UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

The influence of oxidative stress on various inotropic responses in isolated reat
left atria

Peters, S.L.M.; Pfaffendorf, M.; van Zwieten, P.A.

Publication date
1997

Published in
Naunyn-Schmiedeberg's Archives of Pharmacology

Link to publication

Citation for published version (APA):

Peters, S. L. M., Pfaffendorf, M., & van Zwieten, P. A. (1997). The influence of oxidative
stress on various inotropic responses in isolated reat left atria. Naunyn-Schmiedeberg's
Archives of Pharmacology, 355, 390-397.

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:10 Mar 2023


https://dare.uva.nl/personal/pure/en/publications/the-influence-of-oxidative-stress-on-various-inotropic-responses-in-isolated-reat-left-atria(93c7022f-5662-4bc0-944c-392a9aa9fb16).html

Naunyn-Schmiedeberg’'s Arch Pharmacol (1997) 355:390-397 © Springer-Verlag 1997

ORIGINAL ARTICLE
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Abstract The effects of free radicals, generated by elecounteract the negative intropic effect of methoxamine in
trolysis of a physiological salt solution, on various inotroatria subjected to oxidative stress. This negative inotropic
pic responses to drugs in isolated rat left atria were stugsponse taz-adrenoceptor agonists in atria subjected to
ied. Evidence for the generation of hydroxyl radicals wadectrolysed medium is unlikely to be the direct result of
obtained from an appropriate fluorimetric assay. Thghospholipase C or protein kinase C activation. Angioten-
amount of free radicals produced by electrolysis of the m&in Il (which stimulates PLC as well) did not reduce con-
dium proved current-dependent. Exposure of isolated tedctile force and chelerythrine (a PKC inhibitor) was un-
left atria to the medium which had been subjected to eleable to counteract the negative inotropic effect of the adre-
trolysis caused a current-dependent decrease in contractdeeptor agonists. In addition, the negative inotropic effect
force. Oxidative stress, as a result of the electrolysis of thé methoxamine proved insensitive to $0M phentol-
medium, caused altered inotropic responses to extra ceimine and 1% M doxazosin, which indicates am-adre-
lar C&* (pD. control group: 2.62 + 0.06 vs. 2.44 + 0.07Thoceptor independent mechanism.
electrolysis group), sodium withdrawal (rise in contractile From this study we conclude that free radicals alter re-
force control group: 1.73 £ 0.19 mN vs. 0.48 £ 0.21 mi¥ponses to various inotropic stimuli. These alterations may
electrolysis group) and lowering of stimulation frequencye the result of injured contractile elements, transporter
The response to isoprenaline was diminished in atria subelecules and molecules involved in signal transduction.
jected to oxidative stress and led to a rightward shift é&ddition of a-adrenoceptor agonists after oxidative stress
the concentration response curves fpBontrol group: leads to as-adrenoceptor, PLC and PKC independent de-
7.56 + 0.10 vs. 6.77 £ 0.11 electrolysis group). In addcrease in contractile force.
tion, the inotropic responses to forskolin (pontrol
group: 6.17 + 0.12 vs. < 4.5 electrolysis group) and dibutyr-
yl cAMP (rise in contractile force caused byx110° M db- Key words Free radicals - Electrolysis - Adrenoceptors -
cAMP in control group: 2.15+0.01 mN vs.Heart - Inotropic responses
1.21 £ 0.10 mN electrolysis group) proved blunted as
well. Measurement of the adenylyl cyclase activity re-
vealed that free radicals attenuated the basal (by 11.1%)
and forskolin stimulated (155.0 £ 5.1 vs. 48.0 £ 1.8 pmdhtroduction
cAMP/mg prot./min for control and electrolysis group re-
spectively) activity of the adenylyl cyclase. DMSO, a welDxygen derived free radicals (OFR) play a major role in
known hydroxyl radical scavenger, was able to abolish tllee pathology of ischaemia/reperfusion injury (Zweier et
free radical-induced decrease in the response to isopresla-1987; Baker et al. 1988) and in many other disease
line. states (Nakazono et al. 1991; Tesfamariam and Cohen
Surprisingly, addition ofa-adrenoceptor agonists to at1992; Witztum 1994). OFR are produced continuously in
ria subjected to electrolysis-generated free radicals led teigo and they are normally inactivated by enzymes like
rapid decrease in contractile force. DMSO was unable $aperoxide dismutase, catalase and glutathion peroxidase/
reductase and by well known antioxidants like vitamine E
and C, f-carotene and uric acid (Fridovich 1974; McCay
: 1985; Halliwell et al. 1992). In certain pathological situa-
Shﬁv“gksﬁstg;igs)térgﬂénﬁ’f{fff;ddeonr:ié E/iédi\g?gxfrt:n tions, the antioxidant capacity of cells may be too small to
Department of Pharmacotherapy, Meibergdreef 15, scavenge the excess of free radicals produced, which sub-
1105 AZ Amsterdam, The Netherlands sequently leads to cellular injury (Ferrari et al. 1985). Be-
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cause of their high reactivity free radicals can rapidly ox#) In control experiments free radical scavengers were added 15 min
dize different biological molecules such as lipids, nucleRefore electrolysis to the medium and they were present during the

. . ; : t of the experiment. Time/force relations of the atria were followed
acids and proteins. During the reperfusion phase af% 60 min for both electrolysis and electrolysis/scavenger groups.

ischagmia, an excess of OFR ir] the .my_ocardium can |eﬂ=ﬂa following scavengers were used: Dimethylsulfoxide (DMSO)
to lipid peroxidation and alterations in important cardiato mM (a well known hydroxyl radical scavenger), superoxide dis-

structures such as adrenoceptors, ion-channels, enzyfgigse (SOD) 100 U-mi (converts superoxide anions o) cata-

: ; . e 150 U-mit (converts HO, to H,O + O,), a combination of
and contractile proteins (Freeman and Crapo 1982, MeE‘%D (100 U-m11)( catalase Esé U-ﬁﬂ)zand gé)corbic acid 50 mM (a

son et al. 1982; Kaneko et al. 1989 and 1991; Prasad,g-selective reductant and lipid peroxidation inhibitor).
al. 1989; Semb et al. 1989), thus inducing a decreasebjnTerephtalic acid (TPA) (para-carboxy benzoate) was used as a hy-
contractile force. Extensive research has been perfornsisekyl radical specific fluorescent probe in control experiments with-

; ; ; ; ; OUt atria in the organ bath. Terephthalic acid (non-fluorescent) can be
on adrenoceptor stimulation after ISChaemla/reperfuSl(fo{l‘]blroxylated by hydroxyl radicals to yield a fluorescent product

providing many indirect data concerning the effects of frq%onohydroxyterephthalate) (Barreto et al. 1995), which can be deter-
radicals on adrenoceptor function. These studies indicai®ed quantitatively. TPA (10 mM) was dissolved in the normal buf-

that ischaemia and reperfusion lead to an impaired inotffer solution (pH 7.5) and constant currents of 5, 15 and 30 mA, re-

ic responsiveness of the heart to adrenoceptor agonfogetively, were app!ied for periods of 75 s. The fluorescense was
b P P g asured with a Shimadzu RF-5001 PC spectrofluorometer (excita-

(Meggs etal. 1992; ,Van den E”F’e et a!l' 1994). So far tﬁ1§1 312 nm, emission 426 nm). The effects of the hydroxyl radical
influence of free radicals on the inotropic effectsssfand  scavengers DMSO (100 mM) and mannitol (100 mM) were measured
p-adrenoceptor agonists and other agents that enhance aawell.

diac contractile force has been studied but superficially. In

these few studies free radicals clearly changed the moletisiropic druggs.CumuIative concentration response curves for isopre-
lar characteristics of the adrenoceptors, as reflected by rgline. (1-10°-3-10° M), forskolin (3-10°-3-10* M), methoxamine

oo : : 3 ~ (3:10°-3.102 M), cirazoline (1-10-3-10°M), ST 587 (1-10-
tered binding profiles and upregulation @f and f-adreno 310°M) and calcium ions (1-18-1.10? M) were constructed

ceptors. Similarly, impaired responses to adrenergic Stimigrmin subsequent to the period of electrolysis, without changing the
lation were established (Haenen et al. 1988, 1990; Kanekedium. Because of the slow onset of the effect, the positive inotro-

et al. 1991). It was the aim of the present study to invespic action of dibutyryl cAMP was measured at a single concentration
gate the functional, pharmacological and biochemicgy 10~ M) only. In addition the inotropic effects of lowering fre-

. Do o ncy and sodium concentration (119 > 40 mM) were measured.
changes in myocardial tissue as a result of oxidative Str% protective effect of DMSO (10 mM) was investigated in connec-

in more detail. For this purpose we developed a suitakién with the experiments with isoprenaline and methoxamine.
method to induce oxidative stress, which may also be used

for the investigation of anti-oxidant agents. Adenylyl cyclase assajthe effects of free radicals on adenylyl cy-

clase activity were determined in vitro by using left rat atrium mem-

brane preparations. Six membrane suspensions were prepared; three

of control atria and three of atria subjected to electrolysis. For each

Materials and methods group 3 atria (about 70 mg) were pooled. Organs were rapidly frozen
in liquid nitrogen and stored at —80 for not longer than one day be-

Isolated left atria.Male Wistar rats (Iffa Credo, Les Oncins, France)fore use in the assay. The atria were minced with scissors in 5 ml ice-
weighing 260-300 g, were sacrificed by stunning and decapitati&®/d 1 mM KHCQ; solution, and homogenized with an Ultraturrax
The hearts were removed quickly and piaced in a physiologic salt 481l speed 10 s and twice 20 s at 2/3 speed). The homogenate was
lution (PSS) of the following composition (in mM): NaCl 119; Kclfiltered through two layers of cloth gauze and centrifuged at 40000 g
4.5; MgCh 0.5; CaC} 2.5; glucose 11; Tris 30 (pH 7.5, room tem-for 20 min. The pellet containing the membrane fraction was resus-
perature), and bubbled with 100% oxygen. The isolated left atria wdt@nhded and rehomogenized in 1 ml TEN buffer (30 mM Tris, 1 mM
suspended in water jacketed organ baths (thermostated’@t and EDTA, 25 mM NaCl, pH 7.4). The protein concentration in the mem-
gassed with 100% £ filled with 5 ml PSS and connected with a silkbrane suspension was assessed by the method of Bradford (1976)
thread to a Kyowa force transducer. The atria were paced with a fiélging bovine serum albumine as a standard and adjusted to 0.5 mg
stimulator (Hugo Sachs Electronic, Germany) at a frequency of 3 HYotein-mI™. For the determination of adenylyl cyclase activity, a
The isometric force was recorded on a WKK device. The resting tefQ 1l aliquot of the membrane suspension was added to the incubation
sion was adjusted to 5 mN and the atria were allowed to equilibrdtoes (&), containing 10ul of a cyclase buffer (400 mM HEPES,

for at least 45 min. At 30 min intervals the medium was exchang®@ MM MgCl, 10 mM EDTA, pH 7.4), 10ul of a 20 U-mf* adeno-
against fresh buffer solution. sine deaminase suspension, (10of 10~ M forskolin solution or

10l distilled water (basal) and (final incubation concentrations)

; ; Hibpati ; ; 50 U-mi* creatine phosphokinase, 0.5 mM ATP,u® GTP and
Electrolysis of the mediunifter the equilibration period free radlcalsé MM creatine phosphate, 1 mM isobutyimethylxanthine. The final

were generated by electrolysis of the medium by means of two addi h

tional platinum wire electrodes (each 0.75 cm in length) circular ¥plUme in each assay tube was 100 .

the bottom of the organ bathg! (1.4 cm). Free radical generation by _ Aftér 5 min of pre-incubation at 3C, the membrane suspension

electrolysis of a physiological salt solution was first described pyaS added and the incubation was continued for an additional

Jackson et al. (1986) and the procedure was modified for the exgd-Min. The reaction was stopped by placing the tubes in boiling
ter for 4 min. The tubes were then centrifuged at 2000 g for

sure of isolated atria to electrolysed medium in the present study. : -

this purpose a constant current of 30 mA, generated by a 6 chanh2IMiN- The CAMP content of 20l supernatant was quantitated by

constant current device (dept. of electronics, Academic Medical CdREaNs of a commercially available protein binding assay (Amersham

tre Amsterdam), was applied for 75 s. TRK 432). The basal and forskolin stlmulateq ade_nylyl cyclase activ-
ities were expressed as pmol CAMP/mg protein/min.

Direct and indirect free radical assaysin order to investigate

whether the electrolysis indeed leads to the generation of free ra8iatistics.The data are expressed as means + SEM. Studetdst
cals, control experiments with fluorescense probes and free radiaalt ANOVA (Dunnet) were used amlvalues < 0.05 were consider-
scavengers were performed. ed to be statistically significant.
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Chemicals.(-) Isoprenaline bitartrate, dibutyryl CAMP sodium salt, A
methoxamine HCI, guanosine triphosphate, adenosine deamina&e,‘oo_
creatine phosphokinase, creatine phosphate, isobutylmethylxanthise,
angiotensin |l, phentolamine and terephthalic acid were purchas‘g’d 804 —a— control
from Sigma Chemical, St Louis, MO, USA. Catalase, superoxide dig *
mutase and adenosine triphosphate were purchased from Boehrin@ergg- ——5mA
Mannheim, Germany, dimethyl sulfoxide from Janssen Chimic% *
Beerse, Belgiump-ascorbic acid from Merck, Darmstadt, Germany, 40 —o—15mA
and chelerythrine chloride from ICN Biomedicals, Zoetermeer, Th
Netherlands. Forskolin was kindly donated by Hoechst, Amsterdai@, 20- *
The Netherlands, cirazoline HCI by Syntaleo, Paris, France and ST —0—30mA
587  (2-chloro-5-trifluoro-methylphenyimino-2-imidazolidine) by 0-
Boehringer Ingelheim KG, Germany. T T T T T T T
0 10 20 30 40 50 60
time (min.)
Results
B
Formation of free radicals < 100-
= —a— control

After exposition of the medium to electrolysis for 75 s a cur‘-g: 807
rent-dependent increase in fluorescence was observed in ghegp
terephthalate fluorescence assay, indicating the generatiofgof

—0— SOD + cat*
—e— catalase”

monohydroxy terephthalate as a result of free radical formg- 4°] SO
tion (Fig. 1). Because the hydroxylation of terephthalic acig 2o +ng; ¢
is selective for hydroxyl radicals, this experiment indicates —0— electrolysis
the formation of hydroxyl radicals only. DMSO (100 mM) 0- only

and mannitol (100 mM) were both able to reduce the forma- 0 10 20 30 40 50 60
tion of monohydroxyterephthalate after electrolysis (30 mA) time (min.)
by 79% (<0.05) and 45%,[<0.05) respectively. )

Fig. 2A Influence of preceding electrolysis of the medium on the
contractile force of paced (3 Hz) isolated rat left atria. Currents were

- . ..applied for 75 s. Points represent means + SEM;: 6-8). *p<0.05
Influence of electrolysis of the medium on ContrE;"Ct"éompared to next curveB Influence of free radical scavengers on

force free radical induced decrease in contractile force of isolated rat left
atria. Scavengers were added to the medium 15 min prior the period

Exposure of isolated left atria to the medium which h electrolysis (30 mA, 75 s) and they were present durirlg the rest of
been subjected to electrolysis caused a current-depen(i ‘h@gﬁ’:&'rgegfécfgwssisriﬂjsse”t means + SEM: ¢-6). *p<0.05
decrease in contractile force (initial force of contraction:

8.2 + 0.32 mN). The time course of these effects is shown
in Fig. 2A, indicating a gradual decrease of contractil
force which had not reached equilibrium after 1 h. Electr
lysis of the medium did not influence the stimulation-in
duced frequency of beating.

DMSO (10 mM), ascorbic acid (50 mM), catalase
150 U-mt?%) and a combination of catalase (150 Ul
and SOD (100 U-ml) were able to counteract the reduc-
tion in contractile force induced by electrolysis of the bath
fluid. However, SOD alone (100 U-i) proved ineffec-
tive in this respect (Fig. 2B).

30~
g Inotropic drugs
[0}
g 20 Isoprenaline, forskolin and dibutyryl cAMIPrior electro-
3 154 * lysis of the medium induced significant and substantial
° T rightward shifts of the concentration response curves for
= 10 . the inotropic responses to isoprenaline £p3.56 + 0.10
% 5 _ to 6.77 + 0.11,p<0.05) and forskolin, which directly acti-
=7 vates adenylyl cyclase (pD 6.17 +0.12 to < 4.5)

o (Fig. 3A,B). The inotropic response to dibutyryl cAMP

S5mA  15mA 30mA DMSO mannitol also proved diminished after electrolysis of the medium

Fig. 1 Electrolysis-induced hydroxylation of terephthalic acid, indi{Fig. 3D): the increase in contractile force to M di-
cating the current-dependent formation of hydroxyl radicals. Constdmtityryl CAMP amounted to 2.15 + 0.01 mN under control
cutrents of ?'10105 al\r}l()j 30 mA were ?fg(l)ledl\/]l?r 75s. In exIoe”megnditions and to 1.21 + 0.10 mN after electrolysis of the
wit mM) and mannito mM), a constant current : .

30 mA was applied for 75 s. Note the suppressant effects of DM th fluid, reSpeCtI\./elyF(<0'05)' . S

and mannitol on radical formation. Points represent means + SEM, Measurements in membrane suspensions indicated that

(n = 6). * p<0.05 compared to 30 mA electrolysis the basal activity of the adenylyl cyclase in atria subjected
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Fig. 3 Concentration response
curves for the effects oA iso- L. ontrol 49
prenaline and forskolin in con- : ;ectrrolysis
trol atria (closed squargsand in

atria exposed for 30 min to elec-
trolyzed (30 mA, 75 s) medium
(open squares Points represent
means + SEM,{ = 5-8).
p<0.05for pD, compared to con-
trols. C Basal and forskolin stim-
ulated adenylyl cyclase activity

in control atria ¢losed bary and 90 85 B0 75 7.0 65 60 55 75 70 65 60 55 50 -45
fgggi Sumbggé%dggrglvégﬁg? log M [isoprenaline] log M [forskolin]

ments were performed six times
in three homogenates of three
pooled atria per group. Values
given as means + SEMD Effect c
of 1.10° M dibutyryl cAMP on
contractile force in control atria
and in atria subjected to oxida-
tive stress. Dibutyryl cAMP was
added to the medium 30 min
after electrolysisi{ = 4-6).

* p<0.05 compared to control

= control
| © electrolysis

w
1
w

-
!

A force of contr. (mN)
- N

A force of contr. (mN)
n

o
I

(=]
I

= control

n
~
a1
e

X electrolysis

-
N
q

100

(o1
o
1

*

A force of contr. (mN)

0.5

pmol cAMP/mg prot/mi
3 8 3

5

basal forskolin control electrolysis
db-cAMP

e
=]
T

(=]
T

to oxidative stress was decreased by 11.1% when cornease observed after electrolysis, we compared the time
pared with control organsp€0.05). In addition, the course of atria subjected to oxidative stress and stimula-
amount of cAMP formed in response to the direct stimulion with the threeq-adrenoceptor agonists to atria ex-
tion of adenylyl cyclase with M forskolin proved sig- posed to oxidative stress only (Fig. 4B-D). In these ex-
nificantly decreased in atria exposed to free radicalgeriments agonist concentrations were used that caused a
155.0 + 5.1 versus 48.0 + 1.8 pmol cAMP/mg protein/mimaximal inotropic response in control atria (3-1M
for control and electrolysis groups, respectively (Fig. 3C)methoxamine, 3-10 M cirazoline and 1-1¢ M ST-587).
Because the addition of DMSO to the medium preAll three a-adrenoceptor agonists induced a negative ino-
cluded the construction of a cumulative concentration reepic response in atria exposed to bath fluid subjected to
sponse curve for isoprenaline, the protective effect efectrolysis. Most atria in the electrolysis group stopped
10 mM DMSO was tested for a concentration of T8l  beating within 15 min after administration of methoxamine
isoprenaline only. Without DMSO in the medium the ris& this medium. Addition of DMSO (10 mM) did not pre-
in contractile force to isoprenaline was 2.7 = 0.20 mNent the negative inotropic effect of methoxamine in atria
(control) versus 1.7 £ 0.15 mN after electrolysis of thsubjected to oxidative stress. However, in the presence of
medium 6<0.05). DMSO was able to abolish the free raddMSO, methoxamine induced a transient (+ 2 min) posi-
ical-induced decrease in the response to isoprenaline (data inotropic effect. After this short period a rapid de-
not shown). crease in contractile force was seen comparable to the ef-
fect without DMSO in the medium (data not shown). The
negative inotropic effect of methoxamine proved insensi-
Methoxamine, cirazoline and ST-587 tive to phentolamine (I6 M) and doxazosin (1§ M)
which may indicate am-adrenoceptor independent mecha-
Figure 4A shows the concentration response curve for thism. To investigate whether phospholipase C (PLC) and/
inotropic effect of methoxamine. The palues for meth- or proteine kinase C (PKC) may play a role in the nega-
oxamine in control atria amounted to 4.23 + 0.09 ¢pDtive inotropic effect ofa-adrenoceptor agonists after oxida-
values for cirazoline and ST-587 amounted to 4.93 + 0.18e stress, we also studied the effects of angiotensin Il
and 4.59 + 0.17, respectively). In atria incubated in a mand chelerythrine. Angiotensin I, which causes a chrono-
dium subjected to electrolysis, methoxamine surprisingtsopic effect in rat atria predominantly via the stimulation
induced a rapid decrease in contractile force. Similar eff PLC, did not influence contractile force in the stimu-
fects were observed for theadrenoceptor agonists cirazolated left rat atria, neither in the control group nor in the
line and ST-587 (data not shown). To examine whethelectrolysis group. In addition, the protein kinase C inhibi-
this decrease in contractile force followirngadrenoceptor tor chelerythrine (21M) was unable to counteract the neg-
agonist addition is more pronounced than the usual daive inotropic effects of methoxamine (data not shown).
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Fig. 4A Concentration response
curve for the effects of methox-
amine in control atriadqlosed
square¥ and in atria subjected to
oxidative stressdpen squares
induced by electrolysis (30 mA,
75 s). Points represent means
+ SEM, (h = 4-6).B, C andD
Time course relationship for
methoxamine (3-16 M), cirazo-
line (3-:10* M) and ST-587
(1-10* M) induced inotropic re-
sponses in control atriaipper
curves, open squargand atria
subjected to oxidative stress
(lower curves, open squaned-or
comparison, curves for atria
(control; upper curvelectroly-
sis; lower curve$ without phar-
macological intervention are giv-
en (losed squargs Agonists
were added to the medium

30 min subsequent to the period
of electrolysis (lotted ling.

Points represent means + SEM,
(n = 3). * p<0.05 compared to
electrolysis only

74 = control
64 O electrolysis

A force of contr. (mN)
N

A force of contr. (mN)
o

1204
100+
804
60+
40

force of contr. (%)

20

= control
o electrolysis

methoxamine

A 1204
100

: B
80- : E%%%ﬁ

60

40 .
20 : *

0-

force of contr. (%)

log M [methoxamine]

cirazoline

-4 -3 2 5 0 5 10 15
time (min.)
ST 587
C 1204 D

force of contr. (%)
3
1

time (min.)

T
-2.6

log M [Ca®*]

T
-2.4

T
-2.2

-2.0

5 10 15 -5 0 5 10 15

time (min.)

Other inotropic stimuli

The isolated left atria subjected to an electrolysed medium
showed a diminished response to extracellular calcium,
with pD, values of 2.62 + 0.06 versus 2.44 + 0.07 for the
control and electrolysis group, respectivelyp<Q.05)
(Fig. 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 electrolysed bath fluid
(0.48 + 0.21 mNp<0.05) (data not shown). In this experi-

Fig. 5 Concentration response curves for extracellular calcium ioh@ent normal osmolality was preserved by the addition of
in control atria ¢losed squargsand in atria subjected to oxidative 158 mM saccharose. In the rat myocardium the frequency-

stress @pen squards by means of electrolysis of the medium
(30 mA, 75 s). Points represent means + SEM=(6). p<0.05 for

pD, compared to control

2.04
I control

— electrolysis

iDI

1.5+

1.0+

0.54

A force of contr. (mN)

0.04

3.0 25 2.0

Fig. 6 Positive inotropic effect in control atria and in atria subjecte
to oxidative stress, as a result of lowering stimulation frequeiney (
versed Bowditch staircageValues given as means + SEM) £ 6).

* p<0.05 compared to control

15
stimulation frequency (Hz)

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 posi-
tive inotropic response. In atria subjected to oxidative
stress this phenomenon persisted, although the relative in-
crease in contractile force proved less pronounced (Fig. 6).

Discussion

It is well established that oxygen derived free radicals play
an important role in the etiology of ischaemia/reperfusion
injury. Several free radical producing systems have been
used to study the effects of free radicals on various tis-
sues. These systems include for instance; xanthine/
anthine oxidase, hydrogen peroxide, hydrogenperoxide/
e(ll), dihydroxy fumarate and several organic radicals
like cumene hydroperoxide and 4-hydroxynonenal. Free
radical generation by electrolysis of a physiological salt
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solution was first described by Jackson et al. (1986). Thisie et al. 1993; Wang et al. 1995). The altered response to
system has the advantage that a wide range of free radicaldium withdrawal in atria exposed to free radicals in the
are produced without addition of enzymes or chemicgisesent study may reflect alterations in the'Mo#" ex-
which themselves may influence the experiment. Electrolghanger. These changes in important ion transport mole-
sis is rather easy to perform and cheap. Different groupsles will decrease the efflux of calcium from the myo-
have shown in a direct or indirect manner that the electroyte, thus leading to a condition of calcium overloading.
lysis system used generates superoxide anions, hydrdxythe present study the response to extracellular calcium
radicals, hydrogen peroxide, singlet oxygen and hypproved diminished after free radical exposure. The right-
chlorite (Jackson et al. 1986; Chahine et al. 1991; Niu wtrd shift of the concentration response curve and lower
al. 1995; de Keulenaer et al. 1995). In the present stuBy,,, may be the result of injury to calcium transport mol-
we were unable to detect superoxide anions by means dailes and/or to injured contractile elements.
cytochrome C reduction spectrophotometric assay. In addi-In the rat heart the frequency/force relationship is in-
tion, superoxide dismutase did not show any protective ekrsed (the negative Bowditch staircase) when compared
fect in the functional studies (Fig. 2B). These findings imo hearts from other species, including humans (Hoffman
ply that, under the conditions used, superoxide anions amed Kelly 1959). Accordingly, lowering of frequency of
not generated, or that the superoxide anions are rapitlyating in isolated left atria of the rat will result in a posi-
converted into other free radical species. The terephthaltite inotropic response. Several hypotheses regarding the
fluorimetric assay clearly demonstrates the formation afechanism of this effect in the rat myocardium have been
hydroxyl radicals since hydroxylation of terephthalic acigroposed. Recent research by Field et al. (1996) revealed
is specific for hydroxyl radicals (Barreto et al. 1995)that increasing of frequency leads to an elevation of end-
Moreover DMSO and mannitol (both specific hydroxytiastolic intra-cellular C& and a decrease in ventricular
radical scavengers) were able to prevent the formation pressure. These authors proposed that the inability of the
the fluorescent monohydroxy terephtalate in this assaarcoplasmic reticulum to sequester sufficient cytosolic
The protective effect of 10 mM DMSO in the functionakalcium at higher stimulation frequencies leads to an ele-
studies is in accordance with this finding. Similarly theation in end-diastolic intracellular &§ a decreased net
protective effects of catalase in the experiments with iscalcium flux per cycle, thus resulting in a negative intra-
lated left atria demonstrate the formation of hydrogen pegellular C&* staircase and concomitantly a negative ino-
oxide during the electrolysis period, which may be gendropic response. In our experiments the positive inotropic
ated via the conversion of other types of radicals. response after lowering the stimulation frequency proved
Although the addition of glycine (a known scavengepo persist after exposure to free radicals, although the rise
of hypochlorite) had no effect in our functional studies, ih contractile force was smaller when compared to control
may be possible that hypochlorite is also formed by eleatria. This finding indicates that the sequestration capabil-
trolysis of a physiological salt solution (Jackson et aity of the myocytes after free radical exposure is largely
1986). De Keulenaer et al. (1995) have shown, by meangact.
of a fluorimetric assay, that the concentration of free radi- Oxidative stress has been reported to reduce the inotro-
cals during electrolysis is constant in time because of th&e response tg-adrenoceptor stimulation (Haenen et al.
extremely short half life of the hydroxyl radical and supert988, 1990). This reduction in inotropic response may be
oxide anions (milliseconds to seconds), indicating th#ie result of a modification of the receptor itself, of the G-
there exists an on/off situation (no free radicals were dprotein, or of the effector adenylyl cyclase. In addition,
tectable directly after the period of electrolysis). Their anokidative injury to other subcellular structures such as con-
our results show in a direct and indirect way that the cotractile proteins, enzymes and membrane components may
centration of free radicals during electrolysis is current-dalso (partially) account for the altered response to adreno-
pendent. Accordingly, the amount of free radicals to whiateptor stimulation. A few studies have shown that oxygen
the atria will be exposed can be easily regulated by vamgerived free radicals can modify adrenoceptors in cardiac
ing the current and/or time of electrolysis. Electrolysis dfssue, thus resulting in altered binding characteristics and
the medium led to a gradual decrease in contractile forepregulation of the receptors (Haenen et al. 1990; Kaneko
in the isolated left atria exposed to this medium. This det al. 1991). The reports on changes in signal transduction,
crease in contractile force is most likely the result of alnduced by ischaemia and reperfusion are contradictionary
terations in contractile elements and/or a disturbed calciwmd largely depend on the species used, the duration of
handling in the myocyte, which may subsequently lead techaemia and/or reperfusion and the method used to pro-
a calcium overload. It has been shown that free radicaiske ischaemia. Anti-oxidants in these studies have shown
can depress the activity of the sarcolemmalP@Qaump beneficial effects (for review see Opie 1989). Conflicting
(Kaneko et al. 1989), which is involved in the efflux ofresults have been obtained regarding changes in receptors,
calcium from the myocyt, and the sarcoplasmic reticul&@-proteins and adenylyl cyclase activity. In the present
Ca*-pump (Rowe et al. 1983), which plays a role in thetudy we found that free radicals induce a diminished re-
sequestration of calcium ions into the sarcoplasmic reticgponse to isoprenaline and forskolin, and reduce adenylyl
lum. In this connection it also has been shown that fregclase activity (Fig. 4). However, the contribution of
radicals may modulate &(leak) channels (Kaneko et al.these alterations in signal transduction to the reduced re-
1989), as well as the N&Ca& ™ exchanger (Tani 1990; Cla-sponse tof-adrenoceptor stimulation is questionable, be-
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cause dibutyryl cAMP itself also proved less effective. In ischaemia and reperfusion: role of the cellular defences against
addition, atria subjected to oxidative stress also show an©xygen toxicity. J Mol Cell Cardiol 17:937-945

) . . . . Id ML, Azzawi A, Unitt JF, Seymour AC, Henderson C, Radda
impaired response to sodium withdrawal and lowering i[eGK (1996) Intracellular calcium staircase in the isovolumic pres-

frequency. Accordingly, it seems likely that _the injury of  sure-frequency relationship of Langendorff-perfused rat heart. J
other subcellular components may play an important role Mol Cell Cardiol 28:65-77

in the blunted responses fadrenoceptor stimulation. Freeman BA, Crapo JD (1982) Biology of disease: Free radicals and

: : : ; g : tissue injury. Lab Invest 47:412-426
Stimulating atria subjected to oxidative stress with Fridovich | (1974) Superoxide dismutases. Adv Enzymol 41:35-48

adrenoceptor agonists surprisingly led to a negative inOti@senen GRMM, van Dansik P, Vermeulen NPE, Timmerman H, Bast
pic response. However, this negative inotropic effect A (1988) The effect of hydrogen peroxide on beta adrenoceptor

proved insensitive ta-adrenoceptor antagonists. This may function in the heart. Free Radic Res 4:243-249

; ; ; ; i i aenen GRMM, Veerman M, Bast A (1990) Reduction of beta-adre-
imply that either a physico/chemical process is involved, noceptor function by oxidative stress in the heart. Free Radic Biol

or thata-adrenoceptor agonists exert their negative inotro- \eq 9:279_288

pic effects after oxidative stress via other receptor/signadiiiwell B, Gutteridge JMC, Cross CE (1992) Free radicals, antioxi-
transduction pathways. The latter cannot be excluded sincedants and human disease: Where are we now? J Lab Clin Med

no other inotropic agent studied by us exerted a negatjye119:598-620

. . =~ +.Han G, Abel PW (1987) Alfa-1-adrenoceptor subtypes linked to dif-
inotropic response and the threeadrenoceptor agonists ferent mechanisms for increasing calcium in smooth muscle. Nat-
we have tested are chemically not related. Another expla- yre 325:333-335

nation for this phenomenon may be tha@drenoceptor Hoffman BF, Kelly JJ (1959) Effect of rate and rhythm on contrac-
antagonist are less effective because of changes in bindingion of rat papillary muscle. Am J Physiol 197:1199-1204

ot ; son CV, Mickelson JK, Stringer K, Rao PS, Lucchesi BR (1986)
characteristics of the receptors caused by free radicals. -Fﬁ lectrolysis-induced myocardial disfunction. A novel method for

negative inOteri(_: responses appear not to be the direCt_ '€the study of free radical mediated tissue injury. J Pharmacol Toxi-
sult of an activation of phospholipase C (PLC) or protein col Methods 15:305-320

kinase C (PKC). Angiotensin Il, which exerts a chronotrd<aneko M, Beamish RE, Dhalla NS (1989) Depression of heart sar-

; ; ; ; ; colemmal calcium pump activity by oxygen free radicals. Am J
pic effect via stimulation of PLC, appeared not to induce a Physiol 256:H347-H368

negative intropic effgct in atria exposed to free radicalg,neko M, Chapman DC, Ganguly PK, Beamish RE, Dhalla NS
Moreover, chelerythrine was unable to counteract the neg-(1991) Modification of cardiac adrenergic receptors by oxygen
ative inotropic effect of methoxamine in atria subjected to free radicals. Am J Physiol 260:H821-H826
oxidative stress. Further research to analyse the underlyfffreia RC, Hess ML (1992) The oxygen free radical system: from
mechanism is ongoing. equations through membrane-protein interactions to cardiovascular
. . . . injury and protection. Cardiovasc Res 26:641-655

In conclusion, free radicals clearly alter the inotropigycas SK, Gardner TJ, Flaherty JT, Bulkley BH, Elmer EB, Gott VL

responses to various inotropic stimuli-Adrenoceptor (1980) Beneficial effects of mannitol administration during reper-

agonists exert negative inotropic effects in isolated atria fusion after ischaemic arrest. Circulation 62 [Suppl 1]:1-34-I-41

after oxidative stress which are insensitivestadrenocep- McC2y P8 (1983) Vitamin £ Interactions with free radicals and as-

tor antagonists. McCord JM (1985) Oxygen-derived free radicals in postischaemic tis-
sue injury. N Eng J Med 312:159-163
Meerson FZ, Kagan VE, Kozlov YP, Belkina LM, Arkhipenko YV
(1982) The role of lipid peroxidation in the pathogenesis of
ischaemic damage and the antioxidant protection of the heart. Ba-
sic Res Cardiol 77:465-485
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