 

however, the changee occurring in the heart have only been interred trom 

the obaerved changee in plaama potassium, when electrical or other changee 

in the heart f\mction ensued. Owing to the widèepread presence of potassium 

in body tiasues, it is difficult to evaluate auch tindings, and in order 

to overcome these ditficulties, the isolated pertused heart wae eelected 

tor this study. Moreover, in this preparation, it is aleo ponible to 

tollow sequential changes in potassium balance and to correlate t~e with 

the characteristic mechanical and electrical alterations in the heart, as 

induced by digitalis un.der various conditions ot perfusion. 

Finally, both potassium ani magneaium have been reported (Hietorical 

Review) to counteract the arrhythmias resulting from excessive digitalia 

theraw; and, calcium excese in the body bas long been reputed to enhance 

digitalis toxicity. However, there is still no eatiefactory antidote tor 

digitalie, and the problem of the relationship of ionie changea to the 

proceases of recovery in the over-diiitalized heart alao warrante inveeti

p.tion. In the course of this work therefore, aome preliminary observations 

were alao made in an attempt to asses the role ot varioua electrolytes-

potassium, calcium, magneeium and lactate-- in the recovery proceseea or 

reaueci tati on of the digi talis-poieoned heart. 
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HISTORIClL REVIEW 

The &eneral physiological role of potassium bas been reviewed by 

Danowalti and Elkinton (1951), and the 1iterature concerninq; the affects of 

potassium and calcium on heart function has been summarized more recent1y 

by Mazurkiewicz (1955) and Koro1 (1956). The present reTiew will theretore 

be confined to etudies dealin' primarily with the interrelationships of 

ionie ch~es and the cardiac actions of digitalis. 

A. Studies on Potaseium-Digitalis Interrelationshipe. 

The complex pha~cological actions of di,itali• in relation to 

potassium alterations have been reviewed by Cushny (1925), Lendle (19~5) 

and more recent1y by Lown and Levine (1954). 

Effects on Iso1ated Perfused Hearts. Clark (1912) tiret observed that 

alterations of potassium concentrations in the pertusin& fluid did not 

markedly influence the affects of low concentrations (0.8 to 4 Y/ml.) of 

digitoxin on the ieo1ated pertused fro& heart when the heart is pertused 

with recircu1ated pertusate. 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

tore concluded that the action of di&itoxin is mainly dependent on the 

presence of the calcium ions in the pertusing f1uid. 

Haq;en (19~9) studied the influence of di,ilanid-Q in isolated per~eed 

rabbits' hearts in which the perfusin& RiJlier-Locke solution was aho 

continuouely recirculated, according to the technique described by Locke 

and Ro•enheim (1907). After ten minutes of •etabilization", and &&ain, 

after one hour of perfusion with added diii1anid, samp1es were taken from 

the 1eft ventric1e for potassium and water analyses. With "low• doses of 

the dru,, ,there was a sliq;ht, ,but ei&nificant increase of potaesium (+6.87 

per cent) concentration in the ventricle, but with "high" doses there was 

a definite loss (-14.72 per cent). The1e alterations were not accompanied 
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by any ohan&e in the wa.ter content of the heart. 

Friedman and Bine (1947) utilizin& the pertused smbryonic duck heart, 

obaerTed that omission of potassium from the pertusi~ fluid enhanced the 

eftects of lanatoside-C leadin& to arrhythmiaa and early arrest. On the 

other band, excess potassium depressed the heart beat and inhibited the 

actions of the &lycoside. These authora also reported that only toxic 

concentrations led to losa of potassium, and su~ested that excess 

potassium mi&ht inhibit di&italis action by: "(1) itaelf depressin& the 

irritability of the heart, and (2) by servin& aa a source of potassium to 

a heart apparently losing potassium after exposure to toxic amounts of 

digi ta.lis". 

When the effects of a low concentration (0.4 y/ml.) of ouabain were 

studied on isolated rabbits• hearts by Baker (1947), it was obeèrved that 

either increased calcium or decreased potassium hastened cardiac depression, 

while either decreased calcium or increaeed potassium reduced the effects 

of the dr~. The author poetulated that the affecte of changee in potassium 

were greater than those of corresponding chan&es in calcium. The validity 

of this conclusion is however doubttul, since the heart was kept for 

rather prolonged "stabiltzation periode"; and the low ouabain concentrations 

employed by this worker would certainly lead to marked variability in the 

end-point employed (50 per cent decrease in contraction reeponse). 

While etudyin& the possible role of acetylcholine in the mechanism of 

digitalis action, Rolland, Greig and Dunn (1954), using ~Uinea pi& hearte, 

obaerved that low concentrations of lanatoside-C retarded potassium losa 

from the heart, while hi&h concentrations caused a ei~ifioant losa (-14.6 

per cent from auricle and 9 per cent from ventricle). By lowering the 

concentrati ons of the potassium in the perfusing medium to 2.7 mM, the 

losa of potassium following the &lycoside was aupented (27 per cent from 

the auricle and 20 per cent from the ventricle). Onder these conditions 
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acetylcholine. or a sodium-deficient medium (51 mM) or eserine. could 

partially or completely reverse this potassium losa. The authora concluded 

that the T-wave depression produced by di~talis may be due to the inhibition 

of cholinesterase activity in the presence of the glycosides, but that the 

R-ST se~ent chan&ee were due to the digitalis effect on soma other metabolic 

proceee. The basie for these conclusions is however not clear. Moreover, 

Kahn and Acheeon (1955} have tested the affects of varioue cholinesteraee 

inhibitors with cardiac glycosides upon the active cation transport aoroas 

the erythrocyte membrane, and concluded that acholinesterase activity was 

not invo1ved". 

Etfecte on Heart-Lung Preparation. Oontrary to the findings of Hagen (19~9) 

on the ieolated perfused rabbit heart, Wood and Moe (19,S, 1940 and 1942} 

obaerved that both •therapeuticn and •toxic" doses of lanatosides (A, B or 

0) led to decreased myooardial potassium without any significant effect on 

water content. These authors could also not correlate the oneet of 

irre~laritiee with the degree of potassium loas from the heart. They 

su"est that the "therapeutic0 and 0toxic0 affects of digitalis are independ

ant of potassium myocardial changee. There are no other etudiee utilizing 

the heart lung preparation, and these tindings require confirmation. 

Etfects on the Heart in Situ. Oalhoun and Harrison (19,1), following the 

subcutaneoue injections of whole leaf di~talis preparations in doge, 

obeerved that "low" dosee induced a sligbt and insignificant decreaae of 

potassium in the ventricles. These authors also concluded that skeletal 

muscle potassium is not influenced by •toxic" doses of digitalis (two 

experimente}. 

From ~ather seant observations on doge under pentobarbital anesthesia. 

Camp (19~9) interred that digita11e might produce an ear1y eensitization 

of the heart to injected potassium. Since no analyses of either the blood 
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or the heart for potassium were made, the data presented by this worker 

hardly justifiee the inference. 

Adequately-controlled experimenta by Boyer and Poincierter (1940) 

indicate however that divided or single "therapeutic1 doses of 1 di~folin 1 , 

that is, doses that produce characteristic electrocardio,rapbio chan,es 

wi t 00\1t any evidence of intoxication, induced a si~ficant inorea1e in the 

potassium content of the oat 1 s heart muscle. The muscle potassium increased 

from 61.5 mEq./kg. in the controle to 69.4 mEq.jkg. in the di,italt .. d oats. 

Follcwing toxic administrations of the tinoture of digitalis to pentobar

bitàlized dogs, Sherrod (1947) observed that the do,•e auricles exhibit a 

decrease in both potassium and calcium contents and soma iQin of sodium, but 

this latter does not appear to compenaate for the losa of potassium and 

calcium. It was aleo observed that there was a gain in sodium in the ventri

cular musele in the ab1ence of any other electrolyte chan,e. None of the 

tissues fran the digitalized hearts ehowed any siin1ficant change in the 

water content. Theee findinge would rather suggeet that movement of electrolytes 

might be an important factor in digitalie action. 

Utilizing the Kollf-type of artificial kidney, Lown, Waller, Wyatt, 

Hoi~e and Merrill (1952)showed that acetylstrophanthidin exhibited an 

increaeed toxic affect, when •he animale were depleted of potassium. Oon

versely, increasing the plasma potassium raised the toxic dose of the 

glycosides. However, the toxic end pointe of digitalization as employed by 

theee workera, were ventricular premature beate and tachycardia, but as is 

well known, these affects might wall be due to the potassium alterations 

per se, rather than to any direct 'lycoeidal action. 

Zeeman, Hirsh and Bellet (1954) observed no si&nificant difference 

between the average lethal dose of lanatoeide-C in untreated control do&• 

and animale treated with deeoxycorticoeterone acetate. In the latter &roup 

there was presumably a total body depletion of potassium, althou,h closer 
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serutiny of the authors' data dœ not reveal any si~tieant difference in 

serum potassium in the two groupe of animale. 

Unterman, De Graff and Kupperman (1955) showed that in adreaaleetomized 

rats with eharacteristie hyperpotaesemia, there wae an inereased eensitivity 

to ouabain, but deeoxycortioorterone aeetate-treated rats showed no auch 

ehanie in eeneitivity. It is rather surprising that in the latter type of 

experiment, ouabain did not induce a greater degree of pota1eium depletion, 

eince Aikawa and Rhoades (1955) have shown that diiitoxin reduees plasma 

potaeeium, and leade to a general decrease in potassium concentrations in 

body tissues. 

Using K42 as tracer, Conn (1956) investigated the potassium movement in 

the hearts of doga. From ealculations of the kinetics involved in the 

potassium distribution in the left ventricle, it wae concluded tbat digitoxin 

reduced interstitial-intracellular potassium transfer ratee and also 

diminiehed cellular and interstitial potassium. Theee .data do not explain 

whether the cellular potassium losa is due to an inhibition of influx or an 

increaeed outflow from the cell, or a combination of both. Further appli

cation of this technique to the di~talis problem might be well worth while. 

The coronary arterio-venoue differences of sodium and potassium in 

anesthetized doge have been employed to moaeure myooardial ion exchange,by 

Regan, Talmers and Hellems (1956). These findings indicate that acetyl

etrpphanthidin leads to an abrupt increase in potassium and a decrease of 

sodium in the coronary sinus blood. Both cations resume approximate control 

values within ,0 minutes, and there wae no subetantial transfer of vater. 

This led to the hypothesie that the effect of digitalis on the myocardium 

might be due to both sodium and potassium movements. However, since all 

the caloulations of these authors are based on the aesumption that digitalis 

doee not effeot coronary flow, tbe T&lidity of their conclusions must be 

questioned. 
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Clinical Evidence. Sampson and Anderson (19,2) ,Thomson (1939) and Stewart 

and Smith (1941) have all reported tavorab1e efi'ects following oral admini

stration of potassium salta to man,, in various types of cardiac arrhy'thmias. 

In extension of these findings, Sampson, Alberton and Kondo (194') also 

reported ,ood effects with potassium tberapy in '2 patients with ectopie 

beats due to administrations of lanatoaidea (A, Band 0). Al1 patients were 

,iven lar,e enough dosee of the &lycoeidee to produce constant nausea, and 

marked slowin, of the ventricular rate--one third developed ectopie beate. 

These latter could all be abolished with 5 to 10 lM• of potassium salta 'iven 

orally. However, curiouely enou,h, this action developed without any 

si,nificant change in the blood serum potassium. Levine, Merrill and 

Semerville- (1951) more recently reviewed the effects of potassium excess in 

man, and it would appear that rather similar types of cardiac irre&Ularities 

can be induced by either hypopotassemia or hyperpotaseemia. 

Enselber,, Simmons and Mintz (1950), and Lown, Saltzber,, Enselber1 and 

Weston (1951) have described varioue aspects of potassium and digitalis 

action on man. The former authore administered potassium salta (2 - 10 ~M•) 

on 40 different occasions to 31 patients with various arrhythmiae, mostly 

associated with digitalie. In ,eneral, the arrhytbmias were corrected,but 

the conduction disturbancea were al'ravated. Similarly, the latter &rOUP 

of authors reported on ten patients with con,estive heart failure, who were 

in ne,atiYe potassium balance following either (a) administration of 

mercurial diuretice combined wi th ammonium chloride, or (b) desoxycorti

costerone, or (c) intravenous infusions of glucose and insulin. The amounts 

of the digitalis necessary to induce toxic characteristic electrooardio,raphic 

cha~es were determined, before and after potassium depletion. Toxic effects 

appeared following smaller doses of di~talis in patients who were preaumably 

in nel8.tive potassium balance, despite the fact that serum potassium levels 
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were not si~fica.ntly affected. The authora concluded that the increased 

myocardial sensitivit~r to di&italis was probably a reault of alterations in 

intracellular potassium distribution. 

In 1952 Clarke and Mosher reported same tissue analysee of autopsy 

material obtained from eeven normal hearts, eleTen hearts from patienta in 

congestive failure, and five hearta from patients who bad been previously 

di&italized. The four chambers and the eeptal tissue were analysed 

separately for sodium, potassium, obloride ànd water. The resulte indicated 

that the total water content of normal, dieeaeed or di,italized hearta were 

the aame. However, in con,estiTe heart failure, there was a sodium &ain 

and a reciprocal potassium loss. Di,italis therapy restored these Taluee as 

well as the sodium-potassium ratio to near normal levels. 

Effects on Miscellaneous Isolated Tissues. Usin' iaolated atripe of turtle 

ventricle electrically stimulated, Wedd (19~9) studied the effects of 

various concentrations of di,oxin. It was concluded that low or 1therapeutic1 

doses exert their effect without influencini potassium movement but losa of 

myocardial potassium occurred only with hiih or 1 toxic 1 concentrations of the 

dru,. 

Oattell and Goodell (19~7), and Oattell (19,S) postulated that observed 

eartorioue muscle reeponees to ouabain were due to the release of potassium 

from the muscle, but Guttman and Oattell (1940) 1ater ehowed c1early tbat 

there was no relationship between the actions of the ilycoside and inter

cellular potassium concentrations. 

From etudies on the cats• papi11ary muscle etripe, Garb and Venturi 

(1954) concluded that changee in potassium concentration did not influence 

the positive inotropic action of ouabain. However, the onset of ouabain . 

arrhythmiae could be delayed by the uae of hiih potassium concentrations. 

Red blood cella have been utilized by aeTera1 workers (Sohatzmann, 195~; 
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Schatzmann and Witt, 1954; Kahn and Acheson, 1955) in attempte to eluoidate 

the effects of the cardiac &lycosides and their a&lyconee on the active 

transport of sodium and potassium. There is &eneral a&reement that the 

&lycosides are capable of completely inhibiting the active phase of cation 

transport. However, eimilar inhibition was not obeerved with otber compounds 

capable of exerting ionotropic affects on the heart, e.g. adrenaline and 

veratrum alkaloide. Cation transport etudiee of Johnson (1956) on tro1 

aartorioue muscle sbowed that ouabain and strophanthidin inhibited the net 

outward transport of sodium and the net inward transport of potassium. The 

exact siinificance of theee findings in relation to the in vivo effects of 

di&italis, is still uncertain. 

In eummary, it appeare that etudies involvin& different experimental 

arran&ements, can lead to conflictin& resulte re&ardin& the effects of 

di&italis on ionie equilibrium in the heart. However, most authors a&ree 

that •toxic 1 dosee of the dii!talis glycoaidee lower the potassium concentra

tion of cardiac muscle. Several observations cited indicate that 1 low1 or 

1 therapeutic1 doses of digitalis do not effect or may actually increase the 

leval of myocardial potassium, but this point requiree further inveeti~tion. 

It has been reported that administration of potassium either lessene, hae no 

effect, or augments the cardiac toxicity of di&italie. Ho~ever, in connection 

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

depressant is often i~ored. Indeed, the role of the electrolyte itself 

under these conditions is difficult to asses, and in some instances, the 

potassium may be exerting its anta,oni.m entirely throu&h its direct myocardial 

depressant effect, rather than throu&h its specifie cbemical role. 
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B. Studiea on Oalcium-Digitalis Interrelationehips. 

Synergietic Action. M&n1 experimental etudies in the literature su&ge•t 

that calcium and d1:1talis may be additive or syner&istic in their oardiac 

actions (Werechinin, 1910; Clark, 191'; Burridge, 1915; Gei&er and Jariech, 

1922; Schoen, 192~). The literature on thls queetion as reTiewed by 

Billigheimer in 1929, led to a eimilar conclusion. 

Loewi (1918) observed that the lees calcium contaifted ·in. the përfuein& 

fluid of the frog heart, the hi&her the dose of strophanthin necessary to 

lead to arrest of' the heart. It was therefore concluded tbat strophanthin 

renders the myocardium more eènsitive to the presence of calcium. 

Studiee on the q,percaloemia induced in intact doge by rapid intravenous 

infusion of calcium chloride or by the administration of parathyroid hormone, 

ehowed that when theee are followed by infusion of ouabain, there is a 

marked eyner&ism between calcium and ouabain on the heart (Gold and Edwards, 

1927). Finally, Baker and Baker (1955) have aleo etudied the eleetrical 

responses of the ouabainized isolated frog heart to calcium and concluded 

that 11 ouabain favore the development of increased ventricular automatiem in 

the presence of' lar&e concentrations of calcium11 • 

11 0ne-Way11 Sypergism. Fisher (1928b) however, noted that calcium in the 

concentrations ueed in Ringer,or in higher concentrations, bad no eff'ect 

whatever if given before or durin& di&italis administration in the Straub

perfused fro& heart. On the ether band, a marked calcium effect became 

apparent when di~italie was employed before increasing the calcium concen

tration. It was therefore concluded t tat digi talis sensi tizes the heart · to 

calcium, , but tha.t this is only a 11 one-way·· ayneri;ism1 , becauee conversely, 

calcium does not seneitize the heart to diiÏtalis. Thue, the autbor concluded 

that the two druge exert their actions on dif'f'erent parts of the heart. 

Bower and Mengle (19,6) also obeerved in doge thlt after preTious 
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administration of 1 digalin1 , ,0 to 40 percent 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 firet, subsequent 1 digalin 1 admini

stration led to no unusual toxicity. 

Golden and Brame (19~) and La Barre and Van Heerswynghels (19~9) have 

demonstrated tbat when calcium is injected at varying time intervale following 

digitalis, toxic effecte developed most readily, when an interval of ,0 

minutee elapsed between the digitalis and calcium injections. Theee 

observations might lend some confirmation to the "one-way" synergism theory. 

No Synergistic Responses. Konsche'' (191~) has reported that during per

fusion of the frog heart with calcium-free Ringer and ouabain solution, 

the time required for cardiac arrest waa not prolon~ed, as compared with 

that observed with ouabain in normal Ringer solution. It was also noted 

that perfusion with calcium-free Ringer can lead to cardiac arrest, but 

this latter can be reversed with strophanthin. This was interpreted to 

mean that the action of strophanthin is independant of calcium. However, 

Handovsky (192~) could not observe reveraal of the calcium-free arrest by 

strophantbin, but did observe soma temporary recovery in the potassium-free 

arrested heart. This author also reported that the etrophanthin affect 

could be much tmproved 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 oemotic pressure by addition of 

cane s~ar to the solution, Pietrkowski (1918) concluded that the glycosidee 

act directly on the heart muscles and the action did not depend on calcium. 

Nyiri and DuBois (19,0) have also reported eome differences in the 

actions of calcium and digitalis on the fra; heart. Thue, the calcium 

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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Rin~er, or sodium chloride, or potassium-sodium chloride solution, but the 

digitalis-arrested heart again recovered much more elowly. In a aecond 

&roup of experimente, the combined effects of the various ions and di&italia 

were studied. It was noted tbat di&italization of the heart could occur 

within the usual time irreepective of calcium concentrations. However, one 

cannet observe the effect, if the heart muscle has loet ite ability to 

contract, but, if at any given time, one re-eetabliahee the inotropic 

properties in the course of the diiitalization, the correapondin& effect 

tor the time of perfusion can be obeerved. It wae concluded by theae authors 

that full digitalis action can occur in the absence of calcium, and that 

calcium and digitalis are not easentially related in their pharmacological 

actions in the isolated fro~ heart. 

Calcium-di~italis interrelationehipe were later re-investi~ated by 

Nahum and Hoff (19,7) on unanesthetized rabbits. Their resulte alec led to 

the conclusion that there waa no evidence of aqy additive effeets of the 

two agents. However, these findings have been eeverely criticised by Gold 

and Kwit (19,7) on the grounds (a) that the rabbit ie an uneuitable animal 

for di&italie studiee,showing a rapid excretion and a hi&h tolerance, (b) 

that the concentrations employed were toc small, and tinally, (c) that 

Nahum and Hoff had ignored anetrong eyner&ietic effect", which Gold and 

Kwit considered to be shown by the resulte. 

Usin& morphinized doge, Smith Winkler and Hoff (19,9a) could a&ain 

not demonstrate any syner&ietic or additive affects of calcium and digitalie. 

The electrocardiographie changes were correlated with the calcium levele in 

the serum, and the resulte indicated that the lethal affects of calcium and 

digitalis were neither eynergietic nor even completely additive. 

Finally, Blumenfeld and Loewi (1945) have reinvestigated the oalci~ 

di&italie action in the isolated frog heart. Their resulte rather indicate 

that the "eystolic" or "diastolic• etandetill of the heart, as produced by 
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various concentrations of di&ita1ie, cannot be reproduced with calcium ions. 

In addition, the cardiac arrest to11owin& di&italis cannot be prevented by 

decreasing the calcium concentration of the pertusin& solution. 

Olinical Studies. Edens and Huber (1916) have examined the blood calcium 

in patients showing digita1is bypersensitivity. The,y found rather high 

values in many of theee casee, and theretore suggested that this was a 

contributing factor to the increased tendency to bigeminal rhythms followin' 

di~talis therapy in soma cases. Bower and Mengle (19~) have recorded two 

deatha following intramuscular administration of Di~lin and intravenoue 

injections of calcium gluconate in man. However, no conclusive evidence ia 

available from clinical reports on this subject. 

In summary, tberefore, either complete eynergism, none-way" synergism 

or total independance of actions, have been advocatad for calcium-digitalis 

interrelationships by various &roups of workers. It is therefore evident 

that this problem requirea further study. 

c. Studies on Effects of Magnesium on Heart Action 
and on Magneaium-Digitalia Interrelati•nshipe. 

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

and other actions of the magnesium ion hae been published by En&bach (1952). 

As early é.s 1907, Matthewa and Jackson reported that when magnesium sulphate 

wae administ~red to the exposed hearte of fro&s, turtles and birda (rooeters 

and geese), there was a vary marked depression leadin& to etandstill. This 

depression could be temporarily counteracted by artificial mechanical 

stimulation, or exposure to solutions. of barium chloride or calcium cbloride, 

althou&h adrenaline could not reverse this depression. 

The electrocardiographie changes following intravenous injections of 

ma&nesium aulphate into unanesthetized do&s have been described by Miller 
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and Van Dellen (19,S) and Smith, Winkler and Hoff' (19,9b). The data show 

thàt ma~esium caused an initial tachycardia, which &radually gave way to 

a bradycardia. The electrocardiograms indicated that intracardiac conduction 

is depressed, giving rise to increased P-R intervals, occasional S-A and A-V 

block and . widening of' the QRS complex. There was however, a poor correlation 

between magnesium serum levele and the observed electrocardiographie changes. 

In addition, calcium failed to alter the mainesium effects on the heart. 

Van Dellen and Miller (19,9), noted that f'ollowing atropine (0.2 ~-/kg.) 

or vagotomy, the overall electrocardiographie f'in~ings induced by ma~esium 

were not effected. Thus, the affects of ma~esium were not due to any 

central vagal action, but to a direct ef'f'ect on the heart. 

The coronary action of magnesium wa~' investi~ted by Elek and Katz 

(1942). Using a 25 per cent solution of magnesium eulphate they observed 

au~entation of coronary flow ranging from 27 to 89 per cent following 
1 

injections of 0.15 to 2 ml., i.e. '7•5 to 500 m,. into isolated perfused 

fibrillating dogs 1 hearts. 

An extensive clinical investigation by Bernstein and Simkins (19,9) 

indicated that injections of a ten per cent solution of magnesium sulphate 

in either patients without cardiovaecular diseases ('4 cases) or, patients 

with varioue types of oardiac dieeases (66 ca•es), produced no uniformity 

in the ·responees. These authors concluded that auch intravenous injections 

of magnesium exert no deleterious effects on the buman heart. 

Boyd and Scherf (194') inveetigated the effects of intravenous injections 

of magnesium sulphate in ten cases of paroxysmal tachycardia, and in one case 

of auricular t'lutter. It was reported that injections of 10 or 20 ml. of a 

ten percent solution lessened three out of eight attacks, whereas a 20 ml. 

dose of a 20 per cent solution, stopped completely all attacks. Transitory 

appearance of listurbed conduction and ventricular extrasystoles were also 
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·reported by these workers. 

Magnesium-Digitalis Interrelationehipe. In 19~5, Zwillin&er su&geeted 

intravenoue magnesium eulphate for the treatment of premature beats and 

paroxysmal tachycardia. He reported in one patient, tbat paroxyams of 

ventricular tachycardia and fibrillation due to excessive injections of 

etrophantbin were abolished by intracardiac injections of 10 ml. of a 15 

per cent solution of magnesium sulphate, but the patient succumbed sevan 

hours later. The author aleo reported that rabbits and frogs, injected 

with the ueual "lethal doses" of digitalie could be eaved by treatment 

with repeated email doses of magnesium. No details of these experimente 

were however given by the author. 

Rothber,er and Zwillinger (19,6) aleo noted that ma&neaium could 

counteract the barium chloride or etrophanthin tachycardia induced in 

morphine-chloralosed doge. 

Usini the heart-lUD~ preparation, Stanbury and Farah (1950) investi

&ated the interaction of ma&nesium and di&oxin action. It was obeerved that 

magnesium slowed the rate of the 8-A node by a direct action independant of 

nervous influences, but that a significant increase of the leval of the 

ma&nesium ion in the blood in 14 haart-lung preparations, had little affect 

on the "toxic" or "lethal 0 dose of digoxin. In two experimente magnesium 

chloride was added quiekly to the preparation already sbowing toxic di&oxin 

affects, and in tbesa casee, 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 threebold of aleotrical 

excitability of the cat papillary. muscle preparation. Similarly, Garb (19,51) 

observed that neither 11 magnesium-free Locke solution" nor 11ten times the 

physiological concentrations of magnesium" in Locke solution, exerted any 
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effect upon either the electroçam or Jll1'0p-alD in this preJMLration. 

Miller and Van Dellen (1941) ooncluded that in two di&italized do~s, 

magnesium sulphate exerted an additive effect in -_alterin& the T-wave ,re

duoint; further A-V delay. They noted tha.t ma.gnelium led to an iDitial brief 

taohyoardia, whlch they attributed to a blockin& of the T8.l8.l effeot of 

di&italia. The reeul ts alec •uaested tbat map1eaium doee not overoome the 

effeot of digitalis poiaonin&, but rather increased the degree of block and 

the occurrence of the ectopie tmpulee1. This Tiew ie rather opposed to 

those of all earlier published atudies in the literature, and in Tiew of the 

small uumber of animale atudied, requires further inveati&ation. 

Eneelber&; Bilmlona and Mintz (1950) haYe oon.firmed tbat rapid intra

Tenoue injections (20 ml.) of 20 per cent maptesium eulphate abo11sbed or 

ai;nifioantly reduced various types of di&italia arrhythmiaa, but oonoluded 

tbat the antidotal value of map1esium in theee arrh:ythmiaa, was 11mited by 

ita brief action and the occasiona1 undesira.ble effecta (tlu•hin&, fee1in& 

of suffocation, paresthe-aU.iJ}~, wbioh it produoes. 

Szekely (1946), Szekely and Wynne (1951), reported further olinioal 

and experimental etudies in which they oonfirmed that the ZDainesium action 

wa.s exerted direotly on the heart, and tba.t the intraTwous administratien 

of magnesium sulphate mi&ht be a uaetul proéedure in overoamin& extrasy•tole• 

due te overdiP. talization, but the effects may be only temporary. 

In 1\.IIIIIDS.ry, there ia no dou.bt tbat bi&h concentrations of magne•ium oan 

be show to po88ese a marked myooardial depre•sant action. The anta&oilj.sm 

between diptalie and m&l!leaium ia however, limited t.ncl the obaerved s hort 

duration of this anta,oniem may W.ll be due to this direct J:Dy'Ocardial 

depreesant effect of m&&lle&ium, rather than to any specifie ionie magnesium

di&! talie inte;r:"ela:tionehip. 
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D. Obsern.tions on Changes in Ooronary Plow as Relate4 
to Ionie Effecta and t.o Digitalia-Ionio Inter

relatienabips. 

On the basie of the electrocardiocraphic chan&•• observed following 

the application of potassium chloride eolutiGn (20 per cent) to the do&'• 

heart in situ, Wiuera (1929) euuested t'bat these alteration8 resemble4 

those induced by coronary occlusion. Gruber and Roberte (1926) obaernd 

that when isolated cats' and rabbits 1 hearta were perf'used with potassium-

free Rin&er solution, the coronary flow rate waa decreased. They alao 

noted that calcium-free Rin,er increased coronarr flow rate. 

A more detailed at.wiy of this problem waa made by Katz, Rodbard, Priend 

and Rotteri!Dan (19,S) who, usini the iaolatetl filtrillatini do, heart, noted 

that when the potassium concentration in tbe peduein& defibrinated blood 

vas increased sliihtly (4 per cent above no~l), there wae a aliiht 

increaee in coronary flow. However, increaain& the concentrations by 50 and 

150 per cent above normal potassium levels, produced a decreaae in the 

·coronary flow. With hi&}ler potassium concentrations, these workers . could 

develop complete coronary cloaure. Siœilarly, increaain& calcium conoen-

trations up to 24 fold, and sodium up to approximately three fold, beth 

caused corcnary dilatation. ln view of the hiih concentrations employed, 

the latter two ions may have produced their affects only threu&h their 

hypertonie actions, ani i t is dif'ficul t to draw . ool)cluJJ:J..one frGlll th~•• data~. 

An attempt to evaluate tbe affects of potaasium-calcium ratioa on 

coronary calibre vas made by Cohan(l9~), who recorded the effeots of 

n.rioue iona on iaolated coronary rings of cattle. Tbe rinp were placed 

in normal saline solution and various concentration• of calcium and/or 

potassium vere added to the -bath. The resulta indicated that a4de4 caleium 

when not accompa.nied by potaseium, increaaecl the 1tene1 of the coronary 

arteries, and on decreaeing the calcium concentration, there vas a rever.al 
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of this effeet. Added potassium alone, in low concentrations, bad a variable 

effeet but hi&h concentrations alwaya depreeaed the coronary 1 tone1 • Hovever, 

witb calcium present in the solution, low potassium only depreesed the 1tone1 

of the coronariee. Similarly, etudies on ma&neeium indicated tbat this ion 

depreseed ooronary 1 tone•. 

Finally, Melville and Mazurkiewicz (1955, 1956), recordin& ooronary flow 

on the isolat.ed rabbit heart, indicated that exceseive doses of potaaa1UII1 

could induce coronary dilatation or a 1 paracioxical 1 ooronary conetriction, 

while calcium excese caueed dilatation. Ouriouely enouch, decreaein& or 

completely omi ttin& calcium or potassium from the pertuain& fluid, both 

increaeed coronary flow. Tbeee worlcere have conoluded that changea in the 

potassium-calcium ratios oan therefore influence the ccronary flow. 

Digi talis and Digitalie-Ionic Ei'tecte. 'l'he eff'ects of di&italia upon the 

coronary circulation haTe been extenaiTely investipted. Beoauae ot the . 

àitfioulties involTed in aeeeeein& the multiple factors affeoting coronary 

cbanpe, a wide variety of methode haTe been emplsyed. Binee no e1f11le 

technique takea into con8ideraUon all the tactora int'luencing coronary t'low, 

the resulte on the w}l)le have been contradictory. Sorne of the 'YB.l"ied 

techniques and the resulte obtained both in cormection with the actions of 

d11italie and di&italis-ionic interrelationsbipe in respect to the coronary 

circulation are summarized hereunder. 

lffects on Ieolated Corona~ Veeeela. Eppin,er and Hees (1909), usin& 

iaola.ted ooronary arteries, reportied that etrophantb.ts, Diplin and diptoxin 

produced constriction. However, the opposite effeot was obaerTed by Oow (1911), 

who ehowed that coronary arterial atrlpe were dilated with digitalis. 

Rabe (1912), uaing isolated etripe of coronaries, eonc1uded that the 

coronary arterioles were more aenaitiTe to di,ita1is thLn the veaae1a ot the 

limbe. Tllu.e, it wae found that coronary constriction ooourred vith stropbanthin 

(1:20,000,000) wbile a dilution of ltl,OOO produced little or e1ight effeot 
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on the peripheral veasels. Similarly, Diptalin constricted the coronary 

arteries in 1:5,000,000 concentrations, but a concentration of 1:10,000 was 

necessary to affect peripheral constriction. A variety of re~ponees vere 

obta.ined by Voe~lin and Macht (191~) ueini coronary arteries of the ex and 

pi& in oxy,enated Locke solution. They concluded that: (1) coronary artery 

constriction wae caused by Di&italin, di&itoxin (Merck), , · Dicitalin 

{Kiliani) and ~incture of diptalis; (2) coronary dilatation by Di&alin, and 

infusion of diptalis, and (~) no chanis in coronary artery occurred vith 

etrophanthin (Merck) and strophanthin (Boebrin&er). 

These earlier papers indicate already the . contrOYereial nature of the 

respensea of the coronaries to di1italis. This simple method alec doea not 

&ive information concemin& the chan&•• in emaller coronary veasels, .which 

are the main component of the coronary becl. They also throv no li&ht on 

ch&n~•• in the rate of coronary flow in the beatin1 heart. 

Effeot on Ieolated Perfused Hearte. Loeb (1904),.usinl the ieolated cat 1 a 

heart perfused vith phyaiological saline, obtained T.ariable resulte. He 

concluded from five experimenta,that etrophanthin (0.15 to 0.2 mc•/100 ml. 

added to the perfusin& fluid) produced no chan&e in flow. Di&itoxin (0.5 -

0.6 •&•/100 ml.) led to rapid conetriction. 

With the isolated do& heart, Lindner ani Katz (1941) reported tbat 

injections of massive doses (25 m&•) of k-atropbanthin caueed Yariablo 

oonstriction and dilatation. In ether experimente vith beth Ji&ifolin (Oiba) 

and ouabain,variable and unpredictable reeults vere also obtaimed. 

Effecte in Heart-Lung Preparation. Bobo (1927-28) bas shown that 0.0025 JDC• 

of &-etrophanthin per 100 ml. of blood, as wall as injections of the 

tincture or infusion of diptalia (in equivalent doses) reduced hoart aize, 

but the arterial pressure, cardiac output and vork of the heart remained 

constant, While the coronary sinus flow increased,followiDi a delayed onset. 
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He conclu4ed that eince blèod pree.ure remained eonetant, the increaeed 

coronary flow wae due to a decrease in the coronary reeistance and that 

digttalie caueed direct coronary dilatation. 

Fieher, Gu&genheimer and Mailer (1928) also employed a similar tech

nique ueing strophanthin in doses of 0.05 to o.~ Dl&• per 500 ml. blood, 

and tound no chan&e with the lower doees, but with hiiher 11lethal doeee• 

decreased coronary f1 ow enaued. 

Ruhl and Wiehler (19~4) eimilarly studied the effects of etrophantbin 

(cioees not &ivan) and reportecl variable affects on coronary einus outflow, 

with a tendency towarde constriction. Gineber&, Stoland and Siler (19,S) 

carried out an extensive etudy on 5~ heart-lUD~ preparations, &iain ueing 

the Morawitz cannul.a to record the coronary sinus outflow. A nriety of 

di&italis preparations were investi&ated by these autbore, who concluded 

that digitalis acted directly on the coronaries and not on the extrinaic 

nervoue mecbanism controlling ~oronary flow, eince no difference in reepenee 

wae obeerved af'ter atropine. In &eneral, their tindinie indicated. that 

under all conditions employed, the most consistant etfect waa a decrease 

in coronar,y flow rate durin& an initial period of about ten minutes, 

followed by an increase which persisted throu~out the remainder of the 

experiment. 

Bffeots on the Heart in Sittt. Bond (1910) reported no ohan&e in the rate 

of outtlow from a sectioned coronary vassel in anesthetized do&e, after 

intravenous injections of strophanthin. On the other band, Meyer (1912) 

reported an increase in coronary flow in curarized cate, in which a cannula 

was ineerted into a supertioial coronary vain and the outtlow meaeured. 

From etudies on urethanized cats, Sakai and Saneyoshi (1915) concluded 

that 11 therapeutic 11 dosee bad no etfect, but 1 hi&h11 dosee led to cardiac 

arrest within 15 minutes and produced initial constriction followed by 

marked dilatation just prior to deatb. 
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Numeroue reports in the literature (Fenn and Gilbert, 19~2; Gilbert and 

Fenn, 19~2, and Ginsberg, ,Stoland and Siler, 1938) indicate variable 

coronary reeponsee in aneethetized doge following administration of various 

digita1is preparations. 

Hildebrandt and Oeterwald (19;8), using the Rein thermostromuhr on 

anesthetized doge, observed no chan&e 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 Mann (19,S), Essex, Herrick and Vischer (19~8) and 

Dearing, ,Essex, Herrick and Barns (194~) have used unanesthetized trained 

doge, with a thermostromuhr previously attached to the circumflex branch 

of the left coronary artery. Different digitalis preparations studied led 

to the observation that "therapetuic" dosee bad no detectable effect on the 

coronary flow. However, "toxic" doses decreased coronary flow, following 

a delay of four to six hours after intravenous administration. This 

decrease persisted for several daye. The changea in coronary flow could 

not be correlated with the changes in heart rate or blood pressure. 

In a preliminary report on morphinized aneathetized do,s, Page, Wendel, 

She1don and Foltz (1950) determined coronary :flow by t .he nitrous oxide 

technique, and concluded that amall doses of ouabain had no effect on 

coronary vessels when comparieons are made before and ,0 minutes after tho 

drug administration. Recontly Re~, Talmers and Hellems (1956) also found 

no change in myocardial oxygen A-V difference after acetyl-strophanthidin 

was given to doge. 

Olinical Observations. There are numerous clinical etudies in the literature 

concerning the possible influence of di&italis on coronary flow. One of 

the earlieet of theee was made by Forthergill (1871). In hie review he 
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suggested that the improved cardiaol ant·; pneril :· èirculater:r aètiou.:::folloving 

di~talis therapy leacl to àa~tmdary improv•ent 1n the ooronary circulation. 

Moreover, from some obsern.tions on two cases of anpna peotoris, 1 t was 

concluded that digitalis migbt have a beneficia! effect on that condition. 

Eggleston (1920) and Oushny (1925), in extensive reTiews of digitalis 

action, concluded that in sma.ll 11therapeutic 11 quantities, di&italie bad no 

effect on ooronaey circulation in man. On the otber hand, J.Penn and Gilbert 

(19,2) reported that aome patients on digitalis therapy developed a~na 

pectoris, and when the drU& waa witbdrawn, the attacks ceaaed. They then 

performed an extensive series of experimente on doge, and concluded that 

di&italis can produce anginal pain by oonstrictiua the ooronartee, but thie 

does not oocur in all cases and was unpredictable. 

Kountz and Smi tb (19,a) reported lar1e increases in ooronary flow 

following digitalis in perfused, reTived b:.uDan hearts. Gold, otto, Kwit 

and Satchwell (19,a) investigated 120 ambulant oaees of arterioeclerotic 

heart diseaee with cardiac pain. Large enough doses of digitalis leaf 

preparations were administered to 1ead to toxic symptome in 28 per cent of 

their cases. The digitalie was given for periode from one to 68 weeks 

{average el even veeka), and 15 per cent of the patienta reported an increase 

in pain, whilo ~ per cent reported a decreaee. Similar resul ts vere, 

however, obtained vith a 'placebo'. These workers concluded that eince these 

patients vere unusually susceptible to oardiac iscbemia, the resulta indi

oated tbat digitalis, even in large doses, rarely, if ever, produoes 

disoernible constriotion of the coronariee in man. 

In 19,9, Gold a&ain reviewed the literature on tbie question and 

reconfirmed his opinion that digitalis does not exert an, direct conatriction 

of the ooronary circulation. On the oontraey, LeyY, Bruenn and Williams 

(1940) also adminietered di&italis leavea to a seriee of patients with 

coronary eclerosis ani anginal attacka. After five daye of treatmezrt, the 
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patiente vere subjected to an 1anoxemia test•, conaisting of inhalation of 

ten per cent oxn;en and 90 per cent ni trogen. The authore found th.at the 

~ppearance of pain occurred more rapidly and conoluded that dicitalie 

increaees the tendency to pain in certain patients, suaceptible to 

&n&inal attaoke. 

Bing, Maraiet, 

(1950) catheterizeà the coronary sinus in tvelve patiente and measured the 

coronary flow by means of the nitrous oxide method. Ten minutee afl.er 

. intra-arterial injecti~ns of 0.65 mg. k-.tropbanthin, negliiible effects 

on the coronary flow were recorded. Tbus the authore concluded that 

atrophantbin exerts no effect on the coronaries. 

In summary, the variable resulta deecribed above might be due to the 

various methode employed for the meaeurement of cballie& in the coroœcy 

circulation after the administration of di&italia. The use of ieolated 

ooronary veeeele appears to be rather unphysiological. Mea.uring f'lov from 

a eevered superficiel coronar,y vessel is not a reliable index to the flow 

of blood in the coronary system. The iaolated beart preparation oan pve 

inaccurate reeul te due to ineutf'ioiency of the aortic w.lYea. Furthermore, 

the heart vith empty chambers, beating outside the body ie coneidered too 

abnormal by soma workers to give any conclusive findings. The ooronary 

blood flow in the heart-lung preparation, using the Moravitz cannula or the 

thermoatromuhr may be altered by the ef'fects of the preparatory operative 

procedures, by the anesthetic agent, or by the tact that the total coronary 

f'lov is not meaaured. Indeed, the clinical data ia controversial and not 

convincing in either direction. Tbua, though a large variety of techniques 

.are available, there is no conclusive evidence concertdn~tbe digitalia 

ef'fecte on the coronary veasels. Furtbermore, there are no p~ou. 

syetamatic etudies in the literature concernin' the coronary tlow changes 

associated vith potaesium, calcium and magnesium actions in respect to the 
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overall oardiac actions of digitalia. 

!. 1 Reeuseitation1 Following Dicitalis Toxicity. 

The extensive earlier li terature ooncerning the recovery or reati tution 

of pertused tro,•s hearts tollowing digitalis arrest, bas been reYiewed br 

Rothlin (19,,), and Lendle (19,5)• The ease vith whioh this action could be 

achieved n.ried greatly with the different preparations and experimental 

conditions employed (Straub, 1910; Olark, 1912; Iasekutz, 1915; Rothlin, 

1927; Lenz, 1926; l'ieher, 1928a; Graf, ,.1929; Gander, 19~, and Beaw1e and 

Balaceanu, 19,,). It appears tha.t with suttioient time cœnplete recovery 

could ensue, since a second period of poiaoning followed exaotly the same 

pattern as the first. The etfecta of the acents were equally revereihle 

when Rin&er solution or blood pla~ were used, or when the glycoside vas 

&iven to the intact frog, and the arrested heart subeequently excisei and 

pertueed (Kinlieepp, 19,5)• 

No relationahip wae noted between revereibility of action and the 

cumulative action in the different preparations (Walter, 1918; Gottlieb, 

1918). The form.r worker reported that after atrophanthin, recovery 

occurred in 2.5 to eight hours, whereae, after di&italis leaf' preparatien, 

the recovery time wae more rapid (two to four hours). The possibility that 

the presence ot the genin in the infusion might enhance reTereibility waa 

auueeted by Gia.comi~ (1926). Straub (19,1) found that the bindinl ot 

effective amounte of digitalie by beart muscle occurred witbin the initial 

60 seconds of contact between the muscle and the drug. Thus, ai'ter 60 

seconds of ex po eure to di&i talie, and replacement of the pertudng fluid 

with normal Ringer, the process of poieoninl continued, as if the dru& ha.d 

not been removed. Different glycoaides showed different binding oapaoitiee, 

which aeemeQ to be dependent ~ water eolubility and stability of the 

particular molecule. 

l'rommel (1928a an4 b), postulated that the obaerved differences in 
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reversibility between the actiens of whole leat extracts and digitoxin, 

depended on the preaence of the potaaaium in the former. 

Another relationship between potaasi\111 and reoovery waa ahown bJ 

Scarinci (195~). His experimenta indicated tbl.t after the treg' • hea.rt 

(Straub perfusion) wae stopped with ouabain (1:,0,000) solution, vaahinc 

with Ringer solution without potasaium,reatored the contractions of the 

hea.rt. It the heart, beating on this pota.eaium-free solution, is then 

re.Pertuaed vith normal Ringer, the or;an a~in went into arrest. Thue, 

this alternate perfusien with potasaium-tree Ri~er and normal Ringer oan 

alternatively stop and start the trog heart under these conditions. 

Attempts to antidote digitalie toxicity in experimental mtmmalian 

hearts have been rather disappointing. The literature on this question 

has been reviewed by Cohen (1952). K7aer, Ginaberg and Gilbert (1946) 

suggeated tram experimental observations on ~2 digitalized doge tbat atropine 

migbt aid in modif71ng digitalie m)ocardial leaions. However, the clinieal 

reporta are conflicting. In seven patients, Resnik · (1924) oonverted 

dicitalis induoed traneient aDricular fibrillation in man te a regular sinua 

rhytba, with an injection of 2 mg. ot atropine. Similarly, Geld and otto 

(1926) atopped digitalis bigeminy in five casee with the aubcutaneous injec

tion of 4 mg. of atropine sulpbate. However, neither Yacotomy nor atrepini

zation appear to leesen digitalis toxicity in experimental doge (Robinson 

and Wilson, 1918). 

Beth quinidine and procaine amide have also been etudiecl as possible 

antidotes in digitalis poisoning witb variable resulta (Berry, 1951; Kayden, 

Brodie and Steele, 19,51; Scaffer, 1951; Stearns and Callahan, 1951). 

l"ina.lly, as already pointed out, botb potassium and magnesium bave been 

employed to oounteract digitalis arrhythmias and toxieity. (See Sections 

A and o.) 

However, the meohanism of 1 reeuscitation1 is still obscure, and the 
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possible role of potassium or other chemical a&ents in this procees is 

still rather uncertain. 
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~ŒTHODS 

The isolated rabbit's heart perfused with oxygenated Locke solution 

by a modified Langendorff procedure was used in most experimenta. A few 

confi~atory observations were also iliade on the isolated perfused cat's 

heart. Full details of the perfusine procedure have been described by 

Lu and :-':elville (1950) and more recently by Melville and Mazurkiewicz 

(1956). Korol (1956) has also given a detailed account of the procedure 

and the experimental a rranp:e'rent. In brief, the method parmi te eimul-

taneous kymographie recordin: s of coronary inflow and associa ted heart 

contractions (amplitude and rate). In each experi:nent, after the heart 

was attached to t he apparatus, a preliminary 11 equilibration period11 of 

15 minutes of perfusion with nor~al Locke solution was always allowed 

to elapse before any observatio"ls were recorded. It must be emphaeized 

that with this method of perfusion of the isolated heart, special care 

must be t aken to ffiake sure tha t the aortic valve is functioning 

efficiently after the preparation is set up. Consequently, durin~ this 

preliminary equilibratin~ period the coronary flow was checked at fre-

quent intervals, and unl es s a uniform and steady flow rate within11 normal 

limite" was beinP:; maint ained after the initial t en minutes, the heart 

was discarded. In arder to facilitate changing from one type of perfusing 

fluid to another, t wo or three perfusion reservoirs were atta ched to the 

apparatue and kept in a l a r ge w~ter-bath, maintained at 37° C. by a thermo-

etat. The reservoirs were placed at a height of approximately 60 cm. above 

the heart. 

The electrobrams of the i sol ated heart were also r ecorded on a Sanborn 

Vi socardi ette , usine the standard lead II position, and atta ching the r ight 

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

t hread attachin~ the aorta to the perfusion cannula . The left leg (LL) lead 
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was connected to a similar sterling silver wire (0.01 inch diameter) electrode 

connected to the heart. A aimi1ar technique bas been previoua1y reported 

by Koro1 (1956). Binee the priliJarf: ·· interest in these experimente waa in 

arrhythmias, the generic terme of QRS and ST-T changee were adhered ·to rather 

than detai1ed descriptions of the action potentiale or the monophaaic curyee. 

The cats used in the experimente were 1igbt1y anesthetized with ethe~ 

before removin& the heart; and the heparin (1 Dl&• per k,.) injected intra

cardially. The remainder of the procedure was identica1 to that emp1oyed 

in the rabbit experimente. 

Sa)Dples of the f'luid enterini the beart and the f'luid leaving the heart 

were taken at the timea ma.rked by the signal line a a shown in the indi vidua1 

kymo,raph recorda. ~ one in 50 dilution with dietil1ed water wae made of 

the eamples and the potassium determinations were oarried out by standard 

f'lame photometrie procedure. 

Stock standard solutions were prepared for use on the flame photometer. 

Theae standards were prepared so that the final concentrations of sodium ion 

wae identical to tbat in the perfueini aolution. Attempts were made to use 

two standards with concentrations of potassium below, and two standards with 

concentrations of potassium above, the unknown solution. 

Similarly, , standard preparations of sodium were used for sodium deter

minations. Calcium determinations were done by the method of Clark and 

Oollip (1925)• The BeCkman D.U.Spectophotometer with flame attacbment was 

used for both the sodium and potassium determinations. All analysee were 

done in random order in duplioate, or triplioate, if the tiret two values 

varied more than three uni ts per cent transmission. The concentrations of 

the ions in the experimental eamplee were obtained from curTee of the 

standard solutions by plotting milliequivalents per liter on the absoiasa, 

against obaerved per cent transmission on the ordinate. 
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The 11net gain" or 11 net loss 11 of ion from the heart was calculated as the 

difference between the amount of potassium entering and that leaving t he 

heart during a ten second period of time. This time was the average time 

uaually required for collecting enough perf'usate for analyeis. Correction .. for 

variation in rates of coronary flow waa made oy mul tiplying the potassium 

concentration (mEq. per liter) of the eample by the aesociated coronary flow 

(ml. per ten seconde) as calculated from the recorde obtained at the time 

the eample was collected. Consequently, the amount of potassium entering or 

leaving the heart is expressed as microequivalents per ten seconde (YEq. per 

10 sec.). 

In presentin~ the resulte, the data from several experimente were grouped 

together and mean changes reported. In the graphe the average times for 

specifie criteria (e.g . cardiac standstill, net potassium changes ) are pre

eented. Standard errore, correlations and probability determinations were 

carried out -,rherever practical, Snedecor (1955} was ueed as a standard 

reference for these determinations. 

When moàified Locke solutions were employed no attempt was made to main

tain isotonicity. It has been reported by Butcher, Wakim, Essex, Pruitt, and 

Burchell (1952) that addition or subtraction from the standard perfusion fluid 

of ;4 mEq./1. of sodium a nd chlo r ide ha d little or no affect on the electro

cardiograms recorded from the isolated rabbit, dog or turtle hearts. Since 

t he osmotic chan~es produced oy altering t he concentration of potassium during 

the ex~eriments r eported here were maximally of the arder of 11.2 mEq./1., 

failure to balance to isotonicity should not alter significantly cardiac 

function. 

Ouabain U.S.P. (S.B. Penick and Co.) was dissolved in the Locke or 

modified Locke as indicated in the different experimente. The ether chemicals 

used were: (1) !vierck rea.~ent grade magnesium chloride (MgOl2.6H20) • This 
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was dried overni~ht at 100° c. prior to uae. The concentration of maiJlesium 

~ven has therefore been calculated tor the formula Mgel2.4H2o. (2) Sodium 

lactate 1/6 Molar (Abbott*). And, (') miscellaneoue drui administrations, 

such as adrenaline ((l-adrenaline bitartrate**) or noradrenaline (I-nor

adrenaline bitartrate monohydrate**), potassium chloride or calcium cbloride 

solutions for injections, were freshly prepared, as needed, either in Locke 

solution or Locke as modified for the perfusion. 

In the experimente in which sodium lactate was smployed, the normal 

ieotonicity was restored by omittini an equivalent calculated amount of 

sodium chloride. Similarly, when the sodium concentrations were reduced, 

sucrose was used to re store ieotonici ty • 

• Courtesy of Abbott Laboratories, Montreal, Que. 

•• Courtesy of Sterling-Winthrop Research Inatitute, Renaselar, N. Y. 
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REST.1JTS 

l. OJS~TlATIO!,IS ON T.·:.E Etï'~ECTS OF VARYINS OONCENI'RATIONS OF OUABAIN 

AD:JED TO NORl'LAL LOCKE 1 S SOLU'l'ION UroN THE CORONARY FLOY!, HEAkT ACTION 

A: 'D As~oc IATED ELECTROLY-TE - ~OVE~ŒNTS. 

(a) Comp6 risons of the 2:1'f'ects of Different Concentrations of Ouabain. 

Since the development of the affects of the glycosides on the heart 

requires time, the concentrations of the perfusing fluid enployed and the 

rate of perfus i ng, are obviously importe.nt factors. Prior to investigating 

the influence of the various ionie ch.,nges, it was therefore important to 

make a comparison of the affects of different concentrations of ouabain, 

wi1en perfused und er the condi tians of these experi menta. 

In Figure l, are prese'1ted ;:::ranhically the average times (minutes) 

required of perfusion to reach cardiac standstill (mechanical arrest), 

when the hearts of r abbits or cats were per~ùsed with different concen

trA.tior.s of ouabain, 9 dded to normal Locke 1 s solution. 'l'he standard 

error in eacb case i s also shoNn. A total of )1 diff erent hea rts were 

ueed, comprising fi ve (ra ~bit s ) with the highest concentration ()0 y/ 

ml.); two groups of nina an ~mals (seven ra i:Jbits and two cats in each 

group), v;ith both the 15 y/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 1 hearts wer e included in this group, the resulta obtained wi th them 

did not appear to be strikingly different from those observed in corres

pondin~ rabbit experimenta, and therefore the findings in bath s pecies 

are considered to gether. A ~reater number of cat experimente would how

ever be necessa ry before a fina l conclusion rega r ding epecies differences 

could be dravm . Since this \•/as only an incidental aspect of this work, it 

was not considered nece ,-·sary to extend these observations further. 
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lt is evident fran Figure 1, that as the concentration of ouabain in 

the perfusin~ fluid is decreased, the average time required for cardiac 

standstill increases, and in addition the avera&e variation from experiment 

to experiment is greater, as shown by the standard error in each &roup. 

The avera&e periode required for cardiac etandsti11 in the different ,roups 

were: 9.0 %0.75, 12.8 :0.8~, 17.56 ±o.6~, 26.7 ±4.08 and 46.0 ±14.1 minutes 

for ouabain concentrations ,0, 15, 7.5, ~-75, and 1.88 y/ml. respective1y, as 

. ahown in Fi~re 1. The variation vi th the 1owest concentration (1.88 y/ml.) 

was so ma.rked that one of the five perfused hearts in this &roup did not 

reaeh standsti11 even a:f'ter 92 minutes of perfusion. 

For the purpose of mald.n& eanfe.rative etudiee of changes in the heart 

when ouabain ie perfused under the different experimental conditions employed 

in this study, it is evident that the concentration 1eading to the 1east 

variation from experiment to exneriment was an intermediate one (7.5 Y/ml.). 

In many of the ear1ier studiee reported in the 1iterature (see Historioal 

Review), workere have selected for co.mparison what bas been defined as 

1 therapeutic" or "toxic" concentrations of di&italis preparations. Such 

termino1ogy is however rather va~e, and the fact tbat on1y s1i&ht variations 

in toxicity fro.m experiment to experiment were observed at this doee 1eve1, 

permit a more exact basie for comparative etudies than hitherto reported in 

the 11 terature. It is eonceivable that the ma:rked variations in the individua1 

experimente at the 1ower concentrations, might be due to 1ack of a constant 

rate of fixation or accumulation of ouabain in the heart at the normal rate 

of coronary inflow, and conse~ent1y, would not be suitable for auch compara

tive etudies. 

Fi&nres 2, ~ am 4 show typical e~p1es of the concomitant chan&es in 

coronary inflow and heart contractions (both mechanical and electrica.l) 
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aa recorded during perf'ueion wi tb bi'h (~y/ml.), medium (7 ·5 y/ml.) 

and low (1.88 y/ml.) conoentrationa of ouabain, respectiTely. 

As can be aeen from Fi&Ure 2, durin, ,.r:f'tlsien wit.h bi&b ouaiainJ concentration 

there is a rapLd inorease in the amplitude of contractions, aa ... lated 

wi th a slight initial deoreaH in ooroMry f'low rate (B)--the corres-

pODding electrogram shows no si~ficant charlie in form, .but a slight 

bradycardie.. With continued perfusien at o, D, and E, one obserns 

eontinued ~en~tion of the amplitude of the contractions, associated 

wi tb w.rious types of arrby'tbllliaa -sbifii.ng pac..aker ( 0) and 

· , .; ventricular tachy'ca.rdia (D and E), centinuing until meohanical arrest 

eneueci (G). Ooncomitantly, tbere ie a procre-seiTe increase in ooronary 

int1ow wbich aleo persieted to G---the electrioal record at this time 

ahowed terminal fine fibrillating movementa. This fi&UJ'e alao ~-enatratea 

tàat when the perf'ueing tluid waa obanged to potaseiua-free Locke, there 

waa a tranaitory period of ventrieular fibrillation (H) followd .,- arrest 

of the heart, :tr• whicb recovery cou.ld not be obtainsd by chan&ing the 

pertusing tluid to normal Locke. Similar reeul te were obtained. in another 

eimilar experiment. 

Apart from delay in the appearance et ooronary dilatation and the 

slower development of final cardiac arrest, a rather similar aequence of 

changea was obserTed vith all lower eoncentratione, and typical examples 

ot theae are shawn in Ficures ' and 4. Tbe•e apeak for tbemselyes. 

In Figures ' and 4 mq alse be aeen reoOTery frœa ouabain when the 

perf'uaing f'l uid iras obanged to normal Looke. Similar reeovery •• obtainecl 

in nine different experiments. Furthermore, when the ouabain-arrested 

heart (Figure 5) is perfused with Locke solution oontaining fitty per cent 

ot the normal potassium ( 2.8 m.Eq ./1.) 1 as ehown at. (K), there •• a rapid 

oneet of idioventrioular beats, vith temporary reversion to cardiac etand

atill, but on continued perfusion 1Cl tb this solution, there wae progressive 
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Figure 2 . Isolated rabbit heart. Perfusion wi~h ouabain (30 y/ml.) added to 
Locke. Sections A to I of kymographie tracings (upper record) and associated 
electrograms ( lov1er record). T - time-10 seconds; the intervals between the 
sections are showTI in minutes. C.F. - calculated coronary inflow in ml. per 
min . Each mark on the line corresponds to the passage of the 11 indicator 11 in 
front of each photoelectric cell, alternately; ~d each interval representa 
a fixed inflow (3.75 ml .) into the coronary vessels. The lower tracings on 
the kymogra phie record shows the heart contractions, with systole upwards and 
diastole downwards. 

Upper and Lo ;.1er Records. At first arrow (start, Ouab. 30 y/ml.) the perfusing 
fluid was changed from normal Locke solution to Locke containing added ouabai 1. 

At second arro;.1 (end , K+ fr.ee Locke) the oua bain perfusion was stopped anrl. the 
heart perfused wi th potassium-free Locke. At t hird arrovr (Nor\lal Locke) 
perfusion was chan?ed to normal Locke. ~ 
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Figure 3· Isolated rabbit heart. Perfusion with ouabain (7.5 y/ml.) added 
to normal Locke . Bee legend of Figure 2. 

Upper and Lo,.,.er Records: At first arrow (Start, Ouab. 7 ·5 y/ml.), the per
fusing fluid \'las c;1anoo;e d from normal Locke to Locke containing added ouabain. 
At second a rrow (end, normal Loc ke) the ouabain perfusion was chan: ed to 
normal Locke . 
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Figuré 4. Ieolated rabbit heart. Perfusion with ouabain (1.88 y/ml.) eee 
legend of Fi[ ure ·2. 

Upper and Lo,·Ter Records: At first arrow (Start, Ouab. 7 ·5 y/ml.), the per
fusing fluid -vias changed from normal Locke to Locke containing added ouabain. 
At second arrow (end, normal Locke), the ouabain perfusion was changed to 
normal Locke . 
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Figure p. Ieola ted rabbit heart. Perfusion with ouabain (7.5 y/ml~ ) eee 

legend of Fir ure 2. 

Upper and Lower Recorde: At firet arrow (Start, Ouab. 7·5 Y/ml .) t te per

fuein~ fluid was chane;es from normal Locke t o Locke containing added ouaba:i.n. 

At second a rrow (end, Locke + 2.8 mEq./1. K+) t he oua bain perfusion was changed 

to Locke plus 2.8 mEq./1. potassium. At third arrow (normal Locke) perfusion 

flui d was chan~ed to normal Locke. 
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reeteration of both aurioular and Tentrioular actiTity and einue rhythm. 

It ie to be noted tbat on cb&.n&ini to the low pota881Uil eolutien, tbere 

ie iDIDedia"te coroœ.ry dilatation wbiob pereieted until the end of the 

perfusion (Q), but on chan&i~ to normal Locke, the rate of ooronarJ flow 

returned to the initial control level. Ouriously eneup, in aimilar experi

menta, ueini the perfueed oata1 bearta, 8im1lar coronary chan&es were 

obeerved., but no recovery of ventrieular activity eD8Ued. It is bawevêr . . :· 

eVident tha.t complete reetoration of the ouabain-arreeted. rahbit :hear1) can be 

accomplhhed by perful!lion with either normal Locke or Locke containini 

fifty per cent of the normal potaaeium, but not wi tb potassium-tree Locke. 

. In Table I ~ are BUIIIIII8.rized the prelimilll.l'1 find1ni8 in the experimeuta 

in whioh attempte were made to resuecitate the ouabain-poieoned heart• when 

various typee of perfusing fluide were employed. In ,eneral, when normal 

Locke was used, tbere were nine complete recoTeries to sinus rhyti:D, while 

wben potaesium-free Locke wae used, tbere were no recOTeriea ( twe bearts). 

Witb Locke containin& tifty per cent potaaaium, there vas reooveey of one 

rabbit beart (Fi&Ure 5 and Table I),, 1 but in the oorrespODdin& oa:\ beart 

experiment there wae no recoTery. The addition of eodiua lactate ·to nonaal 

Locke aleo led to complete reoOTery of tour rabbit bearta, but on continuecl 

perfusion, arrbythmiae recurrecl but were sub1equently etopped by normal 

Locke alone. It may be concluded therefore tœ.t the addition ot lactate to 

the perfusion fluid under these conditione did not enhanoe recoTery of the 

heart. 

Simple injections of potaasiua chloride (25 mg./ml.) er ei.lcium ebloride 

(25 m&•/ml.) or lactate, ,produced no taTOrable effeot on the ouai&in-arreated 

hea.rta. In some of these recovery experimente usini nomal Locke aoïütien, 

pota.asium mOTement waa also etudied, and it waa obsernd ttat durin& the 

initial pbaee (one to ei&bt minutes) the re w.s a oontin\d.ni 1net kosa• 
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TABLE!" : 

Perfusion Observations During Post-Ouabain Perfusion Enm.o:ved 
Conc Mins. Locke Solution 

Emolo:ved 

30 8 to 9 K-free 
(2 Exp.) 

7.5 22 Normal 

7.5 28 Normal 

7.5* 'Zl Added 2.58 
mEq./1. K. 

7.5 27 Added 2.58 
m.Eq./1.. K. 

7.5* 24 Nonnal 

7.5 18 Addedl% 
1/6 M. Na 
Lactate 

7.5 20 Added 1% 
1/6 M. Na 
Lactate 

7.5 30 Added 0.5% 
1/6 M. Na 
Lactate 

3. 75 35 to 48 Norma.l 
(3 hp.) 

1.88 42 to 88 Normal 
(3 hp.) 

Remarks 

Immediate transient fibrillation, followed by 
arrest (5 min.), Locke perfusion (4 min.), no 
change. K-free re-perfusion - no change. 

Recovery in 5 min.-sinus rhythm (12 min.) re-
digitalization (7.5 /ml.) -arrest in 20 min. 
Second recovery with Locke (12 min.) followed 
by sinus rhythm. 

Recover.y after 4 min. 

No recovery in 16 min., massage - no effect. 

Recovery in 12 min. 

No recovery in 20 min., massage - no effect. 

Sinus rhythm in 6 min., followed. by arrhythmias, 
converted to sinus rhythm with subsequent Locke-
good response to an adrenaline (100 )injection. 

Recovery 2 min.- leading to sinus rhythn (lo min) 
- followed by arrhythmias. Converted to sinus 
rhythm in 12min. by subsequent Locke perfusions. 

Recovery 8 min. - sinus rhythm - then arrhythmias 
- subsequent Locke - sinus rhythm in 14 min. 

Recovery in 4 to 8 min. 

No recovery in 12 to 24 min. (2 Exp.) - poor 
recovery (1 Exp.). 

* ** 
The isolated cat 1s heart was used in these experiments. 
The term "Recovery11 means 1 initiation of visible ventricular improved 
contractions 1 • 
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follewd durin& the intermediary period (eiiht to 16 minutee) by a 1net pin1 , 

the potaaeiam balance returnini to normal equilibrium after approximately 

20 minutee. 

It ia of eome intereet tbat the only two hearta whioh failed to reoover 

when perfused. vith normal Locke vere those aubmitted to prolon,ed (51 or 42 

mimtes) perfusion with the verrlow ouabain concent.ration (1.88 y/ml.). 

vey this ia so, is not clear. It m1iht be hovever, t.lw.t thl.s prolon,ed 

exposure to the ~lycoside is an important factor in fixation and bence no 

reoovery enaued. Further experimenta woald be necesaary tn order to eluoidate 

this point. 

('b). Oorrelated- Efteeta ot Ouabain on Ooronary ll'low and 

Potassium Balance. 

In the majority of the above-deacribed experimenta, potassium etudiee, 

aa prniously indioa.ted (Methode) vere oarried out. In Fii~J.re 6 and Fi&Ure 

7 the averai• chanieB in coronary flow rate and assooiated "net obanies1 in 

potassium balance are ehown: i.e. differences betveen the potassium suppliei 

to the beart by tbt perfusini lluid, and tbl.t tound in the perfuaate 

collected at re~Ular intervala. 

It. is elear that the initial obeerved deoreaee in ooronary flow i• 

assooiated with a brief net increaae in potaesium balance. HowSTer, both 

fi&Urea ahow that the net loee of potaaaium becine aomewbat earlier than 

the oneet of the coronary dilatation. Furthermore, the coronary dilatation 

in both inatancee, reacbed a peak value, then declined eomewhat before 

oardiac standatill developed. In &eneral, the potanium Ohanies fluotuated 

inversely wit h the eoronary flow changee. Indeed, the data presented empba

aize a&ain the neceasitr of takin& into consideration the rate of oeronary 

tlow, in attempt.a to a88eee ionie :mov.menta in the heart. 

In Tablee II and ni are preaented more detailed analyHa of theee corenary 

tlow and potaeaium ohan&ea, reapecUvely. A&ain, it oan be ••en ('l'ableii) 
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TABLE n 

.Mean Recorded Changes in Coronary Inflow Rates (ml •. per min.) 
During Oua bain Perfusions. 

Concentration of Oua.bain (r/ml. in Locke Solution) 

Time (min.) 30 15 7.5 3.75 1.88 

Control (ml/min) 1?.7 19.0 19.3 12.6 16.7 

1 -4.96 -4.83 - - -
2 -1.7 -3.55 -7.47 -1.83 -
3 +0.54 -1.44 - - -
4 +2.68 +0.97 -4.80 -0.90 -1.37 

5 +4.14 +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 +7.80 +6.96 +1.43 -
12 - +7.27 +7.63 +1 • .36 +0.87 

13 - +7.44 - - -
14 - - +7.57 +1.90 -
16 - - +6.55 +2.27 +1.36 

18 - - +4.58 +4.27 -
20 - - - +3.23 +0.84 

22 - - - +1.15 -
24 - - - o.oo +0.19 

26 - - - -0.20 -
28 - - - - +0.76 

.32 - - - - +0.08 

36 - - - - +0.9.3 

40 - - - - +0.55 

44 - - - - +0.55 

No. Exp. per Mean (5) (9) (~) (3) (4) 
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TABLE m 

Mean Calculated Differences Between Potassium Inflow and Potassium 
Oütfiow, during ouabain perfusions, in Microegui.valents 

per 10 sec, 

Concentration of Ouabain ( f/ml. in Locke S~lution) 

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 -0,42 -0,72 +o.o8 +0,69 +1.-88 

5 -0.79 -0.64 - - -
6 -0,64 -0.55 -0.52 +1,86 

7 -0.71 -0,58 - - -
8 -0.49 -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 -2.55 -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 -
28 o.oo 

32 -0.72 

36 +0,03 

40 -0,23 

44 . -0.26 

No. Exp. per Mean (3) (3) (7) (3) (4) 
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Pizure 6. Gorrda.ted avej:a-:~ c ~ · · :·.;e s L1 CO'"('W.r y flo·.: ~-•) a•:')è. ce.!cul ateà 
"net c :·:r:1•:·es 11

. in notaed.u~. ~-e) cl.'.J.rin:': ~"lrf'u sion Nit:, ow~.bain. See text . 

Unner Ruj Lower Sran~s : Ordinates renresent bot~ . D~an c~a n~es i n corone rv 
flo•.-: (d. ~'e •· !:iÏè"; .) :·:,<.:.:··· <':' d 11 rt1~s . c:--:~ n~es in C. F. (m1.) 11

; fl.nd ; t~e 11 net 2ai~ 11 

or 11 net losc '1 of not .~ s sium, in ni croe 0uival crrt s p:: r 10 second s, mar~ed 
11 ySo . y + in 10 aec . 11 • Abscisr-a re'!"re~ents a·ver3. ;,.e d:.u·e.ti on of e>eri'usion in 
•11in1~t ,., s ('11- :r,in .). (+) indi ~s.tes- either increa~e in coronar y flo\·! or 11 net 
":9in 11 of' :no -fJt~si\.1~ , " r::::. ~ -), e i t "•er decrease in coron" r y f 1 o;·: o ;.· 11 n et l oe s '1 

o f potas'1ium . 

Unoer ' ,raDh: Ouc-.ba ::.. n - )0 y/ml. added t c norn a l Locke . 

15 y/nl. E'.rid l')(l to normal Lock r:::- . 
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that wh en ,0 'T of ouabain per ml. were perfuaed, the 1n1 tial corona17 

constriction laeteci appro:rlmately tor only twe minutee, and vas tollewed 

br coraœ.ry dilatation which reaohecl ite b.eight in eight minutee. 'fbie 

then ~dually ehowed a decline until arreet ot the heart. 

A rather aimilar type of reeponae wa• o'baervecl durin& perfueione w1 th 

15, 7•5 and '•75 Y of ouabaiB per ml., exoept that the initial oonetriction 

laeted three, aeven ani aeven··miœtea, reepeetively. The hearte perf'uHd 

with the 1.88 y per ml. of ouabain, beoauee of the .mark:ed n.ria'Uena in 

iDdi Tidual reeponee, did not led. to auch etrikill& or typioal pe.tterne of 

ctan&ea, aa were obeerTed with the otber four dose lnela etudied. Howenr, 

each heart in pneral,, ahowed eimilar ali&ht initial coronary conatriotion 

tollowed by dilatatio~ 

!able m ehowe the etteote of the n.rioua concentrations ot ouabain on 

the potaeeium balance in the heart. Apin, it oan 'be eee tbat wben ,0 y ot 

ouabain per ml. ie perfuaeci, there ia an initial upta.ke of potaeeium tor the 

tiret mimte, follewed by a &radwù. losa of potassium ree.ohin& ita peak at 

eevea minutee. Fitteen, 7 ·5 and ,. 75 y oua bain per ml. prodttceci a ai.milar 

pattern of potassium change, exoept that the initial uptake laeted tor two6 

four and eix minutee, respectively. Variable potaaeium balane•• vere obtainri 

vith the 1.88 y per ml. concentration. 

lt oan be eeen from the above t'bat in •••t instances the petuaium ree

pon.e ia the llirror ima,e of the ooronary flow, that ie, wben the heart wae 

takin& up potassium, tbere waa a coronar,r oenstriction and convereely, when 

the heart wae loain& potassium, there wae a dilatation. Oorrelating these 

various chan&ea, it wOQld alao appear that the potaeeium alterations occur 

eligbt.ly Oéto.re the coroœry tlow chang••• Tbua, the decree of connriction 

or dilatation ~ the coronariea, se..- to be dependent on the a~ement of 

pota•eium iB or out of the IIIJOC&rdium. '.rbeae data (Table II and m) wben 

~u~j.~ t~ ~ .tatia~1•l. ;orrtl-'l.b eh-ecl a hi&blf aipdticant inverse 
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dependence between coronary flow and potassium movement ae ehown in Tahle IV. 

Attempts to follow sodium and calciUIIl balancee in the heart durin& the 

eta&ea of di&i talization wi th ,:> and 15 'Y ouabain per ml. in the pertusin& 

fluid, as above, did nol; lead to aey conlietent pattern of alteration ot 

theee two ions. 'l'he calcium and sodium determinations were done in tbree and 

five experimente, reapectively. Tbere wa.e no alteration in the concentration 

of calcium. The sodium balances J&Ve inconsistent both ne&ative and poaitive 

ali&bt alterations. The overa.ll ne&ative data tram tbeee experimenta have 

therefore been <lili tted. More will be aaid rep.rdi.Jli calcium and sodium in 

re;ard to ouabain action later. 



-50-

TABLE IV 

Inverse Correlation Coefficient for Coronarr Flow 
and Potassium Changes. 

Correlation Level of 
Oua bain Coefficient Sigrrificance 

(r) (p) 

30 -0.8884 <o.Ol 

15 -0.7152 <o.Ol 

7.5 -0.9?99 <o.OID 

3.75 -0.80Z'/ <o.ol 

1.88 -0.4392 >o.05 
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( d) Summary and Conclusions. 

ln the ieolated pertuaed rabbi t heato't:.·it haa bee o)aerTed: 

.!• That, increadng the concentration of ouabain (1.88 to ,0 y/ml.), in 

the perfuaing :f'luid, leade to a corresponding deorease in the time required 

to reach cardiac Btandetill. The minimal concentration of oualt&in, vbicb 

induoed the leaet indirldual variations (calculated Standard Errera) trcaa 

experiment to experiment, was obserTecl to be 7•5 y/ml. under th••• conditicme. 

,g. That, 1noreae1Jli similarly the concentrations of ouabain in the perfuaing 

fluid leads to a transient initial sinua brad;ycardia. witbout other .tgnifioant 

ohanles in heart contractions. This ie followed by a more austainH oardiac 

stimulation associated w1 th inoreaeed aaplitude of oontractiona and inoreaaed 

degrees of arrhythmiaa {ahifting pacemaker, eotepic beats, parexy-1 and 

multifooal ventricular tacbycardia and final ventrioular fibrillation). 

3.• That, all concentrations of ouaba.in studied lead to an initial modere.te 

traneient decrease in mean coronary flow rate, followed by a more .. eta.ineà 

increa.ae. As the euabain concentration increased, the duration of the initial 

conatriction shortened. 

~· That, ,all concentrations of ouabain studied lead to an initial modera.te 

tranaient 1net uptake1 in potaesium, followed by a more sustained 1net losa•. 

As the ouabain conceŒ.ration inorea.sed, the duration of the initial •net uptake1 

ebortened. 

2• That, followin~ ouabain cardiac arrest, perfueione w1 th normal Locke l ... d 

to sligbt irre:ular coronary dilatation, followed by compl.te reoovery. 

Similar perfusion with Locke containing 50 per cent of normal potaasiUil lead 

to prompt and wustained coronary dilatation, and eventual restoration to 

normal ainua rhythm. 

~· That, following ouabain oardiac arrest, prolon&ed perfusien with pota.saiua

free Locke led to no recovery. Perfusion with added sodium lactate or simple 
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injections of potassium cbloride, calcium crùoride, or adrenaline did not 

enhance the recovery as observed with normal Locke. 

It is therefore concluded that: 

(a) There is an intimate relationship between che.n?;es in coronary flow, 

heart action and potassium balance in the beating heart which can be corre-

lated with varyinf concentrations of ouabain. 

(b) Ouabain leads to an initial transient coronary constriction associated 

with sinus bradycardia and net gain of potassium, followed by sustained coronary 

dilatation, cardiac stimul~tion and net loss of potassium. 

( c) The initial corona:·y constriction is associated 'l'Ti th an increased 

potassium uptake, whil e the sul:lsequent dilatation is preceeded by and appears 

to be due to tho observed potassium losa. 

(d) Subsequent resuscitation of' the ouabain-arrested heart appears to - -

depend upon the presence of potassium in the perfusing fluid. 
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II. OBSERVA TI O:TS Ü:'T TE-!S EFFECTS OF VARYI NG CO:·rCE:'T ~i.A.TIO~'JS OF POTASSIUM 

D: TI~E PERF"JSH~G- FLUID UPO:'i THE RESPŒ-.fSES (COROl'JARY FLOW, HEART ACTIO:~, 

A-·.·n l;"T EcT~OLY.,>i' : -o·"'· ,:c> ·Ts) TO ou ABAT'· ___ ... _.w ,_ L\. --·~ 4o ........... _ .. .tl. -J.'O. 

(a) Effects upon Ouabain Toxicity and Recovery. 

In all experimenta 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 !east variable results in different experimenta under the 

conditions of perfueion.employed. 

Fi~ure 8 shows a gra nhic compa rison of the avera[~e dura ti on of perfu~ion 

req~ired to reach cardiac standstill (mechanical arrest), when the hearts of 

either rabbits or cats, wer~ perfused with identical concentrations of ouabain, 

in the oerfusing fluid. In these experimente however, the potassium concen-

tration employed was either increased (to 16.8 mEq./1.) or decreased (to zero). 

A total of 35 hearts was studied. 

As can be seen from Figure 8 and Table V, at the hi=hest potassium 

concentration(l6.8 mEo./1.)--both in the presence and in the absence of cubain--

there was rapid cardiac standstill within an avera~e of 3·33 !0.88 minutes 

and 3.67 :1.2 minutes, r espectively. It is therefore clear that increasing 

t he potassium concentration to t his extent was in itself r a ther deleterious 

to tne hea rt, a nd furthermore there was no apparent antagonism of t he toxici ty 

of ouabain under these conditions. Indeed, ca rdiac standstill enAued more 

rapidly than in simila r ouabain experimenta with normal Locke as t he perfusing 

fluid . 

FiVJ,re 8 and Table V also show that wi th a concentration of 11.2 mEq./1. 

of potassium, t"!i t hout added oua bain, the heart continues to beat modera tel y 

wel l for lonre r than an hour. On t h0 other hand, a ddi t i on of ouabai n to 

Locke soluti on with a s imilar pota ssium concentration (11. 2 mEq . / 1.) pr oduced 

arrest in an average of 15 .17 :3.05 minutes . This is however, not significantly 
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TABLE V 

Potassium Card.iac Arrest Recovery with Normal Locke 
Concenthtion min.) min.) 

(mEa. • ) Control Oua bain Control Oua. bain 

l(r..;8 2.0 5.0 Immédiate ·0.5 

16.8 6.0 2.5 0.5 2.5 

16.8 ....1.a.Q + 2r.Q 2.0 2.0 
Avg. 3.67 -1.2 3.33 :!:o.86 

11.2 N.A. 12 - Immediate 

11.2 N.A. 24 - Immediate 

11.2 - 25 - Immediate 

11.2* - 9 - 0.5 

11.2* - 8 - 0.5 

11.2* - _u+ - 0. 5 Fibrillated 
Avg. 15.17 -3.05 after 35 mill 

6.16 N.A. 16 - 12 

6.16 N.A. 12 - 16 

6.16 - 11 - 12 
Avg. - + 13.0 -1.53 

5.88 - 16 - 12 

2.80 - 12 - NoJ.Recove:cy 

2.80 - 10 - 12 

2.00 - 10 - 16 
Avg. To.67 !o.64 

1.40 - 14 - 16 

1.40 - 14 - 12 

1.40 - ..ll - 16 
Avg. 13.0 !1.0$ 



TABLE V (Cont 1d)_ 

Potassium Cardiac Arrest Recover.y with Normal Locke 
Concent~tion (JD: n.) -- (min.) 
- (mEo. • ) Control Ouabain Control Ouabain 

o.oo 9 12 - 8 

o.oo 16 12 - 8 

o.oo 12 11 
,--
-' -

o.oo* - 17 - No Recovery 

o.o.o* - 12.5 - No Recover.y 

o.~ - 20,0 - No Recovery 
Avg. - + 14.09 :!:1.46 12.33 -2.03 

* The isolated cat 1 s heart was used in these experimenta. 

The ter.m "N.A." means'no cardiac arrest.' 
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different from controle usin.: no!"!!'al Locke, in which cardiac arrest occurred 

in an avere~e of 17.56 :to.63 minutes. Thus, n.gain this increased potas~ium 

concentration in Locke did not alter the time renuired for ouabain cardiac 

standstill. 

'o'fhe!'! t >e !'otassium conce:'Ttration in Locke was increased by only ten per 

cent (6.16 m~n_./1.) w:!th added ou~bain, cardie.c arrest ensued in a~ avera: e 

of 1) :!:1.5''3 minutes. '!'his uas s~ V'J.ifica'1tly short er than the avera,tre in 

nor:r:ü Locke co~-.tro1 9X l)erim"!lts. ~:everti':e1ees, when only a five ner cent 

increGse in potasshm:: conce'1tre.tion (5.88 mEq./1.) was added wi th ouabain, 

the t~~e reouired for arrest in a sin~le heart observed, was not signifi-

cant1y different fro!:'. th? control. It is t herefore c1ear th~.t increns i.n ::; 

the pote.ssium conr.0.· tration in Loako by only ten per cent, paradoxically 

accelerated t he onset of cardiac arrest induced by ouabain. 

It ca~: alPo he eeen frol'l'\ ,,ifUre 8 t 1n t on décreasin~ the potassium con-

cent:ra+,ions to 2.80, 1.40 a!!d zero !liECl./1. resocctivel v , t '1e avere.f;e duratione - - . 

of perfusions to carrli9. c a r rest Ni th ou2.bain were 10.67 ::!:o.04, 13.00 :!:1.08 e.nd 

14.09 ±1.46 minutes, res:•ecti vely. It he.d previousl:,r been sho,m., that with 

red,_wtion o:' t ;, e !1o"tassiu>:": in Locke Rol ut ion to 2.8 an:i 1 .4 mEq./1., perfusion 

of 1·abbits 1 hearts CO'.lld he continued w;_thout any apoarent deleterious affects 

for a t len.st one hour (Korol, 1956). In comr;:::,rison ,.!i t h oua bain- nor:-:·al Look~ 

controle, ti1ese latter ~eriocls Of' P. :!:"r e~t t" ,E> refore a ppeal" to Oe si gnific&~"ltly 

s horter:ed. Tl:is v10ul C: indica te tl'l"'.t decreasiw; t he pc+.assiu:a. tc t :· "' se l&.tt .:-- r 

l evel f>, e::1hances tte toxicity of 01-~abain . ~I o;-1ever, \·lb 0~1 t:ï'? heart. v:as per-

f •:·.eed •.-ü t '·; zero mS,-,. / 1. o ·:' ?Ot~cssiu::n \-Iithout ouabain, t he stanè. sti ll was 

induced on an a ver25e of 1 ~ . _):>; ± ~ .0;; minutes. Thu s , from r esults obt~ined 

lac~ of pot~ sFit~: enha~ce1 di :it~li 2 toxicity . 

The d?ta concernin ~ recovery of the oua bain arrested 

hea r ts are also shown.:in'. Table V. It is evident, that '\Ü th 
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excess potassium (16.8 and 11.2 mEq./1.) there is rapid and suetained 

recovery, when the perfusing fluid was changed to normal Locke, in both 

rabbite and cats. With ten per cent exceee potassium, recovery eneued 

after an interval of 12 to 16 minutes. Curiously enou,h wi th reduced 

potassium concentrations (2.8 to zero mEq./1.) recovery in the rabbit 

experimente were quite delayed, and could not be achieved in the cat. 

(b) Effects of Increaaed Potasaium Concentrations on Ooronary Flow and 

Heart Action. 

Ae can be seen from Fi~re 91 when a hi'h potassium (16.8 mEq./1.) 

was anployed, t bere wae a rapid, almost immediate decrease in coronary 

flow and associated depression of the beart contractions. These affects 

continued for the duration of the perfusion, which was stopped after 18 

minutes (F). The eleôtrical changes recorded concomitantly, show rapid 

onset of · vent rieul ar ti brilla ti on ( 0), followed by eusta.ined fine 

f'ibrillatory changes (D and E), culminating in electrical silence (F). 

FiiUre 9 also shows that when the perf'usin, fluid waa changed to 

nonna.l Locke, there waa a prompt initiation of electrica1 ve"ntricu1ar 

activity (G), fol1owed by etron, ventricular contractions, as shown, and 

associated with a relative increased coronary flow (G). As the perfusion 

oontinued, there was a period of total cardiac irregularitiee, shown 

beth on the kymographie and electrical records at H to L. Fina1ly, there 

was a slow (60 beats per minute) sinus rhythm (M). Ooncomitantly, with 

these chan,ee, there was auetained &Cod coronary dilatation, ae ahown. 

In Fi~re 10 is shown an examp1e of the responees observed in a cat's 

1 
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1\., ~t\ .,__,~-u;.,t\. '\., ~~ ~ 
4 ' 

L 

Figure 9. Isolated rabbit heart. Perfusion with Locke solution containing 
16.8 mEq./1. potassium and ?.5y /ml. ouabain. See legend of Figure 2 . 

U~'fr and Lower Record: At first arrow (Start Ouab. ?.5y /ml. + 16.8 mEq./1. 
Kthe peri'using fluid was changed from normal Locke to Locke containing 
added ouabain and 3 times potassium concentration. At second arrow, (end, 
Nor.mal Locke) the ouabain perfusion was changeà t o normal Locke. 
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Figure 10. Isolated cat heart . PerfUsion with Locke solution containing 
11.2 mEq./1. 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 perfusinr. fluid was changed from normal Locke to Locke containing 
added ouabain and 2 times potassium concentration. At second arrow (end, 
normal Locke) the ouabain perfusion was changed to normal Locke . 
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Figure 11 . Isolated rabbit heart . PerfUsion with Locke solution containing 
6 .16 mEq . /1 . potassium and 7·5 y/ml . ouabain . See legend of Figure 2. 

Upper and Lo1·rer Record: At first arro\"1 (Start Ouab . 7·5 y/ml. + 6 .16 mEq . / 
l. K+) the perfUsin~ flui d vras changed from normal Locke to Locke containine:; 
added oua bain and a ten ne r cent increase in potassium. At second arrO\'/ 
(end, _ormal Locke ) t he ~ua bain perfusion was- changed to normal Locke . 
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heart experiment in which the potassium concentration in the perfusing fluid 

waa high (11.2 ~q./1.). As can be aeen, there waa a prompt and auatained 

decrease in 'coronary flow, associated with a more slowly progressive depression 

of the heart contractions, culminating in complete arrest (B toI). 

There was no evidence of any gross irregularities of the heart, btrb. the 

concomitant electrical records showed flattening of the P waves and brady

cardia (B), followed by rapid complete disorga~ization in the QRS complex 

and S-T distortion (C ta G). Finally, there was complete electrical arrest 

(H and I). 

Again, when the ouabain was discontinued and the perfusion fluid cha~!ed 

to norœal Locke (I), there was a sudden restoration of strong but slow 

irregular ventricular contractions (J), followed by irregular tachycardia 

(M toP) and culminating in regul a r heart contractions (R). · The asaociated 

electrograma alao show the sudden onset of ventricular activity (J). Again 

during restoration of the heart there waa a good aasociated coronary dila

tation. 

Figure 11 sho,.,.s resulta of an experiment in which the potassium concen

tration in the per~~ains fluid waa increased by only tan par cent, i.e. to 

~.16 mEq./1. As can be seen, the initial coronary constriction was of ahorter 
( 

duration than in the control experiment (FiGUre), 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 waa throughout, 

lesa evidence of multifocal ectopie beats (C and D). The electrocardiogram 

(0) ahowed a flattenins of the P wavea, and typical ST-T changea, characteristic 

of hyperpotaaaemia. However, as previoualy pointed out, cardiac atandatill 

occurred more rapidly t~ in the control, and aa can be eeen when the perfusion 

fluid wae changed to normal Locke, recovery from ouabain waa more delayed (12 

ta 16 minutee) than in the controle (4 to 8 minutes). The electrograma alao 
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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 per 

cent excess of potassium, i.e. 5.88 m.Eq./1., with added ouabain, led to no 

significant difference from the effect observed in the control. 

In comparison wi th the coronary flow and heart contraction changee induced 

by the same concentration of ouabain (7.5 y/ml.), i·rhen perfused in normal 

Locke solution (Fisuree 3 and 7), it is apparent that in the presence of 

excessive potassium (11.2 to 16.8 mEq./1.) ouabain per~~eion leads to (1) 

more marked prolon»;ed corona:ry constriction with no evidence of coronary 

dilatation, (2) no multifocal ectopie beats, and (3) no stimuletion of heart 

contractions. However, in the presence or absence of ouabain in the perfusing 

fluide with ~xcess potassium, there occurred an initial and sustained sinus 

bradycardia but this developed much more rapidly in the hearte perfused with 

ouabain. This mi·~ht indicate that the observed digitalis bradycardia, under 

these conditions, is due to the increased potassium intake. 

said about this later. 

More will be 
0 

On the other hanè., durin[ the 11 recovery phase" with normal Locke perfusion, 

after the heart was previously ouabainized in the presence of excess potassium, 

the recovery is characterized by a ràpid onset of ventricular activity and 

stimulation with multifocal ectopie beate rather suggestin,s the usual type of 

ouabain action, although the dru~ had previously been discontinued. This 

miE:ht ind5_catE: som.e cr..ailge in ouabain fixation in the presence of excees 

potassiun:.. In ad di ti on, i'then the potassium concentration is only slightly 

increased to 6.16 mEq./1. or ten percent above that of' normal Locke, the 

initial bradycardia is not c1early seen, and tachycardia also develops more 

rapidly. This mi;:;ht a:'.:ain indicf.te Bore rapid fixations of the t:lycoside · 

with the higher potassium concentration. 

The toxicity of the digitalis is also clearly accentuated under these 
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conditions. It is therefore clear that excess potassium (per se) does not 

counteract or inhibit the toxic action of di&italis, although the occurrence 

of multifocal ectopie beats is definitely leseened. wqy this is so, is not 

clear. 

(c) Effects of Becreased Potassium Concentrations on Coronary Flow and 

Heart Action. 

Fi~res 12, 1~ and 14 show same typical examples of the responses observed 

when the potassium concentration in the ouabain perfused Locke solution was 

decreased. As oan be seen from Figure 12, when the potassium concentration 

was reduced to 15 per cent of the normal, the initial coronary eonstriction 

and sinus bradycardia are generally reduced, while the latter coronary 

dilatation and tachycardia are greatly increased. There vere assooiated 

ventrioular tachycardia and multifocal ectopie beats, and finally cardiac 

arrest. As already pointed out, vith reduced concentrations of potassium, 

oardiac standstill developed earlier than during similar ouabain perfusion 

in normal Locke solution. 

During the recovery, as shown at P (Normal Locke), a&ain there is a 

greater delay (eight minutes) in the initiation of electrical ventricular 

action (Q), although no visible changes vere seen in the kymographie record 

(Q). After a further eight minutes, relatively normal auricular and ventri

cular action ensued (R), and finally a sinus bradycardia vith curiously 

widened complexes. The coronary flow concomitantly waé decreased, and the 

exieting slow flow over a prolonged period of time (24 minutes) at S might 

be reaponsible 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 normal potassium concentration in Locke solution, relatively normal 

heart action can be maintained for at least 60 minutes (Korol, 19;6). 

Figures l' and 14 show examples of the responses observed when either 
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Fieure 12. Isola ted rabbit heart . Perfusion with Locke solution containing 
only 1.8 mEq./1. potassium and 7·5 y/ml. ouabain . See legend of Figure 2 . 
Uoper and Lo 1er Record: At first arrO\·l (Start, Ouab. 7 ·5 y/ral. + 1.8 mEq ./ 1. 
K*) the perfusing fluid vras cho.nged fron: normal Locke to Locke containing 
ouabain and a reduced amount of pota ssium ~1 .8 mEq./1 .). At second arrow 
(end , Normal Locke) the modified ouabain solution \las changed to normal Locke. 
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Figüre 13. · _ Isolated Ràbbit Heart. Perfusion ,.fi th potassium-free Locke so lution 

with added ouabain (7 .58 y/ml.). See legend of Figure 2 . 

U~per a!ld Lo\·:er Record: At fhst arro": (Start, Ouab. 7·5 y/ml. + 0 . 0 mEq . /1. 

K ) t he perfusion fluid Ne.s chan.;ed from normal Locke to Lock e solution con

t ainin'2' oua ba in a!ld no potassiU!li . At t he second arrO""v/ (end, Norrr.al Locke) the 

modified oua bain solution 1ae chan~ed to normal Locke. 
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l' 

r= Figure l • IsoTa""tèà è' Cat · ~ heart . Perfusion 'I'Tith note.saium-f'ree Locke 
solution wi tn added ouaoain ( 7. 50 y/ml . ) . See lege~d of Figure 2 • . 
Uppe1· and L01·1er Record: At first arro\·1 (Start, Ouab . 7· 5 y/ml. + 0 .0 
mEq ./1 . K+) the perfusion fluid was changed from normal Locke to Locke 
salutation conta ir.~n: ou~bain and no potassium. At second arrow (end , 
fior~l Locke) the ~odified ou~bain solution was chaneed· to normal Locke . 
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the cat's heart (Figure 14) or the rabbit 1 s heart (FiLure l') is perfused 

with ouabain in potassium-free Locke solution. In both instances, it is 

evident that there was only a brief initial coronary constriction followed 

by intense coro:œ: ry di la. tati on, associated wi th increasing degrees of 

cardiac stimul c.t.ion-ventricular extrasystoles and tachycardie. and finally 

ventricular fibrillation (Fi;~re 13 K and Figure 14 L). 

When the perfusin~ fluid was then chan~ed to normal Locke, in the case 

of the cat's heart (Figure 14), there "'as no evidence of restitution of 

heart activity (P toR), althoufh the coronary flow decreased to the normal 

rate. On the oth:o>r band, in the case of the rabbit's heart, (Figure 1'), 

followinr: an initial delay ( eight minutes), there was a restoration of the 

P-waves (N) and finally a shifting sinus paceme.ker ( 0). 

In comparison with the changes observed when ouabain is perfused in 

nor!!!B.l Locl-:: e 1 s . soluttion, i t i'IOUld appear that, in the presence of a decreased 

potassium concentration (a) t here is lese of the initial bradycardia and 

associated coron'ry constriction, (b) the subsequent coronary dilatation 

is greatly enhanced, and (c) recovery of the heart by perfusion with normal 

Locke solution, occurred more slowly in the rabbit 1 s heart, and could not 

be achieveù in the cat's heart. 

These findings combined \\'Î t.h the fact that the rapidi ty of the develop

ment of cardiac stand ctill is increased, would rather suggest that decreasing 

the potassium concentration in the perfusing fluid, enchances the cardiac 

affects and toxicity of ouabain under these conditions. However, in the case 

of the potassiu..rn-free exoeriments, no defini te conclusions can bel drawn, 

since, as already pointed out, perfusion with potassium-free Locke 1 s with

out oua bain, l eads to ventricnlar fibrilb.tion in an ~verage of)) minutes 

(three experimente). 
~ .. 

( d) Effects on Cardie.c Pota ssium Balance. 

Avera:'e cha~ _:::es in coronary flow and potassium movement during ouabain 
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perfusion in the presence of increased or decreased potassium conce~trations 

are illustrated in Fizures 1 5 to 19 and the data summarized in Tables VI and 

VII. In most insta~ces, the correspondin~ changes induced by the altered 

potassiwm conce~trations (without ouabain) are also indicated. 

Fir,ure 15 shO\'IS that in the presence of an excessive concentration 

(16.8 mSq./1.) of potassium, there is an i~ediate increased uptake of 

potassiu.'ll concomitant with a decreased coronary flow, in both the 11 oua bai!: 11 

a.~à. 11 control 11 ex ~eriments. It \·rould appear that there is a less ~arked 

uptake in the presence of ouabain (upper graph) as compared with the control 

(loNer graph). However, due to the rapid chê..nges involved, leadinr. to 

cardi ac arrest wi thin three to four minutes, coupled with the fact that 

• 
only three experim~1ts were done in each case, t~e exact significance of 

this ie not clea r. 

Whe~ the perfusinp: f'luid wa s then c han; od to normal Locke solution in 

the ou.a.bo.i.n a rrested i':eart, tb.ere was a rapid cor ona ry dilatation associa ted 

with a net ~rain of potassium. In the control experiment, however, there was 

only a sli.,.ht incrc:~. se i n "t.l1< coronr·.ry flovr and no net difference i::1 

potassiUlli balance occurred. 

In Fi~·t.lre 16 , one sees th~ resuJ.ts of s iruilar experimente in which t he 

potassiura concentration e>nployed \·Tas 11.2 mEq./1., i.e. twice the normal 

potassi '.-1n in Locke s olution. It is cle':'.. r t hat in the presence of ouabai n 

(up p~r r e cord), tl:ere is an initial net u ptake of potassi Œll associa ted 

\Ü th a mRrked anè. sust<tined decrease in coronary flow durine; the first eix 

~inutes of perfusion. Althou~h the coronary constriction persi s ted, there 

was a subseauent sl i .:o~t net loss of potassium until a rre s t. snsued. It is 

to be noted U-a t t his net loes of potassium occurred de spi te the hi ,:Th con-

centratio:t in the ne rf\lsins fluid. In the absence of the ouabain (lower 

record), v~ere W9..G o. ra . ..,id e q_'.'ilibrium of the pota ssium exchange but this 
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TABLE VI 

Potassium Concentration (mEq./1.) * 
Time 16.8 16.8 11.2 11.2 6.16 6.16 2.80 1.40 o.oo o.oo (min.) 

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 -5.68 -10.95 -8.88 - _: ... 5'157 - -6.00 -3.57 -4.03 +0.60 

2 ..JJ.87 -13.05 -9.30 - - - -1.87 -2.4C +2.20 ·2~~ô 

3 -8.89 -12.95 -9.07 - - - +0.9: +4.6:: +4.76 +2.70 

4 -10.36 -8.83 -1.40 +3.53 o.oo +2.1; +4.9'i +8.28 +3.20 

5 -10.97 -8.55 - +4.67 - +7.1; +7.7C +12.37 +4.80 

6 -8.87 - +5.43 - +8.5; +10.0( +15.00 •ll.SO 

7 -9.00 - +l>.93 - +11.4; +14.3< +17.80 +20.10 

8 -9.18 -1.10 +7.57 +0.95 +11.97 +16.9r +19.70 +2Q.:OO 

9 -8.62 - ifr/.37 - +15.7; +18.2 +24.28 +2ô.lQ 

10 -8.50 - +7.f?t7 - +15.5C +16.0. +27.90 +21.90 

11 -8.83 - ~l'O~OO - +15.57 +18$~ +27.87 +22.10 

12 -9.35 -2.85 +10.55 - +18.5 +27.34 +24.10 

13 -9.87 - +11.10 - +18.6r: +24.93 +24.10 

14 -7.65 - +10.30 - +24.73 

15 -6.95 - - +28.70 

16 -4.55 +0.75 

20 -5.60 -
24 -6.35 +0.6( 

32 -7.25 +0.7C 

40 -8.60 -0.3( 

44 -8.75 -
48 -9.15 +0.3C 

52 -8.3C 
No.Exp. 3 3 6 2 3 2 3 3 6 3 
per Mean 



.TABLE VII 

Potassium Concentration (mEq;/1.) 
Tiine ],.6.8 ~6 .. 8 ll.2 11.2 6.16 6.16 2..$0 1.40 

(min.) Quab. Çont. Ouab. Cont. Ouab. Cont. Ouab. Ouab. 

Control -0.17 +0.58 +0.13 ~.22 -0.08 -0.04 -0.39 -0.01 
(inl/min) 

1 +8.07 +18.36 - - ~ - -3.16 -,. 

2 +2.49 +3.92 +1.20 - +1.ll - - -1.99 

3 +1.15 - - - - - -2.78 -
4 +1.29 +0.74 -0.57 +lll,.28 o.oo - -1.93 

6 +1.58 +0.38 - +1.48 - -1.67 -0.96 

8 -0.20 - -1.44 -0.17 -1.78 -1.35 

10 -0.13 - -1.27 - -1.17 -0.88 

12 -0.23 +0.38 -1.46 - -2.08 -0.04 

14 -0.09 - -2.09 - -0,.60 

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 

44 +0.01 -
48 - -0.19 

52 -0.22 -
~o. Exp. 1 1 6 2 3 2 3 3 
IPer Mee 

Cont. = Perfusion with varying potassium without added ouabain. 
Ouab. = Added ouabain. 
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o.oo o.oo 
Oua b. Cont. 

-0.05 +0.15 

- -4.26 

-1.68 -1.51 

- -
-1.64 -0.88 

-0.52 -0.98 

-0.76 ;i;.().15 

-0.77 -0.19 

-0.20 -1.00 

-0.20 

6 3 
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Pi&Ure 15. See le&ende of Fi~ree 6 and 7. 
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was associ~ted with a slowly progressive coronary constriction, in contrast 

to the; oua bain ex)lerim€nt (upper record). 

'Jhcn the ~e rfusin ,. fl uid was t hen chane;ed to normal Locke , the re was 

again a :.1.arked and su'Otained coronary dilatation, associated with a lesser 

lo s s of pote_ s~iurr:, 'w'litl1 restoration almost to equilibrium. 

The ~otassiè.L--:: c l:-~ n_,~ es, associ?_ted ,.,ri th ouabain are striking:l y se en in 

Fi ;~ure 17, when tl:e potassiu!!l concentration was only slightly increased 

(ten :?er cent) to 6.16 mEq . / 1. As ca n be seen, durin::; the ouabain perfusion 

(upper reco~d) there was a n6t u ptake of potassium for six minutes, follo.,led 

by e_ ~narkcj sustained net los s , until c ecrdiac arrest ensued. There Ne s an 

associated ini t;_al coronary con : triction ( t hree LJ.inutes) follO ':!ed by 

pro2:ressively increasin.,. c o r onary dilatation until cardiac standstill 

developed. \·lhereupor. chs.:"-2:inr t he perfu s i ne; f l uià. to normal Locke s ol ution 

led to a slo1·1 prop:ressi ve !_) Oa i ti ve potassium balance l'Ti th solile strikinr; 

fluctuations, as shoNn in t he fi gure. These latter chan,:es were associated 

with coror."- ry constriction. In the cor::tparative control experimente (lower 

record), the se chan,:;e s in potassium movement and corone.ry flow were both 

almost neglegibl e . 

It a p)lears from the above observations t hat ouabain in the presence of 

a n increased pota ssium concentration l eads to an exa~r:erated corona ry cor.

striction, associated ,-.,ri th a r apid initia l increase in net uptake of pctassiuo:., 

followed in genera l, by a rl 3t loss despite the hi r h extracellular potassium 

concentrations. Conversely, during recovery of the ouabainized hee.rt 

unde r t he s e condi tions, t he r e i s a mar ked coron0.ry dilatati on, assoc i a ted 

,-;i th a n et increased p:>tas s ium uptake. These findine;s would ag;ain indicate 

t hat under t he influence of ouabain, there is a close correlation between 

t he changes in potas s ium moveœent and thos e occurring in the corona ry 

vascul n.r bed. 
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Figure 18 sho'\';s concomitant chanees in potassium movement and coronary 

flow during perf~sion with ouabain and Locke solution containing 50 per cent 

o-f the normal potassium or 2.8 mEq./1. (above) and Locke solution containin_s 

25 percent of norT$1 potassium or 1.4 mEq./1. (below). As can be seen in 

beth groups, there 1tras a sustained 11 net lose 11 of potassiUl!! associated with a 

brief initial coron8 ry constriction follot·ted by sustained coronary dilatation. 

These chan2;es contin<.1ed until cardia.c standstill. 

When the uerfusion fluids were ch.e.n::;ed to normal Locke solution without 

ouabai n, in both instances, a~ain there was a rapid decrease in coranary 

flo'l': associ ~' ted •:tith a positive potassium balance in the heart. 

Finally, in Figt.Ire 19, one sees a!';ain, during perfusion with ouabain 

in pota ssium-free Locke (upper record), there is a brief initial corong_ry 

cons triction followed by progressive and intense coron2.ry dilatation. 

Throup;hout the experiment, also, there was a moderate negative potassium 

balance, reaching a maximum of minus 1.68 y-eguivalents per ten soconds, 

follO\'Jed by progressive restoration to equilibrium. 'tlhen the perfusing 

fluid was then ch9.n~ed to normal Locke ( \·tithout oua bain) again one sees the 

sharp increase in potass ium balance, associated \'IÏ th a decreased coronary 

flow prier to restoration to the initial e quilibrium. 

The lower section of the figure demonstratee that in the ab sence of 

oua bain, ratb.er similar c~1an:: es in potassium movement and corons ry flow 

\·lere obtained. :-~oreover , there wa s no significant difference in t he duration 

of perfusion. leadin.()" to ca ràia c arrest in the t'\'10 series of experimente. 

It would appear therefore, tha t in the presence of decreased potassium 

in the ~erfusins fluid, ouabai n produces rela tively lese initial corona ry 

constriction but grea ter subsequent corona ry dilatation, and conco~itantly 

no evidence of the usual initial uptake of potassium, but rather u conti

nuoue and suste.ined n~t losa. 
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In Fir...tre 20 are r;raphically summe.rized the relative cha!:._...,.es in 

coronary flow durinp: ~ rfusions wi th Locke solution containing different 

potassium concentrations ran~ing from 16.8 mEq./1. (three times normal) 

to zero potassium (potassium-free). It is clear fro!!! this comparison that 

in the presence of oœ.bain, hi":h concentrations of potassium in the per

fusin~ fluid lead to Oüly a coronary constriction, while with normal Locke 

(N.L. 5~6 mE~./1.) there is an initial transient constriction followed by 

dilatation. Fi~ally, \'li th pro ~':ressi vely 1 ONer concentrations of potassium, 

the dura ti on o f' the initial constriction we.s reduced, and subsequent 

coronar:r dilatation enhanc ed. These findü~.'::s ae;ain demonstrate a close 

rels..tionship betNeen tha affects of ouabain upon coronary flow and potassium 

equilibrium in the heart. 

(e) SUI.!l!œ.ry snd Conclusions. 

In the isobted rabbit and cat heart perfused with a fixed concentration 

(7.5 y/ml.) of ouabain, it W-as observed: 

l. 'l-:-:·ü, durin:": nerfusion \Üth excessi ve pota ssiu.l!l (16.8 mEq./1.) 

in Locke, there is no si2:;nificant diffel·ence oet1·1een the averag e times 

re qui red to lea d to cardü.•.c a rrest, as compared v:i th sira.ilar 11 control 11 

experiment a vli thout ouabai n . In bath groups of experimenta t h ere wa s a 

ra~id and s u s t ained coronary constri ction a s socia ted wi th a net uptake o~ 

pvta ssiuru, but no coronary dila tation. Rapid ventricula r fibrillation 

en sued in bath z rou,s. 

2. The.t, with twice t he n orrual pota ssium conc entra tion (11. 2 mEq./1.) added 

to Locke, the averag e !)eriod for cardiac arrest was 15.17 !~.05 minutes, 

while in simila r experimente without ouabain, the heart continued to beat 

rele.ti'.rely \·rell, for at l east 60 minutes of observation. During perfusions 

with oua bain (7.5 y/ml.) in norrra l Locke , ca rdiac standstill occurred in 

17.56 !0.6) ninutes. 
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3· That, durin!'; perfusion with twice normal potassium (ll.2 mEq./1.), there 

is a prompt and sust:;üned coronr·ry conatriction aasociated .,.,ith initial 

marked increase in 11 net uptake 11 of potassium, follot·red by a ali r:ht 11 net 

loas 11
• In the controle ( wi thout ouabain) there was a more gradual coronary 

constriction associ "'.ted wi tiï little change in potassium equilibrium. 

4. Tha.t, during perfusion \'lith ten per cent excess potassium (6.16 mEq./1.) 

the toxici ty of ous.bain was enha!1ced, as judged by the average time required 

for cai.·diac arrest (13 .0 ±1.53 minutes), and as compared wi th that re qui red 

>t!hen nor:nal Locl~e was the perfusion fluid (17.56 ±0.63 T.inutes). There was 

a brief coronary constriction followed by marked and sustained dilatation, 

and associ?.ted t·:i th an averar;e 11 net uptake 11 of :potassium, followed by a 

11 net loss 11
• 

5· That, wi.th a ll concentrations of potassium sbove ths.t in normal Locke, 

there was a definite di~inution in the tendency to the development of ventri

cular ectopie beats, alt r~ough t~ere wae no significant increase in the 

perfusion ti~es reouired for ca rdia c arrest. 

6. That, 11ith decreased potassium in the perfueing fluid, ouabain induced 

relatively less initial coron~ry constriction followed by g reater coronary 

dilatation. Concomitantly, t~1ere was no evidence of the usual initial 11net 

upta!~e 11 of pota ssium, but r a ther a continuous and sustained "net lose 11
• 

7• That, .following cardia c arrest during perfusion with high potassium 

(16.5 and 11.2 mEq./1.) norr!!a.l Locke perfusion led to rapid recovAry, t h:1t 

is, initiation of ventricular activity associated with striking cor~n~ry 

dilatation. Conversely, after previous cardiac arrest with decreased 

potassit.L'll, recoverv 1·ri th norma l Locke wae defini tel y more delayed in the 

r abbit a nd absent in ths cat. 

It is therefore concluded that: 

(a) Excess potassium in the perfueinc fluid can antagonize cardiac 
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irregularties i nduced by ouabain, but no mutual antagonism appears to exiat 

betwe en t he two agents in respect to the onset of cardiac standstill. 

(b) Decrea sed potassi um, but not complete absence of potassium, aug

mented ca rdia c irregularities and enhanced cardi ac standstill in compa rison 

with controle. 

(c) The f indings substantiate the view that under the influence of 

ouabain, t here is ~n increased uptake of potassium, which is responsible 

for t he i nitia l coronary constri ction, whil e the coronary dilatation a ppears 

to depend upon the concomi t ant potassium losa. 



III· OBS~RVA.TIO: :;'! Œ' '!:' .-LS EFFECTS OF VAHYFW CONCE:ITRATIO:·~S OF CALcn_r:: I X 

T :~E PE:::\FCSEG FEIID FPO:~ THE RE:S PO ~:s ES ( CORO~JA:\Y FioOVI, HEART ACTION A1m 

EL~CTROLYTE ~:OVE!··Œ::i73) TO 0UA3AL: . 

(a) Effects Upon Ouabain 'Ioxicity and Recovery. 

In a ll ex oeriment s in this series, a fixed concentration (7.5 y/ml.) of 

oue.bain i·ras a,~ain erJployed. Fi_:ure 21 and Table VIII show comparisons of the 

avera_?:e d•.1rations of perfusion required to reach cardia c atandstill (mechanical 

arrest), when the hearts of r a bbits were perfused with t his concentration of 

oue.bain in Locke solution. In th e se experimenta, t he calcium concentration 

was either increased (as high as 16.8 mEq./1.) or decreased (to zero). The 

figu re a nd table also shOi·t the findin.::; s in a similar g roup of exp erimenta 

from whi ch bath the calcium and potasoium were removed from t he porfusinc 

fluid. Three hearts i'l'ere atudied in each group in which the al tered Locke 

solution was perfused. 

These data show clea rl ;r that t here is no sig:·üficant difference between 

the toxici ty of oue.bain ( 7 ·5 y/~1.), whether ~erfused (a) in norœal Locke 

(;-r .L .) , or ( b) in calcium-free Locke, or ( c) in Locke containinr; four times 

the norrr~l calci~~ . i.e. 16.8 mEq./1., or (d) in bath cal cium-free and 

potassium-free Locke. It i s therefore evident that even 'l'tide chanz.es 

in t~e calciUI!l concePtration in the :cerfusing fluid, do not significantly 

potentiate or anta~onize di~italis toxicity. 

In regard to the question of r ecovery, when the perfusinz fluid wa s 

changed to normal Locke ( i·!i t hout oua bain) f olloNing cardiac arrest , as can 

be se en in Ta ble VIII, the re \"H~re however some diff erence s noted. Thus, in 

t he absence of calcium du ring the ouabain ~erfusion, changing to normal 

Locke led to restoration of r ei)Jlo_r auricular a ctiv i t y after a period of 

)6 minutes in one exr eri"rre nt, but there vras no evidence of ventricular 

restoration durin~ a subsequ.ent 15 minutes of perfusion, when the exner i;nent 



TABLE VIII 

Observed Effects Durin,"; Perfusion Ni th Ouabain (7 .; y/ml.) in 
'Taryinp; Concentrations of Calcium. 

•·. 

Concentration Cardi!lc Arrest 
(mEq .jl.) ( . ) 

~_m1.n. 
~eco verY* 'l'Ti th Normal Locke 
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0 Cu. ++ 14 Ho Recovery (auricular beat after )6 min.) 
1 

0 ca++ 14 :~a Recovecy (54 min.) 

0 ca++ 16 No Recovery ( )0 min.) 
Avg. 14.67 ±0.22 

16.8 ca++ 12 Recovery in 16 min. 

16.8 Ca ++ 16 Recovecy in 12 min. 

16.8 ca++ 17 Recovecy in 12 min. 
~\v;:;. 15·.00 ±1.5) 

0 ca++, 0 z+ 17 liT o Recovery (53 min.) 

0 ca++' 0 ~{+ 18 l'Jo Re co very ( 16 r-:.in.) 

0 ca++ 0 K+ 12 Atypical coronary flow, no attempted , 
:.'iv~. 15.67 ±1.8t recovecy. 

* '!.'he term 11 Recovery 11 means 1 initiation of visible ventricu1ar improved 
con trac ti ons 11 • 
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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 nor~al Locke, even after continuing 

perfusion for as long as 50 - 60 minutes. 

On the other hand, following perfusion \'lÏ th oua bain in Locke 1"/Ï tt 

exceas calcium, recovery of the hearts in 12 to 16 minutes occurrod w~en 

the ~erfusin~ fluid was cha~ged to normal Locke. It has been previously 

shown (Hazurkiewicz, 1955) that follovring similar perfusions of isolated 

rabbi t hearts \'!i th both calcium-free Locke or excess calcium for 30 - 50 

minutes, that changirtg the peri'using fluid to normal Locke led to rapid 

restoration of the heart. Since, as previously pointed out (Section II), 

recovery also occurred in all experimenta in which the rabbit heart was 

perfused v1i th ouabain containing ei t her hizh or low potassium concentra

tions, it is clear that digitalization of the heart in the absence of 

calcium leads to an irreversihle type of toxicity. 

Typical exa~ples of the records obtained in the above experimente are 

shawn in Figures 22 and 23. As can be sean from Fif,ure 22, during ouabain 

perfusion in a hi ?:h calcium concentration (16.8 mEq./1.), there io the 

usual initial coronary constriction (lastine; for eight minutes) followed 

by coronary dilatation, continuinr. until cardiac standatill. Concomitantly 

the heart contractions were ;::>rogressively stimulated with the developra.ent 

of gross irre8;ulari ti es and tachycardia, followed by stand still (L and i'4). 

The associated electroGra~s show the u.sual initial sinus bradycardia, with 

disappearance of P-waves aC~d ST-T changes (D), follo\Ored by ventricular 

tachycardia (E to G) with ~ultifocal ectopie beats (H and I). It is to be 

noted that in these experi~nts, there were frequent intervals of tranaient 

fibrillation before final cardiac arrest (I and J). 
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Figure 22. I solated rabbi t heart . Perfusion \'li th Locke solution containing 
16.8 m~q ./1. calcium and 7·5 y/ml. ouabain. See legend of Figur e 2. 
Upper and Lower Record: At first• arrow ( Start, Ouab . 7·5 y/ml . + 16.8 mEq./1. 
Ca++) the perfusins fluid waa changed from normal Locke to Locke containing 
adàed ' ouabain plus exces f calcium • At the second arrow ( end, normal Locke) 
t he oua bain perfusion 1a s crnn~ed to normal Locke. 
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Figure 23 . I solated rabbi t heart . Perfusion 1·1ith calcium-free Locke wi th 
added ouabain (7 . 5 y/ml.) . See legend of Figure 2. 
U er and Lower Record: At first arrow (Start, Ouab. 7·5 y/ml.+ 0.00 mEq./1. 
ca++ the perfusing fluid was changed from no1~al Locke to calcium-free Locke 
and ouabain . At second arrow (CaC12, 25 mg.) an inj ection of 25 mg. of 
calcium chloride was administered . At third arrow (end, Normal Locke) the 
ouabain perfusion was chan.:;ed to normal Locke . 



When the heart was subsequentl~r perfused wi th normal Locke (Figure 22) 

there was gradua! development and intensification of ventricular fibrillation 

(N and 0), followed by ventricular tac hycardia ( Q) and restoratiou to nor "!:ul 

sinus rhythm with slowing. Aescciated with this recovery, there ~~a a 

return of nor::ral coronary fl ow. 

In contrast (Fi f':ure 23), when the heart is perfus ed with ouabain in 

calciuœ-free Locke, t bere was again initial progressive coronary constriction 

(six ~inutes) followeà by proEressi ve dilatation with cardiac etandstill. 
< 

Ho~·1ever, associ ·:lted wi th ti:1ese c n.an::;es, t.here was nei ther the initial sinus 

bradycardia, nor the usual subsequent augmentation of the 3.'".1pli tude of the 

hea rt contraction. The electrograms show disappearanc e of t he P wa ves at 

F, with progressive tachycardia and fibrillation (I toM). It should alao 

be notèd that an injection of a large dose of calcium chloride (25 mg.), 

as shoNn on the record at ~-f, led to no effect. Subsequent perfusion with 

normal Locke resulted in the appearance of ëmall contractions at regular 

intervals (either P waves or feeble ventricular contractions). 

It would appe"lr from t ilese f indings that in the oresence of excess 

calcium, ouabain leads to accentuated cardiac stimulation with inc r eased 

arrhythmias. The tendency to the development of ventricular fibril lation 

of' a transitory type a l so occurred. On the other hand, in t he presence of 

decreased calcium, ouabain leads to no s ignificant sustained stimulat ion 

of' the heart but only curiou s preterminal arrhythmias and fibrill ation. 

However, under both condi tions the effects were associated with the usual 

brief coronary constriction folloi·red by sustained coronary dilatation. 

(b) Effects on Cardiac Pota ssium Balance. 

The aver a:Ie changes in potassium movement and coronary flovt in t he 

• 
above groups of ex?eriments are summariz ed in Tabl ee IX and X, anù t he 

correlat ed chan[ eS in Fi gure 24. As is evident from the data under t hese 
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TABLE IX 

Mean Recorded. Chan es in Corona 
Durin Perfusion with Ouabain 
Concentrations of Calcium, 

Locke with · Locke with Locke with 

(min,) 
16.8 ~./1. Zero Zero Ca++ and 

Time ca++ ca++ Zero K+ 

Control (uù../min.) 13.9 14.4 13.3 

1 -3.60 -2.53 -2.18 

2 -3.00 -4.24 •4.12 

3 -2.57 -5.87 +),52 

4 -1.80 -5.46 +10,68 

5 -o.?? -4.19 +13.78 

6 +1.70 -1.63 +16.23 

7 +3.30 •1.92 +18.29 

8 +2.40 +1,79 +19.43 

9 +5.97 +3.59 +18.89 

10 +5.50 +4.75 +20.30 

11 +5.07 +6.16 +20.65 

12 +6.20 +6,83 +22.20 

13 +4,77 +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) 
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in Var~rinr.r Concf'~-

Loct:e ,.:j. t~! Zero '-ri th 
Zero Zero ca++ U"0.d 

aa++ Ze~ .. o K+ 

-0.12 -0.11 

+O.:;L!. -l.P.~ 

+Ü .2!~ -1.43 

+0.06 -1.13 

-o.:;;) -0.68 

-1.19 - 0 .49 

-?..7e -0. 6~ 

_'). ;i3 -Cl.PlO 

-?.08 -0 .r;.f 

2 1 
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candi ti ons, that i s, rri th hi ~h and low calcium perfusions, oua bain induced 

the usual initial corona~/ constriction followed by coronary dilatation and 

concomitantly, a net gain of potassium followed by a net losa. Follo\·Jing 

arrest, perfusion with norm~l Locke again induced rapid decreaae in coronary 

flow and a relative increased potassium uptake in both types of experimenta. 

It is therefore obvious t hat these coron2.ry and potassium changes induced by 

ouabain are not dependent on the presence or absence of calcium in the 

perfusing fluid. 

Figure 25 shO\·Js a typica l ex8.lliple of the affect of ouabain durin:::, per

fusion Nit h Locke solution from which both the calcium and potassiutn were 

omitted. It is e.,sain evident that after removal of both of these ions, 

there is a ~arked sustained coronary dilatation associated with a sustained 

negative notassium balance. 3oth of these affects wère reversed, on per

fusion with normal Locke during 3. period of eight minutes, althou&h there 

was no evidence of subse(luent recov ery of either auricul a r or ventricular 

contracti ons a s previously stated. 

(c) Summary and Conclusions. 

· In the 1aolated rabbit heart, perfused with a fixed concen

tration (7.5 ~/ml.) of ouabaint it W&8 obserYed: 

b That·,during perfusion with either increased (16.8 mEq./1.) 

or decreased (zero) calcium, there wa s no significant difference between 

the average t imes required to lead to cardia c arrest. 

b That , perfusion wi th no rmal Locke led to recovery and resus ci"c.ation of 

the hearts, when previously arrested by oue.bain in excess calcium; but, 

that no recovery ensued aftor simila r arrest by oua bain in calcium-free or 

calcium-potassium-free Locke . 

~ That, in the presence of excess calcium, accentuated cardia c stimulation 

and arrhythmias ensued, and conversel y, in zero calcium, t here was no 

sustained stimub.tion but only a s hort period of pr eterr..1.i nal arrhyt hmias . 
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4. That 1 durin:; perfus i on wi th either increased calcium or calcium-free 

solutions, there was no significant deviation from the usually observed 

ouabain effects on coronary flo~.,r or potassium balance. 

It is therefore concluded that: 

(a) The onset of ouabain cardiac standstill is not influenced by 

either calcium concentra tion ner se, or by the calcium-potassium rati o 

in the perfusing fluid, althou6h the appearance of arrhythmias was clearly 

reodified by the presence or absence of calcium. 

( b) ':Yi th excess calci'..un, t he re wa s normal recovery of the heart but 

in t he abse11ce of ca lci urr., ouabain toxici t y was irrevers i ble, auggesti ng 

e i ther an e!1ha nced fix2.t ion or retention of t:1e rrlycosides in the absence 

of ca lcium. 

(c) T:1e effects of oua bai.n on the coron'3.ry flow and on t !1e ca rdia c 

potassium equilibrium are not dependent on calcium. 
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IV. CBSERVATIO:TS OJ THS EFF'ECTS OF OTHER TYPES OF IONIC ALTERA'!'IC.NS 

(MAG:-JESIID(, LACTATE Mill SO.ùilF ) OF THE PERFUSING FLUID UPON THE CARDIAC 

RESPŒ,;s~S TO O'JA3AF . 

(a) Effects of Added Nagnes ~um. 

In the first series of ex~eriments, a comparison 'fTas ~ade of the cardiac 

responses to relati vely l0\'1 concentrat i ons of magnesium chloride ( ranginrr 

from 0.009 to 0.)64 m~. magnesium per ml. of Locke solution) perfused in 

four different groups of ex'9erime:a.ts. The average (five experimente) per 

cent c~an~es in the recorded hei ~hts of a~plitude of contractions, heart 

rates (per minute) and ~ean coronary inflow (ml. per minute), as were 

observed after five minutes of perfusion of isole_ted rabbit hearts 'trith each 

of t hese solutions, a re gra~hically shown in Figure 26 . 

As can be readily seen, with increasin,c; concentrations of magnesium, 

there were increasin.r; de ~rees of coronary dilatation. The observed changes 

in both t he ar:'Dl i tude of contraction and the hea rt r ate were not striking, 

al thouf h there \'Tas a defini te trend towards increa9ing degrees of de preseion 

of cont ractions. 

In order to determine the significance of the above res~onees , parti

cularly those in amplit~de and heart r a te, the data from the different 

groupe hc.vA bee!l surmnariz ed a11d statisti.cally analysed (Tabl e XI). As can 

be seen from t he t able, neither the changes in amplitude nor those in heart 

rate were siGnifi cant a t t he 0 .05 level. On the othe r hand , the obs erved 

striki:1": ch:o n :-: es in coronary :élow were hi~hly significant . 

It should be addel that in all of these experimente, coronary dilatation 

occurred ·;romptly aft er t he nerfusion flui d 'l'tas chans ed f rom norlilal Locke 

solution to the ma~nesium-containing Locke, and this continued as long a s 

the ma 3nesi1.llll perfusion was maintained. Howeve1·, depression in heart action 

developed more slowly, and t he five minute observation period was a rbitrarily 
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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 

Coronary Flow -10.06* 
(ml./min.) 

25.60 56.70 

Amp{~je 9.98 21.90 3.62 

Heart Rate -?.?8 
(per min.) 

-7.30 -16.12 

* Five hearts were used in each case. 

Analysis of Variance. 

Source of Mean 
Variation Squares 

Coronary Flow 'l'reatment s 30487.70 

Individua1s 2701.92 

Amplitude Treatmerit 368.93 

Individua1s 823.85 

Heart Rate Treatment 317.28 

Individuals 257.87 

0.364 

139.90 

3.?4 

-24.12 

Variance 
Ratio 

11.28* 

0.45 

1.25 

Degrees of Freedom: Treatment (3); Individua1s (16); 
Distribution ofF; 0.05 (3.24); 0.01 (5.29) (Snedecor 
1955). 
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choa en, as an adequate time to parmi t cor:.parisons under stabilized conà::.tions. 

In Fi oure 27 and Table XII are aholm respecti vely, a graph and aummarj.es 

of comparisoï.:s between the tirr;.e required for card5.ac atandstill during 

ouabain nerfusions in 2) different experimente in which either,normal 

Locke (N.L.); or Locke with added sodium lactate (J.,act.); or added magneaiu.'!l 

( l',îg.); or Locke solution from \'lhich either sodium ( Ha.) or dextrose (Dex.) 

was omitted. 

In reference to tne affects of magnesium, it can be seen from the data 

that in the presence of added Trlagnesium al one (0.)6 mg./ml.), the heart 

contiï.:ued to beat for as long as the perfusion continued (approximately 60 

minutes). On t he otber hand, under similar conditions, with added ouabain, 

cardiac standstill developed within an average of 16.00 ±3.61 mi~utes. 

These h ttter figures were however, not statistically different from the time 

reauired to cardiac standstill with ouabain in normal Locke (17.7 :!:0.63 

minutes). The se findings would sue.e:est that mar;nesium in this concentration, 

doea not prevent the cardi ac toxicity of ouabain. Higher concentrations of 

magnesium were not studied in this connection, since these in themselves 

hastened depression of heart action. 

In the ma[Inesiu;·n experü1ents, during the recovery perfusion wi th normal 

Locke , i t H['. S observed tha t complete recovery ensued in five out of eix 

hearts arre sted by the oua;)a i n-magnesium combination. The table (Table XII) 

shows that t~ere were some differences between the responssa in rabbits 1 and 

cats' hearts, both i n the ons et of cardiac standstill and in r ecover y , but 

not enouch exDeriments have been performed to àraw any definite conclusions 

on this point. 

A typicaJ exa~ple of the corona ry flo;·t and hea rt contraction c èlan ~es 

observed in a ouabain-~a,s;nes ium experiment on a r a bbi t heart is shown in 

Figure 28. As can be seen, i n the presence of the ma,::nesi um, there is no 
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TABLE XII 

Observed Effects Durim: Perfusion with Oua.bain (7.5 y/ml.) in 
Var;,ring Concentrations of :t-1aP.;nesiurt., Sodiun, Dextrose and 

Lactate. 

Concentration Cardicc Arrest (min.) 
(m3./ml.) 

0.36 Ng++ 

0.36 i'.~ ".++ 
..... C.:. .' 

o.;;6 r.:~·:++ 

0 .36 :lo:~g++* 

0.)6 I-:r.:++* 

0.)6 Y rr++:t 
OJ 

0 ~~a+ 

0 na+ 

0 !·!a+ 

0 Dextrose 

0 Dextrose 

0 Dextrose 

1 La ctate 

1 Lactate 

10 Lactate* 

10 Lo.ctatë 

10 Lactate 

10 Lactate 

Control 
l-~ .A. 

~I.A • 

4 

7 

---
Av.g. '5 • 5 

-

- ' .. ,.). . 

Oua bain 

9 

7 

13 

12 

30 

25 
Avg .l6.o ±3.61 

7 

_J 
é . 34 ±o .21 

12 

16 

14 
[Avg .l4.0 ±1.16 

12 

_1.2 
f\vrr.l?."i 

. ·- - / 

7 

7 

11 

12 
~vp; .lO .0 ±1.64 

Recovery**with Normal Locke 

8 

12 

28 

8 mi n ., maintaineà for 24 ruin . 
folloued by sudden f ibrillation . 

r.;o Recovery in 30 min . 

J;!assage induced recovery in 3 min. 
Vaintained for 26 min ., followed by 
~udden f ibril l 8tion . 

Immediate recovery in beth experi-
mente . 
Immediate recovery in both experi-
mente. 
J:nmediate recovery 

No Recovery - f ibrilla tion continued 
for several minutes. 

No Recove ry observed aft er 50 min . 

Partjal Recovery of ri ,c:~1t ventridè 
after 32 min . 

16 

24 

::::o !tecovery àfter 22 min . 

:,:a Recovezy after 76 !llin . 

ï~To Recovery a ft er 20 min. 

:·To Recovery aft er 36 min . 

The ter.!! 11N.A. 11 means 1no cardiac arrest•. 
* The isole.t ed cat heart 'l'ras used in t hese ex~eriments. 
** The term 11Recovery11 !l!eans 'initi ation of visibl e ventricular i muroved 

co nt rn. ct i.. ons 1 
• 
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Figure 28. Isolated rabbit hea rt. Perfusion with Locke solution containing 
0 .)6 mg./ml. of ma6nesium and added ouabain (7.5 y/ml.). 

Record: At firs t a rrow (Start , Ou~b. 7·5 y/ml . + Mg .++ 0.)6 mg . /ml .), the 
perfusing fluid was chinged from normal Locke to Locke containing 0 .)6 
mg ./ml. of ma~œsium and added ouabain (7 · 5 y/ml.). At the second arrO'il 
(end, Xorma l Locke), perfusion solution was changed to normal Locke . 
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initial coronary vasoconstriction but rather an immediate intense dilatation 

which becomes lees m9.rkeà, althow:::h \'Tell sustained throup,;hout the whole 

duration of the perfUsion. Concomitantly, there wae also lees marked 

stimule_tion in the ampli tude of the heart contractions wi th only slight 

braciyca.rdia, and no ::;rosr irregularities until almost complete standstill. 

The associated electrogra~s show the slight pro~ressive sinus slowine (B-D), 

as sociated \'IÏ th ST-'l' changes ( C to E). As the affects continue:i, the ver.t

ricular complexes a~pear lese and lese frequent (F), and are completely 

absent at G, with only irregular auricular activity seen. Ultimately , 

complete arrest occurred at H and I. 

Durin~ subsequent r erfuaion with normal Locke, the reverse changes 

were observed on the electro~rams, wi th final restor~tion to sinus rhythm 

(J to N), a l tèlour:h t he restoration of the mechanical contraction was rather 

poor. 

Figure 29 de::,_onstratea t he typical chan,3;es observed durint:: ouabain

lnagnesium p6rfusion i n a ca t 1 s heart. As can be seen, there is sustained 

coron'O'.ry dil?.t etion, associ.?.ted with slisht initial slowing, followed by 

soma stimul ~.tion and increased heart rate. These che.nges 'l'lere found lese 

ma rked t han i n the absence of magnesium, and there were clearly fewer 

irregul a r ities . At J one see s the rath~r characteri st i c sudden cessati on 

of heart action and ar,ain at 0, during the recovery period the characteri ?tic 

sudden ~estoration of hea rt function, as wae generally observed i n t hese 

magnesium expe ri~enta. 

It is al so note\'I'Orthy th~t during t he recovery period, t here were sorne 

irregul aritie s observed (P and Q) and a sudden sustained ventricular 

fibri llation ( R). 

In Fip:u r e 30 and Tabl œ XIII and XI V, a r e compa r ed t he cor ona ry f low 

and pota ssium movement s in t his r, roup of experimente. In bath the control 
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Figure 29. Isolated cat heart. Perfusion with Locke solution conta ining 
0.)6 m~ ./ml. of magnesium and added oua bain (7.5 y/ml.). 

Record: At first arrO\"/ (Start, Ouab . 7·5 y/nl. +Mg.++ 0. )6 mgjml.)the 
perfusing fl uid Nas changed from normal Locke to Locke containing 0 . 36 
mg . /ml. of magnesium and added oua bain (7 .5 y/ml.) . At the second arrow 
(end, Normal Locke), perfusion solution Nas chang ed to normal Locke. 
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TABLE XIII 

; 

Concentrations (m.e: ./ml.) and A.e::ents 
Time 0.3~ 0.36 l 1 10 0 0 0 

(min.) Mg++ Mg++ Lactate Lactate Lactate Na+ Na+ Dex. 
Ouab. Cont. Ouab. Cont. Ouab. Ouab. Cont. Ou ab. 

Pontro1 15.1 16 • .3 - - 15.3 11.0 24.09 2.4.2 
(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~ 

4 +25.71 +26.44 -3.5 +0.2 +3.40 -5.68 -13.93 -6.44 

6 +21.22 - +3.3 +0.3 +11.22 -4.99 -11.29 +2.25 

8 +17.12 +21.28 +4.8 -1.1 +12.16 - - . +8.57 

10 +17.72 - +4.3 - +12.43 +?.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 

24 +8.25 -2.6 

28 +9.05 -3.2 

32 +7.43 

36 +7.55 

40 +?.81 

44 +5.35 

70 -5.2 
No. Hearts 6 "2 1 1 5 3 2 3 Per Mean 

Ouab. • ouabain; Cont. • Control; Dex. = Dextrose. 



- 106-
TABLE XIV 

1 Concentrations (Jrut./rnl. and A.e.:ents 
0.36 o.~ 10 0 0 

Time Mg++ Mg Lactate Na+ Dextrose 
(min.) Oua bain Control Ou ab ain Ouabain Oua bain 

Control +o.02 -a.:w -0.2:{ +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 -
4 - -0.06 -0.96 +0.35 +0.18 

5 +0.60 - - +o.ll -
6 - - -2.77 -0.44 

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 

24 +0.39 

32 -0.12 

40 -0.12 

44 -1.33 

96 -0.04 

~o. Hearts 4 2 3 2 2 
Der Mean 



1, 

(t) ~ 
IS 

Ae 
!.,IJ 

'1,zo 
(-t) 

5,~ 

' • 

/ , f 
(- ) 

l.,/0 

-107-

1 2, .3 4 5 6 7 & ' 10 Il Il. /'S If 15 16 11 Il If Zl Jott_~lllMlf 

T-m in. 

4 1 /Z. " 

Loc.ka .,.o.~6 '!'!'1/m/. Mq"* .... ,~~ .. u.cmo 
.6---4 .AAef9 /(t ,, 108t.C. 

~(J "ff ,, 

r- m,n. / 
Fi:·:Jre: _50 . S,:;e 1·: f! C'~1d s of :;'i--;n·e 5 an·l :J . 
c ~.>: ;; r ·~r8+: Cu"b:J.t'1 - 7. :i yj~J. ~.'l. -:l-::1 t -:- :..o :.;)-:- , ~ ~02:t sinin,: ~.d -.:.:d m:tQJe S.:..u!!J 
( ('. y5 ~\.:-/'11 • ·,: f-++) • 
Iov·e r Sr:1. :h : Con'.: r o l (:r1o ou a b.J.i n adèPl ) , " cr:f'ure<i -.:i t r LoC"kc cont a. i nin.::: 
aci..ll'3rt · ~ · 'Y) .- 8; " }~• rn 7, h ' ~ /ml ver++' '.J • ~ . ·- . ... ' . • "" ._. . •t • " •r_ ~ J • 



- 108-

(lower section) and ouabain exneriment (upper section) there were no obaerved 

changes in potassium ec:_uilibrium, aseociated \'lith the marked increased 

coromtry fl0\'1• 

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

Has aeen Omitted. 

Figure 27 and Table XII also contain data. fro!!l the experime:lte in \'lhich 

the heE..rt was nerfused with OU9.bai.n in Locke solution from which oither 

sodi~,chlor.lde·or dextrose was omitted. The osrnotic pressure of the sodium

free Locke was maintained by the addition of sucrose. It is clear from the 

findinrrs, that card:i. ac sta~dstill occurred equally rapidly in the controls 

and in the ouabn.in exncrimeni:s under both of these conditions. Table XII 

show that the duratione for etandstill in the soiium-free ~xperiments were 

5·5 and 6.)4 ±0.21 minutes, reepectively, while froJTJ the dextroee-free 

experh!e:-lts nerfo!'r.Ied, the averace W3.S 14.0 ±1.16 r:ünutes. This latter does 

not dif:é'er sitr:nifica:'ltly from the average time (17 .56 :to.63 minutes) required 

\·:nen normal Locke is used. 

The latter al so sho•,.;s that ie>T.edie.te recovery ensued in the sodiu;:n-free 

ex!"leriT.e.1ts, \'rhen the uerfuein": solution Wa.s changed to normal Locke, w~.ile 

in tne dextros e-free, there \'ras no recovery in t".-10 and only partiul recove-..·y 

in one instance. 

Some exa..'llples of the records obtained in the sodium-free experimente are 

nresented in r:'iz ures )l and )2. In botb instances, thore is ryrompt a~d S'.lB

tained coronary con f' triction, :1.ssociated wi th brief myocardia.l stir.!ub.tion 

( t~. ct:rcl'..rdia) :;-,~:~. n:ross irreC'"....tl2.ri ti es, leadinc: "\:.o standstill. The recorde 

also shoN, in both insta:~ ce~, prom:'t restoration of heart contractions, 

associe.trd w:.t;.,_ ·:arlced corO!:"ry dilatation, when the perfusion fluid was 

changed to nor~e.l Locke. 

The associ~_ ted elcctrorr,rC'."'.S de'"'·OYlstrate the.t durin[ tho ou::>.bain per

fusion (Fiyre 31), tbere was an initial sinus bradycardia \'IÏ th proxinent 
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Figure 31. Isolated r abbit heart. Perfusion with sodium-free Locke with 
added ouabain (7.5 y/ml.). See l egend of Figure 2. 
Upper and Lower Record: At first arro'l't (Start, Oua b. 7 ·5 y/ml. + 0.00 mEq./1. 
Na+) the perfusine; f luid Nas chane;ed from normal Locl~e to sodium-free Locke 
and ouabain. At !:l econd arrow (end, Normal Locke) the ouabain perfusion was 
changed to normal Locke . 



Figure )2. Isolated rabbit heart. Perfusion with sodium-free Locke. 
See legend of Figure 2. 

-llO-

Upper and Lower Record: At first arrow (Start, Na+ free Locke) the perfusin:?; 
fluid was chaneed from normal Locke to sodium-free Locke . At second arrow 
(end, Normal Locke) the sodium-free solution \'tas changed to normal Locke. 
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P W8.ves and increased heigt:t of the R wa.ves, within t\·ro minutes (Section 

B, tim':' i:1.terval not shown on record). ','li tlù.n the next mi::.1.ute tre.ns j_ tor~r 

ventrlcul:::.r fi brilla ti on ensued ( C) follo,.-:ed by ventr i cular tachy cardie. 

(D), Ni t h only auricuL· .. r activity seen at E, and finally cardiac a1·rest at 

H. Durinry the recovery period , th~re was rapid restoration to normal sinus 

rhythrn. The c~ e_n!~es o 'Jf'erved in the electro .~rams in the sodium-free 

ex9eri1::ents 'tlithout added ou.,.bai:1 (Fi~_:re 32) \"lere also r3.ther similar, 

except th:: t followi!'lL; the initial tachyce.rdia, there was a brief 2:1 block 

(D) follO\·:ed by auriculcr fibrilb .. tio:::J. with scattered ventricub.r beats 

(E), proceedi:1 :- to ventric J.b.r fibrillation (F to I), and final cardiac 

arrest (J). It ap~eared th?.t ventricular fibrillation ensued somew~at 

more ra ~'idly in the oua ba 'i_n e:x9eriruent, than in the control ( sodium-free 

al one). The recoveqr cèlanp;es in the se lc.tter viere hO".·:ever rather s imilar 

tc tho3 e o·~served in the former. 

Figure 34 shows an exanple of the resulte obtained in a dextrose-free 

experi;nent , and :::leeds little coT!ll!!ent. In general, the chan,:;es in bath 

coronary flo\-r and heart contractions following the ouabain, were similar 

in every respect to those observed when the perfusine; fluid was normal 

Loclre (col!lps.re Figure 3). In r e s pect to the recovery, ho,.rever, under these 

co~ditionn the usual restoration with normal Locke perfUsion, either could 

not be accorr:plished (after 50 minutes of perfusion) or was only partial. 

The associa tai coronary flow a nd potassium changes j_n the above experi

~ents are s~mmarized i n Tables XIII and XIV, and gr~phically correlated in 

Fi ~Jre 33· As can be seen in this sod~um-free experiment (upper record), 

there is sustained coronary constriction, not aeeociated with any marked 

changed in pota s sium e~uilibrium, and conversely, durine the recovery period, 

there is i nt.ense coro!'1 :1ry dilata tion, again without a ny consistent change 

in potassium !r.ove!11ent. On the contrary, when the dextrose-free perfusing 
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Figure )4 . Isolated rabbit heart . Perfusion "\'rith dextrose-free Locke wi th 
added ouabain (7.5 y/ml.). See legend of Fi gure 2. 
Upper and LO\·rer Re cord : At fi ret a r row ( Start, Ouab . 7 ·5 y/ml . + Dex . free 
Loc~ce) t he perfusin:; fluid \Iras cmnged from normal Locke to dextrose- f r ee 
Locke and ouabain . At second arro·v ( end , ~ormal Locke) the ouabain perfusi on 
\'laS cr.an:;ed t o nor mal Lock e . 
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medium was used, the lover aectioa of n,ure '' shows the uaua.l ouabain 

rsspense--!Ditial ooronary oon.triction followeà b7 dilatation and asaociated 

initial net uptake of potassium, followri by a net losa. During the recovery 

period the coronar,y flow vas also decreased tnd there appeared to be a suatained 

nes-tive potassium balance. 

(c) Preliminary Efteets of Added Lactate. 

A gain, in Fi~re 27 and. Table XII, are presented. some da ta conoerniD& the 

effeots of ouabain perfUsion in Locke solution conta.inin& add.ed lactate. With · 

a low concentration of lactate (Laot. 1 q./111..), without ad.ded ouabain,in one 

experiment, relative normal heart action was ma.intained for as lon& as 60 minutes 

of perfueion. On the ether tand, when a 8imilar perfusin& fl uid vas used wi th 

added ouabain (Lact. 1 m,.;~. + Ouab.)in two experimenta, cardiao standstill 

occurred scmewhat more rapidly than normal, tbà'\ is in 12.5 minutes. Addi tional 

experimente would be needed. before a definite conclusion . oan be drawn »n this 

point. However, when the concentration of lactate was inereased to 10 mg./ml., 

in the presence of ouabain (four experimente), the time to card.iao standstill 

vas detinitelr redueed (aYera,e 10.0, *1.64 lliaates), in oomparison with the 

ouabain reaponses in normal Leoke. 

It oan also be aeen in Table XII. _. tha.t followinc oardiao arren with the 

lower concentrations of lactate, recovery was rather d.elayed (16 to 24 aiJmtes), 

att.er the perfusion :fluid vas ehanp4 to normal Locke. Indeed, with tl» hilh 

concentrations of lactate, DOi recovery could be aohieved under these 

condi tons, as lon& as 76 mim1tes of perfusion. 

'l'ypical examples of the ooronary flow and. heart contraction chan&•• 

obsened in the a.bove experimenta are shown in Picures ,5, ~ and '7. Thua, 

wi tb a low concentration of lactate (Fi &Ure '5), there is a pro&reee:$. ft 

moderate eoronary oonatriction and 1radual slowin1 of the heart durin& a 

90-minute period of perfusion (from B to K). The oorreepondin, electro&rams 

ebow çadual einus bradyca.rdia a.seoci ated w1 th pro&resai ve S'l'-T cban,es e f . 

.. . . ... 



Figure 35· Isolated rabbit heart. Perfusion with Locke solution 
containing added l actate (1 mg./ml.). 
!:!zEer and Lo\·/er Record: At arrow (Sta rt, Normal Locke + Lactate 
1 mg./ml .) the per~1sinf f l uid was changed from normal Locke to 
Locke containing 1 mg./ml. lact a te. 
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In the presence of ou'1.bain, a low concentration of lactate (Figure 36) 

1 ed to the usu.al initial coronary constriction foll0'1'1ed by coronary dilatation, 

aseoci 2.ted wi th !Jro.,.ressi ve ca rdiac stimulation (s.m!11i tude and rate) wi th 

gross irre:rul arities and final arrest. The ar:soci. a ted electrical ct.anges 

B to G, \·lere not ai~nificantly different fro!I! thoae sho'tm during ouabaia 

perfusio:-t in nor:,"al Locke, and the record at G shows terroinal ventricular 

fibrillation. 

On cha nging the perfusin.~ :'luiè. to normal Locke ( wi th out oua bain), 

t here \-Tas, after a dela:r o f anproxima tely 16 minutes,. a audden restora tion 

to normal sinus rhythm, -v11-Jich persioted for )0 minutes (0), when relatively 

normal heart action was res tored. The records also sh0\-1 tha t reperfusion 

wi th oua bain( 7 ·5 y/ml.) al one in norma l L2cke, precipitated irregular 

ventricular acti. ons (R) in a.pproximately ~4 minutes. The kymographie 

records at P and Q show the assoc~ated stimulated heart contractions and 

card:iac sta:1dstill at R. These c~!l..a;es were not essentially different from 

those observed in other experimenta in which the heart was similarly 

ouabainized after urevious arrest followin~ perfusion in normal Locke. - '-' -

With the hi g:h lacta.te concentratio~ (Figure 37), the usual initial 

oue.bain coronary constriction was not ob s erved, but rather immediate coronary 

dilatation, associated with depression rather than stimula tion of the heart 

contractions ( C and D). On continued uerfusion, ho•.-.rever, wi th the I:J.ixture, 

there Nas a proE;re s sive red;J.ction in coronary fl ow, associated with improved 

hea rt contractions , followed by marked coronary dilatation and ~ardiac 

stimub.tion ( H and I). There were no arrhythmias obsElrved in these experi-

mente, bu t a teE: ina l slowinc (J) with sudde!1 c omplete arrest (K). When 

the ~erfusi on fluid 'l'ras chan;;ed to norms.l Locke, no recovery of the heart 

contractions was observed, and the coronary flow ehowed a progressive 

constri cti on. 
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FiDally, the aeeooiated eleotrooardiocrame show an exa~eration of 

S'f-T oban&e• (B to G) tollowed by Yctricular elowin& with an altematin& 

idioYentricular rhyttD (J), and te:naina.l Tentrioular fibrillation (K to L). 

DuriDi the recovery phase, the electro&rame show eustained complete arrest 

of the heart for as long ae 76 minutes of perfusion witb normal Locke. 

The coronary flow anà aasociatH potaesiUil movement in these preliminary 

experimenta are summarized in Table IIII and XIV and correlated in P'i&W"e ,a. 

Theae data indioate that during the tiret minute of perfusion tbere was 

an increased coronar,r flow associated vith a net loee of potassium from the 

heart ( eee initial section of Fi&Ul'• ,S). Subsequently, . there wae a short 

period of reduced coromr7 flow cOBcomitant with reduction in net losa of 

potassium,asdl followed by a procreesive ooronary dilatation, ••eociated with 

a continued losa, .folloved by a terminal pin of potaaeium~ore or lees the 

normal type of responeee previously damonstrated durin& perfusion witb oua

bain in normal Locke solution. During the poet-ouabain perfusion period, 

both the coronary flow and the potassium uptake of the heart decreaeed, when 

the perfusing fluid wae chanied to normal Locke. 

( d) Stm!!1!17 and Oonclusions' 

In the isolated rabbit or oat heart per:fUaed with a fixed concentration 

(7.5 y/ml.) of ouabain, it waa obaerved tbat: 

~ In the presence of added magnesium (O.~ m,./ml.), .the average duration 

to oardiac arrest was 16.0 ±,.61 minutee, while in eimilar experimente without 

ouabain, the heart continued to beat in a relatively normal maaner for 

tJproximately 60 mtautee. 

~ With added ma.~eeium, there was a definite decrease in the occurrence of 

Tentricular ectopie beate, and' decreaee in the intensity of the contractions, 

eTen when there was no ai&nificant increaee in time required for oardiac arrest. 

~ With added ma.&neeium, there wae an immediate intense coronary dilatation 

vhich became lees marked although vell suetained• · These chan&•• vere not 
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aeeompanied by any marked alterations in the oardiae potassium equilibrium. 

4. Atter magnesium-cuabe.in eardia.c arrest., per:tusion with normal Locke led 

to no consistent pattern in the reeovery of hearts-some initiated 

etrong Tentricular contractions within minutee, while other showed only 

a ·weak act.irlty a:f'ter prolonged perfusion with normal Locke, alt.hough 

three out of six returned to normal sinus rhythm. 

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

(a) Magnesium a.dded to the per:fusicc fluid antagonizes the cardiae 

irregularities induced by ouabain, but do not delay the onset. of cardiac 

etandst.ill. 

( b) Magnesium antagonizes the usual obeerved changee in eardiao 

potassium balance, following ouabain. 

(c) Magnesium per se exerts a marked corOD&TY-dil&tation, whicb ie 

independant of potassium movement and which ie not effected by ouabain. 

(d) Since no signifieant changes in potassium balance oecur in these 

experimente, magnesium per se abolishes the ueually obeerved ouabain 

potaesium changes, and this effect migbt be reeponsible for the absence of 

the cardiac arrhythmias. 

(e) These findings would also empbasize that there is no relation

ship between the onset of ouabain cardiac arrest and potassium equilibrium 

in the heart. 

~ During the perfusion of the isolated heart with Locke solution containing 

no sodi~ the onset of cardiac arrest developed equally rapidly, whether 

ouabain was added or not. 

6. Perfusion with the sodium-free Locke leads to coronary conetriction and 

rapid cardiao stimulation, followed by arrhythmia• and ventricular fibrilla

tion, and there were no marked alterations in the potassium equilibrium 

either in tte presence or absence of ouabain. 

~ Following cardiac arrest in all sodium-free Locke experimente, perfusion 
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w1 th normal Locke, induced prompt recovery of the h•rt aaaociated w1. th an 

intense coronary dilatation. 

~ The overall changee in coronaey flew and potassium balance, b<rt.h 41ur1nc 

the development of arrest and during the reoonrr·. period, in the scdium-free 

perfUsion experimenta, resamble rather elosely those observed earlier with 

ouabain during perfusion with increaeed pota .. ium. 

i!. During perfusion with dextrose-free Locke, the oneet of ouabain cardiao 

arrest is not altered, and the corone.ry flow, heart contractions and observed 

ohan&ee in potassium balance, were similar to tbose generally aeen witb 

ouabain in normal Locke. 

~ Followin& ouabain cardiac arrest, during pertâsion with dextroae-free 

Locke, perfusion w1 th normal Locke led to no recovery. 

'fhe fore&aing preliminaey obaervationa (Nos. 5 to 10) sugp.t tha.t, the 

oardiac alterations induced by aodium-free Locke pertusicm may be à.ue to 

the relative increaae of potassium. It would appear then (1) that, the 

aodium-potassium ratio is important in maintainin' both normal heart 

function and coronary circulation, and (11) that, an alteration in tbie 

ratio in the heart might be a :tundamental factor in the mechaniem of the 

action of ouabain. The problem however, requirea turther atudJ• Theae 

data also show that, (a) dextrose is not eesential for either the occun-ecee 

of the ef:fects of ouabain on the coronary circulation or potaaaiwa balance, 

or tor the development of cardiac arreat; and, (b) followin& di&ita.lization 

of the heart in the absence of dextrose, the toxicity is irreversible, 

rather like that obaerved followi.ng digitalization in the absence ot 

calcium. 

11. During perfueion of isolated hearta (rabbit or cat) with ouabain 

(7.5 y/ml.) and Locke eolution, conta.inin& either one or ten q./ml. la.otate, 

the average time interval to cardiac arreat, wa.s sbortened (12.5 and 10.0 
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±1..64 minutes, respeotively), in oomparison with the ouabain reaponse in 

normal Locke. 

lli Defini te decrea.ee in· the IlUIBber of ventricular ectopie beats am the 

intensity of the contractions were observecl with 10 q./ml. lactate althou&h 

the toxicity of the ouabain wa.s increaeed. 

1,. Duri~ perfusion with the low concentration of lactate (1 Dll•/ml.) and 

added ouabain, typical initial coronary constriction followed by dilatation 

eneued. The usual aseociated potassium chan&es were also present. With the 

hiib lactate concentration (10 q./ml.) there waa an immediate coronary 

dilatation (associated w1 th myocardial depression), followed by a sli&ht 

reduction in ooronary flow, and subsequent increaeed ooronary dilatation. 

Theae ohan&es were asaociated with a losa of potassium throu&hout the 

duration of the lactate-ouabain perfusion. 

It is therefore concluded from these preliminary observations (Hoa. 

11 to 1,), that, 

(a) Added lactate increased ouabain toxicity, although the arrbythmias 

were completely prevented, indioatini a&&in no relationahip between ouabain 

arrbythmiaa and ouabain toxicity (cardiac arrest). 

(b) Both the ooronary flow and potaseium alterations with ouabain are 

somewhat dietorted by the aseooiated myooardial depression due to the lactate. 

(o) In the presence of lactate, di~talization of the heart led to an 

irreversible toxicity, rather like that previously ahown with caloium-free 

or dextrose-free Locke. 
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DISCUSSIŒT 

0010'.:\RY Fl..O~·; .~.:ID POT AS SI li:!. I"'OVK :EW. 

The data presented a::,ove show clearly th:lt under the influence of ouabain 

characteristic concomi t<J.nt co:'tn"es in coronary flow and potassiu.rn mover~.ent 

occur in the iso l~ted nerfttsed rabbit and cat heart. It has been observed 

tiïat, un-l'3r th -::- conditions o>7.: ployed, with normal Locke ?..S the perfusing f'luid, 

d~rin; the initial ceriod, t here was a reduction in coronary flow a~d a~ 

a os ocia ted "net gain'' of potassium by the heart. The se affects were followed 

by subsc c:ue::~t coronr,_ry dilatation assoc i ated \'t:Lth a 11 net loss'' of pc·~assiwn. 

The cha ~,,g~e from 11 net l'"ain 11 to "net loss 11 of potassium preceeded the c hanr:e 

from coronary co~striction to dils.tation. 

As i s ~·!eJ l knov1, c ba·:_.,.e:> in the hea rt a cti on cc.n induce i::nportant 

secondary c il'? ,res i n coronary f lo,.,r. Thus, in e;enera l, i ncreu s :i..nr: the sy stolic 

contrac":.ior:s tende to ret8.1·d coronary flow 2 echanically by increasin·:: extra

va scuLn compres s ion; a nd convers el y , \Ü t h bett e r die.stolic relaxation coronary 

flow :na.y be r:!ecl·.a~ic ::,lly i !1creased. Recent studiez by 'tiic~ers (1954) hov!ever, 

su;: ·e s t tbat iY:c r e:;;.sinz ti'le force of ventricular contraction 11 does not 

t ,,r ottle coro:'l ' r~' flOè·' but a ctually !JrO::tote s it 11
• :~oreove r, it i s DO\'! 

a bundantl:r cl e::l r ti'Hü un!-cno'-m caràiac :'l'letabol i tes, a s socia ted Ni t h ::nyoca r dial 

stinul r tion a.1d rel ea. soè. into t :1e coro:na.ry circul ation, can inf~ uence th e 

vaso::notor' tone 1 of t rF' 'Tessels, as reported in V'lrioue t y pe 8 of ex: .. eriments 

by :V.elviJle 8.:nd Lu (l9::o ), T,u. a éld !.'J"elvill e (1951), 1/,elville and ~ -:azurkie,,Jicz 

(1955) 1 ~ackel a:~è. Cl o'V1e s (1?76). It ha e lon~ been Jrnown tha t during 

co~di t i on ;~ of ano::da , there ie a n i:-1creased corcnary flov1 (Drill, 1954). 

Al ella , 1.'lillia rr. s , ~ ol enE.-~·.ï ll i ar:: s and Ka t z (195 ::,) ha ve r e ce:nt1y shown that 

coronar y fl o\·1 i s ? r :odoCJina ntly determi ned by the exi s t i n ::-: l evel of oxygen 

consVI:lption, e.nd w: t h incree. :::in ~ consurr.ption of oxy3en, coronary dilata tio;:'l 

occurs to :nee t t he needs of the !!lyoca rdium for oxygen. :-row the oxygen n e eds 
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of the heart lead to i ncreased coronary flow, is still unknown. 

The findin ""s preseut eà indicate that the observed initial "net gain" 

of potass ium during ouabain perfusion might be the cause of the initial 

decreased coronary flow; and conversely, the subsequent coronary dilat~tion, 

the re sul t of t he "net loss 11 • It i'las been noted under t he se condiJ~ions , t hat 

in the majority of experimenta the 11 net losa" of pota ssium from t he heart 

begins prier to tile initiati c~"l of tè1e coro!'lary dilatation, and therefore 

appeare to be the cause. 

It nas been previously obaerved (Katz aud Linder, 19)8, and Melville 

and !eiazurkiewicz, 1955) that after inj ections ( small doses) of potassium, 

there is coronary dilata.tion, but since t he myocardium ie aleo simul taneously 

depres sed, i t is difii cul t to assess the significance of t hese observations. 

However, exces sive doses of pot~s sium have been shown by t he same workers, 

to lead nredominantly to coronary constriction, despite myocardial depression. 

When t i1e eff ects of ouabain were studied during perfusion of t he heart 

wi th ei the l' excess or r educed potassium, i t was further observed ti-1:'+ ei ther 

i n the prese"1ce or absence of ouabain, i ncreasing the potassium concentration 

in the perfusing fluid, leada to corona ry constriction associated with a 

"net g;ain11 of pota s si UlJ.l1 All of these findin2·s favor the hypothesis t hat 

potassium may be a n important :1met aboli t e 11 in the physiological control of 

the coronary circulation. 

In the pr esence of oua bai n , during perfus ion with decreased potas siu~, 

a short initial coronary constriction was still observed, but ther e was no 

11 net gain" of potas sium . In fact, in these experimente t he "net losa" of 

pota ssium again cJ.ear l y precedes the initiation of coronary dilatation. 

Pres~~ably, corona~J dilatation cam1ot ensue until after the potassium level 

in the heart has been decreaseà bel ow a 11 cri t ical 11 level. 

In t nese experi:. .e ~1t s, when the potassium concentration was increased only 
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slightly (ten per cent above norm.al), the coronary flow chan~es were rather 

similar to those observed wi th normal Locl::e, except that contrarily , the 

dilatation began while t her e •1as still a positive potassium balance. Why 

this was so, is not clear. 

It had been previously r eported (Korol, 1956) that during cardiac 

atimuletion oy v~riou.s drugs ( no r adrenaline, adrenrüine, isoprenaline and 

a.minophylline) , · there was, in each case, a 11 net losa" of potassiuru associated 

with coro;1ary âilatz.tion. However, it was alao noted that various ca r diac 

depressants (acetylcholine, methoxamine and nitroglycerine) led to a 11net 

uptake 11 of pota ssium and coronary dilatation. In these latter experimente 

again, t he associ 0ted ~yocardial depression mi ght cor.ceivably compl i cate 

the overall coronary flow-potassium balance relationship. 

The poe si bility tœ. t chànge in e i thet t he ·calcium or the calcium-potas

siun: ratio r!Ü6L1t in:: lueuce the corona ry vascular beà, has been sug[,::ested 

(hel ville and .. :azurkiewicz, 1955). However, under the influence of ouabain, 

whon t he norxa l potassium-calcluru ratio was altered in various proportions, 

only the effe cts of tcJe corresponciint'; potassium a lterations could be observed. 

'l'his would inùicate t;w.t calcium is not involveà in tèle actions of ouabain 

upon corotlary flow aüd ca rdiac potassium balanc e . 

It is wel l known th2ct rc.agnesium ca n exert a patent corona ry dilate r 

affect; Relative to the problelii of ior.ic move1r:ent, Stanbury (1948) hae 

reported t cmt :c.a_s:1esillli. p r eve:::ts the sti:nulating effect of potassium ions on 

t:1e superior cervi ca l ganglio:1 . SL:ilarly, Bryant , Lehmann , and Knoefel 

( 1939) have de:no:1strated t ijat cG.lciu-:1 a:-,tagonizes, both the central and 

peri)heral nervou s sJste · actions of r:.s.3:nesiwu. Katz (1936) has also con

cluded that at t~1P ;.r:yone;.:.ral junction, magnesium can exert a curare-like 

bloctaàe , a.:1è. t i~:ts ;Jloc ~-;ade cL-n be anta r;onized by pota ssi u:n ; and fina lly, 

Brosna::-1 ::ü1d Boyd (19) 6 , 1 ) )7) have reported that ca lcium chloride, potassium 
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chloride anè. adre~:al L 1e can t•.ll counteract magr1PSiUI!l 11 cu rarization 11

• The 

l r::.tter authors have also su - ~·;e sted tl1B.t, occause the antas onisLl with adrenc.

line develops I!!Ore s lowly, tèüs a ffect is probably an indirect one and 

possioly due to a Tobilization ot potassium. In our experimente, ti·le presence 

of l!lagnesiu::!;. completely abolished ti1e initial ouabain coronary constrictio:-:., 

but enhanced t~1e subserouent dilatu.t~on. Since the our.bain potassium changr::s 

were prevented, it appeared t àat !llagnesiwu hoth .exezrts a 11 direct 11 coronary 

dilater action, and antagonizes potasDilœ move~ents. The possibility arises 

that thesa two actions night J e r ela ted, and perhap e then the coronary dilater 

effect of .:.:a i..Jl e s iurL< rr: i ;,:!·.t a l so i !wol v e potassü.un moverr:ent. This probl em 

a gain, req:.ü res fu.rtè1er investig:ation . 

It has also oeen previously su6gested (de Burgh Daly and Clark 1920) 

that t he ca r di 3C ef.fects resul t :Ll~ f1· om a l a c!: of sodium resœ:cble those 

induceà by dip te1ie in the isol ated frog heart. Our data indicate that 

t he lac:-: of sociilt!i!, ei tb er in the presence or absence o:i:' ouabau1, leads to 

corona ry co~1stri cti on, and t ;1at t hi s develops wi thout significant pota ssi l.lffi 

iir:.bala~lCe. Al t,1ou~:;h t!1e nu1nher of experinents perforùied "*-8 small, i t 

might be again t;:at the re sul tant relative i ncreased potassiucc-sod::.um ratio 

is respoasiole for t .. is coroï1ary constriction. 

I n the case of the l a ctate ion, low concentr ation s without added ou~.bain, 

on prolonged perfusion (90 minut -:? s) produced only a slight coronary constric

tion and no detectaole as s ociat ed change in potassium balance. The usual 

responses to ouabain were noweve r still obse rved in the presen ce of low 

lactate perfusion. With hi gh lactate coilcentrations myocardial depression 

ensued and t }jeref ore t i:. e r e sul ts are equi vocal. 

One could conclude from tl-Je above findings, t i1a t t he observeà cha nf: eB in 

the potass i un bala nce i n t ij e !1ea rt may be t he prirn.a ry mechanism through which 

oua bain exerts i ts eftect upon t ile corona ry circulation. However, sorne of 
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the data suggest that secondary alterations in the sodium-potassium ratio might 

also be involved in this action. Finally, the resulta presented might explain 

in part, sorne of the opposing views in the literature concernin~ the affects 

of ouabain on corona ry circul :-~tion and u.yocardial potassium ( see Historical 

Review). 

OUA'3AIN-LfD'COED CAJ.DIAC ARR:-iYT~aAS A:~~ EL:SCTROLYT'ES. 

The data presented s (lOW t·àat the cba.racteristic cardiac arrhythmias 

(sinus oradycardia, ectopie beats, ventricular tachycardia) induced by ouabain 

ca.n be significantly inf1uenced oy changes in the el .3ctrolytes in the perfusing 

fluid. Thus, t ~1ese arri1yt hrüas can be clearly diminished or preve11ted by 

perfusion with Lock e containing, either excess of potassium, or added ~ag

nesium, or a high concentration of lactate, or reduced calcium content. Con

versely, the arrhythr.'lias are e;1hanc ed or potentiated by ei ther decreased 

potassium, or increased calciu:::c, or omission of sodium from the perfusing 

fluicl.. 

In ti1e case of t :1 e iaitial sinus bradycardia, it would appear that this 

is due to t;1e initial 11 net gain 11 of potassium by the heart, sine a excess 

potc. ssium in the perfusi:1z, fluid augments the bradyca rdia, while reduced 

potassium decreases it. The later arrhythmias (ectopie beats, 

ventricular tachycardia) alao appear to be due to the nnet loss 11 of potassium 

by the i1eart, since they are lessened by excess potassium and enhanced oy 

reduced potassiUl!. In ad :.i. i ti011, :nagnesium which antagonizes potaseiur::. move

ments as si10\'rn above, also reducE::l these ouabain arrhythmias. 

In addition, it is clea r t ~ ..at eitl1er excess of calcium or an omission 

of eodiu:n from t èle perfusL:l,": f luid, can enhance the arrhythruias. On the other 

hand, ei t her decreasing calciu ,; , or addL1g l a ctate aboli shed the:oe arrhythmias. 

Vlheti1er or not L1e s e affects involve relative or secondary chan:z;es in potassium 

can .. '1ot be stated f r om ou r data. However, curiously enough, under none of 

these COJ.1diti o~1s we.s t he ti . ~ e required for ca rdie.c et'lndstill prolon.;ed when 
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the heart was perfused wi t !1 a fixed (7 ·5 y/ml.) oua bain conce:1tra ti on . 

SL1ce t :1e caràiac acti o!ls of the dis;i talis gly coeidee invol ve 11 peculiar 

characteristics con,1e ct eà •-r:.t:J t-c~eir penetration a nd fixat i on in heart muscle 11 

(Sollrüs.ru, 19-40), tiüs lo.t·cer effect Bight be due to the fc..ct tl1at t he 

u l t i ·:r:ate taxie ac-è i::>n of oua·::>ain on the nea rt depend s only on a proe r e s s i ve 

11 cU!rrulatior1 11 or 11 f i xe.tion11 of the gl y cosi de, Nhich coeurs irrespecti ve of any 

of the ele ctr::>l yt e chan ,~;e s wiucb. hA.ve been investigate d. These fi ndL1:s 

would agree in s on-:e resnects with t;~ose r ecently descri oeà by Haza1·d , Haz&rrl 

a nd 'I'houvenot ( 19)6), concernin~ t 11e influenc e of va rious potas s iun: a a l ts 

u pon the t oxic.!.ty cf di. ;.i toxin on t he guinea pig heart i n vivo. Thee e 

authors fou:l.ci t i'lat ~·/L th hi ·:;·J n::>tassiŒ'2 concentra tions, the average lethal 

dose of di ,r;i t ox in wa s not s i ::rüfi cantly i n cr eaaed. It woul d t è1en appea r 

fro~ ou r oos erva t i ons t :1r:- t t he ba s i c !:Jec banisL1 of t he arrhythmias is not 
ultimate 

ide;ltica l witil t:·: e ba sic :ec>a:'li sm leadin~~ to /cardiac an-ef't oy ouaba i n . 

This cu r io:..;.s phenoroenon :.dp)1t indeed , be related to t he cu:uulation or physical 

fixa t ion of" the glycosiàe it1 t .. e i1eart. It is concei vable t iî"~.t t heae arr-

hyt h:::::ias reti.::;ëlt be ei ::1ply 11 tr l :::;ge r ed 11 perha ps by the pota s s ium imbalan ce 

i n du ce<i by our:.baL1, ·out even ,_.;üe n t;·,ese e ffects are blocked or a:1ta'-~onized 

by one ' '-ea,--~s or a:to t her, t è1e pro gressive cut:~ulation of' tr~e gl y coside s till 

c ont i ilUes until a t oxic maximum leadin::: t o cardia c a rrest is r ea chc1d . 

PCST-01~ .\SAI : R::1:STITlJTIG_. OF THE r:EART A:iiD EL2CTROLYTES. 

Althour;h only a l imited nurr."b er of ex perimenta were performed in c onnec-

t ion wi t h t hi s pr : bl e 'rl , i t wa P obse rved t !1at after a f ixed concentration of 

ouabain '.va s IJerfu sed, t::e r e were conniderabl e variations in ir1itiating 

recovery 1 dependL12~ o:1 t ,;e ionie composit ion o:Z' the ouabain perfusine f luid 

empl oyed. 

Using decrea sL1r: concent r c.tions of ou a ba i n in normal Locl: e , while it 

r equi red l on~er to s top t •1e :-~eart , t he r e cove ry also developed more slowly, 

and a t t i:..1es we.e Ü.lpossiol e . This mi E,ht indicate t hat the dur a tion of 
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exposure to oua bain \'!A.S the prirnary factor invol vad in the degree of 

irreversi'Jlc 11 fixA.tion 11 o f the ~lycoside. 

It 'f:ould appear tha t resuscitation of the ou?.bain Etrrested heart depends 

upon the presence of r:-ote.ssium in the perfusinr:: fluid employed during the 

recovery period. Thus, as th-: ::otassiUI!l concentration in this fluid decrcased, 

the initiation of· reco,.rer y \·ras delayed an-1 ~'li th potassiw11-free Locke, no 

recovery ensued. Recover~r \'ll:'.s also accelerated, follO'f!in: perfusion \Üth 

excess potassium, or after the heart had been ouabainized in sodiu~-free 

Locke. In the latter case a l so, there \'fa~ a re b. t i ve i ncrea sed potass~1l!!l

ouabain concentration. In both of t he se condi ti one, therefore th-= heart 

rnight h8.Ve contai:1ed a hi"'h potassium concentration at the time of arrest. 

The ra ')id recovery coul d the'1 be due to an e.ccel er?.ted out ward movement of 

potassiura. Scarinci (1953) h~.s also rr-ported that i'1 the isola ted frog heart 

after s~,rstolic arr0st, indL'.ced by '1erfusion \Ü th oua bain in Clark solution, 

re stor:-:-.t ·i.on of contr~~ct~ons c ould be readily obtainod \'Then the !'lerfusine; 

fluid w~.s c :: a··: ~~ed to ;:>0-l: 2.s s;um-free 0lark. There must however, be ether 

factors involved, since r Ecovery could not be achieved wben the i1e~rt was 

ous bai':'lized ei t:;er in a calcium-free or in a dextrose-free or in a hi g:h l a ctate 

!!:edium. In addition, after perf"-l<~ion \·ti t h '".::>.gr.ed LT-ouabrün , r s cove r y \'las 

rathe r ve.riable. Inde ed, under none of t:-;.ese conditi ons \·;as tl:.ere any 

detectable evide'1Ce of uotassiu:!! retention. 

Finally, i t would a:_J:-ear that in the abse:rce of calcium durin:- oua bain 

perfusion, o. l t hou ,-h ou?.bain t ')xici t y developf.'d in the ueual manner, r e covery 

\·ms not possible in f5.ve out o+- six ex"lerir:;ents. This mi~ht ind:l.cate that 

i!l t he 2bsœ:ce of t h is ion t~e ouabain becornes more firr:!ly 11 fixed 11 in the 

heart. ~ :o defini t e exnla"latio!l s for the l f:l clt of recovery \·J:!. th t he se latter 

ty~e s of :1.~rfusions cr:::: t:Je _::-i V9n 8-.t !Jr e sent, b J.t thi s as "Je ct of the ~roblem 

2.ppears to wa rrant further investirrati.cn. 
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T:-:E EFF~;:CT OF' DIGITALIS O:•T SŒ3 :ŒTABOLIC PROCESSES. 

The available information concernin~ the biochemical reactions affected 

by digitalie is limited. Indeed, the biochemical bases for the normal heart 

contractions or the chqm;es in vol ved in cardiac failure are still not known. 

This problem has been revieNed by Wollenbert;er (1949). 

'I'hat the action of di,;i talis do es not invol ve oxidati ve metabolism, the 

1(rebs tricarboxylic acid cycle or the Erabden-Heyerhof reaction, has been 

demonstrated by Sllü (19:='3). ne shO\·red that the responses of the isolated 

frog heart to stro~hanthin-k were not dependent on metabolic activity limited 

by the application of various enzyme inhibitors-nitro,p;en, sodium fluro

acetate, sodium iodoacetate, iodoacetalr.ide or 2.4 dinitrophenol. Ellis 

concluded u,at the si te of action of the glycosides is in the area of 

metabolism 5_nvol ved in the utilization of che!!tical energy for rr.usculs.r 1·10rk. 

Recently Bellet., ~:lasser:nan and Brody ( 1955) have revi ved interest in 

the possible use of sodiu.nJ laç:tate to restore the failing heart. As early 

as 1935, Lovatt-Eva:>.s stoi'red that the heart can use lactic acid as a source 

of energy. 

tèls.t the frog hee.rt cai1 oxidize lactic "!Cid 1)oth \then it ft.mctions nor!!lally 

and after it had been uoisoned by iodoacetic acid, and in the latter lactate 

COT.~ld revive th::: h~s.:~:·t. 

::t'ro':'. in vitro studie s on the in:Uuence of lactate on the dor 1 s heart 

(left ventricle) "':Jy ·,:ollenberger (lo:-:;), it i·~as con~ludcd that follo1'lin2: 

addition of cl4 labell0d l~ctRte to ouabain (5 X 10-7 K.), there was an 

accelere.ticm of the uDtalce of lactate and the prodqction of c14o2• 

J.l tho'vègh the mechanism of the action of la(;tate in è.ir:ir..ishi:1,?; the 

arrhyt}~ias, ns described 9b07e, is not clear, the data ~reseated leo.vc 

no doubt tha t sociiu_-rn lacbte d0cs not prevent ou?. bain C:?.rd~.ac arrest. It 

v!Ould appe::1r that :::!. ::-'ro;::er o.ntidote to di~i tc.lis i'/Ould h<J.vc to alter not 



only the cardia c arrhythmiae, but also antagonize or prevent the normal physical 

11 fixation 11 or 11 cu.~ulation 11 of' the r;lycoeidee in the heart. Thie latter 

is apparently also not affected by any of tho other ions (potaeeium, calcium, 

eodiW"l) studied .• This a•peot of the fiildin&• warrants turther investigation. 



GZ:·ŒRAL SŒ-';}.i:AHY 

In the isolated perfused rabbit and cat heart, it has been shawn: 

1. that, increasin.::: the concentrations of ouabain (1.88 to 30 y/ml.), in 

the perfusin~ f'luid, leads to a correspondin~ decrease in the time required 

to reach cardiac standstill. The least variability from experiment to 

experinent was observed with a concentration of 7·5 y/ml. under these 

candi ti ons. 

2. That, increasin?,: the concentrations of ouabain in the perfusin~ fluid 

leads to transient initia}_ sinns bradycardir, followed by a more sustained 

cardiac stimul~tion associated with increased amplitude of contractions and 

increa sed de grees of arrhythmias ( shiftin;;: pacemaker, ectopie beats, paroxy-

S!!:al and ventricular tachycardia anè final ventricular fibrillation). 

). That, a ll concentrations of ouabain studied lead to an initial moderate 

transient decreas e in co ronar;r f'l0\'1 rate associ 9.ted wi th a transient 11 net 

U:;Jtake 11 in pota ssium, a!'ld follo~·red by a more sustained increased coronary 

flow, a ssociated with a more austained "net loss 11 of potassium. 

4. That, follO\·Iing ou9.bain cardiac arrest, pe1·fusions with norue.l Locke 

lead to sli ,~ht i rre,T.ll a r coronary dila t a t i on, follo,·:ed by compl ete recovery. 

Similar pe:;:fusion v'!i th Loc ~e contai nin;:: 50 per cent of norm::tl potns::i c;m l end 

to prom~t a~d sustained coronary dil a tation, a~d eventual restoration to 

normal sinus r hythm, but prolow·ed perfusion wi th potassium-free Locke led 

to no recove ry. Perfuf'i on ... r: th added sodium lactate or s :~~ple injections 

of pot a s sium chloride, cnlciœn c!llor ide, or :=tdrcnaline did n ot enhnnce the 

r~cover~r a s ob s erved vri t h nor:rtal Locke. 

5· 'fr.at, ut=~in~: a: fixed oua bü n perfusinz concentration (7 ·5 y/nl.) during 

perfusion \':ith exc es sive oot~oeiuœ. (16.8 mEq./1.) in Locke, there is :10 

si gnificant di :f:'ference bet\'re e-: the averac.e tit:'.es r ea_uired to l ead to cardi ac 

a rrest, a s CO'TI'Jar -:d v:lt~l s i '7:.iler 11 control " exp erimer:t s without oua bai n. 
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In both .~roups of experimenta there was a rapid and s u steined corone.ry 

constriction associated v~i th a net upta!:::e of :_Jotass :~u'", but no coronary 

dilata.tion. i:i.apid ventricular fibrillation enev.e::i in both p-r ::~ups. 

6. Th3t, \Ü ti1 tne fixed ouabain concentration, and t wi ce n::>rrr.al potassium 

(11.2 mEq./1.), tèJ.e aver?•-:;e period for cardiac arrest was 15.17 ±3.05 

r'linutes, \·hile in si:::ilar experiTI"ents w:;.thout oue.bain, the hea rt continued 

to beat rdative1·.~ well, for at least ,.::;o minutee. of observation. Durinf 

:;e:d:.,sio:-:s 'l'rit!: our,0aü1 (7. 7 y/:nl.) in nOl""C.l Lock~, Célrdücc standstill 

7· That, du.rL1 ' : sL"ëilar perfusion vTith t\'lice nor:al potassünn (11.2 mEq./1.), 

U.ere i s ~- pror.1pt e.në sust2..i n ~:d corOi1f'l ry constriction a ssociated vTi th initial 

•r:r:•rked incree.se in 11 net ·-~ :'take 11 of potassi'..L"l, follo•·1ed by a sli:;ht 11 net losa". 

In Ü J ':' co;.1trol s (\-ri t h o •.-<t ouab~ün) t her E v1as '2:!0re gradu&.l corons.r;t c or.etri ction 

assoc .:..ated w!tèl little cl:o.·:l_;A i!l potPssiur: eq:.lilibrium. 

T;,q-f:, durin~~ perfusion •dth ten ner ce::1t e;:cecs ootassiu:.: (é .l5 n~C!-/1.) 

t~e to:~i ci t:.r of ou2.be.;.n was enba:1ced, as judged by t h e average ti~e reo•.-<ired 

for card:;_z.G arrest ( 1).0 ±1.53 !'" inut es), a":'ld 8. 8 cor1pared ''li th that re0uired 

v1hen norrr.al Lcc~ce ':!0.s the r;crfusion fluid (17.56 ±0.63 !!linutes). There N9.r-

a brief coro-:J.e. r~~ con~t ~·i ction follo,:red by !narked and su sta j.n ed dil f'.tation , 

anci associ'..:.ted •·::'.th an aver9.[e 11 i1et uptak e 11 of potass ium, foll owed by a 

11 net l oss'1 • 

?. That , wi til a ll conce .!tratiOi1S of potaesiW!l a bove tho.t in n ormal Locke, 

t here i·ras a defi ni te ài~inution in t !1e tendency to t he development of ventri-

cular ectopi e bea ts, al ti10UP;t1 t~ere \'ras no si gnificant increa so in the 

perfusion times reouired for cardiac arrest. 

10 . That, with decreased potassium in the :oe rfusi":'l~ fluid, ouabain iaduced 

relati vely les::> i r.i t ia l coromr~r conetricti on folloNed by r; r eat e r coron-: ry 

dilatation. Concord tantly, t hcre was no evidence for the usual i nitial "net 

U')ta.ke'1 of potassium, but r a ther c. continuous and eustained 11 net losa~ 
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11. Tha t, follO"VIin.;: cardiac arrest durin~ perfusion \'Ti th hic;h potassium 

(16.8 and 11.2 mEq./1.) norm::>.1 Locke perfusion led to rapid recovery, that 

is, initi?.tion of ventric J.lar activity associe.ted with striking coronary 

dilat~tion. Conversclv, after previous cardi ac arrest with decreased 

potassium, recovery i'li th nor:nal Locke Nas defini tel y more delayed in the 

rabbit and absent in the cat. 

12, That, with the fixed ouabain concentration, and using either increa sed 

( 16.8 ~C:. ./1.) or decreased (zero) calcium, t here '!-las no sismif i.ca.nt 

difference between the average times required to lead to cardiac arrest. 

1). Tha.t, -c erfusion Nith norma l Locke led to recovery and resuscitat ion 

cf the hearts, ~·:h -=.-n ') revio·1:ly arrested by ouabain (7. ~ y/rul.) in excess 

calcium; but, t tat no recovery en sued after similar arrest by ouabain in 

cal cium-free or ca.lcium-pot?.s s ium-free Locke. 

14. That, in th-:- ' resence of excess cal cium, a ccentuated cardiac stimulation 

and arrhytrrnias ensuad, and converse1y, in zero calcium, t here was no 

sustll :i.ned st i mul :-.tion , but onl ;r e. Bhort period of preterminal a rrhythmias. 

15 . That, durine; ?srfusi on wi t ;l ei tr~er increased ca l cium or calcium-free 

sol u tions, the re was no sip;nificant deviation from t he usually observed 

ouabain effe cts on coron'l ry flOi-1 or pota ssium balance. 

16. That, in the uresence of added magn e sium (0 .)6 mg ./ml.), t he avera.;·e 

dura ti on to cardia c 'lrrest w8.s 16 .0 :!:;;.61 minut es, whil<.? i n simila r experi

mer..te l'Ti thout oua bai.n, the h ea rt continued to beat in a r elatively norma l 

mannar f or a n':l roxi;-cat e l y 60 minutes. 

17. Tha.t, wi th added ~a _c:ne sium, t here v1a s an immedi ate int ense corona ry 

dilatation i·: !1ich b ec ame lese marked althou_a-h 1t1ell sustained. These chanr;es 

were not accom'9anie d by 3..ny marked alterations in the cardiac pota ssium 

equil i br i um. 

18 . That, wi th a dde d ma r:;~1e sium, the re wa s a defini t e decrease in the 



-1~ 

occurrence of ventricular ectopie beate, and decrease in the intensity 

of the contractions,. even Nhen there 'tras no significant increase in time 

required for cardiac arrest. 

19. That, after ~a(J"nesium-ouabain cardiac arrest, perfusion wi t ;1 normal 

Locke led to no consistent pattern in the recovery of hea!'ts-ao!ne initiated 

strong ve:~tricul2 r c ontractions ~d thi:1 l!linutes, while others showed only a 

weak activity after ~rolonp:ed !Jerfusion with normal Loc'k:e, altr ouf h three 

out of six returned to normal sinus rhythm. 

20. T!'ïat, durin:r perfusion of the i s0le.ted heart wi th Locke solution 

conte.~. ninf'" no sodium, th~ onset of cardiac arreflt developed equally rapidly, 

whether ou~bain was edded or not. 

21. That, ;::>erfusion w:i.th the sodium-free Locke leads to coronary constric

tion and rapid cardiac stimul":"tion, follO\·:ed by s.rrhythmias and ventricular 

fibrilb.tion, and there "l'lere no !::18.rkeC: alterations in the potassLun equili-

briuru ei tè"lE:r in the presence or absence of oua bain. 

22. That, folJ.o•:.'in[ cardiac arrest, in all sodiur:t-free Locke e~: :;eri'l!entc , 

perfusion wH~ nor1ral Loc'{e induced prompt recovery of the heart assoc:!.atad 

wi th an intense corons.:·y dil ".ta "t-i on. 

2). s:'he.t, the ov 3r all c ;l&'1·'·es in coron~.ry flo'.'f f'.nd pot.asrliUiil bal8.nce, both 

during t he develop;;ent cf arrest and during the r€covery ?eriod in the 

eodiu-:r.-free ~eriüsion ex~erir:::ei1ts, :rese11ble rathe r clocely those oocerved 

earli er w:i_-( h O'...l.ab~~in d .'rin:_· perL;sion wi th increased potassiwn. 

24. Th'"+. , duril1': ne :fusion 'v.ri th dextrose-free Locke, the onset of ou~bain 

cardiac a rrest ü: not al t e r0d, and t :-:e corona r y flo~·J, heart contractions and 

observeci c l::-.>_n- es in uot assi 1Jm bala n ce, uere si-rnile.r to t ho :·e p:enerally seen 

"l'lith oua bai n in nor!l!al Loclœ . 

25. T ~~:c. "'ë , follo~·:inz 011c.bein cardia c a rres t, durin-~ ~erfusion wit ~: de xtro:=e

free Loc~ce, ·)erfusion v:itL normal Locke led to no recovery . 
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26. Tha.t, duri'12: )erfusio:n of iso1ated !1earts (rabbit or cat) wi t~ 

oc;.r.bain (7.~ y/nl.) arJd Locke solt'.tion co:ntninin::; eit l;er one or ten 

rr~ .fnl. lactate, t~a avera~e time interval to cardi~c arrest was short

ened (12.5 and 10.0 :!:1.6~ :ninutes, respectively), in cor>!parison with the 

ouabain resnonse in norrral Locl:e. 

27. T:1at, defini te decre" se in the mm.~.~er of ventricula.r ectopie beats 

e.nd t~·c- i~1t"':ls~"'ç o;: t~ ' :: contrE~.ctione \·:ere observed wi~h 10 !'!""./ml. 

1-=tcte.te al tt ou ·h t:-:e tox ici ty of the oua bain N8.s increc.sed. 

28. That, d:..crin:': perfusion witb the lo•.1 c- ·~nce'htration of lc.ct::Jte (1 :J --~./ 

rnl.) 8n~ added ouabain, typical initial coron ·ry conrtriction followed 

by dilate.tion e .1sued. Th~ usual c.sscciated pob.ssilll!l ch:::.:: . :es v:ere a.lso 

present. '.lit:1 t(:~ hi ·.:h 1rtc":?.t.e conce~tration (10 m;::: ./-œl.) t: ·~ere \'las an 

i!!l:r:ed:>.te cor0")" :·:r tiil~ .t?Eon (~. s~ocic.:.ed ,.1i th ,._,yoc?.rdial depression), 

foEo\·red by a sli :··ht reductirm in coro:1'' ry flo>·ï, a~i s·-:bset'!· .. :oent :1.:ncreEtsed 

corox.r.'r dj_late.ti ou. 'Ihefle c::"':"l"es we~e associated with a 1oss of potaseium 

throu":hout the: cl.nration of the le.ctate-oual:>":ti.n perfusi::m. 

29. Thr.-,t, fol1oHin .. : cerdiEc arrest and ~erfuf'ion t·/;t:: nomal Loclce, the 

heart s arre Rted t·Ti tL l 01·: lactate concentr<.>.tion ( 1 ms ./~1.) with added 

ou2..bain, recovereà. in 12 - 16 minutes. On the oth<.?r ha:1 ~:, heart9 arrested 

~·;i_tb ·higb lactqte ( ::.o m ·~· ./rü .) plus oae.bain, sho·.1ed no tende!1C;)' tc recovery. 
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s::::'TERAL CŒ:CLUSIONS. 

The findings presented above su~gest the followinc conclusions: 

1. There is an intimate rele.tionship between changes in coronary flot-r, 

heart action ~md pote.sE'ium balance in the beating heart \·:hich can be 

correlated \'li th varyins>: concentrations of ouabain. 

2. Ouabain leads ta an initial transi ent coronery constriction associated 

with sinus bradycardie and net gain of potassiQ~, followed by sustained 

coronary dilat:üion, cardiac stimulation and net loes of potassium. 

3· The initial coron~ry conetriction is associa ted with an increased 

potassiu~ u pt ake , \·Jhile the subsequent dilatation is "9receded by and 

appears to be due ta the observed potassium loss. 

4. Subseauent resuscitation of the ouabain-arrested hea rt appears to 

depend upon the p ~·esence o -:' ~otassium in the perfusin2; fluid. 

5· Excesfl :pot<:tssium in tl~r:- perfusing fluid can antar:onize cardiac 

irreguls.rities induced by our~.'Jain, but no ::nutual antagoniam ap;,>eé.rs to 

exist bèt0een the two &Jents in respect to the onset of ca rdia c stendstill. 

6. Decreased potassitrn, but not complete absence of pot~ssiurn, in the 

perfusin;~ fluid, e.U['Ilent ed cardiac irregulari tie s and enhanced ca rdiac 

stendstill, in comparison wi th controle. 

7• The onset of oua bain cerdinc standstill is not influenced by either 

calcium conce ntr a tion ner se, or by t he calciu~-potassium ratio in t he 

per:f'l.lsin~ fluid, al tho'.J.<"h t:' e apDearemce of arrh:;'thmias were cl earl y 

modified by the pre~ence o r P.hsence of cnJ.ciUI" . 

8 . '."li th exces f' ca~ ciu'"!!, t :~~re was normal recovery of the heart, but in 

t i'~G ab s .:;nce of calciu:!l. , ouabo.in toxici ty 'fia S irreversible , euz~:,esting 

ei thar o.n enh~mced fixation or retention of tèle glycos i des in the absence 

of c:::.l ci u-:~ . 

9 . The f'ffects of ouP.bain o:n th e coronary :f'lo\·1 and on the cardiac potassium 



equi] ibriuœ are not de ~) endent on calcium. 

10. :-Ca;:91esiur:1 added to th e perfusinr; fluid anta3:onizes the cardiac 

irreguL:.ri t i es induced by oua bain, but do · not dela~r the onset of cardiac 

stands ti 11. 

11. i-~agnesium antagonizes the ueual obse:rved cb..a.n.;es '- ~ cardiflc ::-·otassiurt 

balance, following ouabain. 

12. :-.~ar:nesiu.T!l Der se exerts a marked coronary dilatation, which is inde-

pendent of _ootR ssiv.~!l rn.o ·.Jen:e nt -~rd ,_.,:,ich if'l not effectcd by ouabain. 

1). :.:a,c:nesiuu ce r se t:.holisi:es the usuall:' obse rved ouabain potassium 

cha:1~es, and t hi s efi'ect mi ::;ht be responsible for the absence of the ce.rdiac 

arrhytrmi!:'.s. The se experi?!"~ents a:"_;ain emphasize t"hat there is no reJ.ation

s hin between t he o:'lset o~ o;.J.8.'ùain cardiac arrest :u1d potassium ec:_uilibrium 

in the hr.art. 

14. Chars.cteri.stic cardi::!.c 8.1 ter1:1.tions ir.duced by sodium-free Locke 

':'erfusion ï"!!.a.y be due tc t \'1? relative increase of potas sium a"'.ld \"IOUl d sug':est: 

~ i ) t h~.t, t ;-.e solil.l.rn-pota ssi'-U/2 ratio is important in ma.intaininc: botèl nor.nal 

heert function and coronary circulation and (ii) that, a'1 elteration in 

this r~.tio in the hea. rt mi f:ht be a fundS!!Ienta.l fileter in the !'lechanis~ of 

t l:e a ction of ouabain. 

1~. Dex~rose is not essenti al fo r e i t her the occurrence of the ef~ects of 

ouabain on the coronar~r circuhtion or potassium balance, or for t he 

developi!lent of ca rdiac arrest. 

16. Follo,:.riny d\si ts.lizati oYl of t he heart in thA absence of dextrose, the 

toxicit? is irreversibJe, r a t h er like th~t observed follo~ing digitalization 

in the absence of ca lcium. 

17. Added lactate increa sed ouab3.in toxici t y , altl':O'.lf"h the a rrhythmiae were 

complete l y :,1revented , ind i cat ing a,:ain, no rela tionship bet1ie en ouabain 

arrhythmi as and OU8.bain toxici t~r ( cardia c arrest) • 
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18. Both the ccronary f] ow '1Ild notas siun al te!'e.tions wi th ouabain are 

gornewhat distorted b:.' the c.ssociated. myocardial depression due to the 

lactate. 

19. In the presence of lactate, di~italization of the heart led to an 

irreversible toxici t:v, rather 1ike th'lt nreviously s~-own wi th ce.l ciu.T.-free 

or dextrose-frce Locke. 
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CLAH'S ()C' O'P.I0'·P~AL V/O!{K 

l. The appU co.tion of a nev1 technique of eimul taneously recordin[ corone.ry 

flow "lnd heart action (-œechanical and electrical) and aesociated potassium 

excban2;es, to the st' 1dy of the cardiac action of di .~italis. 

2. A s:/ste~atic study on the effects of various concentrations of ions on 

the coron.<:> -,.,r ci :rculation a:1à heart action in the ~reseace or absence of 

oua bain. 

5· The use of OUS!.bain as a mee.ns for elucidatin::: aome of the che:li cal 

factors thE~.t r.1ay eff"ect coronary circule.tion. 

4. The results of these inveeti gations clarify several conflictinG obser

vations in th ':' li terature, relati ve to the problem of the infJ.uence of the 

electrolytes on the h:Jart a 11d establish the physiolo,sical imoortr..nce of 

potassiu~ move:nents i n t ;.1e control of the coronary circ:ll 2.tion. 

5· To the best Y.:noNledge of the a'.J.thor, the findings presented in this 

study are the fir~t data in the literatur~; (a) ~o indicate a definite 

reletionshin beh;een cardi3.c potassiu'11 di~equilibrium and the calibre of 

. the coronary vessels ; (b) to sh ov1 that di ;];italis induced arrhythmias are 

not necessarily related to di~italis indu ced cardiac arrest; (c) to show 

tha t the reversibility of di ~:italis 11 fixation11 in the heart is de y:,endent 

uoon va r ioue electrolytes, or (d) to show th~t cardiac depressants, such 

as magnesium and lactate, can inhibit digi te.li s arrhytb..mies, vtit~out 

effectin;~ ul timate di f'" itali s cardiac arrest. 



- 142 -

l. .\HA':.'.\, J. ~:. a~1d ~:-;.e:,u:s, z. L. 
11 Effects of Digi toxin on Exchangee.ble .<J.nd '.:'iss•.<.e Pot"l ss:..um Jontents • 11 

?roc. Soc. Exp. 3iol. l·~ed., 90, 332, 1955· 

2. AL:!!:LL!., A., ':iiLLL\ S, F.L., BOLE~:E-':iiLLIA~·s, O. e.nd KATZ, L. H. 
"Interrelation bet•·reen Cardiec Oxy~en Consur;otion and Coron~ry Blood 

Am. J. Physiol., 1§2, 570, 195~· 

3· 3AKE~, J. B. G. 
"The Influence of Ca lcium and Potassium Ione on the Toxicit:r of Ouabain. 11 

Brit • .J. Ph-:-rm., 1, ?~9, 1947. 

4. R\i~E?., ':!. :; • and 3A~mR, .J. ;·. 
11Effects of E!Jine!Jhrine and Calcium on the Electro_c::ram of the 
0u?.b3.inized Pro ~ ~'e9.rt. 11 

Circul·:.tion i\ese8.•.·ch, _2, 274, 1955. 

4a. E:'Af_!:rt!:, A. 8.i1d 3.'\T..~C:A\:TT, V. 
11 Act.ion de r~uelquPs 03-rdictoniques sur le Ventricule Isol~ d 1 Escare;ot. 11 

?ull. Sei. Ph?.r.!lacolo:;iques, 40, 653, 19))· 

5· BELLET, S., ';!ASS~3.·A ~ , F. a·1d. 3RODY, J. I. 

6. 

11 'I'ree.t'·:1cnt of Cardiac Arrest and Slow Ventricub.r :l.1:1.tes in Complete 
A-Y Beart Black. Use of !-'olar and ::!llf ;;~olar Sodium Lactate: A 
·Jlir.ical SLldy. 11 

C:i.rcc.Ü E'.tion, XI, 685, 195)• 

33J.:!S'I'::!:L!, : ~ . a::d 
11:·:a É;nesi ur-: : 
J. Lab. and 

srr~.Kn~s, s. 
Sffects of Intravenous Injections 
Clin. I-:ed., ~~ 131, 193?. 

on tlî-:; Ee B.rt. 11 

7 • 3ERHY , I~ • 
"Use of Pronestyle l.n Treatment of Ectopie Rhythme: Trea.tment o-f: 
~8 ~pisodef' in 76 Patients. 11 

Am • .J. ~ : ed ., Jl., 1.:.31, 1071. 

8 . BILLI Ct.~ iSI ~ 'E P~ , E. 
11Uber ';!irkunr.:: unct Zueal!!:-!~enhc.nge Von C!Ücium ur.d Di~italis." 
Klin. ';foch. Sci1r., _2, 724, 192~. 

9. BJ: ~' , R • .T., •· :.A~"..ST, F. : : .,DA:-::-. ::.~~: :, J.F., Jr., DR..:\PSa, A., Jr., 
EEF'3ECXS~~ , R., DAIL-~Y , ~- •, G.SRARD , R. and CALAZSL, P. 

11 Sffect of 3tro~hantu9 on Corona ry 3 lood ?lo~ ~nd C8rdiac Oxy3 en 
CanstLrnpti on of ~or:ne.l and Fe.i ling; fJuman rteo rts. 11 

Circul~tion, 1, 513, 1950. 

10. %l':::> ~FSLD, S. e.·1d Lc~·n, O. 
11 ::Ji -:·i talis c.ncJ Cr~l ciu:!!L 
J. Pll"_ r:n::tcol. Exptl. 'l'her ?.p ., ~, 96 , 1045 . 

ll. ~080, R. 
11 T(JJ Effect of the 1 I-Ieart 'Tonies 1 ancl. Ot.her Jrur e upon th e =~en.rt

Ton-= ~nè. ::Joronary Circul ?.tion. 11 

J. Physiol., 64, 365, 1927-28 . 



• 
-14~ ... 

12. 30i::D, Ci. s. 
11 Effect of Ve.rious A~ents on the Blood Flow Throush the Coronary 
li. rte :ries and Veins. 11 

J. Exper. ~-:ed., 12, 575, 1910. 

13. SO',\'ER, J. 0. and ~-·:E :GLS, H • A • K. 
11 The Additive Effect vf Calcium and Dif:i. :~ali3 • 11 

J. A. :·1. A., 106, 1151, 19)6. 

14. 30YD, L. J. :1::1d SCHEilF, D. 
rr;.:c.gnesium Sulphate in Paraxys?JJal Tachycardia • 11 

A'!l . ,T. ~c:ed. Sc., 206, 4), 194). 

15. BOl'K~, P. ~ .,and POD!DEX'l'ER, C. A. 
11 Tne L1flue~ce of Dii:i talis on the Electrolyte a~d ·.~a ter Balance of 
Heart t!,uscle • 11 

A~ . Heart J., 20 , 566 , 1940. 

16. B::I.OS~~A:: , , J • J . ar.ci 3C',"D , T. E. 
' 11 Ghe:uica1 'Transmission from :1J erve to Y:uscle, in Anirc.al 11 Curarized 11 

..,., ï_ th ~-:a:•ne~ i·J.m. Sul ")he.t.e. 11 

Proc. Soc. :!:xn. :j:i_ol. ;,:ed., ..25., 40), 1936. 

17 • BRC"r'~!., '·; , . J • J. and BCYD , T • E. 
11A :, e~!t s ·,'/hi ch .~.ntf' gonize th": Curare-1ike Action of =·:a pnesiW!l . 11 

A:n. J. Physiol., 119, 281, 1937 · 

l ô . JRY!\~:T, :; . ·:r ., LE: ;.· ~.\ :·.: , G. a~d !COEFEL, P. K. 
11 The Action of : :?. ~:n~siu~ on the Central ~rervous System and. Its 
Antar;onism by Calcium. 11 

J. Pha rme.col. a;:J.d 3:xper . Thers.p ., .Q2, 318 , 19)9· . 

19 • ·~uR.qi DS.::!: , :1 • 
11 :tese:>.rciles on t~1e Perfused :kart, '3or.:le ~actors of th r:> Go.rd iac 
~.:e c hani!"'èè Illustre t.3d by Refer e!1Ce to Certain Actions of i3arLr:::. 
:::. ~d :..~i: : i t al i s • 11 

~uart. J. =< cd ., .2,, 271, 1915-16 . 

20. ~'-'~C : 2:'8. , ';l . A., ·:.':'o..~a:._ , K. :î.., 'ESSEX , H. E ., PHT_TITT , ~ . D. and 3U3.C: ~ELL , H. '3 • 
11 Tè!e ::<:f::'-.=cts of Chan0"es Ll Conc <" ··"tra.tions of Cc.tions on the 
:a ~ctrocarcii o r.rr~~: . 11 

A~ . =ieart J ., .!±3, 301, 19::·2. 

'21. C.\LI-:: OU1'-T , A. J. a ·1d ;.:~. :CISO: ~ , T. R. 
11 Studi cs in Con~esti ve !-':eart Failur e. IX. The Effect of Digi t~üis on 
t 'Je Pot2. s !'Ül!;~ t;on-:ent of: the Ca.rd:i.e.c : :u s cle of .Jo.: ·s . 11 

J. Clin. Invest., 10, 1 )9 , 19)1. 

22 . C!\2-:P, ~·i. J . R. 
11 Potentiation of' Di .r).talis Action by Epine?hrin e and Potaesium . 11 

Arc h . Intern . Pil'll""'?.codvn., 61 , 60 , 192:9. . - / 

2) . CA.TT~L , L . 
11 The Influence of Ou.e..bain on tr.e Contra ction of' Stria ted r.Cuscle • 11 

J. Pha i":':!acol . a~1d J:xper . The r au ., 62, 4)9, 19)8 . 



- 144 

24. CATT::::LJ,, ~L:d GOOJSLL, H. 
11 C'n t h e :·.ecl'-.anism of the Action of Di :::_:italis G1ycosides on :.:uwcle • 11 

Science, 86, 106, 19)7• 

25. CLARK, A. J. 
11 i'he Influence of Ions upon the Action of Di:itali ~? • 11 

Proc. Roy. Soc. :.:ed., ,2, 181, 1912. 

26. CLAR':, A. J. 
11 The I-:oà.e of Acti 0::1 of Strophanthin U_!')On Cardiac Tissue • 11 

J. Ph<> :rmacol. :: :1d Exuer. 'l'herap., _2, 215, 191). 

27. CLARK, E. P., ~:md COLLIP, J. 3. 
11 A Stuèy of tne Tisdall ~-iethod for the Determination of B1ood Serum 
Calc i um \·:i th Sur: c:·ested ::odification. 11 

J. 3icl. Cheu., ~' 461, 1925 • 

28 . CLARK, A. J., SGGLETO. ', L G., SGS·L=:TO:·Y, P., GADDIE, R. ar.d STE-:! ART, C. P. 
11 1'he ~~:etabo1ism of t !1e Frog's heart. 11 

Cliver a 11Ù 3oyd, Edinburgh, 19)8. 

29. CJL,î.HYl<,:, ~T . E. and :(OS:~s~, R. E. 
11 The Water and Slectro1yte Content of the :ruman Heart in Oo:1gesti ve 

I-iea rt F'ailure iii th and Without Digitalization. 11 

Circulation, ~ 907, 1952. 

)0. C0::-12_~, S. E. 
11 'I'he Influence of the Calcium and Potassium Ions on TonurJ and 
Adrenaline Response of the Coronary Arteries • 11 

Arch. inter:1. Pharr~e codyn. ~' 1, 1936. 

31. C02E -; , 3 . ~ '. 
11 Di ,~italis Poisoning: a nd its Treat:·aent. 11 

Ne•·r En~ . J. I<ed., 246 , 225·, 1952. 

32 • co:-:~:, J r • , H. L • 
11 Effects of Di~ital is and Hypoxia on Potassium Transfer and 

Di stribution in the Do~ Heart. 11 

A-rr:.. . J. Phys io1., 18 4, 54e, 1956. 

)3. CO':/, D. 
11 Scme Ree.ctions of Sv.rviving Arteries." 
J. Physiol., 42, 1 25 , 1911. 

)4. OUSrt?'Y, A. P,. 
11 The Action and U ses in Uedicine of Di s i t alis a nd Its Allies ." 
LongrnE.ns, Green 11nd Co., London, 102'1. 

35 · DA1W\·JS YI , S. T. and ELKH:TO~~ . J. R. 
11 Excr.'3.n n·es of Potas s ium Related to Organe and System. 11 

Pharma~ol. Revi eN, _2 , 4 2 , 1951. 

36. DEARI .. G, ~'!. H., ESSî.K, H. E., HER~IC~, J. F. end BAR::'!S, A. ll. 
11Experi:r:ents 'f!i th Calcula ted Therapeutic and Toxic Doses of Di t;italis. 11 

A~. ~eart J., 25 , 719 , 1943. 



- 145 
37· De3URG~ DAL::!:Y, I. and CLARK, A. J. 

nThe Action of Ions Upon the Froz's Heart." 
J. Physiol. 21, 367, 1920. 

38. DRILL, V. A. 
11 PharmacolO ,""J in IJiedicine. 11 

:'' cGr':l.vJ-Hill Book Co., Inc., Xevt York, 1954. 

39. EDET~S, E. and :-m3~,q, J. E. 
11 Uber Di~italisbi~erninie. 11 

D~tsch,Arch. klin. :·ed., 118, 476, 1916. 

40. EC',C.LESTQ?T, C. 
11 Some :~ ev!er 'jonce~ts i!l :0i:":italis Therapy. 11 

Am. J. :,/ed. Sc., 160, 625, 1920. 

li-1. îLEK, S.?.., aP..d 1~A~Z, L. :~. 
11 :;'urther Cbserv:J.tions on the Action of Dru,c:;s on Coronary Vessel 
Ca.liber." 
J. Pharm.acol. and Exrer. Therap., J5.., 178,1942. 

42. ELLIS, S. 
11 'I'he Im!Jort3.!1Ce of ~'et3.bolic Path\•raya for the Positive: Inotripic 
Actio!l of Gardiac r::lycosides and Calcium Ions." 
J. PhB.:r.!!acol., 109L 233, 1953· 

4). & iG3ACH, L. 
11 The Pharmacol o:_:ical Actions of ~':acnesium Ion .,.,i th Parti cul ar 
:S.efer8!1ce to the Neuromuscular a.nd the CF.!.rdiovascu1ar Syste~n. 11 

!'harmacol. Reviev:s, 1. 396, 1952. 

44. Ei'~SEL'ERG, C. D., SL1<Œ~S, F. G. 3.nd XIXTZ, A •• A... 
11 Eff'ects of ?ot9.ssiu..l'Jl upon Heart \"li th Special Reference to Possi bili ty 
of 'I reet~ent of Tox:i.c Arrbythr..Jie.s due to Di gitalis. 11 

!~"'. l-ie art .J. _22, 713, 1950. 

45. EP~T:G~, H. 2.nd ESSS, L. 
11 Versuche uoer die Einwirkung von Arzneimittein auf uberlebende 
Coronarcefa3se. 11 

Ztschr, f. cx~er. Path. u. Thorap., 2. 622, 1909. 

46. ESSEX, E. E., fl.ER :Ucr··, J. F., BAL!JES, E. J. and 1-:A~'i-':, F. C. 
11 Di~italis and 'joron2ry Blood Flow." 
Proc. Soc. Exper. 3iol. end :1ed., )8, 325, 19)8. 

47. ESSE}~, H. E., .P.ERIUGi·~ , J . F., :md VISCHER, tf:. B. 
11 Infh•.ence of Certain Glycosides of Di:::;italis Lanata on the Corom.ry 
3lood Pressure in the Trained ~og." 
.'\m. Ileart J., 16, 143,1938. 

48. F~:. : , G. I\., and GIW:::RT,:r. C. 
11An::;ir.a1 Pain as a Resu1 t of Di:_::italis Administration. 11 

J. A. l·: . A. .2§., 99, 1932. 



- 146-

49. FISI-:ER, H. 
"Uber Au:'neh."'le, Bindunt; und A bbou von Dit:;i ts.l intof:::'en und der. Daraus 
Sich Er_s:ebenden 3 ezenhungen zu I~res \Virin;.n~ am Herzen." 
Arch. exp. Po.th. Pharmakol., 130, lll, 1928a. · 

50. FISEEn, H. 
11 Beitrage zur Frar;e der Synergismen Z\·•ischen Digi te-.lis und 
Calciu>:Œwirkung." 
Arch. ex~. Path. Pr..amakol., 170, 195, l928b. 

51. FIS:~SR, I, rr_r"r:~.z;:-!~r-•::t , H. and~,ff.TLLE;:t, G. D. 
11Uebe r die ~eeinflussung von Koro::1ardurchblutung: und Herztonus 
durct ':'heo~)r.yllinprliparate und Strophantiün noch Untursucheregen aa 
Starlin.::sthei1 Herz-Lun~ennroparate • 11 

Deutsch. ~:ed. ·::ach. Schr., _g, 1584, 1928. 

52. FO?..TE:'::~.':!ILL, J. :.: . 
11 T~e Pastin~e Prize Essay, on Digitalis: Its Mode of Action and 
Its Use . 11 - · 

Brit. Med. J., 1, 5 , 1871. 

53· FRI:ill:,!A: :, l-'è. c.r1d BElE, Jr., R. 
"Observa tions Concerninr: the Influence of Potassiu.I!: U) on t i;e _\~t j_ on 

o f a Di [i talis Gl y coside (Lana toside C) • 11 

Am.'"'· !-:ed . Sc., 214, 6)),1947. 

54. FRŒ: :21, E. 
11 L 1Influonce dea ~ orps Dits Inactifs de la Uacer~tion de Digita le sur 
1 1Action de Quol r:_ue s Co"r!lOsantes t.ctives Di gitaliq_ues. 11 

Arch. Inter. Pha r ?Ua corlvn., ~· 331, l ::J28,. a. 

~·5· FRCJYYTI,, E. 
11A Quel Cor~s est Due 1 1 Influence de la !.Caceration Inactivee de la 
Feuille de Di rr,ital e sur l 1Action de Quel0uee Comnosantes Actives 
, , . . '- Il 
ae l a ... n_t::l t a. le. 
!.rc0 . Itlter. PhrH"~'e. codyn., ~, 335 , 1 928, b. 

56. G!":'mER, I . J. 
11 Di e ::erz\·:irkunr:en des Gi t a lins und Gi t al i gen i n s • 11 

Arch. Exn. Pa thol., 164, )24, 1932. 

57. GAR.:, S. 
11 The Effe cts of Pota s sium, Ammoniur.J. , Calcium, Strontium and !f:agnesiwn 
on t he Ele ctroQ:ram and ; 'iyogram of Yca'!IIDa lian Eeart ~ :uscle. 11 

J. Pharmaco1 . • Exptl. Thera p., 101, 317, 1951. 

58 . GARB , S. and VEXTURI , V. 
11 The Di fferentiai .·.eti ons of Potassium on t hfl The!'apeutic and ~oxi c 
Effects of Oua bain." 
J. Ph~r~acol. a nd Exptl. Therap., 112, 94, 1954. 

59· ?~I '7E?, , E. and JARI SCE , A. 
11Uber ~hera!'eutische und Toxi sche lürkung des Strophanthin auf 
das Froschherz. 11 

Arch. Exp. Pathol . Phar:e l.::ol., 94, 52, 1922. 



- 147-

60. GIA:JO:.:r , C • 
11 Die 3eteilirun.o,; der 5:inzelnen Aktiven Digitaliskor~er an der 
~esa.~twir1runp.; der Dro,o:e. 11 

Arch. Exp·~ "' Pathol. Phl?.rmako1. 1 ill, 69 1 1926 . 

61. GILB::::RT, ~':. C. and FE"·':·T, .G . K. 
11 Ef'fect of ~i<T,i tali~ on the Coronary FloN. 11 

Arch. I!1t. ::ed., 2Q 1 668, 19)2. 

62. GL~SB::!.:.>i.G, A. :.~ ., Stoland, O. O. and Siler, K. A. 
"Studies on Coronary Circu1atio!1. VI. The :Sffect of Some :-~e :·..:bers 
of the Digit o.lis Group on the Coronary Circula tion. 11 

Atn. Heart J., 16, 66;>, 19)8. 

6). GOLD, H. 
11 Drtt~ Therapy in Coronary Di sease. 11 

J • A • !-: • A • , 112, 1 , 19 39 • 

64. 3-0LD , H. and ED'.IfA~DS, D. 
11 The Effect5 of o~.labe.in on the Heart in the Presence of Hyper
cal ceroia. 11 

Am. ~eart. J., j, 4:; 1 1927 • 

65. GO LD, H. and Kv1i t, X . 
11 Di.t:~ ito lis and Calcium '3ynergisro . 11 

Sci ence , 86 , ))0, 1937• 

t56. GCLD, H. and OTTO, H. L. 
11 Clinica1 Stady of Dig italis Bigeminy. 11 

Am. Heart .J., l, 471 , 1')26 . 

67. GOLL, H., O':'TO, H . , T0:fiT, ~: . T. and SA'l'Ci'l\'TELL 1 H. 
11 ::Joes J igito.1is Influence the Cou::cse of Cardiac Pain? A Study 
of 120 Se1ected Cases of Angina Pectoris. 11 

J. A. 1.-: . A., llO, 859, 17):3. 

68. '."TOLD~ : , J. S., and 3RA:-'~S , VI. A. 
11!·:ec hanism of the Toxic Effects from Combined Use of Cc.l civ.:n and 
Di ::':i tdi s . 11 

Ann. intern. : ~ ed., ..u_, 1084, 19)8 . 

69. GOT~LIE?. 1 R. 
11Uber dern Yer,";iftunc;s und Entgiftungsvorgang béi Digitaliever~if'tung 
des ?rosches ." 
Arch. Exp. Pa.thol. Pham.akol., ~, 117, 1918 . 

70. GRAF, ~'1. 
11 Quanti t ati vr: Untersuchungen ft ber die Reverai bili tiH der Scillen
~l ykosià.e a.bs 'J, ei trag zum '.'!irkungsmecha nismus der Herzmi tt el. 
Arch. !:xp. Pathol. Ph:-> r:':!akol., _1_40_, 355, 1929. 

71. GR:T:E!i. , '!:' . H. a~1d G!~~lS , '3 . 
11 The I nfluenc e o f Dr us s on the I rri tabil i ty and Automatici ty of 
Heart :~:usc1 e • 11 

J. Pha rma col. Sxptl. Therap., ~, 2151 1~50 . 

72. GRUBE~, C. Y . a!1d R03:S?.TS , S . J. 
11 The Effect .of Adrenaline Upon the Corom•.ry Cir cula tion." 

A:a. J . Physiol., 76 1 508 , 1926 . 



-148 

T5 • GUTT:<A: 7, S • A • and CA T'!.'SLI. , ~~ • 
11 The Sffects of Di gitoxin and Potassium on Striated Muscle." 
J. Pbarme.col. Exptl. Therap., 68, 297, 1940 . 

74. !-I.ACKEL, D. B. ancJ. CLOi'/ES, Jr., G. H. A. 
11 C:oronary Blood Flow and Myocardial !!::etabolis~ du ring E.ypoxia 
in Adrenalectomized-sympathectomized Do6s. 11 

Am. J. Ptysiol., 186 , 111, 1956. 

75• HAGE:;, P. S. 
11 The Sffects of Di g:ilanid C in Ve.ryins Dosage upon t h e Potassium 
a.nè ';'{ater Content of Ra bbit ~eart l-1uscle. 11 

J. Pha~e.col. Ex~tl. Therap., QI, 50, 19)?. 

76. E~ ~''DOVSE:Y , H. 
11 Strophanthinwirkung am Froshherzen unter verschiedenen Bedin[<,ungen. 11 

Arch. Exp. Pathol. Pharmo....l{ol., 2]_, 171, 192). 

77. HAZARD, R,, F.AZARD, J., n.nè. THOUVE~OT, J. 
"Ipfluence de Divers Sels de Potassium sur la Toxicit~ de la 
Digitaline su r le 'Joeur de Cabaye. 11 

Arch. i nt. Pha rJ:a codyn., CV, 33, 1956 . 

78 . HILDEBRA::T::lT, F. a:1d OST2J.';L\LD, G. 
11 Strophanth:in und Coronardurehblutung.:r 
Arch. ~xp . Pathol. Pharmakol., 1.2Q., 209, 19)8 . 

79 . EOLLA2'Il , W. C., GR:i!:I G, :.:. E. a nd Dur:~: , C. E. 
11 Fr:tctors Affecting t h e Action of Lanatoside C on the Potassium 
Content of I sola ted Perfu.s ed Guinee. Fig Hea rts • 11 

Am. J . Physiol., 176, 227, 1954. 

80. ISS~AuTZ, V. 
11Ube r Aufnah.ra urd Speicherung des Digit a l is substanzen im Herzen. 11 

Arch. !:~'T'• Pathol. Ptarr:1akol., ]§_, 155, 1915 . 

51. Jcz.r;so-,r, .J. A. 
:'Influence of' Ou.::tbain, St.rophanthidin a nd Dihydrostrophant (:idin on 
Sodium B.!1d ?ot2.s durr: trans po r t i n Frog Sartorii • 11 

A:n. J. of Physiol., .!QI, )28 , 1956. 

82 . KA.P.:.: , J. B. a:1d ACi-r~c; o ~ . G. H. 
11 Effe ct s of C~rdi~c r l y cosides and Othe r Lactones , and of Certain 
OthJr Com~ounà~, on Ca t i on Transfer in Hul'!!an Erythrocytes. 11 

J. Phe.:ï."!:!t".col. E~:ptl. Thera::_:l., 11 '5 , 50: , 1955· 

8) . I':ATZ, J . 
11 :·~euro-rr.uscu1ar ':' r Ems:nission in Cra bs. 11 

J . Fb.ysiol., 8'5 , 190 ,1936 . 

84. YA~Z, L. d . and LI 0DEa, E. 
11 The Acti on of 3xceso S0(1 iurr: , c.~lciurcl 8.!:.d Pota ssiUl!l on t:~c Cor.l:l8.ry 
ïTessels . 11 

AE . J . Physi ol., 124, 15] , 1930. 



- 149-

85. I~A':!'Z,L. :·~., RCDB.\RD, S., FRIE~:D, L. and ~i.O'I.'TERS:·:.Ar! , 'il. 
"The E~fect of Dig;:i.talis on the Anaesthetizerl L'o;::. I. Action on 
t~e Splanchnic ~e~. 11 

J. p;-,:lm.aco1. Exptl. Therap., 62, 1, 1938. 

86. KAYDE~r, '-i. J., :;,{(DE, B. S. B"ld S'I'EELE, J. ~~. 
111

•1 se oZ Pro caire Amide in Cardiac Arrhyt h:..:ias. 11 

Lod. Co"lc. C9.rè.iovascu1e.r :Jisease, ~0, lOO, 1951. 

f3_.7. KI - ~ ·-r SSPP, F. 
11 The ':.'as~~-out of 09_l·d : :1 0 Slucosides from the Fro;:: 1 s Ventric1e. 11 

J. ~)b.ari'lacol. !:::.:,rtl. ~'be rap., .2,2, 377, 193) · 

oô . KO ~sc :::::0-'J-, A, von. 
:''-'ber ? ezie~~.m '?:ei1 z~-:~.sbhen Herzmi tte1 und Fhysio1o~ischen 
I(ationcn•.-;irkun!'!-. 11 

.\re~. :S:xn. PathoL p[-j,g, .... .,e 1".ol., .TI:_, 251, 1913. 

89. YC'i\~L, ; • 
11 'l,he Corre1 9ted Effects of Druc;s on Corona ry F1ov;, Heart :\ction 
a:;:i ?ot.-:.s z,iu-x. Shifts in the I soh:.ted Perfused ~ab 1ji t rieart. 11 

Ph.D. Thenis, Departœent of' Ph8.~aco1o:.y, r-: cGill, 19::;6 . 

90 . KCU :TZ, ·.·: . 3 . ard SI ~IT :-:, J. R. 
11 The Flow of l 1ood In the Corona ry Arteriea i n ?atho1ori ca1 rle~rt s . 11 

J. Clin. I 1:vest., 11., 147, 1938. 

" 1. Kt"S:2~ , F. t\., CI ·sgs~:tr:T, :--! . and GILBERT , TT. C. 
11 Effects of Oerta ~ n Dn.crs 1.l.pon Cardiotonic Lesions of Die;i talis in 
Do." • 11 

Am. Eeart J., .2!_, 451, 1946. 

92. Ls. BAHRE, J. a·'!d ~r~:E=tS''il--:·TGi-:ELS, J, Van. 
11 Su r la Sensibili~~ au Ca.lciu;n des Animq_ux Traitès pa r la iJigitale. 11 

Arch. int. PlY' r m::tc :)dyn., 61, 233, 1939· 

93· LE~!IJL:2: , L. 
11 Digi t a lis'-w r pe r und Veh:s.nà.te Herzwirksame Gl ;>rkoside (Digi taloide) • 11 

Hefft e r s Han:· buc ~1 1er .~x~:eri "'le.1tellen Pha r œa.'!.co1ogie, Er ganzunpwerk, 
Julius Sprin~e r , Berlin, 1935· 

94. L~~·~Z, E. 
11 Ane.l y s e de r derzwiri-::u:1gen des Dig;i toxigenine • 11 

Arch. ~xp. Pathol. Ph~r~ko1., 114, 77, 1926 . 

95 · LE7L:E, 1ï • D., :.:ERùiLL, J . P. and so:.:ERVII..LE , W. 
11.Aàvanced Disturbance of the Cardiac ~~echanism in Potassium Intoxi

cation in :··:an. 11 

Ci rcule tion, j, 889, 1951. 

96 . LEVY , R. L., 3::m~~~J , H. G. and WILLI~~S , IT .E. 
11 The :r;odifyin -:: _Action of Certai n iJrugs (Aminophyllin, :ri tri te s , 
Dieita1is) upon t~e Effects of I nduced Anoxemia in Patients with 
·:::oronary Insuffic i e!1cy. 11 

Am. ae a rt J • , 19, 6 39 , 1940 • 



- 150--

97. :.L:D~:ER, E. and KATZ, L •. -~ . 
11 Further Observations on the Action of Drugs on the Caliber cf 
Coronary Vessels, Papaverine Hydrochloride, Di_,-::italis Derivatives, 
Aminophyllin, Caffein, Glucose, Calcium Glucon&te and ~-1etrozol. 11 

J. Pharmacol. E>:~tl. Therap., ]1:., .306, 1941. 

98. LOCKE, F. S. and :tCS:SiTP..En~ , 0. 
"Contribution to the Physiology of the Ie::>lated Heart. 11 

J. Phyeiol., .2§., 205, 1907. 

99. LOSB, O. 
11Uber die Beeinflussunc des Koronarkreislauf durch Einige Cafte • 11 

Arch. E:v:p. Pathol. Pha m.akol., 2!, 61.!.-, 1904. 

lOO. LOE';".'I, O. 
11Uber den Zut:~F.I.!!!JC!enhan'! Z\'.'ischen Digi talie und Kalzium\'tirkung. 11 

Arch. Exp . Pathol. Pharmakol., 82, 1)1, 1918. 

101. LOVA'l'T E:VA:·~S, C, GP..A ·mE, F. and HSU, Y .F. 
11 The '?lucose and Lactate Cons•.J,.P'Jtion of the "9og1 s Heart. 11 

Quart. J. Exp. Physiol., 24, ')47, 19_34.: 

102. LOW:~, '3 . a~1d L::::Vr"E, S •. t. •• 
11 Current Concepts in Digitalis Therapy . 11 

Li ttle 3 ro•:-m and Co., 3oston , 1954. 

10_3. LO\'f:T, 3., S.:"..LTZ3E:RG, H., ENSELBERG_, C. D. and ~rESTO:?, R. E. 
"Interrelation 3et~reen Potassium :·Cetaholiem and Di 2;i ta lis Toxici ty 
in he&rt Failure. 11 

Froc. Soc. E:-::per . 3iol. a:1d r':ed., lÉ., 797, 19; 1. 

104. 10'!/X, 3 ., \1/ELLER, J . ~- : ., 'o'IYATT, l'T., HOIGIŒ, 1 . and :<ERRILL, J. _P. 
11Effec ts of Al te ra ti one of !3ody Potassium on Digi ta lie Toxici t jr . 11 

J. Clin. Invest., J!, 648, 1952. 

105. LU, F. C. and !ŒLYILLE, K. I. 
11A ~~eu Appara tus and Procedure for Co11tinuous Registra ti on of 
Changes in Coronary Flo\'r Concurrently wi th Changes in Heart 
Contre ctions . 11 

J. Pb.a r rrcacol. Exptl. '!'herap., 99, 277, 1950. 

106. LU, 4' C. e.nd Y:EL'.riL!,S , K. I. 
11 Effects o f ::.ToradrenP.l ine on Coromry Flo\·! and Heart Contractions, 
as ~ecorded :Joncurr ent ly in the I solo.ted Rabbi t :~eart. 11 

J . Physio1., 112, .365 , 1951. 

107. :!olttT'l'HE';·rs, S. A. . é~. nd JACKSO~·: , j). E. 
11 The Act ion o f ;~a~:::nesium Su1phe.te upon the :ieart and the Antagoni stic 
Action of so:,:e Ot~er Drugs. 11 

Am. J . Physiol., 19, 5 , 1907. 

1 Oc . :t-!AZ-.!RYI E':JI CZ, I • ::· . 
11 Pht'.rnacolo::Y of the Coronary Circulation, wi th Special Reference to 
the Influence of Calci um and Potassium." 
~1:S c. Thesis , De part~ent of Phc.nrcacolo'3Y, :.-:cGill, 1955· 



•151-

109. · '{I.:SL'JILLE, I(. I. and LU, F. C. 
"Effects of Epinephrine, Aminophy1line, i'fitroglycerine and Pa7averine 

on Corone,ry Inf1ot·.' and on Heart Contraction, as Recorded Concurrentl~r. :l 
J. P;1s..rmacol. Exptl, Therap., 22, 286, 1950. 

llO. l:EL'liLLE, K. I. a!ld }•IAZUR.XI:!!::VTI CZ, I. 
"Effects of Potaasiu..rn, Calcium and ::a;o;nesiurn on Coronary :t'lo"' and 
~eart Contractions ae necorded Simultaneoualy and the Responsea 
to Epinephrine and :7 orepinephrine as _~_ffected by The se Ions • 
J. ~ha~acol. Exntl. Therap., 11), )8, 1955· . ---

111 • ~--"'YF.R , F • 
11Uber die "l'lirkun.rc Verschiedener Arznei!!!i ttel e.uf die Coronargefaesse 
des lebenden Tieres." 
Arch. f. Anat. u. Physiol.,lO, 22), 1912. 

112. !'ILLS::{ , .J. R. and YA:: DELLE:: , T. R. 
11 :S1ectrocardiograph~.c Cha.n::;es Followin::; Intravenour Admi:r~istration 
of !~e._r:ne sium Sulfate: I. Experimental Study on Do~s. 11 

cT. L8.b. s..!ld Clin. ~!:ed., l2, 914, 19)8. 

11). ~.:ILLE?.., J. R. a nd VA· -; D?LLT-, T. R. 
11 Electrocardiocr.r <:. ::>hic ChP.!l[.: eS FolloHin!': Intrr:1 venous Adminstration 

of ;~ 2- _o:nesi um Sulfn.te: III. Con,bi ned ~ffects w;_th Di~itali s . 11 

,J. LB.b . a·1d S 1.in . ··e·j ., 26, 1116, 1941. 

114. NAEU!<, L. H. and HOFF, H. E. 
11 Effect of CBl cium on the Dir; ite.liz.ed Heart. 11 

Froc. Soc. ~xp. J iol., jQ, 860, 1937· 

115. ~~YD.I , \'!.and Du!30IS, l·. 
"Experimenta l StudieD on Heart Tonies. IV. The Relations:1ips of 
Calciun Ions, :-:::dro;;:en Ions and Dig:italis. 11 

J. Pbarmncol. 2xptl. · Therap., )9, lll, 19)0. 

116 . PA3E, R. S ., '/l.SI;m::L, 3 ., Si-J.ELDŒ:, ';i. B. and FCLTZ, 2. L. 
11 Effects of Ouab~:ün on the Coro!l.sxy Circëllation a:-~d Cardi9.c Energetics • 11 

Federation Froc ., 2, )06, 1950. 

117. PIE'L'{KC':f~tn, G. 
11Lei tfal·,i e:kei tsmessungen am Uberl ebenden Herzen. 11 

!.rch . f . Physiolo~ie Pf8ger 1 s, ffi, 497, 1915. 

118. PJ,BE, F. 
11 ::J ie Re B.ction der Kr anz .e;efasse auf Arzneimi tt el ( lre.ch Untersuc hunger 

am Uberlebenden 1'/ar:nblute rhe r zen) • 11 

Ztschr, t. exper. Pa.th. u. Therap., 11, 175, 1912. 

119. R~GAX , T. J., T\L" 'E~.s, F'. ~:.and HELL'S!-"S, H. K. 
~~~~yocardia1 Transfer of SodiUI!l and Potassium: Effect of Acety l 
St,·op;1s..ntnid1n i!'l ~~Or'Jlal Dof:s . 11 

J . Clin. Invest ., .22, 1220 , 19:;6 . 

120. RES:·!IX, ':!. H. 
11 Transient Al.Àricular Fi 1:1rillation Follo':!ing Ji("italis Therapy vfith 
Observations upon Rea ctions t o Atropine." 
J . Clin. Invest ., _!, 181 , 1924. 



;;;. 152 -

121. R03FiS(t: , G. C. anè Vlilson, F. N. 
11A Quantitative Study of Effecte of Di ~italis on Heart of Cat." 
._r. Phe,rmacol. Exptl. Therap ., 10, 491·~ 1918. 

122. RCT~31?.G-ER, C. J. and Zi'I'ILLI:tmER, L. 
11Uber die ':!irkung von Yagnesium :mf di'9 Strophanthin und die 3arium
Tachykardie." 
Arch. Exp. Pathol. Phareako1., 181, 301, 1936. 

123. i~C~IILI:~ , E. 
11 Zur Phannal{ologic der r·1urzwiebel'! 

"S hw •. cced. \'foch. Schr., 5L nn, -1927. 

124. ROTHLPT, E:. 
11 Z·.lr Pharœakolo["ic des Digilà.nid~ ~ 
!';uncb:::ed. 1,'loch. Schr., .§2, 726 1 1933· 

125. RU!-!L, A. and ·:;r~r-JL~R, A. 
11Uber die ·:lirkunr.; von Strophanl:.hin auf' den Gasstoffwechse1 des 
Insuf'fizienien Herzen." 
Arch. Exp. Patho1. Ph8.rmako1., 1.12, 665, 19)4. 

126 . SAKAI, 3. a nè. SAï ':c:-JS::I, S. 
11Uber die ':/ir~cun <T Einizer Huzmi ttel auf die KoronargefLl.sse ( Strophan
tin, Caf~ein, DÎuret in) . 11 

Arch . Exl). Pathol. f:'(:armakol., J.!l, 331, 1915 . 

127. SA~.!'SC, J. J ., AL ::3ERTO~: , E. G. aud I\OïillO, B. 
11 The Effect on î:Ian of Pota ss i um. AcLlinistration in Relation to 
DiLi talis ·J1ycosides, v:i th Special Ref e r ence to B1ood Serum 
Pota ssium, the E1ectrocardiogra~a, and ::!;ctopic Bea ts. 11 

Am . 1-:eart J., 26 , 164, 194). 

128. SA.::PSC'~; , J . J., a nd A~ ;DERSO: ·~, ;:;;. ~:: . 
11 The Treat~:le::Tt ot Oerte5n Ce.rdiac Arrhyth-rrria ~· •."lit!; Pots.sshm Salts. 11 

J. A. :: . A., 99 , 2257, 19)2 . 

12~ . SCA.FFSR , :'-1. . I. 
11 Proc~dn C'xide~ Sffect on Auri c•.J.1 :::..r Arrhyt l::mia.s . 11 

A:!'. . :·c3.r't } ., 1~2. ll5, 19:;1. 

1)0. SC.~~T~CI , '!. 
11 Sol uz ioni di :.Un.a;0rs Prive di i?otc.ssio Rimuovono la Contra t hv.r a 

da Ou:cbai "'.~ e Re8b.vwno l a Contr a ttilità del Cure di Rana. 11 

~~~e ri e ~tiP , 2, 187 , 1953 · 

13:t. • ss:::\.'.:.'Z: _:_· -~ ,, ~: . J . 
" ;-ierz glykosi:lc ~.lB 'errnstoffe filr don Ak::t i v en Kalium-und r-;atriun 

'I r ans0o rt Durch d'_e Er,ythr:_:~cytenn.:o·.:tb ran. 11 

1-ielvet. Physlol. act3. ., g, )40, 1953 · 

132 . ss :·:.:-:.TZ. ,·_·~~ : . . , .-, . J . 3.:li ·.ii TT , P . H. 
11 ."1.cti o:1 o f Pot a ssi. u:n- Strophantlün on on PotassiJC. Lea'mge fro~ Froz; 
Sartorious : :us.cl e. 11 

J. Phar:.,a col. ~xptl. Thera~J. , 11 2 , ']01,19)4. 



- 15~ -
133· SCEC~. : , R. 

11 .Jie Steirerung d.er Stro:,Jhan7.hinempfindl-ichkei t des Herzens 
und ?esonders der Ske1ettmus~m1atur durch ;:~uskeJ 1a.hmende '3ifte. 11 

Arch. Sxp . P~_tl· . Phamakol., 96, 158, 1923. 

1_?1.;.. Si.ER:? .. CD, T. F.. 
11 Effect of' Di:: it3.1is on S1ectrolytes of Heart =-:u3c1e. 11 

Pr0c. Soc. ~~xr:'3r. '3iol. :.:ed., 6;-, 89, 1047. 

13~· · s:·.rT,:, s. s- . 
11 Respir11tion a :1d ?ara1ysis as the:r Rel.:-.. te J.:.o : :a.gnesium-Potassium 
Antat:o:1i sm. 11 

An. .J . Ph~.r sio1., 164, 702, 1951. 

1)6. s::rr.·, P. v., \'ii:J\LE!-1 , A. ';; . an~ ~~0??, :i. E. 
11 Ce..l~iv1n r:t!'ld Di[it n :!. :i. s Synerr·;i srr .• Toxicity of Ce.lcium Salts 
I nj ected Intre.venous1y into Diz i t~lized Ani:na1s • 11 

Arch . L1t . :.red., 64, 322, 19 .?9 1 a. 

l37· s:TI'::, P. L, ';fL'KLE 2 , A. ':i. and HOli'!i', :1 . S. 
11Slectroca rdior.rr f'.T'hic Changes and Conce::tration of !Iagnesium 

:i.n Sert.m\ !"ollowi!'l.':" 2:ntro.venous In~ect1 on of ? ~aVlC'siœr Sa1 t:::J ." 
A~ . J. Pl:~,rsiol., 12:'5 , 720 , 1939 . b. 

1 38 • S. ~SD :!:':)02 , Œ. 'r:. 
11Ste.ti8tical ~et hods. 11 

Iowa Süt.te Colle=e Press, A!les, Iowc., 1955 · 

1,39. SOLLr-~A.~ :lf , T. 
11 A ~~~.anual of Pl:ar"::aco1o,:•y • 11 

':!. 3 . Se.under s 'J O!!lpar:y, Philadelphia . 1943 . 

140. S'I..:L~3URY , J. 3 . 
11 Tbe 31ock i n;· Action of ~:ag::-.esium Ions on Sympathetic Ganglia. 11 

J. Phar:-::aco1. Expt1. Therap ., 2.2_, 52, 1948. 

141. ST.L31.!RY, .! • ~ ., a l1d FARAH, A. 
11J:ffects of the ;.,:ag;nesium Ion on the I:eo.rt e..nà on Its Respons e 
to ::it;oxin." 
J. Ptar~aco1. Sxptl. Therap., 100, 44), 1950 . 

142. STE!.:CIS, ·: . S. and 0.\!.J.,.\!-f.N·T , E. J. 
uc1inica1 Study of Intravenous Proca ine Amide (Pronesty1): Its 
Va l U f' and l:.e.zard s . 11 

J . Clin. I nvet"t ., jQ, 676 , 19~1. 

14). STE';L~RT, :-I . J. c.n.à s~. 'IT:i , ,J. I. 
11 Cbc.~1,:es i n Slectroca~d io::rams a nd :i.n Ca rdia c Rhytr~":l during 
Therapeutic L' s e o-f: Pota ssium Salt s . 11 

A:!l • .J . ::e.i. Sei., 201 , 177, 1 9L~1. 

144. ST:\}.Ul , ':T. 
11 ~uanti t :?,ti ve rJnt<? rsuchungen tl ber den Ch emi smers der Strophanth
inwirkun3 .11 
3iochem. z., 23 , 392, 1910. 



- 154-

145 . STRA1J3 , V;" . 
11Lane Lectures on PharT.aco1ogy . 11 

Stanford University Publications, lfedical Sei., _2, 45 , l S:)l. 

146 . SZEY.ELY , P. 
11 The Actions of >In.:T,~1eaiu.m on the Heart. 11 

3rit. HeartJ., ~~ 115 ,1946. 

147. SZEZSLY, P. a nd WY:':rs, ~-:.A. 
11 The Effects of :!.:ac-'1-?s i,tm on Cardi ac Arrhythmias Ola.used by Di E;i t a lis. 11 

Clin . Sei., 10 , 2~1 ~ 1951. 

148. '!'EO:C3Œ'\ 'i/. A. R. 
11 Ef fect of Potas s ium on Hear-l: in Han. 11 

3 :dt. Eeart J ., 1, 26?, 1939· 

149. U=·TTER:VJ..~·r , D., DeGlUFF, A. C., a nd KUPPERi!:P.:~ , E. S. 
"Ef fect of Hy~osdrenal ism and Excessive Doses of DOCA 1~pon Responses 

of the R2.t t o CwJ~P.5_n. 11 

Circul a tion Resec.rcr:, _2, 280, 1955 · 

150 . VA:': DELL K :· , T . R. a :1d :-liLl.:S:-1. , J. R. 
11 El e ctroca rdiogr a::>hi c Ch~r.ges Follo\ün,n; I ~travenous Adminstration of 
::ac:esinm Sul fat e . II. Ex'êerimental Studi e s on DoEs ·" 
J . -Lab . a:!d Clin . :.:ed ., 24, 840, 19)9 . 

151. VŒGTLI:: , C. and El\.CHT, D. L. 
11 The Acti on of ~ittites and Dru~E n0 t h e Di : i tal is 0~oup on t he 
Isol <'.ted Co:rono.r y Artery . 11 

J. Pharnacol. Exptl. Therap ., _2 , 77, 102 ~ . 

152 . 'dALTZR, !<: . 
11Zur Ph:?. roa.lcolo crie des Digi talisa rtigen Verbindunge:ra~ 11 

Biochem. z., 92, 267, 1918 . 

15 3 . 11'/EDD, A • M • 
11 The I n fluence of Di ::;oxin on the Pota s s ium Content of !:eart ~4u scle. 11 

'-T . Pharme col. Exptl. The r 9_p., 9.2, 268 , 1 ::')9 . 

154. :·Œn.so:-rr~':Er , ::::- . 
11Uber di e Sy8toli s c he und Diasto1ische Herzwi r kun g d e s g-Strophanthin. 11 

Arc h . E;~p . Patho1. Pharr~r'.kol., §2, )86 , 1910. 

15 5' • i'II GGER'3 , C. J . 
"t.:onophasic and :Jefo:rmed Ventric'..Üa r Compl ex e s Re sul ting from Surface 
!'.. pp1i ca t i ons of Pot9.ssiu.m Se.l ts • 11 

Arr>. ~~eart J ., .2,, 31'-6 , 1929. 

156 . ':liGG2RS, C. J . 
11 The I nte r play of Coronary Vascu l a r Resistance a :1d ;,:y ocardial 
Coo~ression i n Regul ation Corona ry Flo\'t. 11 

Ci rcul ~ti on Research . 11 , 271 , 1954 . 



-1"-
157· ':/CLL~:·'3ERGER , A. 

11 The Ener~y Eet~bolism of the Failing Heart and the ~etabolic Action 
of the Cardi ~c 1lycosides." 
Phurmacol. Revie\·:s , ,l, ,311, 1949. 

':JCLLK:3:S~GE5: , A. , 
"Influen ce of 0·.-'.e-bain on the L' tilization of c14- LA.beled Glucose, 
La ctRte , and ?yruvate by Dog Heart S1ices." 
Arch . ~xr . Patho1. Ph~rmako1., 219, 408, 1953 · 

1~-9- ':!OO!J, !:;. r! . ~l.~d 1-':CE, } . ~~ -
11Studies on the Effect of t h e Di e;italis Gluco s i des on Pot assiUI!l Loso 

frore the ?eart of the :iee.rt Lu n.3 ?repa rati on. 11 

Al!' .• J. Ph~rsiol., 1 23 , 219, 1 Sl) 8 . 

160 . WOO'D , E. E . a.nci ~ ':0:2::, G. Y. 
11Corre1c.tion 3 et~·reen Serum Potassium Ohan:':e s in the Hear t Lun.3 
Prenar~tion a nd t he Therapeutic and Toxic :ffects of Di~itelis 
-11u~o sides • 11 

Ar:·,. J . Ph~r:;io1., 129, 49G, 1 9h0 . 

161. VlOC::D, F. r-{ . a nd ~!:C·E , G. K. 
11 îl e ctro1y+.e and \1ater Content of the Vent ricule.r ~·~uscu1c.ture of 
the Heart -1un: Prep~ration wi th Special Refe rence to the Effects 
of t~e c~rdi~c 1l ycos ides. 11 

Am. J . ?hy !>iol., 1 7)'5 , 5 15 , 1942. 

162 . ZEE;<A~: , S., HI3'3 ;-~ , S. e.nd '9~ILE'!', S. 
"The :!:ff~ct o-: -::>ot c.s ~ iu!!l Jepletion :!:nduced by DOC"\. O!". the lethal 
Do se of L~~~to side C i n Do: s: Rel a tionship of Plas~a Level s , 
':kel eb1 -f: l.'fl8l. e ::.nd Ce. r dj_::t c !Iusc1e Pota ssit1m Cont ent to t:'le 
L et ~ü Do::;e . 
A.r:~ . T . '-:ed . C:ci. , 227, 6; , 1954 . 

163 . Z'.:ILf.T ' ~€8. , L. 
11Uber die ·-:e.7nesiv.n -1irkung auf das Herz • 11 

Klin . ;·ioch . Schr., 14, 1429, 19)5· 


