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Summary.—Perfusion of the isolated rat heart with Krebs-Henseleit solution
containing adrenochrome (25 or 50 mg/1), an oxidation product of catecholamines,
resulted in contractile failure and myocardial necrosis. Various pharmacological
agents known to protect the myocardium against catecholamine-induced necrosis
were also found to be effective against adrenochrome-induced changes in the ultra-
structure of the isolated perfused rat heart. The «-receptor-blocking drugs tolazoline
and Dibenamine (dibenzylchlorethamine), and the adrenergic neurone-blocking
agents guanethidine 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 iproniazid completely prevented ultrastructural
damage and partially maintained contractile-force development in adrenochrome
perfused hearts. The non-hydrazine-type monoamine oxidase inhibitor tranyl-
cypromine partially protected the isolated rat heart against adrenochrome necrosis,
but disruption of mitochondrial structure was still seen. Tranylcypromine did not
significantly improve contractile force development during adrenochrome perfusion.
The calcium antagonist D-600 reduced the severity of adrenochrome-induced ultra-
structural damage. These results provide strong support for the view that
catecholamine-induced cardiotoxicity is mediated through the formation of
adrenochrome.

A vARIETY of pharmacological agents
are known to alter the extent and severity
of myocardial lesions induced by the
administration of catecholamines in ex-
perimental animals. The B-adrenergic-
receptor-blocking compounds propranolol,
pronethalol and dichloroisoprenaline re-
duce the incidence and severity of lesions
due to isoprenaline (Lehr, Krukowski and
Colon, 1966; Mehes, Rajkovits and Papp,
1966 ; Dorigotti et al., 1969; Kahn, Rona
and Chappel, 1969; Lehr, 1969; Bloom and
Davis, 1974). The «-adrenergic-blocking
drugs such as azapetine, phentolamine,
dibenamine, dihydroergocryptine, phen-
oxybenzamine and tolazoline are ineffec-

tive against isoprenaline (Mehes et al.,
1966; Mehes, Papp.and Rajkovits, 1967;
Wenzel and Lyon, 1967; Dorigotti et al.,
1968; Zbinden and Moe, 1969), but reduce
somewhat the incidence and severity of
lesions caused by a-receptor agonists such
as phenylephrine (Mehes et al., 1967 ; Lehr,
1969), adrenaline (Waters and deSuto-
Nagy, 1950; Mehes et al., 1967; Wenzel
and Lyon, 1967; Lehr, 1969), and nor-
adrenaline (Mehes et al., 1967; Wenzel and
Lyon, 1967). The postganglionic neurone-
blocking agent guanethidine has been
reported to be ineffective against (Mehes
et al., 1967; Zbinden and Moe, 1969) or
even to increase the severity of (Leszkov-
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sky and Gal, 1967) necrosis caused by
isoprenaline injection. Monoamine oxidase
inhibitors of the hydrazine type have been
found to decrease the extent and severity
of myocardial lesion following administra-
tion of catecholamines (Zbinden, 1960,
1961; Rona, Chappel and Kahn, 1963;
Zbinden and Bagdon, 1963; Muller, 1966;
Stanton and Schwartz, 1967; Kahn et al.,
1969; Zbinden and Moe, 1969), whereas
the non-hydrazine-type monoamine oxi-
dase inhibitors have been reported to be
ineffective (Zbinden, 1960, 1961 ; Zbinden
and Moe, 1969). The calcium antagonists
verapamil, D-600, prenylamine, and Vas-
coril (cinepazet maleate) have also been
found to reduce the severity of isopren-
aline-induced lesions (Fleckenstein, 1971
Fleckstenstein et al., 1974; Sigel, Janke
and Fleckenstein, 1975).

Earlier studies on the effects of cate-
cholamines have shown that perfusion of
the isolated rat heart with spontaneously
oxidized isoprenaline resulted in extensive
ultrastructural damage, impairment of
contractile function and subcellular
changes in the myocardium, and these
changes have been shown to be concentra-
tion-dependent (Yates and Dhalla, 1975;
Dhalla et al., 1978). Since necrotic or con-
tractility changes could not be demon-
strated when the hearts were perfused with
fresh isoprenaline, it was suggested that
the cardiotoxic effects of catecholamines
may be at least partly due to the oxida-
tion products of catecholamines formed in
the blood or tissues (Yates and Dhalla,
1975; Dhalla et al., 1978). Furthermore,
adrenochrome, an oxidation product of
catecholamines, has been shown to depress
the contractile activity in the isolated per-
fused rat hearts, and the sarcolemmal
membrane in these drug-perfused hearts
was also found to be affected (Takeo et al.,
1979). It was therefore decided to study
the effects of adrenochrome on the ultra-
structure of the isolated perfused rat
heart. Furthermore, it was thought to be
of considerable interest to study the
effects of adrenochrome in the presence of
various pharmacological agents known to
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influence the catecholamine-induced myo-
cardial necrosis ¢n vivo. For this purpose,
the drugs employed in the present study
included propranolol and practolol (B-
adrenergic blockers), tolazoline and Diben-
amine («-adrenergic blockers), guaneth-
idine and bretylium (neurone blockers),
iproniazid (hydrazine-type monoamine
oxidase inhibitor), tranylcypromine (non-
hydrazine-type monoamine oxidase in-
hibitor), and D-600 (calcium antagonist).
In order to have some quantitative infor-
mation about the effects of these pharmaco-
logical agents on the adrenochrome-
induced changes in the myocardium,
developed tension in the isolated hearts
was also recorded.

METHODS

Male Sprague-Dawley rats, body wt 300-
350 g, were decapitated and the heart quickly
removed and arranged for perfusion by the con-
ventional Langendorff technique. The perfusion
medium was Krebs—Henseleit solution con-
taining NaCl, 120mm; NaHCOsj;, 25mm; KCl,
4-8mM; KH2PO4 1-2mm; MgSO4, 1-2mum;
CaClg, 1-25mMm; and glucose, 8mm. The perfusion
solution, pH 7-4, was continually oxygenated
with a mixture of 959, Oz and 59, COgz, and the
perfusion temperature was maintained at 38°.
The perfusion rate (7-8 ml/min) was controlled
by using a Harvard peristaltic pump in all
experiments.

Contractile force development and resting
tension were monitored throughout each experi-
ment 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. The
hearts were electrically paced at the rate of 360
beats/min by applying pulses of 1-3 volts and
2msec duration using a square wave stimulator.
One of the stimulating electrodes was located in
the apex of the heart and the other was in the
intraventricular septum at the base of the heart.
The atria were removed and the atrioventricular
node crushed to facilitate external control of the
heart rate.

The pharmacological agents which were
utilized in this study were the hydrochloride
salts and were dissolved directly in the per-
fusion medium. These were iproniazid (25 mg/1),
tranylcypromine (25 mg/l), propranolol (1 mgj/l),
practolol (1 mg/l), dibenamine (25 mg/l),
tolazoline (25 mg/l), D-600 (0-5 mg/l), guan-
ethidine (2 mg/l) and bretylium (2 mg/l). The
hearts were permitted a 20-min period for
equilibration after the perfusion was started and
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these substances were present from the begin-
ning of the perfusion in order that the hearts
would be equilibrated to these factors before
adrenochrome was given. Small volumes of par-
fusion medium previously oxygenated with 959%,
02-5%, COz were used to prepare solutions of
adrenochrome (25 or 50 mg/l) immediately
before use.

At the end of each experiment, the hearts
were abruptly switched to perfusion with a
solution of 29, glutaraldehyde in 0-1m phos-
phate buffer, pH 7-4, for 5 min as a preliminary
fixation for electron microscopic studies. Small
portions of the left ventricle of each heart were
subsequently dissected out, and left in the same
fixative solution for 1hr. The tissue pieces were
washed for 4-6 h in 0-1M phosphate buffer, and
post-fixed for 1 h in a solution of 19, 0sO4 in
0-1M phosphate buffer. These specimens were
then dehydrated in a graded ethanol series
and embedded in Epon. Sections were cut using
diamond or glass knives on a Sorvall MT-2
ultramicrotome, stained with uranyl acetate
and lead citrate, and examined using a Zeiss
EM9S electron microscope. At least 4 different
hearts were used for each observation. The
results were analysed by Student’s ¢ test.

J. C. YATES ET AL.

RESULTS

The ultrastructural details of the rat
heart fixed after 30 min perfusion with
Krebs—Henseleit medium were quite simi-
lar to those reported earlier (Muir, 1967;
Singal, Matsukubo and Dhalla, 1979).
Electron microscopic examination of thin
sections from the left ventricle of isolated
rat hearts perfused for 30 min with 25 or
50 mg/l of adrenochrome revealed ultra-
structural changes in the myocardium
(Fig. 1). These changes included mito-
chondrial swelling and vesiculization of
the cristae. Disruption of the contractile
elements due to the loss of myofilaments,
occurrence of contracture band and separa-
tion of the myofibrils were also evident.
The damage to the myocardium was also
accompanied by intracellular oedema indi-
cated by the presence of empty spaces.
Since these structural changes were more
pronounced and widespread in hearts per-

Fic. 1.—Electron micrograph of a typical section from an isolated rat heart perfused for 30 min with
adrenochrome (50 mg/l). This and the following micrographs are representative of sections examined
from at least 4 hearts, each parfused under the conditions described. Black bar in all micrographs

indicates 1 um.
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fused for 30 min with 50 mg/l of adreno-
chrome, in the subsequent ultrastructural
studies employing different pharmaco-
logical interventions this dosage and per-
fusion time with adrenochrome was
adopted.

A small transient increase in contractile
force, although not statistically significant,
was consistently noted during the first few
min of perfusion with 25 mg of adreno-
chrome (Fig. 2). This was followed by a
gradual decline in the contractile force for
up to 30 min, at which time the active
tension was reduced to about 59, of the
control value. Although perfusion of hearts
with 50 mg/l of adrenochrome had more or
less similar effect on the contractile force
(Figure not shown), some differences
between the effects of 25 and 50 mg/l of
adrenochrome are noteworthy. The initial
transient positive effect of perfusion with
25 mg/l of adrenochrome was absent in the
heart perfused with 50 mg/l of adreno-
chrome. Furthermore, the drop in the con-
tractile force due to perfusion with 50
mg/l of adrenochrome was quite rapid and
a complete loss of contractile activity was
observed within 25-30 min. Since the con-
tractile failure produced by the higher
concentration of adrenochrome was too
rapid for the potentially important modi-
fications to be readily evident, the subse-
quent data concerning the influence of
pharmacological interventions on the con-
tractile failure due to adrenchrome have
been derived from experiments in which a
concentration of 25 mg/l of adrenochrome
was used.

Addition of tolazoline (25 mg/l) or
dibenamine (25 mg/l), which act as
a-adrenergic-receptor-blocking agents, to
the perfusion medium in the absence of
adrenochrome did not produce any de-
tectable effect on the contractile activity
of the hearts. Furthermore, addition of
these drugs in combination with adreno-
chrome (25 mg/l) to the perfusion medium
did not modify the pattern of contractile
failure due to adrenochrome alone. The
presence of tolazoline (Fig. 3A) or Diben-
amine (Fig. 3B) in the perfusion was also
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ineffective in protecting isolated rat hearts
from necrotic changes due to 30 min of
perfusion with 50 mg/l of adrenochrome.

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 on
starting perfusion with 25 mg/1 of adreno-
chrome, and force of contraction remained
significantly (P <0-05) above that of
hearts perfused with 25 mg/l of adreno-
chrome alone throughout the 30-min per-
fusion period (Fig. 4). Another B-receptor-
blocking agent, propranolol (1 mg/l), did
not significantly (P > 0-05) alter the course
of failure of contractile force during the
first 10-15 min of perfusion with 25 mg/1
of adrenochrome, but significantly
(P <0-05) reduced the rate of decline of
contractile force during the remainder of
the perfusion period (Fig. 4). These
B-blocking agents did not show any
significant effect on the contractile force
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Fre. 2.—Effect of tolazoline (25 mg/l) and
dibenamine (25 mg/l) on the time course
of failure of contractile force development
of the isolated rat hearts perfused with
adrenochrome (25 mg/l). Tolazoline []—[7,
tolazoline plus adrenochrome mE—MN,
dibenamine (O—(, dibenamine plus
adrenochrome @ —@, adrenochrome g—
A. Each point is the mean + s.e. of 4
experiments. Mean initial contractile force
values in grams were: tolazoline, 8-8 + 0-5;
dibenamine, 8:5 +0-1; and control, 9-6 + 0-9
at a resting tension of 2-5 g.
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F1c. 3A.—Electron micrograph of a typical section from an isolated rat heart perfused for 30 min
with adrenochrome (50 mg/l) in the presence of tolazoline (25 mg/l). 3B: Electron micrographs of a

typical section from an isolated rat heart perfused for 30 min with adrenochrome (50 mg/l) in the
presence of dibenamine (25 mg/l).
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of the hearts perfused in the absence of
adrenochrome (Fig. 4). Upon electron
microscopic examination of hearts per-
fused for 30 min with 50 mg/l of adreno-
chrome in the presence of either 1 mg/l of
propranolol (Fig. 5A) or 1 mg/I of practolol
(Fig. 5B), myocardial ultrastructure was
found to be well preserved, and no
evidence of necrotic damage was observed.
Only occasional swelling of T tubules in
hearts perfused with practolol and adreno-
chrome was noticed (Fig. 5B).

The time course of failure of contractile
force development of isolated rat hearts
perfused with adrenochrome (25 mg/l) was
not different (P > 0-05) from that in the
presence of either of 2 adrenergic neurone-
blocking agents, guanethidine (2 mg/l) and
bretylium (2 mg/l) (Fig. 6). Normal con-
tractile activity of the hearts in the
absence of adrenochrome was also not
affected by these neurone-blocking agents
(Fig. 6). Guanethidine (Fig. 7A) and
bretylium (Fig. 7B) failed to protect the
isolated heart from necrotic changes due
to 30 min of perfusion with 50 mg/l of
adrenochrome.

The hydrazine-type monoamine oxidase
inhibitor iproniazid at a concentration of
25 mg/l was found to improve contractile
force development significantly (P < 0-05)
with effect from 6-30 min of perfusion
with 25 mg/] of adrenochrome (Fig. 8). At
30 min, mean contractile force was over
409, of control level in the presence of
iproniazid, whereas with 25 mg/1 of adreno-
chrome alone the contractile force was
only 5%, of control at 30 min (Fig. 8). On
the other hand, tranylcypromine (25
mg/l), which is non-hydrazine monoamine
oxidase inhibitor, was not effective
(P>0-05) in altering the time course of
contractile force changes due to adreno-
chrome (25 mg/l). Iproniazid (25 mg/l) was
also found to be quite effective in pro-
tecting myocardial structure from necrotic
changes due to 30 min of perfusion with
50 mg/l of adrenochrome inasmuch as the
appearance of mitochondria and myo-
fibrils in the iproniazid-protected hearts
(Fig. 9A) was comparable to that of con-
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trol hearts. Although tranylcypromine
(25 mg/(l) greatly reduced the severity of
ultrastructural damage and completely
prevented development of contracture and
disruption of contractile elements due to
adrenochrome (50 mg/l), it was not as
effective in preserving the integrity of
mitochondria (Fig. 9B). Mitochondrial
swelling in these hearts was found to be
less pronounced, but disruption of cristae
was evident throughout.

The presence of the calcium antagonist
D-600 at a concentration of 0-5 mg/l in the
perfusion medium resulted in a decline and
disappearance of contractile activity of
the isolated rat heart in less than 10 min of
perfusion. This fact made it impossible to
investigate the effect of this agent on the
time course of failure of contractile
activity caused by adrenochrome. The
influence of 0-5 mg/l of D-600 on the
morphological changes induced by adreno-
chrome 50 mg/l was studied following 30
min of perfusion of these non-contracting
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Fi16. 4.—Effect of propranolol (1 mg/l) and
practolol (1 mg/l) on the time course of
failure of contractile force development
of isolated rat hearts due to perfusion
with adrenochrome (25 mg/l). Propranolol
O-—0Q, propranolol plus adrenochrome
@ — @, practolol (J—[J, practolol plus ad-
renochrome ll— M, adrenochrome A—A.
Each point is the mean + s.e. of 4 experi-
ments. Mean initial contractile force values
in grams were: propranolol, 7-5+0-6;
practolol, 6-540-7; control, 8-6+0-8 at a
resting tension of 2-5 g.
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F16. 5A.—Electron micrograph of a typical section from an isolated rat heart perfused for 30 min with
adrenochrome (50 mg/1) in the presence of propranolol (1 mg/l). 5B: Electron micrograph of a typical
section from an isolated rat heart perfused for 30 min with adrenochrome (50 mg/l) in the presence
of practolol (1 mg/l).
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but electrically stimulated (360 pulses/
min) hearts. Electron microscopic exami-
nation of sections from the left ventricles
of these hearts revealed ultrastructural
changes which were quite different from
those usually produced by 50 mg/l of
adrenochrome. The most striking feature
was a disalignment of the contractile
filaments within the sarcomere (Fig. 10).
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. None the
less, the contracture and dissolution of
contractile elements, and swelling and
disruption of mitochondria characteristic
of perfusion with 50 mg/l of adrenochrome
(Fig. 1) were completely absent in hearts
perfused with 50 mg/l of adrenochrome in
the presence of 0-5 mg/l of D-600. The
ultrastructure of hearts perfused for 30
min with 0-5 mg/l of D-600 in the absence
of adrenochrome was not different from
controls.

None of the pharmacological interven-
tions employed in this study produced any
noticeable increase in the severity of
ultrastructural changes induced by per-
fusion with adrenochrome at concentra-
tions of either 25 or 50 mg/l.

DISCUSSION

Although structural as well as func-
tional changes in rat hearts perfused with
oxidized isoprenaline have been reported
(Yates and Dhalla, 1975; Dhalla et al.,
1978) and the presence of adrenochrome
and related compounds in the oxidized
isoprenaline solution has also been shown,
the present study demonstrates for the
first time that perfusion of isolated rat
hearts with highly purified and freshly
prepared solution of adrenochrome pro-
duces ultrastructural changes and causes
contractile failure. Thus the results of the
present study provide further evidence in
support of the hypothesis that adreno-
chrome and related oxidation products are
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involved in the catecholamine-induced
cardiac necrosis (Yates and Dhalla, 1975;
Dhalla et al., 1978). In this regard it is
conceivable that in the case of unusually
high levels of catecholamines, exceeding
the capacity of their conventional in-
activating systems such as monoamine
oxidase and catechol-o-methyltransferase,
the excess amounts get rerouted into other
enzyme systems known to convert adren-
aline to adrenochrome (Derouaux, 1943;
Slater, 1949; Iisalo and Rekkarinen, 1958;
Axelrod, 1964; Odajima, 1971; Valerno
and McCormack, 1971). The formation of
adrenochrome from catecholamines could
occur through spontaneous oxidation and
autocatalysis (Kisch, 1930), and -cata-
lytically via cytochrome C (Falk, 1949).
Although «-adrenergic-receptor-block-
ing agents have been reported somewhat
to reduce the severity of lesions due to
adrenaline injection (Waters and deSuto-
Nagy, 1950; Mehes et al., 1967; Wenzel and
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Fia. 6.—Effect of guanethidine (2mg/l) and
bretylium (2 mg/l) on the time course of
failure of contractile force development of
isolated rat hearts due to perfusion with
adrenochrome (25 mg/l). Guanethidine
[J—0[, guanethidine plus adrenochrome
H—M~, bretylium O-—0, bretylium plus
adrenochrome @®—@., adrenochrome
A—A. Each point is the mean + s.e. of
4 experiments. Mean initial contractile
force values in grams were: guanethidine,
8:5+0-6; bretylium, 8:5+0-5; and control
7-8+0-6 at a resting tension of 2-5 g.
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F1a. 7A.—Electron micrograph of a typical section from an isolated rat heart perfused for 30 min with
adrenochrome (50 mg/l) in the presence of guanethidine (2 mg/l). 7B: Electron micrograph of a
typical section from an isolated rat heart perfused for 30 min with adrenochrome (50 mg/l) in the
presence of bretylium (2 mg/l).
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Lyon, 1967; Lehr, 1969), they were com-
pletely ineffective in protecting the myo-
cardium 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 a-receptor stimulation by adrenaline

and its consequences on myocardial work- -

load and oxygen demand, whereas the
direct toxic influence of adrenochrome is
not mediated by a-receptor activation. It
should be noted that a-receptor-blocking
compounds are not very potent by them-
selves in preventing myocardial necrosis
due to adrenaline injection, and were
more effective when used in combination
with a B-blocker (Mehes ef al., 1967; Lehr,
1969; Lehr et al., 1969). Furthermore, the
a-blocking agents are ineffective against
necrosis induced by injection of the B-
agonist isoprenaline (Mehes et al., 1966,
1967; Wenzel and Lyon, 1967; Dorigotti
et al., 1969; Zbinden and Moe, 1969).
Adrenergic neurone-blocking agents are
also ineffective against adrenochrome-
induced necrosis, just as they have been
reported to be against necrosis produced
by catecholamine injection. Just like
a-adrenergic-receptor-blocking agents,
neurone-blockers, which act through a
totally different mechanism, were also
ineffective in alleviating the cardiotoxic
effects of adrenochrome.

In contrast to the «-blockers as well as
neurone-blockers, the B-adrenergic-recep-
tor-blocking agents propranolol and prac-
tolol were very effective in preventing
necrosis due to adrenochrome. These
results do not necessarily indicate that
adrenochrome acts via B-receptors, since
these drugs are not highly specific as to
their site of action. Propranolol has been
previously shown to have a negative
inotropic effect on human, dog and rabbit
cardiac muscle (Nayler et al., 1969a,b), to
decrease lipid-facilitated transport of Ca*+
(Nayler et al., 1969¢) and to reduce or
prevent increased myocardial Cat* con-
tent due to isoprenaline (Bloom and Davis,
1974) and ischaemia-reperfusion (Ziegel-
hoffer et al., 1979). It is thus not unlikely

251

160*

P o
o =]

CONTRACTILE FORCE (% of control)
~nN
(-]

=
T

1 1 1 '
0 5 10 15 20 25 30
TIME (min)

1 <

Fie. 8.—Effect of iproniazid (25 mg/l) and
tranyleypromine (25 mg/l) on the time
course of failure of contractile force
development of isolated rat hearts due to
perfusion with adrenochrome (25 mg/l).
Iproniazid [J—[J, iproniazid plus adreno-
chrome H—M, tranylcypromine O—Q,
tranylcypromine plus adrenochrome @ — @
adrenochrome A—A. Each point is the
mean + s.e. of 4 experiments. Mean initial
contractile force values in grams were:
iproniazid, 7-8+0-6; tranylcypromine,
8:3+0-5; and control, 8:4+0-3 at a resting
tension of 2-5 g.

that the protective effect of B-blockers
against the necrotizing influence of both
adrenochrome perfusion and catechol-
amine injection (Lehr, Krukowski and
Colon, 1966; Mehes et al., 1966 ; Dorigotti
et al., 1969; Kahn ef al., 1969; Bloom and
Davis, 1974) is a function of their influence
on Ca** movements. This point is further
supported by the protective effect of the
Ca-antagonist D-600 against adreno-
chrome-induced structural damage ob-
served in this present study. In this regard
it should also be noted that D-600, a
methoxy derivative of verapamil, in the
concentration employed by us in this
study has been shown to reduce Ca*+ con-
ductivity in the heart muscle and the drug
was found to be effective in preventing
isoprenaline-induced  tissue damage
(Fleckenstein et al., 1974). The unusual
disalignment of contractile filaments
within the sarcomeres of hearts perfused
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F1e. 9A.—Electron micrograph of a typical section from an isolated rat heart perfused for 30 min with
adrenochrome (50 mg/l) in the presence of iproniazid (25 mg/l). 9B: Electron micrograph of a typical
section from an isolated rat heart perfused for 30 min with adrenochrome (50 mgjl) in the presence
of tranyleypromine (25 mg/l).
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with adrenochrome in the presence of
D-600 was quite different from any of the
ultrastructural changes which usually
characterize adrenochrome-induced necro-
sis. 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 adreno-
chrome on various types of non-contract-
ing hearts are warranted.

Experiments with tranyleypromine and
iproniazid clearly demonstrate that mono-
amine oxidase inhibitors can prevent
necrotic damage due to adrenochrome,
although the non-hydrazine-type inhibitor
tranylcypromine was found to be less
effective than the hydrazine-type inhibitor
iproniazid. These results parallel those
obtained in studies on catecholamine-
induced necrosis in intact animals (Zbin-
den, 1960, 1961; Rona et al., 1963;
Zbinden and Bagdon, 1963; Miiller, 1966;
Stanton and Schwartz, 1967; Kahn ef al.,
1969; Zbinden and Moe, 1969). Although

Fic¢. 10.—Electron micrograph of a typical section from an isolated rat heart perfused for 30 min
with adrencohrome (50 mg/l) in the presence of D-600 (0-5 mg/l).

overt evidence of ultrastructural damage
was not seen with iproniazid, practolol or
propranolol, some degree of contractile
failure was apparent, suggesting that all
the effects of adrenochrome were not pre-
vented. These contractile force changes
may be indicative of alterations of cellular
function which precede development of
structural damage and are not wholly pre-
vented by any of the above-mentioned
pharmacological interventions. It is inter-
esting to note in this regard that the mono-
amine oxidase inhibitor tranyleypromine
failed to alter the time course of contrac-
tile-force changes even though the only
subcellular structures in which damage
was evident were the mitochondria. This
observation may suggest that mitochon-
drial changes play an important role in the
loss of contractile function during per-
fusion with adrenochrome.

In conclusion, our results on the toxic
influence of adrenochrome on the myo-
cardium, and their modification by various
pharmacological agents show striking
similarities with the data in the literature
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on necrosis resulting from injection or
infusion of catecholamines and its altera-
tion by these same agents. It is therefore
suggested that cardiac lesions resulting
from massive doses or prolonged infusion
of catecholamines are the result of an
accumulation of toxic quantities of adreno-
chrome and related catecholamine oxida-
tion products within the myocardium.
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