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INFLUENCE OF OXIDATIVE STRESS ON INOTROPIC RESPONSES 

Introduction 

Reactive oxygen species (ROS) play a major role in 
the pathology of ischaemia/ reperfusion injury 
(Zweier et al., 1987; Baker et al., 1988) and in many 
other disease states (Nakazono et al., 1991; 
Tesfamariam et al., 1992; Witztum et al., 1994). 
ROS are produced continuously in vivo and they are 
normally inactivated by enzymes like superoxide 
dismutase, catalase and glutathion peroxidase/ 
reductase and by well known antioxidants like 
vitamine E and C, ß-carotene and uric acid 
(Fridovich 1974; McCay 1985; Halliwell et al., 
1992). In certain pathological situations, the 
antioxidant capacity of cells may be too small to 
scavenge the excess of ROS produced, which 
subseguently leads to cellular injury (Ferrari et al., 
1985). Because of their high reactivity ROS can 
rapidly oxidize different biological molecules such as 
lipids, nucleic acids and proteins. During the 
reperfusion phase after ischaemia, an excess of 
ROS in the myocardium can lead to lipid 
peroxidation and alterations in important cardiac 
structures such as adrenoceptors, ion-channels, 
enzymes and contractile proteins (Freeman and 
Crapo 1982; Meerson et al., 1982; Kaneko et al., 
1989 and 1991; Prasad et al., 1989; Semb et al., 
1989), thus inducing a decrease in contractile force. 
Extensive research has been performed on 
adrenoceptor stimulation after ischaemia/ 
reperfusion, providing many indirect data 

concerning the effects of ROS on adrenoceptor 
function. These studies indicate that ischaemia and 
reperfusion lead to an impaired inotropic 
responsiveness of the heart to adrenoceptor 
agonists (Meggs et al., 1992; van den Ende et al., 
1994). So far the influence of ROS on the inotropic 
effects of a - and ß-adrenoceptor agonists and 
other agents that enhance cardiac contractile force 
has been studied but superficially. In these few 
studies ROS changed clearly the molecular 
properties of the adrenoceptors, as reflected by 
altered binding characteristics and upregulation of 
a - and ß-adrenoceptors. Similarly, impaired 
responses to adrenergic stimulation were 
established (Haenen et al., 1988 and 1990; Kaneko 
etal . , 1991). 
It was the aim of the present study to investigate 
the functional, pharmacological and biochemical 
changes in myocardial tissue as a result of oxidative 
stress in more detail. For this purpose we developed 
a suitable method to induce oxidative stress, which 
may also be used for the investigation of anti
oxidant agents. 

Materials and Methods 

Isolated left atria 
Male Wistar rats (Iffa Credo, Les Oncins, France), 
weighing 260-300 grams, were sacrificed by 
stunning and decapitation. The hearts were 
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CHAPTER 2 

removed quickly and placed in a Tyrode's solution of 
the following composition (in mM): NaCI 119; KCl 
4.5; MgCI20.5; CaCI2 2.5; glucose 11; Tris 30 (pH 
7.5, room temperature), and bubbled with 100% 
oxygen. The isolated left atria were suspended in 
water jacketed organ baths (thermostated at 37°C, 
and gassed with 100% 02) filled with 5 ml Tyrode's 
solution and connected with a silk thread to a 
Kyowa force transducer. The atria were paced with 
a field stimulater (Hugo Sachs Electronic, Germany) 
at a frequency of 3 Hz. The isometric force was 
recorded on a WKK device . The resting tension was 
adjusted to 5 ml\l and the atria were allowed to 
equilibrate for at least 45 minutes. At 30 minutes 
intervals the medium was exchanged against fresh 
buffer solution. 

Electrolysis of the medium 
After the equilibration period ROS were generated 
by electrolysis of the medium by means of two 
additional platinum wire electrodes (each 0.75 cm in 
length) circular at the bottom of the organ baths ( 0 
1.4 cm). ROS generation by electrolysis of a 
physiological salt solution was first described by 
Jackson et al. (1986) and the procedure was 
modified for the exposure of isolated atria to 
electrolyzed medium in the present study. For this 
purpose a constant current of 30 mA, generated by 
a 6 channel constant current device (dept. of 
electronics, Academic Medical Center, 
Amsterdam), was applied for 75 seconds. 

Direct and indirect ROS assays 
In order to investigate whether electrolysis indeed 
leads to the generation of ROS, control experiments 
with fluorescense probes and ROS scavengers were 
performed. 
a) In control experiments ROS scavengers were 
added 15 minutes before electrolysis to the medium 
and they were present during the rest of the 
experiment. Time/force relations of the atria were 
followed for 60 minutes for both electrolysis and 
electrolysis/scavenger groups. The following 
scavengers were used: Dimethylsulfoxide (DMSO) 
10 mM (a well known hydroxyl radical scavenger), 
superoxide dismutase (SOD) 100 U/ml (converts 
superoxide anion to H202) catalase 150 U/ml 
(converts H202 to H20 + 02) and a combination of 
SOD (100 U/ml) and catalase (150 U/ml). 
b) Terephtalic acid (TPA) (para-carboxy benzoate) 
was used as a hydroxyl radical specific fluorescent 
probe in control experiments without atria in the 
organ bath. Terephthalic acid (non-fluorescent) can 
be hydroxylated by hydroxyl radicals to yield a 
fluorescent product (monohydroxyterephthalate) 
(Barreto et al., 1995), which can be determined 
quantitatively. TPA (10 mM) was dissolved in the 
normal buffer solution (pH 7.5) and constant 
currents of 5, 15 and 30 mA, respectively were 
applied for periods of 75 seconds. The fluorescense 
was measured with a Shimadzu RF-5001 PC 
spectrofluorometer (excitation 312 nm, emission 
426 nm). The effects of the hydroxyl radical 
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scavengers DMSO (100 mM) and mannitol (100 
mM) were measured as well. 

Inotropic drugs 
Cumulative concentration response curves for 
isoprenaline (1 nM - 30 LIM), forskolin (300 nM -
300 LiM), methoxamine (30 uM - 30 mM), cirazoline 
(100 nM • 3 mM), ST 587 (100 nM - 3 mM) and 
calcium ions (1 mM - 10 mM) were constructed 30 
minutes subsequent to the period of electrolysis, 
without changing the medium. Because of the slow 
onset of the effect, the positive inotropic action of 
dibutyryl cAMP was measured at a single 
concentration (10 |iM) only. In addition, the 
inotropic effects of lowering frequency and sodium 
concentration (119 > 40 mM) were measured. The 
protective effect of DMSO (10 mM) was 
investigated in connection with the experiments 
with isoprenaline and methoxamine. 

Adenylyl cyclase assay 
The effects of ROS 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 three atria (about 70 mg) were pooled. 
Organs were rapidly frozen in liquid nitrogen and 
stored at -80°C for not longer than one day before 

use in the assay. The atria were minced with 
scissors in 10 ml ice-cold 1 mM KHC03 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, 
ImM 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 u.l aliquot of the 
membrane suspension was added to the incubation 
tubes (6 x), containing 10 u.l of a cyclase buffer (400 
mM HEPES, 50 mM MgCI2, 10 mM EDTA, pH 7.4), 
10 U.I of a 20 U/ml adenosine deaminase 
suspension, 10 u.l of 10 u.M forskolin solution or 10 
|il distilled water (basal) and (final incubation 
concentrations) 50 U/ml creatine Phosphokinase, 
0.5 mM ATP, 2 |iM GTP and 5 mM creatine 
phosphate, 10 mM isobutylmethylxanthine. The 
final volume in each assay tube was 100 | i l . After 5 
min. of pre-incubation at 30°C, the membrane 
suspension was added and the incubation was 
continued for an additional 10 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 
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protein binding assay (Amersham TRK 432). The 

basal and forskol in st imulated adenylyl cyclase 

act iv i t ies were expressed as pmol c A M P / m g 

p ro te in /m in . 

Statistics 

The data are expressed as means ± S E M . 

Student 's t - test and A N O V A was used and P values 

< 0.05 were cons idered to be s ta t is t ica l ly 

signif icant. 

Chemicals 

(-) Isoprenaline bi tar t rate, d ibutyry l c A M P sodium 

salt, methoxamine HCl , guanosine tr iphosphate, 

adenos ine deaminase, creat ine Phosphokinase, 

c reat ine phosphate , i sobu ty lmethy lxan th ine , 

angiotensin II and terephthal ic acid were purchased 

f rom Sigma Chemica l , St Louis, M.O. U.S.A. 

Cata lase, superoxide d ismutase and adenosine 

t r i phospha te were purchased f rom Boehr inger 

Mannhe im , Germany, d imethy l su l fox ide f rom 

Janssen Ch imica , Beerse , Be lg ium, and 

che le ry th r ine chlor ide f rom ICN Biomedica ls , 

Zoetermeer, The Nether lands. Forskolin was kindly 

donated by Hoechst, Amsterdam, the Nether lands, 

cirazoline HCl by Synthelabo, Paris, France and ST 

587 (2 -ch lo ro -5 - t r i f l uo ro -methy lpheny l im ino-2 -

imidazol id ine) by Boehr inger Ingelheim KG, 

Germany. 

formation of ROS 

Af ter exposit ion of the medium to electrolysis for 75 

s. a current-dependent increase in f luorescence was 

observed in the terephthalate f luorescence assay, 

indicat ing the genera t ion of monohydroxy 

terephthalate as a result of ROS format ion (figure 

1). Because the hydroxylation of terephthal ic acid is 

select ive for hydroxyl radicals, this exper iment 

indicates the format ion of hydroxyl radicals only. 

D M S O (100 mM) and mannitol (100 mM) were 

both able to reduce the fo rmat ion of 

monohydroxyterephthalate af ter electrolysis (30 

mA) by 79% (n = 6, P < 0 . 0 5 ) a n d 45%, ( n = 6 , 

P < 0 . 0 5 ) respectively. 

30-1 
QÏ 
O 25-

«> u 
I » 20-
s_ 
O 
Z3 

4 - 15-
Ql 

•P 10-
WS 

s_ b-

o-l 

5 mA 15 mA 30 mA DMSO mannitol 

i Figure 1 

Electrolysis induced hydroxylation 

of terephthalic acid, indicating a 

current-dependent formation of 

hydroxyl radicals. Constant 

currents of 5,15 and 3 0 mA were 

applied for 75 s. In experiments 

with DMSO (100 mM) and 

mannitol (100 mM), a constant 

current of 3 0 mA was applied for 

75 s. Points represent means ± 

5EM, (n=6) * F<0.05 

compared to 3 0 mA electrolysis. 
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Figure 2 • 

A) Influence of preceding 
electrolysis of the medium on the 
contractée force of paced (3 Hz) 

isolated rat left atr ia. Currents 

were applied for 75 s. Points 

represent means ± SEM, 

(n = e -6) . 

B) Influence of ROS scavengers on 
ROS-induced decrease in 

contracti le force of isolated rat 

left atr ia. Scavengers were added 

t o the medium 15 min. prior the 

period of electrolysis (30 mA, 75 

s.) and they were present during 

the rest of the experiment. Points 

represent means ± SEM, 

(n = 4-6) . 

B 

- control 

- 5 mA 

-15 mA 

- 3 0 mA 

- control 
. 500+ cat 

- catalase 

-DMSO 

-SOD 

- electrolysis 

20 30 40 50 

time(min.) 

10 20 30 40 50 

time(miri.) 

Influence of electrolysis of the medium on 

contractile force 

Exposure of isolated left atr ia to the medium which 

had been subjected to electrolysis caused a current-

dependent decrease in contract i le force (initial force 

of contact ion: 8.2 ± 0.32 mN) . The t ime course of 

these ef fects is shown in f igure 2A, indicating a 

gradual decrease of contract i le force which had not 

reached equil ibrium af ter 1 hour. Electrolysis of the 

medium did not influence the st imulat ion- induced 

frequency of beat ing. 

D M S O (10 mM) , catalase (150 U /m l ) and a 

combinat ion of catalase (150 U /m l ) and S O D (100 

U /m l ) were able to counteract the reduction in 

contract i le force induced by electrolysis of the bath 

f luid. However, S O D alone (100 U/ml ) proved 

ineffective in this respect (f igure 2B) . 

Inotropic drugs 

Isoprenaline, forskolin and dibutyryl cAMP 

Prior electrolysis of the medium induced signif icant 

and substant ia l r igh tward sh i f ts of the 

concentrat ion response curves for the inotropic 

responses to isoprenaline (pD 2 : 7.56 ± 0.10 to 6.77 

± 0 .11 , P < 0 . 0 5 ) and forskol in, which direct ly 

act ivates adenylyl cyclase (6.17 ± 0.12 to < 4.5) 

(f igure 3 panels A and B). The inotropic response to 

d ibu ty ry l c A M P also proved d imin ished a f te r 

electrolysis of the medium (figure 3 panel D): the 

increase in contract i le force to 10 | i M dibutyry l 

c A M P amounted to 2.15 ± 0.01 mN under control 

condit ions and to 1.21 ± 0 . 1 0 mN after electrolysis 

of the bath f luid, respectively (P<0 .05 ) . 

Measurements in membrane suspensions indicated 

that the basal act iv i ty of the adenylyl cyclase in 
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atria subjected to oxidative stress was decreased 

by 11 .1% when compared w i th control organs 

(P<0 .05 ) . In addi t ion, the amount of c A M P formed 

in response to the direct st imulat ion of adenylyl 

cyclase wi th 1 u.M forskol in proved signif icantly 

decreased in atria subjected to ROS: 155 ± 5 

versus 48 ± 2 pmol c A M P / m g pro te in /min . for 

control and electrolysis groups, respectively (f igure 

3 panel C) . 

Because the addit ion of D M S O to the medium 

prec luded the cons t ruc t ion of a cumula t ive 

concentrat ion response curve for isoprenaline , the 

protect ive effect of 10 m M D M S O was tested for a 

concentrat ion of 10 | i M isoprenaline only. Wi thout 

Concentration response curves for 

the effects of A) isoprenaline and 

B) forskolin in control atr ia and in 

atr ia exposed for 3 0 min. t o 

electrolysized ( 3 0 mA, 75 s.) 

medium. Points represent means ± 

SEM, P<0.05 for pD2 compared to 

controls (n=5-6). C) Basal and 

forskolin st imulated adenylyl 

cyclase activity in control atr ia 

and atria subjected to 

electrolyzed medium. 

Measurements were performed six 

t imes in three homogenates of 

three pooled atria per group. 

Values given as means ± SEM. 

*P<0.05 compared to control. 

D) Effect of 10 uM dibutyryl cAMP 

on contractile force in control 

atria and atria subjected to 

oxidative stress. Dibutyryl cAMP 

was added to the medium 3 0 min 

af ter electrolysis (n=4-6). 
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Figure 4 • 

A) Concentration response curve 

for the effect of methoxamine in 

control atr ia (n = 4) and atr ia 

subjected t o oxidative stress 

induced by electrolysis 

(30 m A, 75 s.). Points represent 

means ± SEM, (n = 6 ) . B, C and 

D) Time course relationship for 

methoxamine ( 3 0 0 pM), cirazoline 

( 3 0 0 pM) and ST-5Ô7 (100 pM) 

induced inotropic responses in 

control atr ia (upper curves, open 

squares) and atr ia subjected t o 

oxidative st ress (lower curves, 

open squares). For comparison 

curves for atr ia (control; upper 

curves and electrolysis; lower 

curves) without pharmacological 

intervention are given (dosed 

squares). Agonists were added to 

the medium 3 0 min. subsequent 

t o the period of electrolysis 

(dot ted line) (n = 3) . Points 

represent means ± SEM. 

methoxamine 
B 

120-

100-

80 

60 

40 

20 

0 

• control 
• electrolysis 

-6 -5 -4 -3 

log M [methoxamine] 

0 5 10 
timefmln.) 

120-

100-

80 

60 

40 

20 

0 

0 5 10 
time(min.) 

0 5 10 
time(min.) 

D M S O in the medium the rise in contract i le force to 

isoprenaline was 2.7 ± 0.20 mN (control) versus 1.7 

± 0 . 1 5 mN after electrolysis of the medium ( n = 6 , 

P<0.05). 
D M S O was able to abol ish the ROS- induced 

decrease in the response to isoprenaline (data not 

shown). 

Methoxamine, cirazoline and ST-587 

Figure 4A shows the concentrat ion response curve 

for the inotropic effect of methoxamine. The pD 2 

value for methoxamine in control atria amounted to 

4.23 ± 0.09 (pD 2 values for cirazolin and ST-587 

amounted to 4.93 ± 0.18 and 4.59 ± 0.17, 

respect ive ly ) . In at r ia incubated in a medium 
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subjected to electrolysis, a-adrenoceptor 
stimulation with methoxamine surprisingly led to a 
rapid decrease in contractile force. Similar effects 
were observed for the a-adrenoceptor agonists 
cirazoline and ST-587 (data not shown). To examine 
whether this decrease in contractile force following 
a-adrenoceptor stimulation is more pronounced 
than the normal decrease observed after 
electrolysis, we compared the time course effects of 
the three a-adrenoceptor agonists to atria exposed 
to oxidative stress only (figure 4, panels B-D). In 
these experiments agonist concentrations were 
used that caused the maximal inotropic response in 
control atria (300 | iM methoxamine, 300 (xM 
cirazoline and 100 U.M ST-587). All three a -
adrenoceptor agonists induced a negative inotropic 
response in atria exposed to bath fluid subjected to 
electrolysis. Most atria in the electrolysis group 
stopped beating within 15 min. after administration 
of methoxamine to this medium. Addition of DMSO 
(10 mM) did not prevent the negative inotropic 
effect of methoxamine in atria subjected to 
oxidative stress. However, in the presence of 
DMSO, methoxamine induced a transient (± 2 
min.) positive inotropic effect. After this short 
period a rapid decrease in contractile force was 
seen comparable to the effect without DMSO in the 
medium (data not shown). 

The negative inotropic effect of methoxamine 
proved insensitive to phentolamine (1 |iM) and 
doxazosin (10 u.M) which may indicate an ot-

adrenoceptor-independent mechanism. To 
investigate whether phosholipase C (PLC) and/or 
protéine kinase C (PKC) may play a role in the 
negative inotropic effect of a-adrenoceptor 
stimulation after oxidative stress, we also studied 
the effects of angiotensin II and chelerythrine. 
Angiotensin II, which causes a chronotropic effect in 
rat atria predominantly via the stimulation of PLC, 
had no significant effect on the stimulated left rat 
atria, neither in the control group nor in the 
electrolysis group. 
In addition, the protein kinase C inhibbitor 
chelerythrine (2 |iM) was unable to counteract the 
negative inotropic effects of methoxamine (data not 
shown). 

2" 7- • control 
E 

o 
6 -

5-

• electrolysis /~ 

o 
OS 

- p 
ST 
o 
o 

< 

4 -

3-

2-

1 -

0-

o 
OS 

- p 
ST 
o 
o 

< 

4 -

3-

2-

1 -

0-

-3.0 -2.8 -2.6 -2.4 -2.2 -2.0 

log M [Ca2+] 

4 Figure 5 

Concentration response curves 
for extracellular calcium ions in 
control atria and in atria 
subjected to oxidative stress by 
means of electrolysis of the 
medium (30 mA, 75 s.). Points 
represent means ± 5EM. (n = 6). 
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Figure 6 • 

Positive inotropic effect in control 
atria and in atria subjected to 
oxidative stress, as a result of 
lowering simulation frequency 
(inverse«! Bowditch staircase). 
Values given a s means ± SEM. 

(n=6), *f<0.05 compared to 
control. 

2.0 

1.5-

1.0-

0.5 

0.0-

I control 
i electrolysis 

io Î0 I 
3.0 2.5 2.0 1.5 1.0 

stimulation frequency (Hz) 

Other inotropic stimuli 
The isolated left atria subjected to an electrolyzed 
medium showed a diminished response to extra
cellular calcium, with pD2 values of 2.62 ± 0.06 
versus 2.44 ± 0.07 for the control and electrolysis 
group, respectively (n = 6, P<0.05)(figure 5). 
Lowering the sodium concentration from 119 to 40 
mM, which leads to a calcium influx via the 
sodium/calcium exchanger, resulted in an inotropic 
response which was more pronounced in control 
atria (1.73 ±0 .19 mN) than in organs exposed to an 
electrolyzed bath fluid (0.48 ± 0.21 mN, P<0.05). In 
this experiment normal osmolality was preserved by 
the addition of 158 mM saccharose. 
In the rat myocardium the frequency-force 
relationship is known to be inversed when compared 

with other species (the Bowditch staircase). 
Accordingly, the lowering of the frequency of 
beating induces a positive inotropic response. In 
atria subjected to oxidative stress this phenomenon 
persisted, although, the relative increase in 
contractile force proved less pronounced (figure 6). 

It is well established that ROS play an important 
role in the aetiology of ischaemia/reperfusion injury. 
Several ROS producing systems have been used to 
study the effects of ROS on various tissues. These 
systems include for instance; xanthine/xanthine 
oxidase, hydrogen peroxide, hydrogenperoxide/ 
Fe(ll) and several organic radicals like cumene 
hydroperoxide and 4-hydroxynonenal. ROS 
generation by electrolysis of a physiological salt 
solution was first described by Jackson et al. 
(1986). This system has the advantage that a wide 
range of ROS are produced without addition of 
enzymes or chemicals which themselves may 
influence the experiment. Electrolysis is rather easy 
to perform and cheap. Different groups have shown 
in a direct or indirect manner that the electrolysis 
system generates superoxide anions , hydroxyl 
radicals, hydrogen peroxide, singlet oxygen and 
hypochlorite (Jackson et al., 1986; Chahine et al., 
1991 ; Niu et al., 1994; de Keulenaar et al., 1995). In 
the present study we were unable to detect 
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Superoxide anions by means of a cytochrome C 
reduction spectrophotometric assay. In addition, 
superoxide dismutase did not show any protective 
effect in the functional studies (figure 2B). These 
findings imply that, under the conditions used, 
superoxide anions are not generated, or that the 
superoxide anions are rapidly converted into other 
ROS. The terephthalate fluorimetric assay clearly 
demonstrates the formation of hydroxyl radicals 
since hydroxylation of terephthalic acid is specific 
for hydroxyl radicals (Barreto et al., 1995). 
Moreover DMSO and mannitol (both specific 
hydroxyl radical scavengers) were able to prevent 
the formation of the fluorescent monohydroxy 
terephtalate in this assay. The protective effect of 
10 mM DMSO in the functional studies is in 
accordance with this finding. Similarly, the 
protective effects of catalase in the experiments 
with isolated left atria demonstrate the formation of 
hydrogen peroxide during the electrolysis period, 
which may be generated by the conversion of other 
types of radicals. 

Although the addition of glycine (a known scavenger 
of hypochlorite) had no effect in our functional 
studies, it may be possible that hypochlorite is 
formed by electrolysis of a physiological salt 
solution (Jackson et al., 1 986). De Keulenaer et al. 
(1995) have shown, by means of a fluorimetric 
assay, that the concentration of ROS during 
electrolysis is constant in time because of the 
extremely short half life of the hydroxyl radical and 

superoxide anions (milliseconds), indicating that 
there exists an on/off situation (no free radicals 
were detectable directly after the period of 
electrolysis). Their and our results show in a direct 
and indirect way that the concentration of ROS 
during electrolysis is current-dependent. 
Accordingly, the amount of ROS to which the atria 
will be exposed can be easily regulated by varying 
current and/or time of electrolysis. 
Electrolysis of the medium led to a gradual decrease 
in contractile force in the isolated left atria exposed 
to this medium. This decrease in contractile force is 
most likely the result of alterations in contractile 
elements and/or a disturbed calcium handling in the 
myocyte, which may subsequently lead to a calcium 
overload. It has been shown that ROS can depress 
the activity of the sarcolemmal Ca2+-pump (Kaneko 
et al., 1989), which is involved in the efflux of 
calcium from the myocyt, and the sarcoplasmic 
reticular Ca2+-pump (Rowe et al., 1983), which 
plays a role in the sequestration of calcium ions into 
the sarcoplasmic reticulum. In this connection it also 
has been shown that ROS may modulate Ca2+-
(leak) channels (Kaneko et al., 1989), as well as the 
NaVCa 2 + exchanger (Tani 1990; Clague et al., 
1993; Wang et al., 1995). The altered response to 
sodium withdrawal in atria exposed to ROS in the 
present study may reflect alterations in the 
Na+ /Ca 2 + exchanger. These changes in important 
ion transport molecules will decrease the efflux of 
calcium from the myocyte, thus leading to a 

4G 



INFLUENCE OF OXIDATIVE STRESS ON INOTROPIC RESPONSES 

condition of calcium overloading. In the present 
study the response to extra-cellular calcium proved 
diminished after ROS exposure. The rightward shift 
of the CRC and lower Emax, may be the result of 
injury to calcium transport molecules and/or to 
injured contractile elements. 
In the rat heart the frequency/force relationship is 
inversed (the negative Bowditch staircase) when 
compared to hearts from other species, including 
humans (Hoffman and Kelly, 1959). Accordingly, 
lowering of frequency of beating in isolated left atria 
of the rat will result in a positive inotropic response. 
Several hypotheses regarding the mechanism of this 
effect in the rat myocardium have been proposed. 
Recent research by Field et al. (1996) reveiled that 
increasing of the frequency leads to an elevation of 
end-diastolic intra-cellular Ca2+ and a decrease in 
ventricular pressure. These autors proposed that 
the inability of the sarcoplasmic reticulum to 
sequester sufficient cytosolic calcium at higher 
stimulation frequencies leads to an elevation in end-
diastolic intracellular Ca2+, a decreased net calcium 
flux per cycle, thus resulting in a negative 
intracellular Ca2+ staircase and concomitantly a 
negative inotropic response. In our experiments the 
positive inotropic response after lowering the 
stimulation frequency proved to persist after 
exposure to ROS, although the rise in contractile 
force was smaller when compared to control atria. 
This finding indicates that the sequestration 
capability of the myocytes after ROS exposure is 

largely intact. Oxidative stress has been reported to 
reduce the inotropic response to ß-adrenoceptor 
stimulation (Haenen et al., 1988 and 1990). This 
reduction in inotropic response may be the result of 
a modification of the receptor itself, of the G-
protein, or of the effector adenylyl cyclase. In 
addition, oxidative injury to other subcellular 
structures such as contractile proteins, enzymes 
and membrane components may also (partially) 
account for the altered response to adrenoceptor 
stimulation. A few studies have shown that ROS can 
modify adrenoceptors in cardiac tissue, thus 
resulting in altered binding characteristics and 
upregulation of the receptors (Haenen et al., 1990; 
Kaneko et al., 1990). The reports on changes in 
signal transduction, induced by ischaemia and 
reperfusion are contradictionary and largely depend 
on the species used, the duration of ischaemia 
and/or reperfusion and the method used to provoke 
ischaemia. The use of anti-oxidants in these studies 
has shown beneficial effects (for overview see Opie, 
1989). Conflicting results have been obtained 
regarding changes in receptors, G-proteins and 
adenylyl cyclase activity. In the present study we 
found that ROS induce a diminished response to 
isoprenaline and forskolin, and reduce adenylyl 
cyclase activity (figure 4). However, the contribution 
of these alterations in signal transduction to the 
reduced response to ß-adrenoceptor stimulation is 
questionable, because dibutyryl cAMP itself also 
proved less effective. In addition, atria subjected to 

47 



oxidative stress also show an impaired response to 
sodium withdrawal and lowering of frequency 
(figure 6). Accordingly, it seems likely that the injury 
of other subcellular components may play an 
important role in the blunted responses to ß— 
adrenoceptor stimulation. 
Stimulating atria subjected to oxidative stress with 
oc-adrenoceptor agonists surprisingly led to a 
negative inotropic response. However, this negative 
inotropic effect proved insensitive to oc-
adrenoceptor antagonists. This may imply that 
either a physico-chemical process is involved, or 
that a-adrenoceptor agonists exert their negative 
inotropic effects after oxidative stress via other 
receptor/signal transduction pathways. The latter 
can not be excluded since no other inotropic agent 
studied by us exerted a negative inotropic response 
and the three a-adrenoceptor agonists we have 
tested are chemically not related. Another 

explanation for this phenomenon may be that a -
adrenoceptor antagonists are less effective 
because of changes in binding characteristics of the 
receptors caused by ROS. This negative inotropic 
response appears not to be the direct result of an 
activation of phospholipase C (PLC) or protein 
kinase C (PKC). Angiotensin II, which exerts a 
chronotropic effect via stimulation of PLC, 
appeared not to induce a negative inotropic effect in 
atria exposed to ROS. Moreover, chelerythrine was 
unable to counteract the negative inotropic effect of 
a-adrenoceptor stimulation in atria subjected to 
oxidative stress. Further research to analyze the 
underlying mechanism is ongoing. 
In conclusion, ROS clearly alter the inotropic 
responses to various inotropic stimuli. 
a-Adrenoceptor agonists exert negative inotropic 
effects in isolated atria after oxidative stress which 
are insensitive to a-adrenoceptor antagonists. 
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