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INTHODUCTO RY SECTLCN

The title of this thesis is a broad one and purposely so, for the
problem was first conceived in such general terms. But it soon became obvious,
that the role of many electrolytes in many different types of heart disease
could not possibly be investigated by one person in a short time. Therefore,
in approaching such a study, the problem had immediately to be limited. Because
potassium is such an Important electrolyte in cellular metabolism and because
variations in potassium concentrations have such a marked effect upon the func-
tions of the heart, it was decided that this ion should be the principal elec-
trolyte involved in the investigation. Because changes in the potassium con-
contration frequently inwvolve :eciprocal changes in sodium concentration,
sodium,to an extent, also enters this study.

AThé term heart disease also needed closer definition. It was planned
to include two general types of heart disease in the investigation, acute and
~ chronic hea¥t disease., This acute and chronic myocardial damage would also have
to be of‘a type easily induced by experimental procedures,

Such a problem as the roles of these elsctrolytes in experimentally
induced acute and chronic heart disease could be approached in different ways,
For instance, the heart disease could be induced and then the level of serum
and tissue electrolyte concentrations determined. On the other hand, the effect
of variations of serum sodium and potassidm concentration on the écutely and
chronically damaged heart could be investigated. Because this last approach

seemed to offer the greatest therepeutic opportunity, it was the principal

one adopted,
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As zn introduction to this problem, severel aspects.. of sodium and
potassium physiology must be considered, Particular attention will be given to
what 1s known of the effects of varying the concentration of these ions on the
heart. Then, the relevant work which has been done on the changes in the con-
centration of these ions which'occu; in heart disease will be summarized. And
Tinally, the effects which have already been noted on.administering these salts
to patients with heart disease will be reviewed. At vhe end of the introductory
section, certain possibilities will be suggested, which the experimental work
will then attempt to establish,

Both sodium and potassium are present in libaral aropunts, in ingested
food., The average dietary intake on this continent is probably ebout 4 - 6
grams of sodium and 2 - 4 grams of potassium per person per day. (1), However,
the amount of sodium and potassium contzined in the diet may vary éonsiderably
and these variationé are well tolerated by the he~1lthy person. (2). On the other
hend, there seems little doubt that in certain diseazse states the intake of these
ions may become important. For instence, in hypertension, & low inteke of sodium
has become one of the prime consideratioﬁs in the menagement of the disease. (3)
(4)s 4 high intake of potassium has frequently been used therapeutically as will
be seen later, Diets very deficient in sodium may be very prostrating. (3), |
while those deficient in potassium may cause other severe deficiency states in
experimental animals, (5).

In the gestro-intestinal, tract the sodium and potaséium szlts ingested

in the food end excreted in the intestinal juices are very largely absorbed so

that very little is found in the faeces. (1)(2), except in severe diarrhea, (1)

(6)s In adrenal insufficiency the absorption of electrolytes seem abmo rmal (7) (8)
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Jith absorption into the body complicated mechanisms operate not

only to keep the serum concentrations (Na = approx't 140 m e/1; X = 4:— 5 m e/1)

within physiological limits but also to control distribution throughout the body.

These complex mechanisms can not possibly be discussed in detail here but certain

facts (and opinions) concerning the renal excretion of sodium and potassium, the
role of the adrenal cortex in the excretion and distribution Qf these ions and

the dispersement of these lons between the intra- and extra-cellular compartments

must be stated.

The chief avenue of excretion of sodium and potassium is the kidney.
Both ions pass through the glomerular filter =snd both appear to be reabsorbed
to some extent in the convoluted tubule. Winkler and Smith (9) state that
*within the range of potéssium concentration which can be tolerated physiolqgi-
cally, the grezter part of the filtered potassium is still being rezbsorbed",
They point out that potassium excretion is directly correlated with the serum
potassium concentration and that the clearance of potassium therefore varies
with the glomerular filtration rate, Lately, Berliner and Kennedy (10) have
suggested that there may be a tubular secretory mechanism presumable in the
distal tubules, on the basis of experiments where hypertonic potassium
chloride solutions were injected and yielded rates of potassium excretion above
the rate of filtration of potassium at the glomeruli. In regard to sodium, in
a recent paper, Smith and his group (ll) point out that reabsorption of sodium
in the proximal tubules is an active process and that the fraction of filtered

sodium reabsorbed proximally is fairly constant so that the load of sodium de-

livered to the distal tubules will increase or decrease with the filtration rate,

As the distel reabsorption of sodium is probably limited by the maximal rate of
tubular transport, increasing the filtration rate will exceed the capzcity of

these cells and sodium will escape while decreasing the filtration rate will
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reduce the distal load of sodium well below this capacity so that so;ﬁnm reab-
sorption will be complete. This work is in agreement with Merrill (11A) who
found that the retention of sodium in chronic congestive heart failure was due
to a decrease in the filtration rate, the result of the diminished renal plasma
flow,

| Though there is no doubt that the kidney is the principsal avenue of
excretion of these bases and though the serum concentration, glomerular filtra-
tion rate and tubular resbsorption are the important factors iﬁ this renal con-
trol, there seems equally no doubt that the adrenal cortex exerts a tremendous
influence on the kidney in regard to the quantity of sodium and potassium
excreted. In 1932,Loeb (12) demonstrated,in Addison's diseass, the striking
decrease in sodium concentration in the serum and pointed out that the potassium
was at a high normal level or else elevated. The following year his group (13)
published observations on the alectrpiyte concentrations in the urine in Addison's
‘disease which quite conclusi\fely demonstrated the relétion between the adrenal
cortex and renal function in that the ufiﬁary sodium was shown to be increased
and the potassium decreased. Iiowever, fhey attributed the decreased potassium
to a decreased dietary in‘cgke.‘ Harrop (14) in 1936 withdrew the maintenance
dosage of cortical hormones frém adrenalectomized dogs and demonstrated -
that they consi stently showed, on withdrawa;l, an increased urinary loss of
sodium and chloride and retention of potassium. In 1939, Harrison aﬁd Darrow
(15) wrote that.the marked disturbance of renel function following adrenalectomy
wasvof a specific type. ‘he renal tubules fai led to reabsordb sodium adequately

from the glomerular filtrate at a time when the serum concentration was low and
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did not allow the excretion of potassium when the serum concentration was high.

Just how the adrenal cortical hormones csuse this change in tubular function is

not known.

‘The gquestion now grises as to which compounds of the adrenal cortex
are responsible for the control of electrolyte éxcretion. Engstrom, (16) in a
recent review, lists some twenty-eight steroids thus far isolated from the adrenal

cortex. If we disregard for our purposes, the estrogenic, androgenic and biol-

ogically inactive compounds we may divide the remaining isolated substances into
those having a marked effect on salt and water metabolism and those having a marked |
effect on carbohycrate metabolism. (7). In the former group fall compounds without%

an oxygen at Cll, such as 1l desoxycorticosterone, an extremely active compound

in causing retention of sodium and excretion of potassium (16). .In the latter

group, having either a hydroxyl or a ketone group at Cl1l, is 17 hydroxy corti-
costerone which is very ective in carbohydrate‘metabolism and may besides cause

a temporary increase in sodium excretion, (16) and il déhydrocosterqne_and corti-
costerone both of which have a less intense action on carbohydrate metaboliém but
which will both cause a moderate retention of salt and water (16). The acetate of
11 desoxycorticosterone, XDCA), thevhighly salt active comﬁound, was synthesized
in 1937 by Steigsr and Reichste;ﬁ (7).

DCA and adrenal cortical extract have both been shown to cause, in

adrenal insufficiency, a retention of sodium and water and an excretion of potas- |

sium (7)(18)(19). Even with physiologiéal adrenal funéfiqn, DCA in high doses
increases the excretion of pofassium and decreases that of sodium so that, in the
serum, the potassium concentration is lowered and‘sodiﬁm raised. (20)(21).- In the
Addisonian, overdoses of this drﬁg, especially if there 1sf5dded salt, may causé

edema, congestive heart failure, and cardiac dilatation, each of these probably
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being to a variable extent dependant upon an excessive salt and water retention (18)
In addition, overdosage in the rat has caused patchy necrotic lesions in the myo-
cardium (22), Because these lesions are similar to those seen following a diet low ;
in potassiuﬁ%%nd because they are exaggerated by a low potassium dietf, they have
been attributed to the lowered serum and cellular potassium (22R)  The lesions
were not seen in several species Sglye reported (23) but they have been seen in

an Addisonian dying of DCA overdosage with a low potassium inteke (24). Selye

(23) in the experimentel animal, has produced vascular and renal disease (23) and
hypertension (25) employing large doses of DCA and saline, These effects which he

describes can be markedly reduced by the use of a low sodium diet (26) but with an

ordinary sodium intake the hypertensive and electrolyte changes are still seen

though-they are less intense (27). The administration of potassium together with

the DCA and saline will prevent the fall in the potassium level (21) but does

not prevent the development of the kidney lesions or of hypertension (25)(28).
Selye, (29), therefore, believes that the low potassium of DCA overdosage is not
responsible for cardio-vascular renal changes which he reported. To him, it seems
probable that the organ changes with overdosage are due rather to the so dium
retaihing properties and supports this by emphasizing the role of administered

sodium in their development.

Probably because of its potassium lowering effect, DCA definitely
inereases the tolerence of experimental animals to large doses of potassium (30)
(31). There are many other effects of DCA which will be discussed as we go on to
describé the relation between extra and intra cellular electrolytes.

‘The extracellular fluid is as ultra-filtrate of the plasma and differs
from it in containing less protein and lipid (52). The principal cation of the
extracéllulaf fluid is sodium as it is in the plasma. In contrast, in the intra-

cellular fluid about 70% of which is in muscle, (33), the prinecipal cation is

-potassium. The cell membrane appears to be freely permeable to the potassium
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ion but allows the sodium ion to pass inAsmall guantities only, except'under un-
usual circumstances. (32)., Peters (32) and others (34) believe this disparate
distribution of electrolytee~ the almost complete exclusion of sodium from cells

- and accumnlafion of potassium within them - could not be achieved by diffusion
alone., It would require a considerable amount of energy to maintain such a
distribution. They believe that direction of movement of the potassium ion across
the membrane depends on the nature of the metabolic activity. It used to be
thought that the energy for the movement of potassium was gained from the small
fraction of radio active potassium in the cellslbut.Glasko and Greenberg (35) have
thrown in doubt the hypothesis that the radio-activity of naturel pctassium is
responsible for its "“unique physiological propsrties™. In contrast to these
theories, Conway (36) suggests that while the potassium ion is allowed to pass the
celluler bar:ier freely, the larger sodium ion is to a great exten§ excluded and,
while, the chloride and the bicarbonete anions may pass, the large anions such as
sulphgte and phosphate in the cell may not. Therefore potassium aécumnlates in

- the cells to satisfy the surplus negative charges. Thus, this theory of passive
transfer based on différential perméability is at variance with the énergy transfer
theory.

All the sodium in the extracellular fluid appears to be osmotically
active (32) while about 20 - 25% of the intracellular potassium is bound to
protein and being undissociated 1s osmotically inactive and non-diffusivle (37).
The two compartments are in osmotic equilibrivm which is brought about by shifts
of water into and out of the cell (28). The sodium concentration in the extra-
cellular fluid appears to be most important in controlling the distribution of
water between tﬁe intra end extra cellular compartnents (32)s Thus, if there is

a decrease in extracellular sodium, water enters the cell to reduce the osmotic
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differences., (38)., If the extracellular concentration is increased, as in fluid

loss, there 1s a movement of water out of the cell giving cellular dehydration. (38)

The cell gains potassium during anabolism end loses it during cata-
bolism (2). Because cells lose potassium in protein breskdown, studies on the
excretion of potassium must consider the urinary potassium in relation to the
nitrogen output (6) (38).

In certain conditions, where either thé intake of potassium is very
low, as in experimental deprivation (6)(39) (40), or where the excretion is very
high es in severe diarfhea (38), or as in DCA therapy (22)(21), the potassium
content of the heart and skeletal muscle cell falls and sodium enters the cell
(32) (38) (2) (41) to replace if. Where there 1s a potassium deficit in the cell,

- en sbundant intake of sodium chloride tends to aggravate the loss of potassium
(233)e In contrest, thisvténdancy of the cell to accumulate sodiuvm and lose potas-
sium 1is preveﬁted by increasing the potassium intake (42). On the other hand,

in adrenal insufficiency with retention of potassium (43) (34) or in the parenteral
administration of potassium (38) there is an increase in the amount of potassium
in the skeletal and cardiac muscle cell and a decrease in the sodium. Thus,

there 1is often a reciprocal relationship between the sodium concentration and the
potassium concentration in the muscle cell but this relationship is not always
presentb(44)(45)(33).

The serum potassium concentration fairly well reflects fhe level of
potassium in the musecle cell. Thus high éoncentrations of serum potassium are
usually associated with high concentrations in heert and skeletal muscle while low

concentrations are usually associated with low concentrations in the musecle. But

again, this relationship does not always hold (38) (34) (44) (45). Large amounts of
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potassiunm may enter or leave the cell with relatively small increments or dscr-
ements of the extraéellular fraction (45). Altlkough an ebnormally low serum
potassium 1s always associated with a cellular deficit, the converse is nct true
for;on accasion, the only way a cellular deficit c=n be detected c¢liniecally is
by equaling potassium retertion with pre-existing deficit sines potessium given
to normal individuals is not ret=ined (4%) and is excreted as the concentration
rises (46). On the other hand, nccasionally threre i3 e high concentration of

potassiuﬁ%muscle with cnly a slight elevation of the serum level (34)., Thus, we
see that the potassiim level in the serum does not always reprecgent the denletion
or replstion of the cellular Qotassium.

There are somesuthorities (32)(47) who maintain that cortieal hor-

rones are necessary to maintain the integrity of the cell membrane in addition
to thelr sffect on renal excretion. They feel that the salt asctive corticoids
may shift the equilibrium between cellular and extracellular potassiwm, An over-
Cosage of DCA leads to a very low potassium level and an absence of the hormone
results in high levels. That the effect is not entirely renal is supported by
those experiments showing a life prolonging action of DCA given to adrenalectonized
nephrectomized animals, in comparison to nephrectomized animels with intact
adrenals (48).

A few words must be said about the fate of injected sodium and pota-
~ 8sium salts. If sodium chloride is injected intra-venously, it rapidly diffuses
into the extracellular flﬁid. If the potassium content of the cell is intact the
sodium ilon is largely excluded from the intracellular fluid but if tﬁe potassium
is depleted, it may pass the cellular barrier (32), Ordinarily, however, as its
‘concentration rises in the extracellular fluid, water passes from the intra-to the
extra-cellular compartment (38) to meintein the osmotic equilibrium znd prevent the

concentration from rising markedly. If this process exceeds certain variable bounds

N
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edema results. The excess sodium is finally excreted by the kidney but not as
rapidly as injected potassium is (32). |

The fats of injected potassium is different., Winkler, Hoff, and Smith
(46) found that the increase in serum concentration following the injection of
‘potassium, was about 1/3 of the expected level and showed that the rest was
taken up by all the btody water. However, Darrow and his workers (34) showed
that potassium was not distributed equally throughout the body water. He (49)
agrees with Fenn (2) that injected potassium rapidly disappears from the blood
and that liver and muscle absorb relatively more than any other tissue as con-
centration increases. Crismon et al (50) showed that muscle takes up potéssium
quite rapidly and that heart muscle accummlates more than akeletel muscle., In
addition to this cellular storege, in normal subjects as the serum concentration
of potassium rises the eiectrolyte is rapidly excreted by the kidney (46). sub—
sequently, the excess potassium is released from the cells in which it has ac-
»cumnlated so that the extra pdtassium is not retai ned (32). lLow potassium
concentration in the cell probably increases the extent of the‘entery ihto the
cells and, in contrast, this accumulation is retained by the cells., (45). Thus,
large movements of potassium into the cell cen occur with a large exogenous
supply whether or not there is a cellular deficit, (45).

There is another influence upon the potassium level in the serum and
cells which should be mentioned briefly. There seems to be considerzble evidence
fhat potgssidm follows the carbohydrate cycle from muscle to liver and back again
(2). Glycogen storage particularly in the liver is connected with potassium,
withdrawing it from the serum (51)(52}. Thus, the administration of glucose (2)
(53) or of insulin (54)(55) will cause a fall in plasma potassium., With the
administration of sdrenalin there is a transient rise in potassium probably co-
incident with deglycogenation in the liver (56) and then a prolonged fall (56) (59)

coincident with the delayed, prolonged, liver glycogenic reaction which follows

adrenalin edministration. Just in connection with carbohydrate metabolism
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it should be pointed out that, because some corticoids are concerned with gly-
cogen metabolism, these sugar active compounds may exert an- indirect influence
on the potassium level (51).

To date soms of the factors concerned with the control cnd distribu-
tion of sodium end potassium in the bedy have been reviewed., The importance of
sodium in the distribution of water has already been noted. The importance of
potassium in muscle physiology and in neuroemuscular and neural mechanisms will
now receive some attention. Then sodium and potassium in relation to cardiac
funetion will be discussed,

Concerning neurcemuscular and neural mechanisms the remarks will be
particularly confiped. To quote Donnegan,(Sll”there seems t0 be little doubt that

- potassium is important for the neuro-muscular mechanism - not the absolute potas-
sium concentration, evidently, inside or outside the cell, but somethihg more

o
elusive in the shape of intracellular distribution, There is some evidence that

small variations in the potassium concentration produce a marked variation in the
parasympathetic response. Thus, a slight increase in concentration will increase
the sensitivity of the heart tiscsue to vagal stimulation, (58). These findings
by Hoff confirm those of Howel (59).Moore (60) points 6ut that in large concentra-
tions of potassium such as occur in inflammatory exudates, according tb the
Germen literature, the ion is capable of penetrating nerve structures and giving
rise to siimulation of peain sensitive endings. Little more will be said about this
phase of potassium activity.

In muscular physiology, there is some question about the role of po-
tassium. Fenn (2) and others (61)(62) state that muscular activity,éauses a ladss

of potassium and a gain in sodium and, further (65),that this loss is proportional
to the intensity of contraction and is favoured particularly by rhythmical varia-

tions in length end tension. Hoagland (64) has confimmed this loss of muscle
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potassium following exercise, It might be said here that heart muscle also seems
to lose potassium during activity (2) and this loss is increased in ventricular
fibrillation. (65). However, Mitchel, (66) although confirming the pot assium loss
in a musecle stimulated to exhaustion, could not confirm it under more physiological
circumstances, In éddition,Miller & Darrow (67) conclude that within wide limits
the amount of potassium in the musele does not limit its perfommance. But they
attributed poor performance following DCA with resultant lowering of potassium to
heart lesions rather than to skeletal muscle debility. Walker (68)(69) oﬁ the
other hand showed a marked decrease in muscle responsiveness with a low potassium
following DCA but could not rule out changes at the myo-neural junction, This
worker and others (2) have found also that increasiﬁg potassium to a eertain
degree seems to inerease muscle performance but too great an inérease {62) causes
inexcitebility., In man, extremes of potassium concentration may cause marked
weakness, this being aSsociatcd occasionally ﬁith marked elevations of potassium
as in potassium therapy (70) or with marked depressions as in DCA overdosage (20)
(71) as in familial periodic puralysis (47) and as in diabetic acidosis in the
recovery phase. (72) It is, however, impossihle to state whether thié disability
is due to a purely muscular disability or whether other factors entsr into italso,

Thus, potassium may be important in normal muscular physiology and
muscular perfoimance may, to a degree, be dependent on the potassium content of
the cglls. Without going further into general muscle physiology, consideration
will now be given to the =ffect of varying the potassium and sodium concent rat ion
on the heart,

It was James Blaks (78), in 18391who Tirst investigated the effects

of intravenously injected potassium. He noted, in the dog, that cardiac arrest ;

was the cause of death and that the rapidity of death depended upon the strength
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of the injected potassium, He also showed that different kinds of potassium salts
all caused the same type of cardiac death. On the other hand, with "subearbonate
of soda"™ he showed that "the heart retained a remarkable degree of its irritability
after death" when the lungs were very ecchymotic and heavy. In 1881, Feltz &
Ritter (74) injected Intravenously, into a dog, the same doseé'of‘potassium.as
Blake had used but showed thet the salt was not toxic if injected slowly. Shortly
thereafter, Ringer (75) published a paper showing tks effect of various inorganie
ions on the heart (he did not specify the species used), He found that perfect
confractions could be maintained by a perfusing solution the basis of which was
physiolozical saline with traces of calcium end Potassium added. He demonstratad
the tetany of the heart with excess calcium and the diastolic arrest of excess
potassium, besides shcwing the necessity of a physiological concentration of
sodium, In émerica, in 1899, this work was confirméd by Howel (76)Vand Greene (77)
who emphasized the importence of physiological saline osmotically, in keeping the
ventricular muscle of & terrapin in condition for contraction and the necessity
of adding calcium end Potassium in a certain balance to produce and sustein con-
tractions. Howel, (59) as mentioned before, showed that increases in the potassium
content of the perfusing fluid increased the vagal response of the heart while
decreases diminished it. Mathison (78) in 19011 working on the mammalian heart
1njecﬁed various gquantities of potassiﬁm chloride and observed the disturbances
in rhythm produced by it, namely, sinus slowing, heart block, and ventricular
fibrillation, This last he found to be a common irregularity before death but elso
stated that the heart may come to rest in diastole,

It.was in 1930 that the ele ctrocardiograph was used to demonstrate
Some of the effects of potessium on the heart. Wiggers (79) applied a 5% solution
of potassium chloride to the surface of the dog heart and obtained a deflection in

which the descending 1limb of the R wave is extended by a roundeq hump or merges into
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a declining plateau and pointed out the similarity of this pattern to that seen in
acute coronary occlusion, In the same year, he showed (80) that potassium would
stop electrically induced ventricular fibrillation in doegs. In another paper on
fibrillation,hé (81) noted further that potassium adminstration could also produce
fibrillation., In addition,he (81) showed that this fibrillation was regularly pre-
ceded by a diminuition in the R deflection, a deepening of the S deflection, a
prolongation of the entire QRS complex, depressed ST segment, and a pronounced
increese in the T wave., In 1933, lMcLean, Bay', and Hastings (82) reported on the
cardiographic effects of varying the potassium concentration of the perfusing
fluid in the rabbit heart. They showed thet increasing the potassium concentretion
to 9 m e/l or above was regularly followed by prolongation of the PR interval,
deepening of the S wave, marked broadening of the Qﬁs end a marked incresse in the
height of the T wave. If higher concentrations were used (12 m e/l),these charges
were accentuated and véntricular fibrillation was seen. In higher concentration
still (18 m e/l)’there was cardiec stendstill in diastole. All changec were found
to be reversible when perfused with a physiological solution. These workers also
demonstrated, for the firgt time, the cardiographic changes caised by o decrease
in potassium. At a concertration of 3 m e/l,2 reduction in the size of the T
wave wsg seén, and at lower concentrations still, an inversion of the T weve some-
times arvs2red. These changes were a2lso reversible.

A nore comprehensive study of ths relation ﬁetween serum votassivm
levels and changzes in_the electrocardiogram (ECG) wae wundertelan in 1938 by
Winkler, Hoff znd Smith, (83). Using the dog, they weré able to degonstrate e
Seéquence of cardiographic chsnzes whick oceurred coincident with inereases 1n.

Serum potussium concentration. They injected intravenously an isotonie solution

of potossium chloride (1.29) slowly. 4t levele of 5 - 7.8 m e/l,there was an
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increased amplitude of ke T wave éccompanied by a shortened duretion of the T
kwave. This progressed until the T wave equalled the GRS in zmplitude and brevity.
At concentrations of 7.8 - 9 m o/1 the ST segrent often sunk below the isoelectric
line, The P wave lost amplitude end disappeared at 9.4 - 11 m e/l. The QRS became
widened at 10 - 12 m e/1 until the whole QRS and T was & brocdened biphasic com-
plex. Finaelly the heart stopped in diastole, Figure l-is & diagramatic repre-
sentation of these changes in the dogs taken from these autho rs(84),These workers
(83) felt that the rate at which the serum concentration rises might be an
important fector in the toxicity of potessium but postulated that there was a
critical level of potassium concentretion at which the heart stopped. Nahum and
Hoff (85) confimmed these findings in the rabbit and went on to show that a rapid
Injection of potassium produced fibrillation while slow injection resulted in
cardiac standstill, Cheamberlain et al (86) working on the cat, agreed with this
work also, but they found less constant chenges in the T waves, flattening, in-
version, or cofing, being seen, They felt>that, while there was a general re-
lationship between the.sequence of ECG changes and the serum potassium level,

there was no way of predicting the level of serum potassium at which the cardio-

graphic changes would take placé. In 1943, Crismon, (50) and his workers con-
firmeqd, 1# the cat, the results obtained by Winklef, Hoff and Smith, in the

dog. They examined the electrolyte level in the cardiac tissue and serum at a
time when the toxic effects of potassium, as measured by the cardiogram, were
critical. They could find no support for the concept of a eritical level of
potassium concentration in the serum. They emphasized the importance of the rate
of rise of potassium in the serum and the rate of penetration into the cell,
However, although the cellular potassium was found to be uniformally elevated

by the injection, it was no more so in the group of énimals developing block than
it wés in the group not developing it, so that there was no necessary relation-

ship between the absolute cellular potassium and the signs of potaséium poisoning,
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Winkler, Hoff and Smith (87) have stated that potassium has a highly
specific effect on the heart muscle which is not shared by skeletal muscle
generally. Crismon (50) and his group go further and suzgest in addition
a highly specific effect on the purkinge cells.

Thus far, then we have shown that sodium is very important osmotical-
ly to the heart and that potassium and calcium are antagonistic in their ection,
& correct ratio. being needed for contraction.pyexcess of potassium producesa
functional alteration in cardiac tissue characterized mdinly by a diffuse in-
terference with conduction which may finelly result in fibrillation or arrest
in diastole, As the serum concentration of potassium rises and these func-
tional alterations occur, there is a typical sequence of changes seen in the
ECG. On the other hand, diminishing the serum potassium concentration also
seems to have an effect on the function of the heart which is reflected in the .
ECG in addition to the structural effect of a lowsred potassium discussed
earlier in this paper in connection with low potassivm diet znd prolonged DCA
administratién. It has not yet been definitely estcblished whether the effects
of variations in potassium concentration on the myocardial fibre are due en-
tirely to an alteration in extracellular concentration or whether changes in
the intracelluler concentration also play =2 part. Certainly there is a rough
correlation between the ECG changes and serum potassium conecentration. But
changes in the serum potassium often reflect corresponding changes in cellular
potassium, However, it is probably safe to say that the gradient between the
intre- and extra-cellular compartment is disturbed. Possibly, this disturbance
of gradient interferes with the potential difference developed in relation to
the cell membrene and in this way interferes with cardiac function (88).

At this point, it is appropriate to deseribe some conditions in man

in which the potassium levei is altered with particular reference to the effect

on the heart as gaged by the ECG. In the humen, it is very difficult to study
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the effect of one variable such as potessium or sodium because there are often
so.many other verizbles operative. Certain changes in the ECG, however, which
are described as occurring shortly cfiter the administration of a potessivm szlt,
coineidsnt with & rise in serum potassium comcentrations are very probably pure
potassivm effects. Similarily, it would seem th'* the Q:rdiographic pattern,
seen in a patient in =n attack of periodic paralysis, is probably & nure pattern
of hyvopotassemia fof the picture dicapperrs when potessium is sdministerad.

n other ennditions, vsre the potassi=m bzalance is disturbed, therz zre so
pany other factors whrich ruy be contributing to the cerdiogrzshic pattern +hat
the ENG mav not be irdizative of a mtasciwr excess or lael ever if rcrs o» the
other corndition prevailed,

The incidercze of potussium intoxiceticn in man seems to have been
greatly enhanced by the use of potessium sal+z therapeutically. Theee selte
have long been used extensively as diuretics, as expectorants, and in the
treatnent of cardio-vascular syphilis., Smillie (89) warned against theirvuse
in nephritis on the basis of experiments where animals with experimental
nephritis were given potassium salts. On the other hand, in 1925, Rabinovitch
(90) in a paper on electrolytes in uremia, reported &t leust three caoses with
very high potassium all of whom had normal cardiograms. In 1935, Keith (91)
was able to recommend doées of potassium nifrate of 12.5 grams daily as a
diuretic in renal disease,cautioning only against its use in anuria. Finch
and Marchand (70) report that their nephritics received as wmuch as 25 grams
daily of potassium chloride.

But what of the changes in the ECG associated with an increased serum
potassium. In 1937, Harris and Levin (92) injected 5§ cc of 5% potaSsium chloride

into nommsl subjects and showed that sometimes the T waves were elevated by the
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administration: . The year following the publication of Winkler, Hoff, and
Smith's paper (83)’Thompson (93) reported on the electrocardiographic abnormali-
ties resuvlting from the therapeutic use of potassium salts in 24 ceses of heart
and kidney disszcse. In 15/24 cases,there was an increase in the height of the
T wave and in these patients, the sverage increase in potassium concentration
was 8 mgm%, A few patients showed sino-auricular slowing, aAprolonged PR
interval, and heart block. 1In 1941, Stewart and Smith (94) reported on 5 non-
renal cases who had received potassium theraéeutically. They did not do
potassium concentrations but noted certain cardiogréphic abnormalities that
appeared with potassium administretion and disasppeared with potassium withdrawal.
These chenzes included prdlongation of the PR>interval, auriculo-ventricular
block, auricular standstill, and intraventricular block. There were changes in
the ST and T waves which resembled changes seen in coronary occlusion, In 1943,
Finch and Marchant (70) described the ECGs taken during the terminel stages of
uremia with oliguria in two patients receiving potassium as & diuretic, and in
one of theée cases the potassium concentration wes determined and found to be
8.85 m e/l and terminally 10.5 m e/l. The ECG changes described were practi-
cally indistinguishable from those seen in experimental animals with marked
potassium intoxication. No P wave was discernible. The QRS was very broad
and xounded,the S wave deep, and the-T wave round and high. Both patients
showed such terminel arrhythmias as slow coarse fibrilletion and ventricular

asyptole and both died of cardiac arrest. Keith (88) has found 13 uremic

patients with hyperpotassemia in 7 years. Three of these were receiving
potassium a diuretic and,in two others,a test dose was given, The serum
potassium concentration varied from 7.7 m e/l to 10.5 m e/1. They all had
typical ECG findings such as those di seussed abcve, These findiﬁgs were

often terminal. He found a rough correlation between the serum potassium
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level and the ECG changes but pointed out that a definite plcture could not be
pradicted from the cardiographic picture., He also correlated the pathological
findings with the ECG and found that potassium cen exert its aetion on a normal
or diseased heart supporting the concept of a functional alteration rather than
structural., Tarail (95) has also noted the peaked T wave, prolongation of the
QRS.and increased PR interv&l,in 4 patients suffering from renal insufficiency
and oliguria. Stewart et al (96) have deronstrated similar but less extensive
cardiographic findings in addition to high serum potassium in 2 patients with
ﬁnimpaired renal functions receiving potassium therapeutically. Byswater (97)
has shown these concommitant ECG and serum potassium changes occurring after
crush injuries with anuria. Thus, we see that the toxic effects of potassium
upon the heart are seen not only in severe renal disease spontaneously or
following the ingestion of potassium therapeutically, but also, in patients
with unimpaired kidney funetion receiving potassium salts medicinally.,

So far as Addison's disease is concerned, Thompson (98) presz=rted a
case showing high pezked T waves which regressed under treatment as the

serunm potassium fell until they were flat when the serum potassium concent ra-
tion was low, However, in 1942, Thorn et al (99) steted that there was no
pattern of the ECG which was specific for Addisons disease in a large number of
cases. At this point it is well to emphasize two pointss The first is that
potassium toxicity can not be diagnosed from a single ECG for the pattern is

not diagnostic (100) (88). Serially however, certain patterns emerge either
Progressing or regressing and it is this sequence of changes following the

serum potassium levels that may be important., The second point is that a "pure®

potassium effect should not be expected in a complicated condition like Addisons

disease, But if, in an Addisonian, following DCA adﬁinistration serial cardio-

grams are taken the T waves may become flat or even small inverted (101) and the
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PR and QT prolonged (99) as the potassium level falls. Raab (102) has shown
flattening of the T wave in normal men receiving large doses of DCA but Loeb (103)
was not able to demonstrate this change after the subjects had received the drug
for 2 weeks,

Further to the ECG findings with a low serum potassium, Stewart, Smith
and Mifhorat (135) first correlated the findings of the low serum potassium in
an attack of periodic paralysis with changes in the ¥CG. They observed a pro-
longed PR, QRS, and QT, with a flsttening of the T wave. Other workers (104)
have found this lowering of thz T wave and prolonged QT interval. Danowski et
al (105) have presented evidence attempting to show that during an attack of
paralysis the potassium moves from the extracellular phase to the intracellular
and that this shift is the cause of the decline in serum potassium. JIf this is
s0, it means that the changes in the ECG are due to the lowering of the extra-
cellular potassium concentration. Once again, however, it may be the distur-
bance of the nommal gradient that is truly important.

In addition to these situations where the potassium is lowered, it may
be decreased in chronic nephritis with & lowering of the T wave. (108). Also,
patients recovering from diabetic acidosis were noted by Billet and Dyer (107)
to have prolonged QT and flattened T. In 1946, Holler (108) associated these
changes with the fall in potassium coincident ﬁith glucose administration, in-
sulin administration,diuresis,and dehydration. He showed that the cardiographic
abnormalities were abolished by the administration 6f potassium,., Dznowski and
his group (309) recall that = very‘low cellular potassium in DCA overdosage or
in low potassium diet will produce,experimentallybdegenerative changes in the
myocardium and report that a 26 year old boy with the lowest serum potassium
they have encountered in this condition developed inverted T waves that did

not return to normal for 2 months., Although this change may easily be due to
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other factors, it seems Dossible that here ig an example of a structural defect
resulting from the potassium depletion. These workers {109) and others (110)
note the rapidity with whieh edministered potassium leaves the serum without
appeering in the urine or faeces indicating that it is taken up by the depleted
cells. Thus, it is possible that the increase in intracellular potassium is the
factor improving the cardiogram following potassium administration in this
condition. But against this is the fact that at the height of corma, the
cellular potasscium may be severely diminished yet the serum potassium and the
ECG may be within the range of nommal (109). It is only after the serum potas-
sium falls in the recovery phase that this change in the ECG developes. Although
1t seems highly likely that a disturbance of extracellular potassium concentra-
tions is responsible for the electrocardiographic changes, it can not be
definitely stated that the intracellular changes do not have a role.

It is time now to consider the changes which occur in the pofassium ¢on-
tent of the diseased heart. In view of the possible role of potassium in musecle
physiology, Harrison, Picher, and Ewing, (72) in 1930, approached the problem.
Taking specimens for analysis from recently deceased patients, they found that
the potzssium content of skeletal and cardiac muscle of individuals dying of
edngestivesheart failure was less in dry weight then that of subjects dying from
other causes. They wondered if this loss of potassium connected with heart
failure might be an important factor in causing subsequent breaks in compensation,
They raised the question as to whether funetiornal changes resulting from a loss
in potassium might not be reversed by administering potassium. This same group
‘ (111) carried out analysis on skeletal muscle of living patients with congestive
heart fsilure in an attempt to rule out post mortem changes as the cause of the
low potassiums found in their previous report. In the patient with congestive

heart failure and edema, the potassium content of the wes gastroenemius
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was invariably low and the sodium and water content high. The amount of potas-
sium in the dry muscle was usually, but not always, diminshed., As the edema de-
creased, the potassium content of the dry muscle sometimes rose. They demon-
strated that administered potassium increased the potassium content of the muscle,
More recently Myers, (112) and Decherd and his group, (113) have confirmed the
loss of potassium and,in addition,indiCated a2 loss of creatine per unit welight
in chronic hypsrtrophy of the heart in experiméntal enimals, the loss being
greatest in the affected ventricular muscle, Thus, in some types of chronic
heart dissase, the myocardium.loses potassium., The question is whether this
further impeirs the function of the musecle.

The problem in acute myocardial infarction is soriewhat more difficult.
Baetzer (114) in 1935, summarized the various conditions under which skeletal
muscle loses excessive pota8sium, He listed injury and death; perfusion or
emersion in solutions low in potassium; severe fatigue; increased acidity. He
amplified this list by showing that haemorrhage, vasoconstriction or temporary
block of arterial supply caused a marked and rapid loss of muscle potassium
as measured by a marked increase in the potassium concentration in the femoral
venous blood if the venous blood flow was reduced. Now the point is could these
changes in potessium concentration be occurring in the myocardium following
acute coronary occlusion? Dennis and Moore (115) tried to answer this question
in 1638, Torking on cats and ligating the coronary artery, they showed that
samples taken from the venous blood in the coronary sinus, which was also ligated
to fasecilitate the procedure, showed a marked increase in potassium in compari-
son to.a sample withdrawn simulteneously from the vena cava, They showed that

neither congestion from the coronary sinus ligation nor the operation itself

significently increased the potassium in the Sanple so that they felt justified

in attributing the increase in the potassium in the outflow blood to ischaenia,
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Hermann & Erhard (116), considering this indirect evidence, worked on dogs
ligating a branch of the anterior descending brinch of the left coronary artery.
They tock tissue samples 1 to 22 hours after ligation’insida and outside the
infercted area, They found a loss of creatine but not of inorganic phosphate
and potassium. It should be noted here that the area infarcted was small and
it would be ineviteble that they would include normal with asphyxiated tissue
and again the smallness of the branch ligated would make it impossible to be
sure that the area actually was infarcted and no attempt was made to prove it.
The creatine (117) which was lost almost certainly came from the demaged musecle
S0 that probebly potassium and phosphate would be released too but if this were
the case these electrolytes must have been held in the damaged area. At .any
rate, Hermann & Erhard could not agree with Dennis & Moore,

In 1939,Dr. Blumgzrt and his group ‘118) approached the problem with a
view to finding why electrocardiographic evideﬁces of infarction were often
present before there was any morphological chznge in the tissue, After oceclud-
ing the left circumflex branch in dogs for 45 minutes the animals were sacrificed
in 24 hours and a tissue sample taken inside and outside the infercted area,
They found on tissue enalysis a mirked increase in extracellular fluid, but no

inerease in intracellular fluid. The potassium showed no change wﬁen expressed
per unit cell water. Once again we do not kﬁ;W for sure whether the erea is
infercted, though previously this procedure had produced diagnostic ECG findings.
4nd most important we do not know the size of the tissue semple. This is very
important for it is known that in infarction the subepicardial layer is most
frequently spared (119). How much ischemic tissue wes in the semple?

This work all seems very incomplete znéd conflicting &g yet. It seems
very probable theoretically, at least, that with the sudden catastrophs of

occlusion, the degenercting musele vould relesse considerzble quentitier of
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creatine, phosphate, and potcssivr, If potassium accumlated around the
ischemic ruscle the present méthods of estimution micht not show such an
importent cherve in distribution. The inersase in extrocellular flvid seems
reascuzble in view of the exudation thut nrobebly oceurs,

There is y2% another fzcet of this problem of pote=~ium changs in heart
dirzese. Wood and Moe (120) state +hat "it has beer conclugively deronstroted
that dfgitalie has 2 dirset effect on ths ~ontractile rower of =3rdiac musculu-
ture"., In view of this fact and in view of their work on the loss of potassium
in cardiac failure, it was logical for Calhoun and Harrison (121) to investi-
gate the relation digitalis bore to potassium, They found that digitalis in
therapeutic doses either’did not change the potassium content of the heart muscle
of dogs or only slightly diminished it. On the other'hend, in toxic doses,
digitalis czused a diminuition of the potassium content. ood and Mos (120)
showed that digitalis in both toxie and therapeutic doses caused a loss of
potassium fromlthe myocardium and after reviewing the physiological evidence
that potassium loss is proportional to tension developed, postulated that
potassium loss from cardiac mnséle during digitalis action was the result of
increased cardiac aétivity. Wedd, (122) however, could not agree fully and
showed that when potassium loss occurred, it was a late toxic manifeststion,
Friedman and Bine (123) have recently conlirmed this., - Hazen (l24),and Boyer
and Poindeter (125% agreed that potassium was lost with toxie doses of digitelis
but they)on the other hand)present evidence to show that digitalis in thera-
peutic doses czuses a slight increase in cardiac potassium,.

Zwemar and Lowenstein (126)(127) point out that strophanthin and DCA

are both protective against lethal doses of potassium chloride and that ad-

renalectomized and potassium chloride treated znimals are particularly resistant
|

i
i

to strophanthin. Kinsell (128) and his workers voint out that excessive doses of
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DCA or of strophanthin produce z loss cf potassium from the cell and replece-
ments by sodium. They believe that both DCA and strophanthin in vhysiological
dosas tend to meintain the bslance between intraceilular and extrecellular
potassium as they both antagonize the action of thvroxin in causing a potassium
loss from the cells,

Even though some of this evidence is conflicting,on the whole, it seems
to indicate that the functional integrity of the heart musclg cell is partially
dependant on its potessium content and that digitalis acts &t least in part by
preventing or restoring the loss of potassium from the myocardium with damagas.

Arother matter that should be considered is the role of the general
adaptation syndrome (29) in zcute coronary occlusion, This chain of reactions
rust surely be brought into play in some such cases for the stimulus is not only
severe but may’be quite prolonged. The electrolyte changes which occur during
this syndrome may be important to this problem. Selye (29) states that in the
shock phase of the alam reaction, after exposure to many different stimuli,
there is an increase in serum potassium and an increased urinary potassium
excretion., He feels this is due to a di scharge of potassium from the tissuves
into the blood. In addition, in this phase, there is a diminuition of urinary
sodium and chloride but these substences are also reduced in the blood which
Selye (29) suggests 1s dus to leakage into interstitial spaces., These’sodium
and chloride valucs return to normal in the resistant rhase but may fall again
with stage of exhaustion. The potassium changes past the shock phase have not
yet been conclusively demonstrated. (56).

Thus, the general blood picture following stress is a high serum potas-
sium and low sodium. These changes in the blood are similar to those found in
adrenal insufficiency but the urinary picture is different. At any rate, éom—

pounds of the adrenal cortex have been nidely used to combat siock. In animals

with intact adrenals, Selye (29) found "under certain conditions thege hormone s
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can prevent shock and fascilitate the develomment of counterwshock phenomena,
It is possible that some types of damage are better combatted with salt active
and others with sugar active curticcids,™ However)he found in genersl theat
cortical extracts and carbohydrate active corticoids‘are more efficient than
salt active ones. These last he found of greatest velue in dehydration and
potassium poisoning. It should be pointed out here that sugar active compounds
have some salt action (16) direcfly and some action on potassium levels indir-
ectly because of their carbtohydrate effect. The zona fasciculate of the cortex
has been shown to be the zone of production o* these sugar active corticoids
while the glomerulosa produces the salt active (129)(130). In stress, the
fasciculata appears to be the zone principslly affected., (129)(130) so thet
it seems poscible that some of the electrolyte changes in stress are due to
over production of sugar active compourds,

Certain workers point ocut in the shock following severe muscle injury,
the injured muscle loses potassium znd gains codium (131) (132 and coincident
with the alterations in the serum concentrations, the uninjured muscle gains
potassium and loces sodium (132). Several authors (132) (133) (134) (135) have
suggested that the increased serum potassium in injury and stress might be
harmful. However, Winkler, and Hoff (136) point out that the increased potus=
sium concentrations encountered in experimental traumatic shock, although they
may cause an elevation of the T wave, are only rarely of a sufficient degree to
cause a cardiac death. In addition, if potassium is so important in injury and
stress, it is difficult to see why DCA has not been the most effective countere
shock hormone. On the other hand, if the heart itself were the acutely injured
organ and if the uninjured tissue gained potassium and the injured tissue lost
it, and if the alarm reaction of the general adaption syndrome is associated

with a high serum potassium and a drop of cellular potessium, it is possible
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that these disturbances of the nomal extraccllular-intracsllular gradient might
be an additional factor disturbing the functional integrity of some of the
myocardial tissue,

The time has now come to consider what work has already been done on
the effect of varying the potassium concentration on certain cardiac disorders.
Thompson (93) had pointed out the elevation of the T wave after administration
of potassium to certain cardiac and mephritic patients., XKeith (137) and Sharpey-
Shafer (138) have shown that the inverted T wave which is often seen in the ECG
of hypertensiom in a pattern commonly referred to as ventricular strain becsme
upright after administration of potassium salts end then gradually beéame
inverted again as the potassium concentration fell. Bryant (139) from F.N.
dilson's laboratory reported in 1948 that potassium besides elevating the T
waves reduced the vultage and the length of the QRS. These improvements she
said were of the same order as those found after sodium restriction and after
sympathectomy, Sharpey-Shafer (140) has also reported that the flat T wave of
the myxedematous'heart were ek vated by potassium., These resultsAseem t§ indi-
cate a definite action of potassium on the T wave of the se chronically diseased
hearts, Whether the elevation of the T wave also indicates better myocardial
function in these circumstances is not known - all that can be said is that
such increases in amplitude of the T wave in other conditions often parrellels
clinical improvement. But in this particular case, the I' wave change may be
only a toxic one indicating further danger to the heart rather than a sign of

improvement, As far as can be found, no one has carried out the suggestion

made by Pilcher and his worker (111) that potassium be used in the treatment of

& chronically damage heart by publishing a controlled study having potassium

as the only variable in the treatment of chronic heart disease,
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In acute myocardial infarctions, Sharpey - Shafer (138) administered
potassium salts, and in these cases, in contrast to the changes seen in chronic
heart disease, the pattern of infarction in the ECG became mafkedly accentuated
- that is to say Tl and T4 became deeply inverted in the case of anterior in-
farction end T2 and T3 twre inverted in the case of posterior infarction while
in both types the upright T waves in the other leads became more upright,

Once again it is impossible to interpret this finding except to say that it
seems evid:ont that in acute infarction potassium sdministration seem to exagger-
ate those myoceardizl changes which are responsible for the inverfed T wave,
However,the basic change in the myocardium responsible for T wave changes is
still not known. One clue, however, to this potassium action might be found in
the work of Linder & Katz (141) who showed that in 2 denervated living coronary
essel incfeasing the potassium concentration from 1% to 2% times the normal
concentration produces a severe and long lasting oonstrictién of the vessels
even to the point of occlusion. The vagal effect of potassium in intact
animals may even exaggerate this,.

It has been noted previously that toxic doses of digitalis cause a loss
of potassium. Sampon and his group (142) have shown that the ectopic beats of
digitalis intoxication can be abolished in every instance by potassium salts.
Previous to therapy, there was no abnormality in the serum potassium levels and
with ingestion there was no di sturbance of the serum potassium absorption curve,
Not only were the ectopic beats abolished by potassium administration, but also
they failed to return in meny instances after the potassiur concentration has

fallen to normal levels, They felt that this indicated that the potassium had

become fixed to, or had sltered the state of, the cardiac muscle., They elso
felt that digitalis toxicity was definitely due a disturbence in potassium

balance. Here, then, is en instance where 2 disturbance in potassium balance



has a detrimental cardiac effect which is corrected by potassium administration.
Here, also, is an instence of a low cardiac potassium which is not reflected in the
blood potassium level.

Having to date considered many aspects of = dium and potassium physiology,
and having teken mwte of some of the cardiac effects of these ions, 1 would like now
to pose the problem as it suggests itself to me.

Beczuse of the loss of potassium which has been shown to occur in some
tyses of chronic heart diesase (72), because the potassium content of the muscle cell
may be important to its functional integrity (68,69), and because some of the bene-
ficial effects of digitalis may be due to its power to maintain or increase cellular
potassium (124), it seemed that there might be some value in the treatment of chronic
heert di sease with potassium. The effect of potassium on the T wave of the ventricu-
ler strain pattern in the ECG of hypertensive heart disease is most interesting for
a similar change in the T wzve after sympathectomy and after sodium restriction hasg
been tcken as evidence of a pnatients improvement (129). Improvement in myocardial
function following sodium restriction may be due to a number of fecctors, cmong them
a reduction of extracesllular fluid wlume, ce2llular hydration, or a reversal of the
tendancy of high sodium to increase potassium loss. But whatever the role of potas-
sium in some types of chronic heart disease,in view of the low glomsrular filtration
rate of meny patients with congestive heart failure because of the diminished cardiac
output (1li) and, possible associated kidney disease, and in view of the fact that
potassium excretion depends upon glomerular filtration rate. (9), the administration
of‘potassium in these conditions seemed to be fraught with danger. At any event, it
was not possible to carry this work beyond its preliminary stages.

The field ﬁhich‘seemed most promising was the field of acute myocardial
damage. By varying the electrolyte concentration in an infarcted area, the blood apd

oXxygen supply are certainly not going to be restored. But what was
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of particular concern was the "™twilight™ zone surrounding the central, severely
dam2ged area., In this irregular surrounding zone of relative ischzemia and
disturbed metabolism, there is en incresse in extracellular fluid, an exudate
which contains meny red and white blood corpuscles. Now, could a decrease
or an increase of the potassium in the ryocardisl fibres or extracellular fluid
in this zone further impede the functionjof the myocardial fibres in the
region? If either of these pronositions is true, then raising or lowzring the
potassium concentration therapeuticslly mizht be expected to have zn effect on
the myocardial function. Let us make out & case for the need to increase the
potassium concentration in that region. It seems probeble that the necrotic
celle would lose potassium. Now is it possible that the nyocaréial cells in the
"twilight® zor~s would also lose potassium? This has not been shown experimentally
but,if it wer: a fact,certain findings chould be rez21led. Muscle cells which
exhibit o potessium deficiency probzbly hrve a aiminished functional cupacity
(68) (€9), Certainly, mYOC?Tdigl functior suffers uitk'the Inas of potassium
oceurring in Aigitalils i-toxication. (121)s In chronic heert disease witr a
dirinished cardice function a lece ~f notassium i3 sssocizted (72). Althoush
it is probably thet different factors acting upon the myocardium may cause
similar changes in the ECG, it is notable in resbect to this broblem that an
inverted T wave is seen in both coronary insufficiency and potassium deficiency.
In view of these fzcts, if there is a potassi&m deficiency in the surrounding
zone, 1% seemed possible thét increasing the potessium concentration might
improve the cardiac function.

On the other hand, is it possible that the potassivm diffusingz out of
the necrotic muscle cell and red blood cells raises the extracellular concentra-
tion around the necrotic zorne to high lsvels? Do the rotessium ions accumulate

in the surrounding zone further irmpairinz the function of the nmyocardium?.
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Dennis & Moore (115) point out the very high potassium concentration in in-
flammatory fluid recorded in the German literature. The possible vaso-constric-

tor action of such an accumulation has been mentioned (141)., It has also been

noted that a potassium loss can often not be demonstrated in an infarcted area

but yet creatine is lost., (116). Does this indicate that the potassium lost

from the degenerating cells accumuiates in the'fegion attracted by some metabolite(
for potassium might well be released from the cell if creatine were being re-
leased? Sherpey-Shafer's (128) work showing that notassium adninistration ac-
centuated the coronary pattern of the ECG-might suggest that there already is

an accunulation of potassium disturbing myocardizl functicn so that the admin-
istration of further potassium excg:ierates the disturbance. Although the ECG
pieture in acute infarction is not that of potassium excess, the picture of
excess as we know it is one of a g&neralized excess., The picture of a localized
potassium excess is not kxmown except for the pattern produced by localized sur-
face applications of potassium which Wiggers (79) demonstrated to yeild a pat-
tern similar to a coronary pattern. In the early stages of the general adapta-
tion syndrome, there is frequently an increase in serum potassium. Thus, is it §
possible that lowering the serum potassium would have a beneficisl effect of the
acutely injured heart?

It is realized that both these propositions are extremely hypothetical.
However, it seemed jﬁst possible that this type of approach in the treatment of
acute coronary occlusion might be of some value, Thus, this problem of the
effeet of varying the electrolyte concentration on an acutely damaged heart is

the most important part of the experimental work in this paper.
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Experimental Section.

A. Choice of Animals. --Albino rats were chosen for this work for
several reasons. First, hardy imbred strains of Wistar and Sherman animals
were available end facilities were at hand to manage these animals in large
numbers, It was felt that numbers were extremely important in this type of
study. At McGill, there is often considerable di fficulty in obtaining large
numbers of larger.animals, such as cats and dogs which are so frequently
used in experimental cardiac investigation., Even if they were obtainable,
there are so many uncontrolled variables present when these animals are used
experimentally. Just to mention a few of these, there is age, breed and strain
dietary and environmental background, and the condition of the coronary circu-
lation ard myocardium. In fact, there are so many variables that a group to
be reliable would have to be extremely large. In the rat used here, breed,
strain, age, diet, environment, are all known. None of the animals in our
experiments was more than 4 months of agze, and in the rat coronary disease
is rarely if ever seen at this age (143) so that this factor is controlled
also. | |

B. Electrocardiography. i. Apparatus Technique. - The logical way

to record the effect of verying the electrolyte concentration in these animals
is by electrocardiography, particularly in view of the effect of potassium on
electrocardiogram {ECG)., Accordingly, a Sanborn Cordiette being available,
tracings were taken on normal anesthefized enimals placed face down on & board
with the appropriate limbs stretched onto three electrodes fixed unto the
board. The board and contact plates are shown in figure 2 while the typical

tracing obtained with this set up are shown in fig. 3. Very quickly certain



Fi-:?"..lz e 2.

my

he posturing board. Note the 3 electrode plates, the small

manual chest electrode, the metal arc. at head of board, the drilled tail

hole and the central ridge pole.



Figure 3,
Tracings with ordinary commercial electrocardiograph. (a)

amplitude, ST takeoff elevated, no S wave. Note especially lead 1.

Better tracing but notice ST takeoff elevated lead 2. Note skipped

(v)

beats.
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facts became obvious. The complexes in lead 1 were often of a low amplitude,
The S wave was often absent in all leads. The ST segments were frequently well
above the isoelectric line. These tracings were definitely unsatisfactory. On
consulting the literature, an excellent paper by Rappaport and Rappaport (144)
on the ECG in small laboratory animals soon showed why this was soi Evidently,
in ordinary commercial cardiographic apparatus, which is designed primarily for
humen use, the speed with which the string responds to electrical stimlation is
usually about 0.0l seconds. This is perfectly satisfactory for most heart rates
encountered in the human heart but in small lzboratory animals the heart is often
more rapid‘and these higher speeds require a higher string speed for in such
animals the QR interval is often less than 0,01 seconds. This means that the
galvometric speed is slower than the electriczl phenomena being recorded. Thus
when using a slow string speed to take a tracing on these animsls, the cardiac
action potential wuich stimulates the string is terminated before the recording
beam has traversed the true distance so that there is an alteration in the amplitude
of the QRS., It means also that the T wave commences to register before the R
deflection has had time to return to the isoelectric line. Thus, the S wave is
not shown and the ST sezment appears well above the isoelectric line, The string
speed of a machine can be gaged by the stendardization tracing. The string speed
can be increased to 0,0015 seconds by tightening the string to 1/10 normal
sensitivity (1 millivolt gives a deflection of lmm instead of 1 cm) so that now
the string speed is considerably faster than the QR interval in small animals,
This string speed will accurately record electrical events in animals with heart
rates up to 750 beats per min. With this reduction in string sensitivity, an
amplifier is needed, however, so the deflections will be large enough to read,
With the string sensitivity set at 1/10 normal, the amplifier is now adjusted so

the 1 millivolt through the amplifier deflects the tense string 1 cm. A dempen-

ing device is also inserted into the circuit to prevent over shooting ang
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distoration from the high string tension. Using this equipment = standgpdization
curve need only be done once for each tracing, it not being required for each lead
because the amplifying device automatically comvensates for pztient resistancs in ,
different leads. In consultation with M.B.Rappanort (145}, a string gelvonometer
rachine (a Sanborn Electriec - Portc Electrocardiograph) was obteined along with a
dampening device and an zmplifier of the correct type (Senborn Zmplifier), The
string tension was set to l/lO normzl sensitivity and the amplifier adjusted so thet
1 nv gave a string deflection of 1 em. The paper speed was increased to 50 ems. per
second to spread the complexes out. Thus,the time lines on the aﬁhiss& were separated
by 2 rm instead of 1 mm but the time between these lines is sti110.04 seconds.
Figure 4 shows this equipment, the standardization curvesyand a typical tracing.

The animal was sprezd-eagled on its back on the bosrd shown in fig. 2
with the limbs well coated in electrode jeliy and held firmly to the electrodes with
elastic bands, This position was felt to be more standard with respect to the
electrical axis of the heart than the one previously used, Electrical interference
at first was easily overcome by sirple grounding of the apparatus, but later, changes
in the electrical set up in the building introduced a tremendous zwount of alter-
nating curren£ interference. Rappaport (144) points out that these 1little anihals
have a high resistence and that in subjects of high resistance alternating inter-
ference may cause considerable distortion. He advises taking every step to reduce
the subject resistence. After trying all kinds of grounding combinstions to reduce
the interference, the problem was probably solved by piecing the skin, & meneuvar
which would effectively reduce subject resistance and maintain a constent contact.
Thus, later in this work, the sharp curved point of a surgical cutting needle was set

into each electrode plate and the animals vaws were fransfixed in the web between

the digits.
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Figgre 4,

Above is the cardiographic apparatus, ineluding the string galvanometer,
the amplifier and dampening device, Below, note the 1/10 normal standardizstion on
main machine as string is tightened so that 3 mv. deflects gtring 3 mm. Stan-
dardization through amplifier 1 mv, deflects string 1 em. Note also repidity

with which string responds to stimulation., A typiecal tracing is also shown,



2. Anesthesia. The guection zrose as to whether the znimals should be
anesthetized. In this work, the size of the anizels would r-ke restraint of the
unanesthetized animal extrerely difficult. It seemed probable that the anger,
struzzling and fizhting encountered in pinning down an unanesthetized snimal would
introduce a tremendous variable into the trescings znd this misht be particularly
troublesome in the comparison of repeat trzcings. A suitsble snesthetic would not
only make the animels much easier to handle but also would impose on them = Tela-
tively constant condition undsr which the trocings would be taken znd thus fascilitate
the comparison of repeat tracings. The probiem wes to find the suitable cnesthetic
which would be uniform in action and non-toxic to the heart 4n the doses used.

Ether wes the first omnesthetic tried. Cushﬁy (146) states that in the
concentration used in snesthesia, sther does not damage the heart but Bennet &
Fisher (147), on the basis of a review of the litersture and some experimental wrk,
point out that,at the second plane of anesthesia and at greater conecentrations,the
dynamie changes produced are those of a failine hee»t, Other wvorkers (148) had shownv
th.t inhaled ether caused a trensient but preciritant drop in serum potassium - a
most undesirable variable in this type of work. Thus, on these bzses, ether seemad
unsatisfectory. In addition, after usinz ethsr before its disedvantages were fully
rexlized, 1t »roved unsatisfactory. The desirable level of anesthesia was very dif -
ficult to maintain because so much attention had to be devated to the operation of
the apparatus. The respirations often became heaving =2nd troublesome to the
tracing. In 60 odd tracings taken under ether in this initiel ctage of the work,
thére were five deaths. This mortality of 8.3% might be very awkward in experi-

mental work on a limited number of animals. As far as the tracings obtained were
concerned, skipped beats (fig. 3b) were seen occaisionally and in one animal a
& series of tracings taken on succecsive deys revealed the grasdual development of

an inverted Tl. (fig., 5). Thus after using ether for a brief period it was dis-
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Figure 5,

Inversion of Tl with repeated ether anestheties. (a) origzinal
tracing. (b) 3 days later., ST & T segment slightly depressed. (e¢) Following

day Tl small inverted (d4) Following day. Evipal. Tl still smell inverted.



Nembuttal was given & trial. Waller =nd Charizper (149) had used this
anesthetic in the dose of 20 mgm per kilogram given intraperitonielly, This bar-
biturate is almost completely destroyed in the liver so that induced kidney damage
was not likely to increase its tozicity. (146), However, in this work, it was found
that either the animal was not deeply enough anesthetized or else was too deeply
80, At a satisfactory level of enesthesia the enimal was often unconscious for
four hours or more, its respirations being very shallow and its colour bluish.

On one animal, the tracing was repeated after 2 four hour period of unconsciousnas
and depressed respiration (fig, 6) and this showed a marked increase in the height
of the T waves which had returned to normal the following day. This increase in
the height of the T wave after this prolonged veriod of deprressed respiration might
well have been due to the increzse in‘serum potassium concentration which occurs
7ith enoxia, (150), and indeed this increase in the height of T waves hes been re-
ported following ancxia (98). Here agein is a variction in potassium which is un-
desireble in this type of work., In 10 enimals receiving a dose of 35 mgm per kilo-
grem, which was the dose found to be uniformly effective, there were two deafhs.
This drug was rather slow in t2king effect also, but had the adventage that all
enimals could be anecthetized at one time and the tracings taken in rapid succession,

By fa:‘the most satisfactory drug was found %o be evipal, Initially,
1t was decided to try this drug because it is very fast in action and the anesthésia
induced is very short in duration (146). In addition, because it is destroyed in the
liver (146) its toxicity would not be influenced by induced kidney disease. It is
not supposed to have eny detrimental effect on the heart, its toxic effects being

due to respiratory depressicn (146). The soluble evipal sodium was diluted with

distilled water so that a concentration of 10 mgm /cc. was obteined. The intra-
peritonizl dosage needed for this electrocardiographic procedure, especially when

the paws were tramsfixed on the ele ctrode plate was for the male about 10 mgm/100



LT

Figure 6.
Change in T waves with nembuttal. (a) original tracing (b) tracing

after 4 hours of respiratory depression, Note increase height of T waves

(¢) Following day. Similar to (a)
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grams and for the female about 9 mgm/100 grams., In this dilution, these dosages were
very easy to handle. Thus, & 125 grem male received 12.5 mgm of evipal delivered by
injecting 1,25 cc of the solution. These dosages were subject to slight variations
according to strain, general physical condition of the anirmal,and size. In a small
animal wnder 100 grams, doses just under those prescribed above seemed effective -
that is a male of 80 Brzms could be managed usually on 7 mgm (.7cc). Large animals
over about 250 grams on the other hand were more uniformly handled with slightly
inecreased deses - for instance a 300 grem male would be given 31 or 32 mgm rather
than the 30 mgm prescribed above. If one is careful with this dosage, evipal sodium
is very safe. 1In over 600 anesthetics given, there were only three normal animals
dying for a percentage of about §,5%. An additional three animals in very poor condi-
tion following an experimental procedure died following ths anesthetic but it was
felt that this was a very special circumstance. However, even, if these deaths are
count ed,the total would be 6 dezths in 600 anesthetics for a mortality of 1%, In
two other animals, by mistake, dosages well above those prescribed were used., These
mortalities were not counted.

This anesthetic,injected intraperitoniaily,takes only 3 - 5 minutes to
be effective. If one rat were injected just before another had a tracing taken, the
animal was well anesthetized by the time the tracing was finished. If the animal
hangs limply on its back in your hand, breathing quietly and yet has a slight reaction
to pain when it is pinned down, the anesthetic level is just right. Lf, as occasion-
ally happens, because of some variation in animal susceptibility, the rat does not
heng back limply, an additional dosage can with safety be given. This additional
desage is in ths order of 3 - 6 mgm (+3 - .6¢c) depending on size, During the
anesthetic the animal breathes guietly and regularly and has a good colour., Within

S = 15 minutes after the anesthetic level has been reached, they are usually becoming

1
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active egain., They may appear dopey and sleepy for half an hour or so but resoond
well to stimulation. As will be seen later, in the ECGs obtained under this anesthe -
tic, there were only slight variations seen in repeat trzcings, There was rothing
suggestive of a potassium effect in the tracings teken under this anesthetic but
then hypoxemia was not apparent. I can find no evidence in the literature to sugzest
an effect of barbiturates on the potassium levels. Potassium concentrations under
dial (150) anesthesia are well within a normal renge. Under smytal (133), 8 blood
samples failed to reveal any change., In the absence of any indication in the liter-
ature of an effect of barbiturate on potassium levels, in the absence of signs of
hypoxemia, and in the absence of any suggestive alteration in the tracings, a
special study on the effect of evipal on the serum potassium concentration was not
undertaken.

. Posture. - Before going on to the mormal ECG findings, it should be
pointed out that with the animal =mnesthetized with evipal and spread-ezgled on the
board and with the use of the cardiographic set up described, lead 1 was sometimes
of a very low arplitude and uninterpretable. Waller and Gharippe? (149) also found
this. Since lead 1 is so important in detecting chznges oﬁ the lateral wall of the
heart (119) and since this lead was expected to be the most valuable in showing the
cardiac changes produced by hypertension or experimental heart injury, it was
particularly important that this lead be improved., Innumerable authorities have
pointed out the effect of the position of the heart on the electrieal axis.  In £he
rat, the heart is centrally placed and vertical and this position would tend to pro-
duce a small deflection in lead 1, It was hoped that if the znimal were tilted well
.to the left, this would throw the heart into a more horizontal position and thus
make lead 1 more prominent. This proved to be a useful device in those animals with
& smll leadideflection. In fig. 7,& tracing tdken in the horizontal position is

compared to that taken with the board at an angle of zbout 70 degrees. Such a poor

lead 1 was occaisionally seen with the board horizontal but never with it tilteq
‘ .



Figgzg 7
(a) This flat lead 1 seen occasionally when tracing taken with the

animal in the horizontal position (b) Same animal with board tilted to left.



Figure 8.

The rat fixed onto the tilted board.
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This device proved to be particularly useful in young lean animals but in larger
plurp animals the hearts naturesl position is probably more horizontal and in these
enimals the tilting sometimes seemed to proiuce a left axis deviation, However,
because many of the animals to be used would be between 100 and 200 grams, this
tilting was standard procedure in all animals,

Because of this tilting,the animals had to be fixed nore firmly on the
board to maintain the straight line of ths back., Thus, a metal arc was placed at
the top of the board under which the animals incissors were hooked. A hole was
drilled in the lower part of the board through which the animals' tail was placed
and pulled tight. The tail was then transfixed with a needle. A4 ridge was tacked
onto the board between the arc and the tail hole (fig. 2). These maneuvers ensured
a rigid position with the tilting of the board, Fig. 8 shows an animal fixed anto
the tilted board.

4. Normal Ranges. Since the new cerdiographiec set up was obtained and

since evipal was chosen as the anesthetic, thsre have been tracings taken on some 120
male and female albino rats which can be considered as normal., All of these will not
be reported in detail, The findings in some 21 females of the Wistar straln ars sum-
marized in Table 1., Certain fects should be emphasized., The heart rate is usually
between 400 and 460 beats per minute with 315 being the slowest rate found end 500
being the fastest. The rhythm was in all cases regular. The PR interval is re-
markably constant, A4n interval longer than 0,05 seconds was not seen in these
tracings so that It should be safe to consider 0.06 the upper limit of nommal,
Similarly, the duration of the QRS complex was not, in these tracings, over 0,02
secondsﬁ%nly reached that value occasionally. Thus,intorvals much above this time
should probsbly be considered abmormal. Observing the amplitude table, one is struck

with the range of some of the deflections but this is comvarable with the wide variz-

tions in zmplitude observed in a large number of humans. It should be noted that



TABLE 1
NGE OF NOAL
21 Female Albino Rats - Wistar.

Average Range.
Weight (grams) 132 105 - 185
Rate (per min) 420 (400-460) 315 - 500
PR interval (sec) 0.045 0.04 - 0.05
GRS interval (sec) 0,015 0.01‘- 0.02

b ]

Amplitude in mm.
Standardization 1 millivolt = 1 cm.

Deflection Usual Full Range
lead 1 P .+ 5 0=-1
___R ¢35 -5 2 -8
S 5 0-1
T r 3 0-1
Lead ii P * 1% -2 1% - 2%
R ¢ 7 - 10 & =12
S 0 -3 0 -3
T $ 2 -3 15 - 4
Lead 1ii P ]l -2 l1 -2
R * 3 ~-6 2 -7
S 0-3 0 -7
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soretimes a respiratory varietsion in the crplitude of a deflection is seen perticu-
lexly in lead 3 and particularly in the S wuve of lead 3. This is probably due to
. the change in position of the heart with inspiration and expiration. A4 Q wave is
seen occasionally in one or more lesds but it is always extremely small and extremely
short in durstion. If the S wave just reached the lower marzin of the isoelectriec
line, it has been said to have an "amplitude™ of O, In one case this deflection did
ot quite reach this lower margin,perhaps‘missing it by %mm. The T weve was never
negztive in the se normal enimecls., Left axis deviation was not seen.

The ST segments can best be discussed by reference to figs. 4 and 9.
In lead 1,this ségment is usually very short. The takeoff may be perfectly isoelec~
tric or it may be depressed 1 mm as shown in\fig. ©b. The ST and T wave in this lead
is commonly in the shape of en upside down V. (fig. 4 and 9). This pattern in leczd
1 ié quite consistert. In lead 3,the line often comes up very sharply from the S
deflection to the psak of the T (fiz. 4 & 9) so thet the segment 1s not defined =nd
nothing cen be s2id of the point of takeoff., ILead 3 maintains this pattern of the
fine ST line passing repidly up to‘the veak of the T fairly consistently. In lead
2, a simiiar pattern to that seen in lead 3 is usually seen (fig. 4) or else a slight
variation on this pattern,such as a slight rounding of the peak of the T,may be ap-
parent (fig. ob). Sometimes, however, a configuration similer to that seen in le=d 1
is observed (fig. 9a). Occasionally there is slicht variation in the ST configuration
in the lead so that each ié not identical to the other (fig. ob),

5. Influence of Sex and Weight The snimals used in establishing this

normcl renge were females having an average weight of 132 grems, In order to find if

these ranges wuld very with sex and size, table 2 was compilcd. The 10 znimels whose
tracings are summarized in this table ars Wistar males, the average weight 2328 grams.

Upon examination it will be seen that there is a rerarkeble similarity between this

table and table 1. The only significant difference,in these trzcings, was that left



TABIE 2
RANGE OF NORMAL
10 - Male Albino Rats = Wistar

Average Range
Weight (erams) 238 200 - 270
Rate (per min) 440 (400 - 460) 375 - 500
PR interval (sec) 0.045 0.04 - 0.05
QRS duration (seec) 0.015 0.01 - 0,02

Amplitude in mm,
Standardization 1 millivolt = 1 cm.

Deflection Usual Range Full Range
Lead 1 P r 5 0-% |
R & 4 -5 3 -9
S E -1 0 -2
T + L 0 -1
Lead ii P 15 =2 15 - 2
R + 7 =10 6 - 11
S + 0 -4 0 -8
T + 15 -2 1z - 2
Lead iii P + 15 1-2
R +2 -6 2 =10
S 0 -3 0-38
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axis deviction was seen in 4 of these beevier males, This might huve besn expeéted’
for not only were these snitals »lump end *heir hearts probably more horizontal,but
also the tail of these animals éould not be transfixed so that they tended to sag

out to the left with the tilting of the board. 4t any rate it wes felt that the only

significant difference, possibly due to sex and more probably to weight,was a left

oxis deviation,

6. Influence of Animal Strain. These ranges have been compiled in

albino rats of the Wistar strain. The ranges encountered in the tracings of 6
rmale &lbino rats of the Shemran strain were comnared in order to find if there was
any essential variations in the tracings due to a strain di fference. The average
weight in this small Sherman group was 127 grams. On anelysis, it was found that
the renges in the tracings of these young Sheme=n nales fitted well into the ranges
shtown in Table 1 except that,in 2 animals,the R defleoctions in lead 2,and. in 1l,the
R deflections in lead 3 wore slightly above the upper limit as set forth in table
1. No left axis deviation was seen in these snimals. It was felt that these
minor differences in the size of the R wave might just reflect en increase in the
animal population but,in any event, there was no major variation which was likely
to cause confusion if this strain should be used in later experimental work.

7. Subsequent Varietion., The guestion now arises as to possibility of

varization ocecurring in subsequent tracings on the same animal, Constancy of pattern
in the same animal is perticularly important for, if a major variation should appear,
it must be attributable to the experimental procedure and not to variation incidental
to repeating the tracing. To check the constancy of pattern, twenty of the female
Wiistars from the group in table 1, on the day following the original tracing, had a
rejeat tracing teken. The two trecings taken on esch animal were compared. Table 3
is set up to show the number of animals showing the different degrees of variation in

amplitude in the different deflections, Time intervals and rate renges were identiecel,



TABIE 3

Variation - Subsequent Day.

20 Female Albino Rats - Wistar - from
group forming table 1. Repeat tracing
compared to original,

Numbers showing different variations
in emplitude in mm. compared to original
tracings.

Deflection Omm é-% lm 1% 2mm
Iead 1 P 15 5 |
R 10 7 2 1
S 14 6
T 17 3
Iead 2 P 17 3
R 8 8 2 2
S 10 7 2 1
T 11 5 4
Lead 3 P 16 4
R 12 1 4 1 2
S 17 2 1 1
T 11 5 4
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It will be seen that there is some difference in amnlitudes in subsequent tracings but
it will also be seen that these differences are small. ‘Thus, in the amplitude of Rl
there was a variation of lmm or more in only 3 animels, In R2, = higher deflection,
there is a variation of 1jmm or more in only 4 animals, None of the T waves showed
a variation in amplitude of more than lim, The T wave never became inverted, or
slurred below the line. The configuration of the ST segrent and T Wave is usualiy
fairly similar from one day to the next also. It should be pointed out that,in

each animal,the two tracings taken owed some variation: in the amplitude of some
elements,so that no two tracings were identical in each detail. But, on the wiole,
there is a remarkable constency in the tracings taken on the subsequent day: and no
major variation was seen (fig, 9a &nd b).

Since scme of the projected experimental'mork might well occupy a months
tine, it was important to show that young animals over this period of time would not
show a spontaneous alteration in the ECG pattern. Accordingly; tracings were taken
on 8 of the 21 animals whose tracings afe summarized in Table 1, one month following
the original tracing. The average weight of these females to start with was 118
grams and the full renge 105 - 120 grams. After & month had nessed, the average was
148 grams with a range of 130 - 165 grams. From Table 4, it is seen that the rates
PR and QRS intervals are similar to those seen in Table 1, Fowever, some variation
was found in the smplitude of the different waves., In Table 4,the number of animals
showing the different variations in mm. {n comparison to the original tracings is
seen. The‘changes are of the same order as were noticed after 1 day (Table 3) a
greater percentage, however, of this smaller group showing variation. The T waves
never becane inverted. Once again then, there is a remarkable constancy in the

generzl pattern. No mejor variation likely to cause confusion in interpretation

occurred. (fig. 9 a,b, and cl.
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Figgre 9.

Repeat tracings same animal under evipal, (a) original tracing
(b) Pollowing day (e) 1 month later. Note general similarity between tracings

and the glight variations in amplitudes in repeat tracings.



TABLE 4
Variation - 1 month
8 female albino rats - wistar - fronm group
forming table 1. Tracings repeated in 1
month and compared to original.

Average Range
Average Welight 148 130 - 165
Rate 380 per min 315 - 461
PR +045 .04 - ,05
QRS 015 .01 ~ ,015
Numbers showing variations in amplitude
in mm, compared to originsl tracings,
Daflection Ormn Z-bm lmy  limm  2mm
Lead 1 P 3 5
R 1 3 2 2
S 4 4
T 5 3
lead 2 P 3 4 1
R 2 3 1 2
) 3 3 1 1
T 3 3 2
lead 3 P 5 3
R 5 1 2
S 3 1 2 2
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8. Chest Leads. Some chest leads were also taken on these anirals. The

technique was as follows. A small manual exploring electrode asbout 4mm in dia-
meter was used. The lead wire from this small electrode was soldered onto the
left arm plate., (fig., 2). The left fore linb was remcved from this plate and the
left am lead wire from the amplifier was switched with the left leg lead wire.
The fur on the left anterior chest was‘elipped and the exploring electrode applied
with electrode jelly to the ziphi-sternal junction and then to a point on a
horizontal plane With this but about 1 cm. out from it,

The greatest difficﬁlty was that, in smll animals expeclally, the skin
is so mobile that it was very difficult to maintain a position. This is very im-
portant for the chest and heart are s0 small that minor variations in the position
- of the electrode, OF for that matter, in the position of the heart, can change
thé patterh of a complex so markedly that comparison of tracings from animal to
enimal, or in the same animal in cubsequent tracings, is often impossible,
(fig. 10b and c¢). This made it very difficult to establish the nmormal ranges.
However, the chest leads were of interest chiefly in regard to reinforcing the
information obtained from lead 1 in the diagnosis of acute heart injury. It
was felt thet éoincident changes in lead 1 and 4 might be helpful in the ECG
recognition of danage,psrticularly if lead 1 was of low amplitude. Thus, what
we needed to establish most was whether sharp inversion of the T wave occurred
normally in the chest lead. This was not seen. However, some distortion of the
ST & T wave below the isoelectric line was seen (fig. 10c). In addition, some-
times in the rush of doing a large number of animals, the left arm and left leg
lead wires were not switched and in this case the tracing obtained showed an
inverted P, a downward initial deflection and a peaked inverted T wave. (fig. 104)
This error in technique is usually easily spotted. Often the tracings taken
from the ziphi-sternal junction are similar to right-sided tracings inp the human

and those tzken more laterally resecmbled left-sided ones., (fig. 10).
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Figure 10.
Chest leads. (a) Note CF2 the right-sided configuration and CF4

the left-sided one. (b) & (¢) Tracings taken 1 day apart on same animal with
electrode supposedly in same position. Note variation in pattern of CF2 and
CF4 from one day to the next, (c) Note St & T in CF4, ST depressed T segment
below iscelectric or T small inverted, (d) Tracing taken when lead wires

were not switched, Note downward P, R & T,
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C. Chemical Methods, It remains now to deseribe the chemical methods

used in this work. The methods,modified. by John R, Poiley (151) who was pre-
viously working in the laboratory,were used exclusively for sodium and potassium
determinations,

A blood sample of 1 cc or more was obtained by heart puncture by Dr.
S.M. Friedman, the sample being withdrawn into a heparinized needle and syringe.
The sample was immediately centrifuzed at high speed, following which a 0.4 cc
sample of the plasma was pipette@bff and added to.5.5 cc of water. Then, 1 ce
of 15% trichloro acetic écid was added to precipitate the protein. This was
again centrifuged. The supranatant was poured off into a clzan dry centrifuge
tube and this could be stored, Standards were hsndled in the same.way except
that centrifuging was not necessary. , :

Sodium wes determined by precipitation with uranyl zine acetate in an
alcoholic media., To 1 ecc of the proctein free filtrate,lo cc of a mixture con-
taining egual volumes of uranyl zinc acetate and 95% ethyl alecohol was added and
allowed to stand one hour in the refrigsrator (152). After ceatrifuging and
draining, the precipitate was washed on two different occasions with an acetone
wash reagent., Finally, the precipitate, being soluble in water, was transferred
to a flask by weshing out the tube with 30 cc of boiled distilled water. rheno-
phthalein indicator was added and the acetate gfoup titrated with 0.02N Naun
using a microbu?ette grzduated to 0.0l cc. An end-point warning was given by a
gradual deepeninz of the yellow color and the actual erd point taken et the first
appearence of pink. The amount of NeCH titrated in cc was placed on a calibration
curve and the amount of NaCl in mgm% read off the zbscissa. The calibration
curve was established for each analysis by znclysing known sodium chloride solu-
tions renging in concentration frem 450 - 1000 ngmp end plotting this concentra-
tion on the abscissa against the cmount of NaOH titrzted in cc on the ordinate.

In order to obtain the sodium.concentration inm e/l divide the codium chloride
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value in mgx$% by 5.85.,

This method is said to be accurate within: & 2% if done in triplicate.
When doing a large number of determinations, it was often extremely impractical
to do a determination on rore than 1 sample. The main difficulty encountered
in the use of this method was a precipitate of urenyl zinc ecetste appearing
in the nmixture with 95% ethyl alecohol., This hazard threw the annlysis off or two
separate occesions,

Potassium was determined by first precipitating the chloride from lce
of protein—free filtrate with 0.2 cc of 2% silver nitrnte. Thisvsolution wes
centrifuged after étanding and lcc of the suprenatant drewn off. To this, 0.5ce
of cold absolute alcoholt®dded followed by 1.500‘of freshly prepared silver cob-
altinitrite., This mixture was left in the wef igerator over right at a tempera-
ture of not less then 3 degrees centigrade. The precipitate formed should be
fine end granular or clumped. 4if needle—liké crystals were visible, the szmole
was discarded. These tend to be present if the refrigeration temperature fzlls
too low, After centrifugzing and draining, the precipitate was washed on two
differant occasions with an alcohol-ether-water wash reagent. Then 5cclof
0.2N NaOH was added to the precipitate znd this nixture placed in & boiling water '
bath of 5 minutes. A blank tube with 5 cc of NaOH was started at this point.
After boiling, the moterial was poured with washing up to 50 ce into a 200ce
volumetric flask, and lecc of 50% HCL added followed by 2cec of 0.5% sulphenilaemide
Vreagent and 1l.5c¢c and 0.1% Marshals reagent. After this it -72s5 made up to 200ce
with water, transferred to a colorimetric tube and read in a vhotoelectric
colorimeter with a 525 ma filter agninst the blank. A calibration curve was
established for each analysis by enalysing known solutions of potessium chloride
contzining 10 to 30 mgn% potassium ond plottirne this known concentration of

potassium on tiiz abscissa agalnst the colorimetriec readi~z obtained on the

ordinate, The potassium eontent cf the serun sample is obtzined »y plzcinz the
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colorimetric rzidinz on th3 curve and reading off the potassium content in mga%
from the abscissa. To chenme this valuc to m e/l divids »- 4,

Analysis by this method in triplicecte is said to be accurate within
+ 3% Once again, this number of enzlysis per znimal was often imprﬁctical.
reguently, duplicate znclyses were done’however. One group of =nalyses was
thrown off by not preparing the sliver cobaltinitrite correctly., Two other
groups of wnalyses were thrown off by the overnight temperature in tre refrigera-
tor falling too low with the formation of heedle-like crystals, As a result,
all tubes had to be transferred to a refrigerctor several blocks away where the
temnerature was in a more satisfactory range.

PART I.

To establish the means of elevating thz serum sodium and potassium
conrentrations within the range of ordinary therapeutic possibility and the effect
of such elevations on the normal myocardium as measured by the ECG.

Experiment 1., - The acute administration of sodium and potassium.

In the administration of potassium, a dosage must be found which would
consistently give definite’evidence of an effect on the heart electrocardiographi-
cally without causing any of the severe toxic disorders of conduction.

Sodium salts were used in this experiment for two reasons. First,
they would be used in an attempt to control possible effects of change in acid-
base and water balance coincident with the administration of potassium. Potas-
cium passes into the intracellular fluid and is excreted rapidly,in contrast to
the extracellular distribution of sodium and its slower excretion,so that this
cont 0l is =t best a trensient one. Second, sodium salts would be administered
in iarge amounts but under the edema level in an effort to produce a specific
effect upcn the hezrt. |

The intrcperitonial route of administration of sodium end potassium was

used in the experiment, Zwemner and Truskowski (20) ha
Ve choun tpg
a2t thig



47

route glves a smooth absorption curve. It is said to give blood levels similar
to those obtained with a slow intravenous injection (143), In the rat,this is
a convenient mode of administration.

To be certein that eny change in the electrocardiogram wes not due to
the anion content of the administered salt, a chloride cnd sulphate of each ion
was vsed. All o lutions were made up to be isomotie with 900 m;r% sodium chloride
except the ayportonic solution of sodium chloride which was to be used in the

attempt to show a specific effect. The following concentrations were used:

Salt Concentration Calculation

223.5
KCL 11.56 em/L 9 x k74

374
K2504 18 an/L 9 x 174
NaCl 9 m/L

284
Na23504 14.7 en/L 9 x 174
NaC1l 36 em/L 4 x9

Using these salts in.these strengths,an effect on the ECG due to potas-

sium alone could be detected, the anion content being varied and the ﬁater and

cid base changes being temporarily controlled by sodium, A specific effect due
to one or the other anion c&uld be detected., It was hoped that a change due to
sodium alone might be detectéd,for if the change was independant of the anion,
end if a change appeared rapidly so that acid base and water change might still
be controlled with the potassium,and if this change was accentuated by the hyper-
tonic sodium solution, sodium would be strongly implicated,

Using female albino rate of the Wistar strain, the experiment was set

up as follows.
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Animal  Averzge Wt. Weight Salt Docage
Range Administered
Group L 6 152 gm 130-180 KC1 3 ce
Group 2 6 133 gm 122-145 KBSO4 3 ce
Group 3 6 150 gm. 125-185 NaCl 5 c¢c
Group 4 6 139 om | 130-150  Na2504 5 ce
Group 5 6 149 gm 125-182 NaCl (hypert) 5 cc

It should be pointed out immediately that just 12 animals housed 4 to
a cage were used in this experiment. After a rest of two days eacéh group of 6
was re-used to form another group, but it was arranged so that the effect of
each isotonic cation was tested on 12 different animéls. All control trscings on
these re-gmuped animals were normral, however., Xach group received tap water and
Purina Fox Chow ad libitum.

The amount of these solutions which was administered was based upon some
prelirinary work. In 5 femsle Histars,averaging 149 grems,after injecting various
amounts of isotonic potassiumichloride,the guentity giving a distinet effect on
the T wave in all le=zds was found to be 3 cec., This, then, was the quantity of
potassium chloride solution to be tested for its unifornmity of effect and for the
extent of the electrocardiozraphic change. Potassium sulphate could not be given
in an equal volume whitch would contain,at the same time,an equal quantity of
potassium. Lt was decided to give the potassium sulphate in an egual volume even
though a little less potassium would be administered in order that volume chunge
could be controlled.

In further preliminary work on Wistar females, weighing an average of

131 grems, it was apparent that small amounts of = diuwm chloride had little effect

on the ECG. Therefore, the object was to inject as much of the isotonic solution
as possible to try and show some specific effect of sodium. Since the rat has a

a blood volume of about 6.7 cc per 100 grams (143) these animals would have a
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blood wvolume of =bout ¢ %o 10 ce. It was folt thot +he maxinum ewovt vhick
could be injected irtreoeritoniilly =ov?d be -bout Sez and this was the quentity
ctosen for both hyportonic a2nd isotonie «olutionz. 5Sco of the hyperteniz eolu-
tion rovld deliver about 180 mym of sodium chloride to these animals intraperi-
tonially vhich is a large dose (143). The only trouble with usinz Zcec of sodium
solutions, while ucing Zcc of the potassium solution, is the difference in volume
and the differencas in the =mount of cztion delivered. Howaver, if z2ny of the
chznzes in the potassium ZCG are due to acid-base or volume chsnge)similar changes
of a greszter degres would be present in the sodium two ings, Thus, it was decided
to use a Scc volume of the sodium salts.

A control tracing was tz2ken on 21l anirals irmediately prior to the injection
of these salts. In groups 1 and 2, the ECG was repected after 5, 10, and 20
minutes had elapsed., Preliminary work had indicsted these tires. 1In group 3,4
and 5 the ECG was tsken 5,10 and 80 minutes after injection =0 that early and late
changes would be detected. To take tracings at these tires, enell adiitionzl doces
of evipal were frequently necessary.

About 2 weeks after these ECGs were corgleted, when the znimals hed gained
an averzge of about 30 grams, Sce of isotonic éodium chloride was injected into
10 enimels. After 7 mins. blood was tcken by cardiac puncture from 5 of these
and =2fter 1 hour from 5 more. Of these 10 animels all were from these expariren-
tal groups except & anircls of the same strein, sex and weirsht which had to be
used to acugment the totzl number of animels. 3cc of potussium chloride wes in-
Jected into 5 anirals from these groups and blood taken after 7 minutes by cordiac
puncture, Four additional outside =~nimzls of the same strzin and sex formed thé
control zgroup for the electrolyte levels,

Results: The results of the single s0dium and potassium antlysis are pre-

sented in Table 5, This teble is consulted at this time just to indicate that



TABLE 5,

Following Intreperitonesl Injection

LOTASSIW DETERMINATION

Substance Injected No. of Time after Potassium Concentration (m e/1)
& Concentration Animals  Inject. in min. Average Range

Control 4 7 4.3 3.75-4.9

NaCl 9 gm/L 5 7 i 4 3.5-4,25

NaCl em/L 5 60 4,3 3.9-4.75

D1 11.56 gn/L 5 7 7.75 6.6-9,1

SODIUM DETZHLINATIONS.

Substance Injscted No. of Time after Sodium Concentration (m e/1)

& Concentration Animals Inject. in rin, Averesge Ronge
Control 4 7 129.5 125,9-143,3
¥Cl 11.56 gm/L o* 7 139.8 135.9-144,5
NaCl ¢ em/L 5 7 144.4 140-151.5

*
One very high determination was diczcarded from the gmup on the baslg »f

experiencs,
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the potassium and sodium concentrations are elevated by this injection procedure.
Tt will be noticed that the sodium results after 1 hour are not presented. This
is beeczuse 2 of the 5 determinations were ruined by an interfering reagent pre-
cipitate. The number of remaining determinations in this 60 min. group was not
considered sufficient to be reliasble. In addition,l sodium vzlue was discarded in
the potassium chloride injected animals because it was =0 extremely high that it
is probably that the precipitate interfered here also. But the table does indi-
cate that injsction of 3cc of isotonic potassium chloride elevates the potassium
in 7 mins, and it seems to indicate the injection of 5cc of isotonic sodium
chloride increases the sodium concentration after 7 minutes.

Now, knowing that the electrlyte levels are altered by this procedure,
let us 2o on to consider the cardiographic changes that result in ezach of the
5 groups.

Because the cardiographic results in group 1 and 2, the notassium groups,
are so similar the results in these 2 groups will be presented together. All
enimals showed similar chenges but the degree varied slightly. Figure 11
illustrates the typie=l changes after 5,10 and 20 minutes., Although & slight
prolongation of the PR and QRS intervals was occasionally seen, these conduction
intervals still were within normal limits. The distinctive change in lead 1 is
an increase in the amplitude of the T wave. The extent of this increase is
between 5 to 1 mm, Since the T wave is often so small in the lead, this increased
pfominence also meant an increase in the duration of the QT interval but this
interval is still no longer than that encountered in other leads of the control
tracing, In lead 2, a similar increace in the amplitude of the T wave is often
seen but, in addition,the configuration of the ST and T is distinetly coved with
the takeoff of the ST elevated. This coving and elevation is seen in lead 3

also but not so regularly. The changes in the T waves were maximal in the 5



e

WAEReaIE
sEEsEREsEE:

I
T
}
1
i
E!

e ! EEEEL
S i
& ) T JE = -
g :
g =
il =
o ety s N
3 EEEREECE L
ke
Figure 11,

3 ec of isotonic KCl intraperitoneally. (a) control tracing.
PR = 0.04 seec. QRS = 0.0158¢c.(b) 5 min., after injection., Note increase height
of T waves,eoving of ST 2 & 3. (¢) 10 min., after. Note PR = 0,05 sec.

QRS = 0.02 sec. (d) 20 min. after. Note T changes regressing PR = 0.06 sec.
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and 10 minute tracings and were waning by the 20 minute tracing.

The animals in group 3 and 4, the icotonic scdium groups, showed very
similar tracings so these will be discussed together. In 2 tracings in group
3 and in 3 tracings in group 4,there was an increase in the height of ¢he T wave
in lead 2 of about %~- 1 mm. This change was epparent 2t 5 and 10 minutes. At
one hour sometimes these changes had regressed and occasionally were excgoerated,
Such changes in emplitude of theT in lead 2 were reflected to a slight degree in
leads 1 & 3. There was no distinctive alteration in the tracings and no constant

" change apparent in the tracings of 21l animals,

The tracings taken on the animals in group 5, the hypertoniec sodium group
showed similar changes in the height of the T vuaves. The only difference between
this group and the preceding 2 groups is that this change wes epperent in the
tracings of 5 animels out of 6. Fig. 12 demonstrates a series of trocings showing
the increase 1n the T waves.

Discussion & Summary: Here,then,is a quantity of potassiug which in

animals of this vweight definitely raises the serum level to an extent where 2
specific distortion of the ST & T waves is present without any of the rore
drastic changes of potassium intoxication being evident. This particulzar effect,
magnifying Tl, and coving and elevating the ST and T of lead 2 and sometives lead
3, wzs seen only when the potassium ion was present end was indepeddant of the
anion content. Since changes in amplitude of T2 were seen sometimes with the
injectiodﬁ5cc of isotonic sodium, some of the heightening in lead 2 might be due
to volume change or to a2 change in the base, However, it has been seen that
heightening of the T wave is very frequently seen with increasing potassium con-
centration (84). Neither the peaking of the T wave nor the narroiing of the base
of the T wave, previously reported: are seen here. The coving and elevation

seen here may be a species dif ference or else it may be that the potassium
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S ec of hypertonie NaCl intraperitoneally (a) control tracing
(b) 5 min, after injection. Note 8light inerease in height of T1l, inerease
of 3 = 1 mm in emplitude of T2. {e) (d) 10 and 60 min. after injection.

Similer to (b). Note no change in conduction intervals, Compare to figure 1l.
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concentration has not been inecreesed sufficiently to czuse a pecking or narrowing
of the T wave. It 15 interesting that Chemberlsin (86) has noted coving in lead
2 occurring occasionally with potassium administration in cats,

This change in the height of the T wave following the administration of
l1sotonic sodium salts is harder to evaluate. For one thing there was no control
for the Sce volume used. For another, the chznge was not seen constently in the
tracings on all animals, Again, although the hypertonie socdium produced this
change in more animals,it did not increase the extent of the change. And finally,
this change wes often zpparent and sonetime exagzerated in 1 hour. This might be
in keeping with the slower excretion of sodium but it might also be in keeping with

a more prolonged change in water balance or in ncid base balence with sodium ad-

ministration. It is thus impcssible definitely to attribute this heizhtening of
the T wave in lead 2 to any one factor. It seems probable, however, that there is
no specific toxic astion of csodium on the ﬁeart because an increase in this toxic
effect with the large increase in sodium dosage with the hypertonic solution would
have bteen expected. In any event,in this dosage,within the range of thercpeutic
possibilitybsodium does not msrkedly or zonstantly alter ths HCG,

One of the weaknesses of this experiment is that zon external control
group having tracings repested at 5,10,20 and 60 minutes was not done. ZPre-
viously it was noted that on subsequent days slight changes in the T wave may
be present (table 3),bu£ similar work was not done repecbing the tracing 2t close
intervels on *he scme day using smell additional doses of evipal. Although it
seems iwpr~baoble, it is possible that this increased height of the T waves might
be linked uwn with the »rolongation of the anesthesia.

Experiment 1I: The nrolonged administration of sodir— =and potzseium.

This experimeht w7as designed to determine vwhather *he serum conesatrtion
of thece ions could be roised with salts administered slowly,over a period of

time, If this could be done, the question was whether there was any specifiec

effect of this prolonged alteration of these electrolyte levels on the myoeardiunm
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as measured by the ECG,

The salts were administered in the drinking water. Albino rate of the
Wister strain will <drink and do well on & solution containinz sbout 1.72% sodium
chloride (183), For this work, it nes decided to zive as many sodium lons in the
selts as are present in a solution twice the isotonic concentrztion (18 grams/L).
The salts chosen contained metabolizable anions to minimize any sffect of anion
administration. Thus, sodium acetate (146) was given in a concen*ration of 25
grems/L and sodium citrate (146) was given in a concentration of 20 grams/L.
Because sodium is essentially an extracellular ion and potassium an intracelluler
one, the non specific effects of sodium administration can not be cont rolled over
a period of time by thgédministration of potassium and vice versa. However, the
number of potassium ions administered was equatéd to the number of sodium ions

administered,in the hcpe that the potassium salts would then be accepted as

readily as the sodium. Thus, potassium acetate was made up to 20 zrars/L and
pﬁtassium citrate to 31 grams/L.

The choice cf the period of time over “hich these ions should be
edrinictered was difficult. ZFrom sore previous o rk, (154) it hod been shown
that with theadministration of 1Y% saline the fluid intake rose until between the
10th and 15th day and then commences to fall. With stionger solutions of szline
tIs intake rises ond is maintzined at a high level for some time (153) But
using a metzabolizable salt of this concentration,it was not certain what would
havopen to the intake. In view of the fact that some of the projeéted experiments
would be long term and others short term, the choice was doubly difficult. But
since it was thought that mucﬁ of the work =ould be of 2 weeks duration or lass
and beccuse of the possibility thet the intekxe of thece salts might £2311 as the
intcke of isotonic szline fr]ls, a period of 12-13 deys was decided on.

In this experiment an internz1l control ECG was mot taken., Previously

1t has been shown that after a period of time some vatiation in the T wave
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might occur (table 4). Thus, slight changes in the szplitude of the T wave could
not be considered significant, Tracings from an external control group would
serve as a satisfactory contfol for more serious changes.
The experiment was then set up using female albino rats of the Wistar

strain, The animals were housed. 6 to a cage. and received Purina Fox Chow in

addition to the solutions listed below.

Average Average
Initial Final
Anirmals Welght Weight Salt Conc.,

Group 1 6 92 119 Tap water
Group 2 6 95 119 Sod. Acet, 25 gms/L
Group 3 - 6 88 102 Sod. Cit. 30 egms/L
Group 4 6 88 109 Pot. Acet. 30 ems/L
Group 5 6 94 113 Pot. Cit, 31 egms/L

The intake of fluid was charted dsily in each group. After 12 days,one
half of each group had an ECG. After 13 daysythe other half of each group was
done. On the 1Zth day, also, blocd was taken for serum sodium and potassium
analysis,. |

Results: It will be noticed,in the above table,that 211l zroups gzined
weight over the period of the experiment but the citrzte groups gained slightly
less than others groups with a comparsble initial weight.

The inteke of fluid is tabulated in Table B, It will be noticed that
the enimals drank fluid‘containing the acetate and citrate salts in marked excess
of tap water. Notice,also,that the sodium salts increased the fluid consumption
to a greater extent than potassium zzlts did>and that the intoke of scdium cit-
rate was greater than that of sodium acetate. This is interesting in view of the

fact that the sodium citrate group gained slightly less weight.
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Administerad ¥o. of Average Weight  Total Fluid Average Duily  4Average Daily
Salt. Animals (grazc) Consumption Consumntion Consumption
per cczalce) per cege (ce) per animal (ce)

Tap Water 6 92 1350 104 17

Sodium AC, 6 95 2350 180 30

Sodium Cit. 6 88 2690 207 39

Potassium Ac. 6 £3 2015 155 26

Potassium Cit. 6 94 1935 149 25
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ABLE 7
Following Oral Administration

SODIUM DETEHMINATION

Administered Salt. Ko. of No, of deys Average m e/l Range m e/1
Animals Salt adm,

Tap Water : 6 13 days 145 143.6-149
Sodium Acetate 6 13 days 143 125-150
Sodium Citrate 5 13 days 124.8 119-131

Potassium Ac &
Potassium Cit. =
groups combined 6 ¢ days 128 115-135

»

Necessary because several determinations in each group were discarded with
reagent precipitate.

POTASSIUNM DETERMINATION.

Administered Salt. No. of No. of deys Average m e/1 Range n e/1
Animals Salt., adm,

Tap Vater 6 : 13 4.6 4 - 5.4
Sodium Acetate 6 13 4.65 4 - 5,5
Sodium Citrate 5 13 5,15 4.9 - 5.4
Potassium Acetate 8 13 6,19 5.5 = 647

Potassium Citrate 6 13 6.25 4.9 - 7
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The first attempt at sodium end potassium analysis was unsuccessful
because, in the case of sodium, an interfering precipitate in the reagent was
forred and, in the case of potassium, rany needle like cryztals were formed
following refrigeration at too low a temperature. Both analyses were revested
on single samples. The results are listed in Table 7. It will be seen that, in
spite of this large sodium intake, the serum concentration is not elcv.ted at
the time of sempling. This may be beczuse compensation is effective with an
increased renal excretion, retention of water and a shift of intrascellular fluid
to the extracellular phase. 1t is interesting to note that sodium citrate,in
spite of the highest fluid consumption and the’sméllest weight gain,actually
aprears to lower the sodium concentratioh,as do the potessium salts.

From Table 7 also, it is apparent thet the potassium salts by mouth,
over this period of time and‘in this dosage, did raise the serum concentration
of potassium somewhet in most aninals.

Careful exemination of the ECG failed to revezl any distinctive altera-
tion. All the experimental tracings were either similar to the control tracings
or else were well within th» range of nomel thich was earlier established .

Summagz. This experiment has shown that the serum potassium concentra-
tlon can be raised over a period of 13 days by oral administration of a metaboli-
zable szlt but thaf this increase, acting for an undefined part of the 13-dcy
period, caused no alteration in the electrocardiogruphic pattern. It also has
shown thet the serum sodiunm concentration on the 13th day was not increased by
this procedure and that the hizh sodium intske for this length of time had no
effect on the ECG.

PART II. - The effect of variations in electrolytes on the myocardium

of adrenal ectomized animals.
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The experiments in this section were designed first to determine whether
as the serum and cellular potassium concentration rose and the serun and cellular
sodiua fell with adrenzlectomy, a typical electroc-rdicgraphic pattern developsd.
If it did, it seems desirable to find what influence the zcute administration of
sodium salts or potassium salts, as in Experiment I, would have on this pattern.
If, for instance,sodium improved the pattern,it might indicate thzt the adnormal-
ities were due to the low szrum or cellular sodium. Thus, by this procedure,
it might be posegible to attribute the chznzes in the ECG to changes in concentra-
tion of one ion or the other. To start with,then,me had first to ectablish the
electrolyte and cardiographic pattern following adrenc-lectomy.
i The experiment was set up using 30 male albino rats of the Wistar strain,

housed 5 %o a cage, drinking tap water and eating Purina Fox Chow ad libitum.

No. Animal Average Weight Procedure
Group 1 10 118 groms control
Group 2 22 103 grems adrenalectony

Every 2 days for 6 days,3 control animals and 6 adrenalectomized ani-
mals were to have an ECG and blood samples teken by heart puncture for sodium
and potassium analysis. The animals were to be selected at rsndom and discarded
after the puncture.

This experiment was started with the animals being adrenalectomized,

On the 2nd day,ECG and blood scmples were taken as planned., However, when the
cardiographic film was developed, it was found thet the tracings were hopelessly
distorted by alternating current interference, At this time, the lsboratory

was being rewired for fluorescent lighting. It was thought that this change was
responsible for the suddén appearance of interference. Despgite most strenous ef-
forts, this interference could hot be eliminated and mothing but grossly distor-

ted tracings could be obtained. This experiemnt had therefore to be abandoned.
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As a matter of fact,scuz 2 neeks were to elapse before this unexpected complica-
tion was overcome. By this time, attention had to be turned to other work, hoping
at & later date to return to this experiment., However,this proved to be impossible,
PART III. - The effect of varying the potassium concentration on an en-
larged heart.

Experiment 4. - Because DCA administration in high doses to young rats causes a

hypertension and enlargement of the heart (26) (27), because focal myocardial
necroses following the administration 6f DCA has been reported (41) (22), and because
of the marked alterations in intra-and extre-cellular electrolytes which occur
with this darug (20(21), it was decided to find 1f these changes were reflected in
the ECG so that later, the effect of administered salts on this pattern could be
judged. 4Accordingly, I joined in an experiemnt being done by Doctors S.M. snd

c.L. Frieaman. This experiment hed been set up by them =2s foilows, using male

albino rats of the Wistar strain,

No. of Average Treatment
Animal Weight (grams)
Group 1l 10 78 | Untreated Control
Group 2 10 68 DCA-Saline
Group 3 10 57 Pregnenalone
Group 4 10 76 DCA-Saline Pregnenalone

The animals were housed 4 to a cage and given Purina Fox Chow ad
libitum, Group 1 & 3 drank tep water and group & & 4 1% saline.

On the day 1 of the experiment,two one-third portions of a 75 mgm.
DC4 pellet were implanted under the skin of the back in the animals in group 2
and 4, On the l4th day,an additional one-third portion of & 75 mgm pellet was
implented. |

On day 2, pregnenalone (2 mem) in ©il was injected subcutaneously into

the snimels in group 3 and 4.

On the 15th day, blood pressure determinations were done by the
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Doctors Friedman under an ether anesthetic., Immediately after the procedure,an
ECG was taken while the animals were still under the ether anesthetic. The fol-
lowing day, renal function tests were done by the Doctors Friedmans and blood
szmples were taken for potassium determinations.

Results. Except for the cardiographic results, the findings of im-
portance to this work are presented in Table 8., It should be moted that this
B.P. procedure used by the Doctors Friedrsn is very well standardized. They
consider that,in the animals of group 2 and 4,the biood pressure 1s definitely
elevated, Notice that the heert weights are also definitely increased in these
groups receiving DC&-salipe.

The potassium anelysis in this experiment were done in duplicate.
From Teble 8, it will be seen that the average concentration,in the 2 DCiA saline
groups,is depressed in comparison to the control though not markedly. The range
of potassium concentration in thése animals is also, for the most part, lower
then the control renge. The pregnenalone group shows a slightly lower average
éoncentration than the control but the range falls almost into the control renge.

The electrocardiograms were taken under ether because initially ether
was the anesthetic used for taking the ECG, its disadventzges at that timeknot
being fully re&lized; Internal control tracings were not taken because the
cardiogrechic eguipment was not available in time. However, it was felt that
any gross distortion such as the pattern of ventricular strain or the flat T
waves of low potassium would be apparent,

Of the 10 enimals in group 1, the control group, there were 6 ICGs
taken. In each of the other groups, there were 8 tracings taken. The fact that
the animals were under either @t the time of the tracing makes interpretation
very difficult. TFor instance, the only mejor change present in group 4 was a
prolongzation of the PR interval (o#er .06 secs.) appearing in 3 trecings (fig. 1Sa)i

But it hes been previously noted that en ether znesthetic mey sometimes cause



TABLE 8

Group 1 Group 4
Untreated Group 2 Group 3 DCA-Saline &
Controls DCA-Saline Pregnenalone Pregnenalone.

No. Animgls- 10 10 10 10

Average Init-

ial Weight (gm)78 68 57 71 °

‘Average Final

Weight (gms) 120 112 109 106

B.P. in mm. Hg.

(Friedman) 86.8 117.5 . 93,5 113.2

Heart Weight :

mem/100 em2 173.6 198.6 179.6 205.8

Average Serum 6 determ. 5 determ. 7 determ. 7 determ.

K conc. m e/l 5,7 4 4,83 3.9

Serum K ‘conc.

rangs m e/l 4.4 = 6.7 2.8 - 4,9 4,1 - 5.8 2.5 - 4.9
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Figure 13.

(a) ether anesthetic; DCA = saline - pregnenalone.

Note prolonged PR

interval 0,07 - 0.08 sec., (b) PR = 0,06 sec. T 1 & 2 flattened,
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dropped bects thouszh this was not seen in the control zroup hers, In «d<ition,
ether may cause a nrecipitent drop in serum notassium conesntrestion (157). wWhether
this disturbence in A-V corduction is dus to the low serua potassium (13F) csused
by ether or DCAjor whe*her it 5 a direct effect of the ether alcnz is not the
guestion. The point is thatRDCA effect csn not be definitely s2id to be the
eause of this »nresngation of the PR intervel.

Lo T waves were seer in 2 tracires from group . (fiz. 77b) This
was not seen in znother group even thougr +the B.P., he-rt weight, and electro-
lyte chenges were affected sbout eguelly in group 2 & 4. In addition, an inter-
nzl control was lacking as well cs a renge of normzl variction with ether. Thus,
no confidence can be placed in these low T waves either,

There was no other essentizl chunge seen in any of these tracings.

Swmary. All that can be szid of this experiment is that this dose
of DCi and s2line for this length of time, did not produce cny regulzrly oceur-
ring alteration in the ECG pattern although an electrolyte change was produced.
No confidence cen be placed in the changes that did occur in some trzcingsybe-

cause of the ether snesthetic.

Experiment 5. Since in the previous experiment there were some chenzes of un-
certein significance seen in a few tracings following DCA administrztion, it was
thouzht that the effect of DCA should be re-assessed under evipal anesthesia
where the range of normal had been well work:d out. In adéition, in experiment
4, it was apparent that the majority of the experimental animals hed a normal
tracing. It therefors seemed important to extend the period of time over which
the DCA was zctive in the hope that a larger percentage of enimals would show =z

change in the ECG., Although this time factor would rot be so importznt if the

TG zbnormalities were due to a functional disorder connectsd with the elzctrolyte

change, it would be very importamt if theplterations were due to z structurasl
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change connected with the hypertension or a prolonged electrolyte clteration.
Certain workers, including Selye (28%ihave shown thzt potassium admin-
stered with DCA will prevent the fzll in serun potassium concentretion but does
not prevent the cccurrence of hypertension and other lesions. Provided that elec-

trocardiogrzphic abnormalities were caused by prolonged DCL adminicstration,it

’

wzs woncered if the administration of potassium would prevent the eppearance of
the ebnormal electrocardiograthic vattern.

Just at this time,Doctors S.M. and C.L. Friedmen had an experiment
well underwey whizh wss suitable for determining the effect of prolonged admin-
istration of DCA in large doses on the ECG and the effect of potassium on this
electrocasrdiograshie pzttern if one were to develop. This experiment was set up

as follows with male £lbino rats of the Wistar strzin.

No,., of Average
Welght
Animals Initial (grems) Procedure.
Groun 1 10 65 untreated control - tsp water,
Group 2 10 66 drinking 1y, KC1
Group 3 12 68 DCA & tap water
Group 4 12 70 DCA & 1% KC1

The animals were housed 4 to a cage. They received Puriné Fox Chow
ad libitum in addition to the fluids detsiled zbove.,

On day 1 of thic experiment,a oné-third portion of a 75 megm pellet
of DCA was implanted under the skin of the back of the animz2ls in Group 3 and
4., Over a period of 28 subsequent days, 4 additional one-third portions of a
75 mgm pellet of DCA were implented one at a time at intervals varying fiom 4
to 14 deys into each of the animals.

The potassium was administered as 1% KC1.
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Internal control ECGs.7ere not taken oh these animals for the
éxperiment Wwas underway before it was re=lized thet it would fit in with this
work, However, it seemed likely that any gross abnormality develobing in the
ECG of the trested animal would be apparent in compzrison to the external con-
trol znd in comparison to the Imown range of rormal.,

At 35 daysythe blood pressures were taken by Dr. Friedman =nd were
found to bz distinectly eleveted in both DCA groups (Table 9), At this time
also ECGs were tcken on 4 snimals in group 1 and on 4 in group 2, while tracings
were taken on 3 animals in group 3 end on 3 in group 4. DPBecsuse all these tracings
were within normel limitc, it was decided to carry on with the experiment for an
additionel 2 weeks. Thus,on the 37th and 42;ﬁay,another one-third portion of a
75 mgm pellet of DCA was implanted into the animals of group 3 end 4,

On the 50th dzy, ECGs were tzken on 10 znimals in ezch group except in
group 4 vhere 9 tracings were tzken. Blood pressure determinations,using ether,
hed been done' by’ the Doctors Friedman on the previous day. These workers, during
the course of renal function siudies,on the 50th daysobtained blood szmples for
potassium enelyses. 'Yhe animals were killed and heart meights obtained.

Results & Discussion. The results important to this work cre presen-

ted in Tsble 9. The weight gains, as judged by the azverage, are almost ecual,
the DCA group gaining slightly less than the others. 1t will be seen that the
blood pressures are distinetly elevated in both groups receiving DCA, In these
grouns also,the hecrt weight is markedly increzsed. The potassium determinctions
were done on 8 samples. The first analysis run in duplicate, shtowed a separation
in values of such a degree thet it wss felt that the analysis was unreliable.
Thusya second determinution was done on a.single sample and these results are
shown in Teble 10. In most cases,values from this second single determinztion
agreed closely with one or the other values obtained on the first duplicate

enalysis. These agrecing values were felt to be relicble. If those values from



TABLE 9.

Group 1 Group 2 Group 3 Group 4
Control KC1 DCA DCA & KC1
No. of Animals 10 10 10 9
Average Ini-
tial Weight
(grams) 85 66 68 70
Average Final
Weight (gm3) 237 233 209 224
B.P. 35 day 103.8 106.2 135 128.4
mmiHg.
(QF) 50 day 108.8 109.6 121.8 144
Heart mgm/100
cm2 weight 199 197 245 249
Averagé Serum 8 determ. 8 determ. 8 determ. 8 determ,
K conc. (m e/1) 4.1 4 3.3 3.4
Rangs of Serum
Ko CONnc, (m e/l) 5.4 - 5 3025 - 5.4 205 - 40'7 2.4 - 5
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the single determination,which did not closely agree :ith one of thé previous
duplicate values,were discarded, there wes no significant clteration in the
average figure or in the ringe =zs presented in Teble 10,

In some cases, DCA administration ccuced a loweriny of potascium below
the range of normal azs shown here but not in all cases as the average and reange
stows. The oral administration of 1% potassium chloride in zroup 2 did not
increase the serum potassium concentrstion cs measured on the 50th day in contrast
to the ulteration csused by 2dministering a more concemtrated metabolizuble sult
geen in Experiment II., The administration of this amount of potassium in group 4
was not sufficient to prevent the slizht fz211 in potassium concentration czused
by LCA in this dosage over this length of time.

The BCGs in the control group and in the potassium chloride group
were mithin nogmal linits,as were the blood pressures and heart weights. In each
of the DCA-trested zroups all tracings were normal with one exception in each
group. These two &bnormal tracings are very dissimilar.

The ébnormal trecing in zroup 3 is shown in fig. 14b along with a
tracing tcken on the\65th day (fig. l4a). The latter trzcing cppesrs to be with-
in normal 1limits. The blood pressure on the Z5th day in this animal was 148 mm
Hg. and on the 50th d=y 14%:5&4 On the 20th day,also;tha serum potessium con-
centretion was 2.5 m e/l. Betwesn the 38th =nd ©O0th dey the tracing chenged.

In lead 1 cnd 2 and,to a lesser extend,in lezd 3, although the rhythm is rezular
and the PR intervel constant, the complex of the one beat is somevhat different
from the next but similar to the 3rd, while the second beat is similar to the
4th, In lead l,the diff:rence is epparent in a deepening of the J wave, an in-
creased heizht of the T wave, and a slight change in the shape of the ST and T
configuretion. In the second lead, the 5 wave 1s decper on every alternafe beat

and the T slizhtly higher. In the 3rd lead,every other R wave is splintered,



Figure 14,

(a) Tracing taken 35th dgqy of DCA administration. Probably within
normal limits. (b) Taken on 50th day. In lead 1 note increase depth of S
wave every other beat and slight inerease in height of T, Similarly lead 2.
In lead 3 notice slight splintering of R wave every alternate beat. In all
leads note increased height of T waves compared to previous tracing. (¢)

Another animal after 50 days. Note depression of ST2 & 3 and inversion of

T2 & 3,
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In compﬁrison to the previous tracing, all T waves are markedly increased in
amplitude. In conjunction with the other chsnges, this marked increase in amopli-
tude may belof.same importance..

The czuse of this variation is pattern is not certain. In view of the in-
creased emplitude of the T wave, it seems hardly likely that the changes are due
to a functional zlteration connected with the lowering of the serum potassium
concentration. The animal was not obviously anoxic as the tracing was taken, o
that this was probably not the czuse of the increased amplitude of the T wave,

It does seem possible, however, that the electrocardiographic changes are con-
nected with a structural defect associated with chronic hypertrophy, for this
pattern may represent a variation in the conduction pathway invthe ventricles

and ventricular conduction disorders are often seen in hypertensive heart disease
(155) .

The abnormal tracing in the DCA-KC1 group is shown in fig. l4c. There is
no previous tracing on this animal but such changes have not been seen under other
circumstances. Here, in leadyz and 3, the ST is depressed and the T wave smzll
inverted. The potessium cqncentration in this case wa2s 3 m e/1 and it seems
possible that this is responsible for the change, although other factors might
as easily have been important., Other animals had potassium levels as lcw or
lower than this and showed no similar change but there is a veriation in the
potassium concentration at which different sub jects show ECG chonges.

There is one factor that further complicates the interpretation of these
tracings. It will be rscalled that blood pressure determinations under ether
mere done in these animals on the day prior to ths teking of the E2Gs. It is
. conceivable that this etler anesthetic might have been responsible, it least
in parst, for gome of these changes, =lthough it is improbable in that similar

shenges were not seen in the control group.
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Thus, this experiment shows thet DCA in lerge doses over a period of
50 days does not always lower the serum potassium, and does mot cause any regu-
larly occurring ECG abnormalities, only 2 out of 19 trestzd enirmnls showing any
marked changes, The prolongation of the PR interval, seen under ether in
Experiment 4 in the DCA-saline group,was not seen here with larger doses of DCA
alone over a longer period of time using evipal., The diminished height of the
T waveyin 2 tragings in Experiment 4,may still be due to a variation occurring
with the ether anesthetic,though it seems a 1little more likely now that the
finding was connected with the low potassium. It seemed obvious that4if an
abnormal ECG pattern was to be produced fairly regularly by DCA due to the
effect of either the sustained slectrolyte changeé or hypertension on the heart,
the drug would have to he active longer than 50 days or else reinforced with
saline over & long period. Also it was suggested that,ifﬁchanges in serum
votassium with doses of DCA of this order were to .be prevented,larger emounts of
potassium would heve to be administered in the drinking water.

It was planned now to procede to renal hypertension and to DCA pre-
duced hypertension which had been operative for a longer period of time; If
an sbnormal pattern could be produced in a large enough number of enimals to be
significant, the effect of the administration of various salts administered zc-
cording to experiment 2 or to experiment 1 would be tested. Unfortunately,
this plan could not be carried out. |

PART IV:~ The effect of varying the electrolyte concentration on
the acutely damaged heart.

On page 29 the theoretical possibilities concerning the potassium

concentration in the zone surrounding the necrotic area have been discussed.

Briefly, knowing that in the alarm phase of the general adeptation syndrome there

is en increase in serum potessium,and knowing. thet disintregating muscle cells

lose potassium, it was wondered how importent those alterations were to the
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function of the acutely injured myocardium particularly the myocardium surround-
ing the injury. Two possibilities were suggested. First, the fibres in the zone
around the injury are further hsndicapped by the loss of potassium and potassium
administration in non-toxic doseé might be beneficial. On the other hand, the
second proposition su:zgests that there is an sccumulation of potassium in large
amounts in the exudate surrounding the injurx_which furfher impedes the function
of the surrounding fibres’cnd en agent lowering the potassium might be beneficial.

To start with, then, how was the myocardiﬁm to be injured? Without
an elaborate set-up for maintaining respirations, it seemed obvious that an operas
tige procedure involving thoracotomy would have to be done very quickly. Under
the circumstences, tieing off the anterior descending branch of the left coronary
in these small znimals secmed almost impossible. The idea was to ceuterize this
artery as close to its origin azs possible, In a number of animals the following
operative procedure was worked out.

The animal was anesthetized with evipal 12 mgm per 100 grams. Ether
wes not used because of its possible distortion of the ECG and because of danger
near the open fleme. With the evipzl, caution had to be used in administering
the anesthetic for, if respiratory depression developed, the increazsed respiratory
effort compensating for *hs thorazotomy did not epvear, and this lack of respira-
tory response seemed to be fatal in some of the »nreliminary vork,

The animal was placed on its back and turned'a little to the right,
The left fore-limb was taken up over the left shoulder and clipped to the towel-
ling there, The fur was cut over the left anterior chest. All instruments were
boiled. An incision was made about 1 cm to the left of the mid-sternzl line from
the lower margin of the thorax to just below the left shoulder. The muscle was
separated until the ribs and intercostal muscles were well exposed. The tip of

a pair of pointed scissors was inserted between the ribs on a level with the
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lower inside margin of the cardize notch, Then the thorzele wall was cut upward
on a line with the left extremevof the notech. The chest was then spreed by means
of artery forceps placed on each cut mergine. It is importsnt not to spread these
margins too widely,for the fine pleurél and pericardial membranes are attached
at the mid sternal line and,if these membranes are stretched too ﬁuch, the pleura
from the right side may bulge dangerously to the open.side with respiration. In
a preliminary 0peration’these stretched membranes ruptured,

Following this incision, the heart is easily visuelized in most znimals
In some large animals with a deep thorax, the heart mey be vary desply placed in
the chest znd be felatively inaccessible or else it may move up toward the inci-
sion and move back de2p into the thorax with respiration. This latter type,
particularly, is difficult to handle repidly.

4s soon as the heart is exposed, a round probe with a flat tip 1 mm in
diameter is heated rapidly to‘red heat in an open fleme. This hot tip is then
applied to the heart. At first, the upper part of the intraventricular grove
was aimed at, in an attempt to czuterize the antecrior descending branch of the

left coronary. This proved to be hazardous, however, for the right ventricle is

S0 thin walled, even a touch of the hot probe punctured it and the enimal died
of haemorrhage. After a time, therefore, the region to the left of the inter-
ventricular grove and just down from the auricle wes injured in the hope that
large branches of the vessel would be caught, (Experiment 6), but,if this was
not regularly accomplished,the degree of injury was variable so that a more
localized area of damage of more egual magnitude was preferred,and thus the
thick tip was injured (Experiment 8 & 9). In searing the tip,there was very
little danger of piercing the heart or of injuring a large arterial branch., It
should just be ment ioned that in intmducing the hot probe into the chest, care

must be taken not to injure the pleural membrane from the other side.
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As soon as the heart is injured,the thorax is rapidly closéd with silk
sutures, three usually being sufficient. Cautidén must be exercised in this for,
if the needle is large, as it was in Experiment 6, too deep a bite may be taken
which may catch the heart or pericardium in the suture. A small no. 16 curved
surgical cutting needle seemed to be the best.

The skin edges are temporarily held together with artery forceps and,
as quickly as possible,a needle on a 5cc syringe is inserted through the chest
wall and the air sucked out. Frequently, frothy pink foam is seen in the syringe
as the lung re-expands and hits the needle, From the time that the thorax is
‘openedyuntil this procedure is done,about one and a half minutes elapse. The
skin is then closed with cliﬁs. Very.little bleeding is apparent in this opera-
tion. If eny is seen, it can be quickly stopped by applyipg an artery clamp

briefly.

In the following experiments in which this operative technique was
employed, thefe were only 2 immediate Operative deafhs in 65 operations (3%).
0f course, the big question is the artificiality of such an experimental pro-
cedure, In the human, acute myocardial injury is usuzlly caused by acute anoxia
while here it is caused by heat., In humen infarction, moreover, the worst damge
is deep seated while here it is superficial. The human is subjected often to
.severe pain while these animels are enesthetizeds On the other hand, the animals
undergo an operation which must be severely shocking in itself. However, in
cpite of these differences, the procedur; was adopted because it seemed probable
that in acute myocardial injury the resulting chan;es in and around the area of
injury are probably very similar regardless of the immediate cause of injury
whether it is enoxia or heat. This was, of course, an.assumptién but in the

hops that it was a reasonable one, these experiments were undertaken.
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Experiment 6. = This first experiment was a preliminary one to determine first,

1f the thoracotomy per se, had any effect on the ECG, The next guestion was
whether this type of myocardial injury prodﬁced any diegnostic change in the
ECG and, if so, when was this change fully apparent, Another problem was thether
there was any change in the serum potassium level at the time when the ECG
changes were pronounced, And finally, was there any alteration detectable in
the adrenal caused by the procedure? |

The eanimals used were male albino rats of the Wistar strain, They
were made up into groups as follows:

Group No. of Av, Weight Weight Range  Procedure

Animals (grams) (grams)
Group 1 | 10 £28 140 - 350 A Untreated control
Group 2 8 272 190 - 330 Thoracotomy - sham
operated.
Group 3 8 295 270 - 330 Myocardial Injury

The enimals were housed 4 to a cage and received Purina Fox Chow and
tap water ad libitum,

A control 4 lead ECG was taken on all animals the day previous to
operation, The sham operated group had the chest open for approximately as long
as the group in which the myocardium was injured. A4ll burns were placed just
lateral to the interventricular groove about half way betweeﬁ the tip and the
aui-icle. All experimental enimals had a tracing taken on the 1st, 2nd, and 3rd
post-operative (P.0s) day, while é controls were checked on FP.0.2 and 2 on P.0.3,
On the 3rd day, because distinctive ECG changes were seen by this time, blood was
taken for potassium analysis. The animals were killed, then, and autopsied. The
grogs appearance of the heart was noted especislly. The adrenﬁls were weighed,
Then the hearts and adrensals were sectioned and stained with H & E.

A8 sald before, internal control tracings were done on all animals,

Unfortunately,s of these tracings in the thoracotomy group were ruined during
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 development of the film oning to a technieal error,

A 4th lead was taken on these animals at the level of the ziphi-sternal
junction about 1 cm off the mid-line., Several factors combined to make these
tracings exﬁremely variable, In addition to those factors mentioned previously
(pége 43),in these casesythe heart may be shifted due to the thoracotomy, the
electrode may be shiftéd by the position of the incision, and the chest wall
may be swollen. Thus, changes in this lead must be distinct, and even at that,
they are considered to be only confirmatory of some change occurring in lead 1.,

Results: Before going on to consider the cardiographic and pathologi-
cal changes in these groups in detail some figures will be presented illustrating
the ECG findings of acute myocardial injury in the rat.

vIn fig., 15 a & b,two tracings on an animal in group 3 are shown
The control tracing is within normal limits. On P.O.z,a Q wave is prominent in
the standard leads. R2 hardly reaches above the isoelectric line. T 1 and 2
and, to a lesser extent,T4 are sharply inverted. This isﬂﬁost markedly abnormal
pattern of injury which hes been seen. In fig. 15 ¢,d,e, the more usual pattern
which devélops in the myocardial injury group is seen. Here, on r.0.1, ST1 is
elevated while 1 is snell inverted., By P.O.$}the T waves in lead 1 and 4 have
become deeply inverted and T2 has become flat. The pattern seen in these tracings
1s the more usual pattern of this acute ante;ior myocardial damage. In the summary |
which appears in table 1@, the large letter T represents such marked and typical ‘
findings as those shown in'fig. 15 and indicates,at least,that T1l, and often T4
s well, has become distinctly and constantly inverted.

The seriles of changes in fig. 16 are not nearly so striking. Here the
changes are of a lesser degree and»are less constant., On Pvu‘l,STl is variedble
but is sometimes slightly elevated., On P.0.2, T1 is variablé being small in-

verted or flat, On P.0.3, the ST end T segments are slurred and depressed and
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Figure 15,
Pattern of acvte myocardial injury. (a) corntrol (b) P02 Nets prominent
QL& 2 & % and irverted T1, 2 & 4. (¢) (d) (e) znother animal., (e) zontrol

(@) P0 1 ST 1 elevated., T1 small inverted. (e) P02 Tl & 4 deeply inverted T2

flat .
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Figure 16.

{a) control (b) PO 1 STl slightly elevated. Tl may be very small

inverted in last complex. {¢) PO 2 ST1 # Tl variable. STl occasionally

elevated T1 small inverted or else flat, (d) PO 3 ST ¢ T segments in lead

1 slightly depressed below isoelectric line, T4 occasionally small inverted.
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T4 is small inverted. Trecings in which there are only minor changes in lead 1,
and in which there are come supporting changes in lead 4, sometimes more marked thar
here, fall into one category. This cstegory, where the changes are not so marked
or constant, aere considered to be suggestive of myocardial damage and the trac-

ings are designated by the letter 8 in table 10.

& series of tracings which does not show any definite (T) or sugzestive (S)

abnormzlities in the ZCG but only such variations as may occur in uninjured re-
peat tracings are considered within normal limits and are referred to as N in
Table 10. (fig. 20).

Table 10 has been set up in an attenpt to correlate the pathological and
cardiographic findings. The externzl cqntrol group hzg not been tabulated here
in that all tracings were within normsl limits and in that there was no abzcrmal
findings in the heart grossly or microscopically. We have already seen how the
ECG findings are to be classified byitﬁe letters T, S, end N A npumber appearing
aftar these letters will indicate the PeUe day on which the most marked change in
the T wave is apprarent,

At autopsy, in the gross, the induced injury on the myocardium usvally ap-
peared as a distinet white spot about 1lmm in diameter surrounded by an area of
purplish or reddish discolouration. This type of injury, which was usual, is
referred to in table 1@ as & 2. If this burn penetreted the myscardium so thet
there was a distinct defect in the gurface, it is classified as & 3, If this
burn was smaller,as if only a light +touch had been made,'it is graded as + 1. If,
as occasionaliy happened, @ second light burn was placed on the ryocardium becmuse
of uncertainty regarding the first attempt, a # 1 wus added to the grade. If an
accident occurred, such as catching the myocardium in a stitch by taking oo deep
a bite with the needle, the severe inflamuetory injury is considered & 4.

Another factor, of which note must be made, is the degree of pericardiitis,

This vas difficult .to gzge soretimes because the haemopericardium, resulting from
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the heart puncture prccedure, accasionzlly obscured it. A += 1 is used to decignate
the slight alrost unavoidable adhesion of the parietal pericardium to the site of
incision, A # 2 indicates that this udhesion shows thickening and inflammatory
change. A4 ¢ 3 indicates that thls zdhesion also involves the visceral pericerdium
so that there is a bzand of tissue from the incision to the heart, often at the
gite of injury. Included in this grading,also,are those hecrts which are free
in the pericardial sac but in which there is a grossly visible znd distinet fib-
rinous visceral bericarditis. 4 + 4 indicates thet the heart is firmly adherent
to the incisional site but not caught in a stitch.

The microscopic findings are difficult to tabulate. For one thing,
only 2 sections were cut off éach block in the same placeyso that the micros-
copic findings con not be graded, serial sections being missing,. Usually;under
the microscopé in thﬁé type of injury,an arc of very deep steining rwscle
bundles with no nuclei is seen extending in from the epicerdizl surface. Around
this is an ares of inflammatory cell infiltration, empty muscle shd@hs and
fibroblastic proliferation. In table‘lo,"injury confirmed™ will indicate this
picture, Other findings are presented in an abbrevieted synopsis.

On consulting tsble 10, it will be seen 2 of the animals in the tho-
rocotomy gzroup show the typical ECG changes of myocardi=l damcge. At zutopsy,it
was found that in using a larsze curved needle, e suture had been passed through
the tin of the left ventricle in the animals., The whole tip was swollen pale and
necrotic-looking and in the microscopic section, practically the full‘thickness
of the vantricles wes destroyed, the uscle burdlaes being replaced by inflszmatory
cells =nd fibroblosts. din ef?ition, there were two other :snirmzls siowing a series
of truacings in which there were minor changes suggestive of myocardial injury (3).
At autopsy, in one, there was evidence of a fibrinous visceral paricarditis and
the microscopic showed an inflarmatory infiltration into the myocardium beneath

thie pericarditis., In the other,there were no visible involvement of the visceral



TABLE 10

see text,
PATHOLOGY
Gross Microscopic
Animel Degree Degree
No. ECG Injury Pericard.
Thoracotomy 634-1 N & 1
-2 N + 1
-3 N + 1
-4 N & 1
635-3 S + 3 Patch peric., with
inflam infiltr,
-4 T3 + 4 - 4 Severe inflem in
ventr. wall
636=2 S + 2 Patches peric. with
inflam. infiltr.
-4 T2 s 4 + 4 Severe inflam. in
ventr. wall.
Myocardial
Injury 637-1 T3 2 * 4 Injury confirmed.,
-2 T3 -2 -3 " "
-3 53 + 2 + 1 " "
-4 T2 + 2 s 2 " " some deep
inflam. infiltr,
638=1 83 » 2 & 1 " "
-2 S2 ¢ 2 + 2 " "
-3 T3 ¢ 2 - 3 " "
-4 N + 2 0 " "
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pericardium but in microscopic section there were 2 spots of pericarditis with
inflgmmatory infiltration beneath., All thece thoracotomy enimnals were operated

onk%uccession end the suggestiqn is that there wWas some chﬁnge in technique so that
‘the myocardium was injured by the needle. At any rate,it was felt that there
was sufficient evidence of myocardial injury founi at autopsy to account for these
ECG changese.

In those 4 thoracotomy eanimsls in which thére was no evidance of myo-
cerdial demage,the tracings were all wifhin normal limits. It is unfortunate that
the internal control trecing is not available but certainly it can be said that

in these 4 animals there is no suggestion of a varietion from the normal renge.

In the myocardial injury group, it will be seen thet 4 enimals show

definite chenge (£), 3 show suggestive chenges (S),end 1's'ows no diagnostic
change (N}, Most of these animals showed abqut the same degree of myocardial
injury,except for 2 animals 637-1 and 637~4, In the first of these,the tip of
the heart was involved in a dense acdhesion to the site of the incision,and under
the adhesion, the myocardium appéared white and necrotic. In 637-4, the: heart
& visceral pericordium were free from adhesion,but the tip of the heart beyond
the injury appeared white and necrotic aﬁd,on microscopic,deep inflammationwasseen. 21
Possibly, in this cése the major blood vessel to the tip was involved,
Thoractomy, without injury to the heart, does not seem.to distort the .
ECG. But beczuse the heart wasg injured in ¢ instances in the thorapotomy group,
the results of edrenal weight and potassium.concentratipn in these injured animals
are included in the myocardial injury group. This decreases the number of
Fhoracotomy‘animals to the extent that the values in this group are not sufficient
to be statistically signifieant.

In Table ll,the average adrenal weights and the results of the potes-

sium dsterminations are given. The =zdrenal weights in the myocardial injury
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group are practieally the same as in the control group. 1In additionymicroscopic
examination vith an H & E stein revealed no significant difference iﬁ appearance
in the 2 groups. After 3 deys, there was,thenyno change in the adrenals as
revealed by these methods of exaﬁination.

The blood for potassium determination was taken 3 days after injury
when most of the ECGs were showing‘most distinctly evideﬁce of myocardiﬁl domage .
All szmples were cnalysed in duplicate and these duplicates were so closa they
wee averaged. It seems obvious, from Table 11,that the serum potassium concen-
tration in the myocardial injury group is not significantly different in’average
or in range from the controls,

Discussion: It might be Wonéered why a;l the animels in the myo-

cardial injury group did not show marked electrocardiographic changes indicative

of injury. There is no ready enswer to this question. The degree of injury is
about the sameyexcept for the 2 animals mentioned above. The positions of these
injuries were all about the same, and a slight difference in exact position did
not seem to be responsible for one animal showing a typical change and znother
not. The intensity of surrounding reaction in the myocardium may be the res-
pdnsible variable but this can not 56 judged from out data. The exzet time of
the tracing may also be a factor, that is, the tracing may not have been taken

at a time when injury would have been most apparent electrocardiographically.
There is a suggestion from the data in Table 10, that the degree of pericarditis
devéloping may be the varieble factor. Thus, when there was no evidence of peri-
carditis, no electrocardiographic evidence of dumage developed (638-4). In the
myocardial injury group when pericarditis was minimal (¢ 1) the changes were only
sugzestive (S8) in spite of definite myocardial injury (637-3, 638-1). But, on the
other hand, the changes were only suggestive with the same degree of injury and

a greater degree (+ 2) of pericarditis (637-2). Also, in animal 637-44a = 2

pericarditis associated with a more serious injury, showed marked changes. If
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the pericarditis is severe and involves the myocardium, it, no doubt, increases
the myocardial injury and contributes to the distortion of the ECG (635-3). But
the degree of pericerditis does not seem to be the only varisble explaining the
difference in the cardiographic patterns developing,

In the future an attempt would be made to decrease the degree of
of pericarditis by exercising extreme caution in suturing. Also, the position of
injury, would be changed to the tip to avoid involving a large artery. It was
hoped that these maneuvers would reduce the variability in the extent of injury.

Summary: Thus,in this experiment,several important facts have been

demonstrated. Pirst, with myocardial injury,there was no change in the serum

potassium concentration at a time when changes in the ECG were marked. Similarly, .

no change could be demonstrated in the adrenal weights or appearence under H & E
stain at this time. 1In addition, the patterns of acute myocardial injury in the
ECG were seen and these patterns were classified. This pattern was usually most
marked by P.0.3 as far as the T wave inversion was concerned. In 1 case, myocar-
dial injury did not alter the ECG, There was an indication for shifting the
positioh of the injury. A4nd finally, it seemed fairly certain that pericarditis
involving the myocardium may produce abnormal patferné and contribute to the
pattern of myocérdial injury.

Experiment 7. The purpose of this experiment was to test the effect of raising

‘and lowering the potassium concentration on the electrocardiographic pattern of
the acutely damaged heart. There had been no demonstrable change in the serum
potassium concentration at a time wheﬁ there was a marked ECG change following
injury. Nonetheless, it was felt that there might still be marked local change
in patasSium concentration and distribution around the area of damoge. Some
indirect evidence for this local change in potassiumtfurfher inhibiting myo-

cardial function. might be provided,if raising or lowering the potassium improved,
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or, on the other hand, exaggerated,the ECG pattern of acute injury.

The Experiment was set up as follows using male albino rats of the

Sherman Strain.

Average
No. of Welght Weight Procedure
Animal {grams) Range (gms)
Group 1 7 99 88 - 106 Control
Group 2 7 122 108 - 138 Myocardial Injury
untreated
Group 3 8 124 112 - 145 Myocardial Injury
potassium
Group 4 8 126 108 - 140 Myocardial Injury
DCA

The animals were housed 3 or 4 to a cage., They all received Purina
Fox Chow ad libitum. 4ll animals,except those in group 3,drank tap water. An
internal control 4 lead ECG was taken on all animals on the day prior to operation.

These animals were considerable smaller than previously used so that
more caution was exercised in injuring the heart - that is the hot probe was
touched more lightly to the surface of the heart. The burn in this experiment
was placed in the region of the tip of the left ventricle., For suturing the
chest, a small curved needle was used and extreme care was taken in this step
80 that neither the heart nor the pericardium would be caught in the suture.

Because the animals in the potassium treated group were roughly com-
parable in weight to the animals used in experiment 1 & 2, they received potas-
sium in the same dosage intraperitoneally each time and in the same concentration
in the drinking fluid. Thus,the animals in group 3 received an injection of 3ce
of potassium chloride intraperitonially three times a day at roughly 6 hour:
intervals in the concentration used in experiment 1 (11.56 grams KC1/L). In
addition, the group was given potassium citrate water to drink in the strength

used in Experiment 2 (30 grams K c¢it/L) and this they consumned at the rate of
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40 - 43cc per cage per day for 3 days. The total fluid intake, therefore,
for these animals per cage,was approximately 90 - 95cc per day compared to an
average water intake in the control group per cage psr day of 10Occ,

DCA was used to lower the serum potassium concentration. Three one-
third portions of a 75 mgm pellet of DCA were implanted into each animal in group
4 at the time of operation under the same anesthetic, ZBach pellet was implanted
in a different position under the skin of the back.

An ECG was taken eacch day for 3 days post-operatively on all
experimental animals., The tracings were taken on the animals in the same order
in which they were operated so that there was practically the same time interval
between the operation end the tracing in each animal., In the external control
group, 7 animals had a tracing taken on P.Oe¢2 and 2 on P.0.3,

On the 3rd P.0. day,after the ECG had‘been taken, blood samples were
taken for potessium snalysis by heart puncture. These samples were drawn about
6 hours after the last potassium injection. Shortly thereafter,the animals
were killed and an autopsy done, lyocardial sections were cut and stained with
<H. & E.

Results: Two animals in the external control group died, one with
the evipal and one with a severe ™twisting disease™, One animal in the DCA-
treated group died on P.0.2 and one animal in the KCl-treated group on P.0.3,

At autqpsy,the lungs of both these injured animals were fourd to be dull red andA
onc section oozed pus. In both animals there was also a purelent pericarditis
and pleuritis. Here, then, was another factor, infection,which would have to

be controlled in future.

Table 12 was composed to demonstrate the pathological findings in re-
lation to the ECG, The same grading anﬁ symbolism is used here as was used in
the previous experiment. Marked ECG abnormalities, such as were seen in fig. 15,

are represented by the letter T, Less distinctive changes, as seen in fig. 16,
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are suggestive of myocardial injury snd are designated by the letter S, 4And a
series of trzcings showing no more chzuge than is compatible with normal veria-
tions are syﬁbolized by the letter N, The day upon which the I wave change is
most marked in designzated by a post-script nurker. |

The pathological changes are presented in the same way aléo. The
usual finding is a white spot about l%mm in diameter with a surrounding purplish
or reddish discoloration. ‘'hese are gfaded + 2. Less injury than this are re-
ferred to as &+ 1. Those burns which are deep with an apparent defec£ in the sur-

face continuity are graded as & 3. Occasionally in operating on these animals

(1 case),not being certain that the hot probe touched the heart, a second definite

burn was plsced on it. ;f such is the case, 1 point is.added to the grade.

Pericarditis is désignated ags * 1 for an adhesion of the parietal
pericardium to the incisional.site. * 2_indicates thet the parietal pericardiun
is more firmly adherxent and,in addition,shows evidence of inflammatory thickening.
If the visc;ral pericerdium and heart are involvéd in this inflammation so that
there is a band connecting the hezrt to the incisional site or else a distinet
fibrinous pericarditis is visible érossly, it is graded & 3. - If the myocardium
is firmly adherent to the incision,it is graded ¢ 4.

Sections were examined under the microscope but, o oftén the cut
had apparcntly missed the area of injury, that these findings are not included
in the table, In those slides where the injury was seen, the microscopiec pic-
ture was identical to that seen in the previous experiment.

Table li'does not include group 1, the external éontrol group. In
this group,there was no marked variation in the series of tracings and neither
was there any significent finding at autopsy.

Table 12 presents some very interesting findings. In group 2, the

untreated injury group composed of 7 animals, it can be seen that 3 animals

developed marked ECG changes in lead 1 & 4 classified as T. In these enimals
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the injury was &+ 2 to ¢ 3 and the pericorditis & 3 to & 4. One animsl showed
less marked but suggestive (S) changes with 2 & 2 injury and & + 2 pericarditis.
Three other enimals with a & 2 injury and a # 1 to + 2 vericarditis showed no
diegnostic change. Thus,4 animals out of 7 showed some cerdiographic evidence
of injury. |

In group 3, the potassium treated injury group,compqsed of 8 animals
one of Wbiph died on the 3rd P.0O. day of purelent pericarditis pleuritis and
pneumonia, a much greater number showed marked ECG evid:nce of demage. Six
animals show the marked typical changes and are classified as T. The se enimals
showed an injury ranging from ¢ 2 to ¢ 3 and a pericarditis renging from # 1 to
+ 3, One additional animal shows suggestive changes with an injury of + 2
and a pericarditis of & 1., There 1s only 1 animal who does not show a change
suggestive of damage and at autopsy this animel showed z & 2 injury ond « + 3

pericarditis. It should be noted that 2 animals (685-2 and 686-1) showed major

ECG changes with a degree of injury and pericarditis that in the other groups did
.not cause such marked'abnormalities. Thus, in this gmoup of 8, all but 1 showed i
soﬁe cardiograghic.evidence of demmge. 1
In the group treated with DCA, out of 8 animals, one ¢f vhich Aied on
the 2nd P.0O. day of 2 purelent infection, there are only 2 animale showing dis-
tinet changes. Both of these show an injur; of e 5. One shows only # 1 peri-
carditis while the(other F-s a pericarditis of # 2. In the rermaining 6 tracings, ; 

there 1is no dimgnostic change despite an injury ranging from ¢ 2 to ¢+ 3 and a

rericarditis ranging from 1 to & 3. Thus,in the group,there are only 2 out of

8 showing ECG evidence of injury.

One thing ° shown in the table on close examination is that there is
almost the same degree of injury and of pericarditis in each group. Just to il-

lustrate this, the average injury in group 2 is 2.14, in group 3,1t is 2.25,and
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see text.
Group Animal ECG & day Degree Degree
No., Injury Pericarditis
B 1 683-.1 N + 2 & 2
Injury -2 TS r 3 * 3
Untrested __ -3 T2 s 2 s
684-1 S2 * 2 °- 2
-2 N + 2 + 1
-3 T2 + 2 + 4
-4 N + 2 + 1
i.ii, 685-1 T2 + 2 + 2 purelent - died P03
Injury -2 T2 + 2 s+ 1
& -3 ‘ T2 +» 3 3
K1 -4 T2 + 3 + 2
686-1 T2 + 2 ¢ 2
-2 T2 & 2 + 3
-3 S + 2 +1
-4 N + 2 + 3
iv 687-1 N + 2 + 3
Injury -2 T2 + 3 2
& -3 N > 2 ¢ 2 rurelent - died P02
DCcA -4 N ¢ 2 ¢ 1
688=-1 N + 2 * 2
-2 N + 2 ¢ 3.
-3 T3 + 3 s 1
=4 N - 2 + 1
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and,in group 4,1t is 2.25., The average nericarditis in group 2 is 2.28,1n group
3)it is 2, and in group 4,it is 1.88. Although averaging is an artificial device
here, in that it doesn't show the verious combinations of injﬁry and pericarditis,
it serves to indicete that the groups are closely comparable pathologically.

In teble 13 the serum potassium concentrations in each group are
presented. The potessium determinations were done on duplicate sarples. The
duplicete values obtained were so close as to render the determinations reliable,
In the control groupy there are only 5 animals;because 2 died,but, because these
control values in average and 15 renge are very close to the large control group ﬁ
shown in Table 1%, these concentrations probably represent a2 re liable sarple, |
It will be noticed that the potassium level hes not been olevated by the injec-
tion of potassium three times daily and its administratipn in the drinking water,
But 1t should be emphesized that the samoles were drawn é hours from the last

injection, In addition, the animals had been anesthetized prior to the sampling,

when the ECGs were tzken,and had,ths refore, probably not been drinking o great
deal that day. At any rate, all that can be szid of these snimals is that the J
potassium intake was high., It seems fairly certain however, that three‘times
dailysfollowing the intraperitoneal injection of potassium,there would be a
transient rise in serum potassium concentration as this group is comparable in
weight to the gmup in experiment 1.

It will‘be seen from table 13 that thsre is a significant decrease in
the average serum potassium concentration and arlower reace of concentration in
the DCA treatad group. Thus, DCA in this dosage,in 3 days,exerts & potassium
effect. . |

Discussion & Summery., One thing that this experiment seems to indicate }

is that a high potassium intake and transiently high serum potéssium effects the

heart advérsely as measured by the ECG in comparison to the control group. In the



POTASSIUM DETERMINATIONS

TABLE 13

Group 1 Group 2 Group 3 Group 4

Injury Injury & Injury &
Group Control Untreated KC1 DCA
No. of Samples 5 7 7 7
Average
K. conc. m e/1 4,95 5.03 4,74 3.37
Renge :
K conc. m e/1 3.87-6 3,37-6.25 3,87-5.6 2,5-4.4
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control group, 4 animals out of 7 showed ECG evidence of damage, 3 of them showing
marked evidence. In the potassium-treated group, not only did more animals develop
cafdiographic changes (7/8], but also more showed marked ECG abnormalities (6/8),
even when the injury end péricarditis were not expecially severe, This finding
is particularly interesting in view of the fact thet Sharpey Shefer (128) found
that the administration of potassium in acute myocardial infarction in the human
exaggerated the pattern of infarction, and increased the inversion of the T waves.

On the other hend, lovwering the serum potass;um with DCA in this dosage.
seems to be of some benefit to the heart as méasured b7 the ECG. In the control
group, 4 animals out of 7 presented some ECG evidence of myocérdial injury and 3
of these showed marked changes. In contrzst, in the DCA treated group,only 2/8
developed ECG abnormalities or, if the animal dying on P.0e2 is discarded, é/?
This diffefence is not marked but it is suggestive.

The numbers used here are probably not sufficient to be certain, but
the suggestion seems to be that raising the potassium intake to a high level is
a further handicap to the acutely injured heart as measured by the ECG while
lowering the potassium is of some benefit electrocardiographically. This effect
of raising and lowering the potassium on the ECG in acute injury is rather a
paradoxicel one. In the normal =nd chronically injured heart, potassium adminis-

tration increases the amplitude of the T wave, while here it seems to exaggerate

the inversion of the T wave. On the other hznd, in most cases, lowering the v

potassium tends to a flattening and inversion of the T wave, while here lowering
the potassium tends to meintain the T wave. Thus, this evidence may possibly
indicate)indirectly,that in myocardial injury there is an accumulation of potas-
sium locally which is further interfering with the action currents of the heart.
If this were the case, these experimental findings would be understandable,

It seems probable that the result seen following potassium treatment

is reliable in that it essentiallv aszrees with Sharnev-Ghafame Ainad_
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human. On the other hand, the effect of DCA is no rore than suggsstive. It
might be wondered if the effect of DCA is due to its potassium lowering effecf
or to some other effect such as increasing the sodium. Or else, it might be
said that the effect of DCA is dﬁe to its favouring the develorment of counter
shock phenomena. But Selye (105) voints out that DCA seems to be valuable in
this respect only in certain special conditions, such as potassiur intoxication
and severe dehydration. The value of DCA in potassium intoxication might fit
in withzbeneficial effect suggested here, if this theory of localized potassium
concentration were accepted., The fact that the findings in this experiment are

complimentary may indicate that the DCA effect is due to lowering the potassium.

Experiment 8. The purpose of this experiment is to confirm the beneficial effect
of DCA on the electrocardiographic pattern of acute injury and to investigate it
further. It was decided that the experiment should be done oﬁ e large group of
animals to try to cover more fully variability in the extent of injury and
pericarditis. .in addition, it was decided that penicillin should be.given to try
to prevent bacterial infection which was a variable factor killing 2 animals in
the previous experiment. Further, it seemed that & more severe injury was needed,
so that not only could survival rate be gaged, but elso so that a greater per-
centage of enimals would develop the pattern of injury. The experiment would be
allowed to run longer because of this survival rate study and also because, by
prolonging the duration, the speed with which the abnormal ECG returned to normal
could be seen;

The experiment was set up using male albino rats of the Wistar strain

as follows:

No. of Average Weight Range  Procedure
Animals Wt. (zms) (grams)
Group l‘ 6 101 88-108 Uninjured Control - peni-
cillin
Group 2 16 96 © 76-124 Injury & Penicillin

Group 3 16 94 76-110 Injury & Penicillin & DCa
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The animals were housed 3 - 4 to a cage and given Purine Fox Chow

and tap water ad libitum.

In the week previous to operation, all animals had & 4 lead eslectro-
cardiogram teken as an internal control. Three hours before the operation com-
menéed, all animals received éOOO units of proczine penicillin in 2% aluminium
monostearate. The usual commercial strength of this preparatidn is 300,000 units
of penicillin per cc. To dilute this, sesame oil was used, on the advice of the
manufacturer, 1 cc of this commercial penicillin was made up to 10 cc, so that
1 cc contained 30,0CC units. Then, 2/10ths of a cc was injected under the skin
of the back so that the delivered dosage was 6000 units. The external control
group also received this dosage so as to control any possible effect of this drug
on the ECG, This preparation is said to maintain penicillin blood levels for
about 96 hours (156). An sdditional dose was administered on the lst P.0. day.

At operation, the same hot probe was used, but a éreater effort was
rade to burn the heart severely in the region of the tip, This was accomplished
btholding the probe on the cardiac surface longer and by exerfing pressure on
it. Once again, the greatest care was taken in closing the thorax to awid
cétching the hezrt or pericardium in the suture. |

In group 3, irmediately following the operation, while the animals

were still anesthetized, 3 one-third portions of a 75 mgm pellet of DCA were

implanted under the skin of the back, each being inserted in a aif ferent position,

Following the operation, the 4 lead: ECGs on the experimental animals

were repeated>0n R.0.1,2,3,4, and 6. The cardiograms were taken in thé same
order as the operations were performed so that therewas approximately the same
length of time between o?eration ana tracing in each animal. The control group,
receiving peniecillin, had repeat standard ECGs done as follows; on P.0.1 there
was 2 animals doﬁe, on P.0.2 there were 4, and on P.0.4 the full group was done,

On the 7th day’all animals were weighed, killed and sutopsied. A
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gection of the heart was taken for'microécopic study.

Results: Two animals in group 2, the untreated-injury - penicillin
group, died during the course of experimenf. One animal was found ddad on P.Ue2
At autopsy, there was no evidence of infection and the only finding of note was
the cardiac injury. The second animzl died on the P.0.4 but this result is not
so clear cut as the other deéth. This dnimal, weighing 116 grems, was given 11
mgm of evipals TFor at leuzst 20 minutes after this, it was under surveillsnce and
appeared in good condition., Very shortly thereafter, the animal was found desd.
Usually, if evipal alone is responsible for death; it kills the animel in 10 to
15 minutes after the injection. Also, it should be noted that this dose is not
a high one and had been well tolerated 4 times previously. The suggestion is
that, because of the myocardial injury, the éniﬁal's resistence wes very low and
the added insult of evipal was just too much,

In tablé 14, the initial weights are compared to final ﬁéights. It
will be seen immediately that fhe injured =nimals have'gained welght alrost eas
guickly as the control group. In addition, it will be seen that both injured o
g_mﬁps have gained weight at almost the same rate.

The ECGs of the control group all remained within normal limits., These
animals presented no significant finding at autopsy.

The electrocardiographic and pathological findings will be summarized
in seyeral tables and figures to followf The microscoplc sections were unfortun-

étely of little value in this study because serial sections were not taken and
vefy few of the sing;e sections transected the actuai area of injury. In those in
which the area of injury was sectioned, there were a few deep-straining muscle
bundles apparent in an area of empty sheaths and fibrobastic proliferation. At the
epicardial surface an accumulation of inflamratory cells was visible. This whole

area of damage extended irregularly into the myocardium.



TABIE 14

WEIGHT TABLE

Initial Weight Final Weight
Group No., of Animal Average Range No. of Average Range
(grams) (grams)  Animal (grams)
Control 6 101 £38-118 6 153 130-180
Injured -
Untreated 16 96 76-124 14 - 143 130-164
Injured DCA 16 94 76-110 16 142 122-158
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In table 15, the unteeated-injury - penicillin group, andX%able 16,

the DCA-injury - peniecillin group, the electrocardiographic patterns which dev-

eloped are opposed to the gross pathological findings. These findings at autopsy ,

are not so easy to classify, principally because after 7 days the injury was not
s0 well defined, and because after 7 days adhesions involving the heart were

often very firm gnd, in separztion, the surface was sometimes torn. In some

céses also, the injured area seemed to be covered with a thick gelatinous material
meking the injury appear less defined.

The burn usually anpears as a yellow point about lmm in diameter.
Arounc this are zones of reaction, the whole being about 2 - 3mm in diameter.
Soretimes around the point & hyperemic zone is visible and then next a pale area.
Soretimes tiny red points are visible in the surrounding area. This type of
finding is graded & 2. If a definite indentation at the point of injury is ap-
parent, it 1s graded as & 3. A question marks beside the figure mesns it was
Verybdifficult to estimate the burn exactly because of tearing in separating
an adhesion.

The pericarditis is graded as before,+ 1 indiceates a fine adhesion of
the parietal pericardium.+ 2 indicates inflammatory involvemént of the parietal
pericardium. & 3 indicates that there is an adhesion or pericarditis involving
the visceral pericardium and heart, and & 4 indicates a firm adhesion of the
heart to the incisional site. |

The ECG pattern developing is represent=d as before by a T, which
means a marked elteration of pattern particularly an inversion of Tl and 4, by
an S, which means minor changes suggestivg of myocardial damage and by an N which
means no significant alteretion. The post script number indicates the F.0s day on
which the changes, particularly in the T wave, are most marked.

These tables 15 and 16 should be examined together. It should be noted

thatyas groups,the degree of injury and degree of pericarditis are very similar.



TABLE 15.

Groun & - Injury - Penicillin Group
Animal No, ECG'. Degree of Degree of
. & PO Doy Injury Periczrditis.

691-1 T3 + 2 + 2 |

-2 S2 + 3 + 2 Died PO.'.’: (see text)

=3 T2 ¢ 3 + 4

-4 T2 + 2 + 3
692~-1 T2 + 5‘ » 3

-2 T2 + 2 + 4

-3 T3 .3 + 4

-4 T3 ?aé 4
595-1 T2 r 2 +3

-2 T3 + 3 + 3

3 S2 + 2 s 1

w4 T2 + 2 + 1
é94-1 T + 2 + 1 Died on PO2

-2 T2 + & s 3

-3 T3 + 22 » 4

-4 T2 s 2 * l‘




TABIE 16 ’

Group 2 = Injury - Penicillin - DCA Group.

ECG : Degree ‘Degree of
Animal No. & day of Injury Pericarditis.
696-1 T2 + 2 + 4
-2 T2 + 2 a- 2
-4 T2 + 2 ~ 3
697=1 T2 + 2 + 4 1
-2 T2 + 2 > 3 |
-3 T2 +3 s 2 Ei
-4 N + 3 + 2 :
698-1 S2 + 2 : + 4
=3 T2 £ 3 r1 E
-4 N + 2 & 1
699-1 T2 + 2 + 1 I
-2 T2 L] s 1 1
-3 T2 * 2 ¢ 4
-4 S3 & 3 & 3
700=-1 S2 + 2 + &
+ 4

-2 S2 ¢ 27
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If these grades are averaged again, the degree of injury in the untreated group
(table 18) is 2.37,7mile in the treated group (table 18) it is 2.31. The average
degre> of pericarditis In ths former group ic 2.69,while in the latter it is 2.56.
In table 1S,there are 10 animale with a & 2 injury ond 6 with a + 3, while in
teble 16, thers ere 11 anirsls with a &+ 2 injurv 2nd 5 with 2 + 3. In cach grou»
.also,there are 5 animals with a & 4 pericarditis and 4 with a ¢+ 1. In the un-
treated group,there are 5 animals with a + 3 pericarditis and 2 with a # 2,mhi le
in the treated group,there are 3 with a ¢ 3 and 4 with a ¢ 2, Thus at autopsy,

in the grbss, the groups seem to be compareble,

The electrocardiographic findings in these compecrable groups are in-
teresting. In the untreated group (table 15),14 out of 16 developed a definitely
gbrormal pattern (87.5%), 9 by the second day, 4 by the 3rd,while 1 died on P.0.2,
Two additional enimals showed less marked but suggestive changes. (12.5%). Thus,
16 animals out of 16 gave ECG evidence of myocardial injury.

In the DCA treated group,l0 animals out of 16 developed merked ECG
ebnormalities all of which developed by Pf0-2 (62.5%)s Four additionel animals
developed lsss m=rked suggestive changes, 3 by P.0.2, and 1 by P«0e3 (25%), There
were 2 animals who showed no ECG evidence of demage (12,5%) though definite
evidence of demzge was present at asutopsy.

Table 17 has been compiled in an attempt to show the cardiographic
progress of each animal over the 6 day period. All tracings on all animals
obviously can not be presented. In lieu of this,tablézhas been composed. The
P.0. days are reﬁresented in the vertical columns., The T or S is listed in the
vertical column corresponding to the day on which the most marked chenge was ap-
perent and preceding the T or S are the figures representing the degree of injury
and the degree of pericarditis, in that order, taken from table 1% and 16.

The letter R represents full recovery of'a normal pattern. Because

Tl is so often small, in the order of 0 - 1 mmn, and because variation in the
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height of the T wave does occur nommally, the tracing is said to have returned
to normal if the affected Tl segment has become perfectly isoelectric, for a
distortion of this T segment below the line is not seen in normezl animels, Iead
4 cen not be'included in the estimation of recovery becsuse it is so poorly
standerdized. Fig. 17 illustrates a typical tracing (T) which has raturned to
normsl (R). The letters PR indicate Mpartial recovery" - that is the aﬁnormal
pattern is regressing but the T segment is still distorted and below the iso-
electric line., Figure 18 illustrates a series of tracings which are judged as
having partially recovered (PR). thg‘that the ST & T éegments in lead 1 are
. still below the isoelectric line. The R and PR are entered into the column
representing the P.O. day on which the imprbved pattern was apparent. 4n A
appearing in the 6th day column indicates that the tracing still remains grossly
abnomel. (fig. 19). An N indicates that the slight variations throughout the
series of tracings ére within normal limits (fig. 20).

The untreated and treated animais are placed in adjacent columns and
grouped on the basis of the degree ECG abnormalities to fascilitzte comparison.
Of those animals with a T patpern,it will be seen that the DCA treated animals
recover a normal pattern mofe quickly than the untreated group., Thus,in the DcA
group having a T pattern, at 3 days one animal shows recovery and at 4 days a
total of 4 animals have recovered a normal pattern. If recoveries in the S
group are includedyit is seen that 2 more enimals have recovered by 4 days making
a total of 6 (42.5%). In the untreated group,in cont rast,  -there is no full re-
covery by the 4th day in the T classification but 1 animal in the S group has
recovered for a total recovery of 1 (1£16 = 5,5% or 1/14 not counting dead animals
= 7.1%).

By the 6th P.0s day, in the DCA group, 7 out of 10 animals having the
T pattern have fully recovered and 4 out of 4 having the S pattern have,also,

making a total of 1l animals fully recovered as gaged by the ECG (78% = 11/14).
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TABLE 17,
Progress Table - see text.

Untreated ' : DCA - Treated.
POST OPZRATIVE DAY ’ POST OPTRATIVE DAY
Animal Animal , .
NQ. 2nd ard 4th 6th No, 2nd 3rd 4th 6th
691-1 2:2:T ‘PR PR R |696=1 2:¢4:T PR R
=3  3:4:7T | PR -2 2:2:T PR
-4  2:3:T PR PR -4 2:3:T R

692-1 3:3:T PR PR | 697-1 2:4:T PR
-2 2:4:T PR PR PR -2 2:5:T ' R
-3 3:4:T PR PR =3 3:2:T R
-4 3:4:T PR | 698-3 3:1:T R

693-1 2:3:T PR PR | 699-1 2:1:T R
-2 s 3T A -2 \ 3:1:T PR PR
-t 9:1:T PR R -3 2:4:T PR PR R

694-1 2:1:T died

-2 2:3:T PR PR . R
-3 2:4:T VA
_:-4 2:1:T — PR R N
691-2 | 3:2:5  died 698-1 2:4:3 PR R
693-3 2:1:S R 699-4 3:3:S PR R
700-1 - 2:2:5 PR PR R
— -2 2:4:S ,_=___.13

697-4 3:2:N N

698-4 3:1:N . N
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Fizure 174

(a) control (b) PO 1 Note inverted TL & 4. (c) PO 2 Tl & 4 more
inve~ted (&) PO 3 T4 more inverted. (e) PO 4 = Pertial recovery. Tl & 4

less inve~ted (f) PO 6 - Recovery,T sezment in lead 1 iscelectrie.
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(a) control (b) PO 1 = T1L # 4 small inverted. (c) PO2 =Tl +» 4

more inverted {(d) PO3 Similar to previous tracing. (e) PO 4 = T4 less
inverted. (f) PO 6 Partial recovery, ST and T segments in lead 1 still

depressed below the isoceleectric line,
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Figure 19.
(a) Control (b) PO 1 = T1 small inverted. (c) PO 2 = T1 & 4 deeply
inverted. T2 & 3 flatter. (d) PO 3 (e) PO 4 (f) PO6 - tracing still remains

grossly abnormal.
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This leaves‘only Shanimals in the DCA treated group thet have only prrtially
recovered. No tracings remain grossly abnormal. It will be recalled that 2
animals never showed an abnormal pattern,
In the.untreated group,by the 6th P.O« day,only 4 out of 14 animals

having a T pattern had fully recovered so that the total showing mecovery, in-

cluding the 1 in the S group, by 6 days is 5 (5/16 = 31% or 5/14 if the dead
animals are not cQunted = 35%). 7 animals showed partial recovery and 2 tracings
remained grossly ebnormal, In addition, it will be remembered that 2 enimels
died.

It is interesting to compare the progress of animals in each group
having the same degree of injury, pericarditisAand ECG change. Thus, compare
animal 692-2 in the untreated group to znimal 696-1 and 69¢-3 in the treated.
Bach animal shows a T pattern by P.0.2,but,.by the 6th day,both the DCA animals
have fullylrecovered while the untreated animal has not. A similar comparison
can be made between untreated arimals 691-4, 693-1 and 694-2 and the treated
animals 696-4 and 697-2. The treated animals both show full recovery by the 4th
day while only 1 of the 3 untreated animals shows recovery by the 6th day, the
other two showing only partisl recovery.

Summary & Conclusions. To summarize the results of this experiment on

quite a large number of anim=le, it should be emphasized that the DCA-treated
animals developed the marked pattern of acute injury less frequently then did
untreated animels (62% to 87%). In addition, more animals in the DCA group
4developed minor suzgestive changés than in thewtreated group (25% to 12.5%).

Then again, 2 animals in the treated group did not even develop an abnommal
pattern in contrast to the 2 animals which died in the untrezted group. L1t should
be noted especially that, in those DCA animals heving an gbnormel pattern, the
normal ECG pattern is regzined more readily then it is in untreated enimals

(at 6 days 78% to 35%). Two animals in the untreated group have a markeclyabnorra ]
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pattern by the 6th day whereas no such prolonged change is ap arent in the
treated group.

PART IV - CONUIUSLIONS. It is essential at this ﬁoint that caution

]

be exercised in the interpfetation of these results for several reasons. It is
well to re-emphasize the artificiality of this type of cardiac injury. This
experimental work was done in the hope that the change in the heart around an
area of injury,regardless of whether the cause of the injury was anoxia or heat,
were similar. This assumption is a very broad one and one fof whieh no justifi-
cation has been presented., ‘'thus, the results‘do not justify conclﬁsions beyond
those applicable to acute myocardial injury ccused by an epicardial burn follow-
ing thoracotomy. Next, attention rust be directed to the fact that, althouzh
such results are apparent in the albino rat, they are not necessarily applicable
to other species. Thus, staterents concerning this work must be confined to

the albino rat. ‘he last caution is probably the most necessary one to sound,
This concerns electrocardiography. First, ere those hearts which showed marked
cardiographic changes more handicapped‘than those developing less marked changes
or those not developing changes? Although there is some justification for the
broad statement thet the more ebnormal the ECG the more handicapped the heart,

it can by no means be said to be always applicable, In addition, it should be

pointed out that, although the electrocardiogrephic apparatus records electrical
events objectively, the interpretation of the tracing is an intensely Subjective
matter, .This becomes especially important in the interpretation of border-line
tracings. In these experiments, after certain criteria were laid down, the
tracings were classified, But another observer might classify the border-line
tracings differently. This device of classification on certain rigid criteria mc
be deceptive, For instance, in experiment 8, trécings in which the T segment re-

mained distorted below the isoelectric line were classified as PR and those in

which the T segment became perfectly isoelectric were classified as R
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This concerns electrocardiography. First, ere those hearts which showed marked
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pointed out that, although the ele ctrocardiographic apparatus records electrical
events objectively, the interpretation of the tracing is an intensely Sﬁbjective
matter, .This becomes especially importent in the interpretation of border-line
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mained distorted below the isoelectric line were classified as PR and those in

which the T segment became perfectly isoelectric were clessified as R
L]
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Using thescriteria, the results obtained in experiment 8 are tabulated. Now,

although there was often a distinct difference between tracings in the 2 classifi-

cations, in the border-line cases, where the T segment was just slightly below the
isoelectric line, there was onljé minor difference., Suppose those T segments which
are almost isoelectric, but not quite, are classified as R, a ﬁarked change in
the statisties results, There would be 5 more Rs in the untreated group and 2
rore in the DCA treated. Now, not counting the dead enimals, 10/14 in the un-

treated group would have recovered (70%) whereas in the treated group 13 out of

the 14 animals showing an abnormal tracing would have recovered (93%)« The
comparison of these percentages does not count the 2 animal dying in the untreated
group and the 2 animals not developing a change in the treated group, nor does it
show the greater rapidity with which the DCA-treated group recovered, but the
comparison,although it is still indicates a favourable effect of DCA, is not so

distinctly in its fewur. Thus, this emphasizes how this type of classification

may be deceptive and in addition, how dependant these results are upon inter-
pretation.

Bearing these limitations in mind, certain conclusions are suggested
by these experiments., The eléctrocardiogram of the albino rat whose heart has
been injured by aﬁ epicardial burn following thoracotomy seerms to show a pattern
of injury more frequently if potassium is edministered end less frequently if DCA
is given than injured control animals do. In addition,DCA-treated animals seem to
recover a normal electrocardiographic pattern more rapidly. It was postulated
that following myocardial injury, potassium accumulates in excess around the zone

of injury further impairing function and it is possible that the det:imental
effect of potassium sdministration and favourable effect of DC4A administration,

with the resultant lowering of potaSSium,indirectly;lend some credence to this

postulate,
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These experiments are certainly encouraging to further work. They
should probably be repeated using not only cardiographic evidence but such
other evidence aé survival rete and performance tests. They should be repeated
on another species in-which coronary occlusiin is a practical procedure,and yet
in whom the many factors such as ags, breecd, et cetera, are controlled)and in
whom the ECG is well standardized. If similar results were qbtained,it might
theﬁ be worth extending the thoughts expressed here to the treatment »f acute

coronary occlusion in the human.



Surmary of Experimental Work.

1)

2)

3)

4)

5)

6)

The choice of animels was considered.

The electrocardiographic apparatus was described, a suitable anesthetic
found, and a standard posture adopteds The norms=l ranges in the albino
rat were established vith the influence of sex, weight, end strain being
considered., The variations in the normal p2ttern which cccurred on a
subsequent day and after a month in the same animal received attention.
Chest leads were briefly discussed.

The means of‘administering potassium and sodium, both acutely and
chronically, within the range of therapeutic possibility were estzblished,
the effect on the serum concentrations and on the normal heart as measured
by the ECG being noted.

Experiments to find the effect of variations in the concentrations of

the se ions on a cardiographic;pattern developing in the adrenalectomized
animal, had to be discontinued in its initial phases,

An experiment to find the abnormal cardiogrzphic pattern developing after
the administration of DCA &nd saiine for 12 days,d th a view to finding
later the effect of administered salts on this pattern,revealed abnormal-
ities in only a few tracings despite the fact that the potassium concenf
tration was dimiﬁshed and the heart weight and blood pressure increzsad
in the groups receiving DCA-saline. Becausc ether anesthetic was used,
little confidence could be placed in the slsctrocardingraphie findings.
In snother experiment, DCA wzs administgred in large doses, as well as
potassium chloride alon;énd in conjunction WithrDCA, 2ll ov=r a B0 day
period;’ The séxum.potaésiﬁm concentration wros sqmewhat diminished in

22ch group receiving DCA wheress the heart weights «nd blood pressures

in these groups were increased. However, only 2 sbnormal tracings were

—



7)

8)

9)

10)

11)

seen, Further work was projected but not undsrteken,

A method of inducing a myocardiel injury is described which involves
thoracotomy and an epicardial burn.

A preliminary exrveriment mas performed to establish the cardiographic
pattern of this acute injury. Potassium concentrations were determined

end the adrenzls weighed, at the time when the ECG patterns were marked,
but no change was found. The effect of tho racotomy per se was considered.
The cardiographic znd gross anatomical findings were clessified.

An experiment to show the effect of potassium administration and of DCA
administration, for its potassium lowering effeet, on this pattern of
acute myocardial injury was undertaken. Potassium administration increéeed
the number of animals showing marked electrocardiographic abnormalities in
comparison to the injured control group and DCA diminished the number
showing‘cardiographic chznges. All three groups were roughly comparable
pathologicelly in the gross. The theeretical jmplications of this result

were considered.

A further experiment on the fevourable effect of DCA was undertiéken in a
large number of enimels, not only to confirm the effect suggested in the
previous experiment, but also to judge the effect of DCA on the recovery
of the electrocardiogrephic pattern. DCA appeared to exert a f=vourable
effect in this type of myocardial injury in thet fewer animals develoPed
the pattern of severe injury and those that d4id, recovered more repidly

in corparison to the untrested injury group. The groups were fairly com=-

~ parable as to the degree of injury in the gross

.

Certain cautions in the interpretation of these experiments were sounded



and yet a hypothesis that would explain these results was suggested.

Plans for further work were projected.
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