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Summary

Ischemic preconditioning (IP) protects the heart against subsequent prolonged ischemia. Whether the
B-adrenoceptor/adenylate cyclase pathway contributes to this cardioprotection is not yet fully known. Using enzyme
catalytic cytochemistry we studied the adenylate cyclase activity and its distribution in the preconditioned rat heart.
Adenylate cyclase activity was examined in Langendorff-perfused rat hearts subjected to the following conditions:
control perfusion; 30 min regional ischemia; 5 min occlusion and 10 min reperfusion (IP); IP followed by ischemia.
Ischemia-induced arrhythmias and the effect of ischemic preconditioning on the incidence of arrhythmias were
analyzed. At the end of experiment the heart was shortly prefixed with glutaraldehyde. Tissue samples from the left
ventricle were incubated in a medium containing the specific substrate AMP-PNP for adenylate cyclase and then
routinely processed for electron microscopy. Adenylate cyclase activity was cytochemically demonstrated in the
sarcolemma and the junctional sarcoplasmic reticulum (JSR) in control hearts, while it was absent after test ischemia.
The highest activity of the precipitate was observed after ischemic preconditioning. In the preconditioned hearts
followed by test ischemia, adenylate cyclase activity in the precipitate was preserved in sarcolemma and even more in
JSR. Protective effect of ischemic preconditioning was manifested by the suppression of severe arrhythmias. These
results indicate the involvement of the adenylate cyclase system in mechanisms underlying ischemic preconditioning.
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Introduction threatening arrhythmias (Liu et al. 1991, Vegh et al.
1992, Stetka er al. 1999). Although many different

It is well known that exposure of the heart to one  endogenous substances have been proposed as mediators
or several episodes of transient myocardial ischemia  of the induced by

reduces the extent of myocardial injury during subsequent  preconditioning (Parratt 1993), the exact mechanisms

protective  effects ischemic

prolonged ischemia. This phenomenon is denoted as
ischemic preconditioning (IP) (Murry et al 1986,
Downey 1992) and is associated with a decrease of
cellular damage as well as with suppression of life-

underlying this phenomenon remain uncertain. It has

" been suggested that the protective effect of ischemic

preconditioning can be mediated by endogenously

released catecholamines vig stimulation of o-
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adrenoceptor/protein kinase C (Banerjee et al. 1993,
Bankwala et al. 1994). On the other hand, catecholamines
also affect the B-adrenoceptor/ adenylate cyclase system
responsible for cyclic AMP (cAMP) synthesis. The role
of cAMP in the modulation of intracellular pathways
linked to Ca” homeostasis and the contraction-relaxation
processes as well as to intercellular communication (De
Mello 1988, 1992) is well established.

Whether the B-adrenoceptor/adenylate cyclase
system is also implicated in mechanisms of the protection
induced by ischemic preconditioning has not been fully
elucidated. Some studies indicate the role of adenylate
cyclase system in the cardioprotection induced by
against
myocardial dysfunction (Iwase et al. 1993, Morita et al.

ischemic  preconditioning postischemic
1997). The aim of the present study was, therefore, to
examine the effect of ischemic preconditioning on the
adenylate cyclase activity and its distribution in the rat
myocardium. We used the method of enzyme catalytic
cytochemistry which enables to detect activity at the
cellular level in situ at the site of enzyme localization.
Accordingly, it allows to reveal the topography of
enzyme activity or subcellular distribution. We used a
model of regional ischemia and one episode of ischemic
preconditioning with respect to the effect on arrhythmias
as the main end-point of protection.

Method

All studies were performed in accordance with
the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health
(NIH publication No 85-23, revised 1985).

Isolated heart preparation - Langendorff model

The hearts were excised from heparinized
(50010 ip.) and anesthetized (sodium pentobarbitone
40 mg/kg i.p.) male Wistar rats (250 to 300 g) and
perfused at a constant flow rate of 10 ml/min with Krebs-
Henseleit solution containing (in mM): NaCl 118.0, KCl
3.2, MgS0O, 1.2, NaHCO; 25.0, NaH,PO, 1.18, CaCl,
2.5, glucose 11.1. The solution was saturated with a
mixture of 95 % O, and 5 % CO,, and maintained at
37°CatpH 7.4.

Experimental protocol

All hearts were allowed to stabilize for 20 min.
Control hearts were perfused for 75 min (n=20). The
ischemic challenge was induced by occlusion of the left

descendent coronary artery (LAD) lasting 30 min (test
ischemia) (n=20). Ischemic preconditioning was induced
by 5 min occlusion of the left descendent artery and
10 min reperfusion prior to the test ischemia (n=18).
Arrhythmias were analyzed by determining the incidence
of ventricular tachycardia (VT) and ventricular
fibrillation (VF), as well as by calculating the total
number of ventricular premature beats (VPBs) in
accordance with the Lambeth Convention (Walker et al.
1988). At the end of the experiments, the samples for
cytochemistry were taken from the ischemic area of left
ventricles as well as from the control hearts and
processed for the cytochemistry of adenylate cyclase.

Cytochemistry of adenylate cyclase (E.C.4.6.1.1.)

Adenylate cyclase localization and activity were
evaluated in the ischemic tissue of the left ventricle from
four experimental groups (n=4 per each group): 1) control
hearts; 2) hearts subjected to test ischemia; 3) IP alone;
4)IP followed by test ischemia. At the end of the
experiment, the hearts were prefixed by perfusion with
2 % glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4,
containing dimethylsulfoxide (Slezék and Geller 1979).
Perfusion lasted for about 1-2 min. After that, tissue
samples (about 1 mm®) were incubated for 30 min at
37°C in an incubation medium (Schulze et al. 1972)
containing (in mM): Tris-maleate buffer 80.0, AMP-PNP
0.5, Pb(NO;3), 2.0, MgSO, 10.0, tetramisole 4.0, sucrose
0.25. The tissue was then postfixed in 40.0 mM OsO, in
0.1 M cacodylate buffer, pH 7.4 for 1 h at 4 °C,
dehydrated with graded alcohol and propylene oxide and
embedded in Epon 812. Ultrathin unstained sections were
analyzed in EM Tesla 500. Standard processing and the
incubation of samples made it possible to evaluate
semiquantitatively the changes in the intensity of the
precipitate reaction under different pathophysiological
conditions. The results were graded as follows: + absence
or scarce precipitate; + weak, finely granular precipitate;
++ coarse, finely granular homogeneous precipitate.

Results

Cytochemistry of adenylate cyclase
hearts,
adenylate cyclase activity was found on the sarcolemma

In control the reaction product of
including T-tubules and intercalated discs, as well as on
the junctional sarcoplasmic reticulum (Fig. 1). The same
localization of the adenylate cyclase activity was
observed after IP itself and after IP followed by
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prolonged ischemia (Fig. 2). After 30 min ischemia, the

cardiomyocytes
precipitate was absent or scarce (Fig. 3) and the

were edematous  with
mitochondria and broken cristae.

swollen

Fig. 1.

Ultrastructural localization of adenylate cyclase activity in the sarcolemma (SL) and the junctional
sarcoplasmic reticulum (arrow) in control rat heart. ¢ - capillary, ID- intercalated disc
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Fig. 2. Maintenance of adenylate cyclase activity was found in the sarcolemma (SL) including T-tubules (arrow head)
and the junctional sarcoplasmic reticulum (arrow) in the preconditioned rat heart subjected to test ischemia
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Fig. 3. After 30 min regional ischemia, scarce formation of the specific precipitate was observed in the junctional

sarcoplasmic reticulum (arrow) and/or the sarcolemma (SL), respectively. Cardiomyocytes are edematous,

mitochondria (M) are swollen with broken cristae.

Table 1. The intensity of adenylate cyclase reaction
product
conditions

in rat hearts under various experimental

Intensity of adenylate cyclase
reaction product

Controls 30 min 1P IP followed by
ischemia ischemia

SL + + ++ +

JSR + + ++ ++

Classification: + normal reaction, * scarce, ++ strong.
IP - ischemic preconditioning, SL - sarcolemma,

JSR - junctional sarcoplasmic reticulum.

The variability in the
electrondense

intensity of the

precipitate was observed in each
experimental group and the density is shown in Table 1.
The strongest intensity of the reaction product was

observed immediately after ischemic preconditioning. In

the preconditioned hearts followed by test ischemia, the
precipitate was preserved in the sarcolemma and was
even more pronounced in the junctional sarcoplasmic
reticulum.

Antiarrhythmic protection by ischemic preconditioning

Test ischemia induced high incidence of
ventricular arrhythmias: 100 % ventricular tachycardia
and 70 % ventricular fibrillation. The protective effect of
ischemic preconditioning were manifested by a reduced
incidence and severity of arrhythmias. Only 30 % of the
hearts  exhibited
ventricular fibrillation was completely abolished. The
total number of VPBs was decreased from 800£150 in the
controls to 30+10 (p<0.05) (Fig. 4).

ventricular  tachycardia, whereas

Discussion

In the present study, we demonstrated the
protective effect of preconditioning on
adenylate cyclase activity and its localization in rat

ischemic

cardiomyocytes using the method of enzyme catalytic
cytochemistry in situ.
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100 - 1000 + Fig. 4... Eﬁect of .isc.hemic
T ac preconditioning on the incidence
75 750 mIP of ischemia-induced ventricular
tachycardia (VT), ventricular
50 * 3007 fibrillation (VF) (left) and the
25 - 250 - total number of ventricular
premature beats (VPB) (right). C
0 j ' 0 — control ischemia (n=20), IP —

VT VF

VPB

Incidence (%)

The cytochemical localization of adenylate
cyclase activity in the sarcolemma and the junctional
sarcoplasmic reticulum has already been shown in
previous studies (Schulze er al. 1972, Katz et al. 1974,
Slezak and Geller 1979, Okruhlicova et al. 1988). The
principle of the enzyme catalytic cytochemical procedure
is the visualization of the primary product of enzyme
reaction which forms an electrondense precipitate with
heavy metal Pb*" ions at the site of enzyme localization.
This method includes prefixation which preserves the
structure and integrity of cellular membranes and allows
the precise localization of adenylate cyclase. Because
ATP can be hydrolyzed by endogenous ATPases, we
used the specific substrate AMP-PNP (Yount 1974).
Despite the high specificity of AMP-PNP, it is not
possible to eliminate the presence of endogenous
ATPases. However, ions such as Ca’, Na' or K'
necessary for the activation of main ATPases in the
cardiac sarcolemma are absent in the medium. Thus,
ATPases cannot interfere appreciably in the formation of
the specific To AMP-PNP
hydrolysis by membrane alkaline phosphatase (Johnsson

~and Welden 1977), tetramisole was added into the
incubation medium. AMP-PNP as a nonhydrolyzable
ATP analogue has also been applied in some biochemical
studies to demonstrate cAMP-modulated processes
(Aiello et al. 1995). The appropriate incubation medium
for the adenylate cyclase reaction and the standard
processing of samples make it possible to compare
changes in the activity and/or localization of the enzyme
under various pathophysiological conditions.

In our present experiments, the adenylate cyclase
activity was localized in the sarcolemma, including
transverse T-tubules and intercalated discs as well as in
the junctional sarcoplasmic reticulum adjacent to the
T-tubules. Adenylate cyclase vig its intracellular second

precipitate. eliminate

Total number of beats

ischemic preconditioning (n=18).
Data are SEM
* p<0.05

means £

messenger cAMP modulates multiple processes including
intercellular communication (De Mello 1992, Kwak and
Jongsma 1996) and Ca®'-transport regulating processes
on the sarcolemmal L-type channel (Sperelakis 1994) and
the sarcoplasmic reticulum (Vittone et al. 1990, Sasaki et
al. 1992). The adenylate cyclase reaction was also
the which are
the
coupling. Gap junctions as a special part of the

detected along intercalated discs,

responsible  for intercellular electromechanical
intercalated discs mediate the propagation of the action
poténtials and intercellular signal transduction (such as
second messengers, cAMP and cGMP) between adjacent
1989,

cardiomyocytes to

cells via gap junctional channels (Imanaga
De Mello 1996). This
synchronize their electrical and contractile activities.
Since the sarcolemma is known to control Ca** fluxes and

the junctional sarcoplasmic reticulum plays a specific role

allows

in the electromechanical coupling, the cytochemical

detection of adenylate cyclase activity on these
membranes supports its role in the regulation of heart
contractions.

It is known that adenylate cyclase activity and
cAMP levels differ and ischemic
myocardium (Krause et al. 1978, Tribulova et al. 1998).

This can reflect increased local catecholamine release in

in the normal

the myocardium (Schomig et al 1984). During early
ischemia, higher catecholamine levels result in a rapid
increase of cAMP. In confirmation of these data, we
observed the enhanced adenylate cyclase activity
resulting in the formation of more intensive reaction
products in the hearts subjected to 5 min ischemia and
also in the hearts subjected to 5 min ischemia followed by
10 min reperfusion as compared to the controls. These
results correspond to our previous work (Okruhlicové

etal. 1988) in which we already demonstrated the
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stimulating effect of 5 min ischemia on the adenylate
cyclase activity in the rat myocardium using both
methods,  enzyme

catalytic ~ cytochemistry  and

biochemistry. The predominance of sympathetic
regulation in early ischemia can increase the gap junction
conductance and intercetlular communication as well as
accelerate sarcoplasmic Ca** exchange and prevent the
Ca®  overload via cAMP-dependent  protein
phosphorylation.

In long-lasting ischemia, elevated cytoplasmic
free Ca®" persists and may result in subcellular damage
(Okruhlicova er al  1988),

(Manoach er al. 1996), contractile dysfunction (Opie er

electrical uncoupling
al. 1980, Rona 1985) and, moreover, may inhibit
adenylate cyclase activity (Iwami et al. 1995, Ebina ef al.
1997). Furthermore, we observed scarce formation of the
electrondense precipitate of the adenylate cyclase
reaction, together with swollen mitochondria and broken
cristae in edematous cardiomyocytes and with a high
incidence of severe ventricular arrhythmias.

Despite the fact that increased sympathetic
activity and cAMP might be arrhythmogenic in ischemia
and reperfusion, it has been suggested that short-lasting
ischemia and/or the effect of exogenous catecholamines
can be antiarrhythmic (Vegh et al 1992, Lukas and
Botsford 1997) through
adrenergic activation of the o,-adrenoceptor/protein-

1997, Ravingerova et al.

kinase C pathway. Several studies, however, have

suggested that the adrenergic activation of the
B-adrenoceptor/adenylate cyclase complex might also be
involved in the cardioprotective mechanisms of ischemic
preconditioning. Iwase et al. (1993) have observed that
the preconditioned heart in rabbits exhibited a delayed
ischemia-induced reduction in B-adrenergic signal
transduction, G, proteins and the activity of catalytic unit.
Asimakis et al. (1994), Morita et al. (1997) and Nasa
etal. (1997) have shown that a brief period of
P-adrenoceptor stimulation exerts a preconditioning-
mimetic protective effect against postischemic contractile
dysfunction in perfused rat hearts and also results in the
preservation of adenylate cyclase (Morita et al. 1997). In
agreement with these data, we observed enhanced
adenylate cyclase activity in the sarcolemma and the
Jjunctional sarcoplasmic reticulum in preconditioned rat
hearts subjected to 30 min ischemia. The ischemic
preconditioning-induced enhancement of adenylate
cyclase activity in this model was accompanied by a

significant reduction of ischemia-induced fibrillations

and, furthermore, by the prevention of the changes in

cardiomyocyte ultrastructure. The maintenance of
adenylate cyclase function in the sarcolemma and the
junctional sarcoplasmic reticulum in preconditioned
cardiomyocytes might be due to the contribution of this
enzyme system to the protective effect of ischemic
preconditioning via cAMP-dependent Ca*’-transport
regulating systems as well as the c¢AMP-dependent
upregulation of gap junction channels as has been
demonstrated in cultured cardiac myocytes (Miyachi
ef al. 1995, Darrow et al. 1996).

In the mammalian heart, two major type V and
type VI adenylate cyclase isoforms have been found
(Strasser and Marquetant 1991, Krupinski et a/. 1992). In
the adult rat heart, type V has been reported as highly
predominant (Mercadier et al. 1996) and with different
sensitivity to various stress conditions (Ebina et al. 1997).
This variability and sensitivity of adenylate cyclase can
be responsible for a wide range of potential regulations
especially under pathophysiological conditions.

Due to species-related differences (Schott e al
1990, Cohen et al. 1991) and/or a modification of the
experimental protocols of ischemic preconditioning, it is
difficult to identify exactly which signaling pathway
serves as the prevailing mechanism of protection. It is
both the

o-adrenoceptor pathway might regulate cAMP signaling,

possible that B-adrenoceptor and the
since two isozymes of protein kinase C, o and &, have
been observed to activate type V cardiac adenylate
cyclase in vitro (Strasser and Marquetant 1991, Kawabe
et al. 1994). Therefore, different pathways can be
activated by ischemic preconditioning and operate
independently.

Our results indicate that the function of the
adenylate cyclase system is preserved in the ischemic
preconditioned heart and that it is involved in the
protective mechanisms of ischemic preconditioning in the
rat myocardium. By using cytochemical methods, the
effect of ischemic preconditioning on adenylate cyclase
enzyme complex can be specified. However, the
variability in the intensity of the enzyme reaction product
in our experiments can reflect the effects of ischemic
preconditioning on single components of the adenylate
cyclase system. Therefore, further studies and methods
such as immunocytochemistry are needed to define the
precise mechanisms and relations between the
B-adrenoceptor/adenylate cyclase pathway and the effect

of ischemic preconditioning.
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