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Summary
A new approach for investigating the mechanisms and
evolution of cardiac muscle cell injury was presented
by applying fine structural extracellular protein tracers
in the catecholamine-induced cardiac muscle cell
injury model. The results with these diffusion tracers
indicated striking functional changes at the level of
coronary microcirculation followed by early per-
meability alteration of cardiac muscle cell membranes,
thus suggesting the role of these factors in myocardial
changes which develop without narrowing or obstruc-
tion of coronary arteries.

DURING the past 15 years, investigations of our re-
search group concerned themselves with the study
of myocardial reaction and adaptation to insult
under various experimental conditions (Rona, 1971).
Recently ultrastructural and functional correlative
studies carried out with catecholamines with con-
tinuous low dose (4-6 tLg/100 g body w/min) infusion
showed that isoproterenol and norepinephrine pro-
duced irreversible cardiac muscle cell lesion. On one
hand, the cardiac muscle cell lesions produced by
various catecholamines have certain similar mor-
phological features which were related to their
common metabolic effect (mitochondrial respiration,
glycogenolysis, fatty acid mobilization, electrolyte
shift). On the other hand, their diverse effect on the
myofilaments and the interstitial reaction indicated
differences in the pathogenesis of the myocardial
lesions elicited by the two catecholamines. Whereas
isoproterenol induced primarily myofilament hyper-
contraction and contraction bands, lytic lesions pre-
dominated in the norepinephrine-induced cardiac
muscle cell changes. Moreover, rats treated with
norepinephrine showed early and marked inter-
stitial oedema, whereas in rats treated with iso-
proterenol, the evolution of oedema was delayed by
hours (Boutet, Hiittner and Rona, 1973, 1974).
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Some of the structural differences were related to
the diverse circulatory effect of the two catechol-
amines. Isoproterenol is a depressor amine, while
norepinephrine is a strong pressor agent. Whereas
several investigations dealt with the role of vascular
factors in the pathogenesis of myocardial lesions
produced by catecholamines, little attention was paid
to the functional effect of these agents on the local
coronary microcirculation. Extracellular fine struc-
tural protein tracers can be utilized with advantage
to investigate how catecholamines affect the func-
tional state of coronary capillaries. In our labora-
tory, peroxidase and ferritin were used for such
microcirculatory studies (Huttner, Boutet and More,
1973a, b; Huttner et al., 1973). Peroxidase molecules
that have a diameter of approx. 50A and molecular
weight of 40,000 traverse the endothelial barrier
through intercellular clefts and by plasmalemmal
vesicles. Ferritin which has a diameter of approx.
1 IOA and molecular weight of 500,000 is transported
exclusively by plasmalemmal vesicles of the coronary
capillary endothelium.

Catecholamines were infused under ether anaes-
thesia in a dose of 4-6 Fg/100 g body w/min, while
the systemic blood pressure was recorded on a
polygraph. Saline-treated animals were used as
controls for tracer experiment. The observation of
delayed phase of interstitial oedema in the isopro-
terenol experiment necessitated the introduction of
another experimental group in which isoproterenol
was given subcutaneously in a dose of 8-5 mg/100 g
body wt and the tracers were injected at the time of
the delayed oedema, i.e. 90 min following isopro-
terenol injection. Diffusion tracers were injected at
various time intervals before sacrificing the animals
by perfusion of aldehyde fixative through the
coronary capillaries. Horseradish peroxidase was
injected in a dose of 10 mg/100 g body wt, whereas
the dose of ferritin was 100 mg/bOO g body wt.

Figure 1 shows the polygraph records of carotid
artery pressure from control, as well as norepine-
phrine, and isoproterenol-infused rats. Note that
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the records read from right to left. Parallel arrows
indicate the peroxidase circulation time which, in
this experiment, was 60 sec. Similar recordings are
obtained with ferritin. Continuous intravenous in-
fusion of norepinephrine produces a rise of blood
pressure from the control 115± 15 mmHg to
190±20 mmHg. This high blood pressure level re-
mained constant during the circulation time of
peroxidase. Following isoproterenol infusion there
is an immediate drop of arterial blood pressure to
70±15 mmHg. The ultrastructure of endothelial
cells was comparable with that of controls in animals
treated with catecholamines under the selected
experimental conditions. Studies with protein tracers
revealed, however, striking functional changes at
the level of microcirculation.

Figure 2 presents light microscopic picture of
right ventricular myocardium from the selected

experimental groups. Upper set of pictures made
after 60 sec, and the lower pictures after 6 min
circulation time of the tracer. As compared with the
negative control (a), the myocardial interstitium
shows diffuse staining by reaction product following
NE-induced high blood pressure (b). At 6 min there
is uniform distribution of the tracer in control myo-
cardial interstitium (c). The tracer is, however,
absent following isoproterenol induced low blood
pressure (d).

Figure 3 presents the same experimental arrange-
ment and fine structural localization of peroxidase
reaction product. In control, the tracer is localized
in the lumen of the capillary, in lumenal plasmalem-
mal vesicles and in the lumenal side of interendo-
thelial clefts, but the myocardial interstitium is
negative for peroxidase (a). In contrast to the nega-
tive control, intensive reaction is obtained all along
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interendothelial clefts, ablumenal vesicles and in the
myocardial interstitium following identical 60 sec
peroxidase circulation time in rat with norepine-
phrine-induced high blood pressure (b). Six minutes
following peroxidase injection, peroxidase reaction
product is already localized in the interstitium of
controls (c). Following identical 6 min circulation
time from rat with isoproterenol-induced low blood
pressure, peroxidase labels some large endothelial
vesicles but no reaction product is discernible in the
myocardial interstitium, indicating uptake but no
transendothelial transfer of the tracer (d).

Figure 4 shows that as early as 10 min following
norepinephrine infusion the sarcoplasm of some
cardiac muscle cells is also positive for peroxidase,
indicating that the sarcoplasmic membrane of these
cells became permeable to the tracer. Note that
peroxidase within the sarcoplasm is deposited upon

and bound selectively to myofilaments. These cells
otherwise present normal ultrastructure. The same
findings were present in isoproterenol studies in the
recuperation phase when the arterial blood pressure
returned towards normal levels.

Pressor and depressor catecholamines similarly
affected the transport of the large molecular tracer
ferritin which enters the myocardial interstitium
exclusively by plasmalemmal vesicles (Fig. 5). Upper
set of pictures are electron micrographs from myo-
cardium 20 min after ferritin injection. As compared
with control (a) there was an increased number of
ferritin molecules in the myocardial interstitium
following norephinephrine infusion (b). Whereas
the difference between the control and the norepine-
phrine-treated rats for ferritin was less striking than
for peroxidase transport, at low blood pressure levels
produced by isoproterenol, there was a striking

copyright.
 on M

ay 23, 2023 by guest. P
rotected by

http://pm
j.bm

j.com
/

P
ostgrad M

ed J: first published as 10.1136/pgm
j.51.595.334 on 1 M

ay 1975. D
ow

nloaded from
 

http://pmj.bmj.com/


338 G. Rona, M. Boutet and I. Hiittner

10M." I M!il -5,
MR.. ..............

W IMM.,

m21M.

EH

:1 j.

i;R i.jjj. 1;g' iiiiili..m... ............

lw

FIG. 5.

diminution of ferritin molecules in the myocardial
interstitium (c, control; d, isoproterenol, 60 min
circulation time).

Conclusions
(1) Structural-functional correlative studies sug-

gest a relationship between blood pressure changes,
coronary transendothelial protein transport and
alteration of cardiac muscle cells following com-
parable low dose intravenous infusion of pressor and
depressor catecholamines.

(2) Isoproterenol, a depressor amine, induced a
diminution of transendothelial passage of fine
structural protein tracers, that was more marked for
peroxidase than for ferritin. This phenomenon was
reversible with return to normal blood pressure.
Norepinephrine, a pressor amine, augmented the
transendothelial passage of both peroxidase and
ferritin.

(3) In isoproterenol model, decreased transen-
dothelial transport and myocardial perfusion may
indicate the role of an additional factor in the com-
plex mechanism whereby this catecholamine brings
about myocardial hypoxia. Observation in the re-
cuperation phase furnished further component in the
chain of events leading to cardiac muscle cell injury.
Following return of blood pressure towards normal
levels, increased sarcolemmal permeability was
reflected by the intrasarcoplasmic presence of
extracellular diffusion tracers. Similar membrane
alteration was observed in the early stage ofnorepine-
phrine experiment. These observations suggest that
early membrane permeability change may be the
key factor in catecholamine myocardial injury.
The experimental protocol presented may give

further information concerning the development and
evolution of cardiac muscle cell lesions produced by
other types of injury. It is possible to hypothesize, in
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the meantime, that in humans subjected to stress,
release of excessive amount of catecholamine may
also produce functional alteration of coronary capil-
laries. Subsequent change of sarcolemmal membrane
permeability leads to intrasarcoplasmic deposition
ofproteinaceous substances. The evolution of cardiac
muscle cell injury in heart muscle following admini-
stration of catecholamines was the subject of a
previous presentation at the 6th Annual Meeting of
the International Study Group for Research in
Cardiac Metabolism in Freiburg. The results of the
functional-correlative study outlined in the present
paper suggest that coronary microcirculatory changes
and membrane permeability alteration represent
important components in a common mechanism
that leads to myocardial changes which develop
without narrowing or obstruction of coronary
arteries.
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