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h Stellingen 

behorende bij het proefschrift: 

The influence of free radicals and other reactive oxygen species on pharmacololgical 
actions in the cardiovascular system 

door Stephan L.M. Peters 

• De veronderstelling dat reactieve zuurstof species (RZS) 
aspecifieke beschadigingen veroorzaken blijkt slechts ten dele 
juist (dit proefschrift). 

• Wanneer de resultaten die verkregen zijn in studies met 
vitamine E van toepassing zouden zijn op een Calciumantagonist, 
dan zou deze Calciumantagonist onmiddellijk van de markt gehaald 
zijn (Opie LH, Cardiovasc Drugs Ther 1997;11:719-721). 

• Fosforylering van N a + / K + ATPase verhoogt de activiteit 
van dit enzym in vivo (dit proefschrift). 

• Het contractie versterkende effect van a, -adrenoceptor -
stimulatie is voornamelijk het gevolg van de activering van ERK 
MAP kinase (dit proefschrift). 

• Farmacotherapeutische behandeling van erfelijke 
aandoeningen zal de evolutionaire selectiedruk verminderen. Mede 
hierdoor zal gentherapie van kiemcellen een belangrijke rol kunnen 
gaan spelen. 

• Het negatief inotrope effect van c^-adrenoceptor-

stimulatie na blootstelling aan RZS, is het gevolg van de activatie 
van N a + / K + ATPase door proteïne kinase C (dit proefschrift). 

• Het feit dat therapie met antioxidantia in de tot nu toe 
verrichte klinische trials weinig effectief is gebleken, wil nog niet 
zeggen dat RZS geen rol spelen in diverse ziektenbeelden. 

• Dat RZS in vivo een belangrijke rol spelen, wordt duidelijk 
uit het feit, dat genetische defecten in antioxidans-systemen niet 
met het leven verenigbaar zijn. 

• RZS vorming met behulp van electrolyse heeft 
belangrijke voordelen ten opzichte van enzymatische RZS 
vormende technieken. 

• Niet elke vorm van onderzoek is wetenschap. De 
wetenschappelijke waarde van "evidence based medicine" wordt 
dan ook vaak sterk overdreven. 

• De drie sterktes waarin Sildenafil (Viagra®) te verkrijgen 
is, weerspiegelen waarschijnlijk niet de hellingshoek van de aldus 
verkregen erectie. 
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GENERAL INTRODUCTION 

For all aerobic organisms molecular oxygen is a 
prerequisite for life, because these organisms 
reduce oxygen to water in the mitochondrial 
electron transport chain for the production of ATP. 
However, because oxygen and certain derivatives of 
oxygen, collectively called reactive oxygen species 
(ROS), are potent oxidants, they can induce 
damage to important cellular structures and 
molecules such as membranes, enzymes and 
nucleic acids. Most living organisms therefore have 
cellular defence mechanisms that protect the 
organism against oxidative damage. Under certain 
pathological conditions the production of reactive 
oxygen species can exceed the antioxidant capacity 
(oxidative stress) which leads to oxidative damage. 
However, it is important to realize that certain 
reactive oxygen species play an important role in 
certain physiological processes. This introduction 
chapter will deal with the most important features 
of reactive oxygen species, their possible sources, 
their reactions, antioxidant defences and the 
cardiovascular diseases where ROS are thought to 
be involved. 

one or a maximum of two electrons. If the orbital 
contains two "paired-up" electrons they will be 
spinning in opposite directions. A free radical can be 
defined as any atom or molecule that has one or 
more unpaired electrons in its orbitals (this unpaired 
electron is symbolized by a period: •). Free radicals 
are more reactive than non-radicals because a 
pairwise arrangement of electrons is more stable 
than a single electron in an orbital. Free radicals will 
attempt to gain or donate electrons from or to other 
molecules which can be radicals and non-radicals. If 
the free radical reacts with a non-radical this will 
give rise to a new radical: 

X« + A -> X - A + B. 

This is why free radical reactions tend to proceed as 
chain reactions. When two free radicals react with 
each other their two unpaired electrons join to form 
a covalent bond (a shared electron pair) and a non
radical will be formed and the chain reaction will be 
broken: 

X. x . -> X - X 

Free radicals and reactive oxygen species 

In an atom electrons normally rotate in distinct 
regions around the nucleus. The regions in which 
there is the greatest probability of finding particular 
electrons are called orbitals. Each orbital can hold 

Molecular oxygen possesses two unpaired electrons 
in its orbitals (see figure 1 ) and is per definition a bi-
radical. However, because these electrons have 
parallel spinning directions oxygen itself is less 
reactive than one would expect from a radical. The 
inversion of spinning direction and transfer to a 



Auto-oxidation processes 
Many biological molecules such as catecholamines, 
sugers, thiols and flavins can oxidize on contact 
with oxygen in the presence of trace amounts of 
transition metals (Misra an Fridovich, 1972; Singal 
et al., 1983). The first event in this oxidation 
reaction involves the transfer of an electron from 
these molecules to molecular oxygen generating 
superoxide anions. Several studies have shown that 
these reactions also occur in vivo (Singal et al.,1982 
and 1983). 

The mitochondrial electron transport chain 
In the mitochondrium molecular oxygen is reduced 
to water in the electron transport chain (figure 2): 

0 2 + 4H+ + 4e- -> 2H20 

It has been shown that during this tetravalent 
reduction of oxygen a fraction of the electrons can 
leak out of the respiration chain (Loschen et al., 
1974; Turrens and Boveris, 1980). Main leakage 
sites are NADH dehydrogenase and co-enzyme Q 
(Turrens and Boveris, 1980, Dionisi et al., 1975). 
The electrons leaking out can be taken up by 
molecular oxygen and superoxide anions are 
formed. 
Dismutation of superoxide anions by mitochondrial 
superoxide dismutase will give rise to the formation 
of hydrogen peroxide. 
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< Figure 2 

Mitochondrial electron transport 
chain. Electron leakage from the 
transport chain is a major source 
of reactive oxygen species. For 
details see text. 

The xanthine dehydrogenase/oxidase system 
The enzyme xanthine dehydrogenase catalyzes the 
oxidation of hypoxanthine (HX) or xanthine (X) 
(degradation products of purines) to uric acid; 

HX/X + NAD+ H20 -> Uric acid + NADH + H+ 

Under certain pathological conditions the enzyme 
can be converted by protease activity to xanthine 
oxidase (Boveris and Chance, 1973; Turrens and 
Boveris 1980, Saugstad and Aasen, 1980; Rinaldo 
and Gorry, 1990). The oxidase form of the enzyme 
is thought to be a source of superoxide anions 
(McCord and fridovich, 1968; Knowles et al., 
1969). The oxidase uses molecular oxygen as an 
electron acceptor; 
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Figure 3 • 

Free radical generation in 
arachidonic acid metabolism by 

cyclooxygenase. 

HX/X + 0 2 + H20 H> Uric acid + NADH + W 

However, there exist large differences in xanthine 
oxidase activity among various animal species and 

therefore the relative contribution of ROS 
generated by xanthine oxidase in some animal 
species is questionable (Eddy et al., 1986; Kehreret 
al., 1 987; Janssen et al., 1993). 

The cyclooxygenase and lipoxygenase pathway 
The arachidonic acid pathway is thought to be 
involved in free radical generation (Egan et al., 1976; 
Kontos et al., 1980). Prostaglandin H2 synthase 
displays two distinct enzymatic activities: 
endoperoxidase activity that oxygenates and 
cyclizes arachidonic acid to the cyclic endoperoxide 
PGG, and a hydroperoxidase activity that converts 
PGG into PGH (see figure 3). During this 
conversion of arachidonic acid superoxide anions, 
singlet oxygen and free radical intermediates are 
formed (Cadenas et al., 1983; Kukreja et al., 1986). 

Phagocytic cells 
Leukocytes use ROS as antimicrobial compounds 
and are considered as a main source of ROS. In 
activated leukocytes the NADPH-dependent 
oxidase system on the membrane surface is 
responsible for the generation of superoxide anions 
(Morel et al., 1991) (see figure 4). In patients with 
chronic granulomatous disease there exists an 
inborne defect of the NADPH oxidase system 
(Curnette and Babior, 1987). The phagocytes of 
these patients can normally take up micro
organisms by phagocytosis but fail to kill them, 
which results in multiple and persistent infections. 
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Another defence mechanism used by neutrophils is 
the myeloperoxidase system (see figure 4). In the 
presence of hydrogen peroxide (formed by the 
dismutation of superoxide anions) myeloperoxidase 
will oxidize chloride ions to hypochlorous acid 
(HOCI) (Weiss, 1989). This process can also result 
in the formation of singlet oxygen (Rosen and 
Klebanoff, 1977). Because myeloperoxidase is 
secreted by the azurophilic granules into intra- and 
extracellular compartments, HOCI is generated 
both inside and outside the cell. 

Endothelial cells 
Endothelial cells also produce free radicals: nitric 
oxide as well as superoxide anions. Nitric oxide is 
synthesized by virtually al mammalian cells from L-

arginine by means of constitutive or inducible NO-
synthases (NOS) (Moncada et al., 1989; Rees et 
al., 1990; Nathan, 1992). NOS is a cytochrome 
P450 enzyme containing a reductase as well as a 
heme domain (White and Marietta, 1992). At low 
arginine concentrations NOS has been shown to 
produce superoxide anions as well (Xia et al., 1996). 

Reactions of reactive oxygen species 

Lipid peroxidation 
One of the best studied free radical reactions in 
biological systems is the lipid peroxidation chain 
reaction. The unsaturated bonds of fatty acids in 
membrane lipids can readily react with free radicals 
and undergo peroxidation (see figure 5). The first 
step in this chain reaction involves the abstraction 
of a hydrogen atom from a fatty acid by for instance 
a hydroxyl radical which leads to the formation of a 
carbon centred radical: 

LH + .OH -> L. + H20 

A conjugated diene is formed by conformational 
change, and the diene than can react with molecular 
oxygen to a lipid peroxyl radical: 

L. + 0 2 -> LOO« 

The lipid peroxyl radical can react with an 

<< Figure 4 

ROS formation by activated 
leukocytes. The NADPH 
dehydrogenase complex is a 
potent source of superoxide 
anions. The dismutation of 
superoxide leads to the generation 
of hydrogen peroxide which is used 
by myeloperoxidase (MPO) to 
generate hypochlorite. 
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unsaturated fatty acid by extracting a hydrogen 
atom. This reaction gives rise to a non-radical lipid 
peroxide and a carbon centred lipid radical, thereby 
propagating the chain reaction: 

LOO« LH -> LOOH + L. 

Transition metals can accelerate lipid peroxidation 

by initiating the formation of alkoxy or peroxyl 
radicals from lipid peroxides: 

LOOH + Fe2+ -> LO. Fe3+ + OH-

LOOH + Fe3+ -> LOO« + Fe2+ + H+ 

The end products of these (transition metal 

Figure 5 • 

Lipid peroxidation chain reaction. 
For details see text. 
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catalyzed) breakdown of lipid peroxides include 
malondialdehyde, 4-hydroxynonenal, ethane and 
pentane (Esterbauer et al., 1988). Lipid 
peroxidation causes alterations of membrane 
fluidity and the semipermeable characteristics of 
membranes. 

Reactions with nucleic acids 
The mutagenic and cell killing effects of radiation 
and some chemotherapeutic drugs are largely due 
to the formation of free radicals (Breimer, 1988). 
Hydroxyl radicals can readily react with the sugar-
phosphate backbone and the bases in DNA and 
RNA, leading to strand breaks and base 
modifications (Aruoma et al., 1989). 

Reactions with proteins 
Proteins can be damaged by free radical attack with 
possible functional consequences. Free radicals and 
other reactive oxygen species can react with 
different sites in the protein such as metal binding 
sites, aromatic amino acids, disulphide bonds and 
thiol groups which may lead to fragmentation, 
cross-linking and aggregation. ROS can induce 
carbonyl group generation into amino acid residues 
which results in an increased susceptibility to 
proteolysis (Wollf and Dean, 1986). Furthermore, it 
has been reported that ROS-induced changes in 
primary, secondary, tertiary and quaternary 
structure will lead to an increased proteolysis and 
hydrophobicity (Pacifici and Davies, 1990). 

Antioxidant defences 

Because ROS readily react with lipids, nucleic acids 
and proteins, most organisms have developed an 
antioxidant defence system to protect cells against 
the deleterious actions of ROS. Organisms may use 
enzymatic as well as non-enzymatic processes to 
eliminate ROS (scavenging, primary defences) or to 
prevent oxidative damage by ROS (secondary 
defences). 

Enzymatic defences 
Superoxide dismutases (SOD) are metallo-proteins 
that catalyze the dismutation of superoxide anions 
to hydrogen peroxide (Fridovich, 1974). The 
spontaneous dismutation of superoxide anions has 
a rate constant of 5-10s M ' s ' , whereas the rate 
constant for the SOD catalyzed reaction amounts to 
1.6-109 M-1 s-' (Fridovich, 1983). There are different 
types of SOD which contain different metallic 
prosthetic groups. In humans three types of SOD 
have so far been characterized: copper/zinc 
(Cu/Zn), manganese (Mn) and extracellular (EC) 
SOD (McCord, 1979; Marklund, 1984). The Cu/Zn-
SOD is present in the cytosol and nucleus of various 
cells, whereas the Mn-SOD is mainly found in 
mitochondria (Slot et al., 1986). The Cu/Zn 
containing EC-SOD can be found in plasma and 
bound to heparin sulfate on the surface of 
endothelial cells (Karlsson and Marklund, 1988). 
Catalase is a cytoplasmic heme containing enzyme 

10 



GENERAL INTRODUCTION 

that catalyzes the decomposition of hydrogen 
peroxide to yield oxygen and water: 

2H202 -> 0 2 + 2H20 

Catalase is present in all organs with the highest 
activity in the liver and erythrocytes (Schönbaum 
and Chance, 1976; Marklund et al., 1982). In 
contrast, the catalase activity in the heart is low 
(Doroshow et al., 1 980). Within the cell the highest 
catalase activity can be found in the peroxisomes. 
Probably more important in the decomposition of 
hydrogen peroxide is the glutathion peroxidase 
(GSH-px) system. GSH-px uses hydrogen peroxide 
to oxidize reduced glutathion (GSH) into oxidized 
glutathion (GSSG): 

2GSH + H202 -> GSSG + 2H20 

GSH-px is a seleno enzyme containing a seleno-
cysteine (R-SeH) residue in its active site. On the 
cellular level GSH-px is present in the cytoplasm 
and mitochondria (Flohe and Schlegel, 1971). There 
are several iso-enzymes of GSH-px. Glutathion-S-
transferase (GSH-st) catalyzes the decomposition 
of lipid peroxides: 

by phospholipase activity are reduced by GSH-st 
(Sevanian and Kim, 1985). A third type of (selenium 
containing) GSH-px has been described that can 
reduce phospholipid peroxides in membranes 
(Ursini et al., 1986). Oxidized glutathion (GSSG) 
can be regenerated by glutathion reductase (GSH-
red): 

2GSH + NADP-

LOOH + 2GSH -» GSSG + LOH + H20 

GSSG + NADPH + H' 

Non-enzymatic defences 

Vitamin E consists of a family of lipophilic 
tocopherols that reside in lipid membranes and 
lipoproteins. oc-Tocopherol is in vivo the most 
abundant and most bioactive tocopherol isomer. 
Vitamin E has a reactive phenolic hydroxyl group 
(see figures 6 and 7) of which the hydrogen atom 
can be easily donated to lipid peroxy- and alkoxy 
radicals. The long phytyl chain is assumed to be 
there to retain the molecule in the membrane (Niki 
et al., 1985). By donating a hydrogen atom the 
tocopheroxyl radical is formed which is rather stable 
because of resonance stabilization of the unpaired 
electron in the chroman head of the molecule 
(Burton et al., 1980). 

GSH-st is present in the cytosol and does not 
contain selenium. Only peroxides that are liberated 

Tocopherol (vitamin E) + LOO» —> Tocopheroxyl 
(vitamin E«) + LOOH 



This reaction will stop the lipid peroxidation chain 
reaction. Thus, vitamin E is a so called chain 
breaking antioxidant. 

Vitamin C (ascorbic acid) is able to reduce the 
tocopheroxyl radical back to tocopherol (Packer et 
al., 1979; Niki et al., 1982) thereby permitting 
vitamin E to function as a chain breaking antioxidant 

again. Vitamin C is a hydrophilic antioxidant and 
therefore the unpaired electron is transferred away 
from the endangered membrane fraction to the 
cytosol (see figure 6) (Niki et al., 1984). Because of 
its strong reducing capacity ascorbic acid as well as 
other antioxidants can also be pro-oxidants (Bast et 
al., 1991). Especially in combination with transition 
metals ascorbic acid is a potent oxidant (Buettner 

cytoplasm ascorbic acid 

Membrane 

< Figure 6 

Function of vitamin E (tocopherol) 
in lipid peroxidation and the 
regeneration of vitamin E by 
vitamin C (ascorbic acid). 
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Figure 7 •• 

Molecular structures of non-
enzymatic naturally occurring 

antioxidants. Note that all these 
antioxidants have a reactive 

phenolic group. 

and Jurkiewicz, 1996). The pro-oxidant activity of 
ascorbic acid in the presence of transition metals is 
due to an increased pro-oxidant chemistry by 
reduction of these metals: 

Fe3+ + Ascorbic acid (vitamin C) —> Fe2+ + 
Ascorbyl radical (vitamin O ) + 2H + 

In addition, the oxidation of ascorbic acid will give 
rise to the formation of hydrogen peroxide: 

2 Ascorbate + 0 2 —» 2 Dihydroascorbate + H202 

In general, at low concentrations, vitamin C should 
be considered as a pro-oxidant, and at higher 
concentrations as an antioxidant (Bast et al., 1991; 
Buettner and Jurkiewicz, 1996). This profile is 
different from that of vitamin E, which at higher 
concentrations can act as a pro-oxidant: 

Tocopherol (vitamin E) + LOOH -
(vitamin E») + L O + 

> Tocopheroxyl 
H20 

It so far remains unknown whether the pro-oxidant 
actions of antioxidants play an important role in 
vivo. 

Ubiquinols (reduced ubiquinons) are chain breaking 
antioxidants residing in membranes. Ubiquinol 
(reduced coenzyme Q10) is most abundant in the 
mitochondrial inner membrane (Frei et al., 1990). 

ß-carotene (provitamin A) 

flavonol 

ascorbic acid (vitamin C) 

tocopherol (vitamin E) 

Reduced coenzyme Q10 is a more potent 
antioxidant than vitamin E (Stocker et al., 1991) 
however, the concentration of ubiquinol in 
membranes (except for mitochondrial membranes) 
is much lower than that of vitamin E (Frei et al., 
1990). 

Flavanoids are a large group of naturally occurring 
phenolic compounds found in plants. Flavonoids and 
vitamin E share the same chromane moiety (see 
figure 7). Flavanoids can be found in tea, red wine, 
onions, garlic, apples and other fruits and 
vegetables (Rice-Evans, 1995, Manach et al., 

13 
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1996). Roughly, there are two important activities of 
flavonoids. Firstly, inhibition of particular enzymes 
(such as phospholipase C, protein kinase C, cyclo-
and lipoxygenases, NADPH oxidase, xanthine 
oxidase and myeloperoxidase (Middleton and 
Kandaswami, 1992)) and secondly their specific 
antioxidant activities (Cotelle et al., 1996; de Groot 
and Rauen, 1998). Thus, flavonoids can reduce the 
generation of ROS (primary defence) and prevent 
oxidative damage by ROS (secondary defence). 

ß-Carotene (provitamin A) is a potent singlet 
oxygen quencher (reducing the excited state) that 
circulates in association with lipoproteins (Foote 
and Denny, 1968). The major source of carotenoids 
are fruits and vegetables. 

Uric acid has been shown to be a scavenger of ROS 
such as hydroxyl radicals and superoxide anions 
(Ames et al., 1981 ). Uric acid can be found in rather 
high concentrations (3 mM) in blood plasma (Ames 
et al., 1981 ). In plasma, uric acid can protect vitamin 
C from oxidation (Sevanian et al., 1985). 

Another important antioxidant defence is the 
chelation of transition metals since bound metal 
ions are not capable to catalyze free radical 
reactions. Iron is transported in the plasma by 
transferrin, a protein that binds two ferric ions, and 
stored in tissues inside molecules of ferritin which 
can hold as many as 4500 ferric ions. 

Reactive oxygen species in cardiovascular disease 

As already mentioned, in certain disease states the 
amount of reactive oxygen species may overwhelm 
the antioxidant capacity leading to a situation called 
oxidative stress. Oxidative stress can be the result 
of an increased production of ROS or a decrease of 
(local) antioxidant defences or both. Since ROS are 
very reactive an excess of ROS can lead to 
undesired modifications of important cellular 
structures and molecules. In this section we will 
briefly discuss several important cardiovascular 
disease states in which ROS have been shown to 
play an important role. 

Ischaemia/reperfusion injury 
It is a well established fact that (myocardial) 
ischaemia/reperfusion leads to the production of 
various ROS. ROS are mainly formed during and 
after the reperfusion phase (McCord, 1985; 
Simpson and Lucchesi, 1987; Bolli, 1988). Although 
the reintroduction of oxygen in the ischaemic region 
is a prerequisite for survival of the cardiomyocytes 
in that region, the restoration of blood flow will also 
lead to undesirable ROS production. This 
controversy is known as the oxygen paradox. During 
reperfusion ROS can arise from different sites in 
the ischaemic region. Prolonged ischaemia will lead 
to a disruption of the mitochondrial electron 
transport chain because oxygen is not readily 
available. Restoration of the electron transport 

14 
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Figure 8> • 

Activation of the xanthine oxidase 
system during ischaemia/ 

reperfusion, a possible source of of 
reactive oxygen species. 

ATP AMP adenosine inosine 

xanthine 
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chain primes electron leakage from the respiratory 
chain (Marklund, 1988). In addition ROS 
themselves are known to induce mitochondrial 
damage. In ischaemia the uncoupling- of the 
respiratory chain will give rise to decreased ATP 
levels and a subsequent accumulation of purine 
breakdown products, increased intracellular Ca2+ 

levels as well as a decreased intracellular pH as a 
result of anaerobic glycolysis. Under these 
circumstances , xanthine dehydrogenase can be 
converted by a Ca2+-dependent protease to 
xanthine oxidase (Saugstad and Aasen, 1980). 
Xanthine oxidase is a possible source of superoxide 

anions and uses ATP-breakdown product as 
substrates (see figure 8). However, as mentioned 
previously, there exists considerable doubt 
concerning the role of xanthine oxidase in human 
ischaemia/reperfusion injury. During ischemia/ 
reperfusion, increased phospholipase A2 activities 
will lead to increased levels of arachidonic acid and 
concomitant eicosanoid synthesis via 
cyclooxygenase/lipoxygenase pathways (Downey, 
1990), which are additional sources of ROS. ROS 
generated in the ischaemic/reperfused myocardium 
induce extensive lipid peroxidation, enzyme and 
DNA modifications which in combination with the 

15 



metabolic inhibition will induce cell death, and may 
subsequently result in a decreased contractility and 
arrhythmias . In a later phase, accumulating 
neutrophils may induce further oxidative damage 
and myocyte necrosis by producing a variety of 
ROS (Lucchesi et al., 1989)(see figure 4). 

Oxidation of LDL and atherosclerosis 
In the blood lipids are transported as lipoproteins 
(Schaeffer and Levy, 1985). Low density 

lipoproteins (LDL) are the major cholesterol-
carrying lipoproteins in human plasma. LDL are 
spherical complexes consisting of a hydrophobic 
core of cholesterol esters, triglycerides and on the 
surface free cholesterol, phospholipids and the 
apolipoproteins E and B. In these particles several 
antioxidants such as vitamin E, ubiquinol and ß-
carotene can be found. LDL can bind to specific 
receptors on various cells and thus stimulating the 
uptake of cholesterol. The intracellular cholesterol 

thrombus 

foam cells 

OX-LDL uptake 

i Figure 9 

The possible role of reactive 
oxygen species in the aetiology of 
atherosclerosis. For details see 
text. 
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GENERAL INTRODUCTION 

synthesis plays only a minor role. The specific LDL 
binding is regulated by the cholesterol content of 
each individual cell. Because of the high lipid 
content of LDL these particles are very sensitive to 
oxidative modification by ROS, generating oxidized 
LDL (ox-LDL) (Morel et al., 1983). Oxidative 
modification of LDL not only concerns the lipid 
fraction of the particle but also the protein fraction. 
This will lead to a loss of recognition by LDL-
receptors and to a shift of recognition by 
scavenging and ox-LDL-receptors. Scavenging 
receptors can be found in liver, spleen, smooth 
muscle cells and macrophages (Nagelkerke et al., 
1984; Goldstein et al., 1979). Via these receptors 
ox-LDL is taken-up independently of the cholesterol 
content of the cell (Brown and Goldstein, 1983). At 
high levels of ox-LDL this process leads to a 
massive uptake of ox-LDL by for instance 
macrophages. Such cholesterol-loaded cells are 
characterized by numerous lipid droplets and 
because of their foamy appearance they are called 
foam-cells. 

It has been hypothesized that, among a variety of 
other factors, oxidation of LDL is one of the first 
events in the process of atherosclerosis (Witztum, 
1994). LDL-oxidation is not likely to occur in plasma, 
but takes place in the subendothelial layer by ROS 
that could be generated by endothelial cells, smooth 
muscle cells and/or macrophages (Morel et al., 
1983). Oxidized LDL has several properties that 
can induce or accelerate the atherosclerotic 

process. For instance, ox-LDL has been shown to 
enhance monocyte adhesion to endothelial cells and 
to be a chemoatractant for macrophages (Quinn et 
al., 1987; Navab et al., 1991). Activated 
macrophages produce ROS that can oxidize trapped 
LDL to a further extent (see figure 9). 

Congestive heart failure, hypertension and 
diabetes 
More and more evidence is accumulating that ROS 
are implicated in the aetiology and/or 
pathophysiology of congestive heart failure, 
hypertension and diabetes. Congestive heart failure 
is characterized by a decrease in mechanical 
performance and hypertrophy of the heart as well as 
the activation of noxious neuroendocrine 
compensatory mechanisms such as an activation of 
the sympathetic nervous system and the renin-
angiotensine-aldosterone system. The activation of 
the sympathetic nervous system will result in 
elevated plasma catecholamine levels. Auto-
oxidation of these catecholamines is a possible 
source of ROS and may induce cardiomyopathy 
(Singal et al., 1982 and 1983). In addition, it has 
been shown that due to aortic stenosis there is an 
increased production of ROS by polymorphonuclear 
leukocytes in heart failure (Prasad et al., 1989). In 
patients with chronic heart failure secondary to 
ischaemic heart disease abnormalities in two 
plasma markers of oxidative stress were found (Mc 
Murray et al., 1990) and the concentration of these 
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markers correspond with the residual left ventricular 
ejection fraction (Belch et al., 1991). More recently 
McMurray et al. (1993) have shown that chronic 
heart failure, regardless of its aetiology, is 
associated with abnormalities in a variety of 
markers of oxidative stress. 
There also exists a potential role for ROS in 
hypertension. Superoxide anions and hydroxyl 
radicals can react with endothelium derived nitric 
oxide and may thus lead to defective vasodilation 
(Krzanowski, 1991). However, the involvement of an 
impaired NO-system in hypertension is 
questionable. Possible sources of ROS in 
hypertension are elevated catecholamine levels and 
higher ROS production by leukocytes in 
hypertensive subjects (Pontremoli et al., 1989). 
In patients with diabetes mellitus the higher 
incidence of atherosclerosis, ischaemic heart 
disease and retinopathy may be partially related to 
a higher production of ROS (Katz, 1986; Uzel et al., 
1987, Armstrong and Al-Awadi, 1991) that might 
arise from autooxidation of glucose and an impaired 
tissue perfusion (Brownlee and Cerami, 1981). 
Several studies in human subjects and animal 
models have indicated that diabetes mellitus is 
associated with oxidative stress. For instance; 
diabetic patients have higher lipid peroxide levels in 
their serum lipid proteins (Nishigaki et al., 1981) 
and decreased SOD mRNA levels have been 
reported in streptozotocin-induced diabetic rats 
(Kamata and Kobayashi, 1996). 

Pharmacological interventions: Antioxidant therapies 

Because ROS are implicated in the above 
mentioned disease states, the question arises 
whether antioxidants may display protective effects 
in these disease states. Large epidemiological 
studies indicate that a high dietary intake of vitamin 
E and ß-carotene (and in a lesser extent vitamin C) 
is associated with a significant reduction in the risk 
of coronary heart disease (Lapidus et al., 1987; 
Riemersma et al., 1990; Gey et al., 1991; Enstrom 
et al., 1992; Gaziano et al., 1993; Stampfer et al., 
1993; Rimm et al., 1993; Hodis et al., 1995). These 
epidemiological studies, however, are of limited 
value since confounding factors may disturb the 
outcome of these investigations. For instance, a 
higher dietary or supplemental intake of antioxidant 
vitamins might be linked to a healthier lifestyle in 
general. Several large clinical trials of antioxidant 
supplements in coronary heart disease patients 
have been performed or are ongoing. The 
Cambridge Heart Antioxidant Study (CHAOS) was 
one of the first large scale trials that investigated 
the effects of oc-tocopherol in the prevention of non
fatal myocardial infarction and cardiovascular death 
in patients with angiographically proven coronary 
atherosclerosis (Stephens et al., 1996). In this 
double-blind, placebo-controlled study 2002 
patients were randomized to 400 or 800 I.U. of oc-
tocopherol or placebo and were followed-up for an 
average period of 510 days. This study showed that 
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oc-tocopherol decreased the primary end-points (the 
combination of non-fatal myocardial infarction and 
cardiovascular death) by 47%. Non-fatal myocardial 
infarction was even decreased by 77%. However, in 
the tocopherol group there was an 18% increase in 
all cause mortality. It should be realized that the 
tocopherol dose used was very high compared to 
other studies. More or less similar results were 
obtained in the Alpha-Tocopherol Beta-Carotene 
Cancer Prevention Study (ATBCS) (1994). In this 
trial the impact of tocopherol and ß-carotene in a 
group of 29133 Finish smokers (age: 50-69 years) 
on the prevention of lung cancer was investigated. 
There was no significant effect seen on the total 
number of major coronary events in any of the 
supplementation groups, but there was a 
statistically significant decrease in the risk of non
fatal myocardial infarction (relative risk: 0.62) 
compared to placebo. However, all active 
supplements increased the risk of fatal coronary 
heart disease (oc-tocopherol: 1.33 (ns); the 
combination of a-tocopherol and ß-carotene: 1.58; 
and ß-carotene alone: 1.75). 
In the Physicians Health Study, a randomized, 
placebo-controlled, double-blind trial, the effects of 
aspirin and ß-carotene in the prevention of 
cardiovascular disease and cancer in 22071 US 
physicians (age: 40-84 years) is studied 
(Hennekens and Eberlain, 1985). In a small 
subgroup of 333 patients with pre-existing coronary 
heart disease without myocardial infarction, 160 

were assigned to ß-carotene and 173 to placebo. 
After a mean follow-up of 60.2 months a significant 
reduction in cardiovascular events was seen in the 
ß-carotene group (relative risk: 0.49). However, with 
extended follow-up these effects diminished and a 
(non-significant) increase in cardiovascular death 
was observed. 
Many clinical trials on antioxidants are ongoing and 
will possibly give more insight in the potential value 
of antioxidants (natural or synthetic) in the 
prevention of cardiovascular diseases. At this point, 
however, the data available on secondary 
prevention point towards a decrease in non-fatal 
coronary events but an increase in mortality. 
Therefore it is too early to answer the question 
whether patients with coronary heart disease 
should be treated with supplemental antioxidants. 

The role of ROS in cellular signalling 

Evidence is accumulating that ROS, besides their 
general deleterious effects on tissues, are involved 
in more specific cellular signalling processes 
(Schulze-Osthoff and Wesselborg, 1996; Lander 
1997). Best studied is the role of the nitric oxide 
radical that stimulates cGMP formation, which 
induces vasoralaxation and a reduction in vascular 
tone. In this section we will discuss ROS-induced 
alterations of functional molecules and their 
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potential role in cell signalling. 
Several studies have shown that exogenous ROS 
induce intracellular Ca2+-overload and subsequent 
cardiac dysfunction. Matsubara and Dhalla (1996a 
and b) have shown that ROS, produced by means of 
the xanthine/xanthine oxidase ROS generating 
system, depress sarcolemmal Na + /Ca 2 + exchange 
and calcium pump activities. In addition, ROS can 
inhibit the Ca2+ ATPase activities in the 
sarcoplasmic reticulum (Kukreja et al., 1989 and 
1991). Inhibition of the Na+/K+ ATPase by ROS 
can give rise to an intracellular Na+ accumulation. 
This accumulation will increase the Ca2+ influx via 
the Na + /Ca 2 + exchanger in the reverse mode. Kim 
and Akera have reported decreased N a + / K + 

ATPase activities and ouabain binding in left 
ventricular homogenates due to ROS exposure. In 
addition, the involvement of calcium-leak channels 
in ROS-induced Ca2+-overload has been reported 
(Wang et al., 1995). Beside specific inhibition or 
activation of proteins that promote Ca2+-overload, 
ROS might influence the contractile proteins 
themselves, thus leading to a decreased 
contractility. 

The adrenoceptor system plays an important role in 
the regulation of contraction of the heart and 
vasculature. It also governs heart rate to an 
important degree. By changing the properties of 
these receptors or their second messenger 
systems, ROS can potentially influence contractility 
and heart rate. Only limited and scattered 

information is available on the direct influence of 
ROS on adrenoceptors. Treatment of cardiac 
membranes with ROS increased the density but 
decreased the affinity of ß-adrenoceptors for [3H]-
dihydroxyalprenol (Kaneko et al., 1991). However, 
conflicting results have been found. The treatment 
of cardiac membranes with hydrogen peroxide 
resulted in an increased ß-adrenoceptor density in 
one study (Haenen et al., 1988), whereas other 
groups have reported no changes in density and a 
decrease in affinity (Masuda et al., 1993). Similarly, 
only limited data are available on the direct 
influence of ROS on cardiac and vascular oe-
adrenoceptors. Kaneko et al. (1991) have shown 
that ROS, generated by a H202 /Fe2 + ROS 
generating system, decreased the affinity of rx-
adrenoceptors for [3H]-prazosin, whereas the 
number of a-adrenoceptors was not affected. 
However, Gong and Han (1996) have reported that 
ROS reduce affinity and a-adrenoceptor number. 
The second messenger system of ß-adrenoceptors, 
the Gs-mediated activation of adenylyl cyclase is 
also prone to modification by ROS (Persad et al., 
1997). In general, ROS will decrease the functional 
responses to a- and ß-adrenoceptor stimulation, 
which can be the result of receptor modifications or 
alterations in the signal transduction pathways of 
these receptors, or injuries to the contractile 
aparatus. 

Besides the formation of malondialdehyde and 4-
hydroxynonenal in lipid peroxidation processes, 
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other biologically active products are formed during 
this process. Free radical attack on arachidonate, 
residing in phospholipids, is known to generate 
isoprostanes and isoleukotrienes (Morrow et al., 
1992a and b). These compounds share structural 
and biological features of prostaglandins and 
leukotrienes, but are generated independently of 
cyclooxygenase or lipoxygenase. Iso-eicosanoids 
are liberated by phospholipase activity. 
Isoprostanes are formed in vivo in cases of oxidative 
stress (Hoffman et al., 1996) and have potent 
vasoconstrictor effects on the peripheral 
vasculature (Morrow et al.,1992a; Hoffman et al., 
1997). Isoprostanes act via stimulation of 
thromboxane A2/prostaglandin H2 like receptors 
and the biological activities of B4-isoleukotrienes 
can be blocked by a leukotriene B4 receptor 
antagonist (Morrow et al., 1992 a; Harrison and 
Murphy, 1995). The formation of iso-eicosanoids 
might be an important mechanism by which ROS 
serve as lipid mediators of oxidative stress-induced 
tissue damage. 

Recent studies have shown that ROS can activate 
different distinct isoforms of mitogen-activated 
protein kinases (MAPKKGuyton et al., 1996). 
MAPK are dual serine/threonine kinases that are 
activated upon stimulation of receptors with 
intrinsic tyrosine kinase activity, certain G-protein 
coupled receptors, and stress stimuli such as UV-
light, heat and shear stress (Seger and Krebs, 
1995; Guyton et al., 1996; Delia Rocca, 1997). 

Three isoforms of MAPK are known: extracellular-
regulated protein kinase (ERK), cJun-NH2-terminal 
kinase (JNK) and p38 MAP kinase (p38). MAPK are 
involved in cellular growth, differentiation and cell 
survival, and their endogenous substrates are 
transcription factors (cFos, cJun, cMyc), 
phospholipase A2, tyrosine kinase receptors and 
other regulatory proteins (Seger and Krebs, 1995). 
Recent reports have shown that ERK MAPK is 
possibly involved in smooth muscle cell contraction 
(Florian and Watts, 1998). The activation of MAPK 
by ROS might involve arachidonic acid and 
cyclooxygenase and lipoxygenase products 
(Tournier et al., 1997), but remains largely unclear. 
Activation of MAPK by ROS possibly plays a role in 
cell survival in cases of oxidative stress by 
activating regulatory proteins that regulate the 
expression of protective proteins, or control cell 
cycle (apoptosis) (Seger and Krebs, 1995; Guyton 
étal . , 1996). 

It is well known that ROS and other 
proinflammatory stimuli induce a rapid activation of 
the N F - K B transcription factor (Schulze-Osthoff 
and Wesselborg, 1996; Ginn-Pease and Whisler, 
1998). N F - K B regulates the transcription of genes 
coding for cytokines, cytokine receptors, acute-
phase proteins and endothelial adhesion molecules 
(Ginn-Pease and Whisler, 1998). Interestingly, it has 
been shown that N F - K B (independently of the 
nature of the stimulus) is activated intracellular 
solely by ROS (Marumo et al., 1997; Collard et al., 
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1998). Thus activation of N F - K B by cytokines can 
be blocked with antioxidants (Schulze-Osthoff and 
Wesselborg, 1996; Hirano et al., 1998). 
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Aims of the present investigation 

Since ROS are very reactive substances and can 
react with and modify lipids, proteins and DNA, high 
levels of ROS in the cardiovascular system may 
have detrimental effects on contractility and 
responsiveness to external stimuli. 
The research described in this thesis was performed 
to investigate the effects of ROS on cardiac and 
vascular tissues, and to identify possible new 
cellular targets of ROS that are reflected by 
functional and pharmacological changes. For this 
purpose we have developed a suitable method 
(electrolysis) to study the actions of ROS on 
isolated cardiovascular tissues without the need of 
additional drugs or enzymes. So far the influence of 

ROS on cardiovascular tissues and on receptor 
mediated processes in the heart and vasculature 
have been studied but superficially. Only limited and 
scattered literature data is available on the 
influence of ROS on receptor mediated contractile 
responses in cardiovascular tissues. In the present 
study we have therefore investigated the influence 
of ROS on the functional integrity of cardiac and 
vascular tissues. In addition, the functional and 
pharmacological consequences of alterations in the 
receptor/signal transduction cascades of cardiac 
and vascular receptor systems (such as the a- and 
ß-adrenoceptor and M2-muscarinic receptor 
systems) were established. Furthermore, the role of 
mitogen-activated protein kinases in the contractile 
responses to adrenoceptor agonists and endothelin 
has been studied. 
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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. 
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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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CHAPTER 2 

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). 
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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. 
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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 
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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 
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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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NEGATIVE INOTROPIC EFFECT OF a,-ADRENOCEPTOR AGONISTS 

Introduction 

Under most experimental conditions, the 
stimulation of myocardial a,-adrenoceptors causes 
a positive inotropic response (for review see Li et 
al., 1997), but there also exist several reports on 
negative inotropic actions of a,-adrenoceptor 
agonists. For example, negative inotropic effects 
have been described at high electrical stimulation 
frequencies in rabbit papillary muscle (Endoh and 
Schumann, 1975), upon simultaneous activation of 
a- and ß-adrenoceptors (Danziger et al., 1990) and 
upon simultaneous activation of a,-adrenoceptors 
and endothelin receptors (Yang et al., 1996). 
We have previously reported that reactive oxygen 
species (ROS), generated by electrolysis of the 
organ bath solution, reduce the inotropic responses 
to various inotropic stimuli in isolated rat left atria. 
These inotropic stimuli include lowering of 
stimulation frequency, sodium withdrawal, 
extracellular Ca2+ addition, the adenylyl cyclase 
activator forskolin, the cyclic AMP analogue 
dibutyryl-cAMP, and agonists at ß-adrenoceptors 
(Peters et al., 1997). Thus, electrolysis and 
concomitant ROS generation appear to impair 
cardiac contractility in general. However, the 
alterations of the responses to the a,-adrenoceptor 
agonists, methoxamine, cirazoline and ST 587 were 
affected in a different manner, since these agonists 
surprisingly caused negative inotropic actions in 
electrolysis-treated atria (Peters et al., 1997). Since 

negative inotropic effects in electrolysis-treated 
atria were not observed with any other inotropic 
manoeuvre, the present study was designed to 
investigate the underlying mechanism(s) in more 
detail. 
The signal transduction mechanism of the a,-
adrenoceptor is complex and not understood in 
detail. Stimulation of the a,-adrenoceptor leads to a 
rapid breakdown of phosphoinositide by 
phospholipase C, which results in the formation of 
inositol 1,4,5 trisphosphate (IP3) and 1,2 
diacylglycerol. IP3 mobilizes Ca2+ from intracellular 
stores in various tissues including myocardial 
sarcoplasmic reticulum (Fabiato, 1986; Noseketal., 
1986), although there is also one contradictious 
report (Movsesian et al., 1985). Diacylglycerol is 
the endogenous activator of protein kinase C (PKC) 
which can target several substrates in the 
myocardial cell such as phospholamban (Movsesian 
et al., 1984), C-protein (Venema and Kuo, 1993), 
troponin I and T (Kato et al., 1983), the Na+ /H+ 
exchanger (Moolenaar et al., 1984), and possibly 
the Na + /K + ATPase (Feschenko and Sweadner, 
1994). a,-Adrenoceptor stimulation enhances the 
N a + / H + exchange via a PKC-mediated mechanism, 
resulting in an intracellular alkalinisation and the 
accumulation of Na+. A subsequent activation of 
the Na + /Ca 2 + exchange might result in an 
enhanced Ca2+ influx and hence a rise in contractile 
force (Iwakura et al., 1990). It has been reported 
that intracellular alkalinisation induces sensitisation 
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of myofilaments (Fabiato and Fabiato, 1978) and 
this mechanism could be responsible for the 
sustained positive inotropic effect. However, 
because these hypotheses are based mainly on 
experiments with rather unspecific amiloride 
derivatives, the results may only be interpreted with 
great caution (Pucéat, 1995). Phosphorylation of 
tropinin I and T by PKC decreases the rate of 
crossbridge cycling and reduces the myofibrillar 
actomyosin Mg ATPase activity, and will thus 
decrease the force of contraction CVenema and Kuo, 
1993; Strang and Moss, 1995). Several studies 
have shown that the N a V K + ATPase is involved in 
the a,-adrenoceptor signal transduction cascade. 
Shah et al., (1988) have shown that the activation 
of the sodium pump after a,-adrenoceptor 
stimulation is sensitive to pertussis toxin. However, 
other groups have provided evidence that, at least 
in vitro, the Na+ /K+ ATPase is a good substrate for 
PKC. Whether phosphorylation of the sodium pump 
leads to an increase or decrease of the enzyme 
activity is still unclear (Carranza et al., 1996; 
Logvinenko et al., 1996). Among the listed 
components of a,-adrenergic signal transduction in 
the heart, phosphorylation of the troponins and 
activation of the N a + / K + ATPase will reduce 
inotropy while the other processes will enhance it 
(for overview see figure 6). 

Based on these findings we have hypothesized that 
oxidative stress leads to biochemical changes which 
resulted in a an altered ratio of the negative and 

positive inotropic components of the a,-
adrenoceptor signal transduction pathway. To test 
this hypothesis we have have performed direct 
measurements of methoxamine-induced 
phospholipase C and Na+ /K+ ATPase activity 
changes, and also used ouabain to block the 
Na+/K+ ATPase, and calphostin C to inhibit the 
PKC-mediated responses. 

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 
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 (0.5 V, 5 ms). The 
isometric force of contraction was recorded on a 
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Maclab/8e data acquisition system 
(ADInstruments, Australia). The resting tension was 
adjusted to 5 mN and the atria were allowed to 
equilibrate for at least 45 min. At 20 min. intervals 
the medium was replaced with 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. Agonists were 
added 30 min. after the electrolysis procedure, to 
ensure that the tissue was damaged significantly. 
Inhibitory drugs were added 15 min. prior the 
addition of agonist. Unless indicated otherwise the 
atria remained in the electrolysis-treated buffer 
throughout the experiment. The concentrations of 
agonists used in this study, gave a maximum 
response in control atria based on concentration 
response curves (Peters et al., 1997). 

[3H] Inositol phosphate assay 
Basal and methoxamine-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 30 min. after electrolysis and cut into small 
slices of approximately 2-3 mg. Individual slices 
were labeled with 10 u.Ci/ml myo-[3H]inositol for 60 

min. at 37°C in 3 ml vials containing 300 |il Tyrode's 
solution from the organ bath. Thereafter, 10 \i\ LiCI 
solution (final concentration 10 rtiM) was added to 
prevent degradation of inositol monophosphates by 
inositol monophosphatase. Twenty min. later 20 u,l 
methoxamine solution (final concentration 300 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 u,l) 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. In experiments with doxazosin (1 u,M) 
and phentolamine (1 u.M), the a-adrenoceptor 
antagonists were added to the medium in the 
organbath 10 min. after electrolysis. Experiments 
were performed in quadruplicate. 

Na+/K+ ATPase activity measurement 
N a + / K + ATPase activities were measured by 
determination of the K+-dependent p-nitrophenyl 
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phosphatase activity (Larsen and Kjeldsen, 1995) in 
crude atrial homogenates. Briefly, atria were 
removed from the organ bath 10 min. after addition 
of methoxamine (300 u,M) or saline. The atria (10 
mg wet weight tissue/ml) were washed and 
homogenized with an Ultraturrax (15 s full speed, 
0°C) in buffer containing 30 mM histidine, 2mM 
EDTA and 250 mM sucrose (pH 7.2). 
For the assay, 100 U.I of tissue homogenate was 
added to 800 \i\ reaction buffer (25 mM histidine at 
pH 7.4, 15 mM MgCI2 and 50 mM KCl or 100 mM 
NaCI). After 10 min. preincubation at 37°C, the 
reaction was initiated by addition of 100 |il 100 mM 
p-nitrophenylphosphate to the reaction mixture, and 
incubated for 30 min. at 37°C. The reaction was 
stopped by the addition of 2 ml ice-cold buffer 
containing 500 mM Tris and 55 mM EDTA. The 
formation of p-nitrophenol was quantified 
spectrophotometrically at a wavelength of 410 nm 
with a Zeiss Specord UV/Vis S10 
spectrophotometer. The K+ dependent p-
nitrophenyl phosphatase activity was measured as 
the difference in activity in the presence or absence 
of K+. Enzyme activity was calculated using the 
molar absorption coefficient of p-nitrophenol 
(1.81*104) and expressed as u.mol/min/g wet 
weight tissue. 

Statistics 
Data are expressed as means ± SEM. Student's t-
test (two tailed, unpaired) and ANOVA (Dünnet) 

were used, and P values < 0.05 were considered to 
be statistically significant. 

Chemicals 
Endothelin-1, isoprenaline bitartrate, methoxamine 
HCl and phentolamine HCl were purchased from 
Sigma Chemical, St Louis, MO, USA. p-Nitrophenyl 
phosphate and calphostin C from ICN Biomedicals, 
Zoetermeer, the Netherlands, myo-[3H]inositol from 
Amersham, Buckinghamshire, UK. Resin AG 1-x8 
was purchased from BIO RAD, Hercules CA, USA. 
Doxazosin mesylate and ouabain were obtained 
from OPG, Utrecht, The Netherlands. All drugs 
were dissolved in distilled water. Calphostin was 
dissolved in 99% DMSO. 

Contraction experiments 
The initial force of contraction prior to application of 
electrolysis was 9.4 ± 0.3 mN (n = 10). Whereas the 
force of contraction remained stable in control atria, 
a continuous deterioration was observed in atria 
subjected to electrolysis. Accordingly, the basal 
force of contraction determined 30 min. after 
electrolysis was only 3.6 ± 0.5 mN (i.e. 
approximately 40% of initial force of contraction) 
while it was 8.6 ± 0.4 mN (i.e. approximately 90% 
of initial force of contraction) in control preparations 
not subjected to electrolysis. Methoxamine (300 
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Figure 1 • 

Comparison of the inotropic 

effects of 3 0 0 uM methoxamine, 

3 0 nM endothelin and 10 uM 

isoprenaline in control atria 

(dosed bars) and in atr ia 

subjected to oxidative stress 

(open bars), measured 10 min. 

af ter their addition. * P < 0.05 

compared to their controls (two-

tailed Student 's t - t es t ; n = 4-Ö). 

3-1 
2 
£ 2-
tu 

S 1 -
o 

4 -

<ü 
S 0-
o 
OS 

è -1-
SI 
O 
O 

< "2-

-3-

• 1 I n 

3-1 
2 
£ 2-
tu 

S 1 -
o 

4 -

<ü 
S 0-
o 
OS 

è -1-
SI 
O 
O 

< "2-

-3-

endothel in isoprenaline 

• ^ M control 
methoxamine , . , . 

f i electrolysis 

|iM) increased contractile force by 1.6 ± 0.2 mN (n 
= 4) in control atria but decreased contractile force 
in electrolysis-treated atria by 2.0 ± 0.1 mN (n = 5, 
P < 0.05, Figure 1), as determined 10 min. after 
methoxamine addition. In contrast, the positive 

inotropic effects of endothelin-1 (30 nM) and 
isoprenaline (10 u.M) were reduced from 2.6 ± 0.3 
to 1.3 ± 0.1 mN and from 2.6 ± 0.3 to 1.7 ± 0.2 
mN, respectively, by electrolysis treatment (n = 6, 
P < 0.05; Figure 1) but these agents did not cause 
any reduction of contractile force. 
We have tested the antagonism of the a,-
adrenoceptor antagonist doxazosin under two 
conditions; in to electrolysis subjected medium and 
in refreshed medium. Doxazosin (10 |iM) did not 
block the negative inotropic effect of methoxamine 
in electrolysis-treated atria when the buffer was not 
refreshed prior antagonist addition (Figure 2, panel 
A). However, doxazosin significantly inhibited the 
negative inotropic effect of methoxamine when the 
medium was refreshed prior antagonist addition 
(Figure 2, panel B). Doxazosin had no influence on 
the the gradual decrease in contractile force 

Figure 2 • 

The effect of changing the medium 
on the antagonism of the negative 

inotropic effect of 300 uM 

methoxamine (M) by 1 uM 

doxazosin (P) in electrolysis (E) 

t reated atr ia. A) results in 

electrolysis-treated medium, B) in 

fresh medium af ter electrolysis. 

Data are expressed as % of initial 

values (9.4 ± 0.3 mN). 
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normal ly seen ( i .e. w i thou t the add i t ion of 

methoxamine) af ter electrolysis. 

Ouabain (10 u.M. added 15 min. af ter electrolysis) 

had no signif icant influence on the contract i le force 

of control and electrolysis-treated atr ia; neither did 

it change the inotropic response to 300 |i.M 

methoxamine in control atr ia. However, in the 

presence of ouabain, 300 u.M methoxamine had no 

negat ive inotropic ef fect in e lect ro lys is- t reated 

atr ia. Accordingly, the force of contract ion 10 min. 

af ter methoxamine addit ion (that is 40 min. af ter 

electrolysis) was 0.8 ± 0.2 ml\l in absence, and 4.3 

± 0.5 ml\l in the presence of ouabain (and 2.5 ± 0.3 

ml\l for electrolysis wi thout ouabain; n = 5 each, 

P < 0.05; Figure 3). 

The protein kinase C inhibitor calphostin C (50 n M , 

added 15 min. a f te r e lect ro lys is) did not 

signif icantly influence contract i le force in control 

and electrolysis-treated atr ia, and neither did it alter 

the methoxamine (300 u.M) induced posi t ive 

inotropic ef fect in contro l at r ia . Ca lphost in C 

completely blocked the negative inotropic effect of 

methoxamine in e lect ro lys is t rea ted atr ia and 

par t ia l ly restored the posi t ive inotropic ef fect 

(f igure 3). Accordingly, the force of contract ion 10 

min. af ter methoxamine addit ion amounted to 0.8 ± 

0.2 mN in the absence and to 4.4 ± 0.4 mN in the 

presence of calphostin C (and 2.5 ± 0.3 mN for 

electrolysis only; n = 5 each, P < 0.05; f igure 3). 

[3H]lnositol phosphate assay 

Basal inosi to l phosphate fo rmat ion was not 

signif icantly di f ferent between the control (352 ± 

46 cpm) and the electrolysis-treated organs (258 ± 

i Figure 3 

Influence of 10 uM ouabain (0) and 

50 nM calphostin C (C) on the 

negative inotropic effect of 500 

uM methoxamine (M) in isolated 

ra t left atr ia exposed to 

electrolysis (E). Methoxamine was 

added to the medium 3 0 min. 

af ter electrolysis (upper and lower 

curve). Ouabain and calphostin C 

were added to the medium 15 min. 

before methoxamine. The middle 

curve represents the norma 

graduai decrease in contractile 

force due to electrolysis. Data are 

expressed as % of initial values 

(9.4 ± 0.3 mN). P < 0.05 

compared to curves without 

ouabain and calphostin (n = 6-7). 

BD 
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Figure 4 • 

Inositol phosphate ([3H]IP) 
formation induced by a,-

adrenoceptor stimulation with 
300 uM methoxamine in slices of 

control atria and of atria 
subjected to oxidative stress 
without medium refreshment. 

Phentolamine (1 uM) and 
doxazosin (1 uM) were added to 

the organ bath 10 min. after 
electrolysis. Slices were prepared 

and incubated with myo-[5H] 
inositol 30 min. after electrolysis. 
Note the incomplete inhibition by 

the antagonists in the electrolysis 
group. Data are expressed as % 

over basal {control 352 ± 46 cpm, 
electrolysis 258 + 17 cpm). 

* P < 0.05 compared to 
methoxamine control (n = 4-5). 
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17 cpm, n=5). Methoxamine enhanced inositol 
phosphate formation in control atria by 136 ± 19% 
over basal (n = 3), while the corresponding increase 
in electrolysis-treated atria was only 68 ± 15% over 
basal (n = 5, P < 0.05 vs. control in an unpaired t-
test). Doxazosin (1 u.M) and phentolamine (1 U.M) 
almost completely inhibited methoxamine 
stimulated inositol phosphate formation in control 
organs (Figure 4), but the inhibition was 
considerably weaker and no longer statistically 
significant in electrolysis treated atria (Figure 4). 
When these experiments were repeated with fresh 
buffer for labeling, somewhat different results were 
obtained: The enhancements of inositol phosphate 
formation by methoxamine in control atria (146 ± 
36% over basal, n = 5) were similar to those seen in 
control atria without buffer refreshment. 

A quantitatively similar enhancement was also seen 
in electrolysis-treated atria (126 ± 25% over 
basal, n = 5). 

Na+/K+ ATPase activity 
The N a V K + ATPase activity was measured in crude 
homogenates of control or electrolysis-treated atria 
by determination of the K+-dependent p-nitrophenyl 
phosphatase activity. Basal activity was significantly 
lower in electrolysis-treated compared to control 
atria (1.01 ± 0.12 vs. 1.72 ± 0.16 (imol/min/g, n 
= 5, P < 0.05). When calphostin C (50 nM) or 
vehicle (DMSO <0.01%) was added to the organ 
bath 15 min. after electrolysis, the electrolysis did 
not significantly decrease basal Na + /K + ATPase 
activity (1.43 ± 0.05 u.mol/min/g and 1.28 ± 0.09 
for vehicle only, n = 5). Addition of ouabain (10 u.M) 
directly to the reaction mixture reduced the basal 
activities by approximately 56%, thus confirming the 
ability of our assay to detect alterations in sodium-
pump activity (Larsen and Kjeldsen, 1995). 
Methoxamine treatment of the atria decreased the 
Na+ /K+ ATPase activity in control atria by 14.4 ± 
7.7 % (n = 5, Figure 5). In contrast, methoxamine 
increased the Na+ /K+ ATPase activity by 48.8 ± 
8.9 % in electrolysis treated atria (n = 6; P <0.05, 
Figure 5). When calphostin C (50 nM) was added to 
the organ bath 15 min. after electrolysis, 
methoxamine (added 30 min. after electrolysis to 
the organ bath) did no longer stimulate Na + /K + 

ATPase activity (1.4 ± 0.1 % over basal, n=6, Fig 
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5) . Addi t ion of vehicle ( D M S O , <0.01%) alone to 

the organ bath had no inf luence on the 

methoxamine-induced increase in N a + / K + ATPase 

act iv i ty in electrolysis-treated atr ia. 

W e have previously shown that e lect ro lys is 

t reatment at tenuates the inotropic responses to 

reduced st imulat ion frequency, to the elevation of 

extracellular C a 2 + , to wi thdrawal of extracellular 

N a ' , the ß-adrenoceptor agonist, isoprenaline, and 

to forskol in and db-cAMP. On the other hand, 

e lect ro lys is t r ea tmen t appears to reverse the 

posit ive inotropic ef fects of the a, -adrenoceptor 

agonists, methoxamine, cirazoline and ST 587 into 

opposi te, negative inotropic act ions (Peters et al., 

1 997). Accordingly, electrolysis appears to involve a 

general impairment of inotropic responses to almost 

all s t imul i and, unexpectedly , a reversal into 

negat ive responses which is l imi ted to a , -

adrenoceptor agonists. The present s tudy was 

designed to investigate the mechanisms underlying 

the la t ter surpr is ing phenomenon, that is the 

reversal into negative inotropic responses for the 

a , -adrenoceptor agonists in e lectro lysis- t reated, 

isolated left atria of the rat. 

Electrolysis of the bath fluid generates hydroxyl 

radicals, superoxide anions, hydrogen peroxide, 

hypochlori te and singlet oxygen in a current- and 

t ime-dependen t manner (Jackson et al . , 1986; 

Chah inee t al., 1991 ; Niu e t a t , 1995; de Keulenaer 

et al., 1995). Whi le most of these ROS are believed 

to be shor t - l i ved , some of them (or l ipid 

peroxidation products like malondialdehyde and 

hydroxynonenal) may survive suff ic ient ly long to 

oxidize some of the pharmacological agents being 

used. Therefore, we have performed our functional 

and inosi to l phosphate exper iments both in 

electrolysis-treated and refreshed bath fluids. This 

procedure al lows us to d is t inguish be tween 

biological ROS actions on the atria and physico-

chemical ef fects on the molecules of the agonists 

and antagonists. Our data suggest that both types 

of ef fects may indeed occur: Firstly, the antagonists 

doxazosin and phentolamine failed to inhibit the 

methoxamine ef fects in electrolysis-treated atria in 

« Figure 5 

Na+/K+ ATPase activity, measured 

as K+-dependent/?-nitrophenyl 

phosphatase activity, af ter a,-

adrenoceptor stimulation with 

3 0 0 (jM methoxamine in crude 

homogenates of control atr ia and 

of atr ia exposed t o electrolysis. 

Calphostin C (50 nM) and 

methoxamine were administered t o 

the medium in the organ bath 15 

min. and 3 0 min. af ter 

electrolysis, respectively. 

Homogenates were prepared 10 

min. af ter addition of 

methoxamine or saline. Data are 

expressed as % over basal 

(control: 1.72 ± 0.16, electrolysis: 

1.01 ± 0.12 and calphostin C: 1.43 

+ 0 .05 (imol p-nitrophenol/min/g). 

* F < 0 .05 compared to control, 

n=5-7. 
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both, the present and our previous study (Peters et 
al., 1997) when added directly to the electrolysis-
treated medium. However, they inhibited the 
methoxamine effects under control conditions and 
after addition to electrolysis-treated atria in the 
presence of fresh buffer. Consequently, electrolysis-
generated ROS, or lipid peroxidation products, 
appear to chemically damage, or interfere with the 
action of the antagonists. Secondly, the negative 
inotropic effect of methoxamine was observed when 
the agonist was added to both, electrolysis-treated 
and fresh medium. For this reason, the negative 
inotropic effects appear to result from changes 
within the atria rather than from chemical 
alterations of methoxamine (present study) or the 
a,-adrenoceptor agonists cirazoline and ST 587 
(Peters et al., 1997). 
a,-Adrenoceptor agonists clearly differ from the 
other inotropic stimuli investigated in our previous 
study (Peters et al., 1997) since they couple to 
phospholipase C with the subsequent elevation of 
intracellular Ca2+ and activation of PKC. This raised 
the possibility that the negative inotropic effects of 
the a,-adrenoceptor agonists following electrolysis 
may be related to alterations of the PLC signalling 
pathway. On the other hand, the inotropic 
responses to another PLC-coupled receptor 
agonist, endothelin-1 (Vigne et al., 1989; Vogelsang 
et al., 1994) proved impaired but not reversed. The 
experiments with electrolysis-treated and fresh 
medium have shed additional light on a possible 

alteration of PLC as the cause for the negative 
inotropic effects of a,-adrenoceptor agonists. 
Accordingly, we observed that the stimulation of 
PLC by methoxamine was indeed attenuated by 
electrolysis when the medium from the organ bath 
was used. However, the PLC responses were 
restored by the use of fresh medium. This is in 
contrast to the functional data which showed 
negative inotropic responses to methoxamine with 
electrolysis-treated and refreshed bath fluid. It may 
therefore be possible that ROS impair PLC 
responses and hence contribute to the attenuated 
inotropic responses, for instance those for 
endothelin-1. On the other hand, this phenomenon 
does not explain why the positive inotropic 
responses to a,-adrenoceptor agonists (which 
occur with fresh and old buffer) were reversed into 
negative ones. Possible alternative candidates 
include signal transduction steps which occur 
distally or in parallel to PLC, for instance PKC or 
Na + /K + ATPase. 

Cardiac a,-adrenoceptor stimulation activates PKC 
and, under some circumstances, may stimulate 
Na+ /K+ ATPase (Endoh, 1991). This latter effect 
may be partially mediated by PKC, but there is still 
some debate as to whether phosphorylation of the 
Na + /K + ATPase will increase or decrease the 
activity of this enzyme (Carranza et al., 1996; 
Logvinenko et al., 1996). In the present study the 
PKC inhibitor, calphostin C, and the NaVK+ 
ATPase inhibitor, ouabain, both prevented the 
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Ca2* entry 

Ca2* mobilization 

negat ive inotropic e f fec ts of methoxamine by 

electrolysis t reatment . These results indicate the 

involvement of the N a + / K + ATPase and possibly 

PKC in the negat ive inotropic e f fec ts of 

methoxamine af ter oxidative stress. Our previous 

observat ion that the PKC inhibitor chelerythr ine (2 

U.M) did not prevent the negative inotropic act iv i ty 

of methoxamine (Peters et al., 1997), may be 

re lated to the fact that ca lphost in C and 

chelerythr ine are structural ly dist inct inhibitors of 

PKC which may interfere wi th its inhibiting act iv i ty 

by dif ferent mechanisms (Gordge and Ryves, 1994). 

For this reason, we have investigated the regulation 

of cardiac N a V K * ATPase act iv i ty by electrolysis 

and a, -adrenoceptor st imulat ion in a direct manner. 

Our assay only measures changes in act iv i ty due to 

modif icat ions of the enzyme itself (phosphorylat ion 

a n d / o r con fo rmat iona l changes due to ROS 

exposure) but not those due to dif ferences in the 

electrochemical N a + or K+ gradients, because the 

activi t ies were measured in tissue homogenates. 

Our data conf i rm previous observa t ions that 

N a + / K + ATPase act iv i ty is reduced by oxidative 

stress (Huang et al., 1994). The latter effect was 

i Figure 6 

Schematic representation of the 

a.-adrenoceptor signal 

transduction. PLC = phospholipase 

C, IP5 = inositol 1,4,5 

tr isphosphate, DAG = 1,2 

diacyiglycerol, PK.C = protein 

kinase C, Tnl and TnT = troponins I 

and T. Black boxes represent 

positive inotropic components and 

gray boxes negative inotropic 

components. For details see text . 
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blocked by the PKC inhibitor, calphostin C, but also 
by its vehicle, DMSO (<0.01%). As DMSO is 
known to have hydroxyl radical scavenger activity, 
these data suggest that the observed effect of 
calphostin C on basal Na + /K + ATPase activity may 
be related to ROS scavenging by its vehicle rather 
than to PKC inhibition. The inhibition of Na + /K + -
ATPase by methoxamine by approximately 15% in 
control atria was reversed into an approximately 
50% stimulation in electrolysis-treated atria. 
Interestingly, this stimulation of Na+ /K+ ATPase 
activity by methoxamine in electrolysis-treated atria 
was prevented by the PKC inhibitor calphostin C 
but not by its vehicle DMSO, indeed suggesting 
that this effect was mediated via PKC. The finding 
that calphostin C completely inhibited the 
methoxamine-induced increase of NaVK~ ATPase 
activity in electrolysis-treated atria also indicates 
that under our experimental conditions 
phosphorylation by PKC may increase N a V K * 
ATPase activity. 

On the basis of these data we propose the following 
model to explain the negative inotropic effects of 
oc,-adrenoceptor agonists by electrolysis (Figure 6). 
Cardiac a,-adrenoceptors can couple to a multitude 
of signalling pathways which may either enhance or 

reduce cardiac contractility (Endoh, 1991). 
Electrolysis treatment may affect these signalling 
pathways in multiple ways to alter the balance 
between positive and negative inotropic events. 
Consequently, chemical destruction of the agonists, 
impairments of PLC and adenylyl cyclase (Peters et 
al., 1997) activities and of the general contractile 
machinery of the cardiomyocyte may occur. These 
alterations may explain the reduced inotropic 
effects of all tested stimuli in electrolysis-treated 
atria. However, they do not explain the reversal into 
negative inotropic effects which appear to be 
specific for a,-adrenoceptor agonists. Hence we 
propose that electrolysis alters the coupling 
between o^-adrenoceptors, PKC and N a + / K + 

ATPase to yield activation instead of inhibition of 
N a + / K + ATPase. It has been shown that 
phosphorylation of the Na + /K + ATPase by PKC is 
conformation-dependent (Feschenko and 

Sweadner, 1994). A possible explanation for the 
increased PKC-mediated Na + /K + ATPase activity 
after methoxamine stimulation in atria subjected to 
electrolysis could be that ROS induce a 
conformational change of the Na + /K + ATPase, and 
thereby make the enzyme more susceptible to 
phosphorylation by PKC. 
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INFLUENCE OF HYDROGEN PEROXIDE ON ADRENOCEPTOR-MEDIATED INOTROPIC RESPONSES 

Introduction 

Oxygen derived free radicals and other reactive 
oxygen species (ROS) have been implicated in the 
pathogenesis of a variety of disease states. For 
instance during the reperfusion phase after 
ischaemia, ROS are generated intra- and extra 
cellularly in the myocardium (McCord, 1985; 
Simpson and Luchesi, 1987; Bolli, 1988). ROS can 
modify several important molecules in biological 
systems like lipids, proteins and nucleic acids 
leading to cellular injuries and mechanical 
dysfunction. In a previous study we have shown that 
electrolysis-generated ROS reduce responses to 
different inotropic stimuli in isolated rat left atria 
(Peters et al., 1997). In the same study we have 
also reported that the positive inotropic responses 
to a-adrenoceptor agonists, are reversed into 
negative effects, in atria exposed to ROS. Further 
research has revealed that ouabain (10 |iM) and the 
protein kinase C inhibitor calphostin C (50 nM), 
completely prevent the negative inotropic effect of 
300 U.M methoxamine in electrolysis treated atria 
(Peters et al., 1998). Measurement of the Na+ /K+ 
ATPase activity, showed that methoxamine 
decreased N a + / K + ATPase activity by 

approximately 15% under control conditions, 
whereas it increased the activity by 50% in atria 
exposed to free radicals. This increase in sodium-
pump activity was completely suppressed by 
calphostin C. Concomitantly, the negative inotropic 

effect of a-adrenoceptor agonists observed in 
isolated atria subjected to electrolysis-generated 
free radicals, is most likely the result of a protein 
kinase C-mediated activation of the sodium pump. 
The present study was designed to investigate the 
influence of oxidative stress on adrenoceptor-
mediated responses in the intact isolated rat heart. 
For this purpose isolated rat hearts were perfused 
with hydrogen peroxide containing medium and the 
responses to a- and ß-adrenoceptor agonists were 
measured, as well as changes in adrenoceptor 
number and affinity and lipid peroxide content. 

Materials and Methods 

Isolated rat hearts (constant flow perfusion) 
Male Wistar rats (Iffa Credo, Les Oncins, France) 
were anaesthetized with pentobarbital (75 mg/kg 
i.p.) and connected to an artificial respirator by a 
PE-tube inserted into the trachea (respiration 
frequency 40/min, respiration volume 160-180 
ml/min). After heparinization (250 I.U., i.p.) the 
hearts and lungs were rapidly removed and 
immersed in a Tris-buffered Tyrode's solution at 4°C 
(pH 7.5) of the following composition (mM): NaCI 
119; KCl 4.5; MgCI2 0.5; CaCI2 1.8; Glucose 11 ;Tris 
30. The aorta was mounted on a cannula (ID 2.0 
mm) attached to a perfusion device. The hearts 
were perfused at a constant flow according to the 
method of Langendorff with non-recirculated Tris-
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buffered Tyrode's solution (pH set to 7.5 at 37°C, 
gassed with 100% 02). Coronary flow (cf) was set 
to 10 ml/min by means of a peristaltic pump 
(Ismatech SA, LaborTechnik, Zürich, Switzerland). 
The perfusion solution was pumped through a 
bubble trap which formed a "windkessel" of 1 ml 
volume. The hearts were paced throughout at a 
frequency of 6 Hz (pulse width 5 ms, voltage 10% 
above threshold, 2-4 V) via platinum electrodes, 
placed at the level of the atria. The left ventricular 
pressure (LVP) was measured by means of a water-
filled balloon inserted into the left ventricle 
connected to a Baxter Uniflow pressure transducer 
and recorded via a Maclab data acquisition system 
(A.D. Instruments, Australia). The balloon filling 
pressure, corresponding to the diastolic pressure, 
was kept at 10 mmHg. Coronary perfusion pressure 
(CPP) was measured with a second transducer 
connected to a side arm of the perfusion line. 
Changes in CPP were used to monitor changes in 
corony vascular resistance and was continuously 
recorded via the Maclab data acquisition system. 

H0O2 infusions 
Hydrogen peroxide and drugs to be studied were 
infused via a side arm just above the aortic cannula. 
The infusion rate was 0.1 ml/min. The final 
concentration of hydrogen peroxide was 600 u.M. 
and the agent was infused for 9 min. CPP, LVP and 
its first derivatives +dP/dtm=v and -dP/dt v were 
recorded continuously. 

Radioligand binding studies 
After dissection from the heart the left ventricle was 
freeze clamped in liquid nitrogen and stored at 
-80°C. Left ventricles were immersed in ice-cold Tris 
buffer (50 mM, pH 7.7), minced with scissors and 
homogenized in a Polytron PT homogenizer. The 
homogenate was filtered through four layers of 
cloth gauze and centrifuged at 45,000 g for 20 min. 
The pellet was rehomogenized and diluted to a 
tissue concentration of 1:40 (w/v). All procedures 
were carried out at 4°C and in duplicate. The protein 
concentration of the final membrane preparation 
was assessed by the method of Bradford (1976) 
using bovine serum albumine as a standard, 
a,-Adrenoceptor density was assessed using the 
radioligand [3H]-prazosin (specific activity 24.0 
Ci/mmol) at six concentrations (0.1 - 4 nM). An 
aliquot of the membrane suspension (500 uj) was 
incubated with [3H]-prazosin in a final volume of 1 
ml for 45 min. at 25°C. The incubation was 
terminated by adding 3 ml of ice-cold incubation 
buffer to the entire incubation mixture followed by 
rapid vacuum filtration through Whatman GF/B 
filters. Filters were washed three times with 3 ml 
ice-cold Tris buffer, left overnight to solubilize in 10 
ml liquid scintillation cocktail (Ultima Gold, Packard) 
and counted for radioactivity at 43% efficiency in a 
Beekman liquid scintillation counter. Nonspecific 
binding of [3H]-prazosin was defined as the 
radioactivity bound in the presence of 10 |iM 
phentolamine. Specific binding was defined as total 
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binding minus nonspecific binding, 
ß-adrenoceptor density was assessed using (-)-
[125l]-iodocyanopindolol (ICYP, specific activity 
2,200 Ci/mmol) as the radioligand. Concentrations 
of the radioligand ranged from 10 to 220 pM. Non
specific binding of ICYP to the membrane 
suspension was defined as the radioactivity bound 
in the presence of a high concentration of (±)-CGP 
1 2177A (1 U.M). Specific binding was defined as the 
total minus the non-specific binding, 
a- And ß-adrenoceptor/ligand dissocation 
constants (Kd) and maximum number of binding 
sites (Bmax) were calculated from Scatchard plots, 
using GraphPad Prism software. 

Lipid peroxidation assay 
Left ventricular lipid hydroperoxides were 
determined by using the lipid-compatible 
formulation of the PeroXOquant Peroxide Assay kit 
(Pierce). This assay is based on the oxidation of 
ferrous to ferric ion in the presence of xylenol 
orange. 100 mg wet weight tissue was homogenized 
with an Ultraturrax (15 s full speed) in 10 ml buffer 
(40 mM Tris, pH 7.5). Lipids were extracted by 
adding 1 ml of tissue homogenate to 1 ml methanol 
and 2 ml chloroform. Samples were vortexed for 
30 s. and 500 uJ of the chloroform fraction was 
collected. 30 u.l extract was added to tubes 
contaning 2970 u,l reaction mixture (250 u:M 
Ammonium ferrous (II) sulfate, 25 mM H2S04, 4 
mM butylated hydroxy-toluene and 125 u,M xylenol 

orange in methanol). Tubes were vortexed and 
incubated at room temperature for 20 min. The 
absorbtion was read at 560 nm with a Zeiss 
Specord UV-Vis S10 spectrophotometer. 

Statistics 
Data are expressed as means ± SEM. Student's f-
test (two tailed, unpaired) and ANOVA (Dunnett's) 
were used, and P values < 0.05 were considered to 
be statistically significant. 

phentolamine and 
purchased from Sigma 
USA) and calphostin C 
(Zoetermeer, The 

Chemicals 
Isoprenaline bitartrate, 
methoxamine HCl were 
Chemicals (St Louis, MO, 
from ICN Biomedical 
Netherlands). Ouabain was obtained from OPG 
(Utrecht, The Netherlands), heparin sodium from 
Novo Nordisk (Copenhagen, Denmark), 4-(3-t-
butylamino-2-hydroxypropoxy)-benzimidazole-2-
one ((±)-CGP 12177) from Ciba-Geigy (Basel, 
Switzerland), (-)-[125l]-iodocyanopindolol (ICYP) 
and [3H]-prazosin from New England Nuclear 
(Boston, MA, USA). 

Functional experiments with inotropic drugs 
In control hearts the LVP remained at a stable level 
of 40.0 ± 1.7 mmHg (n = 12) for at least 2.5 hours. 
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CHAPTER 4 

Agonist 
infusion 

i4444+^ti .CPP 
- LVF 

15 30 45 60 
time(min) 

(78.0 ± 4.5 mN ) (n = 4, P<0.05) (fig.2). 
Since in the previous study the protein kinase C 
inhibitor calphostin C and ouabain proved effective 
in preventing the negative inotropic effect of a,-
adrenoceptor stimulation in atria exposed to ROS, 
we have pretreated the hearts with calphostin C 
and ouabain. In the presence of 10 nM calphostin C 
methoxamine (30 U.M) induced a significant 
inotropic response (10.9 ± 5.1 mmHg) in H202-
perfused hearts. Ouabain (10 u.M) proved 
ineffective in this respect; we observed no 
significant inotropic effect of methoxamine in the 
presence of ouabain (fig. 3). 

a Figure 1 

The influence of hydrogen peroxide 
on left ventricular pressure (LVP), 
left ventricular end diastolic 
pressure (LVEDP) and coronary 
pressure (C??) in isolated rat 
hearts. Hydrogen peroxide (600 
uM) was infused for 9 min. as 
indicated (n=0). 

However, in hearts perfused with H202 a rapid 
increase in LVP was seen, which reached a stable 
maximum of 59.3 ± 6.7 mmHg (P<0.05 when 
compared to control, n = 12), 30 min. after the end 
of the infusion period. During and after the H202 

infusion the LVEDP did not change significantly (fig. 
1). Inotropic drugs (methoxamine and isoprenaline) 
were infused 30 min. after the end of H202 or saline 
infusions. In control preparations methoxamine (300 
UM) increased the contractile force by 38.1 ± 3.7 
(n = 6). However, in hearts perfused with H202, 
methoxamine had no influence on the contractile 
force (-3.0 ± 3.3 mN, n = 9, P<0.05) when 
determined after 15 min. of agonist infusion (fig. 2). 
The inotropic response to 30 nM isoprenaline in 
H202 perfused hearts was reduced (45.1 ± 8.2 
mmHg) when compared to control preparations 

Lipid peroxidation and radioligand binding studies 
In isolated rat hearts treated with 600 (iM H202 the 
lipid peroxide content of the left ventricle was 

100-

75-

50-

25-

0-

-25 

i control 

m 
Methoxamine Isoprenaline 

< Figure 2 

Inotropic responses to 3 0 uM 
methoxamine and 10 nM 
isoprenaline in control hearts and 
hearts perfused with hydrogen 
peroxide ( 6 0 0 uM, 9 min.). 
Agonists were Infused 3 0 min. 
after hydrogen peroxide infusion. 
*P<0.05, when compared to 
control hearts (n=<5). 
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Figure 3 • 

Influence of ouabain (10 pM)and 
calphostin C (50 nM) on the 

diminished responses to 
methoxamine (30 uM) in hearts 
perfused with 600 pM hydrogen 

peroxide. Methoxamine was 
infused 30 min after hydrogen 

peroxide. Ouabain and calphostin C 
were infused 15 min. prior 

methoxamine infusion. 
"r^O.Oö, whem compared 

to HZ0Z alone. 

Table I 

Effects of hydrogen peroxide on 
lipid peroxidation (LPO, 

absorption) and adrenoceptor 
characteristics determined in 

radioligand binding studies (Bma)< 

in fmol/mg protein and Kp in nM) 
*P<0.05, when compared to 

control. 

50-
X 

-10- H,0, ouabain calphostin 
H,0, H,0, 

increased fivefold when compared to control hearts 
(table I). 
We observed no differences in the total numbers of 
a- and ß-adrenoceptors in control and H202 

perfused hearts. The dissociation constant (KD) for 
the ß-adrenoceptor was unaffected by hydrogen 

peroxide treatment. However, the KD for the a-
adrenoceptor was decreased by approximately 50% 
(table I). 

Oxidative stress is known to contribute to the 
impairment of contractility of the heart in 
ischaemia/reperfusion (McCord, 1985; Simpson 
and Lucchesi, 1987; Bolli, 1988). Besides damage 
to membranes and (contractile) proteins, ROS can 
influence adrenoceptor-mediated responses (Peters 
et al., 1997). In this study we have used isolated rat 
hearts perfused with hydrogen peroxide as a model 
for oxidative stress in the heart. The previously used 
electrolysis method proved unsuitable in the 
isolated heart, because of the short survival time of 
the preparations. Hydrogen peroxide is cell 
permeable (Fischer, 1988) and 600 u.M hydrogen 

control Hydrogen peroxide 

LPO 

(Abs., n=6) 

ESmax (n=4) 

0.11 ± 0.10 0.53 ± 0.24« 

123.1 ± 19.6 4Ô.0 ± 2.2 

0.20 + 0.03 0.021 ± 0.001 

101.0 ± 30.0 49.3 ± 6.3 

0.082 ± 0.002* 0.019 ± 0.001 
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peroxide can inflict changes upon the heart to a 
degree similar to that seen in ischaemia/ 
reperfusion in terms of lipid peroxidation (Hara et 
al., 1993). For this reason we chose this 
concentration H202 in our experiments. 
Conflicting results cocerning the response of the 
heart to hydrogen peroxide have been reported. 
Some reports describe a decrease in LVP and an 
increase in LVEDP (Valen et al., 1993; Hara and 
Abiko, 1996), whereas others describe a positive 
inotropic effect (Bello-Klein et al., 1997; this study). 
These differences may be due to the concentration 
of hydrogen peroxide used, the duration of 
hydrogen peroxide infusion, and the iron-ion 
concentration of the perfusion buffer since a high 
iron-ion content will favor hydroxyl radical formation 
via the Fenton reaction. In addition, a constant-
pressure Langendorff setup may induce ischaemia 
in the heart when hydrogen peroxide induces 
vasoconstriction. For this reason we have used a 
constant-flow Langendorff setup. 
Infusion of hydrogen peroxide (600 |ilv1, 9 min.) led 
to a strong decrease in LVP and CPP during the 
infusion period, which was followed by an increase 
to values approximately twice as high as the initiai 
level. In these hearts the lipid peroxide content was 
increased fivefold when compared to control 
preparations, indicating substantial oxidative 
damage. 

The dual cyclooxygenase/lipoxygenase inhibitor 
meclofenamate induced a pronounced increase in 

LVEDP, suggesting a protective role for arachidonic 
acid metabolites. This finding is in accordance with 
findings by other groups that have shown protective 
effects of prostaglandin F2a and prostacycline 
(prostaglandin l2) (Valen et al., 1993; Su et al., 
1994; Zimmer and Karmazyn, 1997; Mobert and 
Becker, 1998). Several eicosaniods such as 
prostaglandin F2a thromboxane A2 and prostacycline 
are released during and after oxidant infusion 
(Gupte et al., 1996). In the present study the 
thromboxane A2 antagonist SQ29548 had no 
significant effect on the hydrogen peroxide-induced 
changes in LVP, indicating that thromboxane A2 is 
not involved in the observed changes in the heart. 
The positive inotropic response to the <x,-
adrenoceptor agonist methoxamine, as seen in 
control preparations, was completely abolished in 
hydrogen peroxide perfused hearts. The positive 
inotropic response to the ß-adrenoceptor agonist 
isoprenaline was reduced by approximately 40% in 
the hydrogen peroxide perfused hearts. The 
attenuation of the response to isoprenaline may be 
due to a decreased activity of adenylyl cyclase or 
injury to the contractile apparatus since it has been 
shown that these components are sensitive to 
oxidative stress (Haenen et al., 1988; Peters et al., 
1997). Modification of the ß-adrenoceptor itself is 
unlikely because radioligand binding studies 
revealed that there were no changes in 
adrenoceptor number or affinity. In the hydrogen 
peroxide perfused hearts an increase in binding 
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affinity for the a-adrenoceptor was seen, whereas 
the total number of binding sites proved unchanged. 
Taken together this implies that there is an 
additional change in the signal transduction cascade 
of the a,-adrenoceptor. In a previous study (Peters 
et al., 1998) we have observed that electrolysis-
generated ROS induce alterations in the signal 
transduction cascade of atrial a,-adrenoceptors, 
that leads to a negative inotropic effect after a,-
adrenoceptor stimulation in these preparations. This 
phenomenon is most likely due to a protein kinase 
C-mediated activation of the Na + /K + ATPase when 
^-adrenoceptors are stimulated. In the present 
study, however, ouabain had no significant influence 
on the diminished réponse to methoxamine. In the 

presence of the protein kinase C inhibitor calphostin 
C the response to methoxamine was partially 
restored. These data demonstrate that the 
disappearance of the inotropic response to 
methoxamine is caused by a different mechanism 
than the negative inotropic effect observed in 
isolated atria subjected to electrolysis. This 
difference can be due to a different nature of the 
preparations (atria versus whole heart) and/or 
difference in oxidant system (electrolysis versus 
hydrogen peroxide). In summary, these results show 
that also in the whole heart, the a-adrenoceptor 
system is extremely sensitive to oxidative stress 
when compared to the ß-adrenoceptor system. 
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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 
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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 
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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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MAPK-DEPENDENT CONTRACTILE RESPONSES 

In t roduc t ion 

The family of mitogen-activated protein kinases 
(MAPK) comprises several subfamilies of 
serine/threonine kinases which are designated 
ERK, SAPK/JNK and p38. They play a central 
signalling role in a variety of cellular processes 
including growth, differentiation and proliferation 
(Seger and Krebs, 1995; Bokemeyer et al., 1996). 
While it was originally believed that MAPK 
pathways are primarily activated by receptors with 
intrinsic tyrosine kinase activity, it is now clear that 
G-protein coupled receptors may also activate 
them, as has been shown e.g. in cardiomyocytes 
and vascular smooth muscle cells for the a,-
adrenoceptor (Clerck et al., 1994; Koch et al., 1 994; 
Delia Rocca et al., 1997) and for endothelin 
receptors (Wang et al., 1992 and 1994). The 
activation of the MAPK pathway by a-adrenoceptor 
agonists and endothelin-1 has primarily been 
associated with cellular growth regulation. In 
contrast, the positive inotropic and vasoconstrictor 
effects of a,-adrenoceptor agonists and endothelin-
1 are thought to involve phosphoinositide hydrolysis 
and a subsequent Ca2+ mobilization by inositol 
trisphosphate and activation of protein kinase C 
(PKC) by diacylglycerol, which can be accompanied 
by enhanced Ca2+ influx from the extracellular 
space and by Ca2* sensitization of the 
myofilaments (for review see Ruffolo and Hieble, 
1994). Prompted by a report on the involvement of 

MAPK in the vasoconstrictor responses to 
serotonin (Watts, 1996) we have investigated a 
possible role of MAPK in the inotropic and 
vasoconstrictor actions of a,-adrenoceptor agonists 
and endothelin-1 in isolated rat left atria and 
thoracic aorta. We have investigated in particular a 
potential role for the ERK and p38 members of the 
MAPK family, since specific inhibitors of these 
pathways, i.e. PD98059 (Dudley et al., 1995 and 
SB 203580 (Gould et al., 1995), respectively, are 
available. Furthermore we have studied a possible 
involvement of PKC in MAPK activation. 

Materials and Methods 

MAPK immunoblotting 
Since the activation of MAPK relies on its tyrosine 
phosporylation, we have assessed the activity of 
ERK and p38 as reflected by the degree of their 
tyrosine phosphorylation using commercially 
available, epitope-specific anti-phosphotyrosine 
antibodies. Five min. after adding methoxamine 
(300 LlM), or 10 min. after adding endothelin-1 (50 
nM), the atrial and aortic preparations were freeze 
clamped and stored at -80°C until use. The tissues 
were homogenized with a Mikro-Dismembrator U 
(Braun, Melsunge, Germany). The homogenates 
were boiled for 5 min., centrifuged at 14,000 g for 5 
min. and 20 uj aliquots of the supernatants from 
each experiment were loaded in parallel on two 
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sodium dodecylsulphate gels. They were separated 
by electrophoresis (22 uA, 2 h), and the separated 
proteins were transferred to nitrocellulose 
membranes by electroblotting (40 V overnight). The 
resulting blots were incubated for 2 h according to 
manufacturer instructions either with an antiserum 
recognizing total ERK or p38, or an antiserum 
specific for their tyrosine-phosphorylated forms. 
Subsequently, the blots were washed 4 times for 10 
min. each in 80 ml washing buffer (150 mM NaCI, 
0.1% Tween-20, 50 mM Tris, pH 7.4 at 25°C) and 
then incubated with a secondary antibody (anti-
rabbit horseradish peroxidase-linked IgG) for 1 h. 
Following another 4 washes with buffer, detection 
was carried out by chemiluminescence according to 
manufacturer instructions. The resulting 
autoradiographs were analyzed by quantitative two-
dimensional densitometry using commercially 
available software (Herolab, Wiesloch, Germany). 
Two-dimensional band intensity of the tyrosin-
phosphorylated MAPK was expressed relative to 
that of total MAPK on a parallel blot handled 
identically. The ratio for the control sample (i.e. no 
stimulator present) was taken as 100%, and the 
corresponding samples with stimulator were 
expressed as % of control. 

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 the medium was bubbled with 
100% oxygen. The isolated 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 mN and the atria 
were allowed to equilibrate for at least 45 min. At 20 
min. intervals the medium was exchanged against 
fresh buffer. 

The MAPK kinase inhibitor PD98059 (1 mM) and 
the p38 inhibitor SB203580 (2 \iM) were added 45 
min. prior to the addition of single concentrations of 
the agonist. The agonist concentrations were 
chosen to represent maximally effective 
concentrations as determined previously in 
concentration response experiments (Peters et al., 
1997). 

Atrial contraction studies 
Male Wistar rats (Iffa Credo, Les Oncins, France) 
weighing 240-300 g were sacrificed by stunning and 
decapitation. The hearts were removed quickly and 

Thoracic aorta contraction studies 
After heparinization (500 I.U., given IP) rats were 
sacrificed by decapitation. The thoracic aorta was 
excised and placed in an oxygenated Tyrode's 
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solution at room temperature and cleaned of 
superficial fat and loose connective tissue, care 
being taken not to stretch the vessel or to damage 
the endothelium. Aortic ring segments 
(approximately 5 mm long) were mounted between 
two triangular stainless steel hooks in water-
jacketed (37 °C) organ baths containing a Tyrode's 
solution of the following composition (mM): NaCI 
136; KCL 2.5; MgCI2 0.5; CaCI2 1.8; NaH2P04 0.42 
and NaHCOj 11.9. The medium was continuously 
gassed with a mixture of 95% 0 2 and 5% C 0 2 (pH 
7.4). The isometric tension was recorded on a 
Maclab/8e data acquisition system 
(ADInstruments, Australia) via isometric force 
transducers. The resting tension was adjusted to 10 
mN and the aortae were allowed to equilibrate for at 
least 60 min. At 30 min. intervals the medium was 
exchanged against fresh buffer. After the 
equilibration period, the aortae were exposed three 
times to a depolarizing 40 mM K+-solution for 5 
min. with 15 min. intervals. Inhibitors of MARK 
pathways were added 45 min. prior to the addition 
of the agonists. 

Statistics 
Data are expressed as means ± SEM. Statistical 
significance was determined by one-sample f-tets 
(immunoblots analysis), two-tailed, unpaired r-tests 
(comparison of two groups), or one-way analysis of 
variance followed by Bonferroni-corrected t-tests 
(comparison of multiple groups) as indicated. 

P values <0.05 were considered to be statistically 
significant. 

Chemicals 
(-)-lsoprenaline bitartrate, methoxamine HCl, L-
phenylephrine HCl, verapamil HCl, and phorbol 12-
myristate 13-acetate (PMA) were purchased from 
Sigma Chemical (St Louis, MO, USA). PD98059 
(2'-amino-3'-methoxyflavone) and SB203580 ([4-
(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-
pyridyl) 1 H-imidazole) were obtained from Alexis 
Corp. (Nottingham, UK). Endothelin-1 was 
purchased from Saxon Biochemicals (Hannover, 
Germany). PMA, PD98059 and SB203580 were 
dissolved in 99% DMSO and subsequently diluted in 
buffer; the final DMSO concentration in 
the assay never exceeded 0.2%. 

MAPK immunoblotting 
ERK and p38 activation were assessed after 5 and 
10 min. of stimulation with methoxamine and 
endothelin-1, respectively (figure 1). These time 
points were chosen to reflect the different times 
required to reach maximal tension development with 
the two agonists. In the atrium methoxamine caused 
a significant activation of ERK, while the activation 
of p38 was weaker and did not reach statistical 
significance with the given number of experiments 
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(f igure 1). In the aorta methoxamine also caused a 

stat ist ical ly signif icant act ivat ion of ERK. Al though 

the effect of methoxamine on p38 was larger, it 

barely missed stat ist ical signif icance wi th the given 

number of experiments (P = 0 .0621 , f igure 1). 

Endothelin-1 caused a marked act ivat ion of ERK in 

atr ia, but due to large data scat ter this barely 

missed stat ist ical signif icance (P = 0.0787, f igure 

1). In contrast , the ef fect of endothelin-1 on p38 in 

atria was smaller but stat ist ical ly signif icant (f igure 

1). In aor ta endothe l in-1 caused s ign i f icant 

st imulat ion of ERK and p38, wi th the latter being 

much larger than the former (f igure 1 ). 

Atrial contraction studies 

The basal force of contract ion of the atria was 8.9 ± 

0.7 mN (n = 12). Methoxamine (300 u.M) increased 

the contract i le force by 1.78 ± 0.17 mN (n = 4). 

P D 9 8 0 5 9 (1 m M ) inhib i ted th is increase by 

approximately 66% (P<0 .05 ) , while SB203580 was 

wi thout signif icant effect f igure 2). The inotropic 

0 J 

isoprenaline methoxamine endothelin-1 

Activation of the mitogen-

activated protein kinases (MAPK) 

ERK and p3ß in atr ium and aorta 

by methoxamine ( 3 0 0 uM) and 

endothelin-1 (50 nM). MAPK 

activation was aesesed by 

immunoblotting with epitope-

specific anti-phosphotyrosine 

antibodies. Samples in the 

presence and absence of agonist 

were measured side-by-side. Data 

in the presence of agonists were 

expressed as % over those in i ts 

absence. *F<0.05 vs. controi in a 

one-sample t-test (n = 5-S>). 

< Figure 2 

Maximal inotropic responses to 

3 0 pM isoprenaline, 3 0 0 pM 

methoxamine, and 5 0 nM 

endothelin-1 in isolated ra t left 

atr ia in the absence or presence 

of of 1 mM PD9Ô059 or 2 uM 

SB2035Ô0 . Inhibitors were 

added to the medium 45 min. 

before agonist addition. 

* f < 0 . 0 5 relative t o vehicle 

(n = 4 -6 ) . 
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Figure 3 • 

Effect of PD9Ö059 (1 mM) and 

SÖ2035&0 (2 uM) on the 

contraction of rat thoracic aorta 

elicited by increasing 
concentrations of methoxamine 

(left panel) or 5 0 uM 

phenylephrine (right panel). 

Inhibitors were added to the 

medium 45 min. before the 

addition of the agonist. 

*P<0.05 relative t o vehicle 

(n = 4-6). 

Figure 4 »• 

Effect of PD9Ô059 (1 mM) on the 

maximum contractile response to 
50 nM endothelin-1 in isolated rat 

thoracic aor ta in the absence or 

presence of 1 uM verapamil. 

*P<0.05 vs. data in the absence 

of PD9Ô059 (n = 4-6) . 
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response to 50 nM endothelin-1 (2.07 ± 0.32 m N , 

n = 5) was also markedly inhibited by PD98059 but 

not by SB203580 (Figure 2). In contrast , neither 

PD98059 nor SB203580 signif icantly af fected the 

inotropic response to 30 \\M isoprenaline (3.47 ± 

0.69 m N , n = 6, f igure 2). 

Thoracic aorta contraction studies 

In iso lated rat aor ta methoxamine caused a 

concentrat ion-dependent vasoconstr ict ion wi th an 

E of 7.52 ± 0.78 mN and a pEC 5 0 of 5.20 ± 0.06 

max •31-J 

(n = 6, f igure 3). PD98059 (1 mM) reduced the 

maximal response to methoxamine to 1.97 ± 0.77 

mN (n = 4, P < 0 . 0 5 ) , and therefore a pEC 5 0 value 

could no longer be rel iably ca lcu la ted in the 

presence of PD98059 ( f igure 3) . In cont ras t , 

SB203580 (2 U.M) did not signif icantly af fect the 

maximal responses to methoxamine but caused a 

small but stat ist ical ly signif icant reduction of the 
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< 
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i + FD9S059 

control verapamil 



P M A KCl 

12-

10-

8 

6-

4-

2-

o-

110 

£105 

.1 100 
+^ o 
5 954 
+^ 

I 90 
85 

80 

vehicle PD9&059 S B 2 0 3 5 8 0 vehicle P D 9 d 0 5 9 

pEC 5 0 to of 4.84 ± 0.16 (n = 4, P < 0 . 0 5 , f igure 3). 

The vasocons t r i c to r response to 50 ( iM 

phenylephrine was also inhibited by PD98059 but 

not by SB203580 (f igure 3). 

Endothelin-1 (50 nM) enhanced aort ic contract ion 

by 6.14 ± 0.91 rt iN, n = 6 (f igure 4). In contrast to 

the observa t ions w i th the a , -ad renocep to r 

agon is ts , P D 9 8 0 5 9 caused only a ve ry weak 

inhib i t ion of endo the l in -1 -s t imu la ted aor t ic 

con t rac t i on , wh ich did not reach s ta t is t i ca l 

signif icance (figure 4). SB203580 did not cause any 

inhibit ion of endothel in-1- induced contract ion of rat 

aorta (6.04 ± 0.69 ml\ l , n = 6). The calc ium-entry 

blocker verapamil (1 u.M) did not signif icantly affect 

the contract i le response to endothe l in-1, but in the 

presence of verapami l PD98059 s ign i f icant ly 

reduced the contract i le response to endothelin-1 by 

approximately 50% (figure 4). The vasoconstr ic tor 

action of 20 (xM P M A developed continuously wi th 

t ime. Therefore, all measurements for PMA were 

done 45 min. af ter its addit ion. PD98059 reduced 

signif icantly the contract i le effect of P M A by more 

than 50%, whi le SB203580 had not ef fect. On the 

other hand, neither PD98059 nor SB203580 did 

influence the KCI-induced contract ions (figure 5). 

Act ivat ion of many G-protein-coupled receptors can 

act ivate M A P K cascades in a variety of cell types 

and t issues. This has been shown e.g. wi th a-

adrenoceptor agonists (Clerck et al., 1994; Koch et 

al., 1994; Delia Rocca et al., 1997), endothelin-1 

i Figure 5 

Effect of PD9S059 (1 mM) and 

5ÖZ035&0 (2 uM) on the 

contraction of rat thoracic aorta 

elicited by the phorbol ester PMA 

(20 uM; left panel) or KCl (40 mM; 

right panel). KCI-induced 

contraction is expressed as % of 

KCI-induced contraction before the 

addition of inhibitors. 

Vasoconstriction was measured 

4 5 min. af ter PMA addition and 5 

min. af ter KCl addition. Inhibitors 

were added to the medium 4 5 min. 

prior t o PMA addition. 

*P<0.05 relative t o vehicle 

(n = 4-S). 
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(Koide et al., 1992; Yoshimasa et al., 1992), 
angiotensin II (Butcher et al., 1993; Molloy et al., 
1 993), serotonin (Watts, 1 996), muscarinic receptor 
agonists (Wotta et al., 1998) and vasopressin 
(Granot et al., 1993). Although the mechanism of 
MAPK activation is not fully understood, it may 
involve activation of Ras possibly via ßy- and/or Gq0L 

G-protein subunits coupled to the corresponding 
receptors (Koch et al., 1994; Delia Rocca et al., 
1 997) and/or activation of c-Raf-1 by protein kinase 
C (Ueda et al., 1996). Other possible pathways by 
which MAPK pathways can be activated by G-
protein-coupled receptors might involve PI 3-
kinases (Lopez-llasaca et al., 1997; Thomason et 
al., 1994) and/or 12-lipoxygenase pathway 
products (Wen et al., 1996). 
Most previous studies on a functional role of MAPK 
activation by a,-adrenoceptor agonists or 
endothelin-1 were performed with cultured cells and 
have focussed on the hypertrophic actions of these 
agonists. In the heart and vasculature the positive 
inotropic and contractile actions of a,-adrenoceptor 
agonists and endothelin-1 is believed to be 
mediated by a G-protein-dependent activation of 
phospholipase C and subsequent phosphoinositide 
turnover and PKC activation. In addition, a,-
adrenoceptors and endothelin-1 receptors may 
couple to L-type calcium channels in some tissues 
(for review see Ruffolo and Hieble, 1994). In this 
study we have investigated a possible role of MAPK 
activation in the inotropic and vasoconstrictor 

actions of these agonists. 
Our immunoblotting experiments revealed that the 
oCj-adrenoceptor agonist methoxamine and 
endothelin-1 can activate ERK and p38 not only in 
cultured cells but also in isolated intact rat atria and 
aorta. While this effect did not reach statistical 
significance in all cases, it is in good agreement with 
previous reports on ERK activation in cultured 
neonatal rat cardiomyocytes (Clerck et al., 1994; 
Thorburn, 1994; Thorburn and Thorburn, 1994; 
Gillespie-Brown et al., 1995) and vascular smooth 
muscle cells (Khalil and Morgan, 1993; Hu et al., 
1996; Xu et al., 1996). There are fewer data 
available on p38 activation by a,-adrenoceptor 
agonists and endothelin-1 but this has been shown 
to occur e.g. in hepatocytes (Spector et al., 1997) 
or in transfected rat-1 fibroblasts (Alexandrov et al., 
1998) or COS cells (Aquilla et al., 1996). Taken 
together these data indicate that a,-adrenoceptors 
and endothelin receptors can activate ERK and p38 
forms of MAPK in rat myocardium and vasculature. 
Our further experiments were designed to 
determine whether, apart from growth stimulating 
effects, ERK and p38 activation are involved in the 
contractile responses to a,-adrenoceptor agonists 
and to endothelin-1. The p38 inhibitor SB203580, in 
a concentration which markedly suppresses p38 
activation (Alexandrov et al., 1998) did not inhibit 
inotropic or vasoconstrictor responses to any of the 
agonists used in our study including isoprenaline in 
heart and PMA and KCl in aorta. Therefore, our 
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data suggest that p38 is not involved in the 
mediation of cardiac contractility or 
vasoconstriction. Its potential physiological roles in 
cardiac and vascular function remain to be 
determined. 
Our experiments on the physiological role of ERK 
activation in cardiac and aortic contraction rely on 
the specific MAPK kinase inhibitor PD98059 
(Dudley et al., 1995). While we have used this 
inhibitor in a fairly high concentration, it did not 
interfere with contraction non-specifically in our 
study since it did not block the responses to 
isoprenaline in the heart or to KCl in the aorta. 
PD98059 substantially inhibited the inotropic 
responses to methoxamine and endothelin-1 in the 
rat atrium, indicating that ERK-dependent pathways 
are involved not only in the hypertrophic (see 
above) but also in the inotropic effects of a,-
adrenoceptor and endothelin receptor stimulation. 
In contrast, PD98059 did not inhibit the inotropic 
responses to the ß-adrenoceptor agonist 
isoprenaline. These data demonstrate that the ß-
adrenoceptor-mediated inotropic effects in contrast 
to the a-adrenoceptor and endothelin-receptor-
mediated actions, do not involve a PD98059-
sensitive MAPK. This finding is in accordance with 
previous reports that ß-adrenoceptors do not couple 
to the MAPK pathways in most cell-types 
(Bouloumie et al., 1994; Sadoshima et al., 1995). 
Since ^-adrenoceptors and endothelin receptors 
act via pertussis toxin-insensitive G-proteins, 

presumably of the Gq type, while ß-adrenoceptors 
act via G-proteins of the Gs family, we speculate 
that ERK pathways specifically are involved in G -
but not Gs-mediated inotropy in rat heart. 
PD98059 also inhibited the contractile responses to 
a,-adrenoceptor stimulation in the isolated thoracic 
aorta. Since PKC can activate the ERK-pathway, 
most likely at the level of Raf (Delia Rocca et al., 
1997; Force et al., 1996; Kolch et al., 1993; Sozeri 
et al., 1992), it is not surprising that PD98059 also 
inhibited the response to the PKC stimulator PMA. 
Thus, the a,-adrenoceptor mediated and the PKC-
mediated vasoconstriction in the rat aorta appear to 
be ERK-dependent. Similarly, the contractile 
response to serotonin in endothelium denuded rat 
aorta, mesenteric and tail arteries is at least 
partially ERK-dependent (Watts, 1996; Florian and 
watts, 1998). The vasoconstriction in response to 
endothelin-1 involves extracellular calcium-
dependent and -independent components (for 
review see Rubanyi and Pollokoff, 1994). In our 
study PD98059 inhibited the vasoconstrictor 
response to endothelin-1 only in the presence, but 
not in the absence, of the calcium entry blocker 
verapamil. This indicates that ERK is involved in the 
part of vascular excitation-contraction coupling 
which relies on intracellular calcium but not in that 
which relies on the influx of extracellular calcium. 
Accordingly, PD98059 also did not inhibit KCI-
induced contraction of rat aorta, which fully relies on 
the influx of extracellular calcium. 
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If the inhibition of cardiac and vascular contraction 
does not primarily involve a reduced calcium influx, 
other sites of action should be considered. For 
example Adam et al. (1995) have shown that ERK 
can phosphorylate and thereby inhibit the thin 
filament protein h-caldesmon, a smooth muscle-
specific actin-binding protein. Since h-caldesmon is 
a potent inhibitor of actomyosin ATPase activity, its 
phosphorylation by ERK may release inhibition from 
myosin and thereby enhance contraction. 
Accordingly, a preliminary report on smooth muscle 
cells isolated from ferret aorta describes that 
contraction independent of extracellular calcium is 
accompanied by caldesmon phosphorylation. In 
these experiments PD98059 concomitantly inhibits 
agonist-stimulated caldesmon phosphorylation and 
contraction (Dessy et al., 1998). Whether these 
concomitant effects indeed represent a cause-
effect relationship and whether analogous pathways 
explain the ERK-dependent inotropic effects, 
remains to be investigated. For example it was 
reported very recently that a,-adrenoceptor 
stimulation of Na-K-2CI-cotransport in rat heart is 

also ERK-dependent (Andersen et al., 1998). An 
additional mechanism which should be considered 
include an ERK-induced phosphorylation and 
activation of cytosolic phospholipase A2, which also 
can result in vasoconstriction (Lin et al., 1993). 
Taken together we conclude that stimulation of rat 
atrial and aortic a,-adrenoceptors and endothelin 
receptors activates ERK and p38 isoforms of 
MAPK. While the physiological role of p38 
activation remains elusive, ERK activation appears 
to be involved in the inotropic and vasoconstrictor 
actions of both receptor systems. Thus, MAPK 
cascades are involved not only in cardiovascular 
growth control but also in acute cardiac and 
vascular contractile responses. The relative roles of 
the ERK and other pathways, e.g. the 
phospholipase C signalling cascade, and their 
possible interactions in causing contraction remains 
to be elucidated. 

(This work was supported in part by a grant from 
the Deutsche Forschungsgemeinschaft, He 
1320/9-1). 
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INFLUENCE OF ROS OM RAT AORTA 

Reactive oxygen species (ROS) are known to play 
an important role in the aetiology and patho
physiology of a variety of disease states that can 
have direct or indirect cardiovascular implications. 
In the vasculature, ROS are constitutively produced 
(Rosen and Freeman, 1984; Katusic and Vanhoutte, 
1989; Brandes and Mügge, 1996) and inactivated 
under physiological conditions by local antioxidant 
systems like superoxide dismutase. Under certain 
pathological conditions, however, the production of 
ROS may exceed the cellular antioxidant capacity 
and thus lead to cellular damage. ROS are 
vasoactive compounds, and the contractile effects 
of ROS on the vasculature have been investigated 
in a variety of models, however, heterogenic results 
have been obtained. For instance, ROS induce 
vasoconstriction in bovine pulmonary arteries 
(Cherry et al., 1990) and canine basilar arteries 
(Katusic et al., 1993), but vasodilation in feline pial 
arterioles (Kontos et al., 1984) and canine coronary 
arteries (Vanhoutte and Rubanyi, 1985). 
Several studies have demonstrated that arachidonic 
acid metabolites are involved in ROS-mediated 
contractile effects (Chakraborti et al., 1989; 
Katusic et al, 1993). Furthermore, ROS may 
activate mitogen-activated protein kinases 
(MAPKXGuyto et al., 1996). Since ERK MAPK can 
activate phospholipase A2 (Lin et al., 1993), it is 
conceivable that ERK is involved in the ROS-

mediated contractile effects in the vasculature. 
Besides the vasoactive actions of ROS on the 
vasculature, ROS are known to induce cellular 
damage which may result in a sustained alteration 
of functional responses to various stimuli (i.e. 
functional integrity). The present study was 
performed to investigate the mechanism of the 
vasoactive actions of ROS and the influence of ROS 
exposure on the functional integrity of rat isolated 
aortae. The latter was investigated by measuring 
the receptor- and non-receptor-mediated 
vasoconstriction and the endothelium dependent-
and endothelium-independent vasorelaxation before 
and after ROS exposure. 

Materials and methods 

Thoracic aorta preparation 
Male Wistar rats (Iffa Credo, Les Oncins, France) 
weighing 240-300 g received heparin (1000 I.U., 
I.R) and were subsequently sacrificed by stunning 
and decapitation. The thoracic aorta was carefully 
excised and placed in an oxygenated Tyrode's 
solution at room temperature. The vessel was 
cleaned of superficial fat and loose connective 
tissue, care being taken not to stretch the vessel or 
to damage the endothelium. In experiments with 
endothelium denuded aortae, the endothelium was 
removed by insertion of a cotton moistened with 
Tyrode's solution into the lumen of the vessel. The 
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aortic ring was cut in segments of approximately 5 
mm long and mounted between two triangular 
stainless steel hooks in water-jacketed (37°C) 
organ baths of 5 ml capacity, containing a Tyrode's 
solution of the following composition (mM): NaCI 
136; KCl 2.5; MgCI2 0.5; CaCI2 1.8; NaH2P04 0.42 
and NaHCOj 11.9. The medium was continuously 
gassed with a mixture of 95% 0 2 and 5% C 0 2 (pH 
7.4). The isometric tension was recorded on a 
MacLab/8e data acquisition system 
(ADInstruments, Australia) via isometric force 
transducers. The resting tension was adjusted to 10 
nnN throughout, and the aortae were allowed to 
equilibrate for at least 60 min. At 30 min. intervals 
the medium was exchanged against fresh buffer. 
After the equilibration period, the aortae were 
exposed thrice to a depolarizing 40 mM K+-solution 
for 5 min. with 15 min. intervals. Endothelium 
integrity was assessed by precontracting the aortae 
with 1 u,M phenylephrine and a subsequent 
relaxation with 10 |iM methacholine. 

Electrolysis procedure 
30 min. after equilibration and priming procedures, 
ROS were generated by means of electrolysis of the 
organ bath medium. A constant current of 30 mA 
was applied for 0.5, 1, 2 or 3 min. by means of two 
circular platinum wire electrodes (each 0.75 cm in 
length) located at the bottom of the organ baths (0 
1.4 cm). Inotropic drugs were added to the medium 
60 min. after the end of the electrolysis period. The 

medium was refreshed with 20 min. intervals. 
Inhibitory drugs were added 30 to 45 min. prior to 
the electrolysis procedure. 

Determination of the functional integrity 
Receptor (methoxamine, 300 nM - 300 |iM) and 
non-receptor-mediated contractile responses (high 
potassium solution, 40 mM) and endothelium-
dependent (methacholine, 100 u.M) and 
endothelium-independent (sodium nitroprusside, 10 
U.M) vasorelaxation were investigated before and 60 
min. after ROS exposure. Vasorelaxation was 
measured in aortae precontracted with 
methoxamine (300 |aM) or phenylephrine (10 u.M). 

Antioxidant capacity assays 
For the determination of hydroxyl radical scavenging 
capacity of the drugs used, terephtalic acid (TPA) 
(para-carboxy benzoate) was used as a hydroxyl 
radical specific fluorescent probe. 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 a constant current of 30 mA was applied 
for periods of 75 seconds in the presence or 
absence of the drug tested. DMSO (100 mM) was 
used as a positive control. The fluorescense was 
measured with a Shimadzu RF-5001 PC 
spectrofluorometer (excitation 312 nm, emission 
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426 nm). The superoxide anion scavenging capacity 
of the drugs used in this study was tested in a 
cytochome C reduction assay. Dihydroxy fumarate 
(DHF, 5 mtvl) was added to a cuvette containing 3 
ml of a cytochrome C solution (1 mg/ml), and the 
reduction of cytochrome C was assessed in time 
(30 min.) spectrophotometrically (550 nm) with a 
Zeiss UV/Vis 210 spectrophotometer. Superoxide 
dismutase was used as a positive control. 

Statistics 
Student's r-test (unpaired, two tailed) and ANOVA 
were used. P values <0.05 were considered 
statistically significant. 

Chemicals 
Esculetin (6,7 dihydroxycoumarine), meclofenamate 
sodium, oleyloxyethyl phosphorylcholine (OPC) and 
dihydroxy fumaric acid were obtained from ICN 
Biomedicals (Zoetermeer, the Netherlands). 
Methoxamine hydrochloride, L-phenylephrine, 
(acetyl-ß) methacholine and terephthalic acid were 
purchased from Sigma Chemical (St. Louis, MO, 
USA) and sodium nitroprusside from Merck 
(Darmstadt, Germany). PD98059 (2'-amino-3'-
methoxyflavone), SB203580 ([4-(4-fluorophenyl)-2-
(4-methylsulfinyl)]-5-(4-pyridyl)1 H-imidazole) and 
arachidonyl trifluoromethylketone (AACOCF3) were 
obtained from Alexis Corp. (Nottingham, UK) and 
SQ29548 from Biomol Res. Lab. Inc. (Plymouth 
Meeting, PA, USA). Esculetin, SQ29548, OPC and 

AACOCF3 were dissolved in ethanol and their 
effects were compared to 0.2% ethanol. PD98059 
and SB203580 were dissolved in DMSO and their 
effects were compared with 0.1% DMSO. 

ROS-mediated contractions 
Electrolysis (30 mA) induced transient contractions 
which reached maximal values 10-15 min. after the 
electrolysis procedure and subsequently returned to 
basal values after approximately 60 min. (figure 1). 
The maximal contractile effect was dependent on 
the duration of the electrolysis period (1.18 ± 0.11 
mN, 2.72 ± 0.51 mN, 3.70 ± 0.39 mN and 4.72± 
0.36 mN (n = 6) for 0.5, 1, 2 and 3 min. 
respectively). ROS-induced vasoconstriction was 
significantly smaller in endothelium denuded 
preparations (3 min., 30 mA, 2.52 ± 0.24 mN, n = 6, 
P<0.05)(not shown). 
Pretreatment of the aortic rings with 10 u.M of the 
dual cyclooxygenase /lipoxygenase inhibitor 
meclofenamate completely prevented the 
electrolysis (30 mA, 3 min.) -induced contractions 
(n = 6, P<0.05). Both the cyclooxygenase inhibitor 
indomethacin (10 u.M) and the lipoxygenase 
inhibitor esculetin (dihydroxycoumarine)d 0 U.M) 
partially inhibited the ROS-mediated contraction 
(1.08 ± 0.13 mN and 3.31 ± 0.53 mN for 
indomethacin and esculetin, respectively vs 5.99 ± 
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P re t rea tment of the aor t ic r ings w i t h the 

th romboxane A 2 an tagon is t S Q 2 9 5 4 8 (5 u.M) 

reduced the ROS-med ia ted con t rac t ions 

signif icantly by approximately 23 % (4.58 ± 0.24 

mN compared to vehicle (ethanol 0.2%) 5.95 ± 0.49 

m N , n = 9 , P < 0 . 0 5 ) . The phospholipase A2 (PLA2) 

inhibitor oleylethoxyethyl phosphorylchol ine (OPC, 

50 U.M), a t tenuated the contract ions by 70% (1.85 

± 0.25 m N , n = 4 , P < 0 . 0 5 ) , whereas the cPLA2 

inh ib i tor arach idony l t r i f l uo romethy l ke tone 

(AACOCF3) proved ineffect ive (see f igure 2, right 

panel). 

The possible involvement of ERK a n d / o r p38 M A P K 

in the ROS-med ia ted vasocons t r i c t ion was 

invest igated by using the specific M A P K kinase 

inhibitor PD98059 and the specif ic p38 inhibitor 

SB203580. PD98059 (1 mM) substantial ly inhibited 

the electrolysis (30 rriA, 3 min.)- induced aortic 

contract ion by approximately 50% when compared 

to its vehicle 0 . 1 % D M S O ( n = 6 , P<0 .05 ) . The p38 

inhibi tor SB203580 (2 | iM) had no signif icant 

influence on this vasoconstr ic tor ef fect (see f igure 

3). 

Scavenging properties 

None of the above mentioned inhibitory drugs 

showed any s igni f icant hydroxyl radical or 

superox ide anion scavenging e f fec t , in the 

terephthal ic acid or cytochrome C assay (data not 

shown). 

Inluence of ROS exposure on functional responses 

In control preparat ions, the a, -adrenoceptor agonist 

methoxamine induced concen t ra t ion -dependen t 

< Figure 1  

ROS-induced vasoconstriction in 

isolated ra t thoracic aorta. ROS 

were generated by electrolysis ( 3 0 

mA) of the organ bath fluid for the 

indicated t imes a t the beginning 

of the experiment ( t = 0) . Right 

panel shows the maximal R0S-

induced rise in conractile force and 

trie influence of the hydroxyl 

radical scavenger dimethyl 

sulfoxide {0.6%) (3 min. 

electrolysis). n=6, * P<0.05 

compared to 3 min. electrolysis. 
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Figure 2 • 

A) influence of the Cyclooxigenase 
or lipoxygenase inhibitors esculetin 
(esc, 10 uM), indomethacine (indo, 
10 uM) and meclofenamate (meclo, 

10 uM), respectively, on the ROS 
(electrolysis 30 m A, 3 min.)-

induced vasoconstriction. 
B) influence of the TXA2 

antagonist SQ2954Ö (50 uM) 
and the PLA2 inhibitors 

oleyloxyethyl phosphorylcholine 
(OPC, 50 uM) and arachidonyl 
trifluoromethylketone (50 uM, 

AAC0CF5). n=4-9, *f<0.05 
compared to vehicle 

(ethanol, 0.2%). 

Figure 5 •• 

Influence of the MAPK kinase 
inhibitor PD9Ö059 (1mM) and the 

p38> inhibitor 5B2035Ö0 (2 uM) 
on the ROS (electrolysis 30 m A, 3 

min.)-induced vasoconstriction. 
n=6, *P<0.05 compared to vehicle 

(DMSO 0.1%). 

T 

T 

indo. 
+ esc. 

7.67 0.71 contractions (pD2 5.21 ± 0.17, 
mN)(figure 4, left panel). In aortic rings subjected to 
electrolysis a small (not significant) leftward shift of 
the methoxamine concentration response curve was 
seen (pD2 0.5 min: 5.50 ± 0.11, 1 min: 6.03 ± 0.48, 
2 min: 6.10 ± 0.64 and 3 min: 6.07 ± 0.86). Longer 
electrolysis periods of 2 and 3 min., additionally 
lowered the maximal contractile effect of 
methoxamine to 4.1 ± 0.43 rtiN (3 min.)(n=6, 
P<0.05)(figure 4, left panel). Endothelium denuded 
preparations were more sensitive to methoxamine, 
as characterized by a leftward shift of the 
concentration response curve (pD2 5.75 ± 0.12, 
n=6, P<0.05) and higher Emax (10.44 ± 0.44 mN, 
n=6, P<0.05), when compared to endothelium 
intact preparations (not shown). In these 
endothelium denuded preparations ROS exposure 

B 

had no significant influence on the pD2 value, but 
lowered the maximal contractile responses (Emax 1 
min: 7.31 ± 0.36, 3 min: 2.41 ± 0.24 mN, n = 6, 
P<0.05) more clearly than in endothelium intact 
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preparations (not shown). Methacholine (100 |iM)-
induced endothelium-dependent relaxation of 
methoxamine precontracted preparations, were 
almost completely diminished in aortae exposed to 
ROS, independent of the duration of electrolysis 
(n = 4, P<0.05)(see figure 4 right panel). In 
contrast, the endothelium-independent relaxation to 
10 M.M sodium nitroprusside proved largely intact 
(data not shown). The shorter electrolysis periods 
of 0.5 and 1 min. did not influence the 40 mM KCI-
induced contractions. However, electrolysis periods 
of 2 and 3 min. significantly reduced the contractile 
responses to KCl (95.35 ± 1.42, 70.03 ± 2.34 and 
40.88 ± 1.47% for control, 2 min. and 3 min. 
electrolysis, respectively, (expressed as % of the 3rd 

KCI-induced contraction before ROS 
exposure)(n = 4, P<0.05, figure 4 right panel). 

• control 

• OS min 

a 1 min 

3 2 min 

a 3 min 

methacholine potassium chloride 

ROS are assumed to play an important role in 
various pathological conditions by initiating lipid 
peroxidation and modification of important cellular 
proteins, thus leading to tissue damage. In addition, 
several studies have shown that ROS are 
vasoactive compounds, which could induce further 
tissue damage. However, divergent results have 
been obtained with respect to the response of the 
vasculature to ROS, most likely as a result of 
differences in vessel type, animal species and 
reactive oxygen species. Consequently, vasodilation 
(Thomas and Ramwell, 1986; Rimele et al., 1987; 
Burke and Wolin, 1987; Wu et al., 1994; Wei et al., 
1996) and vasoconstriction (Fate et al., 1984; 
Heinle, 1984; Katusic and Vanhoutte, 1989; Liu et 

< Figure 4  

Left panel; Concentration 
response curves for methoxamine 
in control and ROS-exposed aorta. 
ROS were generated by 
electrolysis (30 mA) of the organ 
bath fluid for the indicated times 
at the beginning of the experiment. 
(n=6). Right panel: Methacholine 
(100 uM)-induced vasorelaxation 
of methoxamine precontracted 
aorta and KCl (40 mM) induced 
vasoconstriction (expressed as % 
of the 3rd KCI-induced contraction 
before ROS exposure) in control 
and ROS-exposed aortae. ROS 
were generated by electrolysis (30 
mA) of the organ bath fluid for the 
indicated times at the beginning 
of the experiment. n=3-4, *P<0.05 
compared to control. 
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al., 1996) have been reported to occur. In the 
present study, ROS were generated by means of 
electrolysis of the medium, which is known to 
produce various ROS (Peters et al., 1997). This 
system has the advantage that ROS are generated 
without the use of enzymes and/or drugs that 
themselves could influence the experiments. 
Furthermore, the short ROS exposure time (0.5 to 3 
min.) allows the measurement of responses to 
various drugs, without the continuous inactivation of 
nitric oxide, or the possible oxidation of drugs by 
ROS. 
The present experiments clearly demonstrate that 
ROS induce vasoconstriction in isolated rat aortae. 
The electrolysis-generated hydroxyl radical is most 
likely the major mediator of this vasoconstriction 
because the constrictor responses were strongly 
inhibited by the hydroxyl radical scavenger dimethyl 
sulfoxide. The exact mechanism by which ROS exert 
their vasoactive actions is still unknown. Tate et al. 
(1984) and others (Chakraborti et al., 1989; Katusic 
et al., 1993) have shown that the constrictor effects 
of ROS are cyclooxygenase-dependent. Indeed, in 
the present study the cyclooxygenase inhibitor 
indomethacine was able to attenuate the ROS-
mediated vasoconstriction in isolated rat aortae, 
and the dual cyclooxygenase/lipoxygenase inhibitor 
meclofenamate almost completely prevented 
vasoconstriction in these preparations. These 
findings as well as the fact that the lipoxygenase 
inhibitor esculetin partially blocked the constriction 

indicates an additional contractile role for 
lipoxygenase products. Recently, isoprostanes and 
isoleukotrienes were identified as potent 
vasoconstrictor eicosanoids generated 
independently of cyclooxygenase or lipoxygenase 
(Morrow et al., 1990 and 1994). Isoprostanes and 
isoleukotrienes are formed by free radical attacks 
on arachidonate which resides in phospholipids, and 
are liberated by lipase activity. Iso-eicosanoids 
resemble enzymatically produced eicosanoids in 
both structure and biological activity, acting via the 
same receptors. Hoffman and coworkers (1997) 
have demonstrated that isoprostanes exert their 
constrictor activity via the thromboxane 
A2/prostaglandin H2 receptor since these responses 
can be blocked by the thromboxane A2 receptor 
antagonist SQ29548. However, in the present study 
S029548 blocked the ROS-induced 
vasoconstriction only marginally, suggesting that 
isoprostanes are not involved in the ROS induced 
vasoconstriction. 
A possible mechanism involved in the activation of 
the PLA2/cyclooxygenase-lipoxygenase pathway 
concerns the activation of mitogen-activated 
protein kinases (MAPK) since cytosolic PLA2 is one 
of the endogenous substrates of ERK MAPK (Lin et 
al., 1993). MAPK are dual serine/threonine kinases 
that are activated upon growthfactor or cytokine 
stimulation and stress (UV-light, heat, shear-stress) 
exposure. Recent studies have shown that ROS can 
activate different distinct isoforms of MAPK (ERK, 
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JNK and p38) under pathological conditions such as 
ischemia/reperfusion (Bendinelli et al., 1996) or 
oxidant exposure (Guyton et al., 1996; Tournier et 
al., 1997). In the present study the specific MAPK 
kinase inhibitor PD98059 (Dudley et al., 1995) 
blocked the ROS induced contractions by more than 
50%, which indicates that a MAPK (ERK)-mediated 
contractile mechanism indeed plays a role in this 
experimental setup. The specific p38 inhibitor 
SB203580, proved ineffective in this respect. It has 
been shown (Watts, 1996; Peters et al., 1998) that 
PD98059, even at high concentrations up to 1 mM, 
is a specific inhibitor of the ERK MAPK. The PLA2 

inhibitor oleyloxyethylphosphoryl choline (OPC), 
significantly and substantially (70%) blocked the 
ROS-induced vasoconstriction, whereas the 
specific cytosolic PLA2 inhibitor arachidonyl 
trifluoromethylketone (AACOCF3) proved 
ineffective in this respect. These findings provide 
evidence that the PLA2/AA activation is not MAPK-
mediated. Furthermore, because meclofenamate 
almost completely blocked ROS-induced 
vasoconstriction it is likely that ERK-activation is 
secondary to cyclooxygenase and/or lipoxygenase 
activity. This finding is in accordance with data 
reported by Rao et al. (1994) and Tournier et al. 
(1997) indicating that activation of ERK by ROS is 
secondary to PLA2 activation. A possible alternative 
mechanism by which ERK MAPK mediates 
vasoconstriction is the phosphorylation and 
inhibition of h-caldesmon, a potent inhibitor of the 

actomyosine ATPase activity (Adam et al., 1995). 
The effects of ROS on the functional integrity of the 
aortae, was investigated in particular with respect 
to receptor (a,-adrenoceptor) and non receptor-
mediated contractile responses (high potassium 
solution). In addition, the endothelium dependent 
(methacholine) and endothelium independent 
(sodium nitroprusside) vasorelaxation were 
investigated before and after ROS exposure. 
Contractile responses to a,-adrenoceptor 
stimulation proved substantially impaired in aorta 
preparations subjected to longer periods of 
electrolysis. In preparations with intact 
endothelium, exposed up to 1 min. electrolysis, a 
small leftward shift (although not significant) of the 
concentration response curve for methoxamine was 
observed. Longer electrolysis periods of 2 or 3 min. 
attenuated the maximal responses to methoxamine. 
This bi-phasic phenomenon may be due to a ROS-
mediated endothelium dysfunction at shorter 
electrolysis periods (0.5 and 1 min.), and additional 
damage to the smooth muscle cells of the aortae at 
longer electrolysis periods (2 and 3 min.). This is 
supported by the finding that endothelium denuded 
preparations are more sensitive to a,-adrenoceptor 
agonists. In addition, the endothelium-dependent 
vasorelaxation to methacholine was impaired in all 
preparations exposed to ROS (independent of 
electrolysis duration), whereas almost complete 
relaxation was seen to sodium nitroprusside in 
these preparations. In contrast, KCI-induced 
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vasoconstriction was attenuated only in 
preparations exposed to ROS for 2 or 3 min. 
Taken together we conclude that electrolysis-
generated ROS induce vasoconstriction via the 
activation of the PLA2/AA pathway in isolated rat 
thoracic aortae. Besides cyclooxygenase, 
lipoxygenase products may also contribute to the 
ROS-induced vasoconstriction. Although ERK 

MAPK is involved in the ROS-induced contraction, 
the process of contraction is not the result of an 
ERK-mediated cPLA2 activation. ROS appear to 
deteriorate the functional integrity of the 
vasculature characterized by endothelial 
dysfunction and, upon longer ROS-exposure times, 
an additional smooth muscle damage and hence a 
decreased contractility. 
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GENERAL DISCUSSION 

There exists substantial evidence that ROS are 
produced in a variety of disease states and that 
ROS may display several direct or indirect 
cardiovascular activities. In the present study the 
influence of ROS on the contractility and contractile 
responses to external stimuli of cardiac and vascular 
tissues has been investigated. 
In the experiments described, ROS were generated 
by means of electrolysis of the organ bath fluid. This 
method offers several advantages compared to 
other ROS-generation systems using certain 
enzymes or chemicals. Firstly, this system produces 
a variety of ROS such as hydroxyl radicals, 
hydrogen peroxide, superoxide anions and 
hypochlorite for a short period, which resembles the 
situation occurring for instance during 
ischaemia/reperfusion. Secondly, the electrolysis 
procedure does not require enzymes and/or 
chemicals that themselves could influence the 
results. 
ROS generated in this way induced a decrease in 
contractile force in the isolated atrium, which can be 
partially prevented by specific hydroxyl radical and 
hydrogen peroxide scavengers. However, the 
precise mechanism of this decrease in contractile 
force remains to be elucidated. ROS exposure leads 
to a decreased responsiveness to non-receptor-
mediated positive inotropic stimuli such as elevation 
of extracellular calcium ions and sodium withdrawal. 
This decreased responsiveness may be due to a 
deteriorated contractile apparatus and/or to 

damaged enzymes and proteins responsible for 
cellular ion handling. However, the positive inotropic 
responses caused by lowering of stimulation 
frequency proved largely intact, which suggests that 
the calcium sequestration capabilities of the 
myocytes are preserved. 
In addition to a decreased contractile potential of 
cardiac preparations, ROS can influence the 
receptor-mediated contractile responses by 
changing the binding characteristics of the receptor 
itself or by inducing alterations in signal 
transduction mechanisms. The investigations 
described in the present thesis have shown that 
receptor-mediated responses are mainly affected by 
alterations in the signalling cascade of the receptor 
systems investigated. 
In particular the a,-adrenoceptor system proved 
hypersensitive to oxidative stress when compared 
to other receptor systems, such as for instance ß-
adrenoceptors and endothelin-1 receptors. In the 
isolated rat left atrium the positive inotropic 
responses to ^-adrenoceptor agonists proved, 
surprisingly, reversed into negative inotropic 
responses when the atria are exposed to ROS. This 
phenomenon is most likely the result of a protein 
kinase C-mediated activation of the N a + / K + 

ATPase in atria exposed to ROS. In the rat heart 
exposed to hydrogen peroxide the inotropic 
responses to ^-adrenoceptor stimulation were 
completely suppressed. However, since ouabain and 
calphostin C were unable to substantially 
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CHAPTER 8 
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stimulation proved substantially potentiated by 
ROS as a result of an enhanced inhibition of 
adenylyl cyclase (a negative inotropic component) 
and an attenuated phospholipase C activity (a 
positive inotropic component). 
The a,-adrenoceptor signal transduction pathway is 
complex and not understood in full detail. So far, it 
was believed that the contractile responses to a,-
adrenoceptor stimulation are evoked by a 
phospholipase C-mediated formation of inositol 
trisphosphate and diacyl glycerol, followed by 
protein kinase C activation. In this study it was 
shown that the N a V K + ATPase can be a substrate 
for protein kinase C under pathophysiological 
circumstances in vivo, and that phosphorylation 
leads to an activation of this enzyme. In addition, 
the inotropic effect of a,-adrenoceptor stimulation 
is largely dependent on the activation of a mitogen-
activated protein kinase (MAPKXsee figure 1). 
Interestingly, MAPK can be activated by ROS. 
We also studied the influence of ROS on isolated 
vascular preparations. In the isolated aorta 
electrolysis-generated ROS induce a pronounced 
vasoconstriction. This vasoconstriction can be 
blocked by cyclooxygenase/lipoxygenase inhibition 
and by DMSO (a hydroxyl radical scavenger), 
indicating an eicosanoid-mediated constriction 
induced by hydroxyl radicals. ROS influence the 
functional integrity of vessels in a biphasic manner. 
Exposure to low concentrations or short periods of 
ROS, will induce endothelial dysfunction as 

characterized by a diminished vasorelaxation to 
muscarinic agonists but an intact response to 
potassium ions. Higher concentrations ROS or 
longer exposure times will induce an additional 
damage to the smooth muscle cells as indicated by 
an attenuated response to potassium ions. In this 
connection it appears to be of interest that the 
vasoconstriction induced by ROS is partially 
mediated by mitogen-activated protein kinases. 
Taken together, the experimental data imply that 
ROS interact with specific cellular targets (that are 
more susceptible to ROS) rather than causing a 
"random" deterioration of molecules and cellular 
structures. Furthermore, our investigations indicate 
that ROS decrease cardiac contractility, attenuate 
or even inverse positive inotropic responses into 
negative inotropic actions, and potentate negative 
inotropic stimuli. This might point towards a so far 
unknown role for the cardiodepressant activity of 
ROS in disease states such as congestive heart 
failure or diabetes. In addition, ROS possess the 
potency to increase peripheral resistance by 
inducing vasoconstriction and to cause endothelial 
dysfunction. 

Numerous factors directly or indirectly involved in 
the progressive deterioration of cardiac contractility 
and vascular damage in these disease states have 
already been identified. However, our recent 
findings might suggest that the ROS-induced 
injuries can provide new targets for pharmacological 
interventions in such diseases. 
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This chapter is dealing with the chemical nature and 
general aspects of free radicals and other reactive 
oxygen species (ROS), and possible sources of 
ROS in vivo. Since most ROS are very reactive, 
they will readily react with important cellular 
components (such as lipids, proteins and nucleic 
acids) and possibly alter various cellular processes. 
Most organisms have developed antioxidant 
systems to protect their cells against the 
deleterious effects of ROS. These defences can be 
enzymatic (superoxide dismutase, glutathion 
peroxidase system and catalase) as well as non-
enzymatic such as for instance antioxidant vitamins. 
An increased production of ROS can overwhelm the 
local antioxidant system, thus leading to a situation 
termed "oxidative stress" which may provoke 
oxidative damage. A variety of disease states with 
direct or indirect cardiovascular implications (for 
instance ischaemia/reperfusion, atherosclerosis, 
diabetes and congestive heart failure), in which 
ROS may play a role, are discussed. Since ROS are 
implicated in these disease states, clinical trials 
have addressed the question whether antioxidant 
therapy may be beneficial in these diseases. 
However, the results obtained so far are 
disappointing and not clear. Furthermore, an 
overview is given of possible cellular targets of ROS 
that may explain the deleterious effects of ROS on 
the cardiovascular system. 

The effects of ROS, induced by electrolysis of a 
physiological salt solution, on various inotropic 
responses in isolated rat left atria were studied. 
Evidence for the generation of hydroxyl radicals was 
obtained from an appropriate fluorimetric assay. 
The amount of ROS produced by electrolysis of the 
medium proved current-dependent. Exposure of 
isolated rat left atria to the medium which had been 
subjected to electrolysis caused a current-
dependent decrease in contractile force. Oxidative 
stress, as a result of the electrolysis of the medium, 
caused blunted inotropic responses to extra cellular 
Ca2" , sodium withdrawal and lowering of 
stimulation frequency. The response to the ß-
adrenoceptor agonist isoprenaline was diminished in 
atria subjected to oxidative stress and led to a 
rightward shift of the concentration respons curves 
(pD2 contol group: 7.56 ± 0.10 vs. 6.77 ± 0.11 
electrolysis group). In addition, the inotropic 
responses to forskolin (pD2 control group: 6.17 ± 
0.12 vs. < 4.5 electrolysis group) and dibutyryl 
cAMP proved blunted as well. Measurement of the 
adenylyl cyclase activity revealed that ROS 
attenuated the basal and forskolin stimulated 
activity of the adenylyl cyclase. DMSO, a well 
known hydroxyl radical scavenger, was able to 
abolish the free radical-induced decrease in the 
response to isoprenaline. Surprisingly, a-
adrenoceptor stimulation in atria subjected to 
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electrolysis-generated ROS led to a rapid decrease 
in contractile force. DMSO was unable to 
counteract the negative intropic effect of 
methoxamine in atria subjected to oxidative stress. 
This negative inotropic response to a-adrenoceptor 
stimulation in atria subjected to electrolyzed 
medium is unlikely the direct result of phospholipase 
C or protein kinase C activation. Angiotensin II 
(which stimulates PLC as well) did not show an 
inotropic effect and chelerythrine (a PKC inhibitor) 
was unable to counteract the negative inotropic 
effect after a-adrenoceptor stimulation. 
From this study we can conclude that free radicals 
alter responses to various inotropic stimuli. These 
alterations may be the result of injured contractile 
elements, transporter molecules and molecules 
involved in signal transduction, a,-Adrenoceptor 
stimulation after oxidative stress leads to a PLC 
and PKC-independent negative inotropic effect. 

This study was designed to investigate the 
mechanism(s) of the negative inotropic effects of 
a,-adrenoceptor agonists observed in isolated rat 
left atria after exposure to ROS. Ouabain and 
calphostin C were used in contraction experiments 
to block the sodium pump and protein kinase C. 
Methoxamine-induced phospholipase C and 
N a V K + ATPase activities were measured. 

Methoxamine (300 U.M) increased contractile force 
by 1.6 ± 0.2 mN in control atria but decreased 
contractile force in electrolysis-treated atria by 2.0 
± 0.1 mN, as determined 10 min after methoxamine 
addition. In contrast, the positive inotropic effects 
of endothelin-1 (30 nM) and isoprenaline (10 u.M) 
were reduced from 2.6 ± 0.3 to 1.3 ± 0.1 mN and 
from 2.6 ± 0.3 to 1.7 ± 0.2 mN, respectively, by 
electrolysis treatment, but not converted into a 
negative inotropic action. In an inositol phosphate 
assay we observed that the stimulation of 
phospholipase C by methoxamine was attenuated 
by electrolysis when the (electrolyzed) medium from 
the organ bath was used, but the phospholipase C 
responses were restored by the use of fresh 
medium. However, medium refreshment did not 
counteract the negative inotropic effect of 
methoxamine. Accordingly, the negative inotropic 
effect of methoxamine is not directly related to the 
impaired phospholipase C responses seen in atria 
subjected to electrolysis. 

Ouabain and the protein kinase C inhibitor 
calphostin C, completely prevented the negative 
inotropic effect of 300 u.M methoxamine in 
electrolysis-treated atria. Measurement of the 
Na + /K + ATPase activity, revealed that in control 
atria, a,-adrenoceptor stimulation with 300 u.M 
methoxamine, decreased the N a V K * ATPase 
activity by 14.4 ± 7.7%. In contrast, methoxamine 
increased the Na + /K + ATPase activity by 48.8 ± 
8.9% in electrolysis-treated atria, interestingly, this 
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increase in Na+ /K+ ATPase activity was completely 
counteracted by calphostin C (1.4 ± 0.1% over 
basal). 

These results indicate that the negative inotropic 
effects of a,-adrenoceptor agonists, observed in 
isolated rat left atria exposed to ROS, is likely to be 
caused by protein kinase C mediated 
phosphorylation and subsequent activation of the 
Na+/K+ ATPase. 

In the study described in this chapter the influence 
of hydrogen peroxide on the rat heart was 
investigated. Hydrogen peroxide (600 u.M for 9 min) 
induced a pronounced increase in left ventricular 
pressure (LVP) which reached a stable maximum 30 
min after the H202 infusion period. The thromboxane 
A2 antagonist SQ29548 was unable to counteract 
this increase in LVR Pretreatment of the hearts with 
the dual cyclooxygenase/lipoxygenase inhibitor 
meclofenamate resulted in a pronounced increase in 
left ventricular end diastolic pressure, indicating 
protective effects of eicosanoids. In hearts exposed 
to hydrogen peroxide the inotropic responses to <x,-
adrenoceptor stimulation were completely 
diminished, whereas the responses to ß-
adrenoceptor stimulation were only blunted. 
Ouabain and calphostin C were unable to 
counteract the disappearance of the oc,-

adrenoceptor responses. These data indicate that 
the disappearance of the a,-adrenoceptor 
responses is caused by a different mechanism than 
that observed in the isolated atria. 

The aim of the present study was to investigate the 
influence of reactive oxygen species (ROS) on the 
contractile responses of rat isolated left atria to 
muscarinic receptor stimulation. ROS were 
generated by means of electrolysis (30mA, 75 s). 
Twenty minutes after the electrolysis period the 
electrically paced atria (3 Hz) were stimulated with 
the adenylyl cyclase activator forskolin (1 u.M). 
Subsequently, cumulative acetylcholine 
concentration-response curves were constructed 
(0.01 nM - 10 U.M). In addition, phosphoinositide 
turnover and adenylyl cyclase activity under basal 
and stimulated conditions were measured. For these 
biochemical experiments we used the stable 
acetylcholine analogue carbachol. The atria exposed 
to reactive oxygen species were influenced more 
potently (pD2 control: 6.2 ± 0.1 vs. 7.1 ± 0 . 1 for 
electrolysis treated atria, P<0.05) and more 
effectively (Emax control 40% vs. 90% reduction of 
the initial amplitude, P<0.05) by acetycholine. The 
basal (-40% vs. control) as well as the carbachol-
stimulated (-85% vs. control) inositolphosphate 
formation was reduced in atria exposed to ROS. The 
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basal adenylyl cyclase activity was identical in both 
groups but carbachol-stimulation induced a more 
pronounced reduction in adenylyl cyclase activity in 
the electrolysis treated atria. 
Accordingly, we may conclude that ROS enhance 
the negative inotropic response of isolated rat atria 
to acetylcholine by both a reduction of the positive 
(inositide turnover) and increase of the negative 
(adenylyl cyclase-inhibition) inotropic components 
of cardiac M2-muscarinic receptor signal 
transduction cascade. 

We have investigated a possible role of mitogen-
activated protein kinases (MAPK) in the contractile 
effects of the a,-adrenoceptor agonist 
methoxamine and endothelin-1 in isolated rat left 
atria and thoracic aorta. Endothelin-1 (50 nM) and, 
to a lesser extent, methoxamine (300 jUM) activated 
the ERK and p38 isoforms of MAPK as determined 
by immunoblotting with epitope-specific anti-
phosphotyrosine antibodies. PD98059 (1 mM), an 
inhibitor of the ERK cascade, significantly reduced 
the inotropic responses to methoxamine and 
endothelin-1 by approximately 66% and 86%, 
respectively, but not that to isoprenaline (30 ^M). 
None of these inotropic effects was inhibited by 2 
jUM of the p38 inhibitor SB203580. PD98059 also 
inhibited aortic constriction in response to 

methoxamine, and this was largely due to a reduced 
maximal response (-74%). The endothelin-1 -induced 
aortic constriction was inhibited only marginally, and 
significant inhibition of endothelin-1 (-52%) by 
PD98059 was observed only in the presence of the 
calcium entry blocker verapamil (1 ßM). PD98059 
also inhibited the aortic contraction to 20 / J M 
phorbol 12-myristate 13-acetate (-53%) but not that 
to KCl (40 mM). None of the responses in rat aorta 
was affected by SB203580. 
We conclude that a PD98059-sensitive MAPK 
pathway is involved in the inotropic and 
vasoconstrictor actions of a, -adrenoceptor agonists 
and endothelin-1. The activation of this pathway 
may be partially protein kinase C-dependent. 

Oxygen derived free radicals and other reactive 
oxygen species (ROS) are involved in a variety of 
disease states, which can have cardiac and vascular 
implications. The present study was performed to 
investigate the mechanism of ROS-induced 
vasoconstriction and the influence of ROS on the 
functional integrity of isolated rat thoracic aorta. 
ROS were generated by means of electrolysis (30 
mA, during 0.5, 1, 2 and 3 min) of the organ bath 
fluid. ROS induced a transient (approximately 60 
min) vasoconstriction and the maximally induced 
contraction was dependent on the duration of 
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electrolysis. Dimethyl sulfoxide diminished the 
ROS-induced vasoconstriction almost completely, 
indicating a major influence of hydroxyl radicals on 
contractility. 
The dual cyclooxygenase/lipoxygenase inhibitor 
meclofenamate completely prevented the ROS-
induced vasoconstriction. The PLA2 inhibitor 
oleyloxyethyl phosphorylcholine was able to reduce 
the vasoconstriction elicited by ROS by 
approximately 70%. Conversely, the specific cPLA2 

inhibitor arachidonyl trifluoromethylketone proved 
ineffective in this respect. By using the specific 
mitogen-activated protein kinase (MAPK) kinase 
inhibitor PD98059 it was shown that the activation 
of extracellular-regulated kinase (ERK) MAPK 
contributes to the ROS-induced vasoconstriction. 
The effects of ROS on the functional integrity of the 
aortae were investigated in particular with respect 
to receptor (a,-adrenoceptor) and non receptor-
mediated contractile responses (high potassium 
solution). In addition, the endothelium-dependent 

(methacholine) and endothelium-independent 
(sodium nitroprusside) vasorelaxation were 
investigated before and after ROS exposure. 
Electrolysis periods of 0.5 and 1 min. induced a 
modest leftward shift of the concentration response 
curves for the a,-adrenoceptor agonist 
methoxamine. Longer electrolysis periods of 2 and 3 
min. additionally decreased the maximal response 
to a,-adrenoceptor stimulation. 
Methacholine-induced vasorelaxation proved 
diminished in aortae subjected to electrolysis (0.5, 
1, 2 and 3 min), whereas relaxation to sodium 
nitroprusside was nearly complete in all groups. 
KCI-induced contractions proved attenuated only 
after longer electrolysis periods of 2 and 3 min. 
From these results we may conclude that ROS 
induce an eicosanoid and ERK MAPK-mediated 
vasoconstriction in isolated rat thoracic aorta. In 
addition, exposure to ROS leads to a deterioration 
of functional integrity characterized by endothelial 
dysfunction and decreased contractile function. 
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SAMENVATTING 

Hoofdstuk 1 

In deze inleiding wordt een overzicht gegeven van 
de algemene en chemische aspecten van vrije 
radicalen en andere reactieve zuurstofspecies 
(RZS) en de mogelijke bronnen van RZS in vivo. 
Daar de meeste RZS zeer reactief zijn, kunnen deze 
moleculen gemakkelijk reageren met belangrijke 
cellulaire componenten zoals lipiden, eiwitten en 
nucleïnezuren, wat zou kunnen leiden tot 
veranderingen in verschillende cellulaire processen. 
Om cellen tegen deze negatieve effecten van RZS 
te beschermen hebben de meeste organismen een 
antioxidantsysteem ontwikkeld. Dit antioxidant-
systeem bestaat uit enzymatische antioxidant-
systemen (superoxide dismutase, catalase en het 
glutathion peroxidasesysteem) en niet-
enzymatische systemen zoals bijvoorbeeld anti
oxidant vitamines.Onder bepaalde omstandigheden 
kan de produktie van RZS echter groter zijn dan de 
capaciteit van het antioxidant systeem; dan 
ontstaat een situatie die wordt aangeduid met de 
term "oxidatieve stress". Dit kan resulteren in 
oxidatieve schade aan belangrijke cellulaire 
componenten. In het kort worden een aantal 
ziektenbeelden beschreven die direct of indirect 
cardiovasculaire implicaties hebben waarbij RZS 
mogelijk een rol spelen. In verschillende klinische 
trials is het effect van antioxidant therapie op deze 
ziektebeelden onderzocht. De resultaten zijn echter 
op sommige punten niet duidelijk en tegenstrijdig. 

Hoofdstuk 2 

In dit hoofdstuk beschrijven wij een onderzoek naar 
de invloed van RZS op diverse inotrope responsen 
in geïsoleerde rattenatria. Door middel van een 
fluorimetrische bepalingsmethode werd aangetoond 
dat er bij electrolyse hydroxylradicalen worden 
gevormd. De hoeveelheid RZS gevormd door 
electrolyse bleek afhankelijk te zijn van de 
stroomsterkte. Electrolyse van het medium in het 
orgaanbad leidde tot een geleidelijke afname in 
contractiekracht van de geïsoleerde atria. 
Verschillende van receptoren onafhankelijke 
inotrope stimuli werden door electrolyse verzwakt. 
De positief inotrope respons op ß-adrenoceptor 
stimulatie met isoprenaline bleek af te nemen in 
atria die blootgesteld waren aan RZS, zodat de 
concentratie-respons-curve voor isoprenaline naar 
rechts verschoof. Ook de inotrope effecten van 
forskoline en dibutyryl cAMP waren verzwakt. 
De positief inotrope effecten van oc,-
adrenoceptorstimulatie bleken te worden veranderd 
in negatief inotrope responsen in atria die 
blootgesteld waren aan RZS. Deze negatief 
inotrope responsen op aradrenoceptorstimulatie is 
waarschijnlijk niet het directe resultaat van 
fosfolipase C- of proteïne kinase C-activatie, daar 
angiotensine II geen negatief inotroop effect 
veroorzaakte en de proteïne kinase C-remmer 
chelerythrine niet in staat was om deze effecten te 
remmen. Hieruit mag worden geconcludeerd, dat 
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RZS de inotrope responsen op verschillende stimuli 
duidelijk doen verminderen. Deze veranderingen 
kunnen het resultaat zijn van beschadigde 
contractiele elementen of van afwijkingen in de 
signaal transductie mechanismen, a,-Adrenoceptor 
stimulatie na oxidatieve stress leidt tot een negatief 
inotroop effect, dat onafhankelijk is van fosfolipase 
C en proteïne kinase C. 

Hoofdstuk 3 

In dit onderzoek werd het mechanisme van de 
negatief inotrope effecten door a,-
adrenoceptorstimulatie in aan RZS blootgestelde 
atria geanalyseerd. Ouabaine en calphostine C zijn 
gebruikt om Na + /K + ATPase en respectievelijk 
proteïne kinase C te remmen. Verder werden de 
door methoxamine geïnduceerde fosfolipase C en 
Na + /K + ATPase-activiteiten gemeten. In controle-
atria verhoogde 300 u.M methoxamine de 
contractiekracht met 1.6 ± 0.2 mN. In atria 
blootgesteld aan door electrolyse gegenereerde 
RZS verlaagde methoxamine echter de 
contractiekracht met 2.0 ± 0.1 mN. Dit in 
tegenstelling tot de inotrope responsen op 
isoprenaline en endotheline, die weliswaar lager 
waren in met electrolyse behandelde atria in 
vergelijking met controle atria, maar niet 
omgevormd werden tot negatief inotrope effecten. 
Met behulp van een inositolfosfaat-bepaling, werd 

aangetoond dat de stimulatie van fosfolipase C 
door methoxamine is gereduceerd wanneer de 
assay wordt uitgevoerd met het geëlectrolyseerde 
medium uit het orgaanbad. Wanneer deze bepaling 
plaats vindt in een verse Tyrode-oplossing treden 
deze verschillen niet op. Verversing van het medium 
had geen invloed op de negatief inotrope effecten 
van <xt-adrenoceptorstimulatie. Zowel ouabaine als 
calphostine waren in staat om het negatief inotrope 
effect van 300 U.M methoxamine te remmen. In 
controle atria induceerde methoxamine een afname 
van 14.4 ± 7.7% in de Na + /K + ATPase-activiteit. In 
met electrolyse behandelde atria induceerde 
methoxamine echter een toename van 48.8 ± 8.9% 
van de Na + /K + ATPase-activiteit. Deze toename in 
N a + / K + ATPase-activiteit kon volledig worden 
geremd met calphostine. Deze resultaten tonen 
aan, dat de negatief inotrope effecten van ce,-
adrenoceptorstimulatie in aan RZS blootgestelde 
atria waarschijnlijk het gevolg zijn van een 
fosforylatie en activatie van het Na + /K + ATPase 
door proteïne kinase C. 

Hoofdstuk 4 

In dit onderzoek is de invloed van waterstofperoxide 
op het geïsoleerde rattenhart bestudeerd. 
Waterstofperoxide (600 mM, 9 min) induceerde een 
uitgesproken toename van de linkerventrikel druk 
(LVD), die een maximum bereikte 30 min. na 
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waterstofperoxide-infusie. De thromboxaan 
A42antagonist SQ29548 was niet in staat om deze 
toename in LVD te remmen. Voorbehandeling van 
de harten met de cyclooxygenase/lipoxygenase 
remmer meclo-fenamaat resulteerde in een sterke 
toename van de linksventriculaire eind-diastolische 
druk, hetgeen wijst op een beschermend effect van 
eicosanoiden. In harten behandeld met 
waterstofperoxide bleek de positief inotrope 
respons op a radrenoceptor-stimulatie volledig 
verdwenen, terwijl de inotrope respons op 
isoprenaline slechts verlaagd was. Ouabaine en 
calphostine C waren niet in staat om de inotrope 
respons op methoxamine te herstellen. Deze 
resultaten tonen aan dat de verdwenen inotrope 
respons op methoxamine veroorzaakt wordt door 
een ander mechanisme dan dat in geïsoleerde atria. 

Hoofdstuk S 

In dit onderzoek is de invloed van RZS op de 
negatief inotrope responsen na muscarinereceptor-
stimulatie geanalyseerd. RZS werden gevormd door 
middel van electrolyse van de Tyrode-oplossing in 
het orgaanbad. Twintig minuten na de electrolyse-
periode (30 mA, 75s) werden de atria gestimuleerd 
met de adenylylcyclase activator forskoline (1 u.M). 
Vervolgens zijn er cumulatieve concentratie-
respons-curves voor acetylcholine geconstrueerd. 
Bovendien zijn de fosfolipase C en adenylylcyclase-

activiteit onder basale en gestimuleerde 
omstandigheden gemeten. In atria blootgesteld aan 
RZS was acetylcholine potenter (pD2 controle: 6.2 
± 0.1 vs. 7.1 ± 0.1 voor electrolyse) en effectiever 
(Emax controle: 40% vs. 90% reductie van de initiïle 
amplitude) wat betreft het induceren van een 
negatief inotroop effect. Zowel de basale als de 
door carbachol gestimuleerde 
inositolfosfaatvorming was gereduceerd in atria die 
blootgesteld waren aan RZS. De basale 
adenylylcyclase-activiteit was identiek in beide 
groepen, maar carbachol induceerde een sterkere 
remming van het adenylyl cyclase in de 
electrolysegroep. Uit deze resultaten kan 
geconcludeerd worden, dat RZS de negatief 
inotrope respons op M2-muscarine receptor 
stimulatie versterkt, zowel door een reductie van de 
positief inotrope (fosfolipase C) als door een 
versterking van de negatief inotrope 
(adenylylcyclase-remming) component van de 
signaaltransductie-cascade. 

Hoofdstuk 6 

In dit project is de rol van mitogeen geactiveerde 
proteïne kinases (MAPK) in de contractiele effecten 
van ce,-adrenoceptor agonisten en endotheline-1 in 
geïsoleerde rattenatria en -aorta onderzocht. Uit 
immunoblot-experimenten bleek, dat endotheline-1 
en in mindere mate methoxamine de ERK en p38 
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isovormen van MAPK activeerden. De positief 
inotrope responsen op methoxamine en endotheline 
werden significant geremd door 1 mM PD98059, 
een remmer van de ERK signaal transductie 
cascade, met respectivelijk 66% en 86%. De 
inotrope respons op ae ß-receptor agonist 
isoprenaline werd niet beïnvloed door PD98059. 
Geen enkele van deze inotrope responsen werd 
beïnvloed door 2 |iM SB203580 een p38 remmer. 
Ook de door methoxamine geïnduceerde 
vasoconstrictie werd significant geremd door 
PD98059. Significante remming van de door 
endotheline geïnduceerde vasoconstrictie door 
PD98059 trad alleen op in aanwezigheid van de 
Calciumantagonist verapamil. Ook de 

vasoconstrictie die werd geïnduceerd door de 
forbolester PMA kon gedeeltelijk (53%) geremd 
worden met PD98059. De door middel van KCl 
geïnduceerde contracties waren niet gevoelig voor 
PD98059. Hieruit blijkt, dat er een PD98059 
gevoelige MAPK signaaltransductie cascade 
betrokken is bij de inotrope en vasoconstrictoire 
effecten van a,-adrenoceptor agonisten en 
endotheline-1. 

Hoofdstuk 7 

In dit onderzoek werd het mechanisme van de door 
RZS geïnduceerde vasoconstrictie en de invloed 
van RZS op de functionele integriteit van 

geïsoleerde aorta van de rat bestudeerd. RZS 
werden gegenereerd door electrolyse (30 mA, 0.5, 
1, 2 en 3 min) van de Tyrode-oplossing. RZS 
induceerden een voorbijgaande (60 min) 
vasoconstrictie, waarvan de maximale amplitude 
afhankelijk was van de duur van de electrolyse. 
Dimethylsulfoxide (een hydroxylradicaal scavenger) 
was in staat deze vasoconstrictie volledig te 
voorkomen, hetgeen wijst op een belangrijke rol van 
hydroxylradicalen in de door electrolyse 
geïnduceerde vasoconstrictie. De door RZS 
geïnduceerde constrictie kon volledig worden 
geremd met meclofenamaat, een cyclooxygenase/ 
lipoxygenase-remmer. De fosfolipase A2 (PLA2) 
remmer oleyloxyethyl fosforylcholine was in staat 
om deze vasoconstrictie gedeeltelijk te remmen 
(70%), in tegenstelling to de cPLA2 remmer 
arachidonyl trifluormethylketon, die hiertoe niet in 
staat was. De MAPK kinase-remmer PD98059 
reduceerde de door RZS geïnduceerde 
vasoconstrictie met 50%. De effecten van RZS op 
de functionele integriteit van de aortae werd 
onderzocht aan de hand van beïnvloeding van de 
contractiele responsen die al dan niet via receptoren 
tot stand komen. In dit verband onderzochten wij 
respectivelijk methoxamine (via <x, -receptoren ) en 
kaliumionen (onafhankelijk van receptoren). 
Bovendien zijn de endotheelafhankelijke 
(methacholine) en endotheelonafhankelijke 
(natrium nitroprusside) vasorelaxatie onderzocht 
vóór en na RZS-behandeling. Electrolyseperioden 
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van 0.5 en 1 min. veroorzaakten een geringe 
verschuiving naar links van de concentratie
respons-curve voor methoxamine. Langere 
electrolyse perioden van 2 en 3 min. verlaagden 
bovendien de maximale respons op methoxamine. 
De door methacholine geïnduceerde vasorelaxatie 
was sterk gereduceerd door electrolyse 
(onafhankelijk van de duur van electrolyse), terwijl 
de door natrium nitroprusside geïnduceerde 
vasorelaxatie nagenoeg volledig werd onderdrukt. 

De door KCl geïnduceerde contracties werden 
alleen geremd na langere electrolyse perioden van 2 
en 3 min. 
Hieruit mag geconcludeerd worden dat RZS in de 
rattenaorta vasoconstrictie veroorzaken, die 
afhankelijk is van eicosanoïden en van ERK MAPK. 
RZS tasten de functionele integriteit van de vaten 
aan, zoals dit blijkt uit een slechter 
functionerend endotheel en een afname van de 
contractiliteit. 
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