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We studied the effect of adaptation to chronic immobilization stress on the contents of
cyclic adenosine monophosphate and cyclic guanosine monophosphate in myocardial
tissue during coronary occlusion and reperfusion. The contents of cyclic adenosine
monophosphate and cyclic guanosine monophosphate in the ischemic area and non-
ischemic myocardium of unadapted rats increased during coronary artery ligation for
10 min. Reperfusion for 10 min was followed by an increase in the content of cyclic
adenosine monophosphate. During coronary occlusion, the content of cyclic adenosine
monophosphate in the myocardium of stress-adapted rats increased less significantly
than in control animals. No significant differences were found in the content of cyclic
guanosine monophosphate in control and adapted rats. Our results suggest that poor
response of the myocardial cyclic nucleotide system to ischemia/reperfusion in adapted
animals is associated with the antiarrhythmic and cardioprotective effect of adaptation.
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The myocardium of animals subjected to stress
training is resistant to adverse arrhythmogenic ef-
fect of ischemia/reperfusion [3-5]. However, the
mechanism of the cardioprotective effect of adap-
tation is poorly understood. The understanding of
this mechanism will allow us to develop new ap-
proaches to the therapy and prevention of ischemic/
reperfusion injuries to the heart. It was hypothesi-
zed that adaptation-mediated increase in myocar-
dial resistance to the pathogenic effect of ischemia/
reperfusion is related to variations in the intracel-
lular response of cardiomyocytes to catecholamines

[2]. However, this hypothesis was not confirmed.
Cyclic adenosine monophosphate (cAMP) is one of
the major signal messengers of the adrenergic re-
sponse in cells. Cyclic guanosine monophosphate
(cGMP) is a functional antagonist of cAMP. The
increase in cAMP concentration in the myocardium
is the cause of ventricular fibrillation during cardiac
ischemia/reperfusion. The drugs that decrease syn-
thesis of this intracellular messenger may prevent
arrhythmias and delay the development of necrosis
during myocardial ischemia [7,8]. Published data
show that the increase in guanylate cyclase activity
and cGMP synthesis in the myocardium is accom-
panied by the improvement of cardiac resistance to
an adverse effect of ischemia/reperfusion [7,11].
These data suggest that the cyclic nucleotide sys-
tem is associated with the cardioprotective and anti-
arrhythmic effect of adaptation.
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Here we studied the effect of stress adaptation
on the content of cAMP and cGMP in myocardial
tissue during coronary occlusion and reperfusion.

MATERIALS AND METHODS

Experiments were performed on male Wistar rats
weighing 200-250 g. The animals were adapted to
stress by a series of short-term immobilizations in
the supine position: day 1, 15 min; day 2, 30 min;
day 3, 45 min; and days 4-12, 60 min per day [4].
This procedure of adaptation increases heart resist-
ance to ischemia/reperfusion [4].

After adaptation, the animals were anesthetized
with ketamine (50 mg/kg intravenously). Myocar-
dial ischemia was induced by left coronary artery
ligation (10 min) [11] and reperfusion (10 min).
Artificial pulmonary ventilation was performed using
a modified RO-6 device. Unadapted rats served as
the control.

The heart was rapidly removed from the thorax
after ischemia/reperfusion. Tissue fragments (40-80
mg) were dissected from the ischemic area and zo-
ne of normal perfusion. The ischemic area was ve-
rified by myocardial blanching. The right ventricle
served as the nonischemic region. Comparative
study with the right ventricle is based on the results
of previous experiments. No differences were found
in cAMP concentration in the right and left ven-
tricles of intact animals.

Myocardial tissue was immediately frozen and
maintained in liquid nitrogen until cAMP and cGMP
assay. Cyclic nucleotides were extracted as de-
scribed elsewhere [9]. A sample of myocardial
tissue was homogenized in 2 ml acidified ethanol
(100 ml 96% ethanol and 1 ml 1 N HCl), and cen-
trifuged at 3000g for 15 min. The supernatant was
collected in a tube. A mixture of ethyl alcohol and
water in the 2:1 ratio was added to the pellet. The
sample was mixed and repeatedly centrifuged. Both
supernatants were combined and dried in a vacuum
apparatus at 55oC. cAMP concentration in these sam-
ples was measured using commercial radioimmune
kits (RIA AMPc/cAMP and RIA GMPc/cGMP, Im-
munotech). Dry residual was dissolved in a special
buffer of the kit. Radioactivity of samples was mea-
sured on a gamma counter (Gamma-12, Russia).

The results were analyzed by methods of varia-
tional statistics. Student’s t test was applied in tes-
ting the hypothesis for equality of the means.

RESULTS

cAMP concentration in the ischemic area and non-
ischemic cardiac region increased by 38.7 and 54.9%,

respectively, after 10-min ischemia (compared to
intact animals, Table 1). Our results are consistent
with published data that cAMP concentration in
cardiac tissue increases during short-term coronary
occlusion [7,10]. No differences were revealed in
the content of this cyclic nucleotide in the ischemia
area and nonischemic myocardium (Table 1).

cAMP concentration in cardiac tissue after re-
perfusion was much lower than during ischemia.
cAMP concentration did not differ in treated and
intact animals, which is consistent with published
data [7].

Ischemia for 10 min had no effect on cAMP
concentration in the myocardium of stress-adapted
rats. The content of cyclic nucleotide in treated rats
did not differ from that in intact animals. These data
are consistent with the results of our previous ex-
periments. We showed that stress exposure of adap-
ted animals is followed by an insignificant release
of catecholamines from myocardial sympathetic
terminals and adrenal medulla [2]. Acute ischemia
is usually accompanied by severe strain. The sym-
pathoadrenal system of trained specimens was char-
acterized by poor response to coronary occlusion,
which reflects the stress-limiting effect of adap-
tation. It is manifested in reduced activation of
adenylate cyclase-coupled β-adrenoceptors. Hence,
cAMP concentration in the ischemic myocardium
is lower in adapted rats. The increase in cAMP con-
centration in cardiomyocytes during ischemia/reper-
fusion probably contributes to cardiac electrical
instability and ventricular fibrillation [10]. How-
ever, the arrhythmogenic effect of coronary occlu-
sion and reperfusion is less significant in rats adap-
ted to chronic stress [3]. These changes probably
result from a decrease in cAMP concentration in the
ischemic myocardium of adapted specimens (com-
pared to control animals).

The decrease in adrenoreactivity of adapted
specimens can be mediated by activation of the
opioid system. This hypothesis is confirmed by pub-
lished data and results of our studies [2,3,9,13]. Our
previous experiments showed that opioid content
increases in blood plasma and myocardial tissue of
adapted rats [2]. Moreover, intravenous injection
of opioid peptides decreases the degree of cate-
cholamine depletion in the myocardium and ad-
renal glands [2] and prevents the increase in myo-
cardial cAMP concentration during coronary occlu-
sion [9]. Opioid peptides decrease adenylate cyclase
activity [13]. Our hypothesis is also confirmed by
the fact that opioid receptor blockade in rats adap-
ted to chronic stress abolishes the antiarrhythmic
effect of adaptation during acute ischemia and re-
perfusion [3].
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cGMP concentration in the myocardium increa-
sed by 4.5 times during coronary occlusion (com-
pared to intact rats, Table 1). Our results are con-
sistent with published data on the increase in cGMP
synthesis in the myocardium during ischemia [7,
11]. The increased synthesis of cGMP during ische-
mia is probably related to activation of NO syn-
thases and production of NO in the ischemic myo-
cardium [12]. NO activates the synthesis of cGMP.
This assumption is confirmed by published data
that blockade of NO synthase contributes to the de-
crease in cGMP concentration in the myocardium
during ischemia [7]. By contrast, administration of
NO donors is followed by an increase in cGMP
concentration under pathological conditions [11].
We revealed that cGMP concentration after reper-
fusion does not differ from that during ischemia
(Table 1). Similar results were obtained by other
investigators [12].

Published data show that pharmacological inhi-
bition of cGMP synthesis during ischemia/reper-
fusion impairs contractility and has an arrhythmo-
genic effect on the isolated rat heart and under in
vivo conditions [7,14]. It may be suggested that the
increase in cGMP concentration during ischemia/
reperfusion serves as a compensatory mechanism,
which prevents the adverse effects of activation of
the adenylate cyclase/cAMP system (arrhythmias
and cardiomyocyte injury).

cGMP concentration in the myocardium of stress-
adapted rats during ischemia/reperfusion did not
differ from that in unadapted animals. It was ob-
served in various periods of ischemia/reperfusion
(Table 1). Our results contradict published data.
Previous studies showed that NO production in-
creases in the myocardium of rats adapted to chro-
nic stress [6]. NO serves as the major activator of
guanylate cyclase [12]. These changes should be
followed by a greater increase in cGMP concen-
tration in treated rats compared to unadapted ani-
mals. However, we failed to observe it. Myocardial
ischemia in rats adapted to chronic stress is accom-
panied by the inhibition of endothelium-dependent
aortic relaxation [1], which reflects a decrease in
the synthesis of NO and cGMP.

NO synthesis increases in the myocardium of
rats adapted to chronic stress [6]. However, these
changes are not accompanied by the increase in
cGMP concentration and endothelium-dependent
vascular relaxation [1]. Probably, the rate of NO
degradation and activity of adenylate cyclase de-
crease in the myocardium of adapted rats.

We conclude that adaptation to chronic stress
contributes to the decrease in cAMP concentration,
but has no effect on cGMP content in the myo-T
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cardium of rats during coronary occlusion. The
observed changes improve cardiac resistance to
adverse effects of acute ischemia/reperfusion.
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