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Abstract

While endothelin (ET) has been implicated in regulating the functions of many
organ systems including the brain, the role of central ET receptors in autonomic
regulation is not fully understood. We tested whether central ET 5 receptors regulate
sympathetic drive in response to restraint. Intracerebroventricular (i.c.v.) injections of the
ET4 antagonist, BQ123, in rats subjected to restraint showed that, while the mean arterial
pressure (MAP) increased equally in BQ123 and control rats in response to restraint, the
MAP during the subsequent rest period was significantly greater in BQ123 rats. We also
tested whether nitric oxide (NO) was involved in the decrease in sympathetic activity
which occurred during recovery from restraint. Measurement of tissue nitrates/nitrites
showed that NO content was decreased in the brainstems of BQ123-treated rats. L.c.v.
injections of the constitutive NO synthase (¢cNOS) inhibitor, NG—nitro-L-aIginine, showed
that inhibition of ctNOS eliminated the decrease in MAP when rats were removed from
restraint. These results support the hypothesis that central ET regulates sympathetic
output and suggests that ET acts through ET4 receptors to decrease sympathetic activity

through the central release of NO.
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CHAPTER 1

INTRODUCTION



1.1. Overview

Although endothelin (ET)-1 (Yanagisawa et al., 1988) was first identified as a
potent endothelium-derived vasoconstricting factor (Hickey et al., 1985; O'Brien et al.,
1987), the physiological roles of ETs are now considered to be much more diverse. ETs
have been implicated in regulating the functions of many organ systems, including the
central and peripheral nervous systems (for reviews, Rubanyi & Polokoff ,1994; Kuwaki
et al., 1997). While it is known that ET and its receptors are expressed in the central
nervous system (CNS) (Jones et al., 1989; Koseki et al., 1989a,b; Lee et al., 1990; Giaid
etal., 1991; Hori et al., 1992; Kurokawa et al., 1997), the role of ET in the brain is not

yet fully understood.

1.2. The endothelin family

ETs are endogenous peptides consisting of 21 amino acids and characterised by
four cysteine residues which form 2 intramolecular disulphide bonds (Fig. 1.1.)
(Yanagisawa et al., 1988). The ET family includes three distinct isoforms: ET-1, ET-2,
and ET-3 (Inoue et al., 1989), each potent constrictors of arterial smooth muscle in vitro
and strong pressor agents in vivo. ETs are generated from a two-step process beginning
with proteolytic cleavage of a 212 precursor polypeptide (preproET) to a relatively
inactive 38 amino acid precursor, big-ET. Big-ET is then catalysed by endothelin-
converting enzyme (ECE) to its mature 21 amino acid active form (Yanagisawa et al.,

1988; Inoue et al., 1989). Although big-ET-1 is only 1% as potent as ET-1 in inducing



contractile activity in vascular strips, it is equipotent in raising blood pressure (BP) in

vivo since big-ET is rapidly converted to ET by ECE (Sluck et al., 1999).

1.3. Endothelin receptors

ETs act on at least two distinct receptors, ET 4 and ETg (Masaki et al., 1994;
Ohlstein et al., 1996). ET 4 receptors preferentially bind ET-1 (ET-1 > ET-2 >> ET-3)
(Arai et al., 1990), while ETp receptors are non-selective and bind all three isoforms
almost equally (ET-1 = ET-2 = ET-3) (Sakurai et al., 1990; Ogawa et al., 1991). The
primary effects mediated by the ET4 receptor include vasoconstriction and vascular
smooth muscle proliferation (Arai et al., 1990). On the other hand, the ETg receptor
mediates vasodilation through the release of nitric oxide (NO), and also mediates
vasoconstriction in certain vascular beds as well as bronchoconstriction (Clozel et al.,
1992; Hor et al., 1992; Hirata et al., 1993; Moreland et al., 1994; Sudjarwo et al., 1994;

Mazzoni et al., 1999; Schmeck et al., 1999).

1.3.1. Receptor agonists and antagonists

ETs share a marked degree of structure and sequence homology to peptides
isolated from the venom of the Israeli burrowing snake Actrapsis engaddensis, known as
sarafotoxins (STXs) (Kloog and Sokolovsky, 1989). The STXs are also 21 amino acids
long and contain the two characteristic intra-disulphide bonds (Fig. 1.1). Furthermore,
STX S6b has been shown to be an ET, selective agonist (Kumar et al., 1997) while STX

S6c i1s an ETpg selective agonist (Williams, Jr. et al., 1991). Structural analysis of ETs and



STXs show that they have two moieties: a cyclic N terminus and a linear C terminus
(Figure 1.1). Studies with analogues of ET-1 have shown that its N terminus is important
for binding to, and activating ET 4 receptors (Nakajima et al., 1989). On the other hand,
the highly conserved C terminus has been shown to be important for the activation of
ETg receptors (Saeki et al., 1991). The finding that the linear domain alone can bind to
and activate ETg receptors is consistent with the notion that ETg receptors are non-
selective for the different ET isoforms.

These two receptor subtypes have been further characterised by the development
of selective antagonists: BQ 123 selectively blocks ET, receptors (Ihara et al., 1992,
1995; Vigne et al., 1993), and BQ 788 selectively blocks ETg receptors (Ishikawa et al.,

1994; Karaki et al., 1994).

1.3.2. ET receptor subtypes

With the development of new selective agonists and antagonists, it has become
increasingly clear that all ET receptors cannot fit neatly into the simple classification of
ETa and ETg. Studies have shown that some ET4-mediated responses were insensitive to
inhibition by BQ 123 (Sudjarwo et al., 1994). In addition, the BQ 123-sensitive ETx;
receptors were also more selective for ET-1 than ET-2. On the other hand, the BQ 123-
insensitive ET s, receptors were more selective for ET-2 than ET-1 (Gulati, 1991;
Sudjarwo et al., 1994).

There is also pharmacological data indicating the existence of anatomically

separate and distinct ETg receptor subtypes; an ETg; receptor on the endothelium that



invokes the release of NO to mediate vasodilation, and an ETg; receptor on vascular
smooth muscle that directly mediates vasoconstriction (Clozel et al., 1992; Hori et al.,
1992; Hirata et al., 1993; Moreland et al., 1994; Sudjarwo et al., 1994; Schmeck et al.,
1999;).

A unique ET receptor, designated ET¢, with slightly higher affinity for ET-3 than
ET-1 has been cloned from Xenopus laevis dermal melanophores (Karne et al., 1993).
There have also been reports of an additional ETs-like receptor in Xenopus oocyte
follicular membranes (Kumar et al., 1993), and heart (Kumar et al., 1994). These
receptors showed selectivity for ET-1 vs. ET-3; however, BQ 123 was found to be
ineffective in inhibiting '*I-ET-1 binding to these receptors. It is not known whether

these or related receptors exist in mammalian tissues.

1.4. Endothelin as a neuropeptide

1.4.1. Endothelin in the central nervous system

ET is widely distributed within the CNS. ET-1 mRNA as well as
immunoreactivity, can be detected in the cerebral cortex, striatum, hippocampus,
amygdaloid body, pituitary gland, supraoptic and paraventricular nuclei of hypothalamus,
Purkinje cells of the cerebellum, raphe nuclei, dorsal motor nucleus of the vagus, and
dorsal horn and intermediolateral (IML) cell column of the spinal cord (Lee et al., 1990;
Yoshizawa et al., 1990; Giaid et al., 1991). The diverse distribution of ET-1 in the CNS
suggests its influence on the control of many of functions. ET-1 is also present in glial

cells and astrocytes, although its appearance seems to be limited to certain conditions



such as in culture, or during active gliosis, or under pathological states such as
Alzheimer’s disease (MacCumber et al., 1990; Ehrenreich et al., 1991; Jiang et al., 1993;
Hama et al., 1997; Kuwaki et al., 1997).

More recently, Yamada and Kurokawa (1998) showed that, in the rat
hypothalamus, magnocellular cell bodies in both supraoptic and paraventricular nuclei
exhibited strong immunoreactivity for mature ET, whereas their nerve fibres did not. On
the other hand, these neuronal cell bodies and nerve fibres showed positive
immunostaining for big-ET-1. In fact, when axonal transport was blocked with
colchicine, immunoreactivity for big-ET-1 in cell bodies increased, while
immunoreactivity in nerve fibres decreased. These findings suggest that mature ETs are
constitutively formed in cell bodies; however, big-ETs are transported along axons and
processed either at nerve terminals or at the membrane of target cells (Yamada and
Kurokawa, 1998).

While ET mRNA and immunoreactivity were also seen in some blood vessel
endothelial cells of the brain (Giaid et al., 1991), it is unlikely that ET produced by
endothelial cells can cross the blood-brain barrier (BBB) since systemically injected '*°I-
ET-1 was found bound to only circumventricular structures of the median eminence,

subfornical organ, and choroid plexus (Koseki et al., 1989a,b).

1.4.2. Endothelin receptors in the central nervous system
Both receptors are distributed widely, but not evenly, in the CNS.

Autoradiographic studies using '*’I-ET-1 reveal that binding sites for ET are concentrated
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in the basal ganglia, brainstem, hippocampus, choroid plexus, and cerebellum (Jones et
al., 1989; Koseki et al., 1989b). In addition, ET-binding sites have been found in some
areas of the brain which participate in the central control of autonomic functions. ET
receptors have been found in the paraventricular nucleus (PVN), supraoptic nucleus
(SON), nucleus of tractus solitarius (NTS), ventrolateral medulla (VLM), and pituitary
(Koseki et al., 1989a,b; Shibata et al., 1997a,b). More recently, the development of a
specific antibody to the rat ET4 receptor has demonstrated the topographic distribution of
ETa receptor containing neurons (Kurokawa et al., 1997). Immunoreactivity for ET
receptors was detected not only in neuronal cell bodies, but also in neuronal fibres.
Strong ET A immunoreactivity was located in arcuate nucleus (ARC), periventricular and
parvocellular portions of the PVN, NTS and its swrrounding area, and locus coeruleus
(LC). In addition, the magnocellular neurons of supraoptic and paraventricular nuclei

showed weak immunoreactivity.

1.5. Effects of endothelin on brain and neural tissue

1.5.1. Cardiovascular effects of exogenous endothelin

Intravenous injections of ET in rats cause an initial fall in BP followed by a
sustained increase in pressure (Kuwaki et al., 1994). The depressor effect is thought to be
due to the release of NO from endothelial cells via ETg receptors (Sakurai et al., 1990;
Hirata et al., 1993). The pressor effect is mediated primarily through ET, receptors on
smooth muscle cells (Yanagisawa et al., 1988), although ETg receptors have also been

shown to exist on smooth muscle cells in some vascular beds and to contribute to the



pressor effect (Clozel et al., 1992; Moreland et al., 1994; Sudjarwo et al., 1994). In
contrast to its peripheral effects, centrally administered ET-1 elicits an initial increase
followed by a sustained decrease in BP in urethane-anaesthetised animals (Hashim and
Tadepalli, 1992; Rebello et al., 1995; Gulati et al., 1995, 1996, 1997a,b; Rossi et al.,
1997). The initial pressor effect is due to stimulation of the sympathetic nervous system
(SNS) while the depressor effect is likely due to a decrease in sympathetic outflow. Both
the pressor and depressor responses of centrally administered ET-1 were not observed in
rats whose spinal cords were severed at the cervical level (Gulati et al., 1997b). The
absence of the ET-1-induced cardiovascular responses in these animals suggest that both
the pressor and depressor responses are centrally mediated. In addition, peripheral
administration of adrenergic and/or ganglionic blockers prevented the circulatory changes
(Yamamoto et al., 1992; Kumar et al., 1996; Nakamura et al., 1999) showing that the BP
responses are mediated by the SNS. Furthermore, the changes in BP in response to
intracerebroventricular (i.c.v.) ET-1 were shown to be mediated by ET 4 receptors since
pre-treatment with BQ 123 also eliminated these effects (Gulati et al., 1997b). Together,
these findings suggest that centrally administered ET-1, via ET receptors, acts on
vasoactive neurons to modulate sympathetic outflow. In support of these observations,
central administration of STX 6b, an ET4 selective agonist, produced a comparable
pressor and depressor response (Kumar et al., 1997). The pressor phase was due to an
increase in sympathetic stimulation to the heart resulting in increased cardiac

contractility, while the depressor effect was due, in part, to a reduction in cardiac



contractility. Again, the pressor and depressor responses were attenuated by BQ 123

(Kumar et al., 1997).

1.5.2. Other central effects of endothelins

ET-1 may be responsible for the release of hormones such as oxytocin (Yasin et
al., 1994), arginine vasopressin (AVP) (Yamamoto et al., 1992; Yasin et al., 1994;
Mosqueda-Garcia et al., 1995; Rossi et al., 1997), catecholamines (Makino et al., 1990),
and adrenocorticotropin (ACTH) (Makino et al., 1990; Malendowicz et al., 1997), while
inhibiting the in vitro release of prolactin (Samson et al., 1990). Interestingly, although
ET-1 did not affect the basal release of corticotropin-releasing factor (CRF) in vitro, ET-3
inhibited CRF release from hypothalamic explants (Calogero et al., 1994). On the other
hand, ET-1 increased ACTH release (Calogero et al., 1994) suggesting ET may
participate in the autocrine and/or paracrine regulation of pituitary secretion (Schwartz
and Cherny, 1992; Stojilkovic and Catt, 1992; Kanyicska and Freeman, 1993; Renner et

al., 1996).

1.6. Sympathetic nervous system and the hypothalamic-pituitary-adrenal axis
The anterior cingulate cortex (ACC) represents one of the cortical components of
the central autonomic network. The ACC participates in high-level regulation of the
autonomic and endocrine function (Devinsky et al., 1995). Some of the connections of
the infralimic cortex (ILC), one component of the ACC, are shown in Figure 1.2 (Hurley

et al., 1991). The ILC projects to the PVN and other hypothalamic nuclei, amygdala and



10
bed nucleus of the stria terminalis, as well as autonomic nuclei of the brainstem and
spinal cord including the periaqueductal gray (PAG) area, LC, NTS, VLM, and IML cell
column (Hurley et al., 1991).

The catecholaminergic neurons of the LC and parvocellular corticotropin-
releasing factor (CRF) neurons of the PVN are two of the central co-ordinators of the
generalised stress response system, while the efferent sympathoadrenomedullary system
and the hypothalamic-pituitary-adrenal (HPA) axis represent their peripheral limbs
(Stratakis and Chrousos, 1995). The LC provides extensive norepinephrine (NE)
innervation to all areas of the CNS involved in integration of sensory and motor
responses to stressful external stimuli (Liozou, 1969; Korf et al., 1973; Swanson and
Hartman, 1976; Grzanna and Molliver, 1980). Stress activates the SNS, while at the same
time stimulates CRF neurons in the PVN, thereby activating the HPA axis (Calogero,
1995; Stratakis and Chrousos, 1995; Benarroch, 1997).

The sympathetic division of the autonomic nervous system provides a rapid
mechanism that controls the acute response of the organism to a stressor. Centrally, the
rostral VLM and NTS receive descending projections from the prefrontal and anterior
cingulate cortices, amygdala, hypothalamus, and PAG and are critically involved in the
cardiovascular response to stress (Spyer, 1989; Holstege, 1990; Spyer, 1994). This
cardiovascular component includes sympathetic activation with increased heart rate (HR),
increased cardiac output (CO) and increased BP. Peripherally, the SNS innervates many

organs including the adrenal medulia (Barron and Van Loon, 1989; Benarroch, 1997).
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Sympathetic stimulation of the adrenal medulla leads to the release of epinephrine (E)
and NE into the circulation.

The PVN generates co-ordinated endocrine and autonomic responses to internal
or external stressors (Swanson and Sawchenko, 1983). These include secretion of
vasopressin, activation of adrenal cortical axis, and sympathoadrenal excitation (Fig. 1.2).
Activation of the HPA axis begins with the release of CRF. The CRF neurons of the PVN
project to the median eminence (Fig. 1.2). Upon release from neurons into the
hypothalamic-hypophysial portal system, CRF is transported to the anterior pituitary
where it stimulates the secretion of ACTH into the circulatory system. Circulating ACTH
is the key regulator of glucocorticoid secretion by the adrenal cortex (Stratakis and
Chrousos, 1995). Glucocorticoids are the final effectors of the HPA axis and participate
in the adaptation of the organism to stress. The glucocorticoid, cortisol, acts in a negative
feedback loop to inhibit CRF and ACTH release from the PVN and anterior pituitary,
respectively. Additionally, control of this axis during stress also involves NE inputs from
LC. Since there reciprocal neural connections between CRF and NE neurons, activation
of one system enhances the activity the other (fig. 1.2) (Valentino et al., 1993;

Kvetnansky et al., 1995; Pacék et al., 1995).

1.6.1. Involvement of nitric oxide
It has been suggested that NO regulates the output of sympathetic neuronal
activity (Krukoff, 1998a, 1999). The synthesis of this non-conventional neuromessenger

is catalysed by NO synthase (NOS) (Férstermann et al., 1991, 1995). NOS exists as three
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isoforms: nNOS, eNOS, and iNOS . Both nNOS and eNOS are Ca+2-dependent and
constitutively expressed in brain and endothelium, respectively (Forstermann et al., 1991,
1995; Moncada, 1992). On the other hand, the Ca+2-independent isoform, iNOS, is
induced in many cell types by a variety of agents (Fdrstermann et al., 1991, 1995). Under
normal conditions, iNOS is not expressed in cells (Moncada, 1992). The substrates in NO
biosynthesis are L-arginine and O,; and the final products are NO and citrulline
(Moncada, 1992; Nathan, 1992). In addition to a number of co-factors, the catalytic
activity of NOS requires nicotinamide adenine dinucleotide phosphate (NADPH) as an
electron donor (Moncada, 1992).

A number of studies have provided evidence that NO is involved in regulating
sympathetic output (Krukoff, 1998a, 1999a). Intravenous injections of NOS blockers led
to increased BP (Wang et al., 1991; Sakuma et al., 1992) and increased renal nerve
sympathetic activity (RNSA) (Sakuma et al., 1992). Intracisternal (i.c.) administration of
N”-methyl-L-arginine (L-NMA), an inhibitor of NOS, also increases BP and RNSA
(Togashi et al., 1992). Microinjection of NOS blockers into the NTS or rostral VLM
increased BP and RNSA (Harada et al,, 1993; Kagiyama et al., 1997), while the
microinjection of a NO donor into the rostral VLM decreased BP (Kagiyama et al.,
1997). These results support the notion that NO acts to decrease sympathetic output to the
periphery.

The NADPH-diaphorase (NADPH-d) histochemical reaction has been widely
used to localise putative NO-producing neurons in the brain (Krukoff, 1999). In fact, it

has been shown that the population of neurons immunostained for nNOS and neurons
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with NADPH-d staining are identical in the PVN when appropriate tissue fixation was
used (Dawson et al., 1991). This histochemical technique is based on the presence of a
diaphorase in neurons which catalyses the NADPH-dependent conversion of soluble

tetrazolium salts to a blue precipitate (Hope et al., 1991; Scherer-Singler et al., 1983).

1.7.  c-fos as a marker of activated neurons

Immediate-early genes are rapidly induced by extracellular stimuli and encode
proteins that are required for subsequent cellular responses to occur (Curran and Morgan,
1995; Krukoff, 1998b). c-fos encodes a protein (Fos) that forms a complex with products
from the related Jun family as a component of the transcription factor which binds to the
activator protein 1 (AP-1) site on DNA (Curran and Franza, Jr., 1988; Lee et al., 1988;
Curran and Morgan, 1995). Genes that contain the AP-1 binding site are activated by the
Fos/Jun dimers, thereby allowing the expression of late-onset genes, including the ET
genes (Yanagisawa et al., 1988; Inoue et al., 1989; Rubanyi and Polokoff, 1994; Kuwaki
et al., 1997).

The expression of c-fos has been widely used as a marker of activated neurons
(Krukoff et al., 1994, 1995, 1997; Krukoff, 1998b; Yang et al., 1999; Yang and Krukoff,
2000). Since the basal expression of c-fos is very low in unstimulated neurons (Krukoff et
al., 1994; Herdegen et al., 1995; Krukoff and Khalili, 1997; Herdegen and Leah, 1998)
and the transcription of c-fos occurs within minutes of application of stimulus (Miiller et
al., 1984; Krukoff, 1998b), a high and rapid expression of c-fos in neurons can be

attributed to the applied stimulus. The most common technique for identifying activated
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neurons is to visualise the presence of Fos within the nuclei of neurons using

immunohistochemistry (Krukoff, 1998b).

1.8. Hypothesis

Based on the observations that central administration of ET-1 produces a
sympathetic-induced pressor and depressor response via ET4 receptors, the experiments
in this thesis were designed to test the hypothesis: 1) Central endothelin A receptors
mediate the increase in sympathetic outflow during restraint stress and the decrease
in sympathetic outflow during recovery from restraint. Rats, receiving i.c.v.
injections of the ET 4 receptor antagonist, BQ 123, or vehicle, were subjected to a four
hour restraint stress protocol. Mean arterial pressure (MAP) was used as a functional
indicator of restraint-induced activation of SNS. Fos immunohistochemistry was used to
identify activated neurons in the PVN, SON, ARC, LC, NTS, and VLM. NADPH-d
histochemical staining was used to localise putative NO-producing neurons, and in situ
hybridisation and image analysis were used to quantify TH mRNA (LC and NTS) (Chan
and Sawchenko, 1995; Sabban et al., 1995; Nankova et al., 1999; Serova et al., 1999) and
CRF mRNA (PVN) (Krukoff et al., 1999) gene expression. Since NO is believed to
decrease sympathetic output to the periphery, experiments were also performed to test the
hypothesis: 2) Central nitric oxide mediates the decrease in sympathetic outflow
during recovery from restraint stress. A nitrate/nitrite (NO,) colourimetric assay kit
was used to determine total NO content in hypothalamus and brainstem. In a separate set

of experiments, N°-nitro-L-arginine (L-NNA), an inhibitor of constitutive NOS (cNOS;
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nNOS and eNOS) was used to block NO production in the brain. As with the first study,
MAP was used as a functional indicator of restraint-induced activation of SNS. Fos
immunohistochemistry was used to identify activated neurons and NADPH-d

histochemical staining was used to localise putative NO-producing neurons.
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Figure 1.1. Structure of eradothelins and sarafotoxins. Filled circles indicate residues that
differ from the endothelin 1 sequence
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Figure 1.2. Hypothalamic-pituitary-adrenal axis and sympathetic nervous system
activation in response to stress. Thin arrows represent neural connections. Thick arrows
represent signalling pathway. Abbreviations: ACTH, adrenocorticotropin hormone; CRF,
corticotropin-releasing factor; E, epinephrine; NE, norepinephrine; LC, locus coeruleus;
NTS, nucleus of the tractus solitarius; PVN, paraventricular nucleus of the hypothalamus;
SNS; sympathetic nervous system; VLM, ventrolateral medulla.
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2.1. Animals
Male Sprague-Dawley rats (200-300 g) were purchased from the Biological
Sciences Animal Centre, University of Alberta. They were housed two per cage under a
12 hour light/dark schedule (lights on at 0700 h) at a temperature of 21°C. The rats were
given food and water ad libitum. All protocols used in these experiments were approved

by the University of Alberta Animal Welfare Committee.

2.2. Instrumentation

Rats were anaesthetised with sodium pentobarbital (60 mg/kg, i.p.; Somnotol,
M.T.C. Pharmaceuticals, Cambridge, ON) and received sterile penicillin G procaine
suspension (30,000 U, i.m.; Ethacillin, Rogar/STB, London, ON), atropine sulphate (25
ug, s.c.; Ormond Veterinary Supply Ltd., Ancaster, ON), and buprenorphine
hydrochloride (15 #g, i.m.; Buprenex® Injectable, Reckitt & Colman Pharmaceutical

Inc., Richmond, VA).

2.2.1. Intracerebroventricular cannulation

Animals were implanted with a 22-gauge stainless steel guide cannula aimed at
the lateral cerebral ventricle (C313G; Plastic One Inc., Roanoke, VA) (Yang and
Krukoff, 2000). The skull was surgically exposed and an opening was drilled 1.0 mm
posterior to Bregma and 2.0 mm lateral to the midline. The guide cannula was then
inserted 4.1 mm below the external surface of the skull into the lateral ventricle. An

internal cannula (C313I; 28 gauge; Plastic One) was connected to an Accu-Rated Pump
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tube (Fisher Scientific, Nepean, ON) and a bubble was made at the cannula end of the
tubing using a Hamilton microsyringe so that outflow of cerebrospinal fluid (CSF) could
be observed by withdrawing with the microsyringe (Yang and Krukoff, 2000). The
internal cannula was inserted into the guide cannula and accurate placement of cannula
was confirmed by i) movement of the bubble and outflow of CSF; ii) observing a rise in
blood pressure of at least 10 mmHg following injection of angiotensin II (5 pmol, i.c.v.;
Bachem California, Torrance, CA) immediately after surgery; and iii) visual inspection of
tissue sections for the tract left by the guide cannula. With the internal cannula removed,
the guide cannula was secured to the skull with three screws and orthodontic resin (L.D.
Chalk Company, Milford, Delaware), and was closed with a dummy cannula (C313DC;

Plastic One).

2.2.2. Arterial and venous catheterisation

As described in previous studies (Krukoff et al., 1995; Krukoff et al., 1997; Yang
et al., 1999), a midline abdominal incision was made and the descending aorta was
exposed. Polyethylene tubing (PE10; 0.011 inch i.d. x 0.024 inch e.d.; Fisher Scientific)
was inserted into the aorta and sutured to the posterior abdominal wall. The free end of
the catheter was passed under the skin and externalised at the nape of the neck with 27-
gauge stainless steel tubing (Small Parts Inc., Miami Lake, FL). The line was closed with
polyvinylpyrolidone and capped with silastic tubing.

In the same surgical procedure, a silastic catheter (0.02 inch i.d. x 0.037 inch e.d.;

Fred A. Dungey Inc., Scarborough, ON) was inserted into the inferior vena cava and
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sutured to the posterior abdominal wall. The free end of the catheter was passed under the
skin and externalised at the nape of the neck with 23-gauge stainless steel tubing (Small
Parts). The line was capped with silastic tubing.

Animals were allowed to recover and were handled daily after surgery.
Experiments were performed § to 7 days after surgery. On the day of the experiment, the
arterial line of each rat was connected to a transducer for continuous recording of the
arterial blood pressure. A baseline pressure was established for 30 minutes before the
start of the experiment. Mean arterial pressure (MAP, mmHg) was calculated for every 5

minute interval.

2.3 Experimental Design

2.3.1 Controls: Neuronal ET, receptor blockade in urethane-anaesthetised rats
by the selective antagonist, BQ 123

The effectiveness of BQ 123 was determined as the inhibition of the rise in BP
following i.c.v. administration of ET-1 (Rebello et al., 1995; Gulati et al., 1997b). Since
i.c.v. ET-1 in conscious animals causes behavioural changes (Sirén and Feuerstein, 1989;
Ouchi et al., 1989; Gross et al., 1993; Chew et al., 1994; Nagasaka et al., 1999) that
impede measurement of blood pressure using our method, animals were anaesthetised
with urethane (1g/kg, i.p.; Sigma Chemical, St. Louis, MO) (Mosqueda-Garcia et al.,
1995). Rats received injections of BQ 123 (24 ng/kg, i.c.v.; American Peptide Company

Inc., Sunnyvale, CA) (Clozel and Watanabe, 1993; Rebello et al., 1995) and/or ET-1 (200
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ng/kg, i.c.v., (Gulati et al., 1997b; American Peptide) dissolved in 10 ul saline. Rats were
divided into four groups (n=4 for each group):

Group 1: ET-1 given at time 0;

Group 2: BQ 123 given at time 0; ET-1 given after 15 minutes;

Group 3: BQ 123 given at time 0; ET-1 given after 120 minutes;

Group 4: BQ 123 given at time 0; ET-1 given after 240 minutes.
BP was recorded for the duration of the experiment and continued for 30 min following
ET-1 administration. After each experiment, animals were given an overdose of sodium
pentobarbital. From these experiments, it was determined (see results) that BQ 123 is
effective for the 4 h restraint stress protocol (described below). Additionally, these
studies confirmed that pre-treatment with i.c.v. BQ 123 for 15 minutes prevented the

i.c.v. ET-1 pressor response (Rebello et al., 1995; Gulati et al., 1997a,b).

2.3.2. Controls: Effect of BQ 123 on MAP in conscious, non-stressed animals

To determine whether central BQ 123 itself alters BP in conscious animals, rats
(n=4) received injections of BQ 123 (24 ug/kg, i.c.v.) dissolved in 10 ul saline. Control
rats (n=4) were injected with the same amount of saline (i.c.v.). Both groups of animals
were allowed to move freely in their cages for 4 hours and BP was recorded for the
duration of the experiment. At the end of the experiment, rats were deeply anaesthetised

and perfused transcardially as described below.

2.3.3. Effect of BQ 123 on MAP during restraint stress and recovery
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Rats (n=8) received injections of BQ 123 (24 ug/kg, i.c.v.) dissolved in 10 ul
saline. Control rats (n=8) were injected with the same amount of saline (i.c.v.). Fifteen
minutes after BQ 123 or saline injections, rats were individually restrained in
hemicylindrical, well-ventilated, plexiglass tubes (Krukoff and Khalili, 1997; Krukoff et
al., 1999; Yang et al., 1999) according to a 4 h restraint stress protocol (alternating 1 h
sessions of restraint/rest; Figure 2.) (Krukoff et al., 1999). This restraint protocol was
found in previous experiments to yield results for c-fos expression which are similar to
those for rats restrained for 1 h while allowing sufficient time for measurable changes in
production of mRNA to occur (Krukoff et al., 1999). BP was recorded for the duration of
the experiment. At the end of the experiment, rats were deeply anaesthetised and perfused

transcardially as described below.

2.3.4. Effect of BQ 123 and restraint stress on NO production in hypothalamus
and brainstem

Rats (n=4) received injections of BQ 123 (24 ug/kg, i.c.v.) dissolved in 10 ul
saline. Control rats (n=4) were injected with the same amount of saline (i.c.v.). Fifteen
minutes after BQ 123 or saline injections, rats were individually restrained as described
above. At the end of the experiment, animals were given an overdose of sodium
pentobarbital and decapitated. Hypothalamus and brainstem were dissected from each
brain at 4°C, homogenised in 750 ul phosphate-buffered saline (PBS, pH 7.2) and

centrifuged at 11,000 g for 20 minutes. The supernatant was centrifuged at 53,000 g for
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15 minutes and the final supernatant was frozen for a NOy colourimetric assay described

below.

2.3.5. Effect of constitutive NOS inhibition on MAP during restraint stress and
recovery

Rats were individually restrained as described above. Fifteen minutes prior to
restraint, rats received i.c.v. injections of BQ 123 (24 ug/kg) dissolved in 10 ul saline or
vehicle alone. At the same time, rats also received i.c.v. injections of L-NNA (88 ug/kg,
Calbiochem, La Jolla, CA) dissolved in10 ul saline or vehicle alone. Immediately before
the second hour of restraint, rats were given a second injection of L-NNA or vehicle to
ensure continued inhibition of NO production (Yang and Krukoff, 2000)(Figure 2.). Rats
were divided into four groups:

Group 1: Saline + Saline (n=4);

Group 2: Saline + L-NNA (n=5);

Group 3: BQ 123 + Saline (n=4);

Group 4: BQ 123 + L-NNA (n=5).
BP was recorded for the duration of the experiment. At the end of the experiment, rats

were deeply anaesthetised and perfused transcardially as described below.

2.4. Tissue preparation

Rats were deeply anaesthetised and perfused transcardially with 200 ml ice-cold

saline (0.9% NacCl) followed by 500 ml ice-cold 4% paraformaldehyde in PBS. The
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brains were isolated, post-fixed in half-strength fixative and 15% sucrose for 1 hour, and
stored in 20% sucrose overnight at 4°C. Coronal sections (35 «m) were cut in a cryostat.
Sections of forebrain and brainstem either were thaw-mounted onto Superfrost®/Plus

slides, air dried and stored at -70°C, or were collected in PBS for further processing.

2.5. Fos immunohistochemistry and NADPH-d histochemistry

Procedures for immunohistochemistry for Fos protein and histochemistry for
NADPH-d have been published previously (Krukoff and Khalili, 1997; Krukoff, 1998b;
Yang et al., 1999). Sections were kept at room temperature unless otherwise specified.
Briefly, sections were incubated overnight with rabbit anti-c-fos antiserum (1:4000;
Oncogene Research Products, Cambridge, MA) in 0.3% Triton X-100 (dissolved in
PBS). According to the manufacturer, the antibody recognises Fos and Fos-related
antigens. For this reason, immunoreactivity will be referred to as Fos-like
immunoreactivity (FLI). The next day, sections were washed in PBS and incubated with
a biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories, Burlingame, CA) for 1
hour. The sections were then washed in PBS and incubated with avidin-biotin complex
(ABC Vecta Stain Kit, Vector Laboratories) for 1 hour. Sections were washed again in
PBS and exposed to 0.04% diaminobenzidine tetrahydrochloride (DAB; Sigma) and
0.005% hydrogen peroxide in PBS for 15 to 20 minutes.

After another wash in PBS, the sections were incubated for 30 minutes at 42°C in
PBS containing 0.6% Triton X-100, 1 mg/ml 8-NADPH (Sigma), and 0.1 mg/ml

nitroblue tetrazolium (Sigma). Sections were mounted onto glass microscope slides, air
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dried, coverslipped with Elvanol (Mowiol, Calbiochem;10 g dissolved in 40 ml PBS and

20 ml glycerol) and examined by using a Zeiss light/fluorescence microscope.

2.6.  In situ hybridisation

All solutions and glassware used in these procedures were RNase free.
Hybridisation and histochemical localisation was carried out using *>S-labelled cRNA
probes. Protocols for riboprobe synthesis, hybridisation and autoradiographic localisation
of mRNA signal have been described previously (Krukoff et al., 1999; Yang and
Krukoff, 2000). Briefly, frozen tissue sections were brought to room temperature, pre-
treated with 4% paraformaldehyde selution, 20 ug/ml proteinase K solution, 0.25%
acetic anhydride in 0.1 M triethanolamine-HCI solution (pH 8), and dehydrated with
ethanol. Radiolabelled probes were diluted in riboprobe hybridisation buffer and applied
to brain sections (3 x 10° cpm/slide). After an overnight incubation at 46°C in a
humidified chamber, sections were washed twice in 4x standard saline citrate (SSC) with
2-mercaptoethanol (1 u#l/ml; Sigma) and twice again in 4x SSC. The sections were then
incubated in RNase A (10 #g/ml in RNase buffer for 30 min at 37°C), and then in 2x SSC
and 0.1x SSC (42°C for 40 min and 65°C for 45 min respectively) to reduce non-specific
binding of the riboprobe. The sections were air dried for 3 hours.

After hybridisation, slides were exposed to X-ray film (X-OMAT AR, Kodak) for
48 to 72 hrs, dipped into NTB-2 Kodak photographic emulsion, exposed for 10 to 13
days, and developed for autoradiography. Tissues were dehydrated and coverslipped.

Sections were examined with light- and darkfield microscopy.
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2.6.1. cRNA Probes

cRNA probes for TH were generated from a 1.2kb Eco RI digest of rat TH cDNA
containing the +14 to +1165 region of the coding sequence for the enzyme (Grima et al.,
1985) that was subcloned into a pGEM-7Zf transcription vector (Promega Corp.,
Madison, WI). Antisense probes were transcribed with SP6 RNA polymerase (Promega)
from plasmids linearised with 4pa I; sense probes were transcribed with T7 RNA
polymerase (Promega) from plasmids linearised with Hind II.

cRNA probes for CRF contained the +1283 to +2048 region of the peptide cloned
into pGem-3Z (Promega) at the Bam H1 site. Antisense probes were generated with T7
RNA polymerase from plasmids linearised with Hind III; sense probes were generated

with SP6 RNA polymerase from plasmids linearised with Sac 1.

2.7. Nitrate/nitrite colourimetric assay

The method used to determine the amount of NO produced was the measurement
of NOy levels in tissue homogenates. The ex vivo measurement of NOy has been shown to
be a reliable method for the determination of constitutive NOS activity ir vivo (Salter et
al., 1996). Assays were done on homogenised tissue samples using a NOy colourimetric
assay kit according to the manufacturer’s instructions (Cayman Chemical, Ann Arbor,
MI). Briefly, frozen supernatant samples were brought to room temperature, filtered
using a 30 kDa molecular weight cut-off filter (Millipore, Bedford, MA), and 80 ul of

elutant was incubated with 10 1 Enzyme Co-factor mixture and 10 ul Nitrate Reductase
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mixture for 3 hours at room temperature. After incubation, 50 ul of each Griess Reagents
R1 and R2 were added and the colour allowed to develop for 10 minutes at room
temperature. The absorbance was read at 540 nm using an Elisa plate reader (MTX Lab

System Inc., McLean, VA)(Yang and Krukoff, 2000).

2.8. Analysis

Neurons with FLI (stained in the nucleus) or positive for NADPH-d (stained in
the cytoplasm) were counted in the PVN, NTS, VLM, and LC. Only neurons whose
nuclei were visible (stained or unstained) were included in the counts. To avoid double-
counting neurons in adjacent sections, data were expressed as numbers of labelled
neurons per section (Krukoff, 1998b).

Quantification of mRNA levels in the PVN (CRF mRNA), NTS (TH mRNA), and
the LC (TH mRNA) was carried out under light- and darkfield microscopy on nuclear
emulsion-dipped slides using a digitising scanning camera (DC330, DAGE MTI Inc.,
Michigan, MI) coupled to a Pentium-based computer and imaging software (Image-Pro
Plus, Media Cybermnetics, Silver Spring, MD). Two sections from each of the middle
region of the PVN, the middle subdivision of the NTS, and the LC were analysed in each
animal (Yang and Krukoff, 2000). The frame used to define the area for quantifying the
silver grains was kept the same size for each region and placed in the same locations in
the PVN, NTS, and the LC, respectively. Optical density was described as percentage of
area covered by silver grains (Krukoff et al., 1999; Yang and Krukoff, 2000).

Background signal was measured on nearby fibre tracts and subtracted from the signal in
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the area of interest. Optical densities of two times that of background were considered to
be positive hybridisation signals.

Data are expressed as means = SEM. Arterial pressure tracings are expressed as
percent of baseline MAP (% bMAP). In most experiments, data from experimental
animals were compared to data from appropriate control animals with the unpaired
Student’s t test. In the L-NNA experiments, MAPs were compared by one-way ANOVA
and the Newman-Keuls post hoc. P <0.05 was taken to signify statistical significance.
Graphical representation and statistical analysis were performed using GraphPad Prism

version 3.00 for Windows, GraphPad Software, San Diego, CA.
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Figure 2. Drawing illustrating experimental protocol. &, time at which BQ 123 or vehicle
was injected intracerebroventricularly (i.c.v.). For L-NNA experiments, W, time at which
L-NNA or vehicle was injected i.c.v.
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3.1. Controls: Neuronal ET4 receptor blockade in urethane-anaesthetised rats by
the selective antagonist, BQ 123

In control experiments using urethane-anaethetised rats, injections of ET-1

produced an increase in arterial pressure (42-45 mmHg; 150% bMAP) that reached a
plateau within 5 minutes after ET-1 injection (Fig. 3.1.a). While BQ 123 injection alone
produced an increase in arterial pressure (17-25 mmHg; 120% bMAP; Figs. 3.1.b,c,d),
pre-treatment with BQ 123 prevented the increase in arterial pressure in response to ET-1

at all time points investigated (Figs. 3.1.b,c,d).

3.2. Controls: Effect of BQ 123 in conscious, non-stressed animals
3.2.1. Blood pressure: The MAPs of conscious rats receiving BQ 123 were not

significantly different from those receiving vehicle (Fig. 3.2.).

3.2.2. Fos immunohistochemistry and NADPH-d histochemistry: Except for a
significant increase in the number of neurons per section with FLI in the LC of rats
treated with BQ 123 (27.27 + 5.6 vs. 9.19 £ 3.06 neurons; p < 0.05), quantification
revealed that there were no significant differences in numbers of neurons per section with
FLI, NADPH-d staining, or double-stained for FLI and NADPH-d in the PVN, SON,

ARC, NTS, or VLM suggesting that BQ 123 itself does not affect neuronal activation.
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3.2.3. In situ hybridisation for TH mRNA and CRF mRNA: Quantification
revealed that there were no significant differences in the levels of TH mRNA or CRF

mRNA expression in any of the areas investigated (Fig. 3.3.).

3.3.  Effects of BQ 123 in conscious animals during restraint stress and recovery

3.3.1. Blood pressure: In conscious experimental rats, injection of BQ 123
produced a small but significant increase in arterial pressure (8-13 mmHg; 110% bMAP;
p <0.05; Fig. 3.4.) which subsided within 10 minutes. At the onset of restraint, arterial
pressures in experimental and control animals rose approximately 40 mmHg (144% and
140% bMAP, respectively). During the first hour of restraint (0 to 60 min), there was a
tendency for the arterial pressures in both groups of animals to decline slightly but not
significantly. Although differences did not reach significance, the MAPs in rats receiving
BQ 123 were consistently greater than in rats receiving vehicle.

The arterial pressures in both groups of animals decreased when the animals were
removed from the restraint chamber (60 min). During the hour of rest (60 to 120 min), the
arterial pressures in animals receiving vehicle continued to decrease and levelled off
below baseline levels (92% bMAP). In animals receiving BQ 123, however, the arterial
pressures decreased and then levelled off above baseline values (105% bMAP). The
MAPs in experimental animals remained significantly higher than those in control
animals (at least p < 0.05; see Fig. 3.4.). The average pressure difference between

experimental and control animals during this period was 8 mmHg.
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At the onset of the second period of restraint (120 min), the arterial pressures in
both experimental and control animals rose approximately 35 mmHg (142% and 135%
bMAP, respectively). During this second hour of restraint (120 to 180 min), the MAPs in
animals receiving vehicle tended to decrease while the MAPs in animals receiving BQ
123 remained elevated. The MAPs in experimental rats were consistently greater than in
control rats. Toward the end of the restraint period, the MAPs were significantly greater
in experimental rats than in control rats, with an average pressure difference of 13 mmHg
(p <0.05; Fig. 3.4.).

The arterial pressures in both groups of animals decreased when the animals were
removed from the restraint chamber (180 min) a second time. During this second hour of
rest (180 to 240 min), the arterial pressures in animals receiving vehicle continued to
decrease and levelled off below baseline levels (91% bMAP). In animals receiving BQ
123, the arterial pressures decreased slightly and levelled off above baseline values
(109% bMAP). The arterial pressures in experimental animals remained significantly
higher (by approximately 13 mmFHg) than those in control animals (at least p < 0.05; Fig.

3.4.).

3.3.2. Fos immunohistochemistry and NADPH-d histochemistry: There were no
significant differences in numbers of neurons per section with FLI, NADPH-d staining,
or double-stained for FLI and NADPH-d for any of the areas investigated (Figs. 3.5., 3.6.,

and 3.7.).
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3.3.3. In situ hybridisation for TH mRNA and CRF mRNA: Rats subjected to the
restraint protocol following BQ 123 pre-treatment had a significant decrease in CRF
mRNA in the parvocellular portion of the PVN (p < 0.05; Figs. 3.8. & 3.9.). There were

no significant differences in the levels of TH mRNA expression in the NTS or LC.

3.4. Effect of BQ 123 and restraint stress on NO production in hypothalamus and
brainstem of conscious animals

3.4.1. Nitrate/nitrite assay: Rats subjected to the restraint protocol following BQ
123 pre-treatment had a significant decrease in NOy levels in the brainstem (p < 0.05;
Fig. 3.10.). In the hypothalamus, however, there were no significant differences in NO,

levels.

3.5. Effects of constitutive NOS inhibition in conscious animals during restraint
stress and recovery

3.5.1. Blood pressure: At the onset of restraint, arterial pressures in Saline +
Saline, BQ 123 + Saline, Saline + L-NNA, and BQ 123 + L-NNA animals rose
approximately 30 mmHg (135%, 135%, 133%, and 133% bMAP, respectively; Figs.
3.11. and 3.12.). During the first hour of restraint (0 to 60 min), there was a tendency for
the arterial pressures in Saline + Saline, Saline + L-NNA and BQ 123 + L-NNA animals
to decline, though these decreases were not significant. While not significant, during the
last 35 minutes of restraint (25 to 60 min), the MAPs in BQ 123 + Saline rats were

consistently greater than in the other groups (Figs. 3.11.b and 3.12.).
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The arterial pressures in Saline + Saline and BQ 123 + Saline rats decreased when
the animals were removed from the restraint chamber (60 min). During the hour of rest
(60 to 120 min), the arterial pressures in Saline + Saline animals continued to decrease as
described in Section 3.3.1 and levelled off below baseline levels (93% bMAP). In BQ
123 + Saline animals the arterial pressures decreased and levelled off above baseline
values (106% bMAP). As described in Section 3.3.1, the arterial pressures in BQ 123 +
Saline rats remained significantly elevated above baseline (by approximately 16 mmHg)
as compared to MAPs in Saline + Saline rats (p < 0.05; see Figs. 3.11.b and 3.12.). The
arterial pressures in the Saline + L-NNA and BQ 123 + L-NNA rats did not decrease
significantly when the animals were removed from the restraint chamber (117% and
111% bMAP, respectively). Arterial pressures in BQ 123 + L-NNA rats were
significantly greater (by approximately 9 mmHg) than MAPs in Saline + Saline rats (at
least p < 0.05). The arterial pressures in Saline + L-NNA rats were significantly greater
(by approximately 19 mmHg) than MAPs in Saline + Saline rats (at least p < 0.05). There
were no significant differences in MAPs between BQ 123 + Saline and BQ 123 + L-NNA
rats during the hour of rest (60 to 120 min). At 100 to 105 min, the MAPs in Saline + L-
NNA rats were significantly greater than either BQ 123 + Saline or BQ 123 + L-NNA rats
(p <0.05; see Figs. 3.11. and 3.12.).

As described previously, the onset of the second hour of restraint (120 min) led to
increased arterial pressures in Saline + Saline and BQ 123 + Saline animals of
approximately 23 mmHg (123% and 124% bMAP, respectively) while the MAPs in BQ

123 + L-NNA and Saline + L-NNA animals rose approximately 19 mmHg (127% and
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133% bMAP, respectively). During the hour of restraint (120 to 180 min), the MAPs in
Saline + Saline and BQ 123 + L-NNA rats tended to decrease whereas the MAPs in BQ
123 + Saline and Saline + L-NNA rats remained elevated. While the differences did not
reach significance, during the last SO minutes of restraint (130 to 180 min), the MAPs in
BQ 123 + Saline and Saline + L-NNA rats were consistently greater than in either Saline
+ Saline or BQ 123 + L-NNA groups (see Figs. 3.11. and 3.12.).

The artenal pressures in Saline + Saline and BQ 123 + Saline rats decreased when
the animals were removed from the restraint chamber (180 min). During the hour of rest
(180 to 240 min), the arterial pressures in Saline + Saline animals continued to decrease
and levelled off below baseline levels (92% bMAP). In BQ 123 + Saline animals the
arterial pressures decreased and then levelled off above baseline values (106% bMAP).
The arterial pressures in the Saline + L-NNA and BQ 123 + L-NNA rats remained
elevated. On the whole, there were few significant differences in MAP between Saline +
L-NNA and BQ 123 + L-NNA rats. Generally, the arterial pressures in Saline + L-NNA
rats were significantly greater (by approximately 27 mmHg) than MAPs in Saline +
Saline rats (at least p < 0.01; see Figs. 3.11.a and 3.12.). The MAPs in Saline + L-NNA
rats were significantly greater than MAPs in BQ 123 + Saline rats (at least p < 0.05; Figs.
3.11. and 3.12.). In general, the arterial pressures in BQ 123 + Salineand BQ 123 + L-
NNA rats remained significantly elevated (by approximately 16 mmHg) above baseline
as compared to MAPs in Saline + Saline rats (at least p < 0.05; see Figs. 3.11. and 3.12.).
There were few significant differences in MAPs between BQ 123 + Saline and BQ 123 +

L-NNA rats during the hour of rest (180 to 240 min).
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Figure 3.1. Changes in mean arterial pressure (MAP) after intracerebroventricular
injections in urethane-anaesthetized rats. Data are expressed as mean = SEM. V, time
at which ET-1 was injected. ¥, time at which BQ 123 was injected. n=4 in each group.
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Figure 3.2. Changes in mean arterial pressure (MAP) after intracerebroventricular
injections of ET 4 antagonist, BQ 123 (24 ug/kg) or vehicle in non-stressed animals.

Data are expressed as mean + SEM. There were no significant differences between
animals receiving BQ 123 or vehicle. 8, time at which injections were made.
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Figure 3.3. Expression of CRF mRNA in parvocellular PVN and TH mRNA in LC and
NTS in non-stressed animals receiving intracerebroventricular injections of BQ 123 or
vehicle. Data are expressed as mean + SEM. There were no significant differences
between animals receiving BQ 123 or vehicle. Abbreviations: CRF,
corticotropin-releasing hormone; LC, locus coeruleus; NTS, nucleus of the tractus
solitarius; PVN, paraventricular nucleus; TH, tyrosine hydroxylase; VLM, ventrolateral
medulla
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Figure 3.4. Changes in mean arterial pressure (MAP) during restraint stress and
recovery in rats receiving ET, antagonist, BQ 123, or vehicle. Data are expressed as

mean + SEM. &, time at which BQ 123 (24 ug/kg) or vehicle was injected.



Figure 3.5. Numbers of neurons per section single- and double-labelled for FLI and/or
NADPH-d in the rostral, middle, and caudal PVN in restraint stressed animals receiving
BQ 123 or vehicle (n=4 for each group). Data are expressed as mean + SEM. There were
no significant differences between animals receiving BQ 123 or vehicle. Inset shows
middle PVN divided into functional subdivisions. Abbreviations: PVN, paraventricular
nucleus of the hypothalamus; rPVN, rostral PVN; mPVN, middle PVN; cPVN, caudal
PVN; M, magnocellular division of mPVN; dPv, dorsal parvocellular division of PVN
(ventral portion); dPm, dorsal parvocellular division of PVN (medial portion); mP;
medial parvocellular division of PVN.



43

rPVN

Saline
BQ 123

150-

1004

50

cPVN

300+
2004
1004

SUOJNaN paulels Jo #

100-

75

50

25—

NADPH-d Double

FLI

Figure 3.5.



44

75 _ ARC
Saline

&= BQ 123

50

25

# of Stained Neurons

100 - SON
754
50 4

251

FLI Double
NADPH-d

Figure 3.6. Numbers of neurons per section single- and double-labeled for FLI and/or
NADPH-d in the arcuate and supraoptic nuclei of stressed animals receiving
intracerebroventricular injections of BQ 123 or vehicle (n=4 for each group). Data are
expressed as mean + SEM. There were no significant differences between animals
receiving BQ 123 or vehicle. Abbreviations: ARC, arcuate nucleus; FLI, Fos-like
immunoreactivity; NADPH-d, nicotinamide adenine dinucleotide phosphate diaphorase;
SON, supraoptic nucleus.
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Figure 3.7. Numbers of neurons per section single- and double-labeled for FLI and/or
NADPH-d in the LC, NTS, and VLM of stressed animals receiving
intracerebroventricular injections of BQ 123 or vehicle (n=4 for each group). Data are
expressed as mean = SEM. There were no significant differences between animals
receiving BQ 123 or vehicle. Abbreviations: FLI, Fos-like immunoreactivity; LC, locus
coeruleus; NADPH-d, nicotinamide adenine dinucleotide phosphate diaphorase; NTS,
nucleus of the tractus solitarius; VLM ventrolateral medulla
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Figure 3.8. Expression of CRF mRNA in parvocellular PVN and TH mRNA in LC and
NTS in stressed animals receiving intracerebroventricular injections of BQ 123 or
vehicle. Data are expressed as mean + SEM. *, significant difference p < 0.05.
Abbreviations: CRF, corticotropin-releasing hormone; LC, locus coeruleus; NTS,
nucleus of the tractus solitarius; PVN, paraventricular nucleus; TH, tyrosine
hydroxylase; VLM, ventrolateral medulla



Figure 3.9. Expression of CRF mRNA in the paraventricular nucleus of restrained rats
receiving: a) BQ 123 or b) vehicle. 3V. third ventricle. Bars represent 100 pm.
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Figure 3.10. Nitrate/nitrite concentrations in hypothalamus and brainstem following
restraint stress in rats receiving intracerebroventricular injections of BQ 123 or

vehicle. Data are expressed as mean + SEM. *, significant difference p < 0.05.



Figure 3.11. Changes in mean arterial pressure (MAP) during restraint stress and
recovery in rats receiving a) constitutive NOS blocker, L-NNA, or vehicle; b) ET4
antagonist, BQ 123, and/or L-NNA. Data are expressed as mean + SEM. &, time at which
BQ 123 (24 pg/kg) or vehicle was injected. W, time at which L-NNA (88 pg/kg) or
vehicle was injected. *, significant difference p < 0.05. J, significant difference p < 0.01.
*  significant difference p < 0.001.
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Figure 3.12. Changes in mean arterial pressure (MAP) during restraint stress and
recovery in rats receiving ET, antagonist, BQ 123, and/or constitutive NOS blocker, L-
NNA. 8, time at which BQ 123 (24 pg/kg) or vehicle was injected. W, time at which L-
NNA (88 pg/kg) or vehicle was injected. Bars represent treatment group compared to
Saline + Saline controls.
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We have shown that the MAPs of rats receiving vehicle increased in response to
restraint and decreased slightly during the hour of restraint. Blockade of central ET
receptors with BQ 123 did not affect the initial increase in MAP in response to restraint
but the MAPs in rats receiving BQ 123 were consistently but not significantly greater
than controls during the hour of restraint. Additionally, we have shown that the MAPs of
control rats were depressed below baseline levels during the recovery from restraint. Pre-
treatment with BQ 123 prior to restraint attenuated the decrease in MAP. The MAPs in
BQ 123-treated rats remained significantly higher than controls during the rest periods. In
addition, we have shown that there was a decrease in NO content in the brainstems of BQ
123-treated rats following restraint. Furthermore, blocking of constitutive NOS with L-
NNA virtually eliminated the decrease in MAP when animals were removed from
restraint. Together, these results support the hypothesis that central ET, receptors
mediate the decrease in sympathetic output during restraint and recovery from restraint.

In addition, these results also suggest a role for NO in mediating this response.

4.1. Technical Considerations

4.1.1. Selectivity of BQ 123 antagonism

BQ 123 is potent and reversible inhibitor of ET s receptors. BQ 123 has been
shown to selectively inhibit [lZSI]-ET-l binding to ETA receptors in vitro (Ihara et al.,
1992; Wu-Wong et al., 1995). On the other hand, BQ 123 had no effect on ['*°I]-ET-1

binding to ETg receptors (Thara et al., 1992). In addition, Ihara et al. (1995) showed that
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[’H]-BQ 123 binding was sensitive to ET-1 and ET-2 while relatively insensitive to ET-3
further suggesting BQ 123 is selective for ET4 receptors

In vivo studies have shown that pre-treatment with BQ 123 inhibited the
peripheral ET-1-induced pressor responses in a dose-dependent fashion without affecting
the ET-1-induced depressor responses (Thara et al., 1991). Furthermore, central
administration of BQ 123 in anaesthetised rats inhibited the cardiovascular effects of
i.c.v. administration of the ET, selective agonist STX 6b (Kumar et al., 1997). Together,

these observations suggest that BQ 123 selectively inhibits the ET 4 receptor.

4.1.2. Measurement of nitric oxide production

The ex vivo measurement of NO, has been shown to be a reliable method for the
determination of constitutive NOS activity in vivo (Salter et al., 1996). Since NO is
readily converted to nitrates (Rhodes et al., 1995) and nitrites (Ignarro et al., 1993) in
biological fluids, the measurement of nitrates and nitrites (NO,) is an indicator of total
NO production. While this method does not allow for the specific localisation of areas
involved in NO production due to homogenisation of tissue, we have shown a decrease in
the NO production in the brainstem of rats receiving BQ 123 and subjected to restraint.
Since the brainstem contains many groups of NO-producing neurons, further studies
using in situ hybridisation for NOS mRNA would be advantageous to identify those
neurons which alter NOS activity in response to BQ 123 and restraint.

We have used the NADPH-d histochemical stain to identify putative NO-

producing neurons in the brain. This method identifies neurons containing nNOS
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(Dawson et al., 1991; Hope et al., 1991), but gives no indication of NO production. For
instance, although there were no differences in the numbers of NADPH-d positive
neurons in the brainstem of rats receiving BQ 123 or vehicle, there was a decrease in NO
production in rats receiving BQ 123. On the other hand, there were no differences in the
numbers of NADPH-d positive neurons in the PVN or in the levels of NO production in
the hypothalamus. Since the PVN is one of the major integrators of sympathetic output, it
is surprising that the levels of NOy in the hypothalamus of rats receiving vehicle were
less than in the brainstems of these rats. The amount of tissue analysed for each area may
account for this difference. Although consistent between animals, the hypothalamus

tissue blocks were approximately one third the size of the brainstem tissue blocks.

4.2. Controls

We have confirmed that central administration of ET-1 elicits a pressor response
in urethane-anaesthetised rats. Several studies have reported a pressor effect of centrally
administered ET-1 in conscious rats (Sirén and Feuerstein, 1989; Ouchi et al., 1989;
Makino et al., 1990) and a biphasic pressor/depressor response in anaesthetised rats
(Gulati et al., 1995, 1996, 1997a,b; Rebello et al., 1995). The absence of a depressor
response in the present study following i.c.v. ET-1 using anaesthetised rats, however,
may be due to the length of our observation period which was 30 min. Others have shown
that the depressor response occurred at 30 min following ET-1 administration (Gulati et
al., 1996, 1997a,b), at the time when we showed consistent but not significant decreases

in MAP. Indeed, when observed for 25 min following i.c.v. ET-1 administration,
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Nakamura e? al. (1999) also did not detect a depressor effect. On the other hand, there are
reports that ET-1 (i.c.v.) produced a pressor peak at 10 min and a sustained depressor
response (Rebello et al., 1995).

The present study shows that central administration of BQ 123 alone increased
MAP in urethane-anaesthetised animals. Others, on the other hand, have reported that BQ
123 does not alter basal BP levels in urethane-anaesthetised rats when administered i.c.v.
(Gulati et al., 1997b; Nakamura et al., 1999), injected into the fourth ventricle (Tadepalli
and Hashim, 1995), or microinjected into the raphe obscurus (D'Amico et al., 1999).
Interestingly, BQ 123 microinjected into the NTS produced a brief increase followed by a
decrease in BP and a return to baseline within 15 min (Mosqueda-Garcia et al., 1998).
More importantly, however, we show that intracerebroventricular injections of BQ 123 in
conscious animals did not alter MAP when compared to controls. This finding is in
agreement with a study showing that i.c.v. BQ 123 did not alter the basal levels of
sympathetic and cardiovascular activities in conscious Wistar-Kyoto (WKY) rats

(Nakamura et al., 1999).

4.3. Fos immunohistochemistry, NADPH-d histochemistry and in situ
hybridisation for CRF and TH mRNA in non-stressed rats

We observed a significant increase in the numbers of neurons with FLI in the LC
of non-stressed rats treated with BQ 123. While the significance of this finding is unclear
at the present time, it may suggest that ET 4 receptors on LC neurons function to inhibit

these neurons. Alternatively, this difference in the numbers of neurons with FLI may also
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indicate that BQ 123 alters the signalling of upstream neurons resulting in the activation

of neurons in the LC.

4.4. Fos immunohistochemistry, NADPH-d histochemistry and in situ
hybridisation for CRF and TH mRNA in restraint-stressed rats

No significant differences in the numbers of neurons with FLI, NADPH-d, or
double stained neurons were found between rats receiving BQ 123 or vehicle in any of
the areas investigated in restraint-stressed animals. This finding is not surprising since c-
Jfos is expressed rapidly in activated neurons (Miiller et al., 1984; Krukoff, 1998b). In
addition, an increase in MAP is known to increase c-fos expression (Li and Dampney,
1994; Krukoff et al., 1995). Since the MAPs in both BQ 123 and control rats increased
equally at the onsets of restraint, the differences in MAPs seen during recovery from
restraint may not be great enough to affect the number of activated neurons. As well, the
protein product Fos, lasts for several hours (Miiller et al., 1984; Herdegen and Leah,
1998; Krukoff, 1998b) which may obscure any differences in gene expression.

We observed a significant decrease in the expression of CRF mRNA in stressed
rats treated with BQ 123 suggesting that ET has a stimulatory effect on CRF producing
neurons in the PVN of restrained rats. While administration of ET-1 did not affect the
basal release of CRF from hypothalamic explants (Yasin et al., 1994), ET-1 stimulated
the basal ACTH secretion in rats (Malendowicz et al., 1997) which suggests that the in
vitro effects of ET are different from their effects in vivo. Since administration of BQ 123

did not alter CRF mRNA levels in non-stressed animals, it is possible that ET only
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augments CRF mRNA expression in parvocellular neurons of the PVN under heightened
levels of sympathetic activation. Under these conditions, ET may act to enhance the level
of HPA axis activation.

No significant differences in the levels of TH mRNA were found in either the LC
or the NTS of restrained rats. As discussed previously, this finding is not surprising since
the MAPs in BQ123 and control rats increased almost equally. It may be difficult to
discern a difference in TH mRNA expression since transcription of mRNA may continue
to be elevated even after the stimulus has been removed. For instance, immobilisation
stress for 30 min or restraint stress for 1 h significantly increased the relative rate of TH
transcription for several for hours (Smith et al., 1991; Nankova et al., 1999; Sands et al.,

2000)

4.5. MAP during restraint stress and recovery

In response to restraint stress, sympathoadrenal system activation leads to
increased heart rate and BP (Chen and Herbert, 1995; Irving et al., 1998). As
demonstrated in the present study, the onset of restraint resulted in an increase in MAP in
control rats. In another study, the MAPs in WKY rats also increased in response to
restraint stress (McDougall et al., 2000). In both experiments, the MAPs tended to
decrease slightly during both restraint sessions. This small reduction in MAP may
indicate an unsuccessful attempt by the autonomic nervous system to return BP to
baseline levels. However, the MAPs did not fully return to baseline during either hour of

restraint suggesting continuous sympathetic activation during restraint.
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To our knowledge, we are the first to measure the changes in MAP during the
recovery from restraint stress. When animals were removed from restraint, MAPs quickly
returned to baseline levels. Interestingly, as animals were allowed to rest, their MAPs
decreased still further and levelled off below baseline levels during the hour of rest. This
depressed MAP suggests that a compensatory decrease in sympathetic activity occurs

during recovery from restraint.

4.6. Effect of BQ 123 during restraint stress and recovery

We have shown that the MAPs in both BQ 123-treated and control rats increased
equally at the onset of restraint. As discussed in Section 1.4.4., it is currently believed
that central ET increases sympathetic activity resulting in a pressor response which is
followed by a decrease in sympathetic activity leading to the subsequent depressor
response and that these responses are mediated by ET4 receptors. It is interesting then,
that while BQ 123 abolishes the increase in MAP in response to i.c.v. ET-1, the blocking
of central ET4 receptors does not affect the increase in MAP in response to restraint
stress. This observation suggests that the increase in MAP, and presumably increase in
sympathetic activation, at the onset of restraint stress is not mediated by ET4 receptors.
An alternative explanation is that the inability of BQ 123 to affect the stress-induced
pressor response may reflect the fact that a number of factors mediate sympathetic drive
in response to restraint stress (McDougall et al., 2000).

Although the MAPs in BQ 123-treated and control rats increased equally, the

physiological responses to increased sympathetic drive might be different in BQ 123-
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treated rats. As discussed in Section 4.4., the MAPs in normal rats tend to decrease
during restraint. Although not significantly different during the first restraint period,
MAPs in BQ 123 rats remained higher than saline controls. Furthermore, by the end of
the second period of restraint, the MAPs in BQ 123-treated rats were significantly higher
than controls. These observations are in agreement with the notion that central ET
mediates decreases in sympathetic activity (Gulati et al., 1997b). The blocking of ET
receptors, thereby preventing the reduction in sympathetic drive would result in continual
stimulation of the sympathetic nervous system. Constant sympathetic drive would then
lead to the sustained elevation in MAPs during restraint seen in BQ 123 rats.

The decreased ability to reduce sympathetic activity in experimental rats was
more apparent when the animals were removed from restraint and allowed to rest. In
contrast to control rats where the resting MAPs decreased to below baseline, the MAPs in
BQ 123-treated rats remained above baseline during this rest period. These results further
suggest that ETa receptors mediate the decrease in sympathetic drive during the recovery

from restraint stress.

4.7. The depressor effect of central administration of ET-1

Several studies have examined the depressor response of centrally administered
ET-1 in anaesthetised rats. Low doses of ET-1 applied to the fourth ventricle (IV") of
ventilated rats (Hashim and Tadepalli, 1992,1994; Tadepalli and Hashim, 1995;),
administered intracisternally (i.c.) (Mosqueda-Garcia et al., 1992), or administered

intrathecally (Han et al., 1991) produced decreases in BP and HR; however, at higher
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doses, the depressor response to ET-1 (IV™) has also been shown to be preceded by a
brief pressor response (Hashim and Tadepalli, 1992). Microinjection of ET-1 into the
NTS (Hashim and Tadepalli, 1992; Mosqueda-Garcia et al., 1992) or area postrema (AP)
(Mosqueda-Garcia et al., 1992) led to decreases in BP and HR. On the other hand, others
have shown that ET-1 microinjected into NTS (Dai et al., 1997) or AP (Ferguson and
Smith, 1990) produces pressor responses. These discrepancies could be explained by the
total volume in which ET-1 was microinjected (Mosqueda-Garcia et al., 1992). In the
studies showing decreases in BP following NTS or AP microinjection, a maximum
volume of 60 nl was microinjected. In contrast, the studies showing increases in BP used
much larger volumes. Talman and Reis (1981) have previously reported administration of
vehicle in large volumes caused non-specific cardiovascular effects in small nuclei such
as NTS and AP. Furthermore, others have demonstrated that the same dose of a
microinjected substance has different effects on BP and HR if the volume of
administration is different (Barraco et al., 1987).

Interestingly, the depressor effect of IV" administration of ET-1 was attenuated
when the rats were pre-treated with two excitatory amino acid (EAA) antagonists
(Hashim and Tadepalli, 1994). This observation suggests that the depressor effect of
central ET-1 may be the result of release of an endogenous EAA (Hashim and Tadepalli,
1994). In fact, the NTS is sensitive to both ET-1 and the EAA agonist, L-glutamate
(Talman et al., 1980; Di Paola et al., 1991; Shihara et al., 1998). In addition, L-glutamate
also produces depressor responses when injected into the NTS (Di Paola et al., 1991;

Talman et al., 1980). Furthermore, the depressor response of L-glutamate has been shown
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to be due to release of NO from the NTS (Di Paola et al., 1991). These observations
suggest that the endothelin-induced decrease in sympathetic activity is mediated through

the release of L-glutamate to increase NO production in the NTS.

4.8. Effect of BQ 123 and restraint stress on NO production in hypothalamus and
brainstem

If our contention is correct, and the decrease in sympathetic drive seen in control
animals during recovery from restraint is due to an ET, receptor-mediated release of NO
in the brainstem, then by blocking ET4 receptors, we would expect to see less NO in the
brainstems of rats treated with BQ 123 following restraint. Indeed, we observed a
significant decrease in the NO content in the brainstems of rats treated with BQ 123.

While we did not observe any significant differences in the numbers of activated
putative NO-producing neurons in the NTS or VLM between experimental and control
rats (see Section 4.3.), we cannot determine the level of NOS activity within those
neurons using the NADPH-d histochemical marker. Blockade of ET4 receptors may alter
NOS activity within neurons without affecting the number of activated NO-producing
numbers. For instance, ET is known to mediate its cellular signalling through an increase
in intracellular Ca*? levels (Blomstrand et al., 1999). In addition, both constitutive forms
of NOS are Ca+2-dependent (Moncada, 1992; Férstermann et al., 1991,1995). Thus, by
blocking ET signalling, the levels of intracellular Ca*? may not be sufficient to sustain
increased levels of NOS activity. Additionally, it is also possible that other areas of the

brainstem may be involved in producing the different levels of NO seen in the present
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study. Quantification for the numbers of neurons with FLI immunohistochemistry and
NADPH-d histochemistry was limited to the NTS, VLM, and LC of the brainstem,
whereas the tissue homogenate used in the NO, assay included the entire brainstem.

In addition, the NOy assay does not identify the source of NO. The decrease in
NO in the brainstems of BQ 123-treated rats following restraint could also be due to
decreased NO production from eNOS in endothelial cells. While much of the literature
suggests that ETg receptors are responsible for the release of NO from endothelial cells
(Clozel et al., 1992; Hori et al., 1992; Hirata et al., 1993; Moreland et al., 1994; Sudjarwo
et al., 1994; Mazzoni et al., 1999; Schmeck et al., 1999), one study has demonstrated that
activation of ET4 receptors led to the release of NO from the bronchial epithelium
(Naline et al., 1999). It is possible then, that brain endothelial cells mediate NO release
via ET4 receptor activation and that the administration of BQ 123 decreases NO

production from eNOS in these cells during recovery from restraint.

4.9. Effect of BQ 123 and L-NNA during restraint and recovery

To further investigate the role of NO in mediating the depressor response seen
during recovery from restraint, we centrally blocked constitutive NOS with L-NNA. L-
NNA has been shown to effectively inhibit NO production in the brain for four hours if 2
i.c.v. injections are made two hours apart (Yang and Krukoff, 2000).

The responses of Saline + Saline and BQ 123 + Saline rats were similar to those
discussed in Sections 4.4. and 4.5., respectively. We now show that the MAPs in Saline +

L-NNA and BQ 123 + L-NNA rats at the onset of, and during restraint, were similar to
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their respective controls. L-NNA, however, eliminated the decrease in MAP seen in
control animals when these animals were removed from restraint.

The results of the present study do not distinguish whether nNOS and/or eNOS
1s/are responsible for the production of NO which may mediate the decreased
sympathetic activity seen during recovery from restraint. Since the MAPs in BQ 123 +
Saline rats were intermediate between the MAPs of L-NNA treated and control rats, it is
possible that both isoforms of NOS were involved in the decrease in sympathetic activity
and that BQ 123 prevented NO production from only one of the isoforms. Indeed,
blocking both nNOS and eNOS with L-NNA virtually eliminates the decrease in MAP
when animals are removed from restraint. While we cannot conclusively determine which
isoform of NOS is responsible for the ET-mediated production of NO, it is interesting to
speculate a role for each isoform. As discussed previously, there is little or no evidence to
suggest that endothelial cells contain ET, receptors so the administration of BQ 123
would not affect NO production from eNOS in these cells. Therefore NO from eNOS
could account for the initial decrease in MAP seen in BQ 123 + Saline rats. On the other
hand, ET A receptors have been shown to be present on neurons within many autonomic
nuclei (Kurokawa et al., 1997; Yamada and Kurokawa, 1998). Thus, BQ 123 may block
NO production from nNOS in these areas, preventing the decrease in sympathetic activity
seen in control rats.

It is believed that NO regulates sympathetic output from the brain (Krukoff,
1998a; Krukoff, 1999). Psychological stress has been shown to activate NO-producing

neurons in brain centres (Krukoff, 1999) including the PVN, raphe nuclei, NTS, and
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VLM (Krukoff and Khalili, 1997). Although the present study did not reveal any
significant differences in the number of activated NO-producing neurons in BQ 123 or
control rats following restraint, the decrease in brainstem NO content and greater MAPs
in seen in BQ 123 rats compared to control rats further suggest a role for NO in

decreasing sympathetic activity during recovery from restraint.

Summary and Conclusions

To date, the literature indicates that centrally administered ET-1 acts on ET4
receptors in the brain to elicit both increases and decreases in sympathetic output. The
results of the present study support the notion that ET, receptors mediate a decrease in
sympathetic activity and extend this idea by showing that endogenous ET decreases
sympathetic activity during recovery from restraint through the ET4 receptor. We have
shown that the MAPs of control rats fell below baseline levels during recovery from
restraint. In contrast, the MAPs in BQ 123-treated rats remained significantly higher than
in controls during the rest periods. In addition, we show that there was a decrease in NO
content in the brainstems of BQ 123-treated rats following restraint. Furthermore,
blocking of constitutive NOS with L-NNA eliminated the decrease in MAP when animals
were removed from restraint and suggest that ET acts to decrease sympathetic activity
through the central release of NO.

Figure 4 illustrates a proposed mechanism for endothelin-mediated decrease in
sympathetic output. Based on our results, we propose that under heightened levels of

sympathetic drive (restraint stress), endothelin in the brain acts on ET4 receptors in
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autonomic centres to decrease sympathetic output possibly through the release of nitric

oxide from the brainstem.
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Figure 4. Schematic diagram representing hypothesised mechanism for endothelin-
mediated decrease in sympathetic output to the periphery
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