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Chapter 1

Introduction

The cardiovascular system distributes blood to and collects blood from the
different organs to assure optimal exchange of nutrients, oxygen and
metabolites from the tissues. The cardiovascular system consists of a pump,
the heart, and an arterial tree starting with the aorta and resolving in a dense
network of capillaries. These capillaries are connected to small venules which
combine into veins. The veins end in the vena cava, which is connected to the
heart, closing the vascular circle.
The control of the cardiovascular system is complex and consists of remote
and local acute and chronic regulatory mechanisms.
Remote control systems of the vasculature include peptidergic and sympathetic
nerves (Hirst & Edwards, 1989) which release noradrenaline, ATP,
peptidergic transmitters like CGRP and neuropeptide Y (Hirst & Edwards,
1989; Lundberg et al., 1990; Eerdmans et al., 1991). Furthermore, dynamic
changes in vasculature can be mediated by substances released in the
circulation, like hormones (Grillone et al., 1988; Tabrichi & Triggle, 1991),
autocoids (De Mey & Gray, 1985; Edwards, 1985; Liischer & Vanhoutte,
1988) and tissue metabolites (De Mey et al., 1979; Silver et al., 1984).
Local control of vascular function has been described on the basis of various
mechanisms. Arteries have a basal tone, which does not depend on neurogenic
or any of the other control mechanisms described above. This myogenic tone
originates within the smooth muscle cells and is affected by pressure changes
(Mellander, 1989; Falcone et al., 1991; Messing et al., 1991). Structural
alterations due to pressure changes (Kitakaze et al., 1991) can be seen as an
intrinsic long term control mechanism of the blood vessel wall to regulate wall
stress and its local distribution. Other cell types in the arteries can also
influence vascular tone locally. Endothelial cells have multiple modulatory
effects on vascular smooth muscle function. Furchgott and Zawadski
(Furchgott & Zawadski, 1980) were the first to describe the endothelium-
dependence of the vasodilator action of acetylcholine on smooth muscle cells.
A vasodilator substance, endothelium derived relaxing factor (EDRF), is
liberated by the endothelial cells. This substance was later found to be nitric
oxide (Palmer et al., 1988; Moncada et al., 1989). Another relaxing substance
released from the endothelium was later found, namely endothelium derived
hyperpolarizing factor (EDHF) (Chen et al., 1988; Taylor & Weston, 1988;
Miller, 1991; Rubanyi, 1991). A third relaxing factor is prostacyclin
(Moncada et al., 1976; Moncada & Vane, 1979), which is released by the
vascular endothelium in response to a number of stimuli like shear stress,
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hypoxia and receptor-operated mechanisms (Eldor et al., 1981). Recent
research suggests the additional existence of endothelium derived constricting
factors, most notably endothelin (Yanagisawa et al., 1988; Furchgott &
Vanhoutte, 1989; Highsmith et al., 1989; Luscher et al., 1992; Hahn et al.,
1993).

Cardiac function is regulated by two mechanisms; i. intrinsic autoregulation of
pumping in response to changes in the volume of blood flowing into the heart
and ii. extrinsic control of the heart by the sympathetic and parasympathetic
nervous systems and several hormones.
The intrinsic autoregulation is needed to overcome variations in the venous
return of blood; this autoregulation is called the Fran&-Star/mg m^c/w«/jm. In
principle, the amount of stretching of the cardiac muscle is correlated with the
force developed during contraction.
The major extrinsic form of control is exerted by the nerve endings of
sympathetic fibers, which lie between the myocardial fibers and release
noradrenaline. Both atria and ventricles contain |3, and ^-adrenoceptors, the
relative density of /3-adrenoceptors being highest in the atria. Stimulation of /?-
adrenoceptors causes increased atrial and ventricular contractility, increases the
heart rate and speeds the spread of excitation through the AV node and, very
slightly, through the ventricles. There is also evidence for the production of
neuropeptides in the coronary vessels and heart muscle which can influence
coronary vascular resistance and myocardial contractility (Gulbenkian et al.,
1993). Vagal stimulation generally exerts effects opposite to those of
sympathetic stimulation on the sinus node of the atria. The vagal
parasympathetic stimulation normally predominates in the conscious state and
maintains the usual resting heart rate of about 65 to 75 beats per minute. The
resting bradycardia of exercise training is due predominantly to a slowing of
the intrinsic rate of the sinus node pacemaker due to enhanced vagal activity in
association with a decrease in the adrenergic influence. Furthermore, neural
reflexes, particularly from stretch receptors in the carotid sinus and aorta,
form a major extrinsic control mechanism that influences myocardial
performance directly and indirectly. When carotid sinus stretch decreases, as
with arterial hypotension, a reflex venoconstriction is produced by the
sympathetic nervous system that increases venous return and thereby increases
ventricular end-diastolic fiber length. Simultaneously, carotid sinus
hypotension produces reflex arterial vasoconstriction, increasing peripheral
vascular resistance and aortic impedance. In addition, carotid sinus
hypotension elicits reflexes that increase atrial and ventricular contractility.
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Stimulation of the carotid sinus nerve, such as might occur with carotid sinus
hypertension, produces the opposite effects.

Sympathetic nervous system in relation to the vascular system

In 1921, Loewi (Loewi, 1921) observed that stimulation of the cardiac
sympathetic nerves of the isolated perfused turtle heart increased the heart rate
and force of contraction. He also noted that, following stimulation of the
nerves, the perfusate was capable of increasing the heart rate and contractile
force of other isolated hearts. He concluded that stimulated cardiac nerves
liberated a chemical substance that effects a chronotropic and inotropic
response in the heart. This substance, noradrenaline, had already been
identified in 1897 (Abel & Crawford, 1897). Elliot in 1905 (Elliot, 1905)
suggested a relationship between noradrenaline and the sympathetic nervous
system, but Loewi was the first to establish the relation between noradrenaline,
the sympathetic nervous system and the cardiovascular system.
Over the last decades, the importance of the sympathetic nervous system for
the vasculature had become increasingly clear. Vascular control by the
sympathetic nervous system is achieved in two ways; i.) by innervation of the
blood vessel and ii.) by releasing catecholamines in the circulation which act
from within the lumen of the target vessel.

The release of the sympathetic neurotransmitter noradrenaline at the nerve
endings appears to be under a fine inhibitory and facilitatory control (figure
1). Noradrenaline release, by exocytosis, is inhibited by junctional presynaptic
aj-adrenoceptors (Armstrong & Boura, 1973; Langer, 1974; 1977; Medgett et
al., 1978; Rump et al., 1991; Hauser et al., 1995). The same occurs after
presynaptic receptor stimulation of DAj, muscarinic, adenosine and PGE2
receptors and various other receptors (figure 1). Noradrenaline release is
enhanced by activating or engaging presynaptic ^-adrenoceptors, angiotensin
II receptors and other receptor types (see figure 1). Stimulation of post-
synaptic a-adrenoceptors leads to vasoconstriction by activating vascular
smooth muscle (Raymond et al., 1990).
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Sympathetic nerve ending

Peptidcrgic nerve ending

Figure 1
Schematic representation of presynaptic
modulatory influences by autoreceptors and
heteroceptors on noradrenaline and neuropeptide
Y release.

Schematic representation of presynaptic
modulatory influences by autoreceptors (right)
and heteroceptors (left) on the liberation of the
sympathetic neurotransmitters noradrenaline
(NA) and neuropeptide Y (NPY). Inhibitory (-)
influences are represented in the upper part and
facilitatory ( + ) influences in the lower part of
the sympathetic nerve ending. In addition to its
action on specific receptors NPY can also
potentiate the effects of noradrenaline on
adrenergic receptors. The peptidergic nerve
ending seems to possess aj-adrenoceptors with
inhibitory influences. DA, dopamine; ACh,
acetylcholine; PGE^, prostaglandin E ;̂ 5-HT,
serotonin; ACTH, adrenocorticotropine
hormone; BK, bradykinin; Ang II, angiotensin
II.

The roles of the circulating catecholamines are diverse (see for example figure
2). Noradrenaline can play a role both in increasing and decreasing blood
pressure. Stimulation of prejunctional, endothelial and aj-adrenoceptors in the
vasomotor centre in the central nervous system (Van Zwieten et al., 1986)
leads to a blood pressure reduction. Smooth muscle «i and aj-^drenoceptor
stimulation causes a blood pressure increase.
Furthermore, evidence exists of a trophic influence of the sympathetic nervous
system in relation with the vasculature. In vitro administration of
catecholamines to rat aortic smooth muscle cells (SMC) leads to DNA
synthesis (Blaes & Boissel, 1983; Yamori et al., 1987), mediated by a,-
adrenoceptors (Nakaki et al., 1990). Sympathetic nerves have been shown to
stimulate arterial wall growth in young rabbits (Bevan & Tsuru, 1979; 1981;
Bevan et al., 1983).
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Decreased sympathetic activity

Inhibition of noradrenaline release

Stimulation of effector cell

Inhibition of possible peptidergic nerve

Endothelium: EDRF release

Figure 2
The possible mechanisms of action of a^-adrenoceptor agonists.
of2-Adrenoceptor agonists can interact in several mechanisms. Stimulation of central aj-adrenoceptors
leads to decreased sympathetic activity. In the sympathetic nerve ending stimulation induces
decreased noradrenaline release and increased excitation of the effector cell. Furthermore, inhibition
of peptidergic nerves is possible. In the artery, otj-adrenoceptor stimulation of the endothelium
results in increased EDRF release, which in turn results in vasodilation.

Unilateral removal of the superior cervical ganglion in a four week old rabbit
has been found to decrease the amount of SMC DNA synthesis, wall thickness
and total weight of the denervated ear artery (Bevan & Tsuru, 1979).
Sympathectomy, using anti nerve growth factor (NGF) antibodies and
guanethidine, partly prevented the development of resistance artery structure
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changes in the SHR (Lee et al., 1987; 1991; Korner, P. et al., 1993). The
receptor or receptors responsible for the trophic changes are still unknown.
Prazosin (Jonsson et al., 1992) administration significantly reduced aortic wall
mass but did not modify resistance artery structure. This was in agreement
with investigations performed by our group (Boonen et al., 1993) in which
phenylephrine infusion led to a 15 % increase in aortic wall mass but no
changes in small resistance arteries.
Several differences in function and innervation have been found between large
and small arteries. Small arteries play an important role in establishing
resistance and regulating blood pressure. In larger arteries the compliance is of
importance in relation to blood pressure (Barra et al., 1993) . Large vessels
lack sympathetic innervation; the density of the innervation increases with the
branching of the arterial tree. Furthermore, differences in innervation have
been observed between different vascular beds. The response to nerve
stimulation seems to be higher in mesenteric resistance arteries compared to
intra-renal resistance arteries (Eerdmans et al., 1991). Furthermore, functional
peptidergic (capsaicin sensitive) nerves were found to exist in the mesenteric
resistance artery but not in the intra-renal resistance artery (McEwan et al.,
1988; Edvinsson et al., 1989; Eerdmans et al., 1991).
Major differences in pharmacological profile between large and small arteries
have been discribed in the literature. Differences in adrenergic sensitivity but
also in the distribution of a-adrenergic (sub)types (De Mey & Vanhoutte,
1981; Daly et al., 1988; Faber, 1988; Heesen & De Mey, 1990; Messing et
al., 1990; Piascik et al., 1990) and /3-adrenoceptors (Heesen et al., 1989) have
been observed in various vascular beds. The physiological role of the
differences between the (large and small) arteries and vascular beds, especially
with respect to a,-adrenoceptor subtypes, remains largely unknown.

Adrenoceptor pharmacology

Fifty years after the discovery of noradrenaline (Abel & Crawford, 1897) and
after numerous pharmacological studies of metabolic effects provoked by
adrenoceptor agonists, Ahlquist (Ahlquist, 1948) proposed a division of
adrenoceptors into two general classes, a and /3 adrenoceptors. Since this
original distinction between a- and /3-adrenoceptor responses, extensive studies
of adrenoceptor pharmacology have pointed to further subdivision of each
family into subtypes. a-Adrenoceptor-mediated responses have been
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subdivided into two types, a; and aj (Langer, 1974). The /3-adrenoceptor
responses were divided into two classes, termed jS, and 02, based on the
relative potencies of isoproterenol, adrenaline and noradrenaline (Lands et al.,
1967). Furthermore, evidence has accumulated over the years for the existence
of a /3-adrenoceptor that is insensitive to the commonly used antagonists, the
^-adrenoceptor. Insight into a- and /3-adrenoceptor (sub)types has accelerated
over the last decade, with the progress of molecular biology and the
development of potent antagonists that are highly selective for the adrenoceptor
subtypes (for an overview, see tables 1 and 2). Radioligand-binding and
molecular studies have identified several a,-adrenoceptor subtypes. The initial
subdivision of the a,-adrenoceptor into the a,A and a ^ classes was based on
differential affinity of the competitive antagonist WB 4101 and the alkylating
agent chloroethylclonidine (CEC) (Johnson & Minneman, 1987). At present
a,A , a,B and am have been identified as subtypes, with CEC seeming to
alkylate both a,j, and a,o- adrenoceptors (Han & Minneman, 1991; Bylund,
1992; Aboud et al., 1993; Michel et al., 1993a; b).
With the aid of radioligand-binding studies and by correlating the affinities for
a series of a-adrenoceptor antagonists as inhibitors of pH]rauwolscine binding
in different tissues, four types of aj-adrenoceptors have been identified
(Bylund, 1985; Kawahara & Bylund, 1985; Bylund et al., 1988; Minneman,
1988; Murphy & Bylund, 1988; McClue & Milligan, 1991; Simonneaux et al.,
1991; Pepped & Regan, 1993; Ren et al., 1993; Devedjian et al., 1994).

Binding of an agonist to its vascular receptor induces a cascade of biochemical
events, ultimately leading to relaxation or contraction, a- and /3-adrenergic
receptors are all coupled to a specific intracellular second messenger system
via guanine nucleotide (GTP, GDP) binding proteins. These proteins consist of
three subtypes, a, /3 and 7. Receptor activation can induce the replacement of
GDP by GTP in the a subunit, thereby altering the conformation of the protein
and making the active site of the G-protein available for activation or
inhibition of enzymes or ion channels.
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Table 1. a-Adrenoceptors"

Nomenclature
Potency order
Selective agonists

Selective antagonists

Effector
Gene*
Structural information

NA & adrenaline
A61603
SDZNV1085
WB 4101(9.5)
5-methyluradipil(9.2)
( + ) mguldipine(lO.O)

o,,; chr 8
466 aa human 7TM

adrenaline=NA

spiperone(8.9)
AH11110A(7.1)
chloroethylclonidine

a,,; chr 5
515 aa human 7TM
515 aa rat P15823 7TM

" I D
adrenaline=NA

BMY7378(8.4)

a,,,; chr 20
560 aa rat P23944 7TM

Nomenclature
Potency order
Selective agonists
Selective antagonists

Effector
Gene
Structural information

adrenaline SNA
oxymetazoline

G,,,
«2A; chr 10
450 aa human P08913 7TM
450 aa mouse QO1338 7TM
450 aa rat P22909 7TM

adrenaline a NA

prazosin(7.5)
ARC239(8.0)

a2B; chr 2
450 aa human PI 8825 7TM
455 aa mouse P30545 7TM
453 aa rat P19328 7TM

adrenaline a NA

prazosin(7.5)
ARC239(8.0)
G*.
o2C; chr 4
461 aa human PI9328 7TM
458 aa mouse QO1337 7TM
450 aa rat P18089 7TM

*O|, previously a,c: »u previously s , ,
(aa: aminoacids. P: accession number for protein sequence, TM: transmembrane)

Table 2. /3-adrenoceptors"

Nomenclature
Potency order
Selective agonists

Selective antagonists

Effector
Gene
Structural information

(3,
NASadrenaline
noradrenaline
xamoterol

CGP20712A(8.5-9.3)
betaxolol(8.5)
atenolol(7.0)
G,
(31
477 aa human PO8588 7TM
466 aa rat PI8090 7TM

ft
adrenaline >NA
procaterol

ICI118551(8.3-9.2)
butaxamine(6.2)
a-methylproprano!ol(8.5)
G,
(32
413 aa human P07550 7TM
418aara tP10608 7TM
418 aa mouse PI8762 7TM

ft
adrenaline >NA
BRL37344
CL316243
CGP12177A
bupranolol(7.3)

G,
(33
408 aa human PI 3945 7TM
400 aa rat P26255 7TM
400 aa mouse P25962 7TM

AHI1110A: l-(biphenyl-2-yloxy)-4-imimv»-piperidin, ARC239: 2-(2,4-[O-methoxyphenyl]-piperazin)-l-yl
BMY7378: 8-[2-[4-(2-methoxyphenyl)-1 -piperazinyI]ethyl)-8-azaspiro[4.5]decane-7,9-dione
BRL37344: sodium-4-(2-[2-hydroxy-{3-chlorophenyl}ethylamino]propyl)phenoxyacetate
CGP12177: (-)-4-(3-tert-butylamino-2-hydroxypropoxy)-benzimidazol-2-one
CGP20712A: 2-hydroxy-5-(2-({2-hydroxy-3-(4-[l-methyl-4-lrifluoromethyl-2-imidazolyl]phenoxy)propyl} aminojet-
hoxy)benzamide
CL316243: disodium (R,R)-5-(2-{[2-(3-chlorophenyl)-2-hydroxyethyl]-amino}propyl)-l,3-benzodioxole-2,2-<licarboxylate
ICU1855I: erythro-DL-l-(7-methylindan-4-yloxy)-3-isopropyl-aminobutane-2-ol
WB4101: 2-(2,6-dimethoxyphenoxyethyl) aminoethyl-l,4-benzodioxane hydrochloride
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In 1978, Casteels (Casteels, 1978) and van Breemen (Van Breemen et al.,
1978) demonstrated the involvement of calcium ions in c^-adrenoceptor-
mediated vasoconstriction. The role of an influx of extracellular calcium ions
in aj-adrenoceptor-mediated vasoconstriction has been firmly established in,
for example, arterioles (Van Meel et al., 1981), rat isolated tail artery
(Medgett & Rajanayagam, 1984) and canine saphenous veins (Matthews et al.,
1984; Cooke et al., 1985).
The relative roles of extracellular calcium influx and intracellular calcium
release in the coupling of aj-adrenoceptor activation to responses has been the
subject of much controversy in recent years. Most studies, using vascular
smooth muscle of both arterial and venous origin, found that oii-adrenoceptor-
mediated responses were not reduced by calcium channel antagonists (Van
Meel et al., 1981; Cavero et al., 1984). However, not all selective a,-
adrenoceptor agonists produced vasoconstriction in vivo that is resistant to
inhibition by calcium channel blockers. This has been found with the a,-
adrenoceptor agonists St 587, Sgd 1-1/75 and (-)-dobutamine in pithed rats
(Ruffolo et al., 1984). It would appear that some a,-adrenoceptor agonists
produce vasoconstriction via an influx of extracellular calcium, whereas others
do not.

In most systems, calcium translocation produced by agonist interaction with
«i-adrenoceptors is believed to be secondary to enhanced phosphatidylinositol
(Ptdlns) turnover due to activation of phospholipase C, in the so-called "PI
response" (Michell, 1979). This pathway is shown in figure 3. In some cases,
however, it appears that aj'^renoceptor-mediated responses are not the result
of an increase in Ptdlns (Reese & Mathews, 1986) but seems to be associated
with the inhibition of adenyl cyclase.
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Calcium Activation

Ionophore ? PKC

CTP ATP
CDP.DG « PA * DAG

4

PLC

* ATP ATP ^ \
PI • PIP »• PIP, Receptor

Inositol PLC

IP •« IP, •« IP3

T
Release of

Figure 3
Schematic diagram of the cyclic nature of Ptdlns turnover showing the potential role of various
metabolites in signal transduction pathways. Inhibition of adenyl cyclasePIP,phosphatidylinositol-4-
phosphate; IK, inositol-1,4-bis-phosphate; IP, inositol-1-phosphate; CDP.DG, cytidine diphosphate
diacyglycerol; PKC, protein kinase C; PLC, phospholipase C; ATP, adenosine triphosphate; CTP,
cytidine triphosphate.

Evidence of the inhibition of adenyl cyclase with o^adrenoceptor stimulation
has been observed in several cell types (Mills, 1975; Sabol & Nirenberg,
1979; Woodcock & Johnston, 1982; Yamazaki et al., 1982; Schoffelmeer &
Mulder, 1983; Muraki et al., 1984) and after postjunctional vascular o^-
adrenoceptor activation in pithed rats (Boyer et al., 1983). c^-Adrenoceptors
are coupled by an inhibitory G-protein to adenyl cyclase. Stimulation of o ^
adrenoceptors induces calcium ion influx. It also induces a decrease in
cytosolic cAMP concentration, which leads to a decreased activity of the
enzyme protein kinase A and thus to a diminished inhibitory influence on the
contractile apparatus (Murray, 1990).

Limbird and coworkers (Limbird & Speck, 1983; Limbird, 1984; Sweatt et
al., 1985) postulated the theory that c^adrenoceptor activation stimulates a
plasma membrane-bound Na"7H* exchange (antiporter) system which leads to
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an increase in intracellular pH, resulting from the enhanced extrusion of
intracellular H"\ and a concomitant release of plasma membrane bound
calcium into the cell. Elevation of both intracellular pH and calcium ion
concentration leads to a cascade of intracellular reactions, resulting in
activation of phospholipase C and eventually release of calcium ions from the
sacroplasmatic reticulum.

The (3-adrenoceptor signal transduction mechanism is less complex than the a-
adrenoceptors and consists, in the smooth muscle cell, of a /3-adrenoceptor
coupled to a stimulatory G-protein. This G-protein is coupled to adenyl
cyclase, and its activation leads to an activation of protein kinase C, causing
inhibition of the contractile apparatus.

Cardiovascular diseases and the sympathetic nervous system

Cardiovascular diseases are the most common cause of death in the Western
world. In the Netherlands, 40 % of the total 1992 death count was due to
cardiovascular disorders (The Netherlands Heart Foundation, 1994). 40 % of
those who died of cardiovascular disease, died of heart failure, whereas death
was due to cerebrovascular accidents in 24%. Ischemic heart disease is the
major cause of failing pump function. Since 1972, the age-related death rate
due to ischemic heart disease has shown impressive decrease of 43 % for males
and 44% for females. In contrast, the standardized hospital admission rate has
shown a constant increase since 1972. The combination of a decreased death
rate and an increase in hospital admissions may point to improved survival
rates of acute myocardial infarctions and to an increase in the number of
admissions for diagnostic or interventional purposes.
The three main risk factors for ischemic heart disease are dyslipidaemia,
smoking and hypertension. Hypertension has been shown to predispose for
coronary atherosclerosis (Koren et al., 1991).
Although a beneficial effect of lowering blood pressure on the incidence of
stroke has now been firmly established, the impact on ischemic heart disease is
much less pronounced (Paul, 1986). It is beyond the scope of this introduction
to discuss in detail all possible pathogenic mechanisms in heart failure,
hypertension or other cardiovascular disorders. The discussion limits itself to
the potential role of the sympathetic nervous system.
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The heart has 2 primary functions: to provide cardiac output sufficient to meet
all physiologic and metabolic demands, and to generate arterial pressure
sufficient to perfuse the organs. Cardiac failure can be defined as a state in
which the heart fails to meet the variable oxygen and metabolic needs of the
body under different circumstances, or a state in which cardiac output is
reduced relative to the metabolic demands of the body, assuming the existence
of adequate venous return.
In the presence of a disturbance in myocardial contraction, or an excessive
hemodynamic burden placed on the ventricle, or both, the heart depends upon
three principal compensatory mechanisms for maintenance of its pumping
function: 1) the Frank-Starling mechanism, in which an increased preload
(lengthening of sacromeres to provide optimal overlap between thick and thin
myofilaments and to increase activation) acts to sustain cardiac performance;
2) increased sympathetic nervous system activity, which increases the force of
contraction at any fiber length without increasing the filling pressure,
stimulates the renin-angiotensin-aldosterone system(Sigurdsson et al., 1993)
and raises the heart rate and the systemic vascular resistance to maintain
arterial pressure (Remme, 1986); 3) myocardial hypertrophy, with or without
cardiac chamber dilatation, by which the mass of contractile tissue is
augmented.

Initially, these three compensatory mechanisms may be adequate to maintain
the overall pumping performance of the heart at a relatively normal level for
submaximal workloads, although the performance may be reduced at
maximum workload. However, each of these three compensatory mechanisms
has a limited potential, and each of them is subject to negative feedback
control. If the disturbance in myocardial contraction and/or the excessive
hemodynamic burden persists, the heart ultimately fails.

//ie ,rym/?a//ie//c nervous yy.yrem
As was mentioned above, one of the three compensatory mechanisms in heart
failure consists of increasing sympathetic nervous activity. This has been
directly demonstrated by studies using peroneal nerve recordings of
sympathetic nerve traffic in patients with chronic heart failure (Leimbach et
al., 1986). Furthermore, patients with heart failure generally show circulating
noradrenaline and NPY concentrations two to three times the level in normal
subjects (Chidsey et al., 1962; Cohn et al., 1984; Esler et al., 1984; Hasking
et al., 1986a; b; Leimbach et al., 1986; Jennings & Esler, 1990; Sigurdsson et
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al., 1993). These are accompanied by elevation of circulating dopamine and
sometimes adrenaline, reflecting increased adrenomedullary activity (Hasking
et al., 1986b). Alterations in the sympathetic nervous system during the later
stages of heart failure can be extremely dangerous for the patient and may lead
to death.
There is evidence that in patients with heart failure /3-adrenoceptors in
circulating lymphocytes (Colucci et al., 1981) and c^-adrenoceptors on
platelets (Weiss et al., 1983) are down-regulated. More important is the
finding that ventricles obtained from patients with heart failure demonstrated a
marked reduction of /3-adrenoceptor density, isoproterenol-mediated adenylate
cyclase stimulation, and myocardial contractility (Sibley & Lefkowitz, 1985;
Brodde, 1991; Kiuchi et al., 1993). Furthermore, Brodde has described a
decoupling of the /3-adrenoceptors from adenylate cyclase in the atria and
ventricles in heart failure patients (Brodde, 1991)
Ventricular hypertrophy in heart failure is associated with a reduction of the
inotropic response to a,-adrenoceptor agonists and a reduction of a,-adrenergic
cardiac receptor numbers (Fouad et al., 1985). Further abnormalities of
adrenergic nervous activity are reflected by the very low concentration of
noradrenaline in atrial tissue or papillary muscles (Chidsey et al., 1966)
removed from patients with heart failure. As a possible mechanism for cardiac
noradrenaline depletion, reduced activity of tyrosine hydroxylase (Pool et al.,
1967; Sole, 1982) (decreased biosynthesis and dopamine up-take) has been
described.

The peripheral effect of increased sympathetic activity is responsible for one of
the most important compensatory mechanisms in heart failure. Increased
sympathetic activity causes vasoconstriction, resulting in increased arterial
resistance being needed to maintain arterial pressure (Remme, 1986). Failure
of this peripheral effect will lead to decreasing arterial pressure and can cause
congestive heart failure ending with the death of the individual. Exhaustion of
sympathetic nerve endings and down-regulation of adrenoceptors can result in
a decreased vasoconstrictor response. Long-term increased sympathetic activity
can lead to structural vascular alterations, changes in sympathetic innervation
or modifications in the contractile apparatus. The peripheral vascular effects of
the increased sympathetic activity developed after myocardial infarction are
still largely unknown. In summary, a raised sympathetic activity may represent
an initial compensatory mechanism in heart failure, but may -in the long run-
be detrimental to the progression of the disease.
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Hypertension is classified as primary or secondary hypertension. A state of
chronically increased blood pressure with a known cause like renal
insufficiency or hyperaldosteronism is called secondary hypertension.
Removing the cause will usually lead to a normalized pressure. In the case of
primary or essential hypertension no (exact) cause of the increased blood
pressure has been found.

The factors responsible for the development of essential hypertension are still
not clear. Some authors (Borst & Borst-de Geus, 1963; Guyton et al., 1974)
have put special emphasis on renal abnormalities in hypertension, while others,
like Folkow, Lever and Mulvany allocate a central role to vascular changes.

Pressor substance

Increased sensitivity __^_^^>
(genetic, diet, salt, stress etc)

Increased reactivity

Vasoconstriction

Increased resistance

Blood pressure increase

Structural alterations
Thickening wall
Increased wall to lumen ratio

Figure 4
A hypothesis of the development of hypertension.

Folkow et al. (Folkow et al., 1958) proposed a hypothesis suggesting that
environmental and genetic factors predispose an individual to become
hypertensive. A pressor substance preset in the blood plasma in concentrations
that does not normally affect vascular tone is assumed to induce a small but
sustained vasoconstriction in subjects that have an increased susceptibility to
the pressor substance due to altered environmental (Folkow et al., 1958;
Folkow, 1982) or genetic factors. The global vasoconstriction would in turn
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increase total peripheral resistance and hence blood pressure. The persistent
small but significantly raised blood pressure would then lead to a structural
adaptation of the resistance vasculature so as to unload the active components
of the vascular smooth muscle cells and redistribute and normalise wall stress.
This results in a thickening of the wall and a narrowing of the lumen of
resistance-sized vessels within the arterial tree or in an increase in muscle
mass. An increase in the wall to lumen ratio has been suggested to affect the
reactivity of the vessel. The increased reactivity to vasopressor substances
subsequently leads to a further narrowing of the vessel diameter. Finally, this
vicious circle (see figure 4) of positive feedback results in an upward resetting
of blood pressure. Various investigators have refined this original hypothesis
by stressing the amplifier properties of the vasculature (Korner, P.J. & Angus,
1992), the role of mitogenic slow pressure substances (Lever, 1986), the role
of vascular remodeling (Mulvany & Aalkjaer, 1990; Mulvany, 1993) or the
contribution of microcirculatory structural adaptions (Struijker Boudier et al.,
1992).

ro/e o/ //ze yym/wtf/ief/c /jervoMS system //i
The sympathetic nervous system plays an important role in blood pressure
control by modulating venous capacity, heart rate, cardiac contractility and
arteriolar resistance. Although it has frequently been assumed that a disturbed
function of the autonomic system is involved in the pathogenesis of essential
hypertension, convincing evidence for such a claim is lacking. One major
drawback is the problem of reliable quantification of the activity of the
sympathetic nervous system. Nerve activity recording, as performed by Wallin
et al. (Wallin & Sundlof, 1979; Wallin & Nerhed, 1982; Wallin et al., 1983;
Leimbach et al., 1986), can be used to evaluate sympathetic nervous tone. The
development of sensitive methods to measure catecholamines in biological
fluids has enabled closer monitoring of adrenergic function, but there is still
no proof that this really reflects sympathetic nervous activity. Specifically,
plasma concentrations may reflect the integral of noradrenaline overflow from
many different tissues over time. Many investigators have measured circulating
levels of noradrenaline and adrenaline in normotensive and hypertensive
individuals (for review see Goldstein, 1981; 1983).
A second option is to measure NPY, which is liberated at the same time as
noradrenaline. Possible re-uptake mechanisms, as seen with noradrenaline, do
not exist for NPY, making the latter a more reliable parameter for measuring
increased sympathetic activity. Although a number of studies have shown that
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hypertensives appear to have slightly elevated levels of catecholamines,
statistically significant differences were found in only a minority of these
studies (Goldstein, 1981). It should be noted, however, that a variety of
environmental factors may influence circulating catecholamines, and careful
matching for such factors (sodium intake, smoking, caffeine, etc.) is
necessary. Furthermore, day-to-day variability, circadian variations (Turton &
Deegan, 1974; Prinz et al., 1979; Levin & Natelson, 1980; Zadik et al., 1980)
and effects of physical and mental activity (De Leeuw et al., 1984) on plasma
catecholamines concentrations make it difficult to investigate the role of the
sympathetic nervous system in hypertension using the catecholamine plasma
concentrations as a tool.
A role for the sympathetic nervous system in hypertension has been firmly
established in experimental animal models of essential hypertension. The
Kyoto strain of spontaneously hypertensive rat (SHR), with a genetic
predisposion for hypertension, is often used as an animal model for
investigating essential hypertension. At 3-5 weeks of age, the blood pressure
levels of these rats are similar to those of normotensive Wistar-Kyoto control
(WKY) rats (Okamoto, 1969; Lais et al., 1977). At 5-6 weeks of age,
depending on the individual colony, the blood pressure of the SHR begins to
increase significantly in comparison to WKY. Results of functional (Shibata et
al., 1973; Lais & Brody, 1978; Eccleston-Joyner & Gray, 1988) and
biochemical (Kwan et al., 1979) studies suggest that some changes have
already taken place in the vasculature of SHR at the prehypertensive stage.
Sympatholytic interventions in young spontaneously hypertensive rats prevent
the development of hypertension and arterial structural changes (Nyborg et al.,
1986; Lee et al., 1987). Even neonatal immunosympathectomy with anti-nerve
growth factor (NGF) and guanethidine prevents the development of high blood
pressure in SHR and SHRSP (stroke-prone SHR) (Lee et al., 1987; Mangiarua
& Lee, 1992)
Structural changes, such as increased wall to lumen ratio and media thickness
in the SH rats have been described in several studies (Lee & Smeda, 1985;
Mangiarua & Lee, 1992). Hypersensitivity to catecholamines seems to be
common in the spontaneously hypertensive rat (Lais & Brody, 1978; Mulvany,
1983; Aqel et al., 1987). Functional changes like postsynaptic desensitized c^-
adrenoceptors and hypersensitive presynaptic /Sj-adrenoceptors have been
described (Tsuda et al., 1987; de Champlain, 1990)
In experimental models of secondary hypertension, sympathetic nerves could
play a trophic role (Bevan et al., 1976; Lee & Smeda, 1985).
In cultured smooth muscle cells, noradrenaline stimulates cell proliferation and
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the synthesis of enzymes that play a key role in DNA, RNA and protein
synthesis (Kanbe et al., 1983; Mano et al., 1986).

Septic s/iocfc

Septic shock can be defined as a widely disseminated infection in many areas
of the body, the infection being transported through the blood from one tissue
to another, causing extensive damage. Features often seen in septic shock
include i) high fever, ii) marked vasodilation throughout the body, especially
in the infected tissues., iii) increased cardiac output and iv) increased red cell
agglutination in response to degenerating tissues.
Cardiocirculatory insufficiency, with vascular hyporesponsiveness, is a
hallmark of human septic shock. Endotoxin (LPS) as well as other bacterial
toxins activate various cascade systems that lead to a final common pathway of
injury. Interaction between cytokines and cardiovascular wall contributes to the
pathological responses to infection, in particular to the deregulation of cardiac
and vascular contractile function. Cytokines such as interleukin 1 and tumour
necrosis factor have been shown to induce NO synthase activity in vascular
smooth muscle (Moncada et al., 1989; Moncada & Higgs, 1991; Schini et al.,
1992). This seems to underlie hypotonic shock (Lin et al., 1994) during
bacterial endotoxemia. Endotoxin is thought to stimulate cytokine production
and subsequently elevate intravascular levels of NO, leading to profound
vasodilation (Julou-Schaeffer et al., 1990; Moncada & Higgs, 1991;
Wakabayashi et al., 1991; Mombouli & Vanhoutte, 1995).

77ze rote <?/ ?/je jy/n/wrt/je/Zc wervowj system /'« sepf/c
The vasodilation, with its resulting decreased blood pressure, is accompanied
by marked baroreflex-mediated stimulation of sympathetic nerve traffic to the
heart and blood vessels (Groeneveld et al., 1986). With time the reflex may
adapt (Salgado & Krieger, 1978) which could result in the precipitous
uncontrolled fall of blood pressure that characterizes septic shock (Groeneveld
et al., 1986; Julou-Schaeffer et al., 1990; Wakabayashi et al., 1991).
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The aim of this thesis

The sympathetic nervous system is an important control mechanism in the
cardiovascular system and plays an important role in overcoming flow
problems like those found after myocardial infarction or during septic shock.
In the long run, however, the sympathetic nervous system often cannot
correct the hemodynamic abnormalities in these situations. This can lead to
congestive heart failure or decreased blood pressure ending in death. The
positive responses of long-term increased sympathetic tone seem to become
attenuated due to alterations in adrenoceptors or through structural changes in
the vasculature. Furthermore, there are also indications that enhanced
sympathetic nervous activity can lead to the development of hypertension, as
increased sympathetic activity has been observed in hypertension.
Furthermore, hypertension is characterized by major structural alterations and
changes in reactivity. The relationship with the sympathetic activity and the
chronological order in which these changes occur are still unknown.
The aim of this thesis is to investigate the relationship between the sympathetic
nervous system, blood pressure, the pathological changes in arterial structure
and reactivity to adrenergic responses in large and small arteries. We chose
for the study of different arteries in view of the potential differences with
respect to structure, function, receptor populations and modifications during
pathological conditions.
Experimental models were used with alterations in one of the four variables:
increased blood pressure with decreased sympathetic tone (spontaneously
hypertensive rats treated with aj'^drenoceptor stimulants), normal blood
pressure with increased sympathetic tone (rats with a four week old myocardial
infarction) and decreased blood pressure with increased sympathetic tone
(CMV-infected rats). Furthermore, we investigated the "peripheral control" of
circulating plasma catecholamines by evaluating the existence and functionality
of a,-adrenoceptor subtypes in large and small arteries.
In chapters 2 and 3 we question the local role of the sympathetic nervous
system using circulating catecholamines to control vasculature locally, the
relevant questions being whether vascular a,-adrenoceptor subtypes play a role
in local vascular control and whether aj-adrenoceptor stimulation in the
vasculature leads to vasoconstriction or vasodilation.
The trophic properties of the sympathetic nervous system in relation to the
vasculature constitute the subject of chapter 3, which discusses whether a
normalized sympathetic nervous system in the hypertensive rat leads to
positive structural alterations in the vasculature.

- 2 8 -



Chapter 1

Not only structural changes but also functional alterations of adrenoceptors
have been regarded as one of the causes of the development of hypertension.
Decreased sympathetic activity can lead to increased sensitivity, increased
sympathetic activity can lead to down-regulation of a- and /3-adrenoceptors.
How sensitive are the vascular adrenoceptors to sympathetic alterations? This
question was investigated using several experimental models; the results are
discussed in chapters 4, 5 and 6.
This thesis investigates the importance of the sympathetic nervous system in
relation to structure and vascular control. The outcome of this investigation
may contribute to the development of selective antihypertensive drugs acting
not only on the blood pressure but also on the mechanisms primarily
responsible for the increased blood pressure and the pathological state of the
vasculature.
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Chapter 2

Abstract

We evaluated effects of the a^- and a,D- adrenoceptor (AR) blocking agent
chloroethylclonidine (CEC) in isolated large and small arteries of the rat.
Pretreatment with 100 /*M CEC reduced specific pH]-prazosin binding more
markedly in thoracic aorta (Ao; 100%) and superior mesenteric artery (SMA;
85%) than in mesenteric resistance-sized arteries (MrA; 38%). CEC also
reduced the sensitivity to the contractile effect of noradrenaline (NA) more
markedly in Ao and SMA than in MrA. It did not reduce maximal responses
to the agonist in the presence of calcium, but reduced in both SMA and MrA
the responses to 10 ^M NA in the absence of calcium. The order of apparent
affinity (pKg) for competitive antagonists was WB4101 > prazosin > 5-CHj-
urapidil in MrA and WB4101 = prazosin > 5-CH3-urapidil in SMA; with the
pKg for prazosin being similar in MrA and SMA and the pKg's for WB4101
and 5-CH3-urapidil being larger in MrA than SMA. CEC did not modify
antagonist action in MrA but reduced the pKg for prazosin in SMA. Responses
to NA (i) were reduced more markedly by phenoxybenzamine in MrA than
SMA or Ao; (ii) were similarly affected by felodipine in MrA, SMA and Ao
and (iii) were more potently inhibited by Na-nitroprusside in Ao and SMA
than MrA. This was not modified by CEC. These findings indicate that in rat
aorta and superior mesenteric artery a,-AR subtypes that are susceptible to
blockade by CEC, mediate contractile responses to low concentrations of NA.
In rat mesenteric resistance arteries these a,-AR subtypes are less prominent
and though seemingly linked to intracellular calcium release are of minor
importance for sustained contractile responses to NA. Differences between
types of artery as regards effects of irreversible antagonists, calcium channel
blockers and vasodilators cannot be attributed to regional differences in a,-AR
subtypes. Furthermore, arterial actions of CEC seemed not to be restricted to
blockade of a,-AR subtypes.

Introduction

Several lines of evidence indicate that a|-adrenoceptors (a,-AR) are a family
of subtypes (Flavahan & Vanhoutte, 1987; Minneman, 1988; Muramatsu et
al., 1990b; Ruffolo et al., 1991) comprising members with a high affinity for
prazosin and members with a relatively low affinity for this antagonist. The
former property is shared by 0:,^-, a,B- and a,o-AR (Cotecchia et al., 1990;
Lomasney et al., 1991; Perez et al., 1991) which differ, among others, in
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terms of amino acid sequence and affinity for selected ligands such as
WB4101, 5-CH3-urapidil, (-f-)-niguldipine and BMY 7378 (Minneman, 1988;
Goetz et al., 1995). It was originally proposed that these a,-AR subtypes also
differ with respect to the G-proteins and signal transduction pathway which
they activate (Han et al., 1987; Minneman, 1988; Michel et al., 1990). In
more recent experiments, involving extremely high receptor densities in
transfected cell lines, all three a,-AR subtypes were shown to stimulate both
calcium-influx and phospholipase activity (Wilson & Minneman, 1990;
Esbenshade et al., 1993; 1994). The efficacy may, however, differ between
subtypes. Furthermore, the alkylating agent chloroethylclonidine (CEC)
irreversibly blocks «,B- and a^-AR more readily than a^-AR (Minneman,
1988; Perez et al., 1991).

While non -subtype- selective c^-antagonists lower blood pressure,
administration of CEC does not modify blood pressure in anaesthetized rats
despite marked reduction of contractile responses of the isolated aorta to a,-
agonists (Piascik et al., 1990; 1993). This suggests that a^-AR may be more
prominent in arteries that are small enough to regulate resistance, than in large
conduit vessels such as the aorta. In line with this are observations that
contractile responses to noradrenaline are highly sensitive to inhibition by
calcium-antagonists and pertussis toxin in rat mesenteric resistance arteries but
not in rat aorta (Boonen & De Mey, 1990a; b; Ruffolo et al., 1991).
In this study we compared effects of CEC on prazosin binding and contractile
effects of noradrenaline in thoracic aorta, superior mesenteric artery and
mesenteric resistance arteries of the rat. The goal was to verify whether a,-AR
subtypes are unevenly distributed along the arterial tree and to evaluate
whether this contributes to regional differences in the mechanism of c*[-
adrenergic vasoconstriction.

Materials & methods

Animals and tissues
Adult male Wistar-Kyoto rats (local inbred, Maastricht University, Maastricht,
The Netherlands) were killed by cervical dislocation and exsanguination. The
thoracic aorta (Ao) and superior mesenteric artery (SMA) were carefully
cleaned from adhering fat and isolated. From the mesentery, 1st order side-
branches (binding) and 3rd to 4th order side-branches (reactivity) of the
superior mesenteric artery (MrA) were isolated.
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Pretreatments
All experiments involved segments of the same arteries that had been
pretreated with either CEC or its solvent (saline). Vessels were therefore
incubated for 30 min at 37 °C in 1 ml KRB in the absence or presence of 100
/xM CEC. This duration and concentration have previously been observed to
be supramaximal for irreversible blockade of a,B-AR and a^-AR (Piascik et
al., 1990; Han & Minneman, 1991; Michel et al., 1994). After exposure to
CEC, vessel segments were rinsed in two times 100 ml KRB at 37°C during
30 min. From Ao preparations that were used for pH]-prazosin-binding, the
adventitia was mechanically removed to decrease non-specific binding.
Part of the experiments were performed in vessels that had been
sympathectomized by 10 min incubation in bicarbonate-free KRB solution (pH
4.0 with glutathione) containing 300 /xg/ml 6-hydroxydopamine (Aprigliano &
Hermsmeyer, 1977). In some experiments, restricted to Ao and SMA, the
endothelium was mechanically removed by sliding the arterial segments over
the shaft of an hypodermic injection needle (outer diameter 1.5 and 0.9 mm
for Ao and SMA, respectively). Removal of endothelium was confirmed by
absence of relaxing responses to 3 /xM acetylcholine during contraction
induced by 10 /xM noradrenaline (De Mey et al., 1982).

Ligand binding
Analysis of pH]-prazosin binding was performed essentially as described by
Michel et al. (Michel et al., 1990) and Jackson et al. (Jackson et al., 1992)
with the exception that instead of microsomes derived from tissue
homogenates, we used intact arterial segments. For this purpose we adapted
the method developed by Morel and Godfraind (Morel & Godfraind, 1989). In
brief, intact arterial segments (2, 3 and 15 mm long for aorta, superior
mesenteric artery and mesenteric small artery, respectively), that had or had
not been pretreated with CEC, were incubated for 60 min at 37°C in 50 mM
Tris.HCl, 10 mM MgCl^ (pH 7.4) containing 0.016 to 0.40 nM pH]-prazosin.
Parallel incubations were performed in the presence of 25 iiM phentolamine to
determine non-specific binding. Following incubation, arterial segments were
gently blotted, rinsed during vortexing for 30 sec in 5 ml incubation buffer
and subsequently filtered over Whatman filters under vacuum with three 5-ml
washes with ice-cold Tris.HCl/ MgClj. Arterial segments were recovered from
the filters and solubilized in 200 /xl 1 N NaOH. 100 til of this extract was
added to 5 ml Formula 989 and the radioactivity was determined by liquid
scintillation. To the remaining 100 /xl, 900 /xl HjO was added and the protein
and DNA content were determined as described by Bradford (Bradford, 1976)
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and Labarca and Paigen (Labarca & Paigen, 1980), using bovine serum
albumin and calf thymus DNA as internal standards, respectively.

Contractile reactivity
Arterial segments (1.5 to 2.0 mm long) were mounted horizontally in an organ
chamber with the use of two stainless steel wires (diameter 40 îm) between a
displacement device and an isometric force transducer (Kistler Morse DSC6 or
Statham UC)(Boonen & De Mey, 1990a; b). In all cases a CEC-treated and a
control segment of the same artery were mounted in parallel in the same
chamber that was filled with KRB maintained at 37°C and aerated with 95%
Oj - 5 % CO2. Prior to experimentation, Ao and SMA segments were
stretched radially to an internal diameter previously observed to be optimal for
isometric force development (1.65 and 1.2 mm respectively). For MrA the
optimal internal diameter was determined for each individual vessel (Boonen &
De Mey, 1990a; b). For this purpose, internal circumference was increased in
steps of 50 îm every 10 min with intermittent exposure of the preparations to
K-KRB until a maximal response to the depolarizing stimulus was obtained.
Optimal diameter was not influenced by prior CEC-treatment or
sympathectomy. It averaged 218 + 4 /urn (n = 50).

All experiments started with recording of three contractile responses to K-KRB
(125 mM) followed by three exposures to 10 ^M noradrenaline separated by
30 and 10 min in large and small arteries, respectively, which ensured
reproducibility of subsequent noradrenaline concentration-response curves.
These were constructed in a cumulative way (3-fold and 2-fold increments in
agonist concentration in aorta and the other vessels, respectively). They were
repeated in the presence of 1 /xM propranolol plus 1 /xM yohimbine, 0.1 /iM
prazosin, 0.1 îM WB4101, 0.3 /xM 5-CHj-urapidil, 1 nM felodipine, 10 nM
to 10 /xM Na-nitroprusside, or after exposure for 10 or 30 min to 0.1 to 100
nM phenoxybenzamine.

Prazosin, WB4101 and S-CHj-urapidil caused, at the concentrations used in
the three types of vessel, a reversible and parallel rightward shift of the
concentration-response curves for the a,-adrenergic effect of noradrenaline
without modification of the maximal response. To compare effects between
types of vessel and between antagonists, the EC50 for noradrenaline was
determined in the absence (ECsoc) and presence (EC50,,) of antagonist and these
values were used along with the concentration of antagonist ([B]) to calculate
an index of apparent antagonist affinity according to the formula:
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[B]
= -log

- 1

This pKg is not intended to represent true affinity of receptors for the
antagonist because (i) the antagonists may bind with different affinity to a,-AR
subtypes, (ii) different a,-AR subtypes may be present in different types of
blood vessel, and (iii) because the agents may affect other types of receptors in
addition to a,-AR (Han & Minneman, 1991; Jackson et al., 1992). The
apparent affinity index is, however, in the same format as true receptor
affinity to allow comparisons of the present findings with earlier findings in
isolated tissues that did not take into account the possibility of multiple a,-AR
subtypes. Furthermore, antagonist action expressed in this way can be
compared in tissues with and without pretreatment with CEC, irrespective of
the effect of the alkylating agent on the sensitivity to noradrenaline.
To evaluate the actions of phenoxybenzamine and of the functional antagonists
Na-nitroprusside and felodipine, the concentration of these compounds that
was required to reduce the maximal response to noradrenaline was determined.
Subsequently, a double reciprocal plot of equieffective concentrations of
noradrenaline was constructed on the basis of agonist concentration-response
curves before and after exposure to phenoxybenzamine or in absence and
presence of the appropriate concentration of functional antagonist. From these
double reciprocal plots, an index of apparent agonist affinity was calculated
according to the formula:

slope -1
PKA = -log

intercept

Also this parameter may not be regarded as a measure of true receptor affinity
for noradrenaline in view of the heterogeneity of a,-AR and because it cannot
a priori be excluded that certain interventions, such as pretreatment with CEC,
interfere with signal transduction phenomena distal from the receptor.
It is controversial to treat agonist concentration-response curves obtained in the
presence of functional antagonist in the same way as those obtained after
partial receptor inactivation (Furchgott, 1966). This procedure has, however,
been proposed for receptor systems for which no irreversible antagonist is
available yet (Leff et al., 1985). Because it has been demonstrated that CEC
renders rat aorta insensitive to irreversible blockade by phenoxybenzamine
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(Oriowo & Bevan, 1990), we used besides the alkylating agent two different
directly vasodilating agents to approach apparent agonist affinity.
Phenoxybenzamine, Na-nitroprusside and felodipine yielded qualitatively
similar results in this respect.
If in the present study, all assumptions of "receptor occupation theory" are met
except for homogeneity of receptors, then differences in apparent antagonist
affinity and in apparent agonist affinity between preparations with and without
pretreatment with CEC suggest the presence of multiple c^-AR subtypes.

Drugs and solutions
Chloroethylclonidine (CEC), S-CHj-urapidil, WB4101 (2-(2,6-dimethoxy-
phenoxyethyl) aminoethyl-l,4-benzodioxane hydrochloride), and phentolamine
were purchased from Research Biochemicals Inc (Natick, MA, USA). 6-
Hydroxydopamine, 1-noradrenaline, 1-prazosin, dl-propranolol, yohimbine,
bovine serum albumin and calf thymus DNA were obtained from Sigma
Chemicals (Saint Louis, Mo, USA); [7-methoxy-^H]-prazosin (79.2 Ci/mmole)
from NEN ('s Hertogenbosch, The Netherlands) and acetylcholine and Na-
nitroprusside from Janssen Chimica (Geel, Belgium). Felodipine and
phenoxybenzamine were gifts from Hassle (Gothenburg, Sweden) and Smith
Kline & Beecham (King of Prussia, PA, USA), respectively.
Krebs-Ringer-bicarbonate solution (KRB) had the following composition (in
mM): NaCl, 118.5; KC1, 4.7; MgSC>4, 1.2; NaHCOj, 25.0; CaCl^, 2.5;
glucose 11.1. For high potassium solution (K-KRB) all NaCl in KRB was
replaced by an equimolar concentration of KC1. KRB containing 20 mM KC1
was prepared by mixing 8.8 volumes KRB with 1.2 volumes K-KRB.
Calcium-free solution was prepared by omitting CaC^ in KRB and adding 0.3
mM EGTA.

Data analysis
Specific pH]-prazosin binding was determined by subtracting non-specific
from total binding. The dissociation constant (Kp) and receptor density (B,^)
were determined by Scatchard analysis (Michel et al., 1990; Jackson et al.,
1992) of the mean saturation binding curves. Curves were fitted better by a
model based on a single class of binding sites than by models based on
multiple sites with different affinity for the ligand. Determination of
concentrations of noradrenaline required to induce 50% of the maximal
contractile response (EC50), and equi-effective concentrations before and after
partial receptor inactivation with phenoxybenzamine (Furchgott, 1966) or in
the absence and presence of functional antagonist were performed by
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interpolation on a least square sigmoidal curve fit of concentration-response
curves, using Graphpad Inplot software of Jandell (San Diego, Ca, USA).
Data are shown as means + SEM. Evaluation of drug effects were performed
by Student's t-test for paired observations; comparison between types of artery
by analysis of variance followed by a modified t-test as introduced by
Bonferroni (Wallenstein et al., 1980).

Results

pH]-Prazosin binding

Figure 1 illustrates binding of [^H]-prazosin in segments of small mesenteric
arteries (MrA) of the rat. Non-specific binding was low and increased linearly
with increasing concentration of pH]-prazosin. Specific binding tended to
saturate between 0.25 and 0.40 nM pH]-prazosin. The affinity (KD, 105 pM)
was comparable to that previously reported for [*H]-prazosin binding to
cerebral, cardiac and renal membrane preparations (Han & Minneman, 1991;
Jackson et al., 1992; Knowlton et al., 1993; Minneman & Atkinson, 1993),
but higher than that observed in aortic microsomes (K^, 199 pM).
At 0.3 nM, pH]-prazosin also displayed specific binding in SMA and Ao
segments (figure 2). The number of sites specifically labelled by 0.3 nM pH]-
prazosin was significantly larger in MrA, than Ao when expressed relative to
the total protein content or to the total DNA content of the arterial
preparations (figure 2).
In MrA segments, pretreatment with CEC (100 /xM during 30 min) did not
affect non-specific binding but reduced specific pH]-prazosin binding (figure
1). B™, was reduced from 49 to 39 fmol/mg total protein, while affinity was
not modified (K^, 108 pM versus 105 pM).
Figure 2 summarizes effects of pretreatment with CEC on specific binding in
presence of 0.3 nM [3H]-prazosin in the three types of artery. CEC reduced
binding less markedly in MrA (37.5 + 3.4%) than SMA (84.5 + 3.0%). In Ao
segments, pretreatment with CEC abolished specific pH]-prazosin-binding.
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Figure 1
Binding of ['H]-prazosin in intact segments of small
mesenteric arteries as a function of prazosin
concentration. Binding was carried out in the absence
(circle) and presence (square) of 25 jtM phentolamine to
determine specific binding (triangle).
Top: preparations that had not been exposed to
chloroethylclonidine (CEC); bottom: preparations that
had been pretreated with CEC (100 /*M, during 30 min).
Data shown as mean ± SEM (n = 5-7).

SMA MrA

Figure 2
Effect of pretreatment with CEC on specific binding of prazosin in segments of rat thoracic aorta
(Ao), superior mesenteric artery (SMA) and mesenteric small arteries (MrA). Specific binding,
observed in the presence of 0.3 ^M ('H)-prazosin, was expressed relative to total protein content
(left) and relative to DNA content (right) and is shown as mean ± SEM (n = 5-7). Open bars,
without; hatched bars, with pretreatment with CEC. The effects of CEC are statistically significant
(p<0.05).
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Contractile responses

In Ao, SMA, and Mr A pretreatment with CEC (100 /*M during 30 min) did
not significantly modify the amplitude of contractile responses to 125 mM
potassium (not shown) or maximal contractile responses to noradrenaline.
(table 1). CEC, however, reduced the sensitivity to the catecholamine (table 1,
figure 3). This was more pronounced in Ao and SMA than in MrA.

Table 1
Effects of chloroethylclonidine (CEC) on sensitivity and maximal responses to noradrenaline in rat
arteries

Vessel
Pretreatment

Ao
-CEC

No additional treatment
PD2
E™, (mN/mm)
6-OHDA, propranolol
pD,
E^, (mN/mm)
6-OHDA, propranolol,
PD:
E^, (mN/mm)
6-OHDA, propranolol,
PD:
E (mN/mm)

6.5±0.2
4.3±0.6

n.t.
n.t.
yohimbine
6.6±0.2
4.9±0.3
yohimbine,
7.0±0.2
4.5+0.6

Ao
+CEC

5.7±0.3*
3.9±0.4

n.t.
n.t.

5.7±0.3*
4.3+0.4

SMA
-CEC

6.3±0.2
8.0±0.5

6.4±0.2
7.9±0.6

6.4±0.2
7.5±0.6

-endothelium
6.2±0.2*
4.5+0.4

6.9±0.2
7.1+0.5

SMA
+CEC

5.1±0.4*
7.1+0.7

5.7±0.1*
6.9±0.9

5.5±0.2*
6.8±0.7

5.8 + 0.2*
7.1+0.7

MrA
-CEC

5.
2.

6.
3.

6
3.

n.
n.

5±0.2
9±0.3

4±0.1
0±0.2

3±0.1
0±0.2

t.
t

MrA
+ CEC

5
3
,3±0.
,0±0.

6.3±O.
2

6
3

n
n

,7±0.

,l±0.
.0±0.

.t.
t.

1*
3

1*
2

1*
3

Concentration-response curves for noradrenaline were constructed in thoracic aorta (Ao), superior
mesenteric artery (SMA), and mesenteric resistance artery (MrA), that had ( + CEC) or had not been
(-CEC) pretreated with chloroethylclonidine (100 ^M, 30 min). Part of the experiments were
performed after chemical sympathectomy, in the presence of 1 /tM propranolol and 1 /xM yohimbine
and after mechanical removal of endothelium. Data were expressed as pD, (-log ECy,) and maximal
response (E^,,) as increase in wall tension; they are shown as mean ± SEM (n = 8-40). 'The effect
of CEC is statistically significant (p<0.05). n.t., not tested

Similar findings were obtained in the presence of 1 /*M propranolol and 1
yohimbine and after chemical sympathectomy of the preparations with 6-
hydroxydopamine. Also under these conditions, pretreatment with CEC (i) did
not modify maximal responses to noradrenaline in large or small arteries and
(ii) reduced sensitivity to noradrenaline more markedly in Ao and SMA than
in MrA (table 1, figure 3). Removal of endothelium did not modify the effect
of CEC on sensitivity to noradrenaline in Ao or SMA (table 1).

-51 -



Chapter 2

U
Il

1)uoi

T
en

si
al

l

6

4 -

2

0 -

Ao

—1 1 •

* * * * *

r
I—I—I—

SMA MrA

-8 -7 -6 -5 -4 -3 -8 -7 -6 -5 -4 -3 -8 -7 -6 -5 -4 -3

log MOLAR [NA]
Figure 3
Effects of CEC on contractile responses to noradrenaline in thoracic aorta (left), superior mesenteric
artery (middle) and mesenteric resistance artery (right) segments. Arterial preparations were
chemically sympathectomized with 6-OHDA and were subsequently pretreated with CEC (100 ^M
during 30 min, closed symbols) or its solvent (open symbols). Cumulative concentration response
curves for noradrenaline were constructed in the presence of 1 /*M propranolol and 1 /iM
yohimbine. Responses are shown as mean ± SEM increase in wall tension (n= 10-18). For
statistical analysis, see table 1.

When SMA and MrA were incubated for 3 min in calcium-free solution, 10
/xM noradrenaline induced a transient contractile response. In both the large
and the small artery, pretreatment with CEC significantly reduced the
amplitude of this transient response to noradrenaline, which has been attributed
to release of intracellular calcium (Boonen & De Mey, 1990a; b) (figure 4).

MrA SMA

Figure 4
Contractile responses to 10 /tM noradrenaline in
the mesenteric resistance artery (MrA) and
superior mesenteric artery (SMA) in the
absence of extracellular calcium. Open bars,
control preparations; hatched bars, vessels
pretreated with CEC (100 ^M during 30 min).
Data were expressed as percentage of the
contractile response observed in the presence of
2.5 mM calcium, and are shown as mean ±
SEM (n=6-8). *, the difference from control is
statistically significant (p<0.05). '
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In SMA and MrA that had not been pretreated with CEC, 0.1 ^M prazosin
0.1 /iM, WB4101 and 0.3 /xM 5-CHj-urapidil reduced the sensitivity but not
the maximal response to noradrenaline. The shift of the concentration-response
curve for noradrenaline was parallel and fully reversible after washout of the
antagonists. Estimated affinity for prazosin was comparable in both types of
vessel (table 2). The pKg's for WB4101 and 5-CHj-urapidil were significantly
larger in MrA than SMA (table 2). In control superior SMA, the pKg for
WB4101 did not differ significantly from that for prazosin; that for 5-CHj-
urapidil was significantly smaller than that for prazosin (table 2). In control
MrA, the apparent affinity for WB4101 was significantly higher and that for 5-
CEVurapidil significantly lower than that for prazosin (table 2).
In MrA, pretreatment with CEC did not significantly modify the pKg's for the
three antagonists (table 2). In SMA, however, CEC reduced apparent affinity
for prazosin without modifying the pKg for WB4101 or 5-CH3-urapidil (table
2). CEC reduced the pKg for prazosin in SMA by 0.5 to 1.0 log unit. This
was reproduced in separate experiments in the presence of 1 /iM yohimbine
and after removal of the endothelium (table 2).

Table 2
Effects of chloroethylclonidine (CEC) on apparent antagonist affinities in superior mesenteric artery
(SMA) and mesenteric resistance artery (MrA)
Vessel
Pretreatment
6-OHDA, propranolol
Prazosin
WB4101
5-CH, urapidil
6-OHDA, propranolol,
Prazosin
6-OHDA, propranolol,
Prazosin

SMA
-CEC

8.5±0.2
8.3±0.2
7.6±0.1#

yohimbine
8.3±0.2

SMA
+ CEC

8.0 + 0.2*
8.1±0.2
7.7±0.4

7.3±0.1*
yohimbine, - endothelium

8.7+0.2 7.7 + 0.4*

MrA
-CEC

8.8±0.1
9.2±0.1#$
8.3±O.2#$

n.t.

n.t.

MrA
+ CEC

8.5±0.1
8.9±0.2
8.1±0.1

n.t .

n.t .

Estimated apparent affinities are shown as pKg's (mean ± SEM; n = 6). Concentration-response
curves for noradrenaline were constructed in sympathectomized vessels (6-OHDA) in the presence of
1 /iM propranolol and with additional presence of 1 ^M yohimbine and endothelium removal as
indicated. Curves were then repeated in the presence of 0.1 /*M prazosin, 0.1 jiM WB4101 or 0.3
j*M 5-CH,-urapidil. Controls (-CEC) and preparations that had been pretreated with CEC ( + CEC)
were used in parallel. * The difference from control (-CEC) is statistically significant (p<0.05). A
The difference from prazosin is statistically significant (p<0.05). $ The difference from SMA is
statistically significant (p<0.05)
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Phenoxybenzamine irreversibly antagonized contractile responses to
noradrenaline in Ao, SMA and MrA. Following 30 min of exposure to 1 /xM
phenoxybenzamine, up to 300 /xM noradrenaline failed to elicit contraction in
either type of vessel (not shown). Susceptibility to this alkylating agent
differed, however, markedly between the types of artery. In Ao and SMA,
approximately 50 % of the maximal response to the catecholamine persisted
after 30 min exposure to 100 nM and 20 nM phenoxybenzamine, respectively
(figure 5). In mesenteric resistance arteries, however, responses to
noradrenaline were already abolished following 30 min of incubation with 2
nM phenoxybenzamine. In view of this high sensitivity, MrA were
sequentially exposed for 10 min to 0.1, 0.2, 0.4, 0.8 and 1.6 nM
phenoxybenzamine with intermittent construction of concentration-response
curves for noradrenaline.

SMA MrA

0 -

-8 -7 -6 -5 -4 -8 -7 -6 -5 -4

log MOLAR [NA]

-8 -7 -6 -5 -4

Figure 5
Effects of phenoxybenzamine on contractile responses to noradrenaline in thoracic aorta (left),
superior mesenteric artery (middle) and mesenteric resistance artery (right) segments that had been
sympathectomized and studied in the presence of 1 /iM propranolol and 1 jiM yohimbine. The
experiments were performed in control preparations (top; open symbols) and in preparations that had
been pretreated with CEC (bottom; closed symbols). Mean ± SEM (n=6-10). Note the different
concentrations of phenoxybenzamine that were used; circles, prior to exposure to phenoxy-
benzamine; squares, after exposure to phenoxybenzamine (100 nM, 20 nM, and 0.4 nM for aorta,
superior mesenteric artery, and mesenteric resistance artery, respectively); triangles, after exposure
of the resistance arteries to 0.4 and 0.8 nM phenoxybenzamine.
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Using this approach, it was observed that maximal responses to the
catecholamine were reduced by approximately 50% following 0.8 nM
phenoxybenzamine (figure 5). After treatment with CEC, 100 nM
phenoxybenzamine no longer reduced responses of Ao to noradrenaline (figure
5). In SMA and MrA, pretreatment with CEC did not significantly modify
subsequent actions of phenoxybenzamine (figure 5).

Figure 6 summarizes responses to noradrenaline in absence and presence of 1
nM felodipine. The dihydropyridine calcium antagonist reduced sensitivity and
maximal responses to noradrenaline. The effect on sensitivity to the
catecholamine was more marked in SMA (A pDj 0.9) than in Ao (A pDj 0.5)
and MrA (A pDi 0.15). In vessels that had been pretreated with CEC, effects
of 1 nM felodipine on sensitivity and maximal responses to noradrenaline did
not differ significantly from those in control vessels with the exception of the
sensitivity in SMA which was reduced to a smaller extent (A pDj 0.5).

SMA

3

I
0 --

3 -

2 -

1 -

0 -

MrA

/

—i—t—— i —

•8 -7 -6 -5 -4 •8 -7 -6 -5 -4 -3

log MOLAR [NA]

o - •

Figure 6
Responses to noradrenaline in thoracic aorta (left), superior mesenteric artery (middle) and
mesenteric resistance artery (right) in the absence (circle) and presence of 1 nM felodipine (triangle).
Both control preparations (top) and preparations that had been pretreated with CEC (bottom) were
used. All preparations had been sympathectomized and were studied in the presence of 1 JIM
propranolol and 1 ̂ M yohimbine. Means ± SEM (n=6-8).
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The direct vasodilator Na-nitroprusside was more potent in reducing responses
to noradrenaline in Ao than in SMA and, especially MrA (figure 7). At 0.1
jiM, Na-nitroprusside reduced the maximal response to noradrenaline by
33±9% and 17 + 4% in Ao and SMA, respectively, but even 10 /*M Na-
nitroprusside did not alter the maximal response to the catecholamine in MrA
(figure 7). Similar observations were obtained in arteries that had been
pretreated with CEC (figure 7).

-8 -7 -6 5 -4 -3
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Figure 7
Contractile responses to noradrenaline in thoracic aorta (left), superior mesenteric artery (middle)
and mesenteric resistance artery (right) in the absence (circles) and presence of Na-nitroprusside
(diamond, 10 nM; square. 100 ^M; triangle, 1 ^M; inverse triangle, 10 jiM). Both control
preparations (top) and preparations that had been pretreated with CEC (bottom) were used. All
preparations had been sympathectomized and were studied in the presence of 1 /xM propranolol and
1 /iM yohimbine. Means ± SEM (n=6).
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In control preparations, the affinity for noradrenaline cannot be estimated
because of the possible presence of receptor subtypes. After pretreatment with
CEC, however, calculated agonist affinity is representative for a^-AR
provided CEC irreversibly blocks a^-AR and a^-AR but not a^-AR
(Minneman, 1988; Perez et al., 1991), and does not interfere with signal
transduction. Differences in estimated agonist affinity between control and
CEC-treated preparations then offer additional support for the presence of a,-
AR subtypes. Estimates of receptor reserve (pDj-pKJ depend on the same
assumptions.
The responses to noradrenaline obtained before and after partial receptor
inactivation with phenoxybenzamine and those observed in absence and
presence of felodipine or Na-nitroprusside were further used to estimate
agonist affinity for noradrenaline (Furchgott, 1966; Leff et al., 1985)(table 3).
With the partial receptor inactivation method (phenoxybenzamine) apparent
agonist affinity was comparable in SMA and MrA but lower in Ao. Receptor
reserve was, however, more marked in Ao than in the other vessels (table 3).
In SMA and MrA, pretreatment with CEC (i) reduced apparent agonist affinity
by 1.4 to 0.8 log unit and (ii) paradoxically increased receptor reserve. For
instance, in MrA there was hardly any receptor reserve before exposure to
CEC, while after pretreatment with CEC sensitivity to noradrenaline
significantly exceeded apparent affinity for the catecholamine (table 3). In Ao,
effects of CEC on affinity and efficacy of noradrenaline could not be evaluated
with phenoxybenzamine, because CEC blunted subsequent actions of phenoxy-
benzamine (see figure 5).
Estimates of affinity for noradrenaline were larger when using the calcium
antagonist felodipine, than following partial receptor alkylation with
phenoxybenzamine (table 3). Findings were, however, qualitatively similar
with this approach. Before pretreatment with CEC, a significant receptor
reserve was present in Ao but not MrA. Following pretreatment with CEC
estimated affinity for noradrenaline was reduced and receptor reserve increased
in both Ao and MrA (table 3). Similarly, the use of Na-nitroprusside, which
resulted in lower estimates of affinity than phenoxybenzamine, indicated that
in SMA CEC reduced affinity for noradrenaline (table 3).
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Table 3
Effects of chloroethylclonidine (CEC) on apparent affinity and apparent receptor reserve for
noradrenaline in large and small arteries of the rat evaluated with phenoxybenzamine and functional
antagonists

Vessel AO AO SMA SMA MrA MrA
Pretreatment -CEC +CEC -CEC +CEC -CEC +CEC

Phenoxybenzamine
pK* 5.77 n.a. 6.31 3.69 6.21 5.40
pD,-pK* 0.63 n.a. 0.08 0.76 0.00 0.55

Felodipine
pK* 6.53 5.39 n.d. 5.33 6.50 5.60
pDj-pK* 0.17 1.30 n.d. 0.42 0.00 0.53

Na-nitroprusside
pK^ 4.03 n.d. 5.21 4.50 n.a. n.a.
pDj-pK^ 2.67 n.d. 0.86 0.95 n.a. n.a.

pK^ for noradrenaline was calculated from double reciprocal plots of equi-effective agonist
concentrations derived from mean concentration-response curves for noradrenaline (n=6-10) before
and after exposure to phenoxybenzamine, in absence and presence of 1 nM felodipine and in absence
and presence of 0.1 ^M Na-nitroprusside. The experiments were performed in sympathectomized
aorta (AO). superior mesenteric artery (SMA) and mesenteric resistance artery (MrA), in the
presence of 1 /iM propranolol and 1 ^M yohimbine; control preparations (-CEC) and preparations
that had been pretreated with chloroethylclonidine ( + CEC) were obtained from the same arteries.
As an estimate of receptor reserve, the difference between the sensitivity (pDj) and affinity for the
agonist (pK^) was determined, n.a., not available because of lack of effect of the antagonist on the
maximal response to noradrenaline, n.d., not determined because of a negative intercept of the
double reciprocal plot.

Discussion

Effects of chloroethylclonidine on prazosin binding and sensitivity to the
contractile effect of noradrenaline, along with estimates of apparent affinity for
subtype selective a,-AR antagonists, suggest that a^-AR are more prominent
in small mesenteric resistance-sized arteries than in large conduit vessels such
as superior mesenteric artery and thoracic aorta. This does not suffice to
explain differences between the a,- adrenergic responses of these vessels as
regards receptor reserve and effects of vasodilator drugs.
Multiple subtypes of a,-AR seem to exist (Flavahan & Vanhoutte, 1987;
Cotecchia et al., 1988; Minneman, 1988; Muramatsu et al., 1990b; Ruffolo et
al., 1991; Schwinn et al., 1991). Of these, only the subtypes with a high
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affinity for prazosin have been characterized in great detail. Molecular
biological approaches, ligand binding experiments and functional studies
indicate that these a,A-, a,B-. and a^-AR coexist in several organs including
the vasculature (Muramatsu et al., 1990a; b; Ohmura et al., 1992; Kohno et
al., 1994; Piascik et al., 1995). The arterial tree is, however, a highly
heterogeneous structure and differences between vascular beds and between
branches of a given vascular bed have repeatedly been noted for various
vasoactive agents (De Mey & Vanhoutte, 1981; Daly et al., 1988; Faber,
1988; Heesen et al., 1989; Heesen & De Mey, 1990; Messing et al., 1990;
Piascik et al., 1990; Eerdmans et al., 1991; Testa et al., 1995). We evaluate
whether a^-AR are unevenly distributed along the rat arterial tree and whether
this may help explain regional differences in a,-adrenergic vasoconstrictor
responses. CEC, an agent that has been shown to irreversibly block a,g-AR
and a,o-AR more readily than a^-AR (Minneman, 1988; Perez et al., 1991),
reduced the specific binding of subnanomolar concentrations of pH]-prazosin
less markedly in mesenteric resistance arteries than superior mesenteric artery
and aorta. CEC also reduced the sensitivity to the a,-adrenergic
vasoconstrictor effect of noradrenaline less markedly in the small arteries
(ApDj: 0.2) than in the conduit vessels (ApD,: 0.8-1.2). Moreover, the
apparent affinity for the a^-AR preferring antagonists WB4101 and 5-CHj-
urapidil was significantly larger in the mesenteric resistance vessels than in the
mesenteric feeding vessel. Collectively these findings indicate that a^-AR are
more prominent and more involved in a,-adrenergic responses in mesenteric
vessels than in the larger arteries of the rat.
While the mesenteric resistance arteries seem to rely primarily on a^-AR in
the presence of extracellular calcium, a role for CEC-sensitive sites became
clear in the absence of the divalent cation. Recent observations indicate that
mesenteric resistance arteries display a particularly low affinity for the a,Q-AR
selective ligand BMY 7378 (Piascik et al., 1995). We therefore propose that
rat mesenteric resistance arteries contain besides a^-AR a subpopulation of
CKIB-AR that are preferentially coupled to intracellular calcium release.
In view of the different effects of CEC on prazosin-binding and sensitivity to
a,-adrenergic effects of noradrenaline in different rat arteries, we evaluated
whether the alkylating agent modified regional differences as regards receptor
reserve and effects of vasodilator drugs during a,-adrenergic vasoconstriction.
With the use of phenoxybenzamine we noted a marked difference in receptor
reserve between types of vessel as indicated by the difference between
sensitivity and affinity (table 3) and by the shape of the curves relating relative
receptor occupancy to relative effect. We furthermore confirmed a marked
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regional difference in the inhibitory effect of Na-nitroprusside on a,-adrenergic
contractions. Though various separate studies indicated that rat aorta is
considerably less susceptible to dihydropyridine calcium antagonists than
mesenteric resistance arteries (Boonen & De Mey 1990a, b; Ruffolo et al.,
1991; Videbaek et al., 1995), 1 nM felodipine reduced contractile responses to
a,-stimulation to roughly the same extent in aorta, superior mesenteric artery
and mesenteric resistance arteries. Irreversible blockade of a^- and a^-AR by
CEC did not normalise differences between types of vessel as regards
sensitivity to inhibition of phenoxybenzamine, estimates of receptor reserve
and the relaxing effect of Na-nitroprusside. Thus, the heterogeneous
distribution of a,g- and a^-AR along the rat arterial tree seems not to be the
major determinant of the distinct characteristics of a,-adrenergic responses at
specific locations in the system.

Various previous and present findings question that the currently cloned a,A-,
a,B- and a,p-AR subtypes would suffice to explain arterial apadrenergic
responses (Yu et al., 1993; McGrath & Daly, 1995). For instance, although
CEC effectively blocked all specific high affinity prazosin binding in the aorta
this was not accompanied by a drastic reduction of the maximal a,-adrenergic
response in the tissue. Also, CEC reduced the apparent affinity for prazosin in
the superior mesenteric artery despite near-identical affinity of the presently
cloned a,-AR subtypes for this ligand. Furthermore, as reported earlier
pretreatment with CEC prevented inhibitory effects of phenoxybenzamine in
the aorta but not in the other types of vessel (Oriowo & Bevan, 1990). Last
but not least, CEC was found to have opposing effects on agonist affinity
(reduced) and efficacy (increased). Neither of these observations are
compatible with the properties of the cloned a,-AR subtypes. Whether this is
due to other a,-AR subtypes (for instance those proposed to exhibit a
comparatively low affinity for prazosin) or whether some of these are due to
irreversible effects of CEC other than those on a,B- and a^-AR (Schwietert et
al., 1992; Nunes & Guimaraes, 1993).

In conclusion, chloroethylclonidine was found to affect prazosin binding and
noradrenaline action more markedly in rat aorta and superior mesenteric artery
than in mesenteric resistance arteries. Consequently CK,A- seem to be more
prominent in the distal small artery than in the proximal conduit vessels. This
does not appear to be a major determinant of regional differences along the
arterial tree as regards a,-adrenergic receptor reserve and vasodilator
responses.
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Abstract

We compared acute effects on resistance artery reactivity for three compounds
that share agonistic properties at aj-adrenoceptors: azepexole, clonidine and
rilmenidine. Experiments were performed in mesenteric and renal resistance
arteries isolated from adult spontaneously hypertensive rats. Comparable
findings were obtained in mesenteric and renal artery preparations. Azepexole
and rilmenidine (up to 10 /iM) did not modify (i) basal tone, (ii) contractile
responses to 30 mM potassium, (iii) contractile responses to 0.1 to 20 jiM
phenylephrine or (iv) relaxing responses to isoproterenol lnM to 10 ^iM. At
10 /nM, rilmenidine, but not azepexole, increased the sensitivity of mesenteric
vessels to nerve stimulation. Clonidine, on the other hand, while having
minimal effects on basal tone or isoproterenol-induced relaxations, increased
contractile responses to 30 mM potassium and reduced contractile responses to
phenylephrine. Contractile effects of clonidine in partly depolarised
preparations could be antagonised by 1 /xM prazosin. Thus, c^-adrenoceptor
stimulation failed to influence resistance artery contractile reactivity and both
rilmenidine and clonidine elicited effects that cannot be attributed to c^-
adrenoceptor stimulation. For rilmenidine this may involve an effect on
sensory-motor nerves; in the case of clonidine, partial a,-adrenoceptor
agonism seems to be involved.

Introduction

Experimental evidence in vivo and vitro suggests that sympathetic nerves play an
important role in the development of essential hypertension. Sympatholytic
interventions in young spontaneously hypertensive rats prevent the development
of hypertension and arterial structural changes (Lee, R.M.K.W. & Smeda, 1985;
Nyborg et al., 1986; Lee, R.M.K.W. et al., 1987; Mangiarua & Lee, 1992).
Furthermore, drugs influencing sympathetic activity have antihypertensive
properties, as has been demonstrated with both a,-adrenoceptor antagonists and
CK2-adrenoceptor agonists. c^Adrenoceptor agonists lower blood pressure
primarily by pre-synaptic (Isaac, 1980; Head et al., 1983; Head & Burke, 1991)
or central nervous system mediated (Zwieten van, 1975; Kobinger, 1978;
Bousquet et al., 1984; 1989; Van Zwieten et al., 1986; Coupry & Lachaud,
1989; Verbeuren et al., 1990) inhibition of sympathetic activity. In addition,
the involvement of imidazoline-binding sites (Bousquet & Feldman, 1987;
Ernsberger et al., 1987) has been proposed for some of these drugs (clonidine,
rilmenidine). a^Adrenoceptors are present in the vasculature, as has been
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proven by ligand-binding studies (Schmitz et al., 1981; Pettinger et al., 1987;
Shi et al., 1990; Elhawary et al., 1992). Stimulation of presynaptic aij-
adrenoceptors inhibits adrenergic (Armstrong & Boura, 1973; Langer, 1974;
1977; Medgett et al., 1978; Rump et al., 1991; Hauser et al., 1995) and non-
adrenergic neurotransmission (Mione et al., 1990; Friedman & Duckies, 1995).
Several postjunctional aj-adrenergic mechanisms have been observed in the
vasculature: i) stimulation of a^-adrenoceptors on vascular smooth muscle cells
can result in vasoconstriction (Drew & Whiting, 1979; Ress et al., 1979; De
Mey & Vanhoutte, 1981; Daly et al., 1988; Verbeuren et al., 1989), ii)
stimulation of aj-adrenoceptors on endothelial cells can increase EDRF release
(Angus et al., 1988; Vanhoutte & Miller, 1989) and iii) adenylate cyclase is
inhibited (Pettinger et al., 1987; Limbird, 1988; Heesen & De Mey, 1990) by
aj-adrenoceptors on vascular smooth muscle cells.

In this chapter we investigate the acute effects of 3 different c^-adrenoceptor
agonists, azepexole, clonidine and rilmenidine, in mesenteric and renal resistance
arteries in spontaneously hypertensive rats. The aj-adrenoceptor agonists differ
in several aspects. Azepexole (BHT-933) is an experimental ai-adrenoceptor
agonist often used in in vivo and in vitro studies (Nielsen et al., 1990; Blochl-
Daum et al., 1991; Messing, 1992; Schwietert et al., 1992). Clonidine is one of
the oldest a,-adrenoceptor agonists and became the prototype of all centrally
acting hypotensive drugs (Hoefke & Kobinger, 1966; Schmitt, 1978;
Christersson et al., 1979; Isaac, 1980). In addition to its aj^drenoceptor
properties, other effects have been described (Medgett et al., 1978; Ress et al.,
1979; Verbeuren et al., 1989; Xiao & Rand, 1989). Rilmenidine is an n-
substituted oxazoline with some important differences in pharmacological profile
to that of clonidine. Rilmenidine has a higher affinity than clonidine for both c^"
adrenoceptors (Van Zwieten et al., 1986; Verbeuren et al., 1989; 1990) and
imidazoline receptors (Bricca et al., 1989; Gomez et al., 1991; Schafer et al.,
1995).

Our specific goal was to study the precise mechanisms of action of the three
agonists in the peripheral vasculature and their contribution to the
antihypertensive properties of these drugs. A hypertensive animal model was
used to mimic the target group of these types of drug.

-68



Chapter 3

Materials & methods

Experiments were performed in 12 weeks old male specific pathogen-free
Spontaneously Hypertensive rats (SHR) of the Okamoto strain (Central Animal
Facilities; University of Limburg, Maastricht, The Netherlands). The animals
were maintained on 12 hour dark - 12 hour light cycles and had free access to
standard lab food and tap water. The rats were killed by stunning and
exsanguination and the mesentery and left kidney were isolated. The mesentery
was pinned out on a petri dish coated with Silgard (Dow Corning Corp.) and a
fourth order resistance-sized side branch of the superior mesenteric artery
(diameter approximately 200 /un) was dissected. The kidney was cut in half,
one side was pinned on a petri dish and a small intra-lobar artery was isolated.
All arteries were mounted in a myograph (JP Trading Corp., Risskov, Denmark)
(Mulvany & Halpern, 1977; Heesen & De Mey, 1990) to measure arterial
reactivity. In the myograph the vessels were mounted horizontally in an organ
chamber between an isometric force transducer (Statham UC3 and Kistler Morse
DSC6 for large and small vessels, respectively) and a displacement device using
2 stainless steel wires (diameter 0.04 mm). The organ chamber was filled with
Krebs-Ringer bicarbonate solution (KRB, 25 and 10 ml for large and small
vessels, respectively) that was maintained at 37°C and aerated with 95 % Oj and
5 % CCK. The mesenteric and renal resistance arteries were stretched to their
individual optimal internal circumference for isometric force development by an
active length-tension protocol (Boonen & De Mey, 1990; 1991; Heesen & De
Mey, 1990; Eerdmans et al., 1991). For this purpose their circumference was
increased by 60 /xm every 5 min, with intermittent exposure to 10 /xM
noradrenaline. This length-tension protocol was continued until maximal
contractile responses were obtained (internal diameter: MrA 195 + l l^m, RrA
214±21^m). Part of the experiment was performed in vessels that had been
sympathectomized by 10 min incubation in bicarbonate-free KRB solution (pH
4.0 with glutathione) containing 300 /*g/ml 6-hydroxydopamine (Aprigliano &
Hermsmeyer, 1977). To stimulate the sympathetic nerves in the mesenteric
resistance arteries, 2 platinum electrodes connected to a constant current source
(amplitude 85 mA) were placed longitudinally across the mounted vessel
segments and frequency response curves (1 to 32 Hz, pulse duration 2 msec)
were constructed (Nilsson, 1985; Eerdmans et al., 1991). In order to unmask
potential contractile effects of the agonist, concentration response curves were
constructed in vessels that had been made to contract with an intermediate
concentration of potassium (30 mM K-KRB solution).
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Drugs and Solutions
During dissection, mounting and experimentation the preparations were
immersed in a Krebs bicarbonate buffered physiological salt solution (KRB).
KRB had the following millimolar composition: NaCl 118.3, KC1 4.7, CaClj
2.5, MgSO^H^O 1.2, KH2PO4 1.2, NaHCOj 25.0, glucose 11.1. High
potassium solution (K-KRB) was prepared by replacing all NaCl in normal KRB
with an equimolar amount of KC1.
L-isoproterenol hydrochloride, L-phenylephrine hydrochloride, L-prazosin
hydrochloride and 6-hydroxydopamine were obtained from Sigma Chemical Co
(Saint Louis, Mo USA). Rilmenidine was obtained from Servier (France).
Azepexole was obtained from Boehringer Ingelheim and yohimbine
hydrochloride from Roussel (France).

Data Analysis
Contractile responses of isolated blood vessels to agonists were expressed as
increases in wall tension (increases in isometric force divided by twice the
segment length) and relative to the amplitude of the contraction induced by 125
mM potassium, 30 mM potassium, 3 /xM phenylephrine or 10 ^M
noradrenaline. Sensitivity for the contractile effects of agonists or nerve
stimulation was determined by interpolation on a least square sigmoidal curve fit
of the individual concentration response curves (Inplot, GraphPad, San Diego,
Ca, USA). 50% of the maximal contraction induced by electrical field
stimulation was noted as EF50. Data are shown as mean ± SEM. Statistical
significance of effects and of differences between treatment groups was
evaluated by Student's t-test for paired observations, Student's t-test for unpaired
observations or analysis of variance followed by Bonferroni's t-test where
appropriate (Wallenstein et al., 1980) using commercially available software
(Crunch, Software Corp., San Francisco, Ca USA).

Results . . .

General vessel characteristics.
The diameters at which mesenteric and renal resistance arteries responded
maximally to 125 mM potassium were comparable: 195±11 and 214 + 21 /tm,
respectively. The maximal response to the depolarising stimulus was
significantly larger in sympathectomized mesenteric vessels (2.8 + 0.5 N/m) than
in sympathectomized renal vessels (0.7±0.2 N/m). In both types of vessels 30
mM potassium induced a contraction that averaged 25-35% of the response to
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125 mM of the cation.
Phenylephrine induced concentration-dependent contractions in both types of
vessels. The sensitivity to the agonist and the relative amplitude of the maximal
response, did not differ significantly between mesenteric and renal vessels.
During contractions induced by 30 mM potassium, isoproterenol caused
mesenteric resistance arteries to relax but failed to affect renal artery
contractions.
In intact, but not sympathectomized, mesenteric resistance arteries electrical field
stimulation caused frequency-dependent contractions. Half of maximum
responses were obtained between 4 and 8 Hz; the maximum response did not
differ significantly from that induced by exogenous noradrenaline.

Effects of c^-agonists.
Azepexole, clonidine and rilmenidine (10 nM to 10 /xM) did not modify basal
tone in mesenteric or renal vessels (data not shown). During contraction induced
by 30 mM K*, azepexole and rilmenidine hardly affected contractile reactivity.
Clonidine, on the other hand, induced further increases in tone under this
condition (table 1, figure 1) an effect which was more pronounced in mesenteric
vessels than in renal resistance arteries.

Table 1
Contractile properties of azepexole, rilmenidine and clonidine in the presence of 30 mM K* KRB, and
clonidine in the presence of 30 mM K* KRB with prazosin or yohimbine.

Mra

Agonist

Azepexole (ljiM)

Rilmenidine (10MM)

Clonidine (10fiM)

Clonidine+ Yoh

Clonidine + Praz

Emax (/30mM K*)

1.24±0.22

2.10±0.31

4.54±0.83

3.23±1.02

1.39±0.20

RrA

p-value *

p=0.0008

p=0.007

NS

p=0.0024

Emax (/30mM K*)

0.89±0.11

1.13±0.12

2.20±0.26

1.59±0.18

1.29±0.12

p-value *

p=0.01

p=0.01

p=0.044

p=0.007

Maximal contractile properties of azepexole, rilmenidine or clonidine in mesenteric (MrA) and renal
resistance arteries (RrA) precontracted with 30 mM K* Krebs solution. In addition, maximal
contractile properties of 30^M clonidine are given in the presence of l^M yohimbine (Yoh) or 1/iM
prazosin (Praz). Data are mean±SEM and are related to the contractile properties of 30 mM K* Krebs
solution. *p-value: unpaired t-test comparing agonist with clonidine. NS: p>0.05
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O RIL
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- 9 - 8 - 7 - 6 - 5
log MOLAR [ACONISTJ

D RIL
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Figure 1
Effects of azepexole, clonidine and rilmenidine in mesenteric and renal resistance arteries made to
constrict with potassium. Concentration response curves for azepexole (AZE), clonidine (CLON) and
rilmenidine (RIL) were constructed in mesenteric (MrA) and renal resistance arteries (RrA)
precontracted with a 30 mM potassium KRB solution. Data are shown as mean±SEM.

O CONTROL
• I M M PRA

- 9 -B - 7 - 6 - 5 - 4
log MOLAR [CLON]

D CONTROL
T IMU PRA
• 1/iM YOH

Figure 2
Effects of clonidine in the absence or presence of prazosin and yohimbine in mesenteric and renal
resistance arteries made to constrict with potassium. Concentration response curves for clonidine
(CLON) were constructed in the absence or presence of 1/xM prazosin or l̂ iM yohimbine in
mesenteric and renal resistance arteries precontracted with 30 mM K*. Data are shown as
mean±SEM.
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Yohimbine at 1 /xM reduced this potentiating action of clonidine, while 1
prazosin prevented the effect of even 30 /*M clonidine (figure 2).
During contractions induced by 3 ^M phenylephrine, neither azepexole nor
rilmenidine (10 nM to 10 /*M) influenced mesenteric or renal vessels (data not
shown). Also, azepexole (1 /xM) nor rilmenidine (1 /xM) modified concentration
response curves for phenylephrine in these vessels (figure 4). Clonidine, on the
other hand, reduced the responses to a,-agonist in both types of vessel (figure
3). Mesenteric vessels were more sensitive to this relaxing effect than renal
vessels; maximal relaxation could, however, be obtained in both. Clonidine
furthermore shifted concentration-response curves for phenylephrine in an
apparently competitive manner (table 2, figure 4). In this respect too, renal
vessels were less sensitive to clonidine than mesenteric vessels.

1 6 -

1 . ! •

r
o
•* 0 8 •

1:
0.4 -

0.0 -

- 0 4 -

MrA

\

- 8 - 7 - 6 - 5
log MOLAR [CLON)

Figure 3
Concentration response curves for clonidine in mesenteric and renal resistance arteries precontracted
with 3 jiM phenylephrine. Concentration response curves for clonidine (CLON) were constructed in
mesenteric (MrA) and renal resistance arteries (RrA) precontracted with 3 /xM phenylephrine (PHE).
Data are shown as mean±SEM (related to the maximal response to 3 ^M PHE).
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a CONTROL
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Figure 4
Effects of azepexole, clonidine and rilmenidine in concentration response curves for phenylephrine
inmesenteric and renal resistance arteries. Concentration response curves for phenylephrine (PHE)
were constructed in the presence of l^M rilmenidine (RIL), l^M azepexole (AZE) (top left MrA,
bottom left RrA) and increasing concentrations of clonidine (CLON) (top right MrA, bottom right
RrA). Data are shown as mean±SEM and related to the contractile response to K-KRB solution.
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Table 2
Contractile properties of mesenteric and renal resistance arteries of phenylephrine in the presence of
increasing clonidine concentrations.

Mra RrA

Phenylephrine

Control
pDj

+0.1/iM clonidine

+1 /iM clonidine

+ 10^M clonidine
pDj

Emax (/K-KRB)
pD,

1.30±0.18
5.77±0.12

1.26±0.24
5.87±0.07

1.20±0.20
4.11±0.44

0.84±0.22
3.86±0.31

p-value *

NS
NS

NS
p<0.001

NS
p<0.001

Emax (/K-KRB)
PD2

1.45 ±0.07
5.88±0.07

1.32±0.18
5.62±0.13

1.40±0.18
5.40±0.21

0.91±0.12
4.48±0.99

p-value *

NS
p=0.028

NS
p=0.009

NS
p=0.025

The arteries precontracted with 3 ^M phenylephrine. Maximal contractile responses of phenylephrine
(PHE) in mesenteric and renal resistance arteries were obtained in the absence or presence of
increasing clonidine concentrations. Furthermore pD? values for PHE were calculated from
concentration response curves with or without clonidine. Values are mean±SEM and related to the
maximal contractile responses to K-KRB solution. *p-values are calculated using an unpaired t-test
comparing PHE (control) with PHE + clonidine. NS: p>0.05

Relaxing effects of isoproterenol in mesenteric resistance arteries were not
significantly altered by the presence of 1 /iM azepexole, clonidine or rilmenidine
(figure 5).

• CONTROL
T I ^M RIL
• 1 |/U AZE
• 1 jiM CLON

MOLAR (ISOPJ

Figure 5
Effects of azepexole, clonidine and rilmenidine
on concentration response curves for isoprote-
renol in mesenteric resistance arteries.
Concentration response curves for isoproterenol
(ISOP) were constructed in mesenteric resistance
arteries precontracted with 30 mM K-KRB in the
absence (pD2 = 7.68±0.36) and presence of 1
/zM azepexole (AZE, pD2 = 7.68±0.36), 1 jiM
clonidine (CLON, pD2 = 7.56 ±0.09) or 1 /iM
rilmenidine (RIL, pDj=7.67±0.20).
All experiments were performed in the presence
of 1 jiM prazosin to rule out possible a,-
adrenergic properties of the evaluated agonists.
Data are shown as mean±SEM and related to
the contractile response to 30 mM K-KRB
solution.
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Figure 6 summarizes the effects of azepexole and rilmenidine on responses of
mesenteric resistance arteries to adrenergic nerve stimulation. Clonidine was not
evaluated in this respect because it was noted that the agent interfered with
postjunctional adrenergic responses. At 10 /xM, rilmenidine but not azepexole
significantly increased the sensitivity of the vessels to nerve stimulation without
modifying the maximal response. For the sake of comparison, effects of 3 îM
cocaine and 1 ^M yohimbine were also evaluated. The former slightly increased
the sensitivity to nerve stimulation and the latter caused a further elevation of the
responses to low frequency stimulation (figure 6).

1.1 -
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o ° * "
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# •

— / ^
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t I O I I U OIL

• 10 pU A2£
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» • coc
T COC/VOK

Figure 6
Effects of azepexole and rilmenidine on frequency response curves in mesenteric resistance arteries in
the presence of cocaine or yohimbine. Frequency response curves were constructed in mesenteric
resistance arteries in the presence of rilmenidine (RIL) or azepexole (AZE) (right-hand figure).
Furthermore, frequency response curves were constructed (different groups of animals) in the absence
or presence of 3 /iM cocaine (COC) and 3 ^M cocaine + 1 ^M yohimbine (YOH) (left figure). Data
are shown as mean±SEM and related to the response to 10 ^M noradrenaline. Significant differences
in EF,,, were found comparing control with rilmenidine (10.8±2.4 versus 5.33±0.8 Hz. p = 0.034).
Frequency response curves in the absence or presence of cocaine showed significant differences (EF,,,)
in control versus cocaine/yohimbine (8.3±0.7 versus 3.7±0.5 Hz, p=0.0001) and cocaine versus
cocaine/yohimbine (6.7±0.9 versus 3.7±0.5 Hz, p=0.005).
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Discussion

In this study we investigated the acute effects of c*2-adrenoceptor agonists on
mesenteric and renal resistance arteries in adult spontaneously hypertensive rats.
Observations differed considerably for azepexole, clonidine and rilmenidine. The
effects of postsynaptic c^-adrenoceptor stimulation in resting arteries of all three
agents were minor. Arteries in precontracted state, however, were very sensitive
to clonidine and to some extent also to azepexole. The contractile effects of
clonidine in precontracted arteries could be reduced completely by a,-adrenergic
blockade (prazosin) but not by c^-adrenergic blockade (yohimbine). Only
clonidine reduced the contractile effects of phenyiephrine. The same kind of
observations has been described for rabbit pulmonary arteries (Lee, T.S. & Hou,
1995). Clonidine caused vasoconstriction in resting and KC1 precontracted
pulmonary arteries and dose-dependent vasodilation in arteries precontracted
with noradrenaline. This indicates that the so called c^-adrenoceptor agonist
clonidine has additional partial a,-adrenoceptor agonist properties.
The aj-adrenoceptor effects of the drugs studied could be caused by a post- or
prejunctional effect. With respect to the postjunctional effect, it has been
documented that c^-adrenoceptor stimulation can lead to inhibition of adenylate
cyclase (Pettinger et al., 1987; Limbird, 1988). The same adenylate cyclase
plays a role in the j3-adrenoceptor stimulation cascade (Gilman, 1987). In other
words, aj-adrenoceptor stimulation can lead to decreased /3-adrenoceptor agonist
responses. Renal resistance arteries lack functional /3-adrenoceptors, as was
described earlier by our group (Heesen et al., 1989; Heesen & De Mey, 1990;
Eerdmans et al., 1991) and were not investigated. The relaxing responses to
isoproterenol in mesenteric resistance arteries were not altered by aj-adrenergic
stimulation. The lack of effect of the three drugs we studied on resting tone as
well as on isoproterenol induced relaxation suggests that mesenteric resistance
arteries do not contain functional aj-adrenoceptors.

Presynaptic c^-adrenoceptor mediated inhibition of noradrenaline release by
postganglionic sympathetic nerves has been described as one of the mechanisms
of a2-adrenoceptor agonists, resulting in a decreased sympathetic tone (Szabo &
Urban, 1995). In our study no changes in nerve stimulation (noradrenaline
release) were found in the presence of azepexole. However, an increased EF50
was found after rilmenidine. Clonidine was not evaluated, since its a,-
adrenoceptor properties could bias the results. The lack of effects of azepexole
does not necessarily imply the absence of functional presynaptic c^-
adrenoceptors; the increased nerve stimulation response in the presence of
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yohimbine supports their existence. It is possible that most of the presynaptic aj"
adrenoceptors are already occupied by endogenous noradrenaline. The maximal
occupation of pre-synaptic aj-adrenoceptors implies that azepexole or
rilmenidine cannot inhibit noradrenaline release any further. Similar results were
obtained by Rump et al. (Rump et al., 1991) in a study in which they
investigated human and rabbit renal arteries (strips). In their study, clonidine
inhibited stimulation induced noradrenaline release only at low frequency (2 Hz),
whereas at higher frequency no inhibition was found either. We actually found
an unexpectedly increased sensitivity of nerve stimulation in the presence of
rilmenidine. A possible explanation for this finding can be found in the work of
Burnstock et al. (Burnstock, 1990; Mione et al., 1990; Friedman & Duckies,
1995) who described the possible existence of aj-adrenoceptors on peptidergic
nerves. Stimulation of those receptors inhibits the release of peptidergic
transmitters like calcitonin gene related peptide (CGRP). These peptidergic
nerves are present in the mesenteric resistance artery and inhibition leads to
increased nerve stimulation, as has already been described by our group
(Eerdmans et al., 1991).

Most studies over the past two decades suggest that o^adrenoceptor agonists
primarily reduce blood pressure by central inhibition of the sympathetic activity
(Zwieten van, 1975; Kobinger, 1978; Van Zwieten et al., 1986). The lack of
pre- and postjunction aj-adrenoceptor activity of the drugs used in our study in
resistance arteries confirms the dominant role of central mechanisms. In
addition, our study shows that clonidine must be classified as a partial a,-
adrenoceptor agonist. The peripheral vascular effect of this agent may contribute
to its antihypertensive properties.
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Abstract

We evaluated effects of long-term treatment with 0.1 mg/kg/day prazosin
(PRA), 6 mg/kg/day rilmenidine (RIL) or 60 mg/kg/day azepexole (AZE) on
arteries of juvenile Spontaneously Hypertensive Rats (SHR). 8 weeks old male
SHR were continuously infused with solvent or drug for 4 weeks. AZE and
RIL transiently lowered blood pressure (BP) and heart rate (HR) and caused a
persistent reduction of plasma noradrenaline levels ([NA]pl). PRA did not
modify BP, HR or [NA]pl. At termination of the treatment, structural
parameters and maximal contractile responses were recorded in thoracic aorta
(AO), superior mesenteric artery (SMA) and in mesenteric and renal resistance
arteries (MrA, RrA). PRA treatment resulted in a significant reduction of
media cross sectional area (CSAm) in AO but not in the other vessels. AZE
treatment caused a significant increase in CSAm in MrA, but not in the other
vessels. RIL treatment did not modify CSAm in either type of vessel. Lumen
diameter of resistance arteries was not modified by either treatment. Maximal
active wall tension and maximal active wall stress in response to potassium
and noradrenaline were not significantly modified by PRA or AZE treatment
in either type of vessel. RIL treatment, however, resulted in a significant
increase and decrease of active wall tension and stress in AO and MrA,
respectively. These observations indicate that long-term administration of
PRA, AZE or RIL leads to regionally selective changes in arterial structure
and function. This regionality and the type of changes differ for the three
drugs, suggesting that effects of AZE are not solely due to reduced peripheral
a,-adrenergic input and those of RIL are not restricted to consequences of
chronic c^-adrenoceptor stimulation. Some of the long-term arterial effects
which we observed may contribute to the limited anti-hypertensive potential of
the these drugs in the SHR.

Introduction

Experimental evidence in vivo and in vitro suggests that sympathetic nerves
plays an important role in the development of essential hypertension.
Sympatholytic interventions in young spontaneously hypertensive rats prevent
the development of hypertension and arterial structural changes (Lee & Smeda,
1985; Nyborg et al., 1986; Lee et al., 1987; Mangiarua & Lee, 1992).
Sympathetic nerves could play a trophic role in experimental models of
secondary hypertension (Bevan et al., 1976; Lee & Smeda, 1985). In cultured
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smooth muscle cells, noradrenaline stimulates cell proliferation and synthesis
of enzymes that play a key role in DNA-, RNA- and protein synthesis (Kanbe
et al., 1983; Mano et al., 1986). Drugs influencing sympathetic activity,
including a,-adrenoceptor antagonists or aj-adrenoceptor agonists, have been
used as antihypertensive agents. aj-Adrenoceptor agonists lower elevated blood
pressure primarily through an action in the central nervous system that results
in reduced sympathetic vasomotor tone (Zwieten van, 1975; Kobinger, 1978;
Van Zwieten et al., 1986). Whether they can alter structural properties of
resistance arteries and whether this is due to the central action of the
compounds or to their direct peripheral effects is largely unknown. In recent
years it has furthermore become clear that certain aj-agonists may in addition
occupy imidazoline-binding sites in the CNS and that this contributes to their
blood pressure lowering effect (Bousquet et al., 1984; 1989; Coupry &
Lachaud, 1989; Verbeuren et al., 1990). In SHR the antihypertensive action of
either type of drug is only modest during long-term treatment (Eerdmans et
al., 1991b). The mechanisms that prevent the antihypertensive effects are not
entirely clear. There may be resistance of structural vascular changes to the
treatment, or development of adverse functional and structural alterations.
Furthermore, adaptive changes in receptors in response to chronic stimulation
or blockade may develop. Finally, adaptations of other blood pressure
regulating systems may play an important role in preventing the
antihypertensive effect of drugs acting on sympathetic activity. In the present
study we evaluated these possibilities.
We determined structural parameters and maximal contractile responses of
arteries from SHR that had been treated between the ages of 8 to 12 weeks
with either prazosin ( a prototype antagonist of a,-adrenoceptors)(Brogden,
1977), azepexole (BHT-933, an aj-adrenoceptor agonist) or rilmenidine (an aj-
adrenoceptor agonist that also displays a high affinity for imidazoline-binding
sites) (Louis et al., 1988; Galitzky et al., 1989; Verbeuren et al., 1990).
Treated animals were compared with control animals that has been infused
(120 ^1/day) with solvent (HjO). The experiments were performed in juvenile
SHR in an attempt to prevent the structural vascular changes that occur during
development of hypertension.
The purpose of the present study was to investigate the effect of a decreased
sympathetic tone on the structure and contractile properties of different types
of arteries, because in hypertension primary and secondary vascular changes
are not uniformly distributed over different vascular beds and over vessels of
different caliber (Lee & Smeda, 1985; Boonen et al., 1990; Eerdmans et al.,
1991a). The thoracic aorta, the superior mesenteric artery, mesenteric
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resistance arteries and renal resistance arteries were chosen because of
differences with respect to innervation density (Nilsson et al., 1986; Eerdmans
et al., 1991a), responsiveness to adrenergic stimuli (De Mey & Vanhoutte,
1981; 1982) and presence of a,-adrenoceptor subtypes (Jackson et al., 1992;
Feng et al., 1993).

Materials & methods

Animals & treatment
Experiments were performed in 8 weeks old male specific pathogen-free
Spontaneously Hypertensive rats (SHR) of the Okamoto strain (Central Animal
Facilities; University of Limburg, Maastricht, The Netherlands). The animals
were maintained on 12 hours dark - 12 hours light cycles and had free access
to standard lab food and tap water. Four groups of animals (n = 40, 10 each)
were defined: 1) treatment with solvent (H,O), 2) treatment with 0.1
mg/kg/day prazosin, 3) treatment with 6 mg/kg/day rilmenidine and 4)
treatment with 60 mg/kg/day azepexole. The drugs were administered with the
aid of a subcutaneously implanted osmotic minipump (Alzet 2ML2; Alza Co,
Palo Alto, Ca USA). These osmotic minipumps, which deliver 120 /xl/day,
remain functional for two weeks. After two weeks of treatment they were
replaced, to ensure 4 weeks of continuous drug treatment.

Blood pressure measurements

Between 6 and 8 weeks of age, the rats were accustomed to the restraining,
heating and experimental conditions used to measure systolic blood pressure
(sBP) by tailcuff. The rats were placed in a constant temperature chamber
where 8 rats could be measured simultaneously. The blood pressure measuring
equipment was obtained from IITC Inc / Life Science Instruments, (Woodland
Hills CA, USA). Average systolic blood pressure and heart rate were
calculated from at least 5 representative blood pressure readouts. These data
were obtained just prior to the treatment and after 7 and 14 days of treatment.

Wood prw^wre
After two and a half weeks of treatment the animals were equipped with an
intra-arterial catheter for invasive blood pressure recording (Smits et al.,
1982). Surgery was performed under ketamine/xylazine (5 and 1 mg/kg im)
anaesthesia. Polyethylene tubing (PE 10) was inserted via a femoral artery into
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the abdominal aorta. The tube was guided under the dorsal skin, exteriorized
and sutured to the neck musculature. The arterial catheter was connected to a
miniature low volume displacement pressure transducer (CP-01, Century
Technology Co, Inglewood Ca, USA) and the signal was recorded on a poly-
graph (Grass model 7D; Grass Instruments, Quincy MA, USA). Heart rate
was determined from the pulsatile signal by a tachograph (Grass Instruments).
Mean blood pressure (mBP) and heart rate (HR) were determined in
conscious, freely moving animals at the end of the 4 weeks of treatment.

Plasma catecholamine concentrations
Sampling: 2 ml blood were taken through the intra-arterial catheter from non
disturbed animals and collected in chilled heparinized tubes containing 12 mg
of glutathione. Tubes were centrifuged at 3000 rotations per minute at 4°C for
15 minutes and plasma was stored at -20°C until use. High performance liquid
chromatography (HPLC) with fluorometric detection according to the method
developed by Van der Hoorn (Hoorn van der et al., 1989) was used to
determine the plasma catecholamines concentrations. Catecholamines were
extracted from the plasma samples by liquid-liquid extraction : a-
methylnoradrenaline (Sigma), 2 M ammonia-ammonium chloride buffer pH
8.6 (Merck) and n-haptene (J.T. Baker, Deventer, The Netherlands) were
added to the plasma. After shaking and centrifugation, the organic phase was
separated from the aqueous layer. 0.01 M hydrochloric acid (Merck), 1-
octanol (Merck) and 0.08 M acetic acid (Merck) were added to the organic
phase, which was then shaken and centrifuged, after which the aqueous layer
was again separated from the organic phase. This procedure was repeated
twice. Acetonitrile (Fisons, Loughborough, U.K.) was added to the
concentrate collected by the extraction procedure, together with 1.7 M bicine
pH 7.05 (Sigma) and the fluorescent agent 1,2-diphenylethylenediamine (DPE,
Sigma). The derivation reaction was started by addition of potassium
ferricyanide (Janssen, Beerse, Belgium).
Chromatography was performed by injection of 100 /xl of each concentrate in
the HPLC with a sperisorb 5 ODS-2 column (150 mm x 4.6 mm,
Chromopack, Middelburg, The Netherlands). Fluorescent derivatives were
monitored at an excitation wavelength of 350 nm and an emission wave length
of 480 nm. As an internal standard, a-methylnoradrenaline was used.

Body, heart and kidney weight
Before and during the treatment, body weight was determined at weekly
intervals. After sacrificing the animal the right kidney and heart were isolated
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and cleaned of adhering connective tissue and blood, and weights were
determined. These weights were then divided by the total body weight of the
animal.

Myograph experiments
After four weeks of treatment the rats were sacrificed by a sharp blow on the
back of the head and exsanguinated. The thoracic aorta, superior mesenteric
artery, mesentery and left kidney from each rat were isolated. Segments of
approximately 2 mm were cut from the large vessels. The mesentery was
pinned out on a petri dish coated with Silgard (Dow Corning Corp.) and a
fourth order resistance-sized side branch of the superior mesenteric artery
(diameter approximately 200 /urn) was dissected. The kidney was cut in half,
one side was pinned on a petri dish and a small interlobar artery was isolated.
The arteries were mounted in a myograph (JP Trading Corp., Risskov,
Denmark) (Mulvany & Halpern, 1977; Heesen & De Mey, 1990), in which
the vessels are mounted horizontally in an organ chamber between an
isometric force transducer (Statham UC3 and Kistler Morse DSC6 for large
and small vessels, respectively) and a displacement device using 2 stainless
steel wires (diameter 0.04 mm). The organ chamber was filled with Krebs-
Ringer bicarbonate solution (KRB, 25 and 10 ml for large and small vessels,
respectively) that was maintained at 37°C and aerated with 95 % O2 and 5 %
COj. Prior to experimentation, the internal diameters of the thoracic aorta and
superior mesenteric artery segments were set at 1675 and 1020 j*m
respectively, which had been observed in preliminary experiments to yield
strong and reproducible contractile responses. It was not possible to stretch
these large vessels to their individual optimal diameters, as was normally done
in the smaller arteries, as the time-span for contracting and relaxing the larger
vessels is approximately 45 minutes. In other words, it would take a whole
day to construct the full relationship between active wall tension and diameter.
Furthermore, these relationships are too shallow in these vessels to allow
accurate determination of optimal diameter. In contrast, mesenteric and renal
resistance arteries were stretched to their individual optimal internal
circumference for isometric force development (Boonen & De Mey, 1990;
1991; Heesen & De Mey, 1990; Eerdmans et al., 1991a). For this purpose
their circumference was increased by 60 ^m every 5 min, with intermittent
exposure to 10 /xM serotonin. This length-tension protocol was continued until
maximal contractile responses had been obtained. Contractile responses were
subsequently induced in all vessels by means of receptor independent stimuli
(high potassium) and receptor specific stimuli (noradrenaline, 5-hydroxytryp-
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tamine or Arg-vasopressin). To rule out effects of 0- and aj-adrenoceptor
stimulation, all contractile responses were constructed in the presence of 1 /-iM
propranolol and 1 /xM yohimbine. The experiments in the isolated aorta,
superior mesenteric artery and resistance artery segments took approximately 6
hours to perform.

Morphology
Arteries were fixed in the myograph at their working diameter, which was
performed at 37 °C with phosphate buffered formalin (pH = 7.4) for thirty
minutes. The fixed arterial segments were embedded in paraffin (Paraplast*,
Sherwood, St. Louis, USA) and cross sections of 4 ^m (microtome type 820,
American Optical, USA) were cut. Quantitative morphology was performed on
the preparations after staining with Lawson's solution, a staining which
highlights the elastic laminae. Measurements and calculations were performed
using video images generated by a Zeiss Axioscope (Zeiss, Germany), a
standard CCD camera (Stemmer, Germany) and commercial software (JAVA;
Jandel Scientific Video Analysis Software, Jandel Scientific, Corte Madera,
CA, USA). The internal circumference (IC), the length of the internal elastic
lamina, was determined along with the cross sectional area of the tunica media
(CSA), the area enclosed between the internal and external elastic laminas. IC
was used to calculate the lumen radius (r), assuming a circular configuration
(r = IC/27r). Mean media thickness (Mt) was obtained from the equation

Drugs and Solutions
During dissection, mounting and experimentation, the preparations were
immersed in a Krebs bicarbonate buffered physiological salt solution (KRB).
KRB had the following millimolar composition: NaCl 118.3, KC1 4.7, CaClz
2.5, MgSC>4.7H,0 1.2, KH^PO, 1.2, NaHCOj 25.0, glucose 11.1. High
potassium solution (K-KRB) was prepared by replacing all NaCl in normal
KRB with an equimolar amount of KC1. L-noradrenaline hydrochloride, L-
prazosin hydrochloride and DL-propranolol hydrochloride were obtained from
Sigma Chemical Co (Saint Louis, Mo USA). Serotonin creatinine sulphate
monohydrate was purchased from Janssen Chimica (Beerse, Belgium) and Arg-
vasopressin from Sandoz (Basel, Switzerland). Rilmenidine was obtained from
Servier (France). Azepexole (BHT-933) was obtained from Boehringer
Ingelheim and yohimbine hydrochloride from Roussel (France).
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Data Analysis
All experiments were performed in a blinded manner. Drug treatment,
recording of blood pressure, reactivity studies and histology were performed
by different individuals. The code was broken only after all the results has
been obtained. Contractile responses of isolated blood vessels to agonists were
expressed as increases in wall tension (WT i.e., increases in isometric force
divided by twice the segment length) and as increases in wall stress
(Ws = WT/Mt). Data are shown as mean + SEM. Statistical significance of
effects and of differences between treatment groups was evaluated by Student's
t-test for paired observations, Student's t-test for unpaired observations or
analysis of variance followed by Bonferroni's t-test where appropriate
(Wallenstein et al., 1980) using commercially available software (Crunch,
Software Corp., San Francisco, Ca USA).

Results

Plasma catecholamine concentrations
Plasma noradrenaline concentrations were significantly reduced in the animals
treated for 4 weeks with rilmenidine or azepexole compared with the control
animals (figure 1). The plasma concentration of noradrenaline in the prazosin
treated animals was not altered compared with the control animals (figure 1).
No significant differences in adrenaline plasma concentrations were found
between the various groups.
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Figure 1
Catecholamine concentrations in plasma blood
samples of spontaneously hypertensive rats treated
for four weeks with solvent (control), prazosin,
rilmenidine or azepexole.

Concentrations (pg/ml) of noradrenaline (A) and
adrenaline (B) in blood samples of spontaneously
hypertensive rats after four weeks treatment with
solvent (control,n = 7), prazosin (n=10), rilmenidine
(n = 7) or azepexole (n = 6). Bars are mean ± SEM.
* denotes statistical significance of difference with
solvent treated rats (t-test, p<0.05).
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Hemodynamic properties
To monitor drug effects during the treatments, heart rate, .systole blood
pressure (indirect measurements; first two weeks) and mean blood pressure
(direct measurements; after 4 weeks) were determined. Although systolic blood
pressure values varied from 153 + 7 (AZE) to 177 + 9 (control) at the initiation
of the study, these differences were not statistically significant. After 7 and 14
days a significant reduction of systolic blood pressure was observed in the
rilmenidine and azepexole treated animals (figure 2), which was accompanied
by bradycardia (figure 3). No significant alteration of SBP was found after
four weeks. At the end of the treatment with prazosin, rilmenidine and
azepexole the mean blood pressures were, respectively, 159 + 6, 153 + 6 and
134 + 7 mmHg. This represented no significant difference with the control
group value: 149+4 mmHg. Heart rates were also normalized in all 4 groups
(control 368+11 , prazosin 352 + 10 , rilmenidine 338+14 and azepexole
341 ±13 beats/minute).
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Figure 2
Systolic blood pressure measurements in spontaneously hypertensive rats recorded during two weeks
of treatment with solvent, prazosin, rilmenidine or azepexole. Systolic blood pressure (mmHg) from
week 0 to 2 in rats treated with solvent (open squares), 0.1 mg/kg/day prazosin (filled triangle), 6
mg/kg/day rilmenidine (filled diamond) or 60 mg/kg/day azepexole (filled circle). Data are shown as
mean ± SEM.
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WEEK

Figure 3
Heart rate in spontaneously hypertensive rats treated during two weeks with solvent, prazosin,
rilmenidine or azepexole. Heart rate (beat/minute) from week 0 to 2 in rats treated with solvent
(open squares), prazosin (filled triangle), rilmenidine (filled diamond) or azepexole (filled circle) .
Data are shown as mean + SEM. * (rilmenidine) and # (azepexole) denote statistical significance of
difference with control rats (t-test, p<0.05).

Structural changes

After four weeks, the body weight of the animals treated with prazosin and
azepexole did not significantly differ from that of control animals. However,
the body weight of the rilmenidine treated animals was significantly decreased
(p=0.036, table 1).
The relative kidney and heart weights were not significantly different between
the control and drug treated animals (table 1).
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Table 1
Weight properties of spontaneously hypertensive rats after four weeks treatment with saline,
prazosin, rilmenidine or azepexole.

n
Body weight (g)
heart weight (g)
heart/body weight
(mg/g)
kidney weight (g)
kidney/body weight
(mg/g)

solvent

12
270 ±8
1.19±.05
4.4±.3

1.26 ±.05
4.6±.l

prazosin

10
258±7
1.13±.O4
4.4±.2

1.23±.O6
4.8±.3

rilmenidine

10
249 ±8*
1.02 ±.03*
4.1±0

1.18±.04
4.8±0

azepexole

8
263 ±4
1.12±.O9
4.2±.2

1.23 ±.02
4.7±.l

Total body, total and relative heart and kidney weights of spontaneously hypertensive rats measured
after four weeks treatment with saline, prazosin. rilmenidine or azepexole. Body weight (g) was
measured directly before sacrificing the animals. Values are means±SEM. (* P<0.05).

Table 2 summarizes the effects of the drug treatments on the structure and
model of the thoracic aorta, superior mesenteric artery, mesenteric resistance
arteries and renal resistance arteries. Media cross sectional area was
significantly reduced by prazosin in the thoracic aorta, while media cross
sectional area was significantly increased by azepexole in mesenteric resistance
arteries. Drug effects on media cross sectional area in other vessels were not
statistically significant (table 2). Because the thoracic aorta and superior
mesenteric artery were fixed at a preset and poorly defined diameter, drug
effects on lumen diameter, media thickness and W/L could not be critically
evaluated in these vessels. In both types of resistance arteries, however, an
active length-tension protocol was used to critically define lumen diameter,
allowing lumen diameter and derived variables such as media thickness and
W/L to be compared in these resistance arteries. Neither prazosin nor
rilmenidine resulted in structural narrowing or in relative or absolute
hypertrophy or hypotrophy of the resistance arteries (table 2). Azepexole, on
the other hand, led to an increase in W/L in mesenteric resistance arteries
without modifying the lumen diameter, suggesting that the effect was
exclusively due to the observed increase in media mass (table 2). Unlike the
situation in mesenteric resistance vessels, azepexole reduced W/L in the renal
resistance arteries (table 2).
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Table 2
Morphological properties of the aorta, superior mesenteric artery, mesenteric and renal resistance
arteries from spontaneously hypertensive rats treated for four weeks with either solvent, prazosin,
rilmenidine or azepexole.
Aorta

CSA (mm** 1000)

solvent
10
540±19

Superior mesenteric artery

solvent

n 10
CSA (mm'* 1000) 140 ±5

Mesenteric resistance artery

solvent

n 10
Radius
CSA (mm'* 1000)
M,

Renal resistance artery

n
Radius ( / )
CSA (mm-* 1000)
M,

118±3
9.5±.4
12±.4
1O.3±.5

solvent

10
127+4
13±1
15±1
11.5±.5

prazosin
10
498 ±15*

prazosin
10
133±8

prazosin

10
119±3
10±.5
13±.6
10.9±.7

prazosin

10
132±8
13±2
14±1
10.7±.5

rilmenidine

507 ±10

azepexole
8
549 ±9

rilmenidine azepexole

8 8
142±6 141±9

rilmenidine azepexole

115±5
9.6±1.3
12±1
10.8±.4

8
115±4
11±.8*
14±.8*
12.4±.7*

rilmenidine
8
128±6
11±1
13±1
10.2±.6

azepexole

8
133±6
12+1
13±1
10±.6*

Morphological properties, radius, media cross sectional area (CSA), media thickness (M,) and wall
to lumen ratio (W/L= M,/radius) of large and small arteries from SH rats treated with solvent,
prazosin, rilmenidine or azepexole. Values are mean±SEM. * indicates significance of difference
with controls (t-test P<0.05)

Maximal contractile responses
In the aorta maximal contractile responses, induced by high potassium krebs

solution, were increased in the animals treated with rilmenidine (p = 0.006) and

azepexole (p = 0.057) (figure 4). The maximal active wall stress calculations

(individual wall tension/individual media thickness) indicated an increased

maximal active wall stress in the aorta of these animals (figure 5). In the

superior mesenteric arteries no differences were found for maximal responses

to high potassium krebs solution (figure 4) and wall stress (figure 5).
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Maximal active wall tension determined for aorta, superior mesenteric artery, mesenteric and renal
resistance artery. In the aorta and superior mesenteric artery, maximal wall tension was induced
with high potassium Krebs solution. In the resistance arteries, maximal wall tension was induced
with high potassium Krebs solution + 10 /xM noradrenaline Bars are mean ± SEM. * denotes
statistical significance of difference (t-test, p<0.05).
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Figure 5
Maximal active wall stress (mN/mm*= wall tension / media thickness) was calculated for all types
of arteries. Bars are mean ± SEM. • denotes statistical significance of difference (t-test, p<0.05).

- 9 6 -



Chapter 4

Although increases in maximal responses were found in larger arteries, the
mesenteric resistance arteries showed contractile responses to high potassium
krebs solution + noradrenaline which were significantly decreased in the
rilmenidine treated animals (figure 4) This decrease in maximal contractile
response in the rilmenidine treated animal was also reflected in the maximal
active wall stress (figure 5). However, in the renal resistance arteries no
changes were found as regards to maximal contractile responses (figure 4).
This lack of reactivity changes were not shielded by structural changes, the
maximal active wall stress did not differ between the control and the treated
animals (figure 5).

Discussion

We evaluated structural vascular effects of pharmacological sympatholytic
interventions in spontaneously hypertensive rats. For this purpose, we
performed long-term continous treatments with either an a,-adrenergic
antagonist or with centrally acting aij-adrenergic agonists. The vascular effects
of these treatments differed between types of vessels and between the drugs
that were used. In addition to changes in arterial structure, effects also
included changes in arterial contractility.

Much is known about the role of the sympathetic nervous system in relation to
blood pressure and vacular changes. A lot of work has been done in the past
in which the sympathetic nervous system was deactivated chemically or
mechanically in neonatal, young and adult rats.
Neonatal immunosympathectomy with anti-nerve growth factor and
guanethidine has been found to prevent the development of hypertension in the
SHR and SHRSP (Lee et al., 1987; Mangiarua & Lee, 1992). Using the same
methodology in neonatal WKY rats, Lee at al. (Lee et al., 1987) saw no
structural changes in the superior mesenteric artery, but a decreased number of
smooth muscle cells in the SHR. Mangiarua et al. (Mangiarua & Lee, 1992)
did not find any changes in the basilar artery of the WKY and SHR, while
only a decreased smooth muscle cell size was found in the SHRSP rat. Bevan
et al. (Bevan, 1975; Bevan & Tsuru, 1981; Bevan et al., 1983) studied the
effect of (surgical) sympathetic denervation in the growing rabbit ear artery.
They found decreased ^H-thymidine incorporation, CSA and weight of the ear
artery after denervation. The opposite was found in the adult animals. Various
researchers have studied the ear artery, cerebral artery and thoracic aorta, and
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found increases in weight (Bevan & Tsuru, 1981), smooth muscle cell size
(Dimitriadou et al., 1988) and smooth muscle cell number (Froneck et al.,
1978), as well as increased synthetic activity (Froneck, 1983; Branco et al.,
1984; Dimitriadou et al., 1988). In the mesenteric artery (Azevedo &
Osswald, 1986) and saphenous vein (Branco et al., 1984; Albino-Teixeria et
al., 1990) of the dog, mechanical denervation and chemical denervation by 6-
hydroxydopamine were found to produce increased smooth muscle cell size
and synthetic activity. Only in adult dogs chemically denervated with
guanethidine (Branco et al., 1984) were no changes found in the saphenous
vein. From these observations the picture emerges that the sympathetic nerves
system seems to have an important role in stimulating the vascular smooth
muscle in the developing animal. In the adult animal, the sympathetic nervous
system is needed to control the smooth muscle cell: without its control the
smooth muscle cell changes its phenotype.

We treated young adult male spontaneously hypertensive rats for 4 weeks with
either solvent (control group), prazosin, rilmenidine or azepexole. We treated
the animals with these drugs to induce a decreased sympathetic input to the
vessels either by lowering the sympathetic tone centrally (azepexole,
rilmenidine) or by blocking the a, adrenoceptors (prazosin).
The effect of the treatment was evaluated by determining plasma-
catecholamines at the end of the four-week treatment. Plasma concentrations of
noradrenaline and adrenaline can be used as an index of sympathetic nervous
system activity (Evenwel et al., 1982), although plasma catecholamine levels
depend upon numerous processes such as release from and re-uptake by nerve
endings, metabolic degradation and uptake into non-neural tissue (Goldstein,
1983). After 4 weeks of treatment the plasma noradrenaline concentrations
were significantly reduced in the rilmenidine and azepexole treated animals,
indicating a decreased sympathetic tone.
Prazosin causes an increased sympathetic tone (baroreflex), but after several
days a resetting of the baroreflex develops and the sympathetic activity as well
as the plasma noradrenaline concentration, are normalized.
The present study the adrenaline plasma concentrations were not found to be
altered. Earlier studies in the SHR and in humans also failed to find changes
in adrenaline concentrations after treatment with aj-adrenoceptor agonists or
antagonists (Zech & Pozet, 1986; Smemeredi et al., 1988). This indicates that
the plasma concentration of adrenaline, released by the adrenal medullae, is
not influenced by a,-adrenergic antagonists or aj-adrenergic agonists.
The drugs we evaluated were introduced for their antihypertensive properties:
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the a-adrenoceptor antagonist prazosin has been used in the treatment of
human hypertension for some years (Brogden, 1977). It acts as an arteriolar
vasodilator, causing a fall in blood pressure associated with a reduction of
peripheral vascular resistance. Interpretation of the effects of drugs that act on
a2-adrenoceptors is rather complex, because of the various locations where this
receptor occurs. A depressor effect can be mediated through stimulation of
central aj-adrenoceptors. In addition, c^-adrenoceptor agonists elicit several
direct effects on the peripheral vasculature, including endothelium-dependent
dilation of large arteries (Cocks & Angus, 1983), constriction of arteriolar
(Faber, 1988) and venous smooth muscle (De Mey & Vanhoutte, 1981) and
presynaptic inhibition of adrenergic neurotransmission (Zech & Pozet, 1986;
Brown, 1988; Xiao & Rand, 1989). In most animal models a^-adrenoceptor
agonists, like rilmenidine and azepexole, exert an antihypertensive effect via
stimulation of central c^-adrenoceptors (Van Zwieten, 1975; Kobinger, 1978;
Van Zwieten et al., 1986) causing a decreased sympathetic tone
(Ghaemmaghami et al., 1990). In addition to the c^-adrenoceptor interaction
with rilmenidine, activity at an imidazoline receptor in the rostral ventrolateral
medulla oblongata has been suggested as important in mediating the
hypotension (Bousquet et al., 1984; 1989).
Until now, only acute and short-term (1-2 weeks) effects of aj-adrenoceptor
agonists and a,-adrenoceptor antagonists has been investigated in experimental
models of hypertension. Hardly any data are available about the effect of long-
term treatment with these drugs (Callens-El Amrani et al., 1989). In our
study, we only observed some antihypertensive effects in the first two weeks
for both ai-adrenoceptor agonists. Earlier studies performed by our group
with aij-adrenoceptor agonists did not reveal any long term antihypertensive
effects of clonidine (0.2 mg/kg/ day) either (Eerdmans et al., 1991b).
The reasons for this lack of antihypertensive effect after 4 weeks of treatment
may be multiple.
One hypothesis is that down-regulation of central aj'^drenoceptors or
imidazoline-binding sites involved in the mechanism of anti-hypertensive action
of azepexole and rilmenidine could explain the lack of antihypertensive effects
of these compounds (Hamilton et al., 1990). The decreased plasma-
noradrenaline concentrations found in our study, however, rule out this
hypothesis. An alternative explanation may be that the initial lowering of blood
pressure is compensated for by changes in other neuro-humoral mechanisms
that regulate blood pressure. The present study was designed to define the
nature of such counter-regulatory mechanisms.

- 9 9 -



Chapter 4

We evaluated the effects of chronic treatment with prazosin, rilmenidine and
azepexole on the structure of elastic, muscular and resistance sized arteries of
spontaneously hypertensive rats. Internal and external circumference, as well
as the cross sectional area of the media were determined, allowing the lumen
diameter, mean media thickness and wall to lumen ratios to be calculated.
Since the large arteries were all stretched to the same diameter, only cross
sectional area could be determined for these vessels, as all the other
morphology parameters are extrapolated from the internal diameter, which is
constant in all four groups. Only an antitrophic effect of prazosin (aorta) was
found in the large vessels. In an earlier study, we observed that infusion of the
a,-adrenoceptor agonist phenylephrine in the young SHR resulted in
hypertrophy of the aorta, but not of mesenteric resistance-sized vessels
(Boonen et al., 1993).
In contrast, a trophic effect of the azepexole treatment, increasing CSA, M,
and W/L, was found in the mesenteric resistance arteries. One of the
explanations for this trophic effect can be found in the work of Messing
(Messing, 1992), whose study showed that azepexole constricted the entire
arteriolar vasculature and also caused a significant constriction of the small
venules. This was found during acute experiments with azepexole
concentrations ranging from 3O-3OO/xg/kg/min. The constriction induced by
azepexole may cause a change in pressure gradient in the whole vascular tree.
The vessels directly proximal from the arteriole, in other words the resistance-
sized arteries, will be most affected. This would imply that the azepexole-
induced trophic effect in the mesenteric resistance artery is due to the pressure
increase.

With only minor structural changes, interesting changes were found in
functional properties. We observed a significant increase in the maximal active
wall stress, force development per square mm, of the aorta in rilmenidine
treated animals. In the mesenteric resistance artery, however, a decrease in
maximal active wall stress was found. This is also reflected in the maximal
contractile responses, which were increased in the aorta of rilmenidine treated
animals and decreased in the mesenteric resistance arteries of the rilmenidine
treated animals (figure 4).
Comparing the adrenergic control of the aorta and the mesenteric resistance
arteries the major difference is the lack of sympathetic innervation of the
aorta. In other words, modulations found in the aorta are either based on a
direct effect of the drug or on changes in plasma noradrenaline, while
modulations found in the mesenteric resistance artery are based on a direct
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effect of the drug, changes in plasma noradrenaline or changes in sympathetic
nerve activity. A possible explanation of the decreased maximal wall stress in
the mesenteric resistance artery is the following. Interference with the
sympathetic nervous system not only changes the release of noradrenaline but
can also modify sympathetic cotransmitters such as ATP, NPY and, indirectly,
neurotransmitters released by peptidergic nerves. ATP and NPY in particular
seem to play an important role in the sympathetic nervous system (Branco et
al., 1984; Albino-Teixeria et al., 1990). As was discribed earlier (Branco et
al., 1984) it is quite possible that structural modulation takes place in the
mesenteric resistance artery, changing its phenotype from a contractile to a
more synthetic one. Changes found in the aorta cannot be caused by
modulation due to changes in co-transmitters, since this vessel is not
innervated. What is left is a direct effect of rilmenidine and especially its
imidazoline properties, in view of the fact that azepexole had no effect.

In conclusion, we can say that the mode of action of c^-adrenoceptor agonists
which causes decreased sympathetic tone, is still active after 4 weeks of
treatment in the SHR. No sustained decreased blood pressure was found,
however, with either rilmenidine, azepexole or with the a,-adrenoceptor
antagonist prazosin. The effect of a decreased sympathetic input seems to be
compensated by other blood pressure regulating mechanisms. A possible
positive effect on the pathological vascular structure in the SHR was not
found. In the mesenteric resistance artery a change in phenotype was found
upon treatment with rilmenidine, causing a decreased maximal contractile
response. An explanation for this can be found in the decreased sympathetic
tone, which results in decreased release of several cotransmitters. The possible
role of rilmenidine in affecting the phenotype of the smooth muscle cell in the
aorta is difficult to explain, and the direct effects of rilmenidine on the
vascular smooth muscle cell remain to be further investigated.
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Abstract

In this study we treated young adult male spontaneously hypertensive rats for 4
weeks with solvent (control group), prazosin, rilmenidine or azepexole. We
treated the animals with these drugs to induce a decreased sympathetic input at
the vessels either by lowering the sympathetic tone centrally (azepexole,
rilmenidine) or by blocking the a,-adrenoceptors (prazosin). We evaluated the
effect of the above treatments on the arterial control of several types of
arteries with the purpose of finding regulatory systems responsible for the
transient effect of several antihypertensive drugs. We evaluated sympathetic
nerve properties, adrenergic and non-adrenergic receptor properties in large
and small arteries. Increased responses to electrical nerve stimulation were
found in the mesenteric resistance arteries of all three treatments, but not in
the renal arteries. This increased response may be caused by increased density
or decreased activity of peptidergic nerves. No changes were found in the
sensitivity of a- and /3-adrenoceptors in either large or resistance arteries. A
significant decrease in sensitivity to acetylcholine was found in the aorta (all
treatments) and superior mesenteric artery (prazosin, rilmenidine). Receptor
binding studies of the a,-adrenoceptors of the kidney showed no changes in
either subtype or affinity due to the treatments. The density of the sympathetic
nerves did not alter in the femoral arteries, as was proven with a glyoxylic
staining technique. Four weeks of treatment of SHR with prazosin, rilmenidine
or azepexole did not change nerve density or cause up-regulation of
adrenoceptors. The possible mechanisms responsible for the transient effect of
some antihypertensive drugs may be found in down-regulation of
vasoconstrictor inhibiting mechanisms such as the endothelium of the aorta and
non-adrenergic nerves of the mesenteric resistance artery.

Introduction

Drugs influencing sympathetic activity, such as peripherally acting a,-
adrenoceptor antagonists and centrally acting aj-adrenoceptor agonists are
being used as antihypertensive agents. In spontaneously hypertensive rats the
antihypertensive action of either type of drug is only modest in long-term
treatment. The mechanisms that reduce the antihypertensive effect of these
compounds are not entirely clear but may include adaptive changes in arterial
structure and function. Functional alterations can be caused by changes in
adrenoceptor properties such as modulation of the numbers, affinity or
distribution of the receptors (DeMeyts, 1976; Pettinger et al., 1987). In the
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present study we investigated the effect of long-term reduction of sympathetic
input on several arterial control mechanisms such as adrenoceptors,
sympathetic innervation and endothelium. We evaluated these effects with the
purpose of finding mechanisms responsible for the transience of the effect of
several antihypertensive drugs.
We used o^-adrenoceptor agonists and an aj-adrenoceptor antagonist to reduce
arterial sympathetic tone. Both azepexole and rilmenidine were used as pure
a2-adrenoceptor agonists, while rilmenidine also seems to have imidazoline
receptor stimulating properties. aj-Adrenoceptor agonists lower blood pressure
by reducing the sympathetic input to the cardiovascular system, which is the
result of inhibitory effects on the vasomotor centre in the central nervous
system (Van Zwieten et al., 1986) and inhibitory effects on the
neurotransmission by postganglionic sympathetic nerves (Langer, 1974;
Vanhoutte et al., 1981). Postjunctional effects of c^-adrenoceptor agonists on
vascular smooth muscle and endothelial cells in the vascular wall (Drew &
Whiting, 1979; De Mey & Vanhoutte, 1981; Angus et al., 1988; Daly et al.,
1988b; Vanhoutte & Miller, 1989) can interfere with these actions.

Theoretically, the antihypertensive effects of aj-adrenoceptor agonists can be
influenced by the following mechanisms: i) down-regulation of systemic o^-
adrenoceptors; ii) up-regulation of central and systemic a,-adrenoceptors; and
iii) adrenergic subtype changes. Other (non-adrenergic) blood pressure
regulating mechanisms might play a role as well, but these will not be
discussed.
Down-regulation has been firmly established in /3-adrenoceptors (Sibley &
Lefkowitz, 1985), but this is less clear for a-adrenoceptors (Michel et al.,
1990). Several investigators have suggested the existence of multiple a,-
adrenoceptor subtypes (Cotecchia et al., 1988; Minneman, 1988; Perez et al.,
1991; Ruffolo et al., 1991; Schwinn et al., 1991). Our study focused on a,A ,
a,B and a,o-adrenoceptors, in this chapter when discussing a,B-adrenoceptors
in relation to the antagonistic properties of chloroethylclonidine (CEC) a,e-
and a,D-adrenoceptors is ment. Investigations performed with CEC have
suggested that a,B-adrenoceptors are present in large arteries but are of minor
importance for the regulation of blood pressure or peripheral resistance (Epand
& Lester, 1990; Piascik et al., 1990; 1993). In other words, the role of the
a,B-adrenoceptors seems to be more important in vessels which are not (aorta)
or only sparsely (superior mesenteric arteries) innervated. Changes in a,-
adrenergic subtypes, especially in innervated vessels, may constitute an
explanation for the lack of long-term effects of aj-adrenoceptor agonists.
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In the present study, we treated young spontaneously hypertensive rats for 4
weeks with prazosin, rilmenidine or azepexole, with the purpose of
decreasing the sympathetic input to the vascular system. We wanted to inquire
into the possible arterial mechanisms that could be responsible for the transient
antihypertensive effect found for several antihypertensive agents. The thoracic
aorta, superior mesenteric artery, mesenteric resistance arteries and renal
resistance arteries were chosen because of their differences with respect to the
contribution to total peripheral resistance, role in the pathogenesis of
hypertension, innervation density, responsiveness to adrenergic stimuli and
presence of or,-adrenoceptor subtypes (De Mey & Vanhoutte, 1981; 1982;
Nilsson et al., 1986; Eerdmans et al., 1991; Jackson et al., 1992; Feng et al.,
1993).
The adrenergic responses and adrenoreceptor subtype populations were
extensively investigated using electrical nerve stimulation, pharmacological
tools and receptor binding studies (whole kidney preparations).

Materials & methods

Animals & treatment
Experiments were performed in 8 weeks old male specific pathogen-free
Spontaneously Hypertensive rats (SHR) of the Okamoto strain (Central Animal
Facilities; University of Limburg, Maastricht, The Netherlands). The animals
were maintained on 12 hour dark - 12 hour light cycles and had free access to
standard lab food and tap water. Four groups of animals (n=40, 10 each)
were defined: 1) treatment with solvent (H,O) (control), 2) treatment with 0.1
mg/kg/day prazosin, 3) treatment with 6 mg/kg/day rilmenidine and 4)
treatment with 60 mg/kg/day azepexole. The drugs were administered with the
aid of a subcutaneously implanted osmotic minipump (Alzet 2ML2; Alza Co,
Palo Alto, Ca USA). These osmotic minipumps are functional for two weeks
and release approximately 120 /il/day. After two weeks of treatment they were
replaced, to ensure 4 weeks of continuous drug treatment.

Tissue preparation
After four weeks of treatment with either solvent, prazosin, rilmenidine or
azepexole, the rats were sacrificed by stunning and exsanguination. Femoral
arterial segments, needed for nerve density measurements, were prepared from
one of the legs, left or right at random. The right kidney was isolated and
saved for the radioligand binding study. The thoracic aorta, superior
mesenteric artery, mesentery and left kidney were isolated and two segments
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of approximately 2 mm were cut from the aorta and superior mesenteric
artery. The mesentery was pinned out on a petri dish coated with Silgard
(Dow Corning Corp.) and two fourth order resistance-sized side branches of
the superior mesenteric artery (diameter approximately 200 /*m) were dis-
sected. The kidney was cut in half, one side was pinned on a petri dish, and
two small intra-lobar arteries were isolated.

Myograph experiments
From each pair of isolated arteries, one preparation was treated for 30 minutes
in aerated Krebs solution with 100 îM chloroethylclonidine (CEC). This
concentration and duration of exposure to CEC has previously been shown to
irreversibly block a,e and a^-AR (Piascik et al., 1990; Han & Minneman,
1991; Michel et al., 1994). After the pretreated vessels had been rinsed, all
arteries were mounted in a myograph (JP Trading Corp., Risskov, Denmark)
(Mulvany & Halpern, 1977; Heesen & De Mey, 1990), with a CEC treated
and a non-treated artery of the same type mounted in parallel in each
myograph. The vessels were mounted horizontally in an organ chamber
between an isometric force transducer (Statham UC3 and Kistler Morse DSC6
for large and small vessels, respectively) and a displacement device using 2
stainless steel wires (diameter 0.04 mm). The organ chamber was filled with
Krebs-Ringer bicarbonate solution (KRB, 25 and 10 ml for large and small
vessels, respectively) that was maintained at 37°C and aerated with 95 % Oj
and 5 % CCv

Prior to experimentation, the internal diameters of the thoracic aorta and
superior mesenteric artery segments were set at 1675 and 1020 /xm
respectively, values which had been found in preliminary experiments to yield
strong and reproducible contractile responses. It was not possible to stretch
these large vessels to their individual optimal diameters, as was normally done
in the smaller arteries, as the time-span for contracting and relaxing the larger
vessels is approximately 45 minutes. In other words, it would take a whole
day to construct the full relationship between active wall tension and diameter.
Furthermore, the relationship between diameter and active tension is too
shallow in these vessels to allow accurate determination of optimal diameters.
In contrast, mesenteric and renal resistance arteries were stretched to their
individual optimal internal circumference for isometric force development by
an active length-tension protocol (Boonen & De Mey, 1990; 1991; Heesen &
De Mey, 1990; Eerdmans et al., 1991). For this their circumference was
increased by 60 /xm every 5 minutes, with intermittent exposure to 10 /xM
serotonin. This length-tension protocol was continued until maximal contractile
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responses had been obtained.
Contractile responses were induced with high potassium solution and with the
agonists noradrenaline, phenylephrine, 5-hydroxytryptamine and Arg-
vasopressin. Relaxing responses to isoproterenol or acetylcholine were induced
after the preparations had been made to contract with 30 nM Arg-vasopressin,
or with 10 /xM phenylephrine if no sustained contraction could be obtained. To
rule out effects of /3- and aj-adrenoceptor stimulation, all agonist concen-
tration-response curves, except the concentration response curve of
isoproterenol, were constructed in the presence of 1 /*M propranolol and 1 ^M
yohimbine.
All agents were tested in the same vessels, but the order of testing was
randomized to exclude the possibility that responses to a given agonist were
influenced by pretreatment with another agent. To stimulate the sympathetic
nerves in the superior mesenteric arteries and the mesenteric resistance and
renal resistance arteries, 2 platinum electrodes connected to a constant current
source (amplitude 85 mA) were placed longitudinally across the mounted
vessel segments, and frequency response curves ( 1 - 3 2 Hz, pulse duration 2
msec) were constructed (Nilsson, 1985; Eerdmans et al., 1991). The
experiments in the isolated aorta, superior mesenteric artery and resistance
artery segments took approximately 6 hours to perform.

Nerve density
We determined nerve density in the femoral artery. It was not possible to
evaluate nerve density in smaller arteries like the mesenteric resistance artery
because of their very high nerve density. Noradrenaline containing nerves
were stained with a glyoxylic acid (Bjorklund et al., 1972; Cowen &
Burnstock, 1980) which causes a fluorescent staining of adrenergic nerves.
The method used was as follows, the dissected femoral artery was rinsed in
cold KREBS solution, and then incubated for thirty minutes at 37°C in a
phosphate buffered solution ( pH = 7.2.) containing 2% glyoxylic acid and
10% sucrose. After incubation the vessel was rinsed with phosphate buffer
solution, stretched on a microscopic slide and dried under a stream of room air
for thirty minutes. The artery was heated to 100°C for four minutes, after
which photographs, three of each vessel, were taken using fluorescence
microscopy (microscope Nikon Diaphot, BA 470-DM 455 filter, Nikon FE2
camera). Nerve density was calculated using a curvilinear test system by
MERZ (Merz, 1967; Weibel, 1989) The grid was placed and fixed over the
photograph of a stained vessel. The inspected area of the vessel was
determined by counting the test points (Pt) of the grid.
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The same number of testpoints was always used, so the area was the same in
all vessels. The following equations were used to calculated the nerve density.

t = (Pt*'/2 7T*d)/E = 2n/Lt

Lt= test line length, Pt= number of test points (150), d = diameter hemicircle
(10mm), E= enlargement (115X), D = nerve density (crossings / mm testline),
n= total number of nerve fibers crossing the grid lines.
Three pictures were screened in this way, after which the average was
calculated.

A curvilinear test system by MERZ was used to determine the sympathetic nerve density of the
femoral artery.

The grid, consisting of
semicircles with a diameter
of 10 mm, was placed over
the picture taken of a
femoral artery stained with
g l y o x y l i c acid and
examined with the aid of a
fluorescence microscope. Pt
are test points and have
been counted over the
whole grid.

Ligand binding
Radioligand binding was used to determine the number of or,-adrenoceptor
subtypes in renal arteries. Sufficient material could only be obtained by
pooling arteries from X to Y animals. Since this was not compatible with our
study design, a maximum of 10 animals were used for each treatment, and
sufficient amounts of tissue were obtained by using whole kidneys. Properties
of vascular a-adrenoceptors could be evaluated because it was known that only
a,3-adrenoceptor subtypes are found in intra-renal vessels (Ekblad et al., 1983;
Owen, 1993). Discrimination of subtypes, in other words between vascular
and renal tissue, was made possible by treatment with chloroethylclonidine.
The kidneys used for ligand binding studies were minced and incubated for 30
minutes in KRB solution at 37°C to remove remaining blood cells. The kidney
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preparation was subsequently preincubated for another 30 minutes with 100
/*M chloroethylclonidine, after which the alkylating agent was removed by
repeated washing. The tissue samples were placed in tubes containing 0.25 M
ice-cold sucrose solution, homogenised (Ultra-Turrax, Omni 2000, Omni
International, USA) and centrifuged at 1500 g for 20 minutes at 4°C. A
microsomal preparation was pelleted from the resulting supernatant by 30
minutes centrifugation at 100.000 g. The pellet was stored at - 70°C until
further use. On the day of the assay, the pellet was resuspended in assay
buffer (50 mM TRIS, 5 raM MgCU, pH 7.4) and centrifuged for 30 minutes at
4°C at 100.000 g. The resulting pellet was resuspended in assay buffer and
subsequently diluted to make a final tissue protein concentration of 75-90 /xg
of protein/100/xl. The density and affinity of a,-adrenoceptors were determined
in saturation binding experiments by incubating 100 /il of the membrane
preparation with increasing concentrations (0.05-2nM) of [̂ H] prazosin (79.2
Ci/mmol, New England Nuclear) for 40 minutes. Competition experiments
were conducted by incubating 50 /*1 of a single concentration of ^H prazosin
(0.2 nM), 100 /d of membrane preparation, and 50 ^1 of the competing drug
( + )-niguldipine at concentrations of 10"-10'M. Parallel incubations were
performed in the presence of 10 /xM phentolamine to determine nonspecific
binding. All binding assays were performed in duplicate in a total volume of
250 /xl at 25 °C for 40 minutes in a shaking bath. The reaction was terminated
by adding 5 ml ice-cold assay buffer, followed by rapid filtration under
vacuum over Whatman GF/C fiber paper and rinsing twice with 5 ml ice cold
assay buffer. The bound radioligand retained on the filters was determined in a
liquid scintillation counter.

Drugs and Solutions
During dissection, mounting and experimentation the preparations were
immersed in a Krebs bicarbonate buffered physiological salt solution (KRB).
KRB had the following millimolar composition: NaCl 118.3, KC1 4.7, CaCli
2.5, MgSO4.7H,0 1.2, KH2PO4 1.2, NaHCOj 25.0, glucose 11.1. High
potassium solution (K-KRB) was prepared by replacing all NaCl in normal
KRB with an equimolar amount of KC1. L-isoproterenol hydrochloride, L-
noradrenaline hydrochloride, L-phenylephrine hydrochloride, L-prazosin
hydrochloride, DL-propranolol hydrochloride and glyoxylic acid were obtained
from Sigma Chemical Co (Saint Louis, Mo USA). Acetylcholine
hydrochloride and serotonin creatinine sulphate monohydrate were purchased
from Janssen Chimica (Beerse, Belgium) and Arg-vasopressin from Sandoz
(Basel, Switzerland). Rilmenidine was obtained from Servier (France).
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Azepexole (BHT-933) was obtained from Boehringer Ingelheim and
yohimbine hydrochloride from Roussel (France). Chloroethylclonidine,
( + )niguldipine and phentolamine mesylate were obtained from Research
Biochemicals International (USA), ^H-prazosin from NEN-Products Dupont
(USA).

Data Analysis
Contractile responses of isolated blood vessels to agonists were expressed as
increases in wall tension (increases in isometric force divided by twice the
segment length) and relative to the amplitude of the contraction induced by
125 mM potassium or 125 mM potassium + 10 /iM noradrenaline (small
arteries) in the same preparation. Sensitivity to the contractile effects of
agonists or nerve stimulation was determined by interpolation on a least square
sigmoidal curve fit of the individual concentration response curves (Inplot,
GraphPad, San Diego, Ca, USA). Data are shown as mean ± SEM. Statistical
significance of effects and of differences between treatment groups was
evaluated by Student's t-test for paired observations, Student's t-test for
unpaired observations or analysis of variance followed by Bonferroni's t-test
where appropriate (Wallenstein et al., 1980) using commercially available
software (Crunch, Software Corp., San Francisco, Ca USA).

Results

m
The affinity (Kd) and number (Bmax) of a,- and CEC resistant a,-
adrenoceptors in the kidney were measured by means of saturation curves
(with/without CEC pretreatment) using the labelled a,-adrenoceptor antagonist
•*H-prazosin. Figure la,b shows the affinity and number of a,- and CEC
resistant a,-adrenoceptors (O:,A) in the kidney for the various treatments. The
relation between 0;,̂  and a,e was also evaluated with a different method. We
constructed displacement curves with ( + )niguldipin. ( + )Niguldipin is a well
known a,-adrenoceptor agonist (Jackson et al., 1992; Michel et al., 1994) with
a high affinity side for a,A-adrenoceptors and a low affinity side for Q;,B-
adrenoceptors. The two component displacement curves were used to
determine Ki (not shown) and the relation between a,A (high affinity) and a,e
(low affinity) adrenoceptors in the kidneys. Ki values were the same for both
o<i-adrenoceptor subtypes.
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Figure 1
Affinity and numbers of a,-, a,*- and «,„- adrenoceptors of whole kidneys from SHR rats treated
for 4 weeks with solvent, prazosin. rilmenide or azepexole. Saturation curves with 'H-prazosin were
obtained from microsomal preparations of whole kidneys from treated rats. From the curves, affinity
(Kd, figure a) and numbers of receptors (Bmax, figure b) could be calculated. Pretreatment with
chloroethylclonidine (CEC) before constructing the saturation curves made it possible to determine
a,^-adrenoceptors (receptors resistant to akylating by CEC). By constructing displacement curves
with ( + )-niguldipin and making use of the a,*- high and a,,,- low affinity side of this compound it
was possible to differentiate between the two subtypes (figure c). Furthermore the chloroethyl-
clonidine properties were confirmed by calculating the Bmax of a^- adrenoceptors after
pretreatment (figure d). No significant changes in Kd. Bmax or the relation between a,,- and a,B-
adrenoceptors were found after the treatment. Data are shown as mean ± SEM.

The a,-Bmax value calculated from saturation curves, and the relation between
a,A and a,g, calculated from displacement curves, were used to determine the
Bmax value of and (figure lc). By way of control a,g-Bmax was
determined after pretreatment with chloroethylclonidine (figure Id).
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The noradrenaline in the nerves surrounding the femoral artery was stained.
The staining technique used only allows the amount of noradrenaline to be
determined. No distinction can be made between the number of nerves or the
concentration of noradrenaline per nerve. The density of the nerves calculated
with the MERZ grid did not differ significantly for the various treatments
(table 1).

Table 1.
Sympathetic nerve density in the femoral artery of spontaneously hypertensive rats after four weeks
of treatment with solvent, prazosin, rilmenidine or azepexole.

solvent prazosin rilmenidine azepexole ~~

n 7 9 7 7
nerve density 43.7±1.6 40.9±I.3 44.4±2.1 40.2±2.1

Nerve density in the femoral artery determined after glyoxylic acid staining. Values are
mean±SEM.

Pharmacological evaluation

77?orac/c
Contractile responses
Contractile responses induced by stimulating several receptor types were
evaluated. Maximal contractile responses to several stimuli can be found in
table 2, which shows that increased maximal responses were found in the
arteries of rats treated with rilmenidine, while vessels pretreated with CEC
showed no increased responses. CEC pretreatment significantly decreased
maximal responses in the rilmenidine and azepexole treated animals. Figure 2
shows the concentration response curves for noradrenaline with or without
CEC pretreatment and for serotonin. Responses to noradrenaline and serotonin
did not differ after 4 weeks of treatment with prazosin, rilmenidine or
azepexole.
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Table 2
Contractile properties of the

n
125 mM K-KRB
(mN/mm)
10 jiM NA
(mN/mm)
10 MM 5-HT
(mN/mm)
30 nM AVP
(mN/mm)

After CEC pretreatment.
125 mM K-KRB
(mN/mm)
10 ^M NA
(mN/mm)

aorta.
saline
10
1.94±.34

2.54±.34

2.41 ± 5 3

2.261.29

1.82±29

2.061.29

prazosin
10
1.941.26

2.51±.28

2.51+32

2.25±.3

1.611.23

2.15±,28

rilmenidine
8
3.56±.57*

4.09±.59*

4.85±.67*

3.42±.54*

2.67±,65

2.34±.59 0

azepexole
8
2.911.32

3.271.41

3.271.44

2.841.30

1.991.23 #

1.591.22*

Contractile properties of the aorta of SH rats treated with saline, prazosin, rilmenidine or azepexole.
Maximal contractions were produced with high potassium Krebs solution (125 mM K-KRB),
noradrenaline (NA), serotonin (5-HT) and Arg-vasopressin (AVP). * indicates significance of
difference compared to saline (t-test P<0.05). 0 indicates significance of difference compared to
artery not pre-treated with CEC. Values are meanlSEM.

Figure 2
Concentration response curves for noradrenaline, noradrenaline after pretreatment with CEC and
serotonin in aorta.
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Concentration response curves obtained
using the aorta of SH rats treated for
four weeks with either saline, prazosin,
rilmenidine or azepexole. Concentration
response curves were obtained for
noradrenaline (NA) in normal vessels
(previous page, left) and in vessels
pretreated with chloroethylclonidine
(CEC, previous page, right).
Furthermore, concentration response
curves were obtained with serotonin (5-
HT). Data are shown as mean ± SEM.

Relaxing responses
Not only receptors causing contraction were evaluated, but also receptor types
causing relaxation. The aortas were brought into a contractile state with the aid
of Arg-vasopressin. /3 Adrenoceptor responses were evaluated with isoprote-
renol. As can be seen in figure 3, hardly any /3 adrenergic receptor relaxation
occurred. Endothelium dependent relaxation was evaluated with acetylcholine
(figure 3). Significant differences in ED50 were found in all three treatments
compared to the control group, (control ED5o= 0.38 j*M, prazosin

rilmenidine ED5Q = 2 . 7 ^M, azepexole E D 5 Q = 1 . 3 /ZM).
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Figure 3
Concentration response curves for acetylcholine (left) and isoprenaline (right) were obtained in the
aorta precontracted with Arg-vasopressin. # p<0.05 compared to control. Data are shown as mean
± SEM.
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artery
Contractile responses
Maximal responses to high potassium Krebs solution and contractile agents are
shown in table 3. Adrenergic responses after pretreatment with chloroethyl-
clonidine were significantly reduced in prazosin and rilmenidine treated
animals.

Table 3
Contractile properties of the superior mesenteric artery.

n
125 mM K-KRB
(mN/mm)
10 ^M NA
(mN/mm)
10 pM 5-HT
(mN/mm)
30 nM AVP
(mN/mm)

After CEC pretreatment.
125 mM K-KRB
(mN/mm)
10 /xM NA
(mN/mm)

saline
10
4.22±61

4.68±.5O

4.32±.5O

3.72±.42

4.31±.89

3.85±.69

prazosin
8
4.35±.3O

5.15±.0.55

5.41 ±.54

3.85±.36

2.51±.41 #

2.45±.33 #

rilmenidine
8
5.26 ±.43

5.81±.59

6.41±.60*

4.64±.45

3.34±.72

3.37±.66#

azepexole
8
3.59±.63

3.61 ± 5 1

4.31±.65

3.05 ±.48

3.37±.46

3.59±.47

Contractile properties of the superior mesenteric artery of SH rats treated with saline, prazosin,
rilmenidine or azepexole. Maximal contractions were produced with high potassium Krebs solution
(125 mM K-KRB), noradrenaline (NA), serotonin (5-HT) and Arg-vasopressin (AVP). * indicates
significance of difference compared to saline (t-test P<0.05). # indicates significance of difference
compared to artery not pretreated with CEC (t-test P<0.05). Values are mean±SEM.

Concentration response curves for noradrenaline in the absence or presence of
cocaine (COC) and after pretreatment with CEC can be seen in figure 4.
Concentration response curves for noradrenaline were the same in all groups.
Reducing the noradrenaline re-uptake with cocaine did not reveal any
discrepancies. Only prazosin treated animals showed increased sensitivity
(control ED5Q=0.34 /xM, prazosin ED5Q = 0.21 /xM) in the presence of cocaine,
though the increase was not significantly. Phenylephrine concentration
response curves (figure 4), however, showed increased sensitivity in both
prazosin and rilmenidine treated animals (control ED5o=1.83 /iM, prazosin
ED5o=O.45 /xM, rilmenidine ED5Q = 0.83 jtM).
Electrical nerve stimulation was applied to investigate possible modification of
the sympathetic nerve endings (figure 5).
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Frequency response curves were obtained in arteries in the absence or
presence of cocaine. The outcome of this evaluation showed no indication of a
modification of either receptor mediated responses or neuronal re-uptake.
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Figure 4.
Concentration response curves obtained in superior mesenteric arteries of SH rats treated for four
weeks with either saline, prazosin, rilmenidine or azepexole. Three different concentration response
curves for noradrenaline (NA) were constructed: basic (top left), after pretreatment with
chloroethylclonidine (CEC, top right) and in the presence of 3 /iM cocaine (bottom left).
Furthermore, concentration response curves for phenylephrine were constructed (bottom right). The
sensitivity to phenylephrine was significantly increased (t-test, p<0.05) in the prazosin (ED,o=0.45

and rilmenidine (ED,<,=0.83 ^M) treated animals compared with the controls ( E D ^ l . 8 3
. Data are shown as mean ± SEM.
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Figure 5
Frequency response curves constructed in superior mesenteric arteries. Frequency response curves
constructed in superior mesenteric arteries of SH rats treated for four weeks with either
solvent, prazosin, rilmenidine or azepexole. Frequencies from 1-32 Hz were induced with
constant current (85 mA) and variable voltage, under normal conditions (left) or in the
presence of 3 ^M cocaine (right). Data are shown as mean ± SEM.

Relaxing responses
As with the aorta, endothelium dependent relaxations induced by acetylcholine
(figure 6) were constructed in the vessels of the four treatments. Since hardly
any relaxing effects were found in the rilmenidine treated animals, no ED50
could be calculated. However a significant decrease in maximal response was
found in the superior mesenteric arteries of the rilmenidine (p = 0.007) and
prazosin (p = 0.027) treated rats. Furthermore, relaxing responses due to /3-
adrenoreceptor stimulation with isoproterenol did not reveal any shifts in
sensitivity (data not shown).
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Figure 6
Concentration response curves for
acetylcholine and isoprenaline in superior
mesenteric arteries precontracted with Arg-
vasopressin or phenylephrine.
Concentration response curves for acetyl-
choline were obtained in superior mesenteric
arteries precontracted with Arg-vasopressin.
Data are shown as mean ± SEM.
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res/stance
Contractile responses
The same properties evaluated in the superior mesenteric artery were
investigated in smaller, resistance sized arteries. Maximal responses (table 4)
did not differ for the various groups with or without pretreatment with CEC.

Table 4
Contractile properties of the mesenteric resistance artery.

n
ID 0*m)
10 >iM NA + K-KRB
(mN/mm)
10 /xM NA
(mN/mm)
10 nM 5-HT
(mN/mm)
30 nM AVP
(mN/mm)

After CEC pretreatment.
ID (^m)
10 jtM NA + K-KRB
10 /iM NA
(mN/mm)

saline
9
243 ±9
4.42±.2O

4.54±.24

4.01 ± 2 6

4.19±.28

264 ±10
3.76±.21
3.80±,21

prazosin

10
244± 11
4.26±.28

4.31±.28

3.98±.34

4.04±.28

256 ±7
4.50±.48
4.55±.51

rilmenidine
8
238± 13
3.75±.33*

3.90±48

3.85±36

3.95±.33

231 ± 10
3.68±41
3.63±.34

azepexole
8
238±9
4.80±.54

4.93±.53

4.61±.53

4.31±.34

251±13
4.34 + .29
4.18±.34

Contractile properties of mesenteric resistance arteries of SH rats treated with saline, prazosin,
rilmenidine or azepexole. The arteries were stretched to their individual optimal diameter, (ID,
internal diameter). Maximal contractions were produced with high potassium Krebs solution (125
mM K-KRB). noradrenaline (NA). serotonin (5-HT) and Arg-vasopressin (AVP). Values are
mean±SEM. * indicates significance of difference compared to saline (t-test P<0.05).

Only in the rilmenidine treated animals was a significant decrease found in
maximal response to high potassium Krebs with 10 /zM noradrenaline.
Concentration response curves for noradrenaline under different conditions and
for phenylephrine are shown in figure 7. As was also the case in the superior
mesenteric artery, no differences were seen between the four groups for all
conditions. Furthermore, responses to serotonin were the same after all
treatments (data not shown).
Sympathetic nerve properties were investigated using electrical field
stimulation, as can be seen in figure 8. A significant increase in maximal
responses was found in the prazosin and azepexole treated animals (top left).
Frequency response curves were also obtained in the presence of cocaine
(figure 8). The damping effect caused by re-uptake in the first frequency
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response curves disappeared, and even more pronounced differences were
found. A significantly increased sensitivity to nerve stimulation was found in
all three treatments (ED50 ±2,5 Hz, control EDJO = 5 , 1 8 Hz).
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Figure 7
Concentration response curves obtained in mesenteric resistance arteries of SH rats treated for four
weeks with either saline, prazosin, rilmenidine or azepexole. Three different concentration response
curves for noradrenaline (NA) were constructed; basic (top left), after pretreatment with
chloroethylclonidine (CEC, top right), and in the presence of 3 /iM cocaine (bottom left).
Furthermore, concentration response curves for phenylephrine were constructed (bottom right).
Data are shown as mean ± SEM.
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Figure 8
Frequency response curves in mesenteric resistance arteries were obtained under normal conditions
and in the presence of 3 ^M cocaine. Frequencies of 1-32 Hz were induced with constant current
(85 mA) and variable voltage. The frequency response curves of arteries without cocaine or CEC
treatment showed significantly increased sensitivity comparing prazosin (ED5<,=4.01) and azepexole
(ED,(|=4.60) with the controls (ED^=6.42) animals. In the presence of cocaine the increased
sensitivity was even more pronounced: a significant increase was found in all three treatments
compared to controls (ED,o = 5,18) . prazosin (ED5<,=2,33), rilmenidine (ED5<,=2,85) and azepexole

2,25) Data are shown as mean ± SEM.

Relaxing responses
The relaxing responses to acetylcholine and isoproterenol did not differ for the
various treatment groups (figure 9).
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Figure 9
Concentration response curves for acetylcholine (ACH, left) and isoprenaline (ISOP, right) were
obtained in mesenteric resistance arteries precontracted with Arg-vasopressin (ACH) or
phenylephrine (ISOP). Data are shown as mean ± SEM.
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Contractile responses
Maximal responses (table 5) did not differ for the various groups with or
without pretreatment with CEC. Concentration response curves of
noradrenaline in the absence and presence of cocaine and after pretreatment
with CEC are shown in figure 10. No significant changes were found for any
of the three conditions, nor in the concentration response curve for
phenylephrine (figure 10). Electrical nerve stimulation is shown in figure 11.
No significant changes were found after the 4 weeks of treatment.

Table 5
Contractile properties of renal resistance arteries.

n
ID Oim)
10 j*M NA + K-KRB
(mN/mm)
10 /iM NA
(mN/mm)
10 ^M 5-HT
(mN/mm)
30 nM AVP
(mN/mm)

After CEC pretreatment.
ID (fan)
10 ^M NA + K-KRB
(mN/mm)
10 ^M NA
(mN/mm)

saline
9
244 + 8
3.01+58

3.16±.70

2.90±.59

2.68±.47

230 ±8
2.04±.38

1.9O±.3O

prazosin
10
245±13
3.21±.53

2.88±.54

2.85±.54

2.93 ±.46

239± 16
2.65±.37

2.53±.41

rilmenidine
8
237±I1
2.48±.37

2.42±.4O

2.43 ±.36

2.35±.38

242 ±9
2.25±.35

2.07 ±.34

azepexole
8
259±13
2.20±36

2.20±.33

2.11 ±.29

2.05±.28

244±7
1.99±.34

1.74±.18

Contractile properties of the renal resistance artery of SH rats treated with saline, prazosin,
rilmenidine or azepexole. The arteries were stretched to their individual optimal diameter, (ID,
internal diameter). Maximal contractions were produced with high potassium Krebs solution (125
mM K-KRB). Furthermore, maximal response to noradrenaline (NA), serotonin (5-HT) and Arg-
vasopressin (AVP) were determined. Values are mean±SEM.

Relaxing responses
Concentration response curves for acetylcholine or for renal resistance arteries
precontracted with Arg-vasopressin were the same in all four groups (data not
shown).
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Figure 10
Concentration response curves for noradrenaline and phenylephrine in renal resistance
arteries. Concentration response curves obtained in renal resistance arteries of SH rats
treated for four weeks with either saline, prazosin, rilmenidine or azepexole. Three
different concentration response curves for noradrenaline (NA) were constructed: basic (top
left), after pretreatment with chloroethylclonidine (CEC, top right), and in the presence of 3
jiM cocaine (bottom left). Furthermore, concentration response curves for phenylephrine
were obtained (bottom right). Data are shown as mean ± SEM.
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Figure 11
Frequency response curves were obtained in the presence or absence of the 3 jiM cocaine (COC).
Frequencies of 1-32 Hz were induced with constant current (85 mA) and variable voltage. Data are
shown as mean + SEM.

Discussion

We investigated the effect of long-term decreased sympathetic activity on the
adrenergic control of several types of arteries from SHR rats. Antihypertensive
drugs that decrease sympathetic tone only have a transient effect on the blood
pressure, and the mechanisms responsible for the increase in blood pressure
during the treatment are unknown.
The purpose of the present study was to investigate the adrenergic pathway,
trying to find the mechanism or mechanisms responsible for this effect.
Although several blood pressure regulating systems exist, this discussion
focuses on the sympathetic control mechanism only.
Basically the sympathetic blood pressure control consists of three parts; 1) a
controller, 2) signal transporters 3) target organs. The signal transporters are
the nerves which transport the signal from the centrally located vasomotor
center to the target organs, the arteries. In the present study, c^-adrenoceptor
agonists decreased the activity of the central vasomotor center for four weeks.
This was confirmed by plasma catecholamine concentrations measured at the
end of the treatment. Furthermore, some of the animals were treated with an
a,-adrenoceptor antagonist, prazosin, that blocks the sympathetic control at the
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target organ side.
After four weeks the antihypertensive effect was gone, which in our simplified
model means that the signal transporters and/or target organs must have been
modified. One possibility is that the number of transporters (nerves) had
increased or that they become more efficient. The same thing may have
happened at the target organs: perhaps the signals transported by the nerves
were processed more efficiently (increased sensitivity, receptor type changes)
or the target organ itself may have become more efficient (increased
contractibility). As a third option, inhibiting systems may have become less
active, the netto effect being an increased vascular tone.
We investigated the sympathetic nerves (signal transporters) and arteries
(target organs) in an attempt to find the missing link or links responsible for
the transient effect of several types of antihypertensive drugs.
To begin with, let us focus on the arterial properties. The decreased
sympathetic tone, i.e., the decreased noradrenaline release, was followed by
increased arterial response which may have been caused by several variables.
Firstly, the smooth muscle contractibility may have increased, implying more
contraction with less excitation. However, the maximal responses to high
potassium Krebs solution were the same in controls and treated animals, so we
may conclude that no changes developed in the contractile apparatus.
Secondly, the arteries may have become more sensitive. It is known that
changes in the number or affinity of adrenoceptors (Michel et al., 1989; 1990)
can be related to observed changes of the sympathetic nervous system in
hypertensives (Aprigliano & Hermsmeyer, 1977; Abboud, 1982; de
Champlain, 1990; Esler et al., 1990; Michel et al., 1990; Mark, 1991). The
a-adrenoceptor population seems to become less sensitive in response to
decreased stimuli. The opposite has been found in the /3-adrenoceptor
population, where increased stimulation resulted in a rapid down-regulation
(Jacobsson, 1984; Sibley & Lefkowitz, 1985). A possible change in sensitivity
was investigated by constructing concentration response curves for various
agonists and by determining the affinity of a,-adrenoceptors with the aid of
radioligand binding studies. Our reactivity study showed no changes in a- or
/3- adrenoceptors. Changes in /3-adrenoceptor responses in the renal resistance
artery were not expected, since no post-junctional /3-adrenoceptors are present
in these arteries (Heesen & De Mey, 1990; Eerdmans et al., 1991). The
receptor binding study only showed a changed a,-adrenoceptor affinity in the
prazosin treated animals, which may have been caused by traces of prazosin
remaining after the treatment.
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Thirdly, the changes in vascular tone could be explained by changes in a-
adrenoceptor subtypes. Several studies have suggested the existence of multiple
a,-adrenoceptor subtypes (Daly et al., 1988a; Minneman, 1988; Muramatsu et
al., 1990a; b; Ruffolo et al., 1991). Furthermore, different relations between
subtypes have been found in the various types of arteries (Flavahan &
Vanhoutte, 1987). The a,-adrenoceptor subtypes differ in their amino acid
sequence, tissue distribution and affinity for competitive antagonists. In the
present study we investigated the relation between a,A- and a,B-adrenoceptors
in the various types of arteries and in the kidney. To discriminate between the
two subtypes chloroethylclonidine was used. The aorta harbors a large
population of a,B-adrenoceptors. Proceeding down the vascular tree, the
population of a^-adrenoceptors increases while that of a,B-adrenoceptors
decreases. The aorta is not innervated, and innervation increases as one
follows the vascular tree. This suggests a relation between less innervation
(sympathetic activity) and more a,B-adrenoceptors. In the present study, a
decreased sympathetic tone was not followed by an increase in the number of
a,B-adrenoceptors. Furthermore, concentration response curves with a-
adrenoceptor agonists in arteries with or without CEC treatment did not reveal
any functional changes, and the number of CK,A g-adrenoceptors in the kidney,
as determined in a receptor binding study, did not change due to the
treatments.
Fourthly, vascular tone is partially regulated by contraction inhibiting systems.
Endothelial cells have the ability to release endothelium-derived relaxing factor
(EDRF), which has been identified as nitric oxide (Palmer et al., 1987), and
endothelium hyperpolarizing factor (EDHF) (Chen et al., 1988; Taylor &
Weston, 1988; Furchgott & Vanhoutte, 1989; Brayden, 1991; Garland &
McPherson, 1992; Hayakawa et al., 1993), both of which cause a relaxation
of the artery (Furchgott & Zawadski, 1980; De Mey & Gray, 1985).
Reduction of endothelium-dependent relaxations and enhancement of agonist-
induced contractions, normally negatively modulated by endothelium, have
been found to occur in hypertensive patients and animal models (Van de
Voorde & Leusen, 1986; Luscher et al., 1987; Jameson et al., 1990; Panza et
al., 1990; Nakamura & Prewitt, 1991). A possible reduction of endothelium-
dependent relaxations was evaluated using acetylcholine. The experiments
showed that the aorta and the superior mesenteric artery, but not the resistance
arteries, of the animals treated with prazosin and rilmenidine were significantly
less sensitive to acetylcholine. One possible explanation for these different
responses from large and resistance arteries can be found in changes in EDRF
and EDHF release. Large vessel endothelium releases EDRF, while that of
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smaller arteries releases both EDRF and EDHF (Hayakawa et al., 1993). The
decreased EDRF release found in the large arteries may be followed by
increased EDHF release in the resistance arteries.

If we rule out arterial modifications, it may be changes in nerve properties
which explain the lack of efficacy of the antihypertensive drugs. The following
changes could re-adjust the excitation of the artery so as to increase blood
pressure to pre-treatment level: i) increased noradrenaline exposure due to
increased innervation or noradrenaline release; ii) decreased activity from
inhibiting systems like petidergic nerves, resulting in increased vascular tone.
Noradrenaline concentrations in the femoral artery were not different for the
four treatments. The method we used cannot differentiate between the number
of nerves and the noradrenaline content of these nerves. However, it did not
indicate increased noradrenaline release due to increased density. Using
electrical nerve stimulation, it was possible to excite sympathetic but also non-
adrenergic nerves (peptidergic nerves). In addition to noradrenaline, the
sympathetic nerve also releases co-transmitters such as neuropeptide Y (NPY)
and purines (Mulvany & Halpern, 1977; Ekblad et al., 1983; Edvinsson et al.,
1984; Lundberg et al., 1985; Wahlestedt et al., 1985; Burnstock, 1987). The
postsynaptic actions of these co-transmitters can be mediated through specific
receptors or by alteration of the sensitivity of adrenergic receptors (NPY).
Furthermore, peptidergic nerves can contribute to a non-adrenergic component
of vascular control (Kawasaki et al., 1988). Electrical nerve stimulation
revealed increased sensitivity of the mesenteric resistance artery in the three
treatment groups. No changes were found in the larger superior mesenteric
artery or the renal resistance artery. This increased sensitivity was not caused
by changes in noradrenaline re-uptake or changes in noradrenaline sensitivity
of the artery. Increased sensitivity during the whole frequency response curve
ruled out NPY, since enhancement by NPY only occurs at high frequency
(Lundberg et al., 1990). Post-synaptic modulation by cxj" and /3-adrenoceptors
can also be excluded, since the curves were constructed while those receptors
were blocked. What is left is increased innervation of the mesenteric resistance
artery or a role for non-adrenergic nerves. The latter could explain the
difference in electrical nerve stimulation between the two types of resistance
arteries. In earlier studies we investigated the presence of non-adrenergic,
capsaicin-sensitive nerves in mesenteric and renal resistance arteries. As has
also been found by other groups (Barja et al., 1983), renal resistance arteries
lack capsaicin-sensitive, peptidergic nerves. Changes in peptidergic nerve
properties (decreased activity) in the mesenteric resistance artery could explain
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the difference in electrical field stimulation between the two resistance arteries.

In conclusion, treatment for four weeks with prazosin, rilmenidine or
azepexole did not lead to long-term blood pressure reduction. This was not due
to changes in contractile properties or adrenoceptor populations of the arteries
investigated. Endothelium-induced relaxing properties of the large arteries may
play a role, but more important are the alterations seen in the mesenteric
resistance artery. Since the mesenteric arterial bed is very large, increased
vascular tone will result in increased blood pressure. Future investigations
should pay more attention to the effect of antihypertensive drugs on secondary
control mechanisms such as non-adrenergic nerve systems.
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Chapter 6

Abstract

After a myocardial infarction (Ml) the sympathetic nervous system and various
other neurohumoral mechanisms are activated to engage mechanisms in the
remaining myocardium, the peripheral vasculature and the kidneys that may
help to maintain systemic perfusion pressure. We evaluated whether after a
MI, peripheral arteries in rats are modified on the long run. The experiments
involved the thoracic aorta, the superior mesenteric artery and mesenteric
resistance-sized arteries of rats with a four week old myocardial infarction and
of sham-operated control rats. The mean infarction size was 45.6 % of the left
ventricle. In the investigated arteries no significant alterations of lumen
diameter, media thickness and media cross-sectional area were observed. No
changes in maximal responses and sensitivity to adrenergic and non-adrenergic
contractile stimuli were found in the aorta and superior mesenteric artery. Also
active wall stress of these vessels did not differ between sham and MI.
Furthermore no changes were found in relaxing responses to acetylcholine or
isoprenaline in either type of artery. In contrast, in the mesenteric resistance
arteries a significant reduction of maximal contractile responses to potassium,
noradrenaline and serotonin was observed. Active wall stress was not altered
in these vessels. These observations indicate that following MI in the rat the
contractile reactivity of mesenteric resistance arteries is chronically and non-
selectively reduced. Such an alteration may contribute to the development of
decompensated heart failure.

Introduction

Following necrotizing injury to the myocardium such as myocardial infarction,
arterial blood pressure may initially be maintained under resting conditions
(Drexler et al., 1986; Schlant & Alexander, 1994). This has been attributed to
the activation of neurohumoral mechanisms that stimulate compensatory
mechanisms in the remaining myocardium, the peripheral vasculature and the
kidneys (Esler et al., 1984; Laragh, 1986; Leimbach et al., 1986; Fyhrquist &
Tikkanen, 1988; Jennings & Esler, 1990; Sigurdsson et al., 1993). However,
on the long run, congestive heart failure may develop.
The neurohumoral mechanisms that are activated after myocardial infarction
include the sympathetic nervous system (Esler et al., 1984; Hasking et al.,
1986; Jennings & Esler, 1990; Sigurdsson et al., 1993 ). Neurogenic and
circulating catecholamines promote the contractility of the rest myocardium
and elevate total peripheral resistance and thereby help to maintain perfusion
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pressure (Remme, 1986). Experiments in vitro and in vivo, that involved
chronic exposure to natural and synthetic adrenergic agonists, indicated,
however, that catecholamines can chronically alter cardiac and vascular
structure (Lee et al., 1987; Mangiarua & Lee, 1992) and that effector systems
may adapt (become tolerant) to increased sympathetic input (Sibley &
Lefkowitz, 1985; Leeb-Lundberg et al., 1987; Forster et al., 1989; 1992;
Vatner et al., 1989; Hausdorff et al., 1990; Lohse et al., 1990; Raymond et
al., 1990; Kiuchi et al., 1992; Teerlink et al., 1993). This process, which has
been elaborated in great molecular detail for /3-adrenoceptors, may be
responsible for the reduced j8-adrenergic responsiveness and /3-adrenoceptor
density in the heart of heart failure patients and of experimental models of
heart failure (for review see Brodde, 1991). Less is known about changes in
the peripheral vasculature in heart failure in general and with respect to
adrenergic mechanisms in particular which are primarily a-adrenergic in this
system. In a recent study of subcutaneous resistance arteries, isolated from
congestive heart failure patients, a non-selective reduction of contractile
responses was noted along with a reduction of endothelium-dependent relaxing
responses (Kiuchi et al., 1993). However, the patients and controls in this
study obviously differed not only with respect to heart failure but also with
respect to drug therapy which included diuretics, nitrates, and cardiac
glycosides.

In the present study we evaluated the structure and reactivity of peripheral
arteries in rats with a 4 week old left ventricular infarction (MI) (Fishbein et
al., 1978; Pfeffer et al., 1979) that had not been subjected to any drug
treatment. The experiments were performed in both Mi-rats and sham-operated
controls and involved the thoracic aorta, the superior mesenteric artery and
mesenteric resistance-sized arteries. These vessels differ not only with respect
to their location along the arterial tree, but also with respect to the density of
sympathetic nerves (De Mey & Vanhoutte, 1982 ) and with respect to the type
of postjunctional a 1-adrenoceptors (Nilsson et al., 1986; Eerdmans et al.,
1991; Feng et al., 1993) and of the signal transduction pathway which they
engage (Han et al., 1987; Daly et al., 1990; Michel et al., 1990b; Wilson &
Minneman, 1990).
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Materials & methods

Animals
Experiments were performed in 16 week old male specific pathogen-free
Wistar rats. The animals were maintained on a 12 hour dark - 12 hour light
cycle and had free access to standard lab food and tap water. Myocardial
infarction (n = 7) was produced by ligation of the left coronary artery using a
modification of the method of Fishbein et al (Fishbein et al., 1978; Pfeffer et
al., 1979). In short, animals were anaesthetized with pentobarbital (60 mg/kg
i.p.) and the trachea was intubated (PE-240). Skin and muscles overlying the
4th left intercostal space were separated and cut. The thorax was opened after
starting positive pressure respiration and the heart was carefully pushed to the
left or exteriorized by applying pressure to the right side of the thorax. A silk
suture (6-0) was looped around the left descending coronary artery. In sham
animals (n = 8), the suture was looped through the myocardium next to the left
descending coronary artery. When the heart was returned to its normal
position, the suture was tied and ribs were pulled together with 3-0 silk. When
closing the thorax a silastic drain was inserted to restore the sub-atmospheric
pressure.

Tissue preparation
Four weeks after inducing myocardial infarction or sham operation the rats
were killed by a sharp blow on the back of the head and exsanguination. From
each rat the thoracic aorta, superior mesenteric artery, mesentery, left kidney
and heart were isolated. The kidney and heart were cleaned of adhering
connective tissue and their wet weight was determined.
From the aorta and superior mesenteric artery segments of approximately 2
mm were cut. The mesentery was pinned out on a petri dish coated with
Silgard (Dow Corning Corp.) and fourth order resistance-sized side branches
of the superior mesenteric artery (diameter approximately 200 jim) were dis-
sected.

Plasma catecholamine concentrations
In separate groups of sham and MI rats, equipped with an intra-arterial
catheter, plasma catecholamine concentrations were determined. From
conscious undisturbed animals a 2 ml arterial blood sample was collected in
chilled heparinized tubes containing 12 mg of glutathione. Tubes were
centrifuged at 3000 rotations per minute at 4°C for 15 minutes and plasma was
stored at -20°C until use. High performance liquid chromatography (HPLC)
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with fluorometric detection according to the method of Van der Hoorn (Hoorn
van der et al., 1989) was used to determine the plasma catecholamines
concentrations using a-methylnoradrenaline as an internal standard.

Infarct size determination
The hearts were fixed with phosphate buffered formalin (pH = 7.4) and cut in
2.2 mm thin slices. The slices were stained with an azan staining. In
summary; the slices were incubated for 30 minutes in Azan I solution (0.5 g
Azocarmine G, 1 ml concentrated acetic acid and 100 ml aqua dest), rinsed
and incubated for 45 minutes in 5% phosphotungstic acid, rinsed and
incubated for 5-15 minutes in Azan II solution (Anilineblue 0.5 g, Orange G 2
g, 8 ml concentrated acetic acid) rinsed and embedded. Slices of 2.2 mm were
cut starting from the apex of the heart. The third slice was used to determine
the infarction size as described by Pfeffer et al (Pfeffer et al., 1985).

Myograph experiments
The isolated arteries were mounted in a myograph (JP Trading Corp.,
Risskov, Denmark) (Mulvany & Halpern, 1977; Heesen & De Mey, 1990).
In the myograph the vessels are mounted horizontally in an organ chamber
between an isometric force transducer (Statham UC3 and Kistler Morse DSC6
for large and small vessels, respectively) and a displacement device using 2
stainless steel wires (diameter 0.04 mm). The organ chamber was filled with
Krebs-Ringer bicarbonate solution (KRB, 25 and 10 ml for large and small
vessels, respectively) that was maintained at 37°C and aerated with 95 % O2
and 5 % COj. Prior to experimentation the internal diameter of the thoracic
aorta and superior mesenteric artery segments were set at 1675 and 1020 /xm
respectively, which was observed in preliminary experiments to yield strong
and reproducible contractile responses. Mesenteric resistance arteries were
stretched to their individual optimal internal circumference for isometric force
development by an active length-tension protocol (Boonen & De Mey, 1990;
1991; Heesen & De Mey, 1990; Eerdmans et al., 1991). Therefore their
internal circumference was increased by 60 /*m every 5 min, with intermittent
exposure to 10 /xM noradrenaline. This length-tension protocol was continued
until maximal contractile responses were obtained.

Contractile responses were induced with high potassium solution and with the
agonists, noradrenaline, phenylephrine, 5-hydroxytryptamine and Arg-
vasopressin. Relaxing responses to isoproterenol or acetylcholine were induced
after the preparations had been made to contract with 10 /xM phenylephrine.
To rule out effects of /3- and c^-adrenoceptor stimulation all agonist
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concentration-response curves, except the concentration response curve for
isoproterenol, were constructed in the presence of 1 /xM propranolol and 1 /xM
yohimbine.
All agents were tested in the same vessels but the order of testing was
randomized to exclude that responses to a given agonist were influenced by
pretreatment with another agent. To stimulate the sympathetic nerves in the
mesenteric resistance arteries, 2 platinum electrodes connected to a constant
current source (amplitude 85 mA) were placed longitudinally across the
mounted vessel segments and frequency response curves (1 to 32 Hz, pulse
duration 2 msec) were constructed (Nilsson, 1985; Eerdmans et al., 1991).
The experiments in the isolated aorta, superior mesenteric artery and
mesenteric resistance artery segments took approximately 6 hours to perform.

Morphology
Arteries were fixed in the myograph at their working diameter with phosphate
buffered formalin (pH = 7.4, 37 °C ) for thirty minutes. The fixed arterial
segments were dehydrated and embedded in paraffin (Paraplast, Sherwood, St.
Louis, USA), and cross sections of 4 /zm (microtome type 820, American
Optical, USA) were cut. Quantitative morphology was performed on the
preparations after staining with Lawson's solution, a staining which highlights
the elastic laminae. Measurements were performed using video images
generated by a Zeiss Axioscope (Zeiss, Germany), a standard CCD camera
(Stemmer, Germany) and commercial software (JAVA; Jandel Scientific
Video Analysis Software, Jandel Scientific, Corte Madera, CA, USA). The
internal circumference (IC), (the length of the internal elastic lamina) was
determined along with the cross sectional area of the tunica media (CSA), (the
area enclosed between the internal and external elastic lamina). From IC, the
lumen radius (r) was calculated assuming a circular configuration (r = IC/27r).
Mean media thickness (Mt) was obtained from the formula CSA = 7r(r + Mt)--

Drugs and Solutions.
During dissection, mounting and experimentation the arterial preparations were
immersed in a Krebs bicarbonate buffered physiological salt solution (KRB).
KRB had the following millimolar composition: NaCl 118.3, KC1 4.7, CaClj
2.5, MgSC^JH/) 1.2, KH^PO, 1.2, NaHCOj 25.0, glucose 11.1. High
potassium solution (K-KRB) was prepared by replacing all NaCl in normal
KRB with an equimolar amount of KC1. L-isoproterenol hydrochloride, L-
noradrenaline hydrochloride, L-phenylephrine hydrochloride, DL-propranolol
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hydrochloride, a-methylnoradrenaline, bicine, 1,2-diphenylethylenediamine,
orange G and azacarmine G were obtained from Sigma Chemical Co (Saint
Louis, Mo USA). Acetylcholine hydrochloride, serotonin creatinine sulphate
monohydrate and potassium ferricyanide were purchased from Janssen Chimica
(Beerse, Belgium) and Arg-vasopressin from Sandoz (Basel, Switzerland).
Yohimbine was purchased from Boehringer Ingelheim, lidocaine from Braun
Melsungen AG (Germany). Phosphotungstic acid was purchased from Aldrich
and aniline bleu from Clin-Tech limited (Essex, England). Hydrochloric acid,
1-octanol, acetic acid, ammonia-ammonium chloride was purchased from
Merck, n-haptene from J.T. Baker (The Netherlands), Acetonitrile from Fisons
(England).

Data Analysis.
Contractile responses of isolated blood vessels to agonists were expressed as
increases in wall tension (increases in isometric force divided by twice the
segment length) as increases in wall stress (active wall tension divided by
media thickness) and relative to the amplitude of the contraction induced by
125 mM potassium + 10 îM noradrenaline in the same preparation.
Sensitivity for the contractile effects of agonists or nerve stimulation was
determined by interpolation on a least square sigmoidal curve fit of the
individual concentration response curves (Inplot, GraphPad, San Diego, Ca,
USA). Data are shown as mean ± SEM. Statistical significance of effects and
of differences between treatment groups was evaluated by Student's t-test for
paired observations. Student's t-test for unpaired observations or analysis of
variance followed by Bonferroni's t-test or Student's t-test where appropriate
(Wallenstein et al., 1980) using commercially available software (Crunch,
Software Corp., San Francisco, Ca USA).

Results

On average permanent ligation of the left coronary artery resulted in infarction
of 45.6 + 2.5 % of the left ventricle (free left ventricular wall + septum).
4 weeks after myocardial infarction the bodyweight of the MI rats was
significantly lower than that of the shams (table 1). The heart weight was
significantly increased in the MI rats while the kidney weight was reduced.
In table 2 plasma noradrenaline and adrenaline concentrations at week 1 and
week 5 are summarised. A significant increase of plasma adrenaline was found
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at 1 week after myocardial infarction. After 5 weeks no differences of plasma
noradrenaline or adrenaline concentrations were noted.
In table 3 effects of the myocardial infarction on the structure of the thoracic
aorta, superior mesenteric artery and mesenteric resistance arteries are
summarised. Media cross sectional area was not changed in the thoracic aorta,
superior mesenteric artery or in the mesenteric resistance artery of the MI rats.
Furthermore, in the mesenteric resistance artery radius, cross sectional area,
media thickness and wall to lumen ratio were not changed at 4 weeks post MI.

Table 1
sham myocardial infarction

7
337±10*
14.9±4 •
1.89±.18 *
5.6±.5 *
1.18±.O5 *

kidney/body ratio (mg/g) 3.8±.l 3.5±.13

Total bodyweight increase, heart weight and relative heart and kidney weight of sham and
myocardial infarction rats. Bodyweight was measured directly before scarifying the animals. Values
aremeans±SEM. (* P<0.05).

Table 2
sham ~ myocardial infarction

ii TO ~ 9
week 1
noradrenaline (pg/ml) 185.1 ±39.7 178.6±22.5
adrenaline (pg/ml) 55.9±6.8 104.0±30.6 *

week 5
noradrenaline (pg/ml) 169.6 + 31.2 164.9±27.8
adrenaline (pg/ml) 65.9±20.2 69.7± 14.0

Plasma concentrations of noradrenaline and adrenaline from sham and MI rats were determined 1
week after the sham or myocardial infarction operation and after 5 weeks. Values are means±SEM.
(* P<0.05).

n
bodyweight at end (g)
bodyweight increase (%)
heart weight (g)
heart/body ratio (mg/g)
kidney weight (g)

8
363 ±9
26.2±2.5
1.38±.O7
3.8±.18
1.36±.04
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Table 3
/lor/a

n
CSA (mm** 1000)
Super/or ffiesen/er/c orrery

n
CSA (mm** 1000)

sham
7
514±21

sham
8
128±8

Afese/tfer/c rem/a/tre orrery

n
CSA (mm** 1000)
Radius (/tm)
M, (^m)
W/LCM000)

sham
8
7.3±.8
123 + 5
8.9±.7
72±4

MI

460±20

MI

7
116±5

MI

7
7.6±.3
125±3
9.3±.4
75±5

Morphological properties, radius, media cross sectional area (CSA), media thickness (M,) and wall
to lumen ratio (W/L= M/radius) of large and small arteries from sham and 4 weeks old Mi-rats.
Values are mean±SEM.

Vascular Reactivity
77?orac;c /lor/a
Contractile responses were induced in the aorta with the use of 125 mM
potassium, noradrenaline, serotonin and Arg-vasopressin (table 4). The
maximal increases in wall tension and wall stress induced by these stimuli did
not differ between the two groups (figure 1 and table 3). Also the sensitivity to
the vasoconstrictor agents was not altered after Ml. Relaxing responses to
isoproterenol, in terms of maximal response and sensitivity, did not differ
between aorta's of MI rats and controls (data not shown).

Table 4
sham myocardial infarction

n
125 mM K-KRB (mN/mm)
30 nM AVP (mN/mm)
10 jiM NA (mN/mm)
pDj
10 /xM 5-HT (mN/mm)
pD,

8
2.75±
2.63±
4.08 ±
6.37±
2.19±
5.59±

.46
1.0
.74
.21
.72
.47

7
3.05 ±
1.75±
4.54±
6.68±
2.08±
5.24±

.58

.94

.48

.24

.77

.14
Contractile properties of the aorta from sham rats and MI rats. Maximal contractile, non-receptor
induced, contractions were obtained with high potassium krebs solution (125 mM K-KRB). Maximal
response for noradrenaline (NA), serotonine (5-HT) and Arg-vasopressin (AVP) were conducted.
Furthermore pD, was calculated from dose response curves constructed for noradrenaline and 5-HT.
* indicate significance of difference to sham (t-test P<0.05). Values are mean±SEM.
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Figure 1
Maximal active wall stress in aorta,
superior mesenteric artery and
mesenteric resistance artery at 4 weeks
after Myocardial Infarction (MI).
Wall stress (mN/mnr, = wall tension /
media thickness) was calculated in all
types of arteries. In all arteries active
wall tension was induced with 125 raM
potassium. Bars are mean ± SEM.

In superior mesenteric arteries contractile responses to 125 mM potassium,
noradrenaline, noradrenaline in the presence of 3 /xM cocaine, phenylephrine,
serotonin and Arg-vasopressin were recorded (table 5). No significant changes
in maximal responses between sham and MI rats were found with either
stimulus.
Table 5

sham myocardial infarction
7
4.84±.1.01
1.32+0.50
5.99± 1.29
6.21±25
5.76±1.32
6.18±.24
4.79±1.11
6.30±.25*
4.09±1.14
5.60±.38

Maximal contractile responses were constructed with 125 mM potassium, noradrenaline (NA),
noradrenaline with 3 /*M cocaine (NA + COC), phenylephrine (PHE). serotonine (5-HT) and Arg-
vasopressin (AVP) in sham and MI rats. Furthermore pD, for NA. PHE and 5-HT were calculated
from dose response curves of those drugs. Values are mean±SEM. * indicate significance of
difference to sham (t-test P<0.05).

n
125 mM K-KRB (mN/mm)
30 nM AVP (mN/mm)
10 /xM NA (mN/mm)
PD:
10 /iM NA + COC (mN/mm)
PD;
100 ^M PHE (mN/mm)
pD,
10 ,iM 5-HT (mN/mm)
pD,

8
4.51±81
0.97±25
5.87±1.08
6.11±.15
6.01 ±1.22
6 . 3 1 ± 1 4
3.88±.78
5.65±19
3.83±62
5.99±.19
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Furthermore no differences in maximal active wall stress between the sham
and MI group were noted (figure 1). The sensitivity for phenylephrine was
significantly higher in vessels from MI rats than in those from sham controls.
For the other stimuli differences in sensitivity were no statistically significant
(table 5). Endothelium-dependent relaxing responses to acetylcholine (figure 3)
did not differ between sham and MI.

In mesenteric resistance arteries of the MI rats significantly reduced contractile
responses were seen during exposure to 125 mM potassium + 10 /zM
noradrenaline, 10 /nM noradrenaline in the presence of 3 /xM cocaine and to
10 /*M serotonin (table 6). Also maximal responses to noradrenaline and Arg-
vasopressin were reduced, albeit not statistically significant. The maximal
active wall stress response to 125 mM potassium + 10 ^M noradrenaline
obtained in resistance arteries of MI rats tended to be lower than that in
vessels of sham control. The difference did, however, not reach statistical
significance (figure 1). Sensitivities for the various stimuli were not altered in
the Mi-rats (table 6).

Table 6
Contractile properties of the mesenteric resistance artery.
~" sham myocardial infarction

"7
235+11
2.99±.37
3.64±.4O*
3.16±.37
3.42±.55
5.66±.14
3.50±.43 •
6.18±.19
3.05 ±.22
5.86±.20
1.57±,41 *
6.43±.23

Contractile properties of mesenteric resistance arteries from sham rats and MI rats. The arteries are
stretched to their individual optimal diameter, (ID, internal diameter). Maximal contractile responses
were conducted with high potassium krebs solution (K-KRB), high potassium krebs solution + 10
^M noradrenaline (K-KRB + NA), noradrenaline (NA), noradrenaline + cocaine (NA +COC),
serotonine (5-HT) and Arg-vasopressin (AVP). Values are mean±SEM. * indicate significance of
difference compared to sham (t-test P<0.05).
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n
ID (jim)
K-KRB (mN/mm)
K-KRB + 10 jiM NA (mN/mm)
30 nM AVP (mN/mm)
10 j*M NA (mN/mm)
pD,
10 /xM NA+COC (mN/mm)
pD,
10 /iM PHE (mN/mm)
pD:
10 /iM 5-HT (mN/mm)
PD;

8
237+10
3.70±.44
4.93±.66
3.71±.71
4.52±.61
5.77±.07
4.88±.72
6.191.17
4.321.75
5.711.16
2.991.53
6.41+16
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Concentration response curves for noradrenaline in the absence or presence of
cocaine, concentration response curves for phenylephrine and frequency (1-32
Hz) response curves for electrical field stimulations of periarterial nerves are
shown in figure 2. Combined, these observations suggest that at 4 weeks after
MI no qualitative alterations of the adrenergic neuroeffector interaction are
present at the postjunctional or prejunctional level in the mesenteric resistance
arteries. Endothelium-dependent relaxing responses, as evaluated with
acetylcholine, did not differ between mesenteric resistance arteries of sham
and MI rats (figure 3).

- 7 - 6 - 5 - 4

109 MOLAR [PHE]

O SHAU

• Ml

Figure 2
Frequency and concentration response curves for noradrenaline and phenylephrine in mesenteric
resistance arteries. Noradrenaline concentration response curves in the absence (left) or presence of
3 /*M cocaine (COC. right) obtained in mesenteric resistance arteries of sham rats and «ats with a 4
week old myocardial infarction (MI). Furthermore concentration response curves of phenylephrine
[PHE] (bottom left) and frequency response curves (bottom right) were constructed. Data are shown
as mean ± SEM.
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Figure 3
Concentration response curves of acetylcholine (ACH) were obtained in superior mesenteric arteries
(SMA). precontracted with Arg-vasopressin and of mesenteric resistance arteries precontracted with
phenylephrine. Data are shown as mean ± SEM.

Discussion

At 4 weeks after myocardial infarction in the rat, the structure and reactivity
of the thoracic aorta and superior mesenteric artery were not significantly
modified. In small mesenteric resistance-sized arteries, on the other hand,
responses to vasoconstrictor agonists were reduced and this reduction did not
seem to involve an alteration of resistance arterial structure or of the
sensitivity to the stimuli.

In rats, ligation of the left coronary artery leads to an infarction of most of the
free left ventricular wall and hypertrophy of the septum and right ventricle
(Fishbein et al., 1978; Pfeffer et al., 1979). In the animals that survive this
intervention, maximal cardiac output is reduced and total peripheral resistance
is elevated (Pfeffer et al., 1979). This has been attributed to the activation of
several neurohumoral systems such as the sympathetic nervous system
(Meerson, 1983; Esler et al., 1984; Remme, 1986; Jennings & Esler, 1990),
the renin-angiotensin-aldosterone system (Sigurdsson et al., 1993), vasopressin
(Remme, 1986; Dzau, 1987; Hodsman et al., 1988) and endothelin (Fu et al.,
1993). These signs, along with the pulmonary congestion noted in these
animals, are comparable to those in heart failure patients. Despite growing
insights in the pathogenesis of heart failure and advances in its therapy
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(Rutherford & Braunwald, 1992), the long term prognosis of heart failure
patients in general and of post-infarction patients in particular remains poor
(Grobbee & Hofman, 1989). It has been proposed that compensated heart
failure may evolve into decompensated or congestive heart failure (Ruggie,
1986; Braunwald, 1988), as a chronic response to the systems that initially
help to maintain adequate systemic perfusion. We tested this hypothesis with
respect to the effects of the sympathetic nervous system on the peripheral
vasculature.
In both infarcted rats and heart failure patients, the activity of the sympathetic
nervous system and the plasma catecholamine levels are initially increased
(Thomas & Marks, 1978; Cohn et al., 1984) which contributes to peripheral
vasoconstriction. Chronic maintenance of this state of sympathetic
hyperactivity may be anticipated to lead to adverse adaptive changes in the
vasculature. For instance, catecholamines and sympathetic nerves have been
shown to exert an hypertrophic action on the vascular wall (Bevan, 1975;
Froneck et al., 1978; Bevan & Tsuru, 1981; Bevan et al., 1983; Froneck,
1983; Branco et al., 1984; Azevedo & Osswald, 1986; Dimitriadou et al.,
1988). In heart failure this could be amplified by the increased levels of other
potential mitogens. On the other hand, the vascular smooth muscle cells may
progressively adapt their responsiveness to increased supply of
neurotransmitter. In general such a mechanism of "down-regulation" and
"desensitisation" is well established for the j3-adrenergic reactivity of the
myocardium (for review see Lefkowitz et al (Sibley & Lefkowitz, 1985)) and
has been shown to participate in the altered cardiac function in heart failure
patients and in experimental heart failure (Kiuchi et al., 1993)(for review see
Brodde (Brodde, 1991)). It is, however, less clear for the a-adrenergic
processes that govern vascular responses to catecholamines (Michel et al.,
1990a; Kiuchi et al., 1992). In this respect conflicting findings were reported
concerning vascular responses in experimental heart failure. In a dog model of
pacing-induced heart failure Forster et al (Forster et al., 1992) noted a marked
and selective increase of the a,-adrenergic responses in dorsal pedal artery and
saphenous vein. On the other hand, Teerlink et al (Teerlink et al., 1994)
observed that at 1 week after myocardial infarction in the rat, the thoracic
aortic smooth muscle was less responsive to a,-adrenergic stimulation.
We evaluated changes at 4 weeks after induction of myocardial infarction to
concentrate on more long term adaptations than in most previous studies.
Although coronary artery ligation had resulted in marked left ventricular
infarction, cardiac hypertrophy and elevation of plasma adrenaline levels, no
differences were observed between thoracic aortae and superior mesenteric
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arteries isolated from infarcted rats and sham-operated controls. Neither media
mass nor maximal contractile reactivity or sensitivity to adrenergic and non-
adrenergic stimuli were modified. The absence of arterial hypertrophy despite
elevation of several candidate mitogens in this model, has been noted before.
Heeneman et al. (Heeneman et al., 1995) reported that up to 12 weeks after
myocardial infarction in the rat, no hypertrophy could be detected in systemic
arteries. They raised the possibility that hypertrophic effects were counteracted
by atrial natriuretic factor. This ANF inhibits vascular growth responses (De
Mey et al., 1987) and is persistently elevated in heart failure patients (Munzel
et al., 1992; Svanegaard et al., 1993) and in infarcted rats (Drexler et al.,
1987). An alternative explanation may be found in the rather transient nature
of the sympathetic hyperactivity in the model. Though plasma adrenaline was
initially elevated, it was normalised after a couple of weeks. In view of this,
an early alteration of large artery responses to catecholamines such as
described by Teerlink et al. (Teerlink et al., 1994) may have been reversed as
well.
While no significant changes had developed or were rapidly reversed in the
thoracic aorta or superior mesenteric arteries, mesenteric resistance-sized
arteries were hyporeactive to vasoconstrictor stimuli at 4 weeks after
myocardial infarction. Reduced maximal responses were observed to a variety
of vasoconstrictor stimuli including besides noradrenaline, serotonin, high
potassium and even the mixture of high potassium and noradrenaline. This and
the lack of changes in sensitivity for either of the agonists makes it unlikely
that a specific receptor type or signal transduction pathway would be
selectively involved. Also a reduction of muscle mass does not seem to
contribute, because media cross sectional area, thickness or wall:lumen did not
differ significantly between resistance arteries of infarcted- and control rats.
Although not statistically significant, the observation that maximal active wall
stress is reduced suggests that the contractility of the individual resistance
arterial smooth muscle cells is in general and non-selectively reduced. We
have previously reached a similar conclusion in experiments in which intact
rats had been continuously infused during 4 days with the a,-adrenoceptor
agonist phenylephrine (Boonen et al., 1993). Also in this case, no homologous
desensitisation was observed but rather a non-selective heterologous reduction
of vasoconstrictor responses was noted. At present in can only be speculated
why such a change would develop in the mesenteric resistance arteries and not
in the larger vessels. All vessels are exposed to the altered plasma
concentrations of vasoactive agents that accompany myocardial infarction.
Consequences of altered nerve activity would, however, be restricted to
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vessels such as the mesenteric resistance arteries, that in contrast to aorta and
superior mesenteric artery, are densely innervated. More comparative analyses
of different types of blood vessels and drug-intervention studies will be
required to establish the role of the perivascular sympathetic nerves in the
observed resistance artery changes.
Reduced resistance arterial contractility after myocardial infarction contrasts to
observations in peripheral large arteries and veins of dogs with pacing-induced
heart failure (Forster et al., 1992). It is, however, in line with what was noted
in subcutaneous resistance arteries isolated from patients with congestive heart
failure (Angus et al., 1993). This suggests that in the patients the alteration is
not due to treatment with cardiac glycosides, vasodilator drugs and diuretics,
but more likely part of the pathology. Depending on the regional distribution
of such alteration, the following hemodynamic consequences may be
anticipated. When present in vascular beds that play a major role in the control
of total peripheral resistance, progressive deterioration of resistance artery
function may compromise maintenance of elevated resistance in face of a
reduced cardiac output and thus contribute to the transition from compensated
to decompensated failure. When on the other hand limited to a vascular bed
such as the splanchnic area, it may limit recruitment of blood flow during
muscular activity and thus reduce exercise tolerance which is a common
feature of heart failure patients (Poole-Wilson et al., 1988). Future regional
vascular studies in infarcted rats may not only help to elucidate the
mechanisms that are responsible for the vascular changes they may also help to
determine the hemodynamic consequences.
In summary, we observed that after myocardial infarction in the rat, peripheral
vascular reactivity is modified. The changes which we observed at 4 weeks
after the infarction consisted of a general reduction of the contractility of
mesenteric resistance arteries. This alteration was not observed in the thoracic
aorta and superior mesenteric artery of the same animals and did not seem to
have a structural basis.
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Chapter 7

Abstract

Cytomegalovirus (CMV) is a major pathogen in immunocompromised
individuals and may participate in the pathogenesis of atherosclerosis in the
general population. We evaluated whether CMV-infection alters the function of
arterial smooth muscle.
Blood pressure (BP) and arterial reactivity were recorded in
immunosuppressed rats that had been infected with CMV (10' plaque forming
units i.p.). Furthermore, the reactivity of isolated arteries was compared
between CMV-infected rats and rats injected with bacterial endotoxin (LPS).
Initially resting BP and heart rate (HR) were not modified in CMV-infected
rats, but baroreflex control of HR was impaired. By the eighth day post-CMV,
BP dropped precipitously and could no longer be raised by phenylephrine
(PHE). In mesenteric resistance arteries, isolated at this stage from CMV-
infected rats, contractile responses to nerve stimulation, noradrenaline, PHE
and serotonin (5-HT) were virtually absent while those to high potassium and
vasopressin (AVP) were not modified. In aorta of CMV-infected rats,
responses to 5-HT and AVP were impaired while those to PHE or potassium
were hardly affected. Reduced contractile responses could not be restored by
N^-nitro-1-arginine methyl ester (L-NAME). Continuous treatment of CMV-
infected rats with prazosin (0.1 mg.kg'.day') prevented blood pressure
lowering and resistance artery changes. Observations in arteries of LPS-treated
rats (5-10 mg.kg' i.p.) differed markedly from those in vessels of CMV-
infected animals. The contractile reactivity of their mesenteric resistance
arteries was not altered while in their aorta responses to PHE, 5-HT and AVP
were reduced. With the exception of the AVP responses, this was more
pronounced in the presence of L-arginine and reversed by L-NAME. These
findings indicate that CMV-infection results in a reduction of resistance artery
reactivity and hypotonia. This seems not to involve cytokine-mediated induc-
tion of NO synthase in the vascular wall but may be due to alterations of
excitation-contraction coupling in arterial smooth muscle in response to
increased sympathetic nervous input.
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Introduction

Latent cytomegalovirus (CMV, a betaherpes virus) is present in a major
portion of the human population. In immunologically compromised
individuals, including those with acquired immunodeficiency, CMV is the
cause of serious disease (Abe et al., 1983; Tyms et al., 1989). In the general
population CMV may participate in the pathogenesis of atherosclerosis
(Bruggeman & van Dam-Mieras, 1991; Hajjar, 1991; Persoons et al., 1994).
The virus is found more frequently in arteries of patients exhibiting grade III
atherosclerosis than in those of young trauma victims (Hendrix et al., 1989)
and the development of atherosclerosis in heart-transplants has been observed
to correlate with the presence of CMV (Grattan et al., 1989; McDonald et al.,
1989). The mechanism of CMV's contribution to atherogenesis remains
unclear. Both in vitro and in vivo, CMV increases adherence of monocytes
and leucocytes to vascular endothelium (Span et al., 1991b). This is mediated
by interleukin 1 (IL1) (Span et al., 1991a). Whether CMV also affects arterial
smooth muscle cells, another participant in the formation of atherosclerotic
lesions and a major determinant of blood pressure, is largely unknown. In
addition to potential direct effects of CMV on arterial smooth muscle cells,
arterial responses to cytokines produced during CMV-infection may be
considered. Cytokines such as interleukin 1 and tumor necrosis factor have
been shown to induce NO synthase activity in vascular smooth muscle
(Moncada et al., 1989; Moncada & Higgs, 1991; Schini et al., 1992). This
seems to underlay hypotonic shock (Lin et al., 1994) during bacterial
endotoxemia. Endotoxin would stimulate cytokine production and subsequently
elevate intravascular levels of NO leading to profound vasodilation (Julou-
Schaeffer et al., 1990; Moncada & Higgs, 1991; Wakabayashi et al., 1991;
Mombouli & Vanhoutte, 1995). This is accompanied by marked baroreflex-
mediated stimulation of sympathetic nerve traffic to the heart and blood vessels
(Groeneveld et al., 1986). With time the reflex may adapt (Salgado & Krieger,
1978) which could result in the precipitous uncontrolled fall of blood pressure
that characterizes septic shock (Groeneveld et al., 1986; Julou-Schaeffer et al.,
1990; Wakabayashi et al.. 1991).
In the present study we evaluated whether CMV-infection influences arterial
contractile reactivity and whether cytokine-mediated induction of NO synthase
or adaptation to elevated sympathetic tone are involved herein. For this
purpose we recorded blood pressure, pressor responses to phenylephrine and
contractile reactivity of isolated blood vessels. Rat cytomegalovirus
(Bruggeman et al., 1985) was used to infect rats that had been immunosup-
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pressed by irradiation to promote and accelerate infection. Part of the
experiments were performed during continuous treatment with prazosin, in an
attempt to protect the vasculature against the effects of increased exposure to
noradrenaline. Observations were compared to those in sham-infected
irradiated rats and in rats injected with bacterial endotoxin as a positive control
for hypotonic shock due to cytokine-induced NO synthase expression in the
vasculature (Julou-Schaeffer et al., 1990; Rengasamy & Johns, 1991).

Materials & methods

Experiments were performed in 8 week old male specific pathogen-free Wistar
Kyoto rats (Central Animal Facilities; University of Limburg, Maastricht, The
Netherlands) and were approved by the local animal welfare committee. The
animals were maintained on 12 hour dark - 12 hour light cycles and had free
access to standard lab food and tap water. Four groups of animals (n=10
each) were defined: 1) untreated rats (control), 2) rats treated with bacterial
endotoxin (LPS-treated), 3) immunosuppressed untreated rats (CMV-control)
and 4) immunosuppressed rats that were infected with cytomegalovirus (CMV-
infected). Treatment with LPS consisted of i.p. injection of 5 mg.kg'
endotoxin of Esc/jenc/z/a co//. Immunosuppression was achieved by 6 Gray
total-body gamma irradiation. Twenty four hours later part of the animals were
i.p. injected with 100,000 plaque forming units (PFU) of rat cytomegalovirus
from a pad of homogenized salivary glands of acutely infected rats
(Bruggeman et al., 1985). CMV-controls received sterile phosphate buffered
saline.

Blood Pressure Measurement
Ten CMV-control rats and ten CMV-infected rats were equipped with an
intravenous and an intraarterial catheter for i.v. administration of agents and
recording of blood pressure, respectively (Struijker Boudier et al., 1982).
Surgery was performed under ketamine/xylazine (5 and 1 mg.kg' i.m.
respectively) anaesthesia three days prior to immunosuppression. Polyethylene
tubing (PE 10) was inserted from a femoral artery into the abdominal aorta
and from a femoral vein into the vena cava. The catheters were guided under
the dorsal skin, exteriorized and sutured to the neck musculature.
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The animals were injected on three consecutive days with an antibiotic
(ampiciline 0.1 g .day ' s .c ) .
The arterial catheter was connected to a miniature low volume displacement
pressure transducer (CP-01, Century Technology Co, Inglewood Ca, USA)
and the signal recorded on a polygraph (Grass model 7D; Grass Instruments,
Quincy MA, USA). Heart rate was determined from the pulsatile signal by a
tachograph (Grass Instruments). Mean blood pressure, heart rate and dose
response curves for the vasopressor effect of i.v. infused L-phenylephrine,
were determined in conscious freely moving animals on days 1, 3, 5, 7, 8, 9,
and 10 after CMV- or sham-infection. Phenylephrine infusion were started at
0.1 /xg.min"', the infusion rate was increased (0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8, 0.9, 1.0, 2.0 xg.min') when a stable pressure was reached.
Similar experiments were performed in rats that were continuously treated with
0.1 mg.kg'.day' prazosin. During placement of the catheters, these rats were
also subcutaneously implanted with an osmotic minipump (Alzet 2ML2; Alza
Co, Palo Alto, Ca USA) filled with prazosin dissolved in 50% DMSO in HjO.
In a previous study (van Kleef et al., 1992) this dose of prazosin was observed
to produce an 80-fold shift of the dose-response curve for the pressor action of
phenylephrine, indicating significant a,-adrenoceptor antagonism. Up to 14
days of treatment with the solvent did, however, not affect blood pressure,
pressor responses to phenylephrine or the reactivity of isolated blood vessels.
Three days after initiation of the prazosin-treatment the rats were irradiated.
Twenty four hours later part of them were infected with CMV (n= 10) and
part of them were sham-infected (n= 10).

Contractile Reactivity of Isolated Blood Vessels.
Rats were sacrificed by abdominal aorta puncture under ether anaesthesia 48 to
72 hours after LPS treatment, ten days after sham-infection or seven to ten
days after CMV-infection. The decision to sacrifice CMV-infected rats was
based on their blood pressure and overall appearance. Furthermore, 8
untreated control animals were used. From each rat the thoracic aorta and the
mesentery were isolated. From the latter a fourth order resistance-sized side
branch of the superior mesenteric artery (diameter approximately 200 /xm) was
dissected. Aorta segments and mesenteric small artery segments (length 2 mm)
were mounted horizontally in an organ chamber between a isometric force
transducer (Statham UC3 and Kistler Morse DSC6 for large and small vessels,
respectively) and a displacement device (Boonen & De Mey, 1990a; 1991;
Eerdmans et al., 1991). The organ chamber was filled with Krebs-Ringer
bicarbonate solution (KRB, 25 and 10 ml for large and small vessels,
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respectively) that was maintained at 37°C and aerated with 95% O, and 5%
COi. Prior to experimentation the internal circumference of the thoracic aorta
segments was set at 4.25 mm, which was observed in preliminary experiments
to yield strong and reproducible contractile responses. Mesenteric resistance
arteries were stretched to their individual optimal internal circumference for
isometric force development (Boonen & De Mey, 1990a; 1990b; 1991;
Eerdmans et al., 1991). Their circumference was increased by 60 /im every 5
min. with intermittent exposure to high potassium solution (125 mM K*; KRB
in which all NaCl had been replaced by an equimolar amount of KC1). This
length-tension protocol was continued until maximal contractile responses to
the depolarising stimulus were obtained. Further experimentation was
performed at this optimal internal circumference. Contractile responses were
induced with potassium, noradrenaline, phenylephrine, 5-hydroxytryptamine or
Arg-vasopressin and relaxing responses to isoproterenol or acetylcholine were
induced after the preparations had been made to contract with 30 nM Arg-
vasopressin. These agents were tested in the same vessels but the order of
testing was randomized to exclude that responses to a given agonist were
influenced by pretreatment with another agent. Part of the experiments were
repeated in the presence of 1 mM L-arginine or of 0.1 mM N°-nitro-l-arginine
methyl ester (L-NAME), a substrate and an inhibitor of NO synthase,
respectively (Moncada et al., 1989). Preparations were preincubated with these
agents for at least 30 min before exposure to contractile or relaxing agonists.
Also the order of exposure to L-arginine and L-NAME was randomized. This
did not affect the results. To stimulate sympathetic nerves in mesenteric
resistance arteries, 2 platinum electrodes connected to a constant current
source (amplitude 85 mA) were placed longitudinally across the mounted
vessel segments and frequency response curves (1 to 32 Hz, pulse duration 2
msec) were constructed (Nilsson, 1985; Eerdmans et al., 1991). The
experiments were performed in parallel in isolated aorta and resistance artery
segments and took approximately 6 hours to perform. It has previously been
demonstrated that long term incubation of blood vessels in vitro may be
accompanied by the induction of additional NO synthesis (Moncada et al.,
1989; Moncada & Higgs, 1991). In the present experiments, however, the
sensitivity for vasocontrictor agonists and the effects of L-arginine and L-
NAME on contractile responses to agonists did not differ when evaluated after
1 and 6 hours of incubation of preparations of control rats (n=6). Therefore,
the interpretation of the present findings is not likely to be complicated by the
induction of NO synthase during the in vitro experimentation.
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Drugs and Solutions
KRB had the following millimolar composition: NaCl 118.3, KC1 4.7,
2.5, MgSO^H^O 1.2, KH2PO4 1.2, NaHCOj 25.0, glucose 11.1. L-arginine
hydrochloride, N°-nitro-L-arginine methyl ester, L-isoproterenol
hydrochloride, LPS from EscAer/c/i/a co//, L-noradrenaline hydrochloride, L-
phenylephrine hydrochloride, L-prazosin hydrochloride, and DL-propranolol
hydrochloride were obtained from Sigma Chemical Co (Saint Louis, Mo
USA). Acetylcholine hydrochloride and serotonin creatinine sulphate
monohydrate were purchased from Janssen Chimica (Beerse, Belgium) and
Arg-vasopressin from Sandoz (Basel, Switzerland).

Data Analysis
Contractile responses of isolated blood vessels to agonists were expressed as
increases in wall tension (increases in isometric force divided by twice the
segment length) and relative to the amplitude of the contraction induced by
125 mM potassium in the same preparation. Sensitivity for the pressor action
of phenylephrine in vivo and for the contractile effect of agonists in vitro was
determined by interpolation on a least square sigmoidal curve fit of the con-
centration response curves (Inplot, GraphPad, San Diego, Ca, USA). Data are
shown as mean ± s.e.mean. Statistical significance of effects and of
differences between treatment groups was evaluated by Student's t-test for
paired observations. Student's t-test for unpaired observations or analysis of
variance followed by Bonferroni's t-test or Student's t-test where appropriate
(Wallenstein et al., 1980) using commercially available software (Crunch,
Software Corp., San Francisco, Ca USA).
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Results

Blood Pressure and Heart Rate
In irradiated rats that had been sham-infected, basal mean arterial pressure
(MAP) and heart rate (HR), the sensitivity and maximal pressor response to
i.v. infused phenylephrine (PHE) and the bradycardia accompanying the
elicited pressure elevation, did not change significantly during the study period
(table 1, figure 1 and figure 2).

Table 1
Effect of phenylephrine on blood pressure in sham-infected and CMV-infected rats.

Day 1

Day 3

Day 5

Day 7

Day 8

Sham-infected

ED,o
(jtg.min')

0.16±0.03

0.20±0.02

0.22±0.03

0.14±0.01

0.22±0.02

(mmHg)

51±7

64±5

64±3

61±2

69 ±4

CMV-infected

ED«
(Mg.min')

0.22 ±0.03

0.21 ±0.03

0.22±0.07

0.55±0.17

> 2

(mmHg)

46±8

68 ±4

58±4

47±8

9±4*

Irradiated rats were i.p. injected with 10* PFU of CMV or sham-infected on Day 0. Cumulative
concentration response curves for the pressor effect of phenylephrine (0.1-2 /ig.min') were
constructed by iv infusion of the agonist in conscious unrestrained animals. Data were expressed as
the dose required to induce a half maximal response (ED,,,) and as the maximal increase in mean
arterial blood pressure (E^,), and are shown as mean +s.e.mean (n = 7-10). ' The difference from
sham-infected animals is statistically significant (p<0.05).

One day after CMV-infection the recorded variables did not differ from those
in sham-infected rats. Three days following CMV-infection, MAP was not
altered but HR significantly reduced (figure 1). The sensitivity and maximal
pressor response to PHE were not modified at this stage (table 1, figure 2).
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CONTROL PRAZOSIN ( .1mg/kg/doy)

0 2 4 6 8 10

DAYS POST-INFECTION
0 2 4 6 8 10

DAYS POST-INFECTION

Figure 1
Basal heart rate (HR, top) and mean arterial pressure (MAP, bottom) in conscious unrestrained
irradiated rats that had been i.p. injected on day 0 with 10* PFU rat cytomegalovirus (CMV, open
symbols) or sham-infected (closed symbols) without (left) and with (right) continuous treatment with
0.1 mg.kg'.day' prazosin initiated at day -3. Data are shown as mean ± s.e.mean (n = 7-10). *.
the difference from sham-infected animals is statistically significant (p < 0.05).

The baroreflex, as reflected by heart rate changes during pharmacologically
induced pressure elevation was, however, impaired (figure 2). The relationship
between changes in heartperiod and changes in MAP was less pronounced in
CMV-infected rats (correlation coefficient, r* .271) than in shams (r* .508) and
was more shallow (slope .712 ± .179 msec.mmHg' versus 1.653 ± .217
msec.mmHg' in shams). By day 5, both MAP and HR were significantly
elevated (figurel). The sensitivity and maximal pressor response to PHE were
not altered (table 1). The baroreflex was restored but seemed to be operating
around a higher heart rate (figure 2). At the 7th day after CMV-infection,
basal HR remained elevated while MAP was comparable to that in shams. The
animals had become less sensitive to the pressor action of PHE (table 1), but
still displayed bradycardia in response to pressure elevation (figure 2).
Although the range of pressure and heart rate changes was narrower, the
relationship between MAP and HR was shifted as observed on day 5 post-
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CMV. On day 8, CMV-infected rats displayed very low MAP and high HR
(figure 1 and figure 2). At this stage even high doses of PHE had minimal
effects on blood pressure.

i

60 SO 100 120 140 160 160 200

MAP (mmHg)

60 80 100 120 140 160 180 200

MAP (mmHg)

Figure 2
Relationship between heart rate (HR) and mean arterial pressure (MAP) before and during i.v.
infusion of phenylephrine (0.1 to 2.0 ng.min') in conscious unrestrained irradiated rats that had
been infected with CMV (open symbols) or sham-infected (closed symbols) on day 0. For sensitivity
and maximal pressor responses to the agonist see table 1. Data are shown as mean ± s.e.mean (n =
7-10).

Blood pressure and heart rate were recorded in additional animals that were
infected with CMV or sham-infected during continuous treatment with 0.1
mg.kg'.day' prazosin. The long-term treatment with the a,-adrenoceptor
antagonist did not modify MAP but tended to increase HR (figure 1). In
prazosin-treated animals the development of tachycardia during CMV-infection
was delayed and no precipitous fall of blood pressure was noted on the 8th day
(figure 1). In a separate experiment it was observed that 6 out of 10 prazosin-
treated rats survived the CMV-infection for at least ten days, while this was
the case for only 3 out of 10 CMV-infected animals, that were not treated with
prazosin.
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Isolated Blood Vessels

Eight days following CMV-infection, contractile responses of thoracic aorta
segments to 125 mM potassium were not significantly modified. They
averaged 3.8+0.5 mN/mm compared to 4.8±0.2 mN/mm in aorta of sham-
infected rats. The sensitivity of the aorta to PHE was decreased and contractile
responses to 1-10 /xM serotonin (5-HT) and those to 30 nM Arg-vasopressin
(AVP) were markedly reduced (figure 3). These differences between the aorta
of CMV-infected and sham-infected rats were not accentuated in the presence
of 1 mM L-arginine and were not abolished by 0.1 mM L-NAME (figure 3).

- 9 - 8 - 7 - 6 - 5

log MOLAR [PHE]
9 - 8 - 7 - 6 - 5

log MOLAR [5-HT]

<-> 1 . 5 •

0.0
KRB + L-NAME

+ L-Arg

1.5 •

1 . 0 • n

0 5 •

0.0

Figure 3
Contractile reactivity of aorta segments isolated 8 days after CMV- or sham-infection. Shown are
concentration response curves (top) for phenylephrine (PHE) and serotonin (5-HT; sham, closed
symbols; CMV, open symbols) along with the amplitude of contractile responses to 125 mM
potassium, 10 ^M phenylephrine, 10 ^M serotonin and 30 nM Arg-vaso-pressin in the absence
(KRB) or presence of 1 mM L-arginine (L-Arg) or 0.1 mM L-NAME. The data were expressed as
fraction of the contractile response to 125 mM potassium in drug-free solution (4.8 ± 0.2 and 3.8
± 0.5 mN/mm for control and CMV-rats, respectively) and are shown as mean + s.e.mean (n =
8). *, the difference from sham-infected rats is statistically significant (P < 0.05).
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A/ese/i/er/c res/startce arter/es
Eight Days after CMV-infection the size of the mesenteric resistance arteries
was not modified and the amplitude of their responses to 125 mM potassium
and 30 nM AVP was not altered (table 1). Mesenteric small arteries obtained
from CMV-infected rats failed, however, to contract to adrenergic stimulation
(figure 4). Virtually no contractile responses were obtained in response to
nerve stimulation or exogenous noradrenaline. The /3-adrenoceptor blocking
agent propranolol (1 /iM) did not unmask responses to these interventions
(data not shown, n = 8) and also the selective a,-adrenergic agonist PHE failed
to induce contraction (figure 4). Furthermore, responses to 5-HT were
significantly smaller in mesenteric resistance arteries of CMV-infected than in
those of sham-infected rats (figure 4). The sensitivity (pDj: 6.7±0.4 versus
7.2+0.4) and maximal relaxing responses (96+4% versus 88±8%) to
isoproterenol, administered during AVP-induced contraction, were not altered
in small arteries of CMV-infected rats (figure 5). In resistance arteries of rats
that had been exposed to the virus, the maximal relaxing response to
acetylcholine (54+17% versus 90 + 3%) was significantly reduced but the
sensitivity to the endothelium-dependent agonist was not modified (pDj:
7.1+0.2 versus 6.9+0.3) (figure 5).
Pretreatment with L-NAME, or administration of the inhibitor during exposure
to agonists, did not unmask contractile responses to noradrenaline or PHE and
did not enhance contractile responses to 5-HT in mesenteric resistance arteries
of CMV-infected rats (not shown).
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Figure 4
Contractile responses in mesenteric small artery segments isolated 8 days after CMV- (open
symbols) or sham-infection (closed symbols). Concentration-response curves for norepinephrine
(NE), phenylephrine (PHE) and serotonin (5-HT) are shown along with frequency-response curves
for electrical field stimulation of peri vascular nerves (EFS). The data were expressed relative to the
amplitude of contractile responses to 125 mM potassium (for absolute values see table 2) and are
shown as mean ± s.e.mean (n= 7-10). The differences between both groups are statistically
significant.

_. loo MOLAR [ISOP] log MOLAR [Ach]
Figure 5
Relaxing responses in mesemeric small artery segments isolated 8 days after CMV- (open symbols)
or sham-infection (closed symbols). Concentration-response curves for isoproterenol (ISOP) and
acethylcholine (Ach) were constructed during contraction induced by 30 nM Arg-vasopressin. The
data were expressed as fraction of the tone observed before addition of the relaxing agent and are
shown as mean ± s.e.mean (n = 7-10).
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Figure 6
Contractile responses in mesenteric small artery segments isolated 8 days after CMV- (open
symbols) or sham-infection (closed symbols) during continuous treatment in vivo with 0.1
mg/kg/day prazosin. Concentration-response curves for phenylephrine (PHE) and serotonin (5-HT)
are shown. The data were expressed relative to the amplitude of contractile responses to 125 mM
potassium (for absolute values see table 2) and are shown as mean ± s.e.mean (n = 7-10).
* The difference between CMV- and sham-infected rats is statistically significant.

Figure 6 illustrates responses to vasoconstrictors in mesenteric resistance
arteries obtained from rats that had been sham- or CMV-infected during
continuous treatment with 0.1 mg.kg'.day"' prazosin. As was observed for the
untreated animals, the optimal diameter and the amplitude of responses to 125
mM potassium and 30 nM AVP did not differ between vessels of the sham-
and the CMV-infected rats (table 2).
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Table 2
Maximal contractile responses to agonists in mesenteric resistance-sized arteries of rats infected with
cytomegalovirus (CMV)

OID
(/tin) (mN.mm')

AVP
(mN.mm')

NA
(mN.mm')

5-HT
(mN.mm')

Untreated

Sham-infected

CMV-infected

O.lmg.kg'.day'

Sham-infected

CMV-infected

201 ±9

193±12

prazosin

200±11

242 ±28

2.6±.4

2.8±.3

3.3±.4

2.6±.3

2.6±.3

2.4±.3

2.6±.5

3.2±.3

3.0±.4

0.1 ±.05*

3.3±.3

1.3±.9*

2.6±.O2

0.6±.06*

2.1±.3

2.7±.7

Small arteries were isolated from the mesentery of irradiated rats 8 days after sham- or CMV-
infection with and without continuous treatment with prazosin. The vessels were stretched to their
individual optimal internal diameter (OID) for isometric force development. The amplitude of
contractile responses to 125 mM potassium (K*), 30 nM Arg-vasopressin (AVP), 10 jtM
noradrenaline (NA) and 10 /xM serotonin (5-HT) were expressed as increases in wall tension and are
shown as mean ±s.e.mean (n = 7-10). * The difference from sham-infected animals is statistically
significant (p<0.05).

But unlike observed for untreated rats, the responsiveness to 5-HT in
mesenteric small arteries isolated from prazosin-treated CMV-infected rats was
comparable to that in small vessels of prazosin-treated sham-infected animals
(figure 6). Furthermore, sensitivity but not maximal responses to PHE were
reduced in mesenteric resistance arteries of rats infected with CMV during
continuous treatment with prazosin (figure 6, table 2).

Vessels of LPS-treated Rats
Compared to controls and sham-infected immunosuppressed rats, the
contractile reactivity of thoracic aorta segments of LPS-treated rats was
markedly altered. The amplitude of contractile responses to PHE, 5-HT and
AVP was significantly reduced (figure 7). Furthermore, in aorta of LPS
treated rats, 1 mM L-arginine reduced contractile responses and 0.1 mM L-
NAME increased contractile responses to PHE and 5-HT (figure 7). In the
aorta of control rats, the effects of L-arginine and L-NAME were not
statistically significant.
In contrast to the thoracic aorta, the contractile reactivity of mesenteric
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resistance arteries obtained from the same LPS-treated rats, did not differ from
that of small arteries isolated from control animals (figure 7). The amplitude
of maximal contractile responses to potassium, PHE, 5-HT and AVP were not
altered following administration of LPS. Furthermore, the presence of 1 mM
L-arginine or 0.1 mM L-NAME did not unmask differences between
resistance arteries of LPS-treated and control rats (figure 7).

control LPS-treoted rots

1.5 -

b 1.0 - n

u
IE
O 0.5 -

o.o

1.5 -

1.0 - n

0.5 -

0.0

1.5 -
in

i 1.0 •
UJ

o
£ 0.5 •

R
E

L

0.0 -

MrA

X A fl i
I :i 1

1.5 -

1.0 -

0.5 -

0.0 -

MrA

£ fii

;

| ;
j ;

T ft* j

:;
CONT Arq NAME CONT Arg NAME

Figure 7
Effects of L-arginine (L-Arg) and L-N°-arginine monomethyl ester (L-NAME) on contractile
responses of thoracic aorta segments (top) and mesenteric resistance artery segments (bottom) of rats
that had been injected 48-72 hours earlier with 5-10 mg/kg LPS (right) and untreated controls (left).
Contractions were induced with 125 mM potassium, 10 /zM phenylephrine, 10 /xM serotonin and 30
nM Arg-vasopressin in drug-free solution (KRB) at 45 and 15 min interval in aorta and small artery
preparations, respectively. They were then repeated in the continuous presence of 1 mM L-arginine
and thereafter in the presence of 100 /xM L-NAME. Contractions were expressed as fraction of the
response to K* in KRB (3.5±0.6 and 2.9±0.5 mN.mm' for control and LPS-treated aorta,
respectively, and 2.9±0.3 and 3.2±0.3 mN.mm' for control and LPS-treated mesenteric small
artery, respectively). The data are shown as mean ± s.e.mean (n = 8). *the difference from control
rats is statistically significant; #, the effect of L-Arg or L-NAME is statistically significant.
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Discussion

In immunosuppressed rats, CMV infection was found to alter heart rate, blood
pressure and arterial reactivity. The arterial changes were more marked in
small arteries than in the aorta and differed from those observed following
LPS. They could not be reversed by L-NAME but were prevented by prazosin
treatment. This suggests that CMV resulted in vascular failure independently
of NO synthase, but through activation of the sympathetic nervous system.
Herpes virusses, including cytomegalovirus are widespread in the general
population and have been suggested to be involved in the pathogenesis of
atherosclerosis (Bruggeman & van Dam-Mieras, 1991; Hajjar, 1991; Persoons
et al., 1994). CMV was observed to promote integrin production and adhesion
of monocytes and leucocytes to endothelium (Span et al., 1991a; 1991b). This
is mediated by cytokines such as IL1 (Span et al., 1991a). The goal of the
present study was to evaluate whether CMV-infection in vivo also influences
the function of arterial smooth muscle. The experiments were performed
following immunosuppression by irradiation because like human CMV, rat
CMV is pathogenic almost exclusively under immunocompromised conditions
(Bruggeman et al., 1985). Observations with respect to blood pressure and
arterial reactivity in immunosuppressed sham-infected rats were comparable to
those in control age-matched rats (Struijker Boudier et al., 1982; Boonen &
De Mey, 1990a; 1991; Eerdmans et al., 1991).
CMV-infected rats ultimately displayed tachycardia, low blood pressure and
impaired pressor responses to PHE, reminiscent of hypotonic shock during
bacterial sepsis (Groeneveld et al., 1986; Julou-Schaeffer et al., 1990).
Observations in mesenteric small arteries indicate that this was due to
extensive peripheral vasodilatation. These resistance-sized arteries were
markedly hyporesponsive to sympathetic nerve stimulation and a,-adrenergic
stimulation by exogenous noradrenaline or PHE. Also during bacterial sepsis,
extensive peripheral vasodilatation underlies the precipitous fall in blood
pressure (Groeneveld et al., 1986; Julou-Schaeffer et al., 1990). Regional- and
agonist-selectivity of the changes suggest, however, that the mechanisms differ
from those engaged following administration of LPS. Selective alterations were
found in small mesenteric arteries. They consisted of drastically impaired
responses to a, adrenergic and serotonergic stimulation, despite maintenance
of responses to potassium and vasopressin. This can not be attributed to
induction of NO synthase because (i) small artery responses to phenylephrine,
serotonin and vasopressin are equally sensitive to NO (Eerdmans and De Mey,
unpublished observations), (ii) the NO synthase inhibitor L-NAME did not
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restore responses and because (iii) LPS-treatment, which has been shown to
result in cytokine-mediate induction of NO synthase in the vascular wall
(Moncada et al., 1989; Julou-Schaeffer et al., 1990; Moncada & Higgs,
1991), altered the reactivity of the aorta but not that of small resistance
vessels. It is more likely that a selective alteration of signal-transduction
developed in small artery smooth muscle during the course of the CMV-
infection. We previously suggested that small artery responses to aj-adrenergic
stimulation and serotonin are mediated by pertussis toxin sensitive G-proteins
affecting voltage-operated calcium channels (Boonen & De Mey, 1990a;
1990b; 1991). Depolarisation directly opens these channels while vasopressin
most likely induces contraction through phospholipase C (Boonen & De Mey,
1990a; 1990b; 1991). Furthermore, contractile responses of the rat aorta to
PHE are rather insensitive to pertussis toxin and calcium channel blockers
(Nichols et al., 1989; Oriowo & Ruffolo, 1992). Thus, the observed regional-
and agonist selectivity suggest changes at the level of pertussis toxin sensitive
G-proteins, but this remains to be firmly established.
That mechanisms other than induction of NO synthase would be involved in
vascular changes following CMV-infection is suggested by their resistance to
arginine and arginine-analogues and by their regional distribution which differs
from that observed following LPS. We observed that 2 days after bolus
administration of LPS, contractile reactivity was reduced in aorta but not
resistance vessels and that exogenous arginine caused relaxation in aorta but
not resistance vessels. This large artery selectivity contrasts with observations
of reduced coronary resistance and relaxation of resistance arteries induced by
arginine in rabbit hearts and rat mesenteries 4-6 hours after injected i.p. with
20 mg/kg LPS (Smith et al., 1991). This discrepancy may be due to
differences in concentration- and time-dependency of responses to LPS and
cytokines in large and small arteries. In the present study we deliberately used
a low concentration of LPS and a long "incubation" time in an attempt to
mimic the progressive nature of the changes following CMV-infection.
Prior to changes in vasopressor responsiveness to PHE, CMV-infected rats
displayed changes in basal heart rate and in heart rate regulation. Upon
elevation of blood pressure with PHE, heart rate is normally reduced through
a decrease of sympathetic and an increase of parasympathetic outflow. Three
days after CMV-infection the capacity to reduce heart rate in response to
pressure elevation was impaired. Although the reflex recovered, it was
apparently shifted to a higher set-point. Thereafter basal heart rate increased
even further. It is of interest that even at 8 days post-infection, when high
heart rate and low blood pressure were observed, administration of the |8-
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adrenoceptor antagonist propranolol (1 mg.kg' i.v.) reduced heart rate
(unpublished observations). Combined these data suggest that increased
sympathetic output was maintained for several days after CMV-infection.
Several days were needed before arterial reactivity changed following CMV-
infection. This may be indicative of an indirect mechanism. Our findings with
prazosin suggest a possible contribution of sympathetic nervous input to the
vascular alterations. Because CMV-infection ultimately resulted in hypotonic
shock preceded by tachycardia, we anticipated that prazosin-treatment would
accelerate the development of the precipitous fall of blood pressure.
Surprisingly it rather delayed the changes in heart rate and blood pressure.
Furthermore, it protected small arteries against the selective reactivity
changes. From this we suggest that excessive a,-adrenergic stimulation of
arterial smooth muscle contributes to the selective alteration of excitation-
contraction coupling. Through a more or less classical down-regulation process
it would primarily affect the action of postjunctional aj-adrenoceptors and that
of other agonists, such as serotonin, that share the same signalling mechanisms
in the vasculature (Boonen & De Mey, 1990a; 1990b; 1991). It would not
affect vascular /3-adrenergic responses, because we have previously shown that
in mesenteric small arteries postjunctional /3-adrenoceptors are situated beyond
the reach of neuronally released noradrenaline (Eerdmans et al., 1991).
Furthermore, a,-adrenergic responses of the aorta could escape from this
process because, in the adult rat, this vessel is not innervated.
In summary, we observed that CMV-infection of irradiated rats resulted in
altered heart rate regulation, tachycardia, changes in arterial reactivity and
marked reduction of blood pressure. The changes in vascular function were
agonist- and regionally selective. They differed from those observed following
administration of endotoxin. Alterations of excitation-contraction coupling in
blood vessels are more likely to be involved than cytokine-mediated induction
of NO synthase. a,-Adrenoceptors may participate in the initiation of these
changes.
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Background

Harvey, who discovered the basic principles of the circulation of the blood,
was so impressed by its complexity that he stated in the first chapter of his
classic book Exercitatio Anatomica de Motu Cordis et Sanguinis in Animalibus
(1628) that he almost felt that the motion of the heart and blood was to be
comprehended only by God.
Indeed the control of the cardiovascular system seems to be very complex. An
important control systems in relation to blood pressure control is the
sympathetic nervous system. Claude Bernard (1851) recognized that integration
of the function of the cardiovascular system depends mainly on the nervous
system. The exploration of the sympathetic nervous system started in 1897
when noradrenaline, the main sympathetic neurotransmitter, was identified
(Abel & Crawford, 1897). In 1905 (Elliot, 1905) the relation between
noradrenaline and the sympathetic nervous system was first mentioned. The
link between noradrenaline, the sympathetic nervous system and the
cardiovascular system was first described in 1921 (Loewi, 1921). Classically
two acute sympathetic mechanisms are proposed in relation to blood pressure
regulation: i) vascular and cardiac control by sympathetic nerves using
noradrenaline as prime neurotransmitter and ii) control of the heart and
vasculature by circulating noradrenaline and adrenaline released by the adrenal
medulla. Cardiovascular effects of other aspects of the sympathetic nervous
system became increasingly clear during the last 25 years.
In chapter 1 of this thesis it is described that besides noradrenaline various
other transmitters (cotransmitters) can be released by sympathetic nerves. The
release of neurotransmitters is controlled locally by feedback systems (for
example pre-synaptic c ^ and /3-adrenoceptors), hormones (for example
angiotensin II) or transmitters from peptidergic nerve endings.
Furthermore, it became clear that several types and subtypes of adrenoceptors
exist and that these adrenoceptors are not uniformly distributed along the
vascular tree (De Mey & Vanhoutte, 1981; Daly et al., 1988; Faber, 1988b;
Heesen & De Mey, 1990; Messing et al., 1990; Piascik et al., 1990; Aantaa et
al., 1995; Hieble et al., 1995; Michel et al., 1995; Graham et al., 1996). The
latter can also be said about the sympathetic nerves. Large arteries like the
aorta are sparsely innervated. In general, nerve density increases with
increasing branching of the vascular tree but marked differences exist between
vascular beds. A second important finding of the last decades is the dynamics
of the adrenoceptors. Adrenoceptor populations change depending on the levels
of stimulation, increased stimulation leading to reduction of the density of at
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least certain (sub)types of receptors (down-regulation) and vice versa (Sibley &
Lefkowitz, 1985; Brodde, 1991; Kiuchi et al., 1993).
Knowledge on the functional significance of the sympathetic nervous system
has also evolved. The sympathetic nervous system is not only an acute blood
pressure regulating system, but can also alter blood pressure in a chronic
manner. Evidence has been presented for a trophic influence of the
sympathetic nervous system on the heart and vasculature (see chapter 1)
(Bevan & Tsuru, 1979; 1981; Bevan et al., 1983; Blaes & Boissel, 1983;
Yamori et al., 1987; Nakaki et al., 1990). The structural changes caused by
the sympathetic nervous system can contribute to increased vascular resistance
and blood pressure as observed in hypertension.

In summary, on the one hand the sympathetic nervous system plays a pivotal
role in normal cardiovascular control. On the other hand, many investigators
(see chapter 1 for a review) believe that abnormalities in sympathetic activity
may underlie the pathogenesis of certain diseases. The aim of this thesis was
to investigate the long-term consequences of altered sympathetic activity on
especially the resistance part of the vascular system. In particular the next
research questions were stipulated;

- what are the alterations in vascular adrenergic reactivity in experimental
models of chronically increased or decreased sympathetic activity?
- what are the structural vascular alterations in experimental models of
chronically increased or decreased sympathetic activity?

In order to answer these questions we studied a range of arteries from
different vascular beds of rats. We focused on resistance sized arteries in view
of the important role these arteries play in resistance, and hence blood
pressure, control. In chapter 1 the choice of the experimental models we used
was motivated.

What are the results and what is their interpretation ?

Chapters 2 and 3 were aimed at a precise definition of the pharmacological
tools to be used in the vascular a-adrenoceptor studies in this thesis. In chapter
2 we investigated the role of a,-adrenoceptor subtypes in isolated large and
small arteries of the rat. We evaluated effects of the a,g+ a,o adrenoceptor
blocking agent CEC on pH]-prazosin binding and on responses and affinity to
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noradrenaline and a,-adrenoceptor antagonists in isolated rat thoracic aorta,
superior mesenteric artery, and mesenteric resistance arteries. Pretreatment
with CEC reduced the number of prazosin binding sites and the sensitivity for
the contractile effect of noradrenaline more markedly in large arteries than in
small resistance-sized arteries of the rat. Yet, pretreatment with CEC did not
modify some aspects of the regional heterogeneity of arterial a,-adrenergic
responses such as differences in susceptibility of agonist responses to the
inhibitory action of phenoxybenzamine and Na-nitroprusside. The findings
suggest that (i) a,A-adrenoceptors are more prominent in small arteries than in
large resistance arteries of the rat and (ii) regional heterogeneity of a,-
adrenergic responses in blood vessels is not solely due to differences in the
distribution of a,-adrenoceptor subtypes. Furthermore in mesenteric resistance
arteries, pretreatment with CEC reduced the number of prazosin binding sites
but did not affect maximal contractile responses to noradrenaline despite the
absence of a significant receptor reserve. CEC, however, reduced the
contractile response of the mesenteric resistance artery to noradrenaline in the
absence of extracellular calcium. This suggests that in mesenteric resistance
arteries a small but significant population of a,B-adrenoceptors is present and
coupled to an intracellular calcium pool. These a,B-adrenoceptors contribute,
however, minimally to sustained responses to noradrenaline which seem to be
mediated primarily by a,A-adrenoceptors.

In chapter 3 we furthermore investigated the acute effects of 3 different oij"
adrenoceptor agonists, azepexole, clonidine and rilmenidine in mesenteric and
renal resistance arteries. The aj-adrenoceptor agonists differ in several
respects: two c^-adrenoceptor agonists with centrally acting hypotensive
properties, azepexole and clonidine and furthermore rilmenidine, an N-
substituted oxazoline, with high affinity for both a^adrenoceptors and
imidazoline receptors were used. Azepexole and rilmenidine did not modify (i)
basal tone, (ii) contractile responses to 30 mM potassium, (iii) contractile
responses to 0.1 to 20 /xM phenylephrine and (iv) relaxing responses to
isoproterenol 1 nM to 10 /*M. At 10 /xM rilmenidine, but not azepexole,
increased the sensitivity of mesenteric vessels to nerve stimulation. Clonidine
on the other hand increased contractile responses to 30 mM potassium and
reduced contractile responses to phenylephrine. Contractile effects of clonidine
in partly depolarised preparations could be antagonised by 1 /xM prazosin. It
was concluded that aj-adrenoceptor stimulation failed to influence resistance
artery contractile reactivity and both rilmenidine and clonidine elicited effects
that can not be attributed to c^adrenoceptor stimulation. For rilmenidine this
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may involve an effect on sensory-motor nerves; in the case of clonidine partial
a,-adrenoceptor agonism seems to play a major role. The lack of clear cut
effects of aj-adrenoceptor stimulation be it through direct activation of
excitation-contraction coupling or through inhibition of adenylate cyclase,
contrasts with the earlier demonstration of both pre- and postjunctional aj-
adrenergic binding sites in this tissue.

Chapters 4 and 5 were aimed at an analysis of vascular reactivity and
structural alterations in chronic hypertension. The studies were performed in
SHR, an experimental model characterized by hyperinnervation of blood
vessels and by a sympathetic hyperactivity during the early stages of the
development of hypertension (see chapter 1). In the two chapters we compared
non-treated SHR with animals that received postsynaptic a,-adrenoceptor
blocking drugs or centrally acting drugs that reduce sympathetic activity. The
(4 weeks) treatment of the 8 weeks old spontaneously hypertensive rats were
the following; 0.1 mg/kg/day prazosin, 6 mg/kg/day rilmenidine or 60
mg/kg/day azepexole.
In chapter 4 the emphasis was put on the blood pressure and vascular
structural alterations following the treatment. Azepexole and rilmenidine
transiently lowered blood pressure and heart rate but caused a persistent
reduction of plasma noradrenaline levels. Prazosin on the other hand did not
modify blood pressure, heart rate or plasma noradrenaline levels. The lack of
chronic antihypertensive action of the drugs causing reduced sympathetic
activity is in contrast with the observations by ourselves and others
(Christensen et al., 1988; Linz et al., 1989; Eerdmans et al., 1991; Harrap,
1991) that ACE inhibitors, hydralazine or other vasodilators can persistently
lower blood pressure chronically in SHR. The discrepancy suggests that the
sympathetic nervous system has a more important role in acute than in long-
term control of blood pressure. This is in agreement with the view expressed
by Guyton and co-workers (see introduction) that nervous control of the
cardiovascular system primarily serves a short-term function.
After the four weeks treatment structural properties and maximal contractile
responses were determined in thoracic aorta, superior mesenteric artery,
mesenteric and renal resistance arteries. Findings differed considerably
between different types of vessels. It was found that prazosin treatment
resulted in a significant reduction of media cross sectional area (CSAm) in
aorta but not in the other vessels. Azepexole on the other hand caused a
significant increase of CSAm of the mesenteric resistance arteries. Rilmenidine
treatment had no effect on the vascular structure. Maximal active wall tension
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and maximal active wall stress of the several types of artery were not modified
by prazosin or azepexole. However, rilmenidine treatment resulted in a
significant increase of active wall tension and stress in the aorta and the
opposite in the mesenteric resistance artery. In a previous study (Boonen et
al., 1993) we found a lack of structural effects on small mesenteric arteries
after 4 day phenylephrine infusion at doses that did cause blood pressure
elevation, whereas contractile reactivity decreased. Taken together, these data
do not support a generalized arterial structural effect of the sympathetic
nervous system. There may be regionally selective changes in arterial structure
and function, whereas at least part of the effect of azepexole and rilmenidine
may not at all depend on their interference with aj-adrenoceptors. Some of
the lack of long term arterial structural effects seen in this study may
contribute to the limited anti-hypertensive potential of the applied drugs in the
SHR.

In chapter 5 we described the effect of 4 weeks treatment with 0.1 mg/kg/day
prazosin, 6 mg/kg/day rilmenidine or 60 mg/kg/day azepexole on vascular
reactivity as investigated in the thoracic aorta, superior mesenteric artery,
mesenteric resistance arteries and renal resistance arteries. Furthermore,
changes in a-adrenoceptor subtypes were evaluated in receptor binding studies
of the kidney. In the latter only a changed a,-adrenoceptor affinity of the
prazosin treated animals was found which may be due to the presence of
prazosin following its 4 week treatment. Electrical nerve stimulation revealed
an increased sensitivity in the mesenteric resistance artery in the three
treatment groups. No changes were found in the larger superior mesenteric
artery or renal resistance artery. This increased sensitivity was not caused by
changes in noradrenaline re-uptake or changes in the sensitivity of the arterial
smooth muscle for noradrenaline. Furthermore the aorta and superior
mesenteric artery, but not resistance arteries, of the animals treated with
prazosin and rilmenidine were significantly less sensitive to acetylcholine.
From the observed findings we concluded that no changes in contractile
properties or adrenoceptor populations of the investigated arteries developed
due to the 4 weeks treatment to decrease sympathetic activity. The changes in
the endothelium induced relaxing properties of the large arteries and the
alterations seen in the mesenteric resistance artery can play a role in the lack
of antihypertensive effects of the used treatments.

Although these studies (chapter 4 and 5) do not disclaim a potential role for
sympathetic hyperactivity in the early postnatal period of SHR, they suggest
that in the later stages (> 3 months) hypertension is not dependent on
sympathetic activity (see figure 1).

- 189-



Chapter 8

SHR (normal)
Normal Blood pressure

Previous knowledge

Renal abnormalities

Increased sympathetic activity

I Increased sensitivity to pressor substance
Enviromental and genetic factors

Structural changes, remodelling

Hypertension

SHR (neonatal, inhibition sympathetic activity)

Normal Blood pressure

Renal abnormalities

This thesis

^ Increased sensitivity to pressor substance
Enviromental and genetic (actors

T I
< . - - . Structural changes, remodelling

SHR (adult, inhibition sympathetic activity)

Hypertension

Z)areiuifl; xym/NUAetic

I*
Blood pressure regulating systems

Endocrine (eg. renin-angkxensin system)

Physical (eg. renal pressure-diuresis mechanism)

Structural changes, remodelling

Hypertension

Normal Mood pressure

Figure 1
Schematic representation of the variables responsible for the development of hypertension, the
findings in neonatal SH-rats and the observations from this thesis. When decreasing sympathetic
activity in neonatal rats no structural changes or hypertension develop. In this thesis we evaluated
the effect of a decreased sympathetic activity in the adult rat (right side). The (negative) effects of
decreased sympathetic activity, pressure decrease and structural alterations, were overridden by
other blood pressure regulating systems (positive effects).

We suggest that the increased vascular resistance is due to structural vascular
alterations, overruling any potential chronic effect of decreased sympathetic
activity on blood pressure. This hypothesis is in agreement with that of others
(see introduction) who regard the sympathetic nervous system primarily as a
short-term controller of blood pressure.

In chapter 6 we described the effect of another pathological condition, heart
failure due to myocardial infarction, on vascular reactivity. The myocardial
infarction model can be seen as an increased sympathetic activity model (see
chapter 1). The thoracic aorta, the superior mesenteric artery and mesenteric
resistance-sized arteries of rats with a four week old myocardial infarction and
of sham-operated control rats were investigated. The mean infarction size was
45.6 % of the left ventricle. Structural evaluation of the investigated arteries
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showed no significant alterations of lumen diameter, media thickness and
media cross-sectional area. Furthermore no changes in maximal responses,
sensitivity to adrenergic and non-adrenergic contractile stimuli or active wall
stress were found in the aorta and superior mesenteric artery. Also no changes
were found in relaxing responses to acetylcholine or isoprenaline in either type
of artery. In the mesenteric resistance arteries, however, a significant
reduction of maximal contractile responses to potassium, noradrenaline and
serotonin was found. It was concluded that following MI in the rat the
contractile reactivity of mesenteric resistance arteries is chronically and non-
selectively reduced (figure 2). The decreased contractility of the mesenteric
resistance artery may contribute to the development of decompensated heart
failure. The studies again show a marked regional heterogeneity. In addition,
the studies point in the direction of an intriguing phenomenon: in the course of
the development of heart failure in this rat model resistance vessels lose their
contractility. This may suggest a more common mechanism underlying cardiac
and vascular failure in this pathology. Future research should be aimed at the
signal transduction mechanisms that dysfunction in this condition.

In chapter 7 a third experimental model of increased sympathetic activity is
described. The cytomegalovirus infection rat model can be seen as a sepsis
model in which increased sympathetic activity developed to maintain adequate
blood pressure. Blood pressure and arterial reactivity were recorded in
immunosuppressed rats that had been infected with CMV (10' PFU ip). In
reactivity studies of isolated arteries the effect of CMV-infection and injections
with bacterial endotoxin (LPS) were evaluated. Initially, resting blood pressure
and heart rate were not modified in CMV-infected rats, but baroreflex control
of heart rate was impaired. By the eighth day post-CMV, blood pressure
dropped precipitously and could no longer be raised by phenylephrine. In
mesenteric resistance arteries of those rats contractile responses to nerve
stimulation, noradrenaline, phenylephrine and serotonin were virtually absent,
high potassium and vasopressin induced contractions were not modified.In the
aorta, responses to serotonin and vasopressin were impaired, whereas
phenylephrine or potassium induced contractions were hardly affected. In
addition, a group of CMV-infected rats were treated continuously with
prazosin (0.1 mg/kg.day). The treatment prevented blood pressure lowering
and resistance artery changes.
In arteries of LPS-treated rats (10 mg/kg.day) only differences in contractile
abilities of the aorta were found: responses to phenylephrine, serotonin and
arg-vasopressin responses were reduced.
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Figure 2
Schematic representation of the classical model of the effect of increased sympathetic tone on the
vasculature (left) and of the model distilled from this thesis. Increased sympathetic activity will lead
to an increased concentration of noradrenaline and adrenaline ([NA] + [A]). This results in a
constriction of the arteries. The arteries reacts on this in two way; i) a hypertrophy develops and ii)
down regulation, decreased sensitivity of the adrenoceptors. Furthermore a direct hypertrophic effect
of noradrenaline has been observed. The changes in mass and receptor population will counteract the
effects of an increased catecholamine concentrations and the baseline situation returns. In this thesis,
we investigated the role of an increased sympathetic activity with the use of two experimental
models (myocardial infarction and viral sepsis). Two pathways exists, humoral (non-innervated
arteries) and nervous (innervated arteries). In the humoral pathway no changes in receptor
populations or vascular structure were found, the latter was also observed in the nervous pathway.
However, significant alterations were observed in signal transduction pathways causing in decreasing
sympathetic control leading to vascular failure.

These changes, however, could be reversed by L-NAME which was not the
case after CMV infection. It was concluded that CMV-infection results in a
selective reduction of resistance artery reactivity and hypotonia (figure 2).
These changes were not caused by cytokine-mediated induction of NO
synthase in the vascular wall as seen after LPS-injections. The increased
sympathetic activity seems to play an important role, since blocking adrenergic
input by prazosin prevented changes in contractility after CMV-infection.
Selective alterations of excitation-contraction coupling, signal transduction
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systems, of arterial smooth muscle cells may play a role herein. These data are
in agreement with our previous observations (Boonen et al., 1993) that show
an altered signal transduction in mesenteric small arteries following a 4-day
phenylephrine infusion.

General conclusions

are r/ze a/teraft'orts i/i vascw/ar arfre«oce/?ror reacftv/ry /« experiment/
//zcrawerf a/rrf decreased .

Cardiovascular control depends heavily on sympathetic activity both under
physiological and pathological conditions. However, the reaction of the target
organs to sympathetic input seems to be a dynamic phenomenon. We focused
on the arterial system as the target organ. Due to nerve and adrenoceptor
heterogeneity the effect of sympathetic hypo- and hyperactivity differ from one
arterial bed to the other. From research by our own group and others a picture
emerges of heterogeneous distribution of a-adrenoceptor subtypes along the
vascular tree (Testa et al., 1995). The aorta and elastic arteries are only poorly
innervated and the predominant a,-adrenoceptor subtypes seems to be the a,B -
and a,o. Descending along the vascular tree there is an increasing innervation
and a shift from a,g and a,o to a,A adrenoceptors. Furthermore postjunctional
aj-adrenoceptors seem to have a predominant localization in the smaller
arteries and arterioles of the microcirculation. This heterogeneous distribution
suggests a differential role of a,-adrenoceptor subtypes in the elastic and
resistive properties of the arterial system and may provide a basis for a more
selective pharmacological interference with these important properties of the
arterial system. Modulations in innervation and adrenoceptor population ( in-
or decreased sensitivity, up/down regulation, shift in subtypes) can have major
hemodynamic consequences. Functional changes like postsynaptic desensitized
a2-adrenoceptors and hypersensitive presynaptic /^-adrenoceptors have been
described in hypertensive disease (Tsuda et al., 1987; de Champlain, 1990).
/S-Adrenoceptor down regulation has been firmly established in heart failure,
where reduced /3-adrenergic responsiveness and /3-adrenoceptor density in the
heart and peripheral vasculature has been observed (for review see Brodde,
1991). Increased sensitivity to adrenergic stimuli has been described to play a
role in the development of hypertension (Lais & Brody, 1978; Mulvany, 1983;
Aqel et al., 1987; Akbar et al., 1989; Kishi & Inoue, 1990; Kong et al., 1991;
Hayashi et al., 1992). Changes in adrenergic responses could at least in part
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explain the vascular failure often occurring after myocardial infarction and
sepsis.
Down regulation of vascular a,-adrenoceptors did not occur in the models of
increased sympathetic activity we investigated. The decreased contractile
responses to noradrenaline and serotonin in the myocardial infarction model
and CMV-infected animals seem to be caused by changes in signal
transduction pathways rather than in receptor density. Small artery responses
to a,-adrenergic stimulation and serotonin are mediated by pertussis toxin
sensitive G-proteins affecting voltage-operated calcium channels (Boonen & De
Mey, 1990a; b; 1991). Depolarisation directly opens these channels while Arg-
vasopressin most likely induces contraction through phospholipase C (Boonen
& De Mey, 1990a; b; 1991). Furthermore, contractile responses of the rat
aorta to PHE are rather insensitive to pertussis toxin and calcium channel
blockers (Nichols et al., 1989; Oriowo & Ruffolo, 1992) which explains the
normal responses in our study. Thus, the observed regional- and agonist
selectivity of vascular alterations following myocardial infarction and CMV-
infection indirectly suggest changes at the level of pertussis toxin sensitive G-
proteins.

The lack of a,-adrenoceptor up or down regulation during long term increased
stimulation allows the sympathetic nervous system to maintain its vascular
control in normal and pathological situations. However, the signal transduction
systems further down the road seem to fail, causing hyporeactivity to various
vasocontrictor agonists and thus causes major hemodynamic problems as seen
during sepsis and congestive heart failure.

In addition to its acute effects, the sympathetic nervous system seems to play
an important chronic role in vascular function. Especially hypertrophic effects
of the sympathetic nervous system are thought to play a key role in the
structural alterations found in hypertension. The SHR model has often be used
to investigated the relation between hypertension, sympathetic activity and
structural vascular changes. Neonatal immunosympathectomy with anti-nerve
growth factor (NGF) and guanethidine prevents the development of high blood
pressure in SHR and SHRSP (stroke-prone SHR) (Lee et al., 1987; Mangiarua
& Lee, 1992). Structural changes, increased wall to lumen ratio and media
thickness in the SH rats have been described in several studies (Lee & Smeda,
1985; Mangiarua & Lee, 1992).
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Two models were used to evaluate the role of the sympathetic nervous system
in relation to structural vascular alterations. A normal pressure model with
among others increased sympathetic tone, the Mi-model, and an increased
pressure model with a decreased sympathetic tone, SHR treated with central
aj-agonists. In the Mi-model with chronically increased sympathetic activity
no structural vascular changes were seen. In the azepexole treated SHR-rats
mesenteric resistance artery alterations were found in the form of increased
cross sectional area, media thickness and wall to lumen ratio. This can be due
to locally mcreaierf Wood presswre, since azepexole causes a vasoconstriction
of the arteriolar vasculature (Faber, 1988a) and small venules (De Mey &
Vanhoutte, 1981; Messing, 1992) distal from the mesenteric resistance
arteries. From this we can conclude that increased/decreased sympathetic
activity by itself will not alter vascular structure in an adult, fully developed
vascular system. The sympathetic nervous system may be an important
modulator of vascular structure in young, growing tissue. In more advanced
stages, other -mechanical- factors may be a more important determinant of
vascular structure (Daemen & De Mey, 1995). Increased blood pressure, the
result from an increased sympathetic tone can be an important modulator of
structural alterations. In this view structural vascular alterations are adaptive
processes contributing to the maintenance of normal physical vessel wall
properties in the face of an elevated pressure.

In conclusion, the sympathetic nervous system plays an important role in blood
pressure regulation and during acute situations of hemodynamic disorders. The
role of the sympathetic nervous system in chronically maintaining increased
blood pressure levels in spontaneous hypertension seems to be minor. In long-
term arterial pressure control it is not the only player. Other systems of
endocrine (e.g. renin-angiotensin system) or physical (e.g. renal pressure-
diuresis mechanism) nature may be more dominant in long-term arterial
pressure control. Sympathetic activity may affect vascular structure in
developing, young vessels. In more mature vessels other factors of again
endocrine or physical nature seem to offset any potential structural effect of
the sympathetic nervous system.
a,-Adrenoceptors seems not to fit in the classical model of homologous
receptor up and down regulation. Rather, a malfunctioning signal transduction
system seems to be the underlying cause of the vascular failure in septic shock
after CMV-infection or congestive heart failure following MI. Future
experiments should focus on the role of chronic sympathetic hyperactivity in
the development of these forms of vascular failure.
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Een wetenschappelijke samenvatting van dit proefschrift is gegeven in hoofdstuk 8.
Deze nederlandstalige samenvatting is geschreven voor een breder publiek van
geinteresseerde lezers.

De invloed van het sympatisch zenuwstelsel op de bloedsomloop bestaat uit twee
componenten. Ten eerste uit het controleren van hartfunctie en vaatwandspanning
door middel van het vrijmaken van boodschapperstoffen uit de sympatische zenuw-
uiteinden. Ten tweede door het rechtstreeks vrijmaken van hormonen in de
bloedbaan. Deze boodschapperstoffen en hormonen (catecholaminen) gaan een
interactie aan met receptoren in het hart en in de bloedvaten met als resultaat een
verandering van hartfunctie of bloedvatdiameter. Aangezien er grote verschillen
kunnen bestaan in soorten en hoeveelheden receptoren en in dichtheid van
sympatische zenuwen in de diverse bloedvaten kunnen de vrijgekomen hormonen
heel verschillende effecten hebben.
Het sympatisch zenuwstelsel speelt een belangrijke rol bij het handhaven van een
adequate doorbloeding van het lichaam in pathologische omstandigheden zoals o.a.
hart problemen (pompfunctie stoornissen) en infecties. Toch leiden deze ziekten
regelmatig tot ernstige problemen met uiteindelijk de dood tot gevolg. Of dit door het
falen van het sympatisch zenuwstelsel komt is nog niet duidelijk.
Uit experimented onderzoek naar het ontstaan van hypertensie (hoge bloeddruk)
blijkt dat het sympatisch zenuwstelsel tevens een belangrijke rol kan spelen bij de
ontwikkeling van deze aandoening. Zo blijken mensen met een verhoogde bloeddruk
regelmatig ook een verhoogde sympatische activiteit te hebben. Bij hypertensie vindt
men behalve hoge arteriele drukken ook veranderingen in vaatwandstruktuur en
receptor eigenschappen. Of deze ontstaan door veranderingen in sympatische
activiteit is nog onduidelijk.

Het doel van dit proefschrift was om de gevolgen van een veranderde sympatische
activiteit gedurende lange perioden te bestuderen in grote en kleine bloedvaten. De
volgende twee vragen zijn getracht te beantwoorden door middel van verschillende
dierexperimentele modellen:

- ontstaan er veranderingen in de gevoeligheid van bloedvaten bij de verschillende
experimentele modellen van verhoogde of verlaagde sympatische activiteit?

- ontstaan er veranderingen in de structuur van de vaatwand bij de verschillende
experimentele modellen van verhoogde of verlaagde sympatische activiteit?

-201 -



Er is gebruik gemaakt van verschillende diermodellen. De spontaan hypertensieve rat
(SHR) heeft een verhoogde sympatische activiteit. Hetzelfde geldt voor het myocard
infarct model tijdens de eerste weken na het ontstaan van het infarct. Ook tijdens een
cytomegalovirus (CMV) infectie zien we een verhoogde sympatische activiteit met als
doel de bloed voorziening op peil te houden. Door de ratten te behandelen met
centraal werkende as-adrenoceptor agonisten werd het mogelijk de sympatische
activiteit te verlagen. De sympatische invloed op het vaatstelsel werd tevens verlaagd
door gebruik te maken van de a,-adrenoceptor antagonist prazosine.

In hoofdsruk 2 en 3 van het proefschrift werd de aard van de a-adrenoceptoren in de
diverse arterien onderzocht. De grote arterien zoals de aorta blijken vooral a,g en
a,[,-adrenoceptoren te bevatten; de kleinere (weerstandsvaten) vooral Q;^-
adrenoceptoren. De grote vaten hebben bijna geen sympatische zenuwuiteinden, hoe
kleiner de arterien hoe groter het aantal zenuwuiteinden. Veranderingen in a-
adrenoceptor populaties werden niet gevonden in de gebruikte experimentele
modellen van verhoogde of verlaagde sympatische activiteit (hoofdsruk 5).
Veranderingen in gevoeligheid voor catecholaminen zoals gezien bij het myocard
infarct (hoofdsruk 6) en CMV model (hoofdstuk 7) blijken te berusten op
veranderingen in signaal transductie systemen: systemen die de verbinding leggen
tussen de receptor en het inwendige van de eel.

Het sympatisch zenuwstelsel blijkt een belangrijke rol te spelen in het ontstaan van
strukturele vaatveranderingen in de spontaan hypertensieve rat. Het uitschakelen van
de sympatisch activiteit bij de pasgeboren rat voorkomt de ontwikkeling van
hypertensie. Uit dit proefschrift blijkt dat het verlagen of verhogen van de
sympatische activiteit bij de volwassen rat niet leidt tot struktuur veranderingen
(hoofdstuk 4). De strukturele veranderingen bij hypertensie worden dus niet in stand
gehouden door verhoogde sympatische activiteit maar moeten meer gezien worden als
aanpassing van de vaatwand aan de verhoogde druk.

Concluderend kunnen we zeggen dat het sympatisch zenuwstelsel geen doorslag-
gevende rol speelt in het onderhouden van de verhoogde bloeddruk bij experimentele
hypertensie. Veranderingen in de vaatfunctie zijn niet het gevolg van veranderingen
in adrenoceptor eigenschappen maar in veranderingen in signaal transductie
systemen. Het falen van het onderhouden van adequate doorbloeding bij hartfalen en
CMV infectie blijkt niet te berusten op langdurige veranderingen in de werking van
het sympatisch zenuwstelsel. Veeleer lijkt hierbij een falen van het vaatstelsel voorop
te staan.
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had bij Jo. Ieder idee kon uitgewerkt worden, het introduceren van nieuwe
technieken werd toegejuicht. Deze vrijheid heeft er voor gezorgd dat mijn
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zeker ook bij mij het geval.
Door de diversiteit van mijn proefschrift, - in vivo/in vitro modellen, operatie
technieken (myocard infarct, invasieve bloeddruk metingen), receptor binding
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