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ABSTRACT

The effects of fresh and oxidized isoproterenol, epinephrine, metanephrine,
dihydroxymandelic acid, vanilmandelic acid and adrenochrome on the mechanical
function and ultrastructure of the isolated perfused rat heart were studied. In contrast
to fresh isoproterenol, isoproterenol oxidized for é to 8 hours decreased contractile
force, maximum rate of force development and maximum rate of relaxation. Hearts
perfused with oxidized isoproterenol (100 mg/1) were unable to generate contractile
force in about 35 minutes, and showed a marked increase in resting tension. Although
fresh isoproterenol at high concentrations employed in this study did not show an increase
in contractile force, the maximum rates of force development and relaxation were
increased in comparison o control. Both fresh and oxidized isoproterenol decreased
times for peak tension and for 1/2 relaxation. The hearts perfused with oxidized
isoproferen'ol, but not with fresh isoproterenol, showed other ultrastructural damage
which is commonly seen in myocardial necrosis. The absorption spectrum of the
oxidized isoproterenol solution resembled that of adrenochrome. The ability of the
solution of isoproterenol oxidized for 16 to 24 hours to depress cardiac function and
induce necrosis was markedly less than that of the one oxidized for 6 to 8 hours.
Perfusion of isolated hearts with epinephrine or metanephrine siQniFicanHy increased
contractile force. Vanilmandelic acid and dihydroxymandelic acid did not alter
contractile force development, whereas adrenochrome (50 mg/1) caused a decline in
contractile force with complete disappearance of contractile activity by 30 minutes.
The increase in contractile force with epinephrine (50 mg/1) was associated with an
increase in resting fension .and maximum rates of force development and relaxation,
and decreases of times for peak tension development and 1/2 relaxation. Hearts
perfused with adrenochrome showed an early decline followed by a steady increase
in resting tension. Maximum rafes of force development and relaxation were reduced
and times for peak tension development and 1/2 relaxation were increased. Hearts
perfused with adrenochrome (50 mg/1) but not epinephrine, metanephrine, dehydroxy-
mandelic acid and vanilmandelic acid, showed ultrastructural damage characteristic
of myocardial necrosis which was evident following 10 minutes or more of perfusion.

Adrenochrome concentrations of 10 or 25 mg/| altered the appearance of mitochondria



after 30 minutes of perfusion. These results are consistent with the view that oxidation
products of catecholamines, but not catecholamines per se, are responsible for
inducing myocardial necrosis and failure.

Infusion of epinephrine (1 mg/1) during perfusion with adrenochrome partially
maintained confractile force during the first 15 minutes of perfusion but did not alter
the severity of ultrastructural changes due to adrenochrome. Reduction of adrenochrome
in solution by ascorbic acid, dithiothriotol or cysteine resulted in an increased severity
of ultrastructural damage. Increasing the Ca®™ or K¥ concentration or decreasing
the Na™ concentration of the adrenochrome containing perfusion medium partially
‘maintained contractile force but increased the severity of ultrastructural damage.
Reducing the K concentration of the medium did not alter the failure of contractile
force development but increased the severity of necrosis due to adrenochrome.
Reducing the Ca™™ or increasing the Mg™™ concentration of the perfusion medium
completely prevented myocardial necrosis due to adrenochrome. Omission of Mg*™
from the perfusion medium did not alter either the time course of contractile failure
or the severity of necrosis due to adrenochrome. The calcium antagonist D-600
reduced the severity of adrenochrome - induced ultrastructural damage, but normal
structure of the sarcomeres was not maintained. The o - receptor blocking drugs,
tolazoline and dibenamine, and the adrenergic neuron blocking agents, quanethidine
and bretylium, did not alter the development of contractile failure and necrosis due
to adrenochrome. The B - receptor blocking compounds, propranolol and practolol,
effectively protected the heart from adrenochrome-induced necrotic damage, and
partially prevented contractile failure. The hydrazine - type monoamine oxidase
inhibitor, iproniazide, completely prevented ultrastructural damage and partially
maintained contractile force development in adrenochrome perfused hearts. The
non-hydrazine type monoamine oxidase inhibitor, tranylcypromine, partially protected
the isolated heart against adrenochrome necrosis, but disruption of mitochondrial
structure was still seen. Tranylcypromine did not significantly improve contractile
force development during adrenochrome perfusion. These results for the most part
parallel the influence of similar ionic and pharmacological interventions on the

severity of necrosis produced by injection or infusion of large quantities of catecholamines,



and further support the opinion that these catecholamine - induced lesions are the
result of an accumulation of toxic quantities of catecholamine oxidation products

in the myocardium.
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1. INTRODUCTION AND STATEMENT OF THE PROBLEM

It has been known for many years that epinephrine (1, 2) and norepinephrine
(3) can cause cardiac lesions when administered in large doses. Subsequently Rona
ef . al . (4) discovered that the synthetic catecholamine, isoproterenol, is capable
of producing consistent myocardial lesions when injected at dose levels far below
the lethal dosage for this drug. This has provided a challenging experimental model
for studying mechanisms by which catecholamines induce myocardial lesions.
Injection of catecholamines in animals also produces a number of dramatic pharma-
cological effects including changes in hemodynamic factors such as peripheral
resistance, arterial blood pressure, cardiac output, venous return and coronary
flow; increases heart rate and cardiac work, thereby causing increased myocardial
oxygen demand; releases further amounts of catecholamines from the adrenergic
nerve endings; produces alterations in lipid and carbohydrate metabolism; and results
in the accumulation of exogenous lipids in the heart. As a consequence of these
factors it has been difficult to determine whether catecholamines do in fact exert
a direct toxic influence on the myocardium, or whether necrosis is in some way
secondary to other actions of catecholamines as has been proposed by some
investigators (4 - 10). On the other hand, evidence and argumentis fo the effect
that cardiovascular, hemodynamic and other changes following administration of
catecholamines cannot completely account for the occurrence of myocardial necrosis
in different experimental models have been presented by various investigators
(1T = 15). A further complicating factor in this problem is the fact that catecholamines
readily undergo oxidation and it has been suggested that the oxidation products of
catecholamines rather than catecholamines per se are responsible for the cardiotoxicity
observed following admisinstration of these agents (16, 17). Furthermore, other
workers have claimed that the products of catecholamine metabolism, especially
those produced during the monoamine oxidase reaction, may be involved in the
induction of myocardial necrosis (18). Thus, in spite of a considerable research
effort by many investigators devoted to elucidating these mechanisms, there is as
yet no clear cut explanation of the sequence of events by which cardiac cell necrosis

results from an injection of catecholamines.



The present study is therefore primarily directed to the problem of whether
or not catecholamines, their oxidation products or metabolites are indeed capable
of a direct toxic influence on the heart. The isolated perfused rat heart preparation
which has been empolyed for this study appears to be an ideal model for this purpose
for several reasons. These include elimination of hemodynamic factors, neural
mechanisms, availability of exogenous lipids, and other physiological parameters
which tend to complicate the production of heart lesions in intact animals. Further-
more, changes in contractile events can be monitored concomitantly and the heart
can be readily fixed at a desired time for ultrastructural examination. Fresh
isoproterenol, oxidized isoproterenol, fresh epinephrine, adrenochrome and various
metabolites of epinephrine will be used for investigating changes in ultrastructure
and contractile functions of the isolated perfused rat hearts. In addition to studying
the time-course and dose-responses to the cardiotoxic agents, attempts will be made
to elucidate the mechanisms subserving the functional and morphological alterations.
For this purpose, hearts will be perfused in the absence or presence of the cardiotoxic
substance with media of different cationic compositions or containing various pharma-
cologic agents which are known to influence the catecholamine-induced myocardial
necrosis in vivo. It is hoped that this study will extend our existing knowledge
concerning the modes of catecholamine - induced contractile failure and myocardial

cell damage.



II. REVIEW OF THE LITERATURE

A.  Cardiofoxicity of Epinephrine, Norepinephrine and Isoproterenol:

The cardiotoxic properties of catecholamines have been known at least
since 1905 when the occurrence of cardiac lesions after epinephrine administration
was reported by Ziegler (2 ), and these lesions were subsequently described in detail
by Pearce (1) and Josue (19). Fleisher and Loeb (20 - 23) reported that injection
of sparteine sulphate or caffeine sodium benzoate followed by epinephrine provided
an easy and certain method of producing myocardial lesions in rabbits. Lesions
visible to the naked eye occurred in 60% of the animals, and microscopic examination
revealed further lesions in a still larger percentage. These investigators suggested
that excessive mechanical strain was at least one of the factors responsible in
producing the lesions. Christian et . al . (24) confirmed these findings and further
demonstrated that sparteine sulphate alone did not produce myocardial lesions.

In 1913 a full histological account of these epinephrine induced myocardial changes
was provided by Anitschkow (25) and epinephrine was thereafter shown to produce
cardiac lesions in man as well (26, 27). While most of these reports dealt with
relatively high dose levels of epinephrine, small endocardial lesions were also
observed in the left ventricle of dog hearts following continuous infusion for 120

to 289 hours of epinephrine at rates considered to be well below the maximum
physiological rate of secretion by the adrenal glands (28).

Within a few years af’rer'norepinephrine came into widespread use as a
primary pressor agent, reports of norepinephrine induced myocardial lesions began
to appear. In the course of a study on the effects of prolonged infusion of
norepinephrine on arterial pressure of rabbits, Blacket et . al . (29) found that the
hypertension resulting from norepinephrine infusion could not be maintained, even
with increasing dose levels, and that blood pressure fell drastically when infusion
was discontinued. Although the possible release of vasodilator substances was
discussed in connection with these findings, these investigators apparently did
not consider the possibility of impaired cardiac function. Norepvinephrine did not
increase the survival rate of dogs in hemorrhagic shock when compared with controls

(30) and in fact this agent was found to show a higher incidence of cardiac lesions



in this condition (31). The observation of an increased frequency of nonspecific
myocarditis and an apparent common denominator of norepinephrine therapy in
humans prompted Szakacs and Cannon (3) to study the effects on the heart of
continuous intravenous infusions of ’rherapeufic doses of norepinephrine in dogs.
Focal myocarditis was found to be uniformly present in the hearts of these animals
in association with subendocardial and subepicardial hemorrhages. Being aware of
the epinephrine induced myocardial lesions previously reported (32), Nahas et.al.
conducted a series of experiments with both epinephrine and norepinephrine using

a heart lung preparation in which the heart was isolated from all secondary hormonal
or nervous influences (33). All hearts which had been perfused with epinephrine,
norepinephrine, or both proved to have extensive lesions of the myocardium. In a
quantitative study on the pathological effects of norepinephrine, Szakacs and
Mehlman (34) found that dosages considered physiolbgic and indeed harmless, if
administered for short periods of time, might become lethal after prolonged infusion.
Thus duration of infusion is an important factor in determining whether a particular
dose level of norepinephrine is likely to produce myocardial lesions.

In addition to myocardial cell damage, norepinephrine was also demonsrated
to produce derangements of metabolic processes in the heart. For example Maling
and Highman (35) reported a fatty degeneration of the myocardium under the influence
of high doses of norepinephrine. In subsequent studies (36, 37) remarkable similarities
were found in heart triglyceride content and serum enzyme levels after doses of
epinephrine and norepinephrine and following infarction produced by coronary artery
occlusion. However, these studies did not attempt to examine the relationship between
changes in lipid metabolism and the occurrence of myocardial necrosis due to
catecholamines.

The discovery that severe myocardial necrosis could be consistently
produced in rats with doses of isoproterenol which constitute an amazingly small
fraction of the median lethal dose (4, 38) opened the way for a systematic examination
of catecholamine - induced myocardial lesions. Although the LD g of isoproterenol
in rats was reported to be 680 mg/kg, doses as low as 0.02 mg/kg produced microscopic
focal necrotic lesions. The severity of myocardial damage was closely related to the

dosage of isoproterenol used, and varied from focal lesions affecting single cells fo



massive infarcts involving large portions of the left ventricle. Lesions were

generally found to be localized in the apex and left ventricular subendocardium,

being observed less frequently in the papillary muscle and right ventricle. A
comparison of the cardiotoxic effects of epinephrine, norepinephrine, and isoproterenol
in rats (39) showed the lesions produced to be qualitatively similar, but the lesions
which were seen after isoproterenol treatment were more severe than those produced

by epinephrine ar norepinephrine. Whereas the median lethal doses of isoproterenol,
epinephrine, and norepinephrine were found in this study to be 581 mg/kg, 6.1 mg/kg,
and 8.6 mg/kg respectively, isoproterenol was found to be 29 to 72 times more

potent in producing myocardial lesions of equal severity than epinephrine or
norepinephrine. Isoproterenol was also found to produce apical lesions and disseminated
focal necrosis in dogs (40), however, these lesions were frequently fatal to these
animals and the median lethal dosage was much lower. Myocardial lesions similar

to those produced by catecholamine injections have also been reported in patients

with pheochromocytomas (3, 41 - 43), subarachnoid hemorrhage and various other
intracranial lesions (44 - 47), and following electrical stimulation of the stellate
ganglion (48, 49) or hypothalamus (50) in experimental animals. These studies not
only demonstrate that catecholamines are capable of producing myocardial necrosis

but also suggest that myocardial cell damage seen in patients may be the result of

high levels of circulating catecholamines.

B.  Morphological and Biochemical Changes Associated with Catecholamine -

induced Myocardial Necrosis:

Although a number of long term studies have been conducted on the
development and healing of catecholamine - induced infarcts, the present discussion
will be limited to early events (i.e., less than 48 hours after injection) in the
production of necrosis.

1. Ultrastructural changes: The time course of ultrastructural changes following

isoproterenol injections in rats has been studied extensively. The earliest changes,
evident within 4 to 6 minutes, are disorientation of myofilaments, irregular sarcomere
length, occasional regions of contracture or rupture of myofilaments, and some

slight dilatation of the sarcoplasmic reticulum (51 - 53). By ten minutes mitochondrial

swelling is evident, with the occasional occurrence of electron - dense bodies (53).



By this time disorganization and fragmentation of myofibrils is prominent. It has
been reported (52, 54) that there is no correlation between mitochondrial damage
and disruption of myofilaments; normal appearing mitochondria being found among
fragmented filaments, and swollen mitochondria with ruptured cristae and electron
dense deposits among apparenily undamaged sarcomeres. Within 30 minutes to an
hour, electron dense granular deposits are frequently noted within mitochondria,
numerous lipid droplets are seen, margination of nuclear chromatin is observed, «
disappearance of glycogen granules is noted, various degrees of swelling and
disruption of transverse and longitudinal tubules and mitochondria are seen, and
there is a spectrum of damage to the contractile filaments, ranging from irregular
bands of greater or less than normal density in sarcomeres of irregular length, to
fusion of sarcomeres into confluent masses and granular disintegration of the
myofilaments (51 - 53, 55). Over the course of the next few hours all of these
changes become progressively more widespread throughout the myocardium, and
more severe (55, 56). Interstitial and intracellular edema as well as extensive
inflammation also becomes evident (46, 55). Herniation of intercalated discs and
extensive vacuolization was also seen within several hours of isoproterenol injection
(52). Comparison of the effects of norepinephrine and epinephrine with isoproterenol
has shown the effects of these three drugs to be qualitatively identical at the
cellular level (54 - 59), with the exception that glycogen depletion (55, 57) and
fat deposition (59) were much more extensive with epinephrine than with isoproterenol
or norepinephrine. Maruffo (11) has also reported similar alterations following
isoproterenol administration in monkeys.

From the foregoing evidence it appears that alterations of the contraciile
filaments begin with irregularities in length and disalignment of the sarcomeres
which is usually associated with an increased thickness and density of the Z-band.
Contracture ensues, with the Z-bands becoming indistinct, and actin and myosin
filaments can no longer be distinguished. Granular disintegration of the sarcomeres
follows with the appearance of large empty spaces within the muscle cells, and
this fragmentation likely contributes to swelling of the cell. The tubular elements
and mitochondria commence swelling very soon after catecholamine injection, and

the mitochondrial matrix is subsequently decreased in electron density. Swelling



of the transverse tubules and sarcoplasmic reticulum is not as consistent a finding

as the mitochondrial swelling, and may not be evident with certain fixatives.

Following norepinephrine injection the T-system is dilated and much more extensively
branched than in normal animals. Rupture of the cristae and deposition of electron
dense material in the mitochondria represent the final stages in the disruption of

these organelles. Accumulation of lipid droplets and disappearance of glycogen
granules is not usually evident until these other changes have occurred to some

degree and are probably due to well known metabolic effects of catecholamines.
Herniation of intercalated discs and vacuolization are probably secondary to the
swelling and disruption of subcellular organelles and the disintegration of myofilaments.

2. Histological changes: The earliest change which can be visualized

under the light microscope is the appearance of darkly stained contraction bands at
10 minutes after isoproterenol injection in thin sections from Araldite embedded
ventricle pieces (11). Focal myocardial degeneration, characterized by loss of
striations with sarcoplasmic smudging, lipid accumulation, margination of nuclear
chromatin, and increased cytoplasmic eosinophilia is evident in 2 - 6 hours following
injection of isoproterenol (10, 11) or 4 - 5 hours after beginning infusion of nore-
‘pinephrine (60). Capillary dilatation and interstitial edema are evident by this

time in isoproterenol treated hearts (11) and have been observed much earlier with
norepinephrine (54).

Inferstitial edema is usually associated with subendocradial and subepicardial
congestion and hemorrhages following administration of catecholamines and is
characteristically present in damaged areas of the myocardium even after 72 hours
(4, 14, 40, 54, 55, 60). Rosenblum et . al . (14) and Ferrans et . al . (55) have
made comparative studies which indicate that interstitial edema and inflammation are
much more prominent following epinephrine or norepinephrine injections even though
isoproterenol is more potent in producing cellular damage, suggesting that edema and
inflammation result from mechanisms different from those causing necrotic tissue
damage .

Within 12 to 24 hours, myocardial tissue damage is readily apparent and
characterized by certain histological staining properties. Fibers with highly

eosinophilic cytoplasm alternate with normal fibers giving the myocardium a mottled



appearance (4). Swelling, segmentation and fragmentation, and hyalinization of
fibers is evident. Fibers become homogenous, strongly eosinophilic, Periodic -
Acid - Schiff's (PAS) positive, and stain pink or deep red with Cason's trichrome
(4, 10, 40, 55, 58). Fat deposition is usually evident as well (58).

3. Histochemical changes: Histochemical alterations subsequent to

administration of lesion producing doses of catecholamines have been reported in
detail (55 - 57, 60). A marked loss of glycogen, as visualized by PAS reaction,

is seen within 30 minutes, and is most marked following epinephrine administration.
Accumulation of PAS positive material is seen at one hour and in an increasing
number of fibers over the next 24 hours. This is associated with loss of normal
striations and appearance of clear vacuoles. A metachromatic substance is usvally
observed in areas of interstitial edema and inflammation.

All three catecholamines produce a biphasic change in the activity of the
oxidative enzymes succinic dehydrogenase, NAD diaphorase, lactic dehydrogenase,
isocitric dehydrogenase, malic dehydrogenase, B - hydroxbutyric dehydrogenase,

o - glycerophosphate dehydrogenase, glutamic dehydrogenase, and ethanol
dehydrogenase. There is a rapid increase in the activity of the enzymes evident
within 5 minutes in various individual fibers, followed by a gradual decline in
activity until by 6 to 12 hours certain areas of the myocardium having markedly
diminished oxidative enzyme activity are interspersed with fibers of normal activity.
Decline in oxidative enzyme activity of certain fibers progresses until frank necrosis
is evident and there is complete loss of activity. In each case the degree of change
of activity is proportional to the normal level of activity of the enzyme involved.
Cytochrome oxidase activity is unchanged until evidence of early necrosis is seen
after 6 to 12 hours, at which time activity of this enzyme decreases as well.

An increased number of lipid droplets is observed at 30 minutes. Fatty
change is more evident in the endocardial region than elsewhere, and has been
reported by Ferrans et . al . (55) to be least apparent with epinephrine, which is
in direct contradiction of the findings of Lehr et 9_!_. (59). The reason for this
discrepancy in these results is not clear; however, fibers which contain large lipid
droplets show decreased activity of oxidative enzymes and cytochrome oxidase.

Furthermore, all of the three agents cause a slight irregular increase in the staining



of cytoplasm for lysosomal esterase activity (59).

4. Biochemical Changes: Following catecholamine administration,

coronary blood flow, myocardial oxygen uptake, and cardiac respiratory quotient
were increased (61). Blood content of glucose, triglycerides, and nonesterified
fatty acids increased markedly without any change in blood cholesterol levels

- whereas total serum protein content was decreased (15, 62 - 64). Glycogen and
lactate content of the heart decreased rapidly after injection of isoproterenol .
Glycogen levels then rose above control levels after two hours, whereas lactate
content slowly returned to control levels over about 5 hours (65). Within 24 hours
after isoproterenol injection aldesterone production increased whereas glucocorticoids
and total steroids were decreased (63, 64). Serum levels of glutamate-pyruvate
transaminase, glufqmafe—oxaloace’rcfe transaminase (aspar’rafe amino-transferase),
lactate dehydrogenase, and creatine phosphokinase were all greatly elevated during
the acute phase of necrotization following catecholamine administration (61, 63,
64, 66).

The extraction of nonesterified fatty acids by the heart has been reported
to be decreased in comparison to controls following epinephrine infusion, whereas
the extraction of triglycerides was increased (61). Likewise, there was no significant
increase in the contents of free fatty acids or phospholipids in the left ventricle
while there was a significant increase in the triglyceride content of every layer of
the left ventricular wall, following epinephrine infusion, the greatest increase in
triglyceride content occurred in the endocardium (13). The uptake of c!4 - labeled
triglycerides has also been found to increase during norepinephrine infusion and was
associated with a small but significant increase in CMO2 production, whereas
synthesis of triglycerides from c14 - gcetate or palmitate was unchanged (67). These
findings are consistent with the appearance of numerous lipid droplets reported in
histological and ultrastructural studies.

The myocardial content of hexosamines became greatly elevated within 24
hours after an injection of isoproterenol and this increase in mucopolysaccharide
could het be attributed to fibroblasts or other infiltrating cells (68). Cardiac aspartate
amino-transferase (glutamate-oxaloacetate transaminase) activity decreased in a time

and dose dependent manner followihg isoproterenol injection (69). This decrease in
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activity correlates well with the occurrence and severity of macroscopic lesions.
Total cardiac lactate dehydrogenase activity fell as well following isoproterenol
injection (70). This depression of activity is long term, lasting several days and
appears to be due fo a decrease in the ratio of H fo M isoenzymes. These findings
are consistent with the loss of these enzymes from the heart as evidenced by the
increase in plasma concentrations of transaminases and lactate dehydrogenase .

Sobel et . al . (17) have reported that a single, large subcutaneous dose
of epinephrine, norepinephrine, or isoproterenol produced uncoupling of oxidative
phosphorylation in rat heart mitochondria, although these catecholamines in vitro
did not affect normal rat heart mitochondria. A reduced respiratory control index
of heart mitochondria 24 hours after isoproterenol injection has also been reported
by Stanton and Schwartz (71) and more recently by Vorbeck et.al.(72). The
results of several studies on cardiac adenine nucleotides following isoproterenol
injection in rats are somewhat contradictory. Hattori et . al . (73) reported a
decrease in the level of all adenine nucleotides, but no change in relative amounts
of ATP, ADP and AMP. Kako (74), on the other hand, found a 26 to 34 % decrease
in ATP, and 18 - 30% decrease in creatine phosphate levels, a decrease in both the
ATP/ADP and the ATP/AMP ratios, but no significant difference in the levels of ADP,
AMP, CP; glycogen, lactate, pyruvate, lactate/pyruvate ratio, triglycerides,
cholesterol or phospholipids. Studies of this sort are difficult to evaluate, firstly
because the results are expressed in terms of gram wet heart weight, which increases
following catecholamine administration due to a large increase in extracellular
fluid volume (74, 75), and secondly because the scattered portions of the myocardium
undergoing necrotic change are "diluted" within a very large mass of cardiac tissue
which has been affected only slightly or not at all. The work of Fleckenstein (76, 77),
in which he showed a very large decrease in both ATP and creatine phosphate stores
of the myocardium, appears to be the best representation of changes in high energy
phosphates presently available. A large increase in the orthophosphate content of
the myocardium was also found. These results suggest lowering of the energy state
of myocardium due fo high doses of catecholamines and this change appears to be at

least partly due to an impairment in the process of energy production.
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Pelouch et . al . (78, 79) have found that myosin extracted from rat
hearts following isoproterenol injections contained a large component consisting
of a stable aggregated form of myosin, whereas only the monomeric form of myosin
was extracted from control animals. The first phase of aggregation involved a low
polymer, probably a dimer, and there was no evidence of proteolytic damage of
the myosin. The aggregated form of myosin did not possess any ATPase activity.
On the other hand, Fedelesova et . al . (80) have reported that injection of a lesion:
producing dose of isoproterenol caused an elevation of cardiac myofibrillar ATPase
activity and an increased accumulation of Catt by heart mitochondria and
microsomes as well as decreased high energy phosphate stores. ATP - dependent
calcium binding by microsomes but not by mitochondria was found to decrease in
rat and rabbit hearts after isoproterenol (81). Thus changes in the subcellular
components involved in the process of energy utilization in the catecholamine -
induced myocardial necrosis are controversial and require further studies.

5. Electrolyte changes: The earliest and most significant changes in

tissue ion content following catecholamine administration were found to be a
decrease in both magnesium and phosphate, which were evident by 3 hours and
persisted beyond 24 hours (58, 59, 82, 83). An increase in myocardial calcium
content was observed as well, but was not as pronounced in the earlier stages of
necrosis, prior fo about 6 hours after catecholamine injection. More recent studies
have shown the uptake of extracellular Ca43 to increase 6 to 7 fold with isoproterenol
(76,77) although the absolute increase in myocardial content was only of the order
of 50 to 100%. The sodium content of the myocardium did not change until about
24 hours, at which time it was increased, which may be a reflection of an increased
interstitial fluid volume (58, 59, 82, 83).

Alterations of myocardial potassium content are less certain. Although a
transient loss of myocardial potassium has been frequently reported (75, 84 - 86),
this is a short term phenomenon not lasting more than 1 to 5 minutes, and may be a
result of the increased frequency of contraction (87). In this regard, Daggett et.al.
(88) have reported that norepinephrine caused a dose dependent uptake of potassium
by the isolated heart. In studies concerned with the cardiotoxicity of epinephrine

both an increase (59) and a decrease (13) in the potassium content of
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the myocardium have been reported. Stanton and Schwartz (71) have also reported

a decrease of myocardial potassium content following isoproterenol injection. As
mentioned previously, myocardial content determinations are complicated by both

the increase of interstitial fluid volume which accompanies necrosis, and by the
admixture of necrotic and normal fibers which characterizes "multifocal disseminated"
necrosis.

Measurements of serum levels of electrolytes three hours after isoproterenol
injection have revealed an increase of serum magnesium and a decrease of calcium
and sodium levels (83). By 7 hours, magnesium returned to conirol levels and serum
potassium was increased, while calcium and sodium levels remained significantly
depressed. By 24 hours all serum electrolyte levels returned to normal with the
exception of calcium, which remained slightly low. Regan et . al. (61) have
reported that, after an initial period of uptake of pofassium and phosphate, loss of
these ions from the left ventricle was evident. Thus serum electrolyte measurements
appear to confirm the loss of magnesium and phosphate from the heart and the uptake
of calcium as early, important events in the etiology of catecholamine induced necrosis.
Since both net increases and decreases of myocardial and serum potassium have been
found at different times, it is possible that potassium may be taken up by more or
less undamaged myocardial cells while it is being released from fibers undergoing
necrotic changes. |

C. Factors Influencing Catecholamine Cardiotoxicity:

Monoamine oxidase inhibitors (MAOI) of the hydrazine type have been
found to decrease the incidence and severity of myocardial lesions following
catecholamine administration (65, 71, 89 - 93) and to antagonize increases in
myocardial water, sodium, and chloride as well as loss of potassium (71). The
hydrazine type inhibitors investigated include isocarboxazide, iproniazide,
pivaloylbenzhydrazine, and phenylzine. On the other hand, the non-hydrazine
type MAO inhibitors such as tranylcypromine, pargyline, and RO5-7071 have been
reported by some workers to be ineffective (65, 92, 93), although Leszkovsky and
Gal (94) reported a reduction of the severity of isoproterenol induced lesions with

pargyline and another nonhydrazine MAOI identified as E-250. Muller (18) also
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found that hydrazine type MAOI protected the heart whereas non-hydrazine

type MAQI did not, but pointed out that hydrazine type inhibitors are long lasting
in their effects whereas tranylcypromine is a competitive blocker with an intensive
but transient effect and thus the inhibition produced by this drug may be of
insufficient duration to afford protection.

The B - receptor blocking compounds, propranoclol, pronethalol and
dichloroisoproterenol were found to reduce the incidence and severity of myocardial
lesions induced by isoproterenol (82, 83, 89, 95 - 97), although Wenzel and Lyon
(70) found pronethalol to be ineffective. In another study, Wenzel and Chau (69)
have reported that pronethalol afforded some protection against the loss of myocardial
aspartate aminotransferase (AAT) activity caused by epinephrine, norepinephrine,
and high doses of isoproterenol but potentiated the loss of AAT activity with moderate
lesion producing doses of isoproterenol. Propranolol has also been found to ameliorate
or completely prevent electrolyte shifts (increased myocardial Ca; decreased Mg
and P) associated with isoproterenol induced necrosis (83, 95), thus producing an
apparent dichotomy between the occurrence of lesions and electrolyte shifts since
lesions are still seen, although less severe (95). In view of the proportion of the
ventricle not undergoing necrotic damage in these experiments, it is difficult to
know whether the alterations of electrolytes are truly and completely prevented.
Kako (98) has reported that propranolol reduced the amount by which myocardial
ATP declined following isoproterenol - induced damage. One can thus conclude
that the B-adrenergic blocking agents are capable of modifying certain cardiotoxic
effects of catecholamines.

The &K - adrenergic blocking compounds, such as azapetine, phentolamine,
dibenamine, dihydroergocryptin, phenoxybenzamine and tolazoline were ineffective
against isoproterenol (65, 70, 96, 97, 99), but reduced somewhat the incidence and
severity of lesions caused by o< - receptor agonists, such as phenylephrine (82, 99),
epinephrine (70, 82, 99, 100) and norepinephrine (70, 99). The oC -~ blockers also
ameliorated the loss of myocardial AAT and lactic dehydrogenase activity, and shifts
of electrolytes caused by epinephrine and norepinephrine (59, 70, 101) and were
usually more effective against epinephrine lesions when used in combination with a

B - blocker (59, 82, 99). It should be pointed out that isoproterenol has been shown



14

to reduce the endogenous norepinephrine stores from the nerve endings (102) and
it is possible that the endogenously released norepinephrine may also be participating
in producing the cardiotoxic effects upon injecting the animals with isoproterenol .

The post-ganglionic blocker guanethidine has been reported to be ineffective
(65, 97) or to increase the severity (94) of necrosis caused by isoproterenol. Another
post-ganglionic blocker, isocaramidine, has also been found to have no effect on
isoproterenol - induced necrosis (65). Reserpine, which is known to decrease
catecholamine stores, has been reported to be without effect (65, 93) or to increase
the severity (18, 94) of isoproterenol-induced lesions. Pyrogallol, a catechol = O ~
methyl transferase inhibitor, also increased the severity of lesions (18). Serotonin
and nialimide administered together reduced the severity and incidence of myocardial
lesions (103). Other drugs found not to influence the production of lesions by
isoproterenol are the vasodilafors sodium nitrite, aminophylline, dipyridamole,
and hexobendine, and the psychosedatives chlorpromazine, chlordiazepoxide,
meprobamate , and amitriptyline (65). In this regard it is worth mentioning that
most of these drugs are not specific with respect to their site of action and conclusions
drawn from such studies should be interpreted with some caution.

Inhibition of lipolysis by nicotinic acid or beta pyridyl carbinol decreased
the amount by which isoproterenol infusion increased the myocardial oxygen
consumption (104). Chronic administration of nicotine in high doses tended to
increase the severity and incidence of lesions produced by isoproterenol (105).

The calcium blockers, Verapamil, D-600, prenylamine, and vascoril reduced the
severity of lesions and prevented the decrease in high energy phosphate stores and
accumulation of calcium by the myocardium caused by isoproterenol injections
(76, 77, 106). Thus it is apparent that agents which affect lipid and calcium
metabolism are also capable of modifying the cardictoxic effects of high doses of
catecholamines.

The mineralocorticoids such as deoxycorticosterone, and 9 o< - fluorocortisol
increased the severity of myocardial lesions (38, 77, 89, 90, 107), the level of Ca45
accumulation by the heart (76, 77), and the severity of high energy phosphate
depletion (77) caused by isoproterenol injections. Among the other steroids, estrone

and testosterone also increased the severity of necrotic lesions (89, 90), whereas
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estrogen, progesterone, glucocorticoids, cortisone and 9 &C - fluoro - 16 hydro-
cortisol are without effect as were ACTH or adrenalectomy (89, 90, 108). High
sodium or low potassium diets were similar to mineralocorticoid therapy in

increasing the severity of lesions, whereas low sodium or high potassium diets
reduced the incidence and severity of lesions (89, 90, 107). Administration of

KCI, MgC|2 or NH4C|2 reduced the severity of lesions (65, 77, 109) and protected
against the electrolyte shifts and reduction of high energy phosphate stores (67,77,
109). On the other hand, if plasma MgH, K*, of H' concentrations were low,
isoproterenol-induced lesions were potentiated (110). Administration of K*, Mg—'—+ -
aspartate administered together with isoproterenol has also been found to prevent

or reduce the changes in myofibrillar ATPase activity, Ca™ accumulation by
mitochondria and microsomes, and high energy phosphate stores (80), and to decrease
the severity of ultrastructural damage fo the myocardium (111).

Thyroxin and hyperthyroidisim increased the severity of lesions (39, 89,
90) whereas thyroidectomy, thiouracil, or propylthiouracil decreased the extent
of necrosis with isoproterenol (39, 89, 90, 93). Calciferol and another anti-
rachitic agent, dihydrotachysterol, increased the severity of necrotic lesions, as
did NaHPOA and increased blood pH (76, 77, 89). The increased severity of the
lesions was associated with a further increase in the uptake of Ca?d and o greater
fall of high energy phasphate stores of the heart. Likewise, thyrocalcitonin,
reduction of plasma calcium with EDTA, and a decrease in blood pH decreased the
extent of both lesions and electrolyte shifts (77).

Administration of glucose, lactate, or pyruvate had no effect on the extent
and severity of catecholamine - induced lesions (65). Sex and breed in rats did not
influence the severity of the myocardial damage, although the severity was increased
with increased body weight and excess body fat (89, 90, 112, 113). The severity
of lesions did increase with age, but this is probably an indirect effect related to
the increase in body weight with age (114). Starvation or restricted food intake
likewise tended to reduce the severity of lesions (89, 90, 115).

Previous myocardial damage markedly reduced the severity of lesions
produced by high doses of isoproterenol (116 - 118). This protective effect

disappeared with time, was independent of the part of the heart previously damaged,
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and did not result from necrosis of extracardiac tissues. Similarly, previous
isoproterenol injections (112, 119, 120) and coronary arteriosclerosis (64, 121)
increased the resistance of the heart to isoproterenol - induced damage. Cardiac
hypertrophy (116) or a simultaneous hypoxia (92) increased the extent and severity
of lesions. A higher ambient temperature also potentiated the necrotic effect of
isoproterenol, possibly due to the increased work load of the heart during
thermoregulatory vasodilation (122) as well as changes in the calcium fransport
mechanisms (81). On the other hand, high altitude acclimation or hyperbaric
oxygen tended to protect the heart against necrotic damage (123 - 125). Isolation
stress or cold exposure both increased the severity of isoproterenol - induced lesions
and electrolyte shifts (89, 90, 112, 126, 127), although this may be an indirect
result of increased mineralocorticoid production which occurs under these conditions
(126 - 128).

Thus, it would appear that factors tending to increase the work load of
the heart, increase the metabolic rate of the heart, interfere with oxygen supply
to myocardial cells, favor the electrolyte changes, or favor mobilization of lipids
aggravate the necrotic influence of catecholamine administration. On the other
hand, factors which block the stimulatory effects of catecholamines, thereby reducing
cardiac work, or otherwise reduce myocardial metabolic rate, aid in the supply of
oxygen to the myocardium, limit the mobilization of lipids, or counteract the ionic
shifts can at least reduce the severity of necrotic changes. Although the protective
effect of MAOI compounds is still enigmatic, it is clear from the above that an
imbalance between oxygen availability and work, the metabolism of lipids and.the
alteration of electrolyte balance are all crucial factors contributing to the etiology
of catecholamine lesions. The evidence available in the existing literature does
not permit the identification of a single molecular lesion which can be considered
responsible for the pathogenesis of myocardial necrosis due to catecholamines.

D.  Hypotheses Concerning the Mechanisms by which Catecholamines Elicit

Cardiac Lesions:

It has been for the most part assumed that the cardiac cell necrosis that
occurs following administration of catecholamines in large amounts is due to a defect

in the supply of energy for the maintenance of essential cellular processes. Various
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theories have been proposed with regard to the cause of the energy deficiency and
the nature of the irreversible step following decreased energy availability. The
major hypotheses include: a relative cardiac hypoxemia due to increased cardiac
work and myocardial oxygen demands, aggravated by hypotension in the case of
isoproterenol (10, 40); coronary arterial vasoconstriction (spasm) causing endocardial
ischemia (7, 8); inadequate perfusion of the endocardium due to impaired venous
drainage of the heart (129); hypoxia due to direct oxygen wasting effects of
catecholamines or their oxidation products (16); interference with mitochondrial
oxidative phospharylation by free fatty acids (104, 130), massive calcium influx
(77), or formation of adrenochromes (17). Potassium depletion (131), altered
permeability of the myocardial cell membrane through elevation of plasma non-
esterified free fatty acids (132) and depletion of intracellular magnesium required
for many ATP-dependent enzymatic processes (82, 109) have also been suggested
to explain myocardial necrosis due to catecholamines.

The concept of a relative cardiac hypoxemia due to increased cardiac
work and myocardial oxygen demands was advanced by Rona et . al . (10, 40)
following their discovery of the very great cardiotoxicity of isoproterenol. It was
found that both high and low doses of isoproterenol produced similar increases in
heart rate in dogs, but a much more profound fall in blood pressure was seen with
higher lesion producing doses of isoproterenol, and it was suggested that the fall in
aortic blood pressure was of such a degree that a reduced coronary flow could be
inferred. It was further postulated that the necrotic lesions are an ischemic infarct
due to a decreased coronary flow during a time when both amplitude and frequency
of cardiac contractions are increased. Thus the greater cardiotoxicity of isoproterenol
as compared fo epinephrine or norepinephrine is attributed to the dramatic hypotension
produced by this drug, and various factors, such as previous myocardial damage or
previous isoproterenol injections, activate metabolic processes which provide cardiac
muscle cells with an enhanced adaptation to withstand the increased demand and
relative hypoxia produced by isoproterenol (133).

On the other hand, Rosenblum et . al . (14) found that mephenteramine,
dl-ephedrine and d-amphetamine produced lesions in less than 50% of animals,

although these agents increase blood pressure while ephedrine and amphetamine have
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a positive inofropic effect. Accordingly, drugs with both positive inotropic and
chronotropic actions may not produce cardiac lesions. Also, methoxamine which
has no positive inotropic effect was found to produce cardiac lesions. In another
study (15), the hemodynamic effects of "pharmacologic" and "lesion - producing"
doses of sympathomimetics were compared in cats. It was found that lesion-
producing doses of isoproterenol caused a decrease in aortic flow and heart rate
as compared to pharmacologic doses, but these were still above control values.
Stroke work was greater with lesion-producing doses as compared to pharmacologic
doses, but mean aortic pressure, which determines the coronary perfusion pressure,
was not reduced by lesion-producing doses of isoproterenol. Thus there is evidence
of impaired function of the myocardium, but the hemodynamic changes do not
appear adequate to produce insufficient myocardial perfusion. As a result of these
findings it was suggested that the effects of isoproterenol were due to some direct
action on the myocardial cell and not solely to the hemodynamic effects. Maruffo
(11) also considered it uﬁlikely that in experimental monkeys, the coronary flow
could have been greatly reduced by isoproterenol, since blood pressure remained
above that found in shock and was associated with increased cardiac output.
Strubelt and Siegers (134) also concluded that hypotension is non-essential for
production of cardiac necrosis by isoproterenol after finding that verapamil was
effective in protecting the heart from isoproterenol-induced necrosis even though
blood pressure fell almost twice as much when verapamil was administered together
with isoproterenol as it did following administration of isoproterenol alone.
Another hypothesis closely related to that of coronary insufficiency of
hemodynamic origin is that of a relative ischemia resulting from coronary vascular
changes. Handforth (7) injected India ink at a pressure of 50 mm Hg into the aorta
of hearts excised from hamsters 5 - 30 minutes after isoproterenol injection. The
dye failed to penetrate large areas of the endocardium in 6 out of 14 hearts from
isoproterenol injected hamsters, although uniform filling of capillaries was seen in
control hearts. It was suggested that dilatation of arteriovenous shunts might be
responsible for the endocardial ischemia, since coronary flow is usually found to be

increased with isoproterenol. In a subsequent study, however (8), it was noted that
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the superficial veins draining these areas were also not filled with ink. A similar
experiment was performed with bismuth oxychloride in which these larger particles
did not reach the veins. This evidence was interpreted to indicate a true endocardial
ischemia, postulated to be due to arterial constriction rather than arteriovenous
shunts. More consistent evidence of endocardial ischemia was seen at one hour

than had been observed at 5 - 30 minutes, therefore coronary artery constriction

was considered to be more important than peripheral vasodilation since the drop

in peripheral resistance occurred within minutes of injection. A coronary arteritis
was also found 1 = 3 days after isoproterenol injection (8) whichwas considered to
support the concept of a vascular component in the etiology of necrosis. Ostadol
and Poupa (135) repeated these experiments and reported a marked occlusion of
coronary vessels in 69% of animals at 30 minutes, 33% at 60 minutes, and practically
no occlusion at 24 hours after isoproterenol injection. These workers assumed this

to be due to spasm of the coronary vessels, but the importance of peripheral resistance
changes is emphasized by their observation that, whereas occlusion was evident

with injection of India ink at 50 mm Hg, uniform filling of capillaries was seen

even in isoproterenol treated animals if an injection pressure of 100 mm Hg was

used. Jasmin (129) found that it was possible to reproduce essentially similar
pathological changes by surgical occlusion of efferent vessels, and on this basis
suggested that impairment of venous drainage via venospasm largely accounts for

the adverse effects of sympathomimetic amines.

The occurrence of coronary arterial or venous spasms is of course only
conjectural, and a somewhat simpler explanation of the impaired perfusion of the
endocardium can be inferred from certain other studies of the circulation in the heart.
Blood flow to left ventricular subendocardial muscle has been suggested to be
compromised during systole and to occur mainly during diastole because intramyocardial
compressive forces are greatest in this region (136, 137). Furthermore, it has
recently been shown (138) that when aortic diastolic pressure was lowered or diastole
shortened (by pacing) and myocardial oxygen demands simultaneously raised,
myocardial performance was found to be impaired. In a subsequent study (139),
coronary flow distribution was determined by scintillation counting of the distribution

of MlCe, 85$r, 465¢ 1abelled microspheres (12-15 |y diameter) injected into the left
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atrium during isoproterenol infusion. When isoproterenol was infused at a rate

which failed to maintain an increase in contractile force, it was found that
subendocardial flow fell by 35% while subepicardial flow increased by 19%.

Thus, although spasm of coronary arteries and /or veins may well occur, it is

possible that increased cardiac activity, reduced aortic pressure, and greatly
decreased diastole could also be responsible for an underperfusion of the endocardium.

A serious challenge to the concept of impaired ventricular perfusion as the
primary cause of necrosis was presented by the findings of Regan et . al . (13) who
used 89Kr clearance methods to study perfusion of the ventricle during epinephrine
infusion in dogs. Evidence of cardiac necrosis was obtained by 75 minutes after
the start of epinephrine infusion, but 89Kr clearance studies showed no difference
in the rate of clearance from inner, middle, and outer layers of the left ventricle
in either the control or epinephrine treated hearts. Thus, there was no evidence
for ischemia of sub-endocardial tissue as a causal factor in the epinephrine-induced
necrosis. On the other hand, a more recent study by Boutet et . al . (5) in which
isoproterenol was infused in rats at a fow concentration, a decreased passage of the
trace substance horseradish peroxidase from the capillaries to the myocardial
inferstitium was observed. Thus this controversy still remains to be resolved.

The hypothesis that the previously described vascular factors are the
primary cause of necrotic lesions has also been tested by Ostadal et . al . (12) using
the turtle heart as a unique model in which perfusion of the endocardium is avascular.
In the turtle heart, the internal spongy masculature is supplied by diffusion from the
ventricular lumen via intertrabecular spaces, while the outer compact layer is
supplied by the coronary artery branching off the aorta. Isoproterenol injections
were found to produce necrotic lesions in the spongy layer of the turtle heart,
which does not support the opinion that isoproterenol-induced cardiac necroses are
due to a vascular mechanism and are in fact ischemic infarcts.

As Bajusz (140) has pointed out in his careful survey of data on various
types of cardiac necroses, catecholamine - induced necrosis must be considered
to be of a mixed pathogenesis involving both direct metabolic actions on the fibers
as well as factors secondary to vascular and hemodynamic effects. Although cardiac

lesions induced by epinephrine, methoxamine and isoproterenol are indistinguishable
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~ as regards both distribution and histologic characteristics, it would appear that
the methoxamine-induced lesion is a typical secondary cardiomyopathy, while
that due fo epinephrine and isoproterenol is of a mixed type in which both hypoxia
secondary to vascular and hemodynamic effects as well as direct metabolic effects
on the heart muscle have a role. It is not, then, unreasonable to regard vascular
and hemodynamic effects as complicating factors which greatly aggravate some
more direct toxic influence of catecholamines on myocardial cells, in view of
which it is readily understood how a reduction in the extent and severity of
catecholamine-induced lesions is brought about by interventions which specifically
block the peripheral vascular changes, prevent the positive inotropic and chronotropic
effects of these drugs on the heart, or which improve the delivery of oxygen to
the myocardium.

Many years ago Raab (16) attributed the cardiotoxic actions of catechola-

mines to their oxygen wasting effect. According to him:

"The most conspicuous reaction of myocardial
metabolism to the administration of adrenaline

is an intense enhancement of local oxygen
consumption which, in certain dosages, by far
exceeds the demand of simultaneously increased
myocardial muscular work, and which is only
partially compensated by a simultaneous increase
of coronary blood flow. In these respects
adrenaline is able, so to speak, to mimic the
anoxiating effects of coronary insufficiency in
the absence of any real coronary anomaly. It
should be emphasized, however, that the tissue
anoxia resulting from the administration of
adrenaline is probably not caused by adrenaline
itself but by an oxidation product of adrenaline
(Bruno Kisch's omega) which acts as an oxidation
catalyst even in very high dilutions."

In a later study (141) it was found that identical electrocardiographic
changes occurred during cardiac sympathetic nerve stimulation, ele’cfrically induced
muscular exercise, or intravenous injection of norepinephrine or epinephrine, when
coronary artery dilatability is impaired and during exogenous anoxia or partial

occlusion of the coronary arteries. This was taken as evidence that the increased
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O3 consumption caused by catecholamines produced a relative hypoxia if coronary
flow could hot be sufficiently increased. A crucial point in this concept concerns
the origin of the increased 02 consumption with catecholamines - whether it is due
to a decreased efficiency of oxygen utilization, or to increased demand. Lee and
Yu (142) found the oxygen consumption of resting papillary muscles not to be
increased by catecholamines even in concentrations ten times higher than those
effective in stimulating oxygen éonsumpfion of contracting papillary muscles, and
concluded that the increased oxygen consumption of the intact heart following
administration of epinephrine or norepinephrine is secondary to the increased
contractility. On the other hand, Weisfeldt and Gilmore (143) reported that low
doses of norepinephrine exerted a maximal inotropic effect with little or no increase
of 02 consumption, while larger doses had no further inotropic effect but did increase
02 consumption, indicating that it is excessive catecholamine concentrations which
cause "oxygen-wasting.” Klocke et . al . (144) studied the increase in oxygen
consumption produced by catecholamines in the isolated dog heart. It was found
that the increase of oxygen consumption of the potassium-arrested heart caused by
catecholamines was 5 - 20% of that found in the beating heart, and thus concluded
that most, but not all, of the increased oxygen consumption was secondary to
hemodynamic alterations and increased cardiac work. In a similar comparison of
the effects of epinephrine on oxygen consumption in beating and arrested hearts,
Challoner and Steinberg (145) found that about one third of the increment in oxygen
consumption in beating hearfs was accounted for by a metabolic effect dissociable
from increased work. Haug and Dye (146) confirmed an increased oxygen consumption
in arrested hearts with epinephrine, and reported that this effect could be blocked
by dichloroisoproterenol but not by phentolamine. From these studies it is evident
that catecholamines can cause an increase in oxygen consumption that is not related
to increased cardiac work or activity and the concép’r of decreased efficiency or
"oxygen-wasting" is therefore justified. Furthermore, Raab (16) has suggested that
this oxygen-wasting effect was actually due to an oxidation product of epinephrine,
and one such oxidation product, adrenochrome, has been shown to uncouple
mitochondria (147). The uncoupling of mitochondria by adrenochrome was antagonized

by glutathione in high concentration, probably due to a direct reduction of
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adrenochrome since the characteristic red color of adrenochrome was lost when
glutathione was added in the presence or absence of mitochondria, whereas
oxidized glutathione did not effect uncoupling by adrenochrome.

Sobel et . al . (17) found the P/O ratio of heart mitochandria from animals
given norepinephrine, epinephrine or isoproterenol to be significantly lower than
controls. RCI and QO2 were similar to control, but unfortunately the control
RCI values in these experiments were very low. A good relationship between
elevation of myocardial catecholamine content and depression of P/O ratio in
mitochondria was observed. Whereas propranolol pretreatment enhanced the increase
in myocardial catecholamines and caused a more marked depression of mitochondrial
P/O ratios, dibenzyline inhibited both the increase in catecholamine contents and
the decrease in the mitochondrial P/O ratio. Reserpine pretreatment caused a
depletion of myocardial catecholamines and prevented the depression of the
mitochondrial P/O ratio. Since the three catecholamines used did not effect the
P/O ratio of normal rat heart mitochondria in vitro at a concentration of ]O*BM',
it was concluded that this was not a direct action of the catecholamine on the
mitochondria, and it was suggested that adrenochrome or one of its metabolites
might be responsible for the observed effects (17). Stanton and Schwartz (71) also
studied the oxidative phosphorylation of heart mitochondria from isoproterenol
treated rats, but found the RCI was reduced without affecting the P/O ratio.
Unfortunately, no data on Q02 was given. Since these measurements were made
17 hours after the administration of isoproterenol they may not reflect important
changes occurring in the development of myocardial cell necrosis. It is not possible
to draw any definite conclusions from these studies as regards the effects of
cafecholamines on mitochondrial respiration, although uncoupling of oxidative
phosphorylation is certainly indicated and would explain both the "oxygen-wasting”
effect and the depletion of myocardial high energy phosphate stores caused by large
doses of catecholamines. Likewise, the possibility that the agent producing this
uncoupling might be adrenochrome or some one of its metabolities is intriguing.

Having found that heart mitochondria from catecholamine treated rats
were uncoupled, Sobel et . al . (17) determined the free fatty acid levels of the

mitochondria since free fatty acids are known to uncouple mitochondria. No
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differences in mitochondrial free fatty acid content or composition was found and
it was thus concluded that the observed uncoupling was not due to accumulation
of faity acids. Furthermore, ephedrine, which produced no significant changes
in plasma non-esterified free fatty acids, can cause cardiac lesions (132). Never-
theless, Mjos (104) found that inhibition of lipolysis by nicotinic acid, beta pyridyl
carbinol, or high plasma glucose concentrations during infusion of isoproterenol
could substantially reduce the increase in myocardial oxygen consumption, possibly
by preventing an uncoupling action of high intracelluldr concentrations of free
fatty acid in the heart following catecholamine administration. Hoak et.al.
(130) have also postulated a causal relationship between the increases in plasma
free fatty acids following norepinephrine administration and the occurrence of
cardiac lesions. Although the evidence fails to implicate elevated levels of free
fatty acids as primary agents in mitochondrial uncoupling following administration
of catecholamines, from the findings of Mjos (104) as well as the previous correlation
of sevefity of lesions with the amount of body fat (89), it is evident that metabolism
of free fatty acids in some way aggravates the cardiotoxic effects of catecholamines.
In view of the close relationship between electrolyte shifts and the
occurrence of necrotic lesions, Lehr (82) has suggested that changes in myocardial
electrolyte content initiated by altered ionic transfer ability of myocardial cells
af the plasma membrane and subcellular membrane sites contribute to irreversible
failure of cell function. It is the loss of cellular magnesium, in particular, he
suggested (109) that is most critical in the pathogenesis of irreversible damage.
In this regard, it was pointed out that Mg™ is an important prosthetic or activator
fon participating in the function of many enzymes involved in phosphate transfer
reactions, including utilization of ATP. Unfortunately, this mechanism is not adequate
to explain the reduction in high energy phosphate content in the myocardium (77)
since interference with utilization would have the opposite effect. On the other
hand, magnesium is reported to cause a decrease in the respiration supported uptake
of calcium by isolated heart mitochondria (148) and could thus be important in
regulating mitochondrial function in terms of oxidative phosphorylation versus calcium
uptake.

Raab (131) has similarly argued that it is the derangement of myocardial
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electrolyte balance, most specifically the loss of K* and Mgt ions from the
myocardium, which is the central mechanism in a variety of cardiomyopathies.
But this derangement of electrolyte balance is considered to be secondary to an
inadequate supply of energy for transmembrane ion pumps required for maintenance
of electrolyte equilibrium which occurs with oxygen deficiency or impaired energy
production. Bajusz (140) has also suggested that electrolyte shifts are an important
component in the development of irreversible damage produced by both direct and
indirect pathogenic mechanisms, and that myocardial resistance is related to the
ability of the heart to maintain a normal electrolyte balance in the face of
potentially cardiotoxic episodes. |

Fleckenstein et . al . (77) found that the isoproterenol - induced necroses
and decline in high energy phosphates were assaciated with a 6 - 7 fold increase
in the rate of radioactive calcium uptake and a doubling of net myocardial calcium
content, and suggested that isoproterenol causes a greatly increased influx of
calcium which overloads the fiber. It was postulated that the intracellular calcium
overload initiates a high energy phosphate deficiency by excessive activation of
Ca-dependent intracellular ATPases and by impairing mitochondrial oxidative
phosphorylation. When high energy phosphate exhaustion reaches a critical level,
fiber necrosis results. This hypothesis aftempts to explain why myocardium can be
sensitized fo isoproterenol-induced necrosis by factors, such as 9 ¢ - fluorocortisol

acetate, dihydrotachysterol, NGHZPO high extracellular calcium, or increased

’
blood pH, which favor calcium overlo:d. Consistent with this hypothesis, K and
Mg salts, low extracellular calcium, thyrocalcitonin, low blood pH, or specific
blockers of transmembrane calcium fluxes protect the heart against isoproterenol,
presumably by preventing calcium overfoad. In support of this concept of a central
role for Ca™™ in the pathogenesis of necrosis is the finding that spontaneous
necrotization of cardiac tissues of myopathic hamsters is prevented by treatment with
the calcium blocker verapamil (149, 150). Also, necrosis of skeletal muscle fibers
can be induced through mechanical injury of the cell membrane permitting Catt -
influx, and can be prevented by elimination of Ca™™ from the Ringer solution or by

an outward electric current which blocks Ca’™ influx (151).

Unfortunately, there is no direct evidence that it is in fact calcium which
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produces the decline of high energy phosphates in the hearts of animals given
isoproterenol, and therefore a causal relationship has not yet been established.
Furthermore, Bloom and Davis (95) have found that myocardial calcium content
increased in a manner well correlated to isoproterenol dose in the range from 0.1
10 ug/Kg, but did not further increase with higher dose levels required to produce
myocardial lesions. Thus, it was suggested that the inotropic response is related to
calcium entry, but that necrosis is due to some other factor, possibly including the
intracellular metabolism of calcium. It was also shown by these workers that
propranolol could completely block the increase of calcium content of the myocardium
but would only reduce the incidence of lesions rather than preventing them. Bloom
and Davis (95) have interpreted their results to indicate a mechanism other than
calcium influx in isoproterenol~induced necrosis, but the dramatic modification of
necrosis by factors influencing transmembrane calcium fluxes clearly suggests the
involvement of calcium at some level in the etiology of necrosis caused by
catecholamines.

Muller (18) has suggested that, on the basis of coincidence of localization
of isoproterenol induced myocardial lesions and the highest myocardial MAO activity,
the accumulation of amines metabolically formed during deamination of catecholamines
may be the cause of necrosis in the heart. It is further pointed out that in young
rats, heart MAO activity is less than in older rats, and that isoproterenol sensitivity
is also less. None of the hypotheses discussed so far account for these findings as
well as the protective effect of MAOI. Likewise, no specific explanation has been
offerred for the changes in contractile proteins which are seen to occur in
catecholamine-induced necrotic lesions except for the suggestion by Pelouch et.al.
(79) that a direct interaction of catecholamine or some metabolite with the heavy
meromyosin region of the myosin molecule is involved. It may very well be that
lysosomes are activated due to calcium overload and decreased energy state of the
myocardium after catecholamine injection and this may produce cellular damage.
Furthermore, catecholamine are known to markedly increase the concentration of
cyclic AMP in the heart, and it is likely that this agent in high concentrations may
represent an important factor for causing catecholamine - induced myocardial necrosis.

In summary, the majority of the factors found to influence the severity of
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catecholamine - induced lesions can be understood in terms of their effects on
hemodynamic factors, delivery of oxygen to the myocardium, electrolyte balance,
or the metabolism of calcium and lipids. It would thus appear that hemodynamic
and coronary vascular factors contribute significantly to the severity of myocardial
damage following catecholamine administration, but that some primary pathogenic
mechanism acting directly on the myocardial cell is probably involved as well.
Furthermore, it is clear that exhaustion of high energy phosphate stores and
disruption of electrolyte balance are crucial events in the etiology of irreversible
cell damage, and although the metabolism of lipids and calcium are clearly involved,
the nature of the direct pathogenic influence following injection of catecholamines
is yet unknown.

E. The Physiological Significance of Adrenochrome and Related Oxidation

Products.

The oxidation products of epinephrine, adrenochrome and adrenolutin, have
been identified in the heart, skeletal muscle, liver brain and kidney of rabbits
(152 - 154) by paper chromatography and by their fluorescence properties. In
addition to the spontaneous axidation of epinephrine to adrenochrome by an
autocatalytic process (155), adrenochrome is enzymatically formed in mammalian
tissues. These enzymes include tyrosinases (156 - 161), and polyphenol oxidases
from various sources (161 = 165), particularly in guinea pig and rat muscles (165).
Other enzyme systems shown fo actively convert epinephrine to adrenochrome are
xanthine oxidase (166), leukocyte myeloperoxidase (167, 168), heart muscle
cytochrome oxidase (169 - 171), a cyanide insensitive system present in heart and
skeletal muscle (172), the cytochrome-indophenol oxidase system present in all
tissues (172, 173), and an unidentified enzyme in cat salivary gland (174). The
oxidation of epinephrine has also been reported to be catalyzed by cytochrome C
and by methaemoglobin (175), to stabilize with the formation of adrenochrome in the
presence of bicarbonate buffer, regardless of the oxidizing system used (176), and
to occur in blood (177, 178).

Much of the work in the literature dealing with the physiological and
pharmacological effects of epinephrine oxidation products was carried out before the

structure of adrenochrome was known, and still more before a relatively pure preparation
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could be obtained, as has been discussedby Hoffer in his review on this subject (179).
Furthermore, due to the inherent instability of adrenochrome in solution, one can

not be certain whether reports attributing either specific effects of the absence of
certain effects can truly be considered as an accurate assessment of the adrenochrome
activity. Nevertheless, it is well worth reviewing the broad spectrum of physiological
activities which have been found to result from adrenochrome or at least from some
closely related epinephrine oxidation product to which adrenochrome is converted.

Oxidized epinephrine solutions have been found to powerfully inhibit
cardiac inofropism and chronotropism (157, 158, 162, 180 - 182), and to increase
rather than decrease the tone of rabbit intestinal strips (183). Adrenochrome has
been reported to increase blood pressure (184), 185), to be effective as a vasoconstrictor
(186), to be a powerful hemostatic agent, and to greatly diminish capillary
permeability (187, 188). Adrenochrome has frequently been reported to reduce
blood sugar levels and potentiate the effects of insulin and has been described as an
anti-insulinase (179, 189), although this claim has been disputed (190).

Administration of adrenochrome either by injection or by feeding can result
in an increased oxygen consumption in humans and guinea pigs (191, 192), and
has been reported to increase tissue oxygen consumption in vitro (193, 194). On the
other hand, other workers have found that adrenochrome may stimulate, inhibit, or
have no effect on tissue oxygen consumption depending upon the metabolic substrate
utilized (195) or the adrenochrome concentration (196), which may explain reports
that adrenochrome did not effect the oxygen uptake of rat muscle (197) and inhibited
oxygen uptake and lactic acid production in dog heart slices (198).

Adrenochrome has also been reported to uncouple mitochondrial oxidative
phosphorylation, depressing P:O ratios (147, 199, 200), and it has been suggested
that adrenochrome may act as a hydrogen carrier between substrate and molecular
oxygen with the formation of water and regeneration of adrenochrome after each
cycle (199). It was also reported to be much more effective in inhibiting pyruvate
oxidation than succinate oxidation (200). Adrenoxyl, a closely related epinephrine
oxidation product, has been found to lower mitochondrial potassium content, decrease
ATPase activity, and to alter mitochondrial P:O ratios (201). Adrenochrome also

inhibited hexokinase and phosphofructokinase, thus inhibiting glucose phosphorylation
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and glycolysis, while stimulating glycogen synthesis (172, 202 - 205) and the
hexose monophosphate shunt (206, 207). Adrenochrome and adrenoxyl have both
been found to be inhibitors of myosin ATPase activity in heart and smooth muscle
(209 - 211). Adrenochrome and oxidized epinephrine solutions not only inhibited
mono-amine oxidase in a variety of tissues (212-214) but the enzyme, alkaline
phosphatase, also (215). It was thought that inhibition of all of the above enzymes
is due at least partly to the reversible oxidation of sulfhydryl groups on the enzymes
(210, 212). Other effects atiributed to adrenochrome and adrenoxyl include
antimitotic activity (216), reduction of coenzyme A levels in heart, kidneys and
brain (217), anti-histaminic properties (179), and an increase in mitochondrial
material of cultured cells (218). Thus it can be appreciated that adrenochrome is

a highly reactive molecule chemically, and is not only capable of oxidizing
protein sulfhydryl groups, but is also a dynamic catalyst for the deamination of a
variety of amines and amino acids (219 - 223). Furthermore, it may very likely be
capable of functioning as an oxidative hydrogen carrier acting upon either metabolic
substrates{199) or NADP* (207) and thus altering or disrupting essential metabolic
pathways.

The metabolism of adrenochrome and related epinephrine oxidation products
has been studied in rabbits, cats, and dogs (224 - 226). Adrenochrome injected into
rabbits rapidly disappeared from the blood and was transformed in the liver fo adren-
olutin which was removed from the system via the kidney (224). Most of it was
excreted in the urine as adrenolutin (both free and conjugated), or in the form of
a flourescent brown pigment, while a small amount was excreted unchanged. In
cafs and dogs, approximately 70 per cent was excreted in the form of a variety of
adrenochrome reduction products and other indoles (225). An unstable yellow
pigment has been observed in the urine of rats after injection of C 4 labelled
adrenochrome (227).

To summarize, there is evidence both for the presence of and the formation
of adrenochrome in mammalian tissues, and adrenochrome has been shown to be
capable of producing a wide variety of metabolic changes by interfering with
numerous enzyme systems. Thus adrenochrome and / or other catecholamine

oxidation products may be regarded as possible candidates for agents involved in
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toxic manifestations occurring in conjunction with catecholamine excess or altered
catecholamine metabolism. The injection of catecholamine into animals can be
conceived to result in the formation of oxidation products such as adrenochrome

in the circulating blood as well as in the myocardial cell. The accumulation of
these oxidation products in myocardium could then directly or indirectly, acting
by themselves or in conjunction with other effects of catecholamines, initiate
processes leading to myocardial necrosis. The present study is therefore intended

to provide some information on these aspects.
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I, METHODS

Male Sprague-Dawley rats having a body weight of 300 -~ 350 g were
decapitated, the hearts quickly removed and arranged for perfusion by the
conventional Langendorff technique. The perfusion medium was Krebs-Henseleit
solution containing NaCl, 120 mM; NaHCOs, 25 mM; KCI, 4.8 mM; KH2PO4,

1.2 mM; MgSO4, 1.2 mM; CaClz, 1.25 mM; and glucose, 8 mM. The perfusion
solution, pH 7.4, was continually gassed with a mixture of 95% 02 and 5% COZ'
and the perfusion temperature was maintained at 38°C. The perfusion rate (7.8 ml/
min) was controlled by using a Harvard peristaltic pump in all experimenis.

For certain experiments the composition of the perfusion medium was
modified by varying the individual components. When sodium chloride concentration
was reduced, an equivalent amount of sucrose was added to the solution. Corrections
were not made for changes in the concentration of calcium chloride, potassium
chloride or magnesium chloride. The pharmacologic agents which were utilized
in this study were dissolved directly in the perfusion medium. These were: iproniazide
(25 mg/1), tranylcypromine (25 mg/1) propranolol (1 mg/1), practolol (1 mg/1),
dibenamine (25 mg/1), tolazoline (25 mg/1), D-600 (0.5 mg/1), guanethidine (2 mg/1)
and bretylium (2 mg/1). Also employed were: ascorbic acid (1 mM), cysteine
(0.5 mM), and dithiothriatol (0.5 mM). |

Contractile force development and resting tension were monitered through-
out each experiment by means of a steel hook in the apex of the heart connected via
a short length of silk thread to a Grass force displacement transducer. Time to peak
tension and fime for 1/2 relaxation were calculated from the contractile force
recordings obtained at the maximum speed of the recorder (100 mm/sec). The
hearts were electrically driven at 360 beats/min throughout all experiments, except
those involving altered K* concentration, using a square wave stimulator (Phipps &
Bird) to apply pulses of 1-3 volts and 2 msec duration between two platinum
electrodes located in the apex of the heart and in the intraventricular septum at
the base of the heart. In experiments where the KT content of the perfusion medium
was altered, hearts were driven at 180 beats/min to avoid arrythmias and fibrillation.

The atria were removed and the atrio-veniricular node crushed to facilitate external
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control of the heart rate.

The hearts were permitted a 20 minute period for equilibration following
commencement of perfusion prior to the administration of isoproterenol, oxidized
isoproterenol, epinephrine, dihydroxymandelic acid, metanephrine, vanilmandelic
acid, or adrenochrome. In experiments designed to study the influence of altered
ionic composition of the perfusion medium, or the presence of various pharmacologic
agents, these modifications were present from the beginning of the perfusion in order
that the hearts would be equilibrated to these factors prior to'the administration of
adrenochrome .

To minimize oxidation, isoproterenol was dissolved in the perfusion
medium at-a concentration of 4 mg/ml and infused into the perfusion cannula at
constant rate of 0.2 ml/min by means of a syringe pump (Sage, model 341). The
final concentration of the drug reaching the heart was thus approximately 100 mg/
liter. The infusion solution used for the study of the effects of unoxidized
isoproterenol was freshly made, replaced at 5 = 10 minute intervals during the
course of each experiment, and discarded if there was any evidence of colouration.
The infusion solution used for the study of the effects of oxidized isoproterenol was
made 6 to 8 hours prior to use, during which interval it-was continuously gassed
with 95% 02 - 5% COZ' and at the time of use was of a very dark reddish brown
colour. When such solutions were permitted to stand for very long periods of time
(16 to 24 hours) they became more transparent, having a yellow-brown colouration,
and were found to be greatly reduced in potency. Spectral scans of these infusion
solutions were carried out following a 40 fold dilution with Krebs-Henseleit solution
(the solvent) using an Aminco DW-2 Spectrophotometer.

It was subsequently found that more potent solutions of spontaneously
oxidized isoproterenol were obtained if solutions of perfusion medium containing
the desired final concentration of isoproterenol were gassed with 95% 02 - 5% C02
at room temperature for 12 hours prior to use. Solutions prepared in this manner have
a pink to bright red colouration, depending upon the concentration of isoproterenol
used, and were used to study the effects of concentration on contractile force.

For the experiments using adrenochrome, epinephrine, metanephrine,

dihydroxymandelic acid, and vanilmandelic acid, small volumes of appropriate
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concentration in perfusion medium previously gassed with 95% 02 - 5% C02 were
prepared just prior to use. In order to investigate the possible synergistic effect
of epinephrine and adrenochrome, hearts were perfused with solution containing
adrenochrome (50 or 25 mg/1) at a rate of 7.8 ml/min while a fresh epinephrine
solution of a concentration of 40 mg/l was infused at a rate of 0.2 ml/min togive
a final concentration of 1 mg/l of epinephrine in the perfusion medium reaching
the heart.

At the end of each experiment the hearts were abruptly switched to
perfusion with a solution of 1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4,
for 5 minutes as a preliminary fixation for electron microscopic studies. Small
portions of the left ventricle of each heart were subsequently dissected out, washed
for 4 - 6 hours in 0.1 M phosphate buffer, and post-fixed for 1 hour in a solution
of 1% OsO4 in 0.1 M phosphate buffer. These specimens were then dehydrated
in a graded ethano!l series and embedded in Epon. Sections were made using a
diamond or glass knives on a Sorvall MT - 2 ultramicrotome, stained with uranyl
acetate and / or lead citrate, and examined using a Zeiss EM9S eleciron microscope .

At least four different hearts were used for each observation. The

drugs used in this study were hydrochloride salts. The results were analyzed by the

Student "t" test.
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IV. RESULTS

A.  Effect of Perfusion with Isoproterenol and Oxidized Isoproterenol on Contractile

Force Development and Ultrastructure .

A systematic comparison of perfusion with unoxidized and oxidized
isoproterenol (100 mg/liter) revealed a dramatic contrast in ferms of their effects on
force development parameters of the isolated rat hearts. Although the developed
contractile tension was not significantly (P>0.05) greater than the control level with
the infusion of freshly made isoproterenol solutions, the maximum rate of tension
development was increased by 40%, and the time to peak tension was greatly reduced
(Figure 1). Infusion of solution in which isoproterenol has undergone spontaneous
oxidation at a concentration of 4 mg/ml for 6 to 8 hours, on the other hand, resulted
in a steady decline in both developed tension and maximum rate of tension development,
with failure of the heart to generate contractile force occurring at an average of 35
min (Figure 1). Although time to peak tension declined with fresh and oxidized
isoproterenol, this change with oxidized drug was significantly (P<0.05) greater
- than that seen with fresh isoproterenol.

Resting tension was not significantly altered during infusion of fresh
isoproterenol, while the maximum rate of relaxation was noticeably increased and
the time for 1/2 relaxation reduced (Figure 2). By contrast, a dramatic increase in
the resting tension of hearts perfused with oxidized isoproterenol was seen to coincide
with failure of contractility (Figure 2). Furthermore, with oxidized isoproterenol
the maximum rate of relaxation decreased significantly (P<0.05) below control levels,
and fell steadily with continued perfusion until contractility failed. The time for 1/2
relaxation was decreased with oxidized isoproterenol to a similar degree as with fresh
isoproterenol except in the few minutes just prior to complete loss of contractile
function (Figure 2).

Electron microscopic examination of numerous sections from three hearts
perfused with fresh isoproterenol (100 mg/liter) for one hour revealed no alteration of
mitochondria, sarcoplasmic reticulum, sarcomeres, sarcolemma, or transverse tubules
as compared to control hearts perfused for a similar period without isoproterenol

(Figure 3, upper panel). Examination of 50 to 100 sections each from three hearts



35

120

100

80

initial)

60

(%6 of

40

Developed Tension

Maximum Rate of Tension Development
(9% of initial)

c 90
(=]
[
S 80|
'_I'\
Q
s 5 70
]
a E
',2 60}
oy
50+

I ! | ! ] ! ] ] ) I ]
0 5 10 15 20 25 30 35 40 45 50
Time (min)

Figure 1: Effect of infusion of fresh and oxidized isoproterenol solution
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Figure 3: Upper panel - Electron micrograph of a section from an isolated
rat heart perfused for one hour with fresh isoproterenol (100 mg/1). This
micrograph is typical of all sections examined. Lower panel - electron
micrograph of a section from an isolated rat heart perfused with oxidized
isoproterenol (100 mg/1) until failure of con’rrac’rilelfuhc’rion. Black bar

represents one micron.
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perfused with oxidized isoproterenol until contractility disappeared (about 35 min
perfusion), on the other hand, revealed frequent evidence of necrotic damage,
including contracture of sarcomeres and regions of vacant cytoplasm (Figure 3, lower
panel). Distinct evidence of disruption of contractile filaments was seen fo occur in
many regions (Figure 4, upper panel), as was swelling of mitochondria (Figure 4,
lower panel). Changes such as those shown in these figures appeared to involve 1/3
to 1/2 more of all the cells seen in the sections examined.

Figure 5 shows spectral scans obtained from a 400 fold dilution (initial
concentration 4 mg/ml) of freshly made isoproterenol solution and oxidized isoproterenol
solution, as used in this study, and also of older solution, which had undergone a
further colour change from reddish~brown to a more transparent yellow - brown. The
latter solution was found to be of greatly reduced potency, in terms of cardiotoxic
effects, with developed tension decreasing by less than 50% during 35 min of perfusion
and not diminishing further even after more than one hour (results not shown). Fresh
isoproterenol solutions show a major absorption peak at approximately 205 nm with a
smaller maximum at 280 nm (Figure 5). The oxidized isoproterenol solution exhibiting
a reddish-brown colour and having a high degree of cardiotoxicity exhibited absorption
maxima at approximaiely 225 and 308 nm with a very broad peak in the visible region
at 490 - 500 nm. These maxima agree closely with the absorption spectra reported
for adrenochrome, a primary oxidation product of epinephrine (214). Older solutions
exhibiting a yellow-brown colouration and having a greatly reduced cardiotoxic
potency show broad maxima at 225 and 340 nm (Figure 5). The ultrastructural damage
in hearts perfused with isoproterenol oxidized for 16 to 24 hours was not even half as
extensive as seen in hearts perfused with isoproterenol oxidized for 6 to 8 hours.
Perfusion of hearts with concentrations of fresh isoproterenol as high as 200 mg/liter
for periods in excess of 2 hours resulted in no diminution of mechanical activity and
no ultrastructural damage.

Solutions of isoproterenol which had undergone spontaneous oxidation for
a longer period of time (12 hrs.) of a lower concentration (100 ug/ml) were found to
be much more potent in terms of their effects on contractile failure of the isolated
perfused heart (Figure 6). Perfusion with oxidized isoproterenol prepared in this

manner at a concentration of 100 mg/1 resulted in a rapid and dramatic decline of



Figure 4: Electron micrographs of sections from isolated rat hearts perfused
with oxidized isoproterenol (100 mg/1) until failure of contractile function.

Upper panel indicating disrupted contractile filaments and the lower panel

showing swollen mitochondria.~ Black bar represents one micron.
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Figure 5: Absorption spectrum of a solution of isoproterenol in Kreb-
Henseleit perfusion medium when freshly made, after sitting for several
hours, at which time it is highly cardiotoxic, and after sitting overnight,

at which time it's cardiotoxicity is greatly diminished.
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contractile force to 8% of the initial level within 5 minutes, and complete failure

of contractile activity by about 8 minutes. This pattern of contractile failure was

found to vary according to the conceniration of oxidized isoproterenol, with failure
occurring at approximately 13 minutes at 50 mg/l, 60 minutes at 25 mg/l, and contractile
force reduced to approximately 15% of control by 90 minutes at a concentration of

10 mg/! (Figure 6).

Electron microscopic examination of sections from hearts perfused for 15
minutes with 50 mg/! of isoproterenol oxidized at that concentration for 12 hours revealed
similar necrotic damage to that found previously. Figure 7 illustrates the disruption
of contractile filaments (upper panel) and swelling of mitochondria and sarcoplasmic
reticulum (lower panel) typical of that found in these hearts.

B. Effect on Coniractile Force Development and Ultrastructure of Perfusion with

Epinephrine, its Metabolites, and Adrenochrome.

Due to the similarity of the absorption spectrum of oxidized isoproterenol
solution to that of adrenochrome a comparison was made of the effects of epinephrine
and commercially prepared adrenochrome (Sigma Chemicals) in terms of their effects
on contractile function and ultrastructure in the isolated perfused rat heart. In addition,
a series of experiments was carried out to determine whether any of the normally occurring
metabolites of epinephrine, such as metanephrine, dihydroxymandelic acid, and
vanilmandelic acid were capable of inducing necrotic damage to the myocardium.
Perfusion of isolated rat hearts with medium containing epinephrine (50 mg/1)
resulted in a rapid increase in contractile force development reaching a peak mean
value of just over 150% of conirol at 3 - 5 minutes and remaining well above the control
throughout the experiment (Figure 8, upper panel). Metanephrine (50 mg/1) likewise
produced a significant (P<0.05) but much smaller increase in contractile force
development which was also maintained and increased gradually throughout the
experiment. Neither dihydroxymandelic acid (50 mg/1) or vanilmandelic acid (50 mg/1)
significantly (P>0.05) altered the development of coniractile force as compared to control
(Figure 8, upper panel). Adrenochrome (50 mg/1) on the other hand caused a steady
decline in contractile force development until a complete disappearance of contractile

activity had occurred by 30 minutes (Figure 8, upper panel). The increase in contractile



Figure 7: Electron micrographs of sections from isolated rat hearts perfused
for 15 minutes with oxidized isoproterenol (50 mg/1). Upper panel demon-
strates disruption of contractile filaments and the lower panel shows swelling

of mitochondria. Black bar represents one micron.
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Figure 8: Upper panel - Effect of perfusion with epinephrine, metanephrine, dihydroxy-

mandelic acid, vanilmandelic acid, or adrenocHrome on the contractile force of isolated

perfused rat hearts. Mean initial contractile force was 8.4 + 0.4 gm at a resting tension

of 2.5 gm. Lower panel - Effect of perfusion with epinephrine or adrenochrome on the

resting tension of isolated perfused rat hearts. The initial resting tension was 2.5 gm.

Epinephrine (50 mg/l) G—© , metanephrine (50 mg/l) &—=a , vanilmandelic acid (50 mg/1)
v—v , dihydroxymandelic acid (50 mg/l) B—®& | adrenochrome (50 mg/l) &—& ,

control @—®. Each point is the mean t standard error of 4 experiments.
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force caused by perfusion with epinephrine was accompanied by a gradual increase
in resting tension (Figure 8, lower panel) which then became stable at a level about
30 % above the initial resting tension. The effect of perfusion with adrenochrome
on the resting fension of the heart was to produce an early decline to less than 75%
of control during the first five minutes, followed by a steady increase in resting
tension to a level not significantly (P>0.05) different from that seen upon perfusion
with adrenaline (Figure 8, lower panel).

Epinephrine and adrenochrome produced dramatically different effects on
both the rate of contractile force development and the time to peak tension (Figure 9).
The powerful positive inotropic response to epinephrine is reflected by a large increase
in rate of force development and by a decrease in the time to peak tension. By contrast,
adrenochrome caused a steady and rapid decline in the rate of force development and
a prolonged time to peak tension. Time to peak tension could not be accurately
measured in hearts perfused with adrenochrome for longer than 10 minutes due to the
greatly reduced amplitude of contractile force development (Figure 9, lower panel).

The effects of epinephrine and adrenochrome on the maximum rate of
relaxation and the time for 1/2 relaxation were quite similar o their effects on the
maximum rate of force development and time to peak tension. Epinephrine caused
a large increase in the maximum rate of relaxation and a shortened time for 1/2
relaxation, whereas perfusion with adrenochrome resulted in a dramatic and steady
decrease in the maximum rate of relaxation and a prolonged time for 1/2 relaxation
(Figure 10).

Electron microscopic examination of sections from four hearts each perfused
with epinephrine (Figure 11, upper panel), vanilmandelic acid (Figure 11, lower panel),
metanephrine acid (Figure 12, upper panel), and dihydroxymandelic acid (Figure 12,
lower panel), failed to reveal any ultrastructural evidence of myocardial necrosis.
Preservation was good and the appearance of the mitochondria, sarcoplasmic reticulum,
transverse tubules, sarcolemma, and sarcomeres was:not different from that of control
perfused rat hearts.

In contrast to these observations, examination of numerous sections from
three of four hearts perfused with 50 mg/l adrenochrome revealed extensive evidence

of necrotic damage including apparent dissolution of contractile filaments as well as
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Figure 9: Effect of perfusion with epinephrine or adrenochrome on the maximum

rate of force development and the time to peak tension of isolated perfused rat

hearts. Epinephrine (50 mg/1) G—©, adrenochrome (50 mg/l) B—& , control

@—® ., Each point is the mean + standard error of 4 experiments.
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Figure T1: Upper panel - Electron micrograph of a typical section from an isolated
rat heart perfused for 30 minutes with epinephrine (50 mg/1). Lower panel -
Electron micrograph of a typical section from an isolated rat heart perfused for 30
minutes with vanilmandelic acid (50 mg/1). These micrographs are typical of
sections examined from four hearts each perfused with epinephrine and vanilmandelic

acid for 30 minutes. Black bar indicates one micron.
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Figure 12: Upper panel - Electron micrograph of a typical section from an
isolated rat heart perfused for 30 minutes with metanephrine (50 mg/1).

Lower panel = Electron micrograph of a typical section from an isolated

rat heart perfused for 30 minutes with dihydroxtymandelic acid (50 mg/1).
These micrographs are typical of all sections examined from four hearts each
perfused with metanephrine and dihydroxymandelic acid for 30 minutes. Black

bar represents one micron..
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contracture in other areas (Figure 13, upper panel) and swelling of mitochondria
and sarcoplasmic reticulum (Figure 13, lower panel). Ultrastructural changes such
as these were estimated to involve from 1/2 to 2/3 or more of all ventricular tissue
examined from these hearts. In the fourth heart perfused with 50 mg/| adrenochrome
several areas showing damage similar to that found in the other three hearts were
occassionally observed (Figure 14, upper panel), but by and large the appearance
of most of the veniricular tissue examined in over a hundred sections from this heart
was not different from that of the control (Figure 14, lower panel).

The effect on the time course of changes in contractile force development
of perfusion with various concentrations of adrenochrome for 30 minutes is illustrated
in Figure 15. The rate of decline of contractile force was increased and the mean
contractile force at the end of 30 minutes was decreased over a range of concentrations
from 1 mg/1 to 50 mg/1 of adrenochrome. Whereas 1 mg/l of adrenochrome produced
virtually no change in contractile activity within the 30 minute period, 50 mg/! of
adrenochrome resulted in complete failure of contractile activity by 30 minutes.

Electron microscopic examination of rat hearts perfused for 30 minutes
with 1 mg/| of adrenochrome revealed no evidence of ulirastructural damage, nor
did sections from hearts perfused with 5 mg/l of adrenochrome appear unusual except
for occasional vacuolizations possibly representing the degeneration of individual
mitochondria (Figure 16, upper panel). Although there was no overt disruption of
subcellular organelles in hearts perfused with 10 mg/! of adrenochrome for 30 minutes,
subtle alterations in the appearance of the mitochondria were evident (Figure 16,
lower panel). In addition to being more electrondense, the cristae of these mitochondria
were more tightly packed and were seen more often in a spiral rather than transverse
configuration. These alterations in mitochondrial structure were found to be more
pronounced following perfusion with an adrenochrome concentration of 25 mg/l
(Figure 17, upper panel), and the mitochondrial cristae were more convoluted in
appearance while the space between cristae was increased. Evidence of disruption
of the contractile elements was observed as well (Figure 17, upper panel), although
this was not as uniform a phenomenon as the mitochondrial changes and was not at all
evident in many areas.

Four hearts each were fixed for electron microscopy following perfusion with
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Figure 13: Electron micrographs of typical sections from isolated rat F;ecm‘s
perfused for 30 minutes with adrenochrome (50 mg/1). Upper panel illustrates
contracture and dissolution of contractile filaments. Lower panel illustrates
swelling and disruption of mitochondria and swelling of sarcoplasmic reticulum.
These micrographs are typical of extensive areas of damage observed in three
of four hearts perfused with adrenochrome for 30 minutes. Black bar repre‘sem‘s

one micron.
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Figure 14: Upper panel - Electron micrograph of a section from an isolated rat
heart perfused for 30 minutes with adrenochrome (50 mg/1), indicating necrotic

damage similar to that shown in the previous figure. Lower panel - Electron

micrograph of another region of the same heart shown in the upper panel.
Ultrastructure is apparently normal and is typical of the majority of sections

examined from this particular heart. Black bar indicates one micron.
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Figure 15: Effect of perfusion with various concentrations of adrenochrome
on the contractile force of isolated rat hearts. 1 mg/l 3—©, 5 mg/| @—@ ,
10 mg/1 B—8, 25 mg/| B—=& , 50 mg/l &—aA . Each point is the mean
T standard error of 4 experiments. Mean initial contractile force was

8.7 + 0.4 gm at a resting tension of 2.5 gm.
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Figure 16: Upper panel_=~ Electron micrograph. of a typical section from an isolated

rat heart perfused for 30 minutes with adrenochrome (5 mg/1). Lower panel -
Electron micrograph of a typical section from an isolated rat heart perfused for

30 minutes with adrenochrome (10 mg/1). These micrographs are representative of
sections examined from four hearts perfused at each concentration of adrenochrome.

Black bar indicates one micron.
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Figure 17: Upper panel - Electron micrograph of a typical section from an isolated

rat heart perfused for 30 minutes with adrenochrome (25 mg/1). Lower panel -
Electron micrograph of a typical section from an isolated rat heart perfused for 5°
minutes with adrenochrome (50 mg/1). These micrographs are representative of
sections examined from four hearts each perfused under the conditicis deséribed. -

" Black bar indicates one micron.
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50 mg/| of adrenochrome for 5 minutes, 10 minutes, and 20 minutes in order fo study
the time course of development of ultrastructural damage. Electron microscopic
examination of sections from these hearts revealed a dramatic difference in hearts
perfused for 10 minutes with this concentration of adrenochrome as compared fo those
perfused for 5 minutes. At 5 minutes of perfusion with adrenochrome ultrastructure
was not apparently different from control (Figure 17, lower panel) whereas by 10
minutes areas in which sarcomeres were both over-stretched and in contracture, in
which contractile elements appeared to be undergoing dissolution, and in which
disruption of mitochondria was evident were frequently observed (Figure 18). The
severity of the damage observed in these hearts was similar to that seen af 30 minutes
of perfusion with 50 mg/l of adrenochrome, although not as extensive. By 20 minutes
of perfusion with 50 mg/| the extent of the damaged areas approached that seen af
30 minutes.

C.  Influence of Epinephrine and Various Reducing Agents on Adrenochrome Induced

Failure and Necrosis.

The effects of epinephrine infusion on necrosis and failure resulting from
perfusion of isolated rat hearts with adrenochrome was studied for the following ressons.
Firstly, a small increase in contractile force, although not statistically significant,
was consistantly noted during the first few minutes of perfusion with 5, 10 and 25 mg/I
of adrenochrome (Figure 15). This observation suggests the possibility of contamination
of the adrenochrome prepdra’rion by traces of unoxidized epirephrine, though the
product assay information provided by Sigma indicated a high degree of purity.
Attempts to further purify the preparation were considered impractical due to the
instability of adrenochrome. It was therefore considered essential to determine
whether the presence of epinephrine was o significant factor influencing the effects
of adrenochrome on the isolated perfused rat heart. Furthermore, adrenochrome
formation in vivo must necessarily occur in the presence of catecholamines and
possible synergistic effects must be considered.

The infusion of epinephrine af a rate calculated to produce a concentration
of 1 mg/l in the medium during perfusion with 50 mg/1 of adrenochrome resulted in
maintenance of a significantly (P<0.05) greater contractile force during the first 15

minutes as compared to adrenochrome alone (Figure 19). Contractile force declined
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Figure 18: Electron micrographs of sections from isolated rat hearts perfused for
10 minutes with adrenochrome (50 mg/1). Upper panel illustrates both contracture
and over-stretching of sarcomeres and the lower panel shows mitochondrial swelling

with disruption of the cristae. Black bar indicates one micron. )
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Figure 19: Effect of infusion of epinephrine (1 mg/l) in the absence and presence
of adrenochrome (50 mg/1). on the contractile force of isolated rat hearts. Epine-
phrine (1 mg/1) B—#& , adrenochrome (50 mg/l) G—© , adrenochrome (50 mg/1)
plus epinephrine (1 mg/1) B—8 , control ®— . Each point is a mean +

standard error of 4 experiments. Mean initial contractile force was 8.4 + 0.2 gm

at a resting tension of 2.5 gm.
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rapidly thereafter. Comparison of the ultrastructure of hearts affer 30 minutes of
perfusion with adrenochrome in the presence and absence of epinephrine (1 mg/1)
failed to revealed any differences to suggest that epinephrine infusion potentiates the
action of adrenochrome (Figure 20, upper panel). Similarly, electron microscopic
examination of sections from hearts perfused for 30 minutes with 50 mg/1 of
adrenochrome during infusion of epinephrine (1 mg/1) revealed ultrastructural damage
comparable in extent and severity to that of hearts perfused with 50 mg/l of
adrenochrome alone. Thus, although epinephrine was moderately effective in
maintaining contractile force during early stages of adrenochrome perfusion, it did
not either potentiate or protect the heart against disruption of subcellular structures
due to adrenochrome. |

In another group of experiments 1 mM ascorbic acid was added fo the
adrenochrome solution in an attempt to prevent further oxidation of the adrenochrome.
Colour changes of the solution upon addition of ascorbic acid indicated that some
chemical alteration of the adrenochrome, probably a reduction, had occurred.
Perfusion of isolated rat hearts with this solution containing 25 mg/! of adrenochrome
together with 1 mM ascorbic acid was found to result in a more rapid decline of
contractile force than was observed with 25 mg/1 of adrenochrome alone (Figure 21).
Two other reducing agents, dithiothriotol and cysteine, were subsequently found to
produce even more marked colour changes of the adrenochrome solution. Perfusion
of hearts with solutions to which 0.5 mM dithiothriotol was present in addition to
25 mg/| of adrenochrome produced a still more dramatic decline of contractile force
than that seen with the ascorbic acid ~ adrenochrome experiments (Figure 21).
Addition of 0.5 mM cysteine to perfusion medium containing 25 mg/| of adrenochrome
did not significantly (P>0.05) alter the time course of decline of contractile force
(Figure 21).

Electron microscopic examination of hearts perfused for 30 minutes with
25 mg/1 of adrenochrome to which 1 mM ascorbic acid was added disclosed frequent
areas of disruption of myocardial ultrastructure including contracture and disruption
of sarcomeres (Figure 22, upper panel). Likewise, hearts perfused for 30 minutes with

25 mg/| of adrenochrome after addition of 0.5 mM dithiothriotol were found to have
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Figure 20: Upper panel - Electron micrograph of a typical section from an

isolated rat heart perfused 30 minutes with adrenochrome (25 mg/1) plus epinephrine
(1 mg/1). Lower panel - Electron micrograph of a typical section from an isolated
rat heart perfused for 30 minutes with adrenochrome (50 mg/1) plus epinephrine -

(1 mg/1). These micrographs are representative of sections from four hearts each

perfused under the conditions described. Black bar indicates one micron.
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Figure 21: Effect of ascorbic acid (1 mM), cysteine (0.5 mM) and dithiothriotol

(0.5 mM) on the time course of failure of contractile force development of isolated rat

hearts due to perfusion with adrenochrome (25 mg/1). Ascorbic acid E—&, cysieine
v—= , dithiothriotol G—© , adrenochrome 4&—=aA , adrenochrome plus ascorbic

acid B—@, adrenochrome plus cysteine ¥—¥ , adrenochrome plus dithiothriotol

@—® . Fach point is the mean + standard error of 4 experiments. Mean initial

contractile force values in grams were ascorbic acid - 7.1 + 0.5; cysteine - 8.1 £ 0.6;

dithiothriotol = 8.4 + 0.5; and control - 8.7 + 0.5 at a resting tension of 2.5 gm.
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Figure 22: Upper panel - Electron micrograph of a typical section from an isolated
rat heart perfused for 30 minutes with adrenochrome (25 mg/1) in the presence of
ascorbic acid (T mM). Lower panel - Elec tron micrograph of a typical section
from an isolated rat heart perfused for 30 minutes with adrenochrome (25 mg/1)

in the presence of dithiothriotol (0.5 mM). These micrographs are representative
of sections examined from four hearts each perfused under the conditions described.

Black bar represents one micron.
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large areas in which contracture of sarcomeres was evident, and fo be much more
severely and extensively damaged throughout than hearts perfused with 25 mg/| of
adrenochrome alone (Figure 22, lower panel). . Although 0.5 mM cysteine also
increased the severity of damage produced by 25 mg/! of adrenochrome (Figure 23,
upper panel), widespread contracture was not observed, and much of the tissue
examined was relatively normal except for a distinctive swelling of the transverse
tubules (Figure 23, lower panel). Sections from isolated rat hearts perfused for similar
periods of time with T mM ascorbic acid, 0.5 mM dithiothriotol or 0.5 mM cysteine

in the absence of adrenochrome were not different from controls.

D. Influence of Altered Cation Concentrations of the Perfusion Medium on

Adrenochrome Induced Failure and Necrosis.

Perfusion of isolated rat hearts with 25 mg/1 of adrenochrome in perfusing
medium containing 0.31 mM Ca™ did not significantly alter the time course of

failure of contractile force as compared to hearts perfused with 25 mg/| of adrenochrome

in the presence of 1.25 mM Ca™t (Figure 24). On the other hand, an increase in the
Ca™™ concentration of the medium to 2.5 mM prevented any decline of contractile
force below control levels during the first 15 minutes of perfusion with 25 mg/1 of
adrenochrome (Figure 24). By thirty minutes, contractile force was decreased by
only dbout 55% in hearts perfused with 25 mg/! of adrenochrome in medium containing
2.5 mM Ca™, whereas coniractile activity had ceased in hearts perfused with the
same concentration of adrenochrome in the presence of 1.25 or 0.31 mM Ca™.

Four hearts each were fixed following 30 minutes of perfusion with 25 or
50 mg/| of adrenochrome in medium containing 0.31 mM Ca™ to determine the
influence of reduced extracellular Ca™ levels on the severity of ultrastructural
damage due to adrenochrome. Examination of sections from these hearts showed that
reduction of the Ca™ concentration of the medium to 0.31 mM had completely
protected the myocardium from structural damage due to 50 mg/! of adrenochrome
(Figure 25). Likewise, increasing the Ca™ concentration of the perfusion medium
to 2.5 mM resulted in a considereble increase in both the extent and severity of
ultrastructural damage produced by perfusion with 25 mg/! of adrenochrome (Figure 26).

The structural integrity of adjacent myocardial cells separated by an intercalated
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Figure 23: Electron micrographs of typical sections from isolated rat hearts

perfused for 30 minutes with adrenochrome (25 mg/1) in the presence of cysteine

(0.5 mM). Upper panel indicates areas of extensive damage whereas lower panel
represents areas of minimal changes. These micrographs are representative of sections

from four hearts perfused-under the‘conditions described: - Black bar represents-one—

micron.
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Figure 24: Effect of varying the Ca®™ concentration of the perfusion medium on the
time course of failure of contractile force development of isolated rat hearts due to
adrenochrome (25 mg/1). 0.31 mM Ca™ —o , 0.31 mM Cat™ plus adrenochrome
—®, 2.5 mM Ca™ G—&, 2.5 mM Ca™ plus adrenochrome B—&, 1.25 mM Ca™™
plus adrenochrome a—a, Each point is the mean + standard error of 4 experiments,
Mean initial contractile force values in grams were : 0.31 mM Ca™™ - 2.4 +0.6;

2.5mMCa™ - 12.2 + 0.6; 1.25 mM Ca'™ - 8.5+ 0.8 at a resting t ension of 2.5 gm.
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Figure 25: Upper panel - Elec tron micrograph of a typical section from an
isolated rat heart perfused for 30 minutes with adrenochrome (50 g/1) in the* -
presence of 0.31 mM Ca™ . Lower panel - Electron micrograph of a typical

section from an isolated rat heart perfused for 30 minutes with adrenochrome

(50 'mg/1) in the presence of 1.25 mM CatE, = These micrographs-are-representative -
of sections examined from four hearts each perfused under the conditions described.

Black bar indicates one micron.
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Figure 26:. Upper panel - Electron micrograph of a typical section from an isolated

rat heart perfused for 30 minutes with adrenochrome (25 mg/1) in the presence of
2.5mM Ca™. Lower panel - Electron micrograph of a fypiccﬂ section from an

isolated rat heart perfused for 30 minutes with adrenochrome (25 mg/1) in the

presence of 1.25 mM Ca™™ " 'These micrographs are representative of sections examined

from four hearts each perfused under the conditions described.
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disc was often seen to be quite different in hearts perfused with 25 mg/! of adrenochrome
in the presence of 2.5 mM Ca*r. An advanced degree of disruption of contractile
elements and membranous organelles was frequently observed in one cell while its
neighbor was affected only slightly or not at all (Figure 26, upper panel). Ultrastructure
of hearts perfused with 2.5 mM Ca™™ in the absence of adrenochrome was not different
from controls.

The effect of reducing the Na™ concentration of the perfusion medium was
found to be similar to increased Ca™ concentration in maintaining contractile force
of isolated hearts during perfusion with 25 mg/| of adrenochrome. Contractile force
was not significantly (P>0.05) less than control during the first ten minutes of perfusion
with 25 mg/| of adrenochrome in medium containing 35 mM Na™ and had fallen by
only 30% at 30 minutes (Figure 27). In contrast to this, the contractile force of hearts
perfused with 25 mg/] of adrenochrome in the presence of 145 mM Na' declined
steadily after 5 minutes of perfusion and had been reduced to about 5% of the control
level by 30 minutes (Figure 27).

Examination of the ultrastructure of hearts fixed after perfusion with 35 mM
Na™ in the absence of adrenochrome disclosed swelling of the sarcoplasmic reticulum
due fo this modification of the perfusing medium, but the structure of the sarcomeres,
mitochondria, intercalated discs, and sarcolemma were not affected (Figure 28,
upper panel). In hearts fixed after 30 minutes of perfusion with 25 mg/| of adrenochrome
in the presence of 35 mM Na™ contracture of sarcomeres and mitochondrial swelling
and disruption were evident (Figure 28., lower panel). A dramatic contrast was observed
in the severity of ultrastructural changes of adjacent cells, similar to that described
in hearts perfused with 25 mg/1 of adrenochrome .in medium containing 2.5 mM Ca™™,
These changes represent a considerable increase in the severity of necrosis as compared

to that produced by perfusion with 25 mg/! of adrenochrome in the presence of 145

- mM Na.

Figure 29 shows the effect of increasing and decreasing the Mg™™ con-
centration of the perfusion medium on the time course of failure of contractile force
© of hearts perfused with 25 mg/| of adrenochrome. Elimination of Mg from the

perfusion medium did not significantly (P>0.05) effect the contractile forde changes

- caused by 25 mg/l of adrenochrome over a period of 30 minutes (Figure 29). On the
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Figure 27: Effect of varying the Na™ concentration of the perfusion medium on the time
course of failure of contractile force development of isolated rat hearts due to
adrenochrome (25 mg/1). 35 mM Na™© E—8&, 35 mM Na™ plus adrenochrome B— ,
145 mM Na™ 6—© , 145 mM Na™ plus adrenochrome &—®, Each point is the mean
* standard error of 4 experiments. Mean initial contractile force values in grams were:

35 mM Na* - 115+ 0.6; 145 mM Na' - 8.4 + 0.5 at a resting tension of 2.5 gm.
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Figure 28: Upper panel- - Elect ron micrograph of a typical section from an

isolated rat heart perfused for 30 minutes with medium confainiﬁg 35 mM Na™.
Lower panel - Electron micrograph of a typical section from an isolated raf heart
perfused for 30 minutes with adrenochrome (25 mg/1) in the presence of 35 mM Na®.
These micrographs are representative of sections examined from four hearts each

perfused under the conditions described. Black bar indicates one micron.
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Figure 29: Effect of varying the Mg'™ concentration of the perfusion medium on the time

course of
(25 mg/1)

point is a

values in

failure of contractile force development of isolated rat hearts due to adrenochrome
. 0mM Mgtre—o, 0 mM MgH plus adrenochrome @—@, 12 mM Mg™ m—g
12 mM Mgt plus adrenochrome B—#, 1.2 mM Mg™ plus adrenochrome &—a. Each
mean I standard error of four experiments. Mean initial contractile force

grams were: 0 mM Mg™" - 9.9 £0.7; 12 mM Mgt - 1.9 £ 0.5; 1.2 mM Mg™t

8.2 + 0.7 at a resting fension of 2.5 gm.
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other hand 12 mM Mg™, which by iiself supported a level of contractile force

development of only 1.9 + 0.5 gm at a resting tension of 2.5 gm, resulted in a

steady increase in contractile force following initiation of perfusion with 25 mg/!
of adrenochrome to a level of over 160% of control by eight minutes (Figure 29).
Contractile force declined rapidly after the first eight minutes and during the last
10 minutes of the perfusion period was compardble to that of hearts perfused with
25 mg/| of adrenochrome in the presence of 1.2 mM Mg++.

Omission of Mg*™ from the perfusion medium did not alter the ultrastructural
appearance of hearts fixed after perfusion for 30 minutes with either 25 mg/| of
adrenochrome (Figure 30, upper panel), or 50 mg/l of adrenochrome as compared fo
hearts perfused with the same concentration of adrenochrome in the presence of 1.2
mM Mg™, whereas 12 mM Mgt effectively prevented necrotic changes at both adrenochrome
concentrations. Figure 30 (lower panel) shows a typical speciman from a heart perfused
for 30 minutes with 50 mg/| of adrenochrome at a Mg++ concentration of 12 mM in
which mitochondria and sarcomeres are intact. The ultrastructure of these hearts was
normal except for an occasional moderate degree of swelling of the fransverse tubules.

Although in all other experiments reported in this study isolated rat hearts
were paced at 360 beats/min, in the series of experiments designed to investigate
- the influence of altered K™ concentration of the perfusion medium on the effect of
adrenochrome the stimulation rate had to be reduced to 180/min in order to avoid
irregular coniractions and fibrillation. As can be seen in Figure 31, initiation of
perfusion with 25 mg/| of adrenochrome resulted in an increased contractile force
development at every K¥ concentration with this rate of stimulation, and this initial
increase was most pronounced with a Kt concentration of 18 mM. Furthermore,
contractile force was maintained at a high level throughout the entire period of
perfusion with 25 mg/1 of adrenochrome in the presence of 18 mM K™, and at 30
minutes was nearly 50% of control (Figure 31). The time course of failure of contractile
force due to perfusion with 25 mg/! of adrenochrome was not significantly different
at a K¥ concentration of 1.5 mM as compared to 6.0 mM (Figure 31).

Subcellular structures were found to be intact following perfusion for 30
minutes with medium containing 1.5 mM K™ in the absence of adrenochrome (Figure

32, upper panel), while contracture of sarcomeres and swelling and disruption of
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Figure 30: Upper panel - Electron micrograph of a typical section frofm an isolated
rat heart perfused for 30 minutes with adrenochrome (25'mg/1) in the absence of -
Mg**. Lower panel - Electron micrograph of a typical section from an isolated

rat heart perfused for 30 minutes with adrenochrome (50 mg/1) in the presence of
12 mM Mg, These micrographs are representative of sections examined from

four hearts each perfused under the conditions described.




74

160

140

120

100

80

60

40

20

CONTRACTILE FORCE (% of control)

1 | 1 i 1

0 5 10 15 20 25 30
TIME (min)

o

Figure 31: Effect of varying the K™ concentration of the perfusion medium on the time
course of failure of contractile force development due to adrenochrome (25 mg/1). 1.5
mM Kt —o , 1.5 mM K plus adrenochrome @&—® , 18 mM Kt o—a, 18 mM Kt
plus adrenochrome B—a , 6 mM K™ plus adrenochrome a—a . Each point is the mean
+ standard error of four experiments. Mean initial contractile force values in grams
were: 1.5mM K" -9.9+0.9; 18mM K" -5.2+0.8;6.0mM K" -8.7+0.4ata

resting fension of 2.5 gm.
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Figure 32: Upper panel - Elect ron micrograph of a typical section from an isolated
rat heart perfused for 30 minutes with medium containing 1.5 mM K*. Lower

panel - Electron-micrograph of a typical section from an isolated rat heart perfused

for 30 minutes with adrenochrome (25 mg/1) in the presence of 1.5 mM K¥. These
micrographs are representative of sections examined from four hearts each perfused

under the conditions described. Black bar indicates one micron.
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mitochondria were frequently observed in hearts perfused in the presence of 25 mg/|

of adrenochrome at this K* concentration (Figure 32, lower panel). Similarly, 18

mM K7 did not itself produce any contracture, disruption, or mitochondrial swelling
(Figure 33, upper panel), whereas perfusion for 30 minutes with 25 mg/! of adrenochrome
in the presence of 18 mM K™ did result in such damage to large portions of the left
ventricular myocardium (Figure 33, lower panel).

E. Influence of Various Pharmacological Interventions on Adrenochrome Induced -

Failure and Necrosis.

The presence of the calcium antagonist D-600 at a concentration of 0.5
mg/| in the perfusing medium resulted in a decline and disappearance of contractile
activity of the isolated rat heart within less than 10 minutes of perfusion. This fact
made investigafion of the effect of this agent on the time course of failure of contractile
activity caused by adrenochrome impossible. The influence of 0.5 mg/| of D-600
on the morphological changes induced by adrenochrome was studied following 30
minutes of perfusion of these non-contracting hearts with 50 mg/| of adrenochrome.
Electrical stimulation at 360 pulses/minute was continued and a resting tension of
2.5 gm was applied throughout each experiment. Electron microscopic examination
of sections from the left ventricles of these hearts revealed ultrastructural changes
which were quite different from those usually produced by 50 mg/| of adrenochrome .
The most striking feature was a desalignment of the contractile filaments within the
sarcomeres (Figure 34, upper panel). This alteration was seen in most, but not all,
of the sections examined. Mitochondria, sarcoplasmic reticulum, and transverse
tubules were in general, well preserved, although large vacuoles of uncertain origin
were frequently observed. Nonetheless, the contracture and dissolution of contractile
elements and swelling and disruption of mitochondria characteristic of perfusion with
50 mg/! of adrenochrome (Figure 34, lower panel) were complefely dbsent in hearts
perfused with 50 mg/| of adrenochrome in the presence of 0.5 mg/| of D=600. The
ultrastructure of hearts perfused for 30 minutes with 0.5 mg/! of D-600 in the absence
of adrenochrome was not different from confrols.

Addition of either tolazoline (25 mg/1) or dibenamine (25 ing/1) which act

as ©C - adrenergic receptor blocking agents to the perfusion medium was found not to
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Figure 33: Upper, panel‘f Electron micrograph of a typical section from an isolated
rat heart perfused for 30 minu’reskwi’rh medium containing 18 mM K*. Lower panel -
Electron micrograph of a typical section from an isolated rat heart perfused for

30 minutes with adrenochrome (25 mg/1) in the presence of 18 mM K*. These
micrographs are representative of sections examined from four hearts each perfused

under the conditions described. Black bar indicates one micron.
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Figure 34: Upper panel - Electron micrograph of a typical section frém an isolated
rat heart perfused for 30 minutes-with adrenochrome (50 mg/1). in the presence of -
D-600 (0.5 mg/1). Lower panel - Electron micrograph of a typical section from

an isolated-rat-heart perfused-for-30-minutes with-adrenochrome- (50 mg/1)+These - -
micrographs are representative of secﬁons examined from four hearts each perfused

under the conditions described. Black bar indicates one micron.
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significantly (P>0.05) alter the time course of failure of confractile force development
due to perfusion with 25 mg/! of adrenochrome (Figure 35). The presence of these
agents in the perfusion medium was also ineffective in protecting isolated rat hearts
from necrotic changes due to 30 minutes of perfusion with 50 mg/| of adrenochrome
(Figure 36).

The presence of 1 mg/l of practolol, a B-adrenergic receptor blocking
agent, in the medium was found to augment the contractile force of isolated rat hearts
upon commencement of perfusion with 25 mg/| of adrenochrome, and force of contraction
remained significantly (P<0.05) above that of hearts perfused with 25 mg/] of adrenochrome
alone throughout the 30 minute perfusion period (Figure 37). Another B - receptor
blocking agent, propranolol (1 mg/1), did not significantly (P>0.05) alter the course
of failure of contractile force during the first 15 minutes of perfusion with 25 mg/| of
adrenochrome, but significantly (P<0.05) reduced the rate of decline of contractile
force during the remainder of the perfusion period (Figure 37). Upon electron
microscopic examination of hearts fixed after perfusion for 30 minutes with 50 mg/|
of adrenochrome in the presence of either propranolol (1 mg/1) or practolol (1 mg/1)
myocardial ultrastructure was found to be well preservecll, and no evidence of necrotic
damage was observed (Figure 38).

The time course of failure of contractile force development of isolated
rat hearts was not different (P>0.05) in the presence or absence of either of fwo
adrenergic neuron blocking agents, quanethidine (2 mg/1) and bretylium (2 mg/1)
(Figure 39). These agents also failed to protect the isolated heart from necrotfic
changes due to 30 minutes of perfusion with 50 mg/l of adrenochrome (Figure 40).

The hydrazine type mono-amine oxidase inhibitor iproniazide, at a
concentration of 25 mg/l, was found to significantly (P<0.05) improve contractile
force development from 6 to 30 minutes of perfusion with 25 mg/| of adrenochrome
(Figure 41). At 30 minutes mean contractile force was over 40% of control level
in the presence of iproniazide, whereas with 25 mg/!1 of adrenochrome alone the
contractile force was only 5% of control at 30 minutes (Figure 41). On the other
hand, tranyleypromine (25 mg/1) which is a non-hydrazine mono-amine oxidase
inhibitor, was not effective (P>0.05) in altering the time course of contractile force

changes due to adrenochrome (25 mg/1).
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Figure 35: Effect of tolazoline (25 mg/1) and dibenamine (25 mg/1) on the time course
of failure of contractile force development of the isolated rat heart perfused with
adrenochrome (25 mg/1). Tolazoline E—i , tolazoline plus adrenochrome B—a ,
dibenamine G—©, dibenamine plus adrenochrome ®—, adrenochrome A—a . Each
point is the mean  standard error of four experiments. Mean initial contractile force
values in grams were: tolazoline - 8.8 + 0.5; dibenamine - 8.5 + 0.1; and control

9.6 +0.9ata resting tension of 2.5 gm.



Figure 36: Upper panel - Electron micrograph of a typical section from an isolated
rat heart perfused for 30 minutes with adrenochrome (50 mg/1) in the presence of
tolazoline (25 mg/1). Lower panel - Electron micrograph of a typical section

from an isolated rat heart perfused for 30 minutes with adrenochrome (50 mg/1)

in the presence of dibenamine (25 mg/1). These micrographs are representative

of sections examined from four hearts each perfused under the conditions described.

Black bar indicates one micron.



82

160}
°
~140
o
(@]
©120
‘g;
100
Lo
QO
x 80
o
.
w 60
—
2
Q 4aof
oz
E 20}
o)
QO
0-
] [ 1 ] [ 1
0 5 10 15 20 25 30

TIME (min)

Figure 37: Effect of propranol&l(] mg/1) and practolol (1 mg/1) on the time course

of failure of contractile force development of isolated rat hearts due to perfusion with

adrenochrome (25 mg/1). Propranolol G—o propranolol plus adrenochrome e—o,
practolol B——8, practolol plus adrenochrome B—, adrenochrome a—a . Each point
is the mean  standard error of four experiments. Mean initial contractile force values
in grams were: propranolol - 7.5 +0.¢; practolol - 6.5 + 0.7; control 8.6 +0.8 at

a resting tension of 2.5 gm.
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Figure 38: Upper panel - Electron micrograph of a typical section from an isolated
rat heart perfused for 30 minutes with adrenochrome (50 mg/1) in the presence of .-
propranolol (1 mg/1).  Lower panel - Electron micrograph of a typical section from. . .
an isolated rat heart perfused for 30 mimﬁes‘wi’rh adrenochrome (50 mg/1) in the -
presence of practolol (1 mg/1):* ‘These micrographs are representative of sections--

examined from four hearts each perfused under the conditions described. Black

bar indicates one micron.
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Figure 39: Effect of guanethidine (2 mg/1) and bretylium (2 mg/1) on the time course
of failure of contractile force development of isolated rat hearts due to perfusion with
adrenochrome (25 mg/1). Guanethidine B—8, guanethidine plus adrenochrome B—m ,
bretylium G—o, bretylium plus adrenochrome ®—®, adrenochrome &—a. Eqgch

point is the mean + standard error of four experiments. Mean initial contractile force
values in grams were: guanethidine - 8,5 + 0.6; bretylium - 8.5 + 0.5; and control -

7.8+0.6ata resting tension of 2.5 gm.
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Figure 40:- Upper panel - Electron micrograph of a typical section from an

isolated rat heart perfused for 30 minutes with adrenochrome (50 mg/1) in the _

presence of guanethidine ( 2 mg/l1). Lower panel - Electron micrograph of a

typical section from an isolated rat heart perfused for 30 minutes with adrenochrome

(50 mg /1) in the presence of bretyliuvm (2 mg/1).” These micrographs are represehfaﬁvé
of sections examined from four hearts perfused under the conditions described.

Black bar indicates one micron.
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Figure 41: Effect of ipraniazide (25 mg/1) and tranyleypromine (25 mg/1) on the time
course of failure of contractile force development of isolated rat hearts due to perfusion
with adrenochrome (25 mg/1). Iproniazide E—& , iproniazide plus adrenochrome

B— , tranylcypromine G—© , tranylcypromine plus adrenochrome @—e ,
adrenochrome &—a. Each point is the mean + standard error of four experiments.
Mean initial contractile force values in grams were : iproniazide - 7.8 + 0.6;

tranylcypromine - 8.3 + 0.5; and control - 8.4 + 0.3 at a resting tension of 2.5 gm,
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Iproniazide (25 mg/1) was also found to be completely effective in protecting
myocardial structure from necrotic changes due to 30 minutes of perfusion with 50 mg/I
of adrenochrome (Figure 42, upper panel). Although tranylcypromine (25 mg/1) greatily
reduced the severity of ultrastructural damage and completely prevented development
of contracture and disruption of contractile elements due fo adrenochrome (50 mg/1),
it was not as effective in preserving the integrity of mitochondria (Figure 42, lower
panel). Mitochondrial swelling was found to be less pronounced, but disruption of

cristae was evident throughout.
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Figure 42: Upper panel - Electron micrograph of a typical section from an isolated
rat heart perfused for 30 minutes with adrenochrome (50 mg/1) in the presence of
iproniazide (25 mg/1). Lower panel - Electron micrograph of a typical section
from an isolated rat heart perfused for 30 minutes with adrenochrome (50 mg/1) in
the presence of tranylcypromine (25 mg/1). These micrographs are representative

of sections examined from four hearts each perfused under the conditions described.

Black bar indicates one micron.
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V. DISCUSSION

A. Effects of Isoproterenol and Oxidized Isoproterenol

The results presented here clearly demonstrate that (a) unaltered
isoproterenol in concentrations greatly in excess of those likely to occut in the
coronary circulation following injection of high doses fails to produce any of the
typical ulirastructural changes associated with myocardial necrosis, and (b) that
isoproterenol which has undergone a degree of spontaneous oxidation produces
~ massive ultrastructural lesions involving the entire ventricle. The observed
ultrastructural changes in the isolated hearts perfused with oxidized isoproterenol
were qualitatively identical of those seen after high doses of catecholamines in
the intact animal (11, 51 - 53, 56). Furthermore, the occurrence of necrotic
damage is associated with o dramatic impairment of the functional capacity of
cardiac muscle leading in a short time to complete failure of contractility. The
conclusion which is suggested by these observations is that the |n|ec’r|on of high
doses of catecholamines results in formation of foxic quantities of oxidation
products, within myocardial cells or in the circulation, which are at least
partly responsible for the lesions in the heart. In support of this view, catecholamines
have been reported to be oxidized enzymatically by a variety of enzymes present
in mammalian tissues (161 - 174) and catecholamines oxidation products have been
identified in the heart and other organs of rabbits (152 - 154). Furfhermore,. evidence
for the extraneuronal uptake of isoproterenol has been recently demonstrated in
isolated perfused rat and guinea pig hearts (228 ~ 230).

The absorption spectrum of the oxidized isoproterenol solution which
produced cardiac necrosis in the isolated rat heart is very similar to that of
adrenochrome (216), thus suggesting that the toxic substance is an analogue of
adrenochrome resulting from the spontaneous oxidation of isoproterenol. As in the
case of adrenochrome (216), this analagous aminochrome is apparently unstable and
undergoes further oxidation, losing its cardiotoxicity and giving a different absorption
- spectrum. Thus it is possible that myocardial necrosis in patients with elevated levels
~ of catecholamines is due to the formation of substances such as adrenochrome.

Recent research strongly suggests that the primary irreversible step leading
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to cell necrosis following exposure to high dosages of catecholamines is a failure to
maintain adequate high energy phosphate levels in the face of increased energy
consumption, resulting in a severe deficiency of energy stores required for essential
cell processes (77). It is likely that the oxidation products of catecholamines may
impair mechanisms for energy production and thereby decrease the energy state of the
myocardium. In this regard it is of interest to note that adrenochrome has been shown
to be a potent inhibitor of mitochondrial oxidative phosphorylation (147), whereas
epinephrine, norepinephrine, and isoproterenol do not affect normal rat heart
mitochondria in vitro (17). The possibility that the mechanism by which catecholamines
produce myocardial lesions is related to the effects of aminochromes on mitochondrial
‘respiration is an infriguing one and deserves further investigation. The observed alteration
in contractile function of the heart upon exposure to oxidized isoproterenol |
may reflect changes in calcium transport by the sarcotubular system of necrotic hearts
as well (81).

There are several reasons for which the isolated rat heart appears fo be
an ideal preparation for further studying the underlying molecular changes which
ultimately result in cell death. These include elimination of hemodynamic factors,
neural mechanisms, availability of exogenous lipids, and other physiological parameters
which tend to complicate the model for producing heart lesions in the intact animals.
In this regard it should be noted that different factors such as a profound fall in blood
pressure (4, 9, 10) and coronary vascular changes resulting in a diminished perfusion
of subendocardial layers (5 - 8, 10, 135) have been suggested to induce relative
cardiac hypoxia and subsequently necrosis due to isoproterenol in the intact animal.
These considerations for the pathogenesis of isoproterenol induced necrosis are of
particular interest in view of the well known B ~ adrenergic stimulatory effects such
as increased frequency and amplitude of cardiac contractions which result in increased
myocardial oxygen demands. However, other workers have provided evidence against
- the participation of hemodynamic changes (11, 14, 15) and coronary vascular changes
(12, 13) in the pathophysiology of lesions produced by catecholamines in the intact
- animal .
Bajusz (140) has pointed out that catecholamine induced necrbsis must

be considered to be of a mixed pathogenesis, probably involving a direct toxic effect
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on cellular metabolism as well as factors secondary to vascular, hemodynamic and

B - adrenergic stimulatory effects. Although hemodynamic and vascular effects of ,
catecholamines can be conceived to greatly influence the extent and severity of lesions
in the intact animal, the results reported in this study demonstrate that the direct

toxic effects of catecholamines are due to their oxidation products. It is therefore

our view that the biochemical events underlying catecholamine cardiotoxicity should
be investigated by employing the metabolites and oxidation products of catecholamines
rather than catecholamines per se .

B. Effects of Epinephrine, its Metabolites, and Adrenochrome .

As in the case of isoproterenol, perfusion of isolated rat hearts with fresh
epinephrine solutions fails to elicit any evidence of necrotic changes in the myocardium
such as are seen following injection or infusion of large doses of epinephrine in intact
animals, although a strong poéiﬁve inotropic influence is readily apparent from various
parameters of contractile function. On the other hand » adrenochrome produces severe
and exfenslive ultrastructural lesions throughout the left ventricle associated with a
decline and dissappearance of contractility. These findings strongly support the
opinion that similar effects obtained with oxidized isoproterenol solutions are due to
formation, by oxidation of isoproterenol, of an aminochrome which is an adrenochrome
analogue, and further support the suggestion made previously that cardiac necrosis
 induced by injection of catecholamines is a result of the formation of toxic quantities
of catecholamine oxidation products. _

The enzymatic inactivation of epinephrine by monoamine oxidase (MAO)
and catechol - O - methyltransferase (COMT) proceeds along a very different route
from the spontaneous oxidation pathway which produces adrenochrome, and the
principle metabolites formed by the action of these enzymes are. dihydroxymandelic
acid, metanephrine, and vanilmandelic acid (231). In the presen‘i' study these
“ physiological metabolites have been shown to have no damaging effect whatsoever on
the myocardium, which confirms the previous findings of Muller (18). It would thus
appear that the physiological degradation of catecholamines normally proceeds via
' two essential structural modifications, namely deamination and O-methylation, which

j prevent the formation of the 2, 3 - dihydroindole - 3, 6 - quinone ring system of
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adrenochrome (216) and yield non-toxic metabolites instead. It may be further
postulated that the presence ‘of unusually high levels of catecholamines which exceed
the capacity of the MAO and COMT systems will result in the formation of adrenochrome
by way of other enzyme systems known to convert epinephrine to adrenochrome (161 -
174), through spontaneous oxidation and autecatalysis (155), and catalytically via
cytochrome C (175). I is worth mentioning in this regard, that blocking the pathway
of catecholamine metabolism via COMT by means of pyrogallol results in an increase
in the extent and severity of myocardial lesions due to subsequent administration of
isoproterenol (18).

- The ultrastructural damage which was produced by adrenochrome in this
. study is qualitatively indistinguishable from that seen following injection of large
i doses of isoproterenol (11, 51 - 53, 35, 56), or epinephrine (55, 57, 59), although
the altered appearance of mitochondrial cristae observed with 10 and 25 mg/| of
adrenochrome has not been reported previously in studies on catecholamine - induced
necrosis. Damage to the contractile elements ranging from occasional regions of
contracture fo fusion of sarcomeres and fragmentation of myofibrils seen in these -
hearts is also typical of the classical isoproterenol nhecrosis model. As has been reported
fo be the case in f.ime course studies wifh.isoproferenol (53), an aqunced degree of
swelling and disruption of mitochondria is only evident in hearts in which disorganization
and disruption of the contractile elements are prominent as well. There appears to be
no other correlation between mitochondrial damage .and disruption of myofilaments,
since relatively normal mitochondria appear among severely affected sarcomeres ’
and badly damaged mitochondria are seen among apparently normal sarcomeres in
both the adrenochrome - perfused and the catecholamine - injected (52, 54) models .
of cardiac necrosis.
| The adrenochrome - induced decrease in contractile ability of the heart,
. which has been demonstrated previously (157, 158, 162, 180 - 182), is clearly a
dose and time dependent phenomenon, but does not correlate well with the occurrence
of ultrastructural damage. A significant reduction in contractile force development
occurs with 30 minutes of perfusion.at an adrenochrome conceniration of 5 mg/l and
with 5 minutes of perfusion at an adrenochrome concentration of 50 mg/1 without any

= ultrastructural evidence of myocardial damage. A further decrease in the force of
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contraction occurs with 30 min of perfusion at an adrenochrome concentration of

10 mg/1 and is associated with a subtle alteration of the inframitochondrial membranes,
and contractile activity is virtually abolished in hearts perfused with 25 mg/1 in which
these mitochonidrial changes are much more pronounced. These observations do suggest
the possibility that mitochondrial changes play an important role in the loss of
contractile function due to adrenochrome. Interestingly, adrenochrome and related
oxidation products have been shown to have profeund effects on mitochondrial function
(147, 197, 200, 201), tissue oxygen consumption (191 - 198) and various stages in
glucose metabolism (172, 199, 200, 202 - 207). It is not, therefore, unlikely that

the reduction in contractile force reflects a decrease in the availability of high energy
phosphate stores to the contractile apparatus, which would also correspond well with
the reduction of high energy phosphates resulting from catecholamine injection=(76,
77). On the other hand, adrenochrome has also been found to inhibit myosin ATPase
qcfvivify as well (209 - 211), and the éonfrcc’rilify changes may be due to a defect in
the ability of the contractile apparatus to utilize whatever high energy phosphates

are available.

C. Influence of Epinephrine and Various Reducing Agents on Adrenochrome

Induced Necrosis and Failure.

Although epinephrine clearly did not potentiate the toxic influence of
adrenochrome on the myocardium under the conditions of this study, a quite different
situation exists in the intact animal, and the potentiation of adrenochrome cardiofoxicity

indirectly by the pharmacologic action of epinephrine on the cardiovascular system

is not only posiible but highly likely. A reduced endocardial perfusion resulting
from a fall in diastolic blood pressure (10, 40), shortened diastole (136.- 139), and /
or coronary vascular changes (5, 7, 8, 135) due to high levels of epinephrine or

isoproterenol in the circulation would favor stagnation of blood flow and accumulation

of catecholamine oxidation products. These factors would produce a relative hypoxia
as well, aggravating the disruptive effects of these oxidation products on oxidative
phosphorylation (147, 197, 200, 201) and glucose metabolism (172, 199, 200, 202 -
207). Increased myocardial oxygen demand related to increased heart rate and cardiac

work would further contribute to the development of a relative hypoxia. When these

factors are considered together, it appears very probable that cardiac lesions following
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injection of large doses of catecholamines arise as a result of the combined effects of
catecholamines and aminochromes formed by their oxidation.

Attempts to prevent the further oxidation of adrenochrome in solution by
the addition of various reducing agents gave rise fo an unexpected result in that
solution of considerably greater cardiotoxic potency was produced which was clearly
not due to the presence of adrenochrome alone. Colour changes indicated that a
chemical reduction of adrenochrome had occurred following addition of ascorbic acid,
dithiothriotol ;.or cysteine. According to the information available in the literature,
reduction of adrenochrome to epinephrine is a highly unlikely event, and the major
product of reduction of adrenochrome with ascorbic acid or cysteine is 5, 6 - dihydroxy-
N - methylindole (216). These resulis clearly demonstrate that adrenochrome is not
the only compound produced by chemical rearrangement of epinephrine which is
capable of inducing necrosis in the myocardium. Furiher study of the chemical nature
and biological activity of cqfecholaﬁine derived compounds, most parﬁéulquy those
containing an indole ring system, is obviously warranted. |

D. Influence of Cation Concentration on Adrenochrome Induced Necrosis

ond Failure. -

A primary object of this aspect of the present study was to determine whether

ionic factors which influence the production of necrosis by catecholamine injections
“have similar influences on necrosis induced by perfusion with adrenochrome. The
increase in the severity of necrosis due to ionic modifications which tend to increase
calcium influx, such as increased Catt concentration, decreased Na' concentration

and decreased K™ concentration (232 - 238) and the protective effect of reduced Ca™t
concentration shown in these experiments are consistent with reports of Fleckenstein

and others (76, 77, 89, 106) of a dramatic influence on necrosis produced by catecholamine
injection of factors affecting movements of calcium across the myocardial cell membrane.
The protective effect of high Mg™ concentration may also be a result of a reduction

in Ca™ influx due to competition between Ca™ and Mgt for membrane sites, or due
 to some other effect of increased availability of Mg™. In this regard, administration

of Mg C|2 (77, 109) or K* - Mg-H-_ aspartate (111) has been previously found to decrease

the severity of ultrastructural damage following isoproterenol injections.
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The increased severity of necrotic damage resulting from increased K
concentration of the perfusion medium was an unexpected finding in view of reports
that diets high in potassium (89, 90, 107) or administration of KCI (65, 77, 109)
reduce the severity of lesions produced by isoproterenol injections. This discrepancy
may be due to the very high K* concentration used in the present experiments as
compared to plasma K™ levels achieved by other workers. An increased Ca™™ uptake
by the myocardium is associated with high extracellular K* concentrations (233), and
K* has also been implicated in the regulation of intracellular Ca™ movements (87,
239). Interestingly, Emberson and Muir (240) have reported that perfusion of isolated
hearts with K¥ concentrations of 20 mM or more resulted in development of localized
areas of contracture. Although no evidence of contracture was seen in controls at
18 mM K™ in this study, their findings suggest that some alteration of myocardial Ca™t
metabolism occurs in the presence of high K* concentrations which.may not be evident
in the form of overt structural changes at the K* concentration and perfusion duration
employed in the present study. If higher than normal extracellular KT levels do in
fact alter Ca™™* metabolism, interaction of these éffects with those of adrenochrome
could explain the increased severity of myocardial damage reported here.

It is evident from the observation of severely damaged cells adjacent to
comparatively normal cells in experiments involving decreased Na™ and increased Ca™+
concentrations that some cells are considerably more susceptible to potentiation of
adrenochrome induced necrosis by increased Ca™™ influx than others. No explanation
for this phenomenon is readily apparent, although it may have a direct parallel in the
micro-focal distribution of necrotic damage induced by catecholamine injections since -
-~ catecholamines are also known fo increase Ca™ influx in myocardial cells (95)-

There is no simple correlation between the severity of cell damage and
the time course of failure of contractile force. The severity of structural damage may
be either decreased, as in the case of reduced Ca™ ™ or elevated Mg™ concentrations ’
or increased, as in the case of reduced K™ concentration, without any significant
change in the pattern of contractile failure due to adrenochrome. Furthermore, an
improved ability to maintain contractile force can be accompanied by more severe

e . +
effects upon structure, as with increased CG-H-, decreased Na™, and increased K.
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The maintenance of contractile force in the presence of high Ca™, low Na+, and
possibly high K concentrations as well, is probably due to an increased availability
of Ca™™ to the contractile elements which are still functional .

The sngnlﬂcanf Increase in contractile force during the first 8 minutes of
perfusion with adrenochrome in the presence of 6 mM K™ at a stimulation rate of 180/
min suggests that the smaller increase observed at g stimulation rate of 360/min is a genuine
phenomen which is less obvious af the higher rate. As was mentioned previously,
this may be due to epinephrine contamination of the adrenochrome preparation,
especially since addition of exogenous epinephrine also maintained a higher level of
'- contractile force development during the early stages of perfusion with adrenochrome.
Similarly, more dramatic increases in contractile force occur during the initial stages
of adrenochrome perfusion in the presence of factors like high Mg and high K*
concentrations. This may reflect improved Catt entry due to the same factor, probably
epinephrine contamination, which produces a similar but less pronounced effect in the
presence of normal Mg and K™ concentrations of the Krebs-Henseleit solution. The
absence of such an effect in the low Ca™ experiments where Ca™ influx is limited

by the availability of Ca™ in the extracellular fluid is consistent with this view.

These results are therefore consistent with the hypothesis that catecholamine
oxidation products are the primary agents responsible for the direct toxic component
of catecholamine - induced necrosis. The importance of calcium metabolism in
determining the severity of necrosis is similar in both models.

E. Influence of Various Pharmacological Interventions on Adrenochrome -

Induced Necrosis and Failure.

Perfusion of isolated rat hearts with the calcium antagonist D - 600 blocks
excitation - contraction coupling to such an extent that contractile force soon becomes
unmeasurable. This is a more dramatic effect than has been previously reported with
other mammalian cardiac muscle preparations (241) but is consistent with the very
‘ great dependence of rat myocardium on extracellular Ca™ for contraction (242).

The prevention of the usual ultrastructural damage due to adrenochrome by D-600 is
consistent with the protective effect of reduced Ca™ concentration of the perfusion
| medium, and paralells the protection afforded by Ca*™ antagonists against catecholamine

injections (76, 77, 104). The unusual disalignment of contractile filaments within
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the sarcomeres of hearts perfused with adrenochrome in the presence of D-600 is
quite different from any of the ultrastructural changes which usually characterize
adrenochrome induced necrosis. Whether these changes are indicative of an incomplete
prevention of certain effects of adrenochrome or represent some unique effect of
adrenochrome on the D-600 arrested heart is not clear and further studies on the effects
of adrenochrome on various types of non-contracting hearts are warranted.

Although ©C - adrenergic receptor blocking agents have been reported to
somewhat reduce the severity of lesions due to epinephrine injection (70, 82, 99, 100),
they were completely ineffective in protecting the myocardium from adrenochrome -
induced damage in this study. This suggests that the moderating influence of these
agents in intact animals is due to their prevention of o - receptor stimulation by
epinephrine and its consequences on myocardial work load and oxygen demand, whereas
the direct toxic influence of adrenochrome is not mediated by o - receptor activation.
It should be noted that o - receptor blocking compounds are not very poi'eni' by
themselves in preventing myocardial necrosis due to epinephrine injection, and were
- - more effective when used in combination with ap - blocker (59, 82, 99). Furthermore,
the of- blocking agents are ineffective against necrosis induced by injection. of the
AB ~ agonist isoproterenol (65, 70, 96, 97, 99). Adrenergic neuron blocking agents are also
ineffective against adrenochrome - induced necrésis s just as they have been reported
to be against necrosis produced by catecholamine injection.

In contrast to the o£~ blockers, the p - qdreﬁergic receptor blocking agents
propranolol and practolol are very effective in preventing necrosis due to adrenochrome..
These results do not necessarily indicate that adrenochrome acts via B - receptors since
i'hese drugs are not highly specific as to their site of action. Proprcmolol has been
previously shown to have a negative inotropic effect on human, dog and rabbit cardiac
muscle (243, 244), to decrease lipid-facilitated transport of Ca™™ (243), and to
prevent increased myocardial Ca™ content due to isoproterenol (95). It is thus not
unlikely that the protective effect of B - blockers against the necrotizing influence of
both adrenochrome perfusion and catecholamine injection (22, 83, 89, 95 - 97) isa
function of their influence on Ca™ movements.

Experiments with tranylcypromine and iproniazide clearly demonstrate

that monoamine oxidase inhibitors can prevent necrotic damage due to adrenochrome,
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although the non-hydrazine type inhibitor tranylcypromine was found to be less effective
than the hydrazine - type inhibitor iproniazide. These results parallel those obtained

in studies on catecholamine - induced necrosis in intact animals (18, 65, 71, 89 - 93).
Although overt evidence of ultrastructural damage is not seen with iproniazide,

practolol, or propranolol some degree of contractile failure still occurs suggesting

that all the effects of adrenochrome have not been prevented. Reduced contractile

force also occurs after 5 minutes with 50 mg/l ‘and 30 minutes with 5 mg/1 of adrenochrome

although ultrastructural damage was not evident. A similar situation is seen in the

resence of low Ca™ and high Mg™™ as well. These contractile force changes are
P 9

indicative of alterations of cellular function which precede development of structural

damage and are not wholly prevented by any of the above mentioned ionic and
pharmacologic interventions. I is interesting to note in this regard that the mono-
amine oxidase inhibitor tranylcypromine failed to alter the time course of contractile
force changes even though the only subcellular structures in which damage was evident
~were the mitochondria. This tends to support the possibility, discussed earlier in
connection with: contractile force and ultrastructural changes seen with 10 and 25
mg/! of adrenochrome, that mitochondrial changes play an important role in the loss
of contractile function during perfusion with adrenochrome.

In conclusion, the toxic influence of adrenochrome on the myocardium,
and its modification by various jonic and pharmacologic agents can adequately
account for most of the data in the literature pertaining to necrosis resulting from

injection or infusion of catecholamines. Furthermore, it has been clearly demonstrated

that catecholamines per se are not capable of producing necrotic lesions'by means
of any direct effects on myocardial cell metabolism. It is therefore our opinion that
cardiac lesions resulting from massive doses or prolonged infusion of catecholamines

are the result of an accummulation of toxic quantities of adrenochrome and related

catecholamine oxidation products within the myocardium,
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VI. CONCLUSIONS

In this study the effects of catecholamines, their metabolities, and their
oxidation products on the structural and functional integrity of the isolated rat

heart have been investigated. From the results obtained the following conclusions

are made:
1. The catecholamines, isoproterenol and epinephrine, are not capable
of producing necrosis in the isolated perfused rat heart.
2.  The products of epinephrine metabolism via catechol - o -

methyltransferase and monoamine oxidase are not capable of

producing necrosis in the isolated rat heart. »

3. The spontaneous oxidation of isoproterenol in solution results in the
formation of a substance capable to producing severe myocardial
necrosis similar to that observed following injection of large doses
of catecholamine in intact animals.

4.  The above mentioned substance is probably the N - isopropyl
analogue of adrenochrome.

5. Adrenochrome is capable of producing myocardial necrosis in the
isolated rat heart which is qualitatively identical with necrosis
produced by catecholamine injection in intact animals.

6. Necrosis produced by adrenochrome js associated with contractile

failure.

7.  The severity of necrosis and degree of contractile failure due to
adrenochrome are time and dose dependent phenomena.
8. Nosimple relationship exists between the occurrence of ultrastructural

damage and contractile failure, although mitochondrial changes

correlate more closely with the degree of contractile failure than
any other structural alteration.

9. Alterations of the mitochondrial cristae precede any other structural
change in the development of adrenochrome - induced necrosis.

10.  Epinephrine does not directly potentiate the effects of adrenochrome

on the isolated perfused rat heart.
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The products of chemical reduction of adrenochrome by ascorbic
acid, dithiothriotol or cysteine are more potent than adrenochrome

in producing myocardial necrosis in the isolated rat heart.

The calcium antagonist D=600 and ionic factors affecting Ca™
influx and metabolism alter the severity of necrosis produced by
perfusion with adrenochrome in a manner similar to the influence

of these factors on the severity of necrosis produced by catecholamine
injection.

Adrenergic neuron blocking agents and of= - receptor blocking agents
do not alter the production of necrosis and contractile failure by
adrenochrome .

B ~ receptor blocking agents protect the myocardium from necrotic
damage due to adrenochrome in a similar manner to the protection
afforded by these agents against catecholamine - induced necrosis.
Monoamine oxidase inhibitors protect the myocardium from
adrenochrome induced necrosis.

The hydrazine type monoamine oxidase inhibitor iproniazide is

more effective than the non-hydrazine type inhibitor tranylcypromine
against adrenochrome induced myocardial necrosis.

Necrosis resulting from catecholgmine injection is probably of a
mixed pathogenesis involving direct toxic effects of catecholamine
oxidation products as well as factors secondary to vascular,
hemodynamic and p ~ adrenergic stimulatory effects of catecholamines

themselves.
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