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• Reactive oxygen species potentiate 
the negative inotropic effect of 
cardiac M2-muscarinic receptor 
stimulation 





INFLUENCE OF ROS ON CARDIAC MUSCARINIC RECEPTORS 

Introduction 

Oxygen-derived free radicals and other reactive 
oxygen species (ROS) have been shown to be 
important mediators of cellular and tissue injury in a 
variety of disease states such as diabetes, heart 
failure, hypertension and ischaemia/reperfusion 
(Zweier et al., 1987; Baker et al., 1988; Nakazono 
et al., 1991; Tesfamariam et al., 1992; Witztum et 
al., 1994). Furthermore, ROS are mediators of lipid 
peroxidation, protein and nucleic acid modification, 
which can result in altered cellular responses and 
cell death. In the myocardium ROS are known to 
modify important structures like the Ca2+-ATPase, 
calcium channels, actomyosine complexes, thus 
affecting contractility (Freeman & Crapo, 1982; 
Meerson et al., 1982; Kanekoetal., 1989 and 1991; 
Prasad et al., 1989; Peters et al., 1997). In addition, 
ROS can influence receptors and their associated 
signalling cascades in various ways, resulting in an 
altered reactivity of the heart to external stimuli. 
Accordingly, ROS may be expected to strongly 
influence receptor mediated pharmacological 
effects, although this issue has hardly been 
investigated so far. Indeed, recently we have shown 
that the myocardial a,-adrenoceptor and its signal 
transduction pathway, are extremely sensitive to 
ROS. This sensitivity was reflected by a negative 
inotropic response to a,-adrenoceptor stimulation. 
This phenomenon is most likely the result of a 
protein kinase C-mediated activation of the 

Na+ /K+ ATPase in rat left atria exposed to ROS 
(Peters et al., 1 998). The functional responses to ß-
adrenoceptor and endothelin-1 receptor stimulation 
are significantly blunted in atria exposed to ROS 
(Peters et al., 1997 and 1998). 
So far, the influence of ROS on cardiac muscarinic 
receptors has not been studied in detail. The only 
studies so far performed indicate that free radicals 
and H202 can decrease the binding affinity of the 
cardiac M2-receptor for [3H]-quinuclidlinylbenzilate 
Q3H]ONB) (Arora & Hess, 1985), whereas 
functional data are not available so far. The present 
study was performed to investigate the influence of 
ROS on the functional and biochemical responses to 
muscarinic receptor stimulation in rat left atria. 

Materials and Methods 

Electrolysis treatment and contraction studies 
Male Wistar rats (Iffa Credo, Les Oncins, France) 
weighing 240-300 g were sacrificed by stunning and 
decapitation. Electrolysis treatment and contraction 
measurements were performed as previously 
described in detail (Peters et al., 1997). Briefly, the 
hearts were removed quickly and placed in a 
Tyrode's solution of the following composition (in 
mM): NaCI 119; KCl 4.5; MgCI2 0.5; CaCI2 2.5; 
glucose 11; Tris 30 at pH 7.5 at room temperature; 
and were bubbled with 100% oxygen. The isolated 
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left atria were suspended in water jacketed organ 
baths (kept at 37°C and gassed with 100% oxygen) 
filled with 5 ml Tyrode's solution (pH adjusted to 7.5 
at 37°C), and connected with a silk thread to an 
isometric force transducer. The atria were paced 
with a field stimulator (Hugo Sachs Electronic, 
Germany) at a frequency of 3 Hz. The isometric 
force of contraction was recorded on a Maclab/8e 
data acquisition system (ADInstruments, Australia). 
The resting tension was adjusted to 5 ml\l and the 
atria were allowed to equilibrate for at least 45 min. 
At 20 min. intervals the medium was exchanged 
against fresh buffer. 
After the equilibration period, ROS were generated 
by electrolysis of the medium using two additional 
circular platinum wire electrodes (each 0.75 cm in 
length) at the bottom of the organ baths ( 0 1.4 cm). 
A constant current of 30 mA, generated by a 6 
channel constant current device (Dept. of 
Electronics, Academic Medical Centre, 
Amsterdam), was applied for 75 s. 

[3H] Inositol phosphate assay 
Basal and carbachol-induced inositol phosphate 
formation were measured in atrial slices according 
to the method of Eid and De Champlain (1988). For 
this purpose the atria were removed from the organ 
bath 25 min. after electrolysis and cut into small 
slices of approximately 2-3 mg. Individual slices 
were labeled with 10 | iCi/ml myo-[3H]inositol for 60 
min. at 37°C in 3 ml vials containing 300 u.l Tyrode's 

solution from the organ bath. Thereafter, 10 u.l LiCI 
solution (final concentration 10 mM) was added to 
prevent degradation of inositol monophosphates by 
inositol monophosphatase. Twenty min. later 20 u.l 
carbachol solution (final concentration 5 U.M) or 
saline was added to the vials, and the incubation 
continued for another 60 min. Thereafter, the slices 
were washed twice with 1 ml ice-cold buffer, and the 
reaction was stopped by the addition of 330 uJ ice-
cold methanol and 660 u.l chloroform. The vials were 
vortexed for 30 s. and centrifuged 15 min. at 750 g 
at 4°C. Aliquots of the upper phase (450 uJ) were 
placed on columns containing 1 ml of AG 1-X8 resin 
(200-400 mesh, formate form). The columns were 
washed twice with 5 ml distilled water. 
Glycerophosphoinositides were eluted with 2 x 5 ml 
60 mM ammonium formate solution. [3H]IP's were 
eluted with 2 x 1 ml of 0.1 M formic acid/1 M 
ammonium formate. The latter fraction was added 
to 8 ml scintillation fluid, and radioactivity was 
measured in a liquid scintillation counter at 42% 
efficiency. Experiments were performed in 
quadruplicate. 

Adenylyl cyclase assay 
The effects of free radicals on adenylyl cyclase 
activity were determined in vitro by using left rat 
atrium membrane preparations. Six membrane 
suspensions were prepared; three of control atria 
and three of atria subjected to electrolysis. For each 
group 2 atria (about 40 mg) were pooled. The atria 
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were minced with scissors in 10 ml ice-cold 1 mM 
KHCO3 solution, and homogenized with an 
Ultraturrax (full speed 10 s. and twice 20 s. at 2/3 
speed). The homogenate was filtered through two 
layers of cloth gauze and centrifuged at 40,000 g for 
20 min. The pellet containing the membrane fraction 
was resuspended and rehomogenized in 1 ml TEN 
buffer (30 mM Tris, 1 mM EDTA, 25 mM NaCI, pH 
7.4). The protein concentration in the membrane 
suspension was assessed by the method of 
Bradford (1976) using bovine serum albumine as a 
standard, and adjusted to 0.5 mg protein/ml. For 
the determination of adenylyl cyclase activity, a 20 
|il aliquot of the membrane suspension was added 
to the incubation tubes (6 x), containing 1 0 JLLI of a 
cyclase buffer (400 mM HEPES, 50 mM MgCI2, 10 
mM EDTA, pH 7.4), 10 ul of a 20 U/ml adenosine 
deaminase suspension, 10 uj of 50 u.M carbachol 
solution (attenuated) or 10 (il distilled water (basal) 
and (final incubation concentrations) 50 U/ml 
creatine Phosphokinase, 0.5 mM ATR 2 u.M GTP 
and 5 mM creatine phosphate, 1 mM 
isobutylmethylxanthine. The final volume in each 
assay tube was 1 OOLII. 

After 5 min. of pre-incubation at 30°C, the 
membrane suspension was added and the 
incubation was continued for an additional 15 min. 
The reaction was stopped by placing the tubes in 
boiling water for 4 min. The tubes were then 
centrifuged at 2,000 g for 15 min. The cAMP 
content of 20 u.l supernatant was quantitated by 

means of a commercially available protein binding 
assay (Amersham TRK 432). 

Statistics 
Data are expressed as'means ± SEM. Student's t-
test (two tailed, paired and unpaired) was used, and 
P values < 0.05 were considered to be statistically 
significant. 

Chemicals 
Acetylcholine chloride and carbachol were obtained 
from Merck (Darmstadt, Germany), myo-
[3H]inositol from Amersham (Buckinghamshire, UK) 
and resin AG 1 -x8 was purchased from BIO RAD 
(Hercules CA, USA). Guanosine triphosphate, 
adenosine deaminase, creatine Phosphokinase, 
creatine phosphate and isobutylmethylxanthine 
were purchased from Sigma Chemical (St Louis, 
MO, USA) and adenosine triphosphate from 
Boehringer (Mannheim, Germany). Forskolin was 
kindly donated by Hoechst (Amsterdam, the 
Netherlands). All drugs were dissolved in distilled 
water except forskolin which was dissoved in 
DMSO (end concentration < 0.02%). 

Contraction experiments 
The initial force of contraction prior to application of 
electrolysis was 9.25 ± 0.56 mN (n=10). Whereas 
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Original tracings of control ra t left 

atr ia and preparations exposed t o 

ROS as a result of electrolysis. 

Forskolin (1 uM) was added t o the 

organ baths of both control and 

ROS-exposed atr ia, 20 min after 

the beginning of the experiment. 

After reaching a stable maximum 

amplitude by forskolin, 1 uM 

Acetylcholine was added t o the 

preparations. Note the enhanced 

negative inotropic effect of 

acetylcholine in the electrolysis 

t reated atr ia. 

the force of contract ion remained more or less 

stable in control atr ia over at least 60 min., a 

cont inous de te r io ra t ion was observed in atr ia 

subjected to electrolysis (30 mA, during 75 s at the 

beginning of the exper iment) . Accordingly, the basal 

force of cont ract ion determined 30 min. a f ter 

electrolysis amounted to 3.71 ± 0.52 ml\l (i.e. 

approximately 40% of initial force of contract ion, 

P < 0 . 0 5 , n = 10) while it was 8.55 ± 0.37 mN (i.e. 

approximately 90% of initial force of contract ion ) in 

control preparat ions not subjected to electrolysis. 

To elevate the force of contract ion, 1 u,M forskol in 

was added to contro l as wel l to e lectro lys is-

subjected atr ia, twenty min. af ter the electrolysis 

86 



INFLUENCE OF ROS ON CARDIAC MUSCARINIC RECEPTORS 

Figure 2 • 

Cumulative concentration 

response curves for the negative 

inotropic action of acetylcholine in 

electrically st imulated control 

atr ia and in preparations 

subjected to electrolysis. 

Response curves were constructed 

3-5 min. after the addition of 

1 uM forskolin (added 2 0 min. 

af ter the electrolysis period a t 

the beginning of the experiment). 

The force of contraction af ter 

forskolin was set a t 100%. n=6-9, 

P<0.05 for pDz and Emalt 

Figure 3 •• 

Inositol phosphate formation af ter 

stimulation with carbachol (1 uM) 

in control and t o electrolysis 

subjected preparations. Data are 

expressed as dpm over basal + 

SEM. (n=7). Note the suppression 

of inositol phosphate formation 

caused by electrolysis. *F<0.05 

when compared to control. 
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period. Forskolin increased contract i le force in both 

groups to the same extent (4.53 ± 0.20 and 4.15 ± 

0.55 mN for control and electrolysis respectively). 

A f te r forskol in had reached a stable maximum 

(approximately 5 min. af ter its addit ion), the force of 

contact ion amounted to 13.10 ± 0.40 mN in control 

and to 7.86 ± 0.55 mN in electrolysis t reated 

preparat ions. At this point (i.e. 25 min. after the 

electrolysis period) 1 U.M acetylchol ine was added 

to the organ baths. Ace ty lcho l ine induced a 

negat ive inotropic e f fec t , wh ich was more 

pronounced in atria subjected to electrolysis (see 

f igure 1). In control atr ia 1 i i M acety lchol ine 

reduced contract i le force by 4.9 ± 0.4 mN (to 

approx imate ly 50% of the forskol in induced 

contract i le force), whereas in atria exposed to ROS, 

contract i le force was reduced to zero (a reduction 

by 7.55 ± 0.51 mN) (P<0 .05 , n = 6 ) . This ef fect 

was not rest r ic ted to acety lchol ine alone; the 

muscarinic agonist oxotremorine (1 u.M) had similar 

negat ive e f fec ts on con t rac t i le force as 

acetylcholine (data not shown). Construct ion of a 

cumulat ive concentrat ion response curve showed 

that atr ia exposed to free radicals were influenced 

more potent ly by acetyl choline as indicated by an 

increased pEC5 0 (7.1 ± 0.1 vs. 6.2 ± 0.1 for control , 

P < 0.05, n = 6 - 9 ) . In addi t ion, acetylchol ine proved 

more effect ively (Ema! (control 60.2 ± 4.0% ( n = 9 ) , vs 

10.4 ± 1.4% (n = 6) for electrolysis, P < 0 . 0 5 ) in 

electrolysis t reated atria (see f igure 2). 

Signal transduction assays 

Basal inositol phosphate format ion was reduced 

signif icantly in atria exposed to ROS (102 ± 9 
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versus 57 ± 5 dpm for control and electrolysis, 
respectively, n=7, P<0.05). Carbachol (5 u.M) 
induced a modest phosphoinositide turnover in the 
control preparations (31 ± 4 dpm over basal) but 
failed to induce phosphoinositide turnover in atria 
exposed to free radicals (5 ± 2 dpm over basal, 
P<0.05, when compared to electrolysis, n = 7) 
(figure 3). 
Basal adenylyl cyclase activity was identical in both 
groups (49 ± 3 and 49 ± 7 pmol/mg protein/min). 
Under the experimental conditions descibed above, 
carbachol (5 u.M) induced no significant reduction in 
adenylyl cyclase activity in the control atria, 
however in atria subjected to electrolysis carbachol 
reduced adenylyl cyclase activity by approximately 
12 to 15%, n = 4, P<0.05)(figure 4). 

The generation of reactive oxygen species has been 
observed under various pathological conditions 
which are known to impair the contractile function of 
the heart. It was the aim of the present study to 
investigate whether this is merely co^accidental, 
reflecting the result of an unspecific interaction of 
ROS with the cardiac myocytes or rather a specific 
interaction, involving particular receptor systems. 
We have shown previously that the oc-adrenoceptor 
system in rat atria is extremely sensitive to ROS 
(Peters et al., 1997). In atria exposed to ROS, a-
adrenoceptor stimulation will reduce contractile 
force as a result of a protein kinase C mediated 
Na+/K+ ATPase activation (Peters et al., 1998). In 
the present study we have investigated another 
receptor system in isolated rat atria, which is known 
to involve a multiple signalling pathway coupling; 
the muscarinic M2-receptor (Brown & Brown, 1984; 
Brown & Goldstein, 1986). This receptor subtype is 
mainly present in cardiac tissues, where it mediates 
negative chronotropic and inotropic effects (Quist 
et al., 1992). The latter actions of muscarinic 
receptor stimulation are thought to be mediated by 
an inhibition of adenylyl cyclase via Grproteins. On 
the other hand M2-receptor stimulation increases 
contractile force by inducing a phospholipase C-
mediated phosphoinostide turnover (Ashkenazi et 
al., 1987). Although these are opposite effects, they 
become visible by the biphasic course of the action 

Change in adenylyl cyclase activity 
after carbachol (1 uM) stimulation 
in crude homogenates of control 
atria and to electrolysis subjected 
atria. Changes in adenylyl cyclase 
activity are expressed as 
percentage of basal values ± SEM. 
(n=4). Note the enhanced 
inhibition of cAMP formation 
caused by KOS exposure. 
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of full agonists like acetylcholine or 
carbamoylcholine. The results of the present study 
demonstrate that ROS potentiate the negative 
inotropic, and attenuate the positive inotropic 
signalling events, thereby potentiating the negative 
inotropic effect of muscarinic agonists in isolated 
rat left atria. 
Electrolysis of the organ bath fluid generates a 
variety of free radicals and other reactive oxygen 
species, such as hydroxyl radicals, hydrogen 
peroxide, superoxide anion and hypochlorite, in a 
time- and current-dependent matter (Jackson et al., 
1986; Chahine et al., 1991; Niu et al., 1995, de 
Keulenaer et al., 1995; Peters et al., 1997). 
Electrolysis-generated ROS induce a gradual 
decrease in contractile force in isolated rat left atria, 
and the residual force 20 to 25 min. after the 
electrolysis period amounts to approximately 50% of 
the initial value. To increase the force of contraction 
to a level sufficiently high for measuring the 
negative inotropic effects of muscarinic agonists, 
we stimulated the atria (control as well as the 
electrolysis-treated atria) with 1 u.M of the adenylyl 
cyclase activator forskolin, 20 min. after the 
electrolysis period. Forskolin increased contractile 
force in both groups to the same extent. In a 
previous study we have shown that the inotropic 
respose to forskolin is diminished in ROS-exposed 
preparations when measured 30 min. after the 
electrolysis procedure (Peters et al., 1997). This 
may indicate a time-dependent deterioration of 

adenylyl cyclase activity. The muscarinic receptor 
agonist acetylcholine reduced contractile force in a 
concentration-dependent manner, which was 
markedly more pronounced in atria exposed to 
ROS. This was indicated by a higher potency 
(leftward shift of the concentration response curve) 
and effectivity (higher Emax) of acetylcholine in atria 
exposed to ROS. In preparations subjected to 
ROS, a concentration of 5 U.M acetylcholine 
reduced the contractile force to 0-5% of the initial 
level. This potentiation of the negative inotropic 
effect of muscarinic agonists may be caused by 
changes of the receptor itself (i.e. changes in 
binding affinity or receptor number) or by secondary 
changes in the intracellular signalling cascade. 
Arora and Hess (1986) have demonstrated in 
sarcolemmal preparations of the canine heart, that 
free radicals (generated by a xanthine/xanthine 
oxidase reaction) do not alter binding affinity or the 
number of [3H]-QNB binding sites. Because of the 
small amount of tissue available, we were unable to 
perform radioligand binding studies in crude 
homogenates of the atria. 

Basal adenylyl cyclase activity (determined 20 min. 
after the electrolysis period) was the same in both 
groups. However, the carbachol-induced inhibition 
of adenylyl cyclase was substantially increased in 
the electrolysis-treated atria. This phenomenon may 
contribute to the potentiation of the negative 
inotropic effect of the muscarinic agonists. 
In control atria, carbachol induced a modest 



CHAPTER 5 

phosphoinositide turnover (approximately 30% over 
basal), which was completely absent in atria 
exposed to ROS. Accordingly, ROS attenuate the 
positive inotropic component of the muscarinic M2-
receptor signalling cascade. 
However, we have to take into account that the 
positive inotropic effect of phosphoinostide 
turnover in general has a slower onset of action 
(minutes). This means that phosphoinositide 
turnover probably does not play a major role in the 
rapid negative inotropic effect observed during the 
first 10 to 20 seconds of acetylcholine action. It 
seems more likely that the functional (contractile) 
response to phosphoinositide turnover plays an 
important role in the slow recovery of contractile 
force observed in a later stage, approximately 1 
min. after acetylcholine addition (see tracings 
in figure 1). The present results might point towards 

a new component in the cardiodepressant activity of 
ROS in certain diseases. Under conditions of a high 
sympathetic tone with excessive levels of 
catecholamines, like in congestive heart failure, the 
auto-oxidation of these neurotransmitters will 
generate considerable amounts of ROS (Rump & 
Klaus, 1993). A high plasma glucose level as seen in 
diabetes mellitus is another, disease specific source 
of ROS (Wolff & Dean, 1987). Both congestive 
heart failure and diabetes mellitus, are 
characterized by a progressive deterioration of 
cardiac contractility (Fein & Sonnenblick, 1994). 
Although numerous factors directly or indirectly 
involved in this process have already been 
identified, a ROS-induced enhancement of the 
cardiodepressant effect of vagal stimulation might 
play an important role e.g. in congestive heart 
failure and diabetic cardiomyopathy. 
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