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Abstract
3

Previous studies have demonstrated that activation of central 5-HT2 receptors in 
anaesthetized and unanaesthetized rats causes the release of vasopressin and a rise in 
arterial blood pressure (Anderson et al., 1992, Pergola et al., 1993). However, studies 
in cats have also demonstrated that activation of central 5-HT2 receptors causes 
sympathoexcitation. The present study was carried out to determine if, in the rat, 5-HT2 
receptors also mediated sympathoexcitation. In addition, experiments were also carried 
out to determine which particular subtype/s of 5-HT2 receptor (A, B & C) may be 
involved in the above effects. Experiments were performed in a-chloralose (80 mg kg'1) 
anaesthetized, artificially ventilated and neuromuscular blocked rats, in which 
simultaneous recordings were made of mean arterial blood pressure (MAP), heart rate 
(HR), renal nerve (RNA) and phrenic nerve activities (PNA) while test ligands were 
administered intracerebroventricularly (i.c.v.).

Administration of the 5-HT2 receptor agonists quipazine and DOI (2 pmol kg'1) evoked 
increases in MAP of 18 ± 4  and 13 ± 4  mmHg respectively and HR of 40 ± 8 and 45 ± 10 
bpm, respectively, but decreases in RNA -26  ± 12 and -24  ± 5%. However, injection 
i.v. of a vasopressin Vr receptor antagonist after 3 min immediately reversed the rise in 
MAP. Pretreatment with either a 5-HT2 or a 5-HT2A receptor antagonist (i.c.v.) 
significantly attenuated the quipazine evoked response, while pretreatment with a 5- 
HT2B receptor antagonist (i.c.v.) or a vasopressin Vr receptor antagonist (i.v.) reversed 
the renal sympathoinhibitory response to sympathoexcitation (+67 ± 24 and +53 ± 24% 
respectively). Administration of the putative 5-HT2B receptor agonist BW723C86 (0.2 
pmol kg'1, i.c.v.) evoked a renal sympathoexcitation (+39 ± 7%) which was associated 
with no change in MAP or HR and the sympathoexcitation was only attenuated by 
pretreatment, centrally, with a 5-HT2B receptor antagonist SB 204741. Vasopressin 
release has been demonstrated to involve an angiotensinergic pathway (Saydorff et al., 
1996) and in this respect pretreatment with an angiotensin II ATr receptor antagonist 
(i.c.v.) was found also to attenuate this rise in MAP evoked by quipazine and reverse the 
renal sympathoinhibition to sympathoexcitation, the quipazine induced tachycardia was 
unaffected. Pretreatment centrally with an AT2-receptor antagonist failed to affect the 
quipazine evoked pressor effect or tachycardia but reversed the sympathoinhibition to 
an excitation.

In conclusion these data show that the rise in blood pressure evoked by quipazine in 
anaesthetized rats is due to the release of vasopressin. This rise is mediated by the 
activation of central 5-HT2A receptors and involves a central angiotensinergic pathway. 
However, by interfering with the effects of released vasopressin a centrally mediated 
sympathoexcitation can be demonstrated due to activation of 5-HT2 receptors. Further, 
these studies suggest that 5-HT2B receptors play a role in the control of renal 
sympathetic outflow. Interestingly these results have lead to the suggestion that central 
5-HT2B receptors, might by involved in blood volume regulation.
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Chapter 1 

1. General Introduction

1.1 5-hydroxytryptamine

Over a century ago it was known that a substance found in coagulated 

blood contained a vasoconstrictor agent that was released from 

platelets during the clotting process. Nonetheless, it was not until 1948 

that this vasoconstrictor substance was first identified in serum and 

termed serotonin (Rapport et al., 1948) which was shown to be and 

have the chemical structure of 5-hydroxytryptamine (5-HT; Rapport, 

1949; Hamlin & Fisher, 1951). However in 1937 a gut stimulating 

factor was isolated from the rabbit gastric mucosa by Vialli and 

Erspamer (see Erspamer, 1954) which was termed enteramine, and 

was subsequently shown to be identical in chemical structure to 5-HT. 

5-HT was subsequently shown to have a widespread distribution in 

many tissues including the brain in which 5-HT was found to be 

regionally distributed (Twarog & Page, 1953; Amin et al, 1954). 

Consequently this led to the proposal by Brodie & Shore (1957) that 

5-HT may act as a neurotransmitter within the CNS, and that it maybe 

involved in a number of mental disorders, such as schizophrenia and 

anxiety.
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1.2 Synthesis and Metabolism of 5-hydroxytryptamine

5-hydroxytryptamine (5-HT) is synthesised from the essential amino 

acid tryptophan in a reaction involving two-steps. The initial | step, 

hydroxylation of L-tryptophan in the 5 position to 5-hydroxytryptophan 

is mediated by the enzyme tryptophan hydroxylase and acts as the 

rate limiting step of the synthesis process (Hamon et al., 1981). Once 

synthesised, 5-hydroxytryptophan is almost immediately 

decarboxylated by the enzyme L-amino acid decarboxylase to form 

5-HT. Except for blood platelets 5-HT is stored in the tissues where it 

is synthesised. The main peripheral sites for synthesis and storage are 

within the intestinal enterochromaffin cells and myenteric plexus where 

it is proposed that 5-HT acts as an excitatory neurotransmitter involved 

in gastric motility. 5-HT is also found in mast cells, lung tissue, heart 

tissue and in the spleen. Further, within the brain, in the pineal body 

5-HT itself acts as the precursor for the formation of the hormone 

melatonin. Large concentrations of 5-HT are also actively accumulated 

by platelets from the blood plasma, which is subsequently released 

from the platelets following aggregation at sites of vascular damage. 

Furthermore, sympathetic nerves can also take up, synthesise, store 

and metabolise 5-HT (see Verbeuren, 1989). Within the central 

nervous system, 5-HT is localized in neurones (Dahlstrom and Fuxe, 

1965; Steinbusch, 1981). As 5-HT cannot readily cross the blood brain 

barrier (Lexchin etal, 1977) the brain synthesises 5-HT from dietary 

tryptophan. Tryptophan enters the brain by an active uptake process
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and this transporter system is open to competition from other neutral 

amino acids. Therefore, as a consequence of the competitive nature 

exhibited by the transporter, brain tryptophan levels are determined 

both by plasma concentrations of tryptophan and plasma 

concentrations of competitive neutral amino acids eg. tyrosine and 

leucine. Once in the brain, tryptophan is synthesised into 5-HT in 

specific neurones, the enzyme tryptophan hydroxylase has been 

identified in these neurones and provides a suitable marker for 

identifying the 5-hydroxytryptaminergic neuronal system (Palkovits et 

al, 1977).

Endogenous 5-HT is metabolised through oxidative deamination by the 

enzyme monoamine oxidase (MAO) which produces 

5-hydroxyindoleacetaldehyde. This resulting metabolite is then either 

oxidised further to form 5-hydroxyindoleacetic acid (5-HIAA) or reduced 

to form 5-hydroxytryptophol. In addition, 5-HT maybe catabolised by 

sulphation and glucuronidation mechanisms for excretion. The primary 

sites for deactivating 5-HT in the periphery are provided by the 

endothelial cells in the liver and the lungs. In the CNS released 5-HT is 

removed via an active uptake mechanism which transports the 5-HT 

back into the nerve terminal (Ross, 1982; Tamir & Gershan, 1990). 

Following the re-uptake, 5-HT is either restored in synaptic vesicles or 

metabolised by MAO.
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1.3 5-HT Receptor Classification

An initial classification by Bradley et al (1986) recognised 3 main 5-HT 

receptors (“5-HTHike”, 5-HT2 and 5-HT3). However, with the 

identification of further 5-HT receptors in recent years (5 -HT4, 5-hts, 

5-ht6 and 5 -HT7); prompted a revised classification system to be put 

forward to encompass the recently recognised receptors and allow for 

future additions (Humphrey et al., 1993 ; Hoyer et al., 1994). The 

revised criteria for classifying these receptors is based upon their 

functional, transductional and structural sequences respectively. 

(Humphrey et al, 1993). The reader is referred to Hoyer et al. (1994) 

for a more detailed review of these criteria for classifying each 5-HT 

receptor. The subsequent sections (1.3.1. -  1.3.7.) have been 

included to provide an appreciation of the current understanding for 

each of the 5-HT receptor subtypes.

1.3.1. 5-HTi Receptors

5 -H T ia  Receptors

The 5-HTia receptor was the first 5-HT receptor that was successfully 

cloned (Kobilka etal., 1987), although it was Fargin and co-workers 

(1988) who discovered the identity of the cloned receptor using probes 

for the a2-adrenoceptor. Kobilka et al. (1987) isolated and cloned a 

DNA fragment from the human genome which they designated as G-
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21, and ensuing radioligand binding studies identified that this G-21 

fragment specifically bound 125l-cyanopindolol, a radioligand that labels 

a-adrenergic, 5-HTia and 5-HTiB receptors. This prompted the 

suggestion that G-21 was the gene for the 5-HTiA receptor. This was 

further substantiated when the selective 5-HTia agonist 3H-8-OH-DPAT 

was also found to specifically label the protein expressed by fragment 

G-21 (Fargin et al., 1988). Since the initial cloning of the receptor, the 

5-HTia receptor gene has been shown to code for a protein of 421 

amino acids in length which forms a typical seven transmembrane 

spanning receptor. A 99% homology between the rat and human 

5-HTia recptor has been demonstrated (Albert etal., 1990),and in both 

species the receptor is negatively coupled to adenyl cyclase activity via 

the G j/G o  G-protein (Schoeffer & Hoyer, 1 988).

Currently there are several groups of compounds that act as agonists, 

partial agonists and antagonists at the 5-HTia receptor. The archetypical 

agonist is 8-OH-DPAT (Middlemiss & Fozard, 1983; Fozard et a/., 1987), 

which shows a high affinity and selectivity towards the 5-HTia receptor. 

However, many indoles such as 5-CT, DP-5-CT and RU24969 also 

activate 5-HTia receptors, although only DP-5-CT demonstrates a similar 

selectivity and potency as 8-OH-DPAT at the receptor (Mir etal., 1987; 

Schoeffter & Hoyer, 1988; Doods etal., 1988; Hoyer et al., 1994). More 

recently flesinoxan and MDL72832 have also been shown to be selective 

towards the 5-HTia receptor (Wouter etal., 1988; Richardson & Hoyer, 

1990). In addition, to these compounds, urapidil acts as a 5-HTia receptor
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agonist although it usefulness is somewhat limited by it’s selectivity for ai_

adrenoreceptors (Gross etal, 1987; Sanders et al, 1988; Ramage, 1991). 

Nonetheless the derivative, 5-methyl-urapidil demonstrates a higher 

selectivity towards the 5-HTia receptor. Pyrimidinylpiperazines such as 

buspirone, ipsapirone and gepirone are compounds that are also active at 

the 5-HTia receptor site (Gozlan etal., 1983; Dompert et al., 1985), 

although most of these compounds act as partial agonists (Smith & 

Peroutka, 1986; Segal etal., 1989). Many ergolines have affinity for the 

5-HTia receptor such as, d-LSD and metergoline (see Hoyer, 1988). 

However, these compounds are non-selective and interact at other 5-HT 

receptors, a-adrenoceptors and dopamine receptors.

The number of selective antagonists for the 5-HTia receptor is 

somewhat more limited. Indeed most of the available compounds are 

non-selective compounds and many also demonstrate partial agonist 

activity in the systems tested. Indeed the 5-HTia antagonists spiperone 

(Lum & Piercey, 1988; Schoeffter & Hoyer, 1988) and spiroxatrine 

(Nelson & Taylor, 1986; Hoyer, 1991) are also selective towards 5-HT2 

and dopamine receptors. The analogues of 8-OH-DPAT, 8-MeO- 

CIEPAT have been shown to act as antagonists at central 5-HTia 

receptors (Fozard et al, 1987), but interestingly display agonist activity 

in forskolin-stimulated adenylate cyclase activity assays (Schoeffter & 

Hoyer, 1988). More recently a number of selective antagonists have 

been developed. The most significant of these are NAN190 (Glennon 

etal., 1988), MDL73005 (Hibert & Moser, 1990), 5-F-8-OH-DPAT
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(Hillver et al., 1990), BMY7378 (Yocca etal., 1987), SDZ 216525 

(Schoeffter et al., 1993), (±)WAY 100135 (Fletcher et al., 1993), WAY 

100802 (Cliffe etal., 1993) and (±)WAY 100635 (Forster et al., 1995). 

However, many of these selective compounds show partial agonist 

activity. Indeed there is only (+)WAY 100635 that is a selective 5-HTia 

receptor antagonist that is devoid of any partial agonist activity (Bill et 

al, 1993; Fletcher et al, 1993). In most cases the intrinsic activity and 

potency of these compounds at the 5-HTia receptor depend on the 

functional model evaluated and on the brain regions being evaluated 

(see Zifa & Fillon, 1992).

The distribution of 5-HTia receptors within the central nervous system 

has been evaluated using autoradiography and functional studies in 

several species such as rat and human and have highlighted a diverse 

distribution throughout the brain (Pazos & Palacios, 1985; Hoyer et al., 

1986), which is similar between the species examined. 5-HTia 

receptors are densely localised in the nuclei of the limbic system 

(hippocampus, septum, amygdala and the cortical limbic area, Radja et 

al., 1991) which suggests that 5-HTia receptors may have a role in 

emotional mechanisms (see Iverson, 1984). Furthermore, 5-HTia 

receptors have also been identified in the dorsal and median raphe 

nuclei, where 5-HTia receptors act as somatodendritic autorecpetors 

which inhibit neuronal cell firing and 5-HT release onto post synaptic 

sites (de Montigny & Blier, 1992). 5-HTia receptors are also present in 

the neocortex, the hypothalamus and the substantia gelatinosa of the
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spinal cord. The receptor distribution in these areas suggests an 

involvement in the function of the hypothalamus, the regulation of 

propioception and integrative functions of the neocortex.

Activation of 5-HTia receptors produces a behavioural syndrome which 

can be characterised by a flat body posture, reciprocal forepaw 

treading and headweaving (Tricklebank et al., 1985). Indeed this 

behavioural syndrome is demonstrated with low doses of 8-OH-DPAT 

and can be antagonised by compounds such as spiperone, BMY7378, 

NAN190, SDZ216525 and the (3-adrenoceptor antagonists such as 

pindolol, propranolol or alprenolol (Lucki, 1992). Furthermore the 

5-HTia receptor agonists 8-OH-DPAT, gepirone, buspirone and 

ipsapirone also cause hyperphagia which can be effectively 

antagonised by both 5-HTia antagonists and a-adrenoceptor 

antagonists. Activation of central 5-HTia receptors also regulates 

changes in sympathetic, and parasympathetic outflow mediating 

central cardiorespiratory control. Indeed activation of central 5-HTia 

receptors in the rat and cat have been extensively shown to cause a 

decrease in sympathetic outflow, and an increase in cardiac vagal 

outflow, resulting in a bradycardia and a decrease in arterial blood 

pressure (Fozard etal., 1987; Ramage & Fozard, 1987; McCall etal., 

1987; Ramage etal., 1988; Dreteler et al., 1990). In contrast a recent 

study demonstrated that i.c.v. administration of the 5-HTia receptor 

agonist 8-OH-DPAT in the anaesthetized rat evokes an increase in
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arterial blood pressure, sympathetic outflow and heart rate (Anderson 

etal., 1992).

Finally a number of 5-HTia agonists, especially the partial agonists 

such as buspirone and gepirone demonstrate an anxiolytic effect in 

animal models (Traber & Glaser, 1987). Indeed the development of 

such compounds has also shown them to have an additional property 

as antidepressents (Cervo et al., 1988, Wieland & Lucki, 1990).

5-HTib Receptor

The 5-HT ib receptor is concentrated in the basal ganglia, striatum and 

frontal cortex and like the 5-H T ia receptor is also negatively coupled to 

adenyl cyclase via the Gj/G0-protein. The receptor comprises of a 386 

amino acid protein, which is arranged to form a seven transmembrane 

domain receptor. Interestingly, the initial pharmacological 

characterisation of this receptor highlighted distinct species differences 

in the binding affinity for various defining ligands, and this led to the 

initial assumption that the 5-HT ib receptor was only located in the 

rodent. However, recent studies have helped to clarify species 

differences by revealing that the amino acid sequence of the 5-H T ib 

receptor has a 96% homology within the transmembrane regions when 

compared to the human 5-HTiop receptor (Voigt et al, 1991; Adham et 

al, 1992; see Hoyer et al., 1994). Indeed the differences in the 

pharmacology of these two homologues is due to the mutation of a
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single amino acid in the transmembrane spanning region. As a 

consequence of this information, it has recently been agreed to 

reclassify these two receptors as species homologues of the same 

receptor which has resulted in them being termed h5-HTiB (previously 

5-HTidp) and r5-HTiB where the h and r prefix relate to human and rat 

respectively (Hartig et al., 1996). As would be expected in the rat 

brain, distribution of the r5-HTiB receptor closely mirrors the distribution 

of h5-HTiB receptors in the human. Hence, 5-H T ib receptors are 

densely distributed in the globus pallidus and the pars reticulata of the 

substantia nigra in both rat and man (Pazos & Palacios, 1985; Segu et 

al, 1991; Boulenguez etal, 1992). In addition, mRNA for the 5-H T ib 

receptor has also been located in the raphe nuclei, hypothalamus, 

striatum, cerebellum (purkinje cell layer), hippocampus (pyramidal cell 

layer, CA1), cortex (layer IV), subthalmic nucleus and nucleus 

accumbens (Voiget etal, 1991; Maroteoux, 1992).

Similarly to 5-HT ia receptors, 5-HT ib receptors also act as presynaptic 

autoreceptors controlling 5-HT release (Middlemiss, 1984; Engel et al, 

1986; Limberger etal, 1991), which has been observed in the cortex 

and hippocampus of various species (Schipper et al, 1987; Galzin et al, 

1988; Hoyer & Middlemiss, 1989; Pienyro etal., 1995; Roberts et al., 

1996). It has also subsequently been reported that the 5-H T ib receptor 

acts as an autoreceptor in the rat dorsal raphe nucleus (Davidson and 

Stamford, 1995). Interestingly, 5-H T ib receptors have also been 

shown to be distributed on presynaptic terminals of
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non-5-hydroxytryptaminergic neurones of the basal ganglia where they 

function as heteroreceptors controlling the release of other 

neurotransmitters such as acetylcholine and glutamate (Engel etal, 

1986; Middlemiss, 1986). Furthermore, inhibition of noradrenaline 

release from the rat vena cava is mediated via 5-H T ib receptor 

activation at the sympathetic nerve terminal (Molderings et al, 1987), 

while 5-HT ib receptor activation in the rat caudal artery evokes 

vascular smooth muscle contraction (Craig & Martin, 1993). The 

functional role of this receptor within the CNS still remains to be clearly 

elucidated and appears to be species dependant. Indeed activation of 

postsynaptic 5-H T ib receptors in the guinea-pig induces hypothermia, 

while in the rat this does not appear to be the case (Tricklebank et al., 

1986; Skingle etal., 1994). Furthermore, the putative 5-H T i B receptor 

agonist anpirtoline has been reported to induce analgesic and 

antidepressant properties in the rat (Schlinker et al., 1992).

The interest in the 5-H T ib receptor has escalated since the antimigraine 

properties of the 5-HT ib/id  receptor agonist sumatriptan were revealed 

(Schoeffter & Hoyer, 1989a). Indeed it is thought that the antimigraine 

properties of sumatriptan are based upon an ability to cause direct 

cerebral vasoconstriction and to block neurogenic inflammation as well 

as nociceptive activity within the trigeminovascular afferents. However, 

whether these effects are mediated by 5-H T ib and/or 5-H T id  receptor 

activation remains unclear. Nonetheless based on the fact that the 

selective 5-HT ib/id  receptor antagonist GR127935 blocks the
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sumatriptan-induced responses (De Vries etal., 1997; Skingle etal., 

1996) and that mRNA encoding 5-H T ib receptors (but not 5-H T id  

receptors) has been located on cerebral vessels (Hamel etal., 1993, 

Bouchelet et al., 1996), it has been suggested that 5-H T ib receptor 

activation may mediate the sumatriptan evoked cerebral 

vasoconstriction. Subsequently, alternative 5-H T ib/id  receptor agonists 

such as eletriptan (Willems etal., 1998), rizatriptan and zolmitriptan 

have also been reported to have antimigrane properties.

Further to these above mentioned compounds, RU 24969 has been 

used as a functional 5-H T ib receptor agonist, but exhibits only a low 

selectivity (5 fold) for the 5-H T ib receptor site over 5-H T ia and 5-H T id 

receptors. More selective (10 fold selectivity over 5-H T ia ) alternatives 

to RU 24969 are provided by CGS 12066B, which acts as a full agonist 

at the 5-H T ib receptor (Neale etal., 1987, Schoeffter & Hoyer, 1989b) 

and CP-93,129 (Macor et al., 1990; Hjorth & Tao, 1991). Early 

functional studies into the role of 5-H T ib receptors used 

trifluoromethylphenylpiperazine (TFMPP) and 

m-chlorophenylpiperazine (mCPP) as agonists of choice. However, 

both of these ligands show poor selectivity for the 5-H T ib receptor over 

other 5-HT receptor subtypes and they also act as partial agonists 

rather than full agonists. Recently L-694,247 has been reported to be 

the most potent (pKD 10) 5-H T i B receptor agonist, while 

5-nonyloxytryptamine has been reported as the most selective agonist 

over the 5-H T ia receptor site (Glennon et al., 1996). However both
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ligands are selective for the 5-H T id receptor. A number of other 

5-HT ib receptor agonists have also been characterised and include MK  

464 (Street etal., 1995), BW311C90 (Glen etal., 1995), GR 46611 

(Hagan etal., 1995), SB216641 and BRL15572, but again these 

compounds fail to differentiate between the 5-H T ib or 5-H T id  

receptors.

With an initial lack of selective antagonists for the 5-HTib receptor, 

compounds such as methiothepin, pindolol, SDZ 21009 (all equally 

selective to the 5-HTia receptor) and p-adrenoceptor antagonists such 

as cyanopindolol were used to block 5-HTib receptors. However, the 

lack of selectivity shown by these compounds has made their 

functional usefulness somewhat limited. Nevertheless novel 5-HTib 

receptor antagonists have recently been reported. The most selective 

of these is SB 242289, which reputably exhibits 100 fold selectivity 

over the other 5-HTi receptor subtypes (Davidson & Stamford, 1995). 

Of the other compounds available, GR 55562 is the most selective 

compound (100 and 10 fold more selective towards the 5-HTib 

receptor rather than the 5-HTia and 5-HTid receptors), while GR 

127935 , a selective 5-HTib/id receptor antagonist is the most potent 

(pKD 9.9) ligand (Skingle etal, 1993).
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5 -H T id  Receptors

The 5-H T id  receptor (formerly 5-HTiDa) is a single protein consisting of 

377 amino acids in length and has 63% structural homology with the

5-HT ib receptor (formerly 5-HTiop, Hamblin & Metcalf, 1991).
/

Furthermore there is a 77% amino acid homology in the seven 

transmembrane spanning domains between the 5-HTid receptor and 

5-HTib receptor. Like the 5-HTib receptor, the 5-HTid receptor is also 

negatively coupled to adenyl cyclase via the G j/G 0 G-protein (Hoyer & 

Schoeffter, 1988; Waeber et al, 1989).

The 5-H T id  receptor is characterised by the high affinity (<10nM) for 

both 5-HT, 5-CT and some ergot derivatives such as metergoline 

(Hoyer, 1991). However, there are few agonists or antagonists that are 

selective for the 5-H T id  receptor. Indeed most ligands such as 

sumatriptan, LY-694,247 and GR127935 which have a high selectivity 

for the 5-H T id  receptor site, are also selective for the 5-H T ib receptor 

(the reader is referred to the above section for a more detailed review 

of these agonists and antagonists).

mRNA for 5-H T id  receptors in various species are located at highest 

concentrations in the substantia nigra, basal ganglia, nucleus 

accumbens and caudate putamen and at lower concentrations in the 

cortex, locus coeruleus, raphe and hippocampus (Waeber etal, 1990). 

The presence of 5-H T id  receptor mRNA in the trigeminal ganglia rather
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than 5-H T ib receptor mRNA, provides evidence that the sumatriptan 

evoked blockade of neurogenic inflammation and nociceptive activity 

within the trigeminovascular afferents, and therefore part of the 

antimigrane properties of sumatriptan, involves the activation of 5-H T id  

receptor activation (Koe et al., 1992). It has also been proposed that 

the 5-H T id receptors localised in the raphe, may also function as 

autoreceptors (Schoffter & Hoyer, 1989b). This has subsequently 

been demonstrated in the rat dorsal raphe (Davidson & Stamford, 

1995). More recently, 5-H T id  receptors have been shown to have a 

role in cardiorespiratory modulation. Indeed 5-H T id  receptor activation 

has an inhibitory effect on pulmonary vagal motoneurones following 

upper airway stimulation in both rabbit and guinea-pig (Ramage et al., 

1995, 1997). While in the rat it has been demonstrated that activation 

of central 5-H T id  receptors with sumatriptan, evokes a hypotensive 

response and can be attenuated with the 5-H T ib/id antagonist 

GR127935 (Gallacher & Ramage, 1996).

5-HTie Receptor

The gene referred to as AC1 or S31 encodes for the 5-H T ie  receptor 

which consists of a single protein of 365 amino acids and is arranged 

in a typical G-protein linked seven transmembrane domain receptor. 

Activation of this receptor has been shown to be negatively linked to 

adenyl cyclase (Levy etal., 1992, McAllister et al, 1992). The 5-H T ie 

receptor is characterised by a 500 times higher affinity for 5-HT than
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5-CT. Until recently there were no selective agonists or antagonists for 

the 5-H T ie receptor However, LY334370 and LY344864 have been 

reported to act as agonists with selectivity for the 5-H T ie and 5-H T if 

receptors over other 5-HTi receptor subtypes (Overshiner etal., 1996, 

Johnson etal., 1997). Subsequently a novel ligand, BRL-54443 has 

also been reported to act as an agonist with similar selectivity, but a 

greater potency at the 5-H T i E/if  receptors, than shown by LY334370 

(Brown etal., 1998).

Early binding studies which were initially used to identify the 5-HTiE 

receptor, suggest that the receptor is most highly concentrated in the 

caudate putamen with lower densities distributed in the amygdala, 

globus pallidus and the cortex (Leonhardt etal, 1989). However, with 

the relative lack of selective ligands, the functional importance of these 

receptors is yet to be determined.

5 -H T if  Receptor

This receptor subtype consists of 366 (human and rat) or 367 (mouse) 

amino acids in length (Amlaiky etal., 1992; Lovenberg etal., 1993). 

Like all 5-HTi receptors the protein is arranged as a typical G-protein 

linked seven transmembrane domain receptor which is negatively 

coupled to adenylyl cyclase activity via the G j/G 0 -protein.
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The 5-H T ib/id  receptor agonist, sumatriptan has also been shown to 

have equal affinity for the 5-H T if  receptor (pKi 7.6; Adham et al., 1997) 

as well as the 5-H T ib/id receptors (pKi 8.4 and 8.1 respectively). This 

has therefore given rise to the hypothesis that 5 -H T if  receptor agonists 

may also have a therapeutic potential as an antimigrane treatment. In 

this respect further support for the hypothesis is provided by the 

identification of mRNA coding for the 5-H T if  receptor within the 

trigeminal ganglia, stimulation of which leads to the plasma 

extravasation in the dura which is thought to be the main inflammatory 

component of a migrane. More recently LY334370 and LY 344864 has 

been reported to be the first potent agonists with selectivity (100 fold) 

for the 5-H T ie  and 5-H T i F receptors over 5-H T ia/ib/id  receptors 

(Overshiner etal., 1996, Johnson etal., 1997). Interestingly, it has 

also been reported that LY 334370 blocks the effects of trigeminal 

stimulation which provides further evidence to support the above 

involvement in migranes (Phebus etal., 1997). Another ligand, 

BRL-54443 has also been reported to act as a potent and selective 5- 

HTie/if receptor agonist (Brown et al., 1998).

Hybridisation and radioligand binding studies with LY 334370 have 

shown human 5-H T if  mRNA to be distributed in the liver, spleen, 

mesentary, uterus, heart and brain. Within the human brain 5-H T if  

mRNA has been localised to the dorsal raphe, hippocampus, and 

cortex and has been correspondingly identified in the rat. In the mouse 

further mRNA has also been located in the striatum, thalamus and
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hypothalamus (Adham, 1993, Wainscott etal., 1996). However, due to 

the general lack of selective ligands for this receptor subtype, the 

functional role of the 5-HTif receptor at these sites is still unclear. 

Nonetheless it has been proposed that the receptor may have an 

autoregulatory role, as is the case with many of the other 5-HTi 

receptors.

1.3.2. 5 -HT2 Receptors 

5-HT2A

Pritchett et al. (1988) isolated the cDNA encoding the complete 5-HT2A 

receptor from a rat brain cDNA library and found the receptor to have 

80% homology with the already cloned 5-HT2C receptor. Subsequently 

the human equivalent 5 -HT2A receptor was isolated and found to have 

high interspecies homology (90% homology with the rat receptor, Kao 

et al., 1989). The determined receptor polypeptide was found to 

contain seven transmembrane regions which are arranged to form a 

G-protein coupled receptor. It is well established from studies on rat 

cortex, aortic smooth muscle and human platelets that the activation of 

5 -HT2A receptors produces an increase in phosphatidylinositol turnover 

(Conn & Sanders-Bush, 1984; 1985; Roth etal, 1984; Doyle etal,

1986). Consequently the receptor is linked to phospholipase C and 

phospholipid hydrolysis via the a  subunit of the Gq GTP binding
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protein and the mobilisation of Ca2+ ions, which are implicated in 

post-receptor events.

Currently there are few agonists that are selective towards the 5 -HT2A 

receptor. Indeed agonists used such as LSD, 2,5-dimethoxy-4- 

iodophenylisopropylamine (DOI), (-) 2,5-dimethoxy-4- 

iodoamphetamine (DOM) have no selectivity over other 5 -HT2 receptor 

subtypes, while a-methyl-5-HT is more selective towards 5-HT2B and 

5-HT2C (100 fold and 10 fold respectively) receptors rather than the 

5-HT2A receptor and also exhibits an affinity towards 5-HTi receptors 

(Shannon etal., 1984; Feniuk etal., 1985; Kennet etal., 1993; Baxter 

et al., 1995). Furthermore, the compound quipazine which is also used 

as a non-selective 5-HT2 receptor agonist, also has a high affinity for 

the 5 -HT3 receptor site (Vayssettes-Courchay et al., 1990).

Despite there being a large number of compounds that show a high 

affinity for binding at the 5 -HT2A receptor, only a few act as selective 

antagonists. Indeed ketanserin with approximately 100 fold selectivity 

over the 5 -HT2B and 5 -HT2C receptors, still proves to be the 5 -HT2A 

receptor antagonist of choice. This is despite being able to act as a 

potent ai adrenoceptor antagonist and histamine Hi receptor 

antagonist (Leysen etal., 1981; 1982; Van Nueten etal., 1981).

Further to this, ritanserin also has a high affinity for the 5-HT2A receptor 

and has consequently been used in functional studies as an 

antagonist. However, the use of ritanserin as a selective 5 -HT2A
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receptor antagonist is limited by the high binding affinity shown for 

5-HT2B, 5-HT2c and histamine Hi receptor subtypes. A number of 

other compounds such as spiperone (100 fold selective over 5-HT2b 

and 5-HT2c receptors), risperidone and pirenperone also exhibit good 

selectivity for the 5-HT2A receptor over the other 5-HT2 receptor 

subtypes, but unfortunately also act as potent 5-HTi, dopamine D2 or 

histamine Hi receptor antagonists. More recently however, the 

development of the novel ligand MDL 100,907 which is reported to 

have 1000 fold selectivity over the rat 5-HT2c receptor (Sorenson et al.,

1993, Kehne et al., 1996) may provide an advantage over the currently 

used 5-HT2A receptor antagonists to determine the functional role of 

the receptor.

In rat and man, the 5-HT2A receptor is predominantly distributed within the 

periphery where it mediates contraction of many vascular, urinary, 

gastrointestinal and uterine smooth muscle preparations, as well as stimulating 

platelet aggregation and increasing capillary permeability. Within the CNS, 

5-HT2A receptors are predominantly distributed in the cortex, claustrum, 

hypothalamus and basal ganglia and at lower levels in the hippocampus and 

midbrain areas. Indeed antagonism of central 5-HT2A receptors has been 

reported to improve the negative symptoms associated with schizophrenia and 

to have a lower incidence of extrapyramidal side-effects when compared to the 

antipsychotic , clozapine, presumably by increasing striatal dopamine release 

(Tricklebank, 1996). Hence, this has generated the interest in the development 

of mixed dopamine D2 / 5-HT2A receptor antagonists such as olanzapine (Moore
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etal., 1992) and selective 5-HT2A receptor antagonists such as MDL 100,907 

for the treatment of psychoses. Furthermore 5-HT2A receptor antagonists such 

as ritanserin are also reported to improve sleep quality (Kennett, 1993). 

Activation of central 5-HT2A receptors in the rat are implicated in mediating the 

release of glutamate in the cerebellum and the release of p-endorphin, 

corticosterone, luteinising hormone, prolactin and adrenaline from the rat 

adrenal medulla (Conn & Sanders-Bush, 1984; 1985; Roth etal, 1984; Doyle et 

al, 1986). Finally, activation of central 5 -HT2 receptors in the rat cause the 

release of vasopressin and a rise in arterial blood pressure (Anderson et al., 

1992, Pergola et al., 1993). Furthermore, these effects can be attenuated by 

the non-selective 5-HT2 receptor antagonist LY 53857, therefore suggesting 

that the evoked release of vasopressin is responsible for the observed pressor 

response in the rat (Pergola et al., 1993). In comparison, similar studies 

performed in the cat have demonstrated that the activation of central 5 -HT2 

receptors evoke a rise in blood pressure, which is associated with an increase 

in heart rate and a sympathoexcitation rather than vasopressin release (McCall 

& Harris, 1988; Vayssettes-Courchay etal., 1991, 1992; Ramage etal., 1993, 

Anderson et al., 1995). However, due to the lack of selective ligands, the exact 

nature of the 5-HT2 receptor subtypes involved in these centrally mediated 

cardiovascular effects still remains to be determined. Nonetheless, with such a 

widespread distribution of 5 -HT2A and 5 -HT2C receptors in the CNS, it has 

generally been assumed that the above cardiovascular effects are mediated by 

5-HT2a and / or 5 -HT2C receptors. These cardiovascular effects are described 

in more detail subsequently.
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5-HT2B

The 5-HT receptor that mediates contraction of the rat stomach fundas 

has been well characterised (Vane, 1959; Cohen & Wittenaver, 1987; 

Cohen, 1989). In 1992 the receptor was cloned from the rat stomach 

fundas and found to be structurally related to both the 5-HT2A and 

5-HT2C receptor subtypes (Kursar et al., 1992). This receptor was 

found to consist of 479 amino acids in length and like each of the other 

5 -HT2 receptors the polypeptide was arranged to form a G-protein 

coupled seven transmembrane domain receptor. The equivalent 

mouse receptor has also been cloned but consists of a 504 amino acid 

polypeptide (Loric et al, 1992), while subsequently the human 5 -HT2B 

receptor was also cloned and shown to have 82% homology with the 

rat receptor (Kursar et al., 1994). In all species, activation of the 

5-HT2b receptor promotes an increase in phophoinositide turnover via 

the a subunit of the Gq GTP binding protein and consequently 

promotes an increase in intracellular Ca2+ (Kursar et al, 1992;

Wainscott et al, 1993).

The evaluation of the rat stomach fundas has been extensive (Cohen & 

Wittenaver, 1987; Cohen, 1989)|and the agonists that have reported 

selectivity for the 5-HT2B receptor include a-methyl-5-HT and 5- 

methoxytryptamine (Feniuk et al, 1985; Forbes, 1993; Shannon et al,

1984; Wainscott et al, 1993). However, despite the high affinity for the 

5 -HT2B receptor subtype shown by these compounds, they also have
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high binding affinity at other receptors. This is illustrated by a-methyl- 

5-HT which despite having good selectivity over the other 5-HT2 

receptor subtypes (100 fold selectivity over 5 -HT2A and 10 fold 

selectivity over 5-HT2C receptors), is functionally hampered in use by 

the binding affinity exhibited at 5-HTi receptors. More recently a novel 

ligand BW 723C86, has been reported to have a 100 fold and a 10 fold 

selectivity for the 5 -HT2B receptor subtype over 5 -HT2A and 5 -HT2C 

receptors respectively, and may provide a more suitable tool for 

studying the functional role of 5 -HT2B receptors (Kennett et al., 1996). 

Until recently no selective 5-HT2b receptor antagonists were available. 

Nonetheless, functional characterisation of the receptor has still been 

possible with the use of non-selective 5 -HT2 receptor ligands such as 

metergoline, LY53857 and ICI 170,809 which block 5-H T2b receptor 

mediated effects. Furthermore, the adrenergic 0C2 receptor antagonists 

yohimbine and rauwolscine act as potent 5 -HT2B receptor antagonists 

while having a low affinity for both 5 -HT2A and 5 -HT2C receptor 

subtypes. Consequently the selectivity of these ligands has been 

exploited for further functional characterisation of the 5 -HT2B receptor. 

However, more recently a number of compounds have been reported 

to have selectivity for the 5 -HT2B receptor. Of these ligands SB 

200646A and SB 206553 are reputed to be selective 5 -HT2B/2C 

antagonists with 100 fold selectivity over 5 -HT2A receptors (Kennett et 

al., 1994), while SB 204741 (100 fold selectivity over both the 5 -HT2A 

and 5 -HT2C receptors, Baxter etal., 1994; Forbes etal., 1995) and the
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novel tetrahydro-p-carboline LY 266097 (Audia etal., 1996) are both 

reported to be selective antagonists for the 5-HT2b receptor.

Except for the stomach fundas, the distribution of the 5-HT2B receptor 

has been somewhat unclear until recently. In man mRNA expression 

has now been identified in the placenta, lung, liver, kidney, heart, 

intestine, stomach and at lower levels in the brain (Kennett, 1993).

More recently mRNA has been reported to be localized to vascular 

endothelium and smooth muscle where it is thought that activation of 

the 5-HT2B receptor mediates the release of nitric oxide (Ullmer et al., 

1995). Further evidence for such a role has also been demonstrated 

with the novel 5-HT2b receptor agonist BW 723C86 which has been 

shown to evoke relaxation in the rat jugular vein. Moreover, this 

response was blocked by the novel 5-HT2B/2C receptor antagonist SB 

200646A (Ellis et al., 1995). Consequently the role of 5-HT2B receptors 

in the vascular endothelium has given rise to the suggestion that 

selective 5-HT2B receptor ligands may provide an alternative target for 

migrane treatment (Kalkman, 1994). Comparative studies have so far 

identified that in the rat brain the 5-HT2B receptor is most densely 

distributed in the amygdala, septum, hypothalamus and cerebellum, 

although the functional role of the receptor in these brain regions is still 

to be determined (Duxon et al., 1997). Interestingly it has been 

suggested that as the 5-HT2B and 5-HT2C receptors have such a high 

pharmacological similarity, disorders attributed to 5-HT2C receptors 

may actually be 5-HT2B mediated.
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5-HT2C

The receptor gene for the 5 -HT2C receptor was first identified by 

Lubbert and colleagues (1987) and the receptor sequence for the rat 

receptor was determined the following year (Julius et al, 1988).

Similarly to 5 -HT2A and 5 -HT2B receptors, the gene for the 5 -HT2C 

receptor encodes for a polypeptide of 460 amino acids in length and 

forms a typical seven transmembrane domain receptor. The mouse 

and human homologues have also been cloned and show a 98% 

homology in the transmembrane regions to the rat 5 -HT2C receptor (Yu 

et al, 1991; Saltzmann et al, 1991). Activation of 5 -HT2C receptors in 

the rat hippocampus and choroid plexus leads to the stimulation of 

phospholipase C activity and accumulation of inositol phosphates via 

the a subunit of the Gq GTP binding protein (Conn et al, 1986; Conn & 

Sanders-Bush, 1986; Hoyer, 1988). In oocytes however, the activation 

of 5-HT2c receptors leads to the opening of a Cl' channel (Lubbert et al,

1987). Nonetheless, in general 5 -HT2C receptors have consistently 

shown activation of phospholipase C in response to 5-HT (Julius et al,

1988). More recently 7 functional isoforms of the 5 -HT2C receptor have 

been identified and are reported to exhibit differing degrees of coupling 

efficiancy to phospholipase C (Burns etal., 1997), and to have 

differential distribution within the CNS.

Currently there are few agonists that are selective for the 5-HT2c 

receptor. Indeed a-methyl-5-HT and DOI, which are both selective at
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5-HT2Aand 5-HT2B receptors have been extensively used as agonists 

for the 5-HT2c receptor (Hoyer et al, 1989; Shannon et al., 1984). 

However, the compound mCPP which acts as a partial agonist at the 

5-HT2C receptor, has a 10 fold selectivity for this site over the other 

5-HT2 receptor subtypes and the ligand MK212 (Kennett, 1993) has a 

25 fold selectivity for 5-HT2C receptor, which make both of these 

compounds useful tools for functional 5-HT2C studies. However, more 

recently a novel highly selective 5-HT2c receptor agonist, Ro 60-0175 

has been reported, which is reputed to have a high selectivity over the 

other 5-HT receptor subtypes (Martin etal., 1995).

Until recently most functional studies relied upon the use of the 

non-selective 5-HT2 receptor antagonists such as LY 53857, ICI 170, 

809, ritanserin and mianserin to determine the role of 5-HT2C receptors. 

However, in recent years there has been a number of novel ligands 

reported to act as antagonists with selectivity for the 5-HT2c site. Of 

these compounds SB 200646A (Kennett etal., 1994) and SB 206553 

(Kennett etal., 1996) have respectively 50 and 100 fold selectivity for 

the 5-HT2c and 5-HT2B receptors over the 5-HT2A receptor, while 

RS-102221 (Bonhaus etal., 1997) and SB 242084 (Kennett etal., 

1997a) are novel ligands that are reported to have 100 fold selectivity 

for the 5-HT2c site over both the other 5-HT2 receptor subtypes.

Early autoradiographic studies performed with ligands such as 

[3H]LSD, [3H]5-HT and [3H]mesulergine have revealed high densities of
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binding sites in the choroid plexus and were initially classified as 

being of the 5-HTic receptor subtype (later renamed as 5 -HT2C 

receptors, Meibach etal, 1980; Pazos etal, 1984, Hoyer et al, 1994). 

Comparative binding studies in other species such as man have also 

revealed a similar density of 5 -HT2C receptors in the choroid plexus. 

Moreover, 5 -HT2C receptors are also distributed in other brain areas 

including the cerebral cortex, hippocampus, striatum, and substantia 

nigra. In contrast there is currently no evidence to indicate that 5 -HT2C 

receptors are distributed peripherally. 5 -HT2C receptors which are 

most prevalent on the epithelial cells of the choroid plexus and at the 

5-hydroxytryptaminergic nerve terminals that are present on the 

cerebral ventricle walls, are proposed to be involved in regulating both 

the composition and volume of cerebral spinal fluid (CSF; Pazos etal, 

1984). In addition 5 -HT2C receptors have also been shown to be 

present in the limbic system and regions associated with motor 

behaviour although at lower density than in the choroid plexus (Pazos 

& Palacios, 1985). However, there is a higher density in the basal 

ganglia in humans, especially in the globus pallidus and in the 

substantia nigra (Pazos et al, 1987). Despite the lack of truly selective 

agonists and antagonists to provide supporting functional data, it has 

been postulated that 5 -HT2C receptors are involved in a number of 

central processes such as locomotion, feeding, CSF production and 

adrenocorticoprophic hormone release and in disorders such as 

migraine, obsessive compulsive disorders and anxiety (Kennett & 

Curzon; 1988, Kennett etal, 1989, Brewerton etal, 1988, Fozard &
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Gray; 1989, Lucki, 1992). However, most of these proposals are 

based on findings obtained from animal models and human volunteers 

using compounds such as mCPP, TFMPP and MK212.

1.3.3. 5 -HT3 Receptor

The 5-HT3 receptor comprises of a 487 amino acid polypeptide 

structure and is unique from all other 5-HT receptors in that it forms a 

ligand-gated ion channel receptor (Maricq et al, 1991). Therefore in 

contrast to other G-protein coupled 5-HT receptors which modulate 

cellular activity via second messenger systems, the 5 -HT3 receptor 

directly activates a 5-HT gated pentameric cation channel that is 

selectively permeable to the influx of Na+ and Ca2+ ions and the efflux 

of K+ ions. Currently there is an appreciation for marked species 

variation of the 5 -HT3 receptor, but there is little evidence for receptor 

subtypes within species (Peters etal,. 1991; Kilpatrick & Tyers, 1991; 

Sepulveda etal., 1991; Newberry et al., 1991).

2-methyl-5-HT, phenylbiguanide (PBG), quipazine and 

m-chlorophenylbiguanide (CPBP) have commonly be used to 

determine the funtional role of 5 -HT3 receptors (Richardson et al, 1985; 

Fozard, 1990; Peroutka & Hamick, 1988). Of these compounds, CPBP 

is reported to be the most selective of the three ligands (Fozard, 1990; 

Kilpatrick et al, 1990; Tadipatri etal, 1992), although both CPBP and 

PBG block the re-uptake of dopamine (Fozard, 1990; Kilpatrick et al,
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1990). More recently RS 56812, has been reported as a novel 5 -HT3 

receptor agonist with high potency (pKi 9.6) and selectivity (1000 fold 

over other receptors; Clark et al., 1995) although the compound acts 

as a partial agonist rather than a full agonist.

There is a larger spectrum of compounds that act as antagonists, that 

are potent and highly selective for the 5 -HT3 receptor such as 

MDL72222 (Fozard, 1984a), tropisetron (Richardson etal, 1985), 

ondansetron (Butler etal, 1988), BRL 46470A, GR65630 and 

granisetron (Sanger & Nelson, 1989). All of these compounds show a 

high selectivity for the 5 -HT3 receptor, although tropisetron also 

exhibits a micromolar affinity for 5-HT4 receptors (Dumuis et al., 1988).

5 -HT3 receptors are associated with neurones located both in the 

periphery and in specific central areas (Yakel & Jackson, 1988; Wallis, 

1989). Indeed within the brain the highest densities of 5 -HT3 receptors 

are found in the nuclei of the lower brain stem such as the dorsal vagal 

complex (dorsal vagal nucleus (DVN) and nucleus ambiguus), spinal 

trigeminal nucleus, the area postrema, the nucleus tractus solitarius 

(NTS) and at all levels of the substantia gelatinosa in the spinal cord. 

Lower densities of 5 -HT3 receptor are also observed in the cortex and 

areas of the limbic system such as the hippocampus, amygdala and 

medial nucleus of the habenula (Kilpatrck et al., 1987; 1990; Waeber et 

al., 1988; 1989; Pratt & Bowery, 1989; see Pratt et al., 1990; Palacios 

etal., 1991; Steward etal., 1993; Leslie etal., 1994). In the periphery
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5 -HT3 receptors are located on pre and postganglionic autonomic 

neurones and on neurones of the sensory and enteric nervous systems 

(Fozard, 1984b; Hoyer et al, 1989; McQueen & Mir, 1989; Peters etal,

1991).

Activation of 5 -HT3 receptors produces a rapid membrane 

depolarisation that is associated with a transient inward current elicited 

following the opening of the cation selective channels (Peters et al., 

1991; Reiser, 1991; Wallis & Elliott, 1991). The principle effect of 

cellular depolarisation is a rapid influx of Ca2+, and subsequent 

neurotransmitter release from either peripheral or central neurones 

(Fozard, 1984; Wallis, 1989; Sariaetal, 1990, Blandina etal, 1989; 

Galzin & Langer, 1991). Consequently, 5 -HT3 receptor activation 

influences many of the bodies systems. Effects elicited on the 

cardiovascular system are principally seen on the heart, which may 

either be stimulated or inhibited depending on local or reflex effects 

(Saxena & Villalon, 1991). Indeed activation of 5 -HT3 receptors in the 

NTS have been shown to evoke a hypertension and tachycardia 

(Merahi et al., 1992b). Moreover 5 -HT3 receptor activation also evokes 

the von Bezold-Jarisch reflex. Recently it has been demonstrated that 

stimulation of the upper airway in rabbits causes a vagal bradycardia 

and apnoea via the activation of 5 -HT3 receptors in the dorsal vagal 

nucleus (Dando etal., 1995). What is more, in the rat it has been 

shown that 5 -HT3 receptor activation in the dorsal vagal nucleus, 

mediates an excitation of dorsal vagal preganglionic motor neurones,
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following ionophoretic application of 5-HT (Wang et al., 1996). 

Subsequently it has been identified that these 5-HT3 receptors are 

located presynaptically where upon their activation, they facilitate the 

release of glutamate, which, in turn, acts on postsynaptic NMDA and 

non-NMDA receptors to activate the motor neurones (Wang et al.,

1998). Consequently this work demonstrates that glutamate release 

evoked by 5 -HT3 receptor activation in the dorsal vagal nucleus is 

important in transmission of cardiorespiratory reflex information. With 

respect to these observations there are a number of functional studies 

that also indicate that glutamatergic transmission in the NTS and 

dorsal vagal complex, is important in facilitating cardiorespiratory reflex 

events (see Lawrence & Jarrott, 1996). In addition to the 

cardiorespiratory role of the preganglionic neurones, a number are also 

associated with the innervation of the airway and the gastrointestinal 

tract. Indeed it is well documented that 5 -HT3 receptors have a diverse 

control both centrally and peripherally over intestinal tone (see 

Kilpatrick & Tyers, 1992) and intestinal secretions (Furman & Watson,

1989). Activation of 5 -HT3 receptors in the sensory nervous system 

induce pain and sensitization of nociceptive neurones (Richardson et 

al., 1985; Fozard, 1993) and this is thought to be the cause of the 

nausea and vomiting associated with cancer chemotherapy and 

radiography (Andrews etal., 1988; Andrews & Bhandari, 1993). 

Consequently 5 -HT3 receptor antagonists have a therapeutic 

usefulness in treating the emesis associated with cancer therapy 

(Costall etal., 1986; Miner & Sanger, 1986; Cunningham etal., 1987).
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More recently it has been suggested that the site of action for these 

anti-emetic effect could be in the dorsal vagal complex (see Reynolds, 

1995).

As described above, 5 -HT3 receptors modulate neurotransmitter 

release in the vagal preganglionic neurones and this is evident 

elsewhere in the CNS. In this respect administration of 5 -HT3 receptor 

agonists increased the evoked release of glutamate in the NTS 

(Ashworth-Preece etal., 1995) and dopamine release in the striatum 

(Blandina etal., 1989). In contrast, 5 -HT3 agonists inhibited the 

release of acetylcholine from the cerebral cortex (Barnes etal., 1989) 

and noradrenaline from rat hypothalamic slices (Blandina etal., 1991). 

With respect to these observations it is evident that central 5 -HT3 

receptors maybe implicated in psychosis, anxiety, cognition, the 

rewarding and withdrawal effect from drugs of abuse and eating 

disorders. Indeed 5 -HT3 receptor antagonists have been shown to 

have anxiolytic properties in various animal models (see Costall etal., 

1990, Kilpatrick & Tyers, 1992).

1.3.4. 5 -HT4 Receptors

Bockaert and co-workers first described the 5 -HT4 receptor in mouse 

and guinea-pig brain (Dumuis et al., 1988) and like most of the 5-HT 

receptors it was also found to form a typical seven transmembrane
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domain receptor. Following the initial cloning of the receptor a number 

of splice variants have been identified. The first of these were in the rat 

where two C terminal splice variants of 387 and 407 amino acids in 

length were identified (Gerald et al., 1995). Subsequently four splice 

variants were identified in man, of which two were found to be 

equivalent to the rat splice variants described above (Blondel et al., 

1998). However, all of these variants have been shown to be positively 

coupled to adenylyl cyclase via the Gs G-protein.

Several chemically distinct classes of agonists have been used in the 

characterisation of 5 -HT4 receptors: 5-HT and related indoles e.g.. a- 

methyl-5-HT, substituted (4-amino-5-chloro-2-methoxy) benzamides 

e.g. renzapride and azabic cycloalkyl benzimidazolones e.g. BIMU8. 

5-HT proves to be the most potent indole agonist at the 5 -HT4 receptor. 

Of the other indoles, 5-MeOT and a-methyl-5-HT are also potent 

agonists relative to 5-HT at this receptor, while 5-CT is one of the least 

potent indoles and 2-methyl-5-HT is virtually inactive (Bockaert et al, 

1992, Ford & Clarke, 1993). 5-MeOT has further functional benefits as 

an experimental agonist, because although it is not very selective 

towards the 5 -HT4 receptor it exhibits a relatively low level of activity at 

the 5 -HT3 receptor, which is known to coexist with the 5 -HT4 receptor 

in the gut (Craig et al., 1990). More recently a number of 

benzimidazolone ligands such as BIMU8 and BIMU1 and 

napthalimides ligands such as RS 66331 and RS 56532 have been 

characterised as potent 5-HT4 receptor agonists, although their
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functional usefulness is somewhat limited by the high affinity towards 

the 5 -HT3 receptor site. This is also true of substituted benzamides, 

such as cisapride (S)- and (R)-zacopride, renzapride and 

metoclopramide which also act as 5 -HT3 receptor antagonists.

However, the benzamide, SC53116 which also acts as a potent 

agonist at the 5-HT4 receptor exhibits a lower affinity for the 5 -HT3 

receptor site than the other benzamides (Flynn et al., 1992). Recently, 

the benzamide, SB 205149 has been identified as a more selective 

5-HT4 receptor agonist than renzapride. Moreover, because of it’s 

highly polar structure, SB 205149 may have poor CNS penetration, 

and therefore provide a suitable ligand to distinguish between the 

peripheral and central roles of 5-HT4 receptors. Finally there are a 

number of ligands such as RS 67333, RS 67506 and ML 10302 which 

all exhibit a high selectivity for the 5-HT4 receptor site, but act as partial 

agonists.

There are a number of potent and selective 5-HT4 receptor antagonists 

currently available. The most characterised of these antagonists are 

GR 113808 which has 3000 fold selectivity over other receptors 

(Grossman et al., 1993), LY 297582 which exhibits selectivity (250 fold) 

for the 5 -HT4 receptor over the 5-HT3 receptor and SB 204070 and SB 

207266 both of which are 5000 and 3000 fold selective for the 5-HT4 

receptor over other receptor sites respectively (Wardle et al., 1996). 

Recently a novel ligand, RS 39604 has been reported to be a potent
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(pKj 9.5) orally active and selective 5 -HT4 receptor antagonist (Hegde 

etal., 1995)

5 -HT4 receptors have been characterised in a number of tissues and 

species. In the periphery stimulation of 5-HT4 receptor has been 

shown to evoke contraction of the guinea-pig myenteric plexus, and 

proximal and distal colon (Craig & Clarke, 1990, Hegde etal., 1994, 

Kilbinger et al., 1995). This is mediated by an indirect facilitation of 

cholinergic or non-cholinergic transmission via 5 -HT4 receptors located 

on interneurones (King & Sanger, 1992, Pan & Galligan, 1994). In the 

rat oesophagus however, activation of 5 -HT4 receptors causes smooth 

muscle relaxation rather than contraction (Baxter etal., 1991). 

Furthermore it has also been demonstrated that 5 -HT4 receptor 

activation evokes a peristaltic reflex in both the guinea-pig and 

marmoset ileum (Craig & Clarke, 1991, Tuladha r etal., 1994), although 

in these initial studies 5 -HT4 receptor antagonists alone failed to modify 

the reflex, suggesting that 5 -HT4 receptors are not critical in mediating 

the observed peristalsis reflex. Indeed in another study 5 -HT4 receptor 

antagonists also failed to inhibit the reflex evoked by luminal distension 

of the guinea-pig intestine (Yuan et al., 1994). However in contrast the 

reflex evoked by mucosal stimulation in the human colon was shown to 

be inhibited by 5 -HT4 receptor antagonists (Fox-Orenstein etal., 1995). 

Therefore, it has been suggested that 5 -HT4 receptors play a role in 

peristalsis evoked by mucosal stimulation rather than by luminal 

distension. It is also evident from a number of studies that activation of
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5 -HT4 receptors stimulates intestinal secretions in a number of species 

including humans (Scott etal., 1992, Burleigh & Borman, 1993, Franks 

et al., 1994). Consequently as it has been demonstrated that 5 -HT4 

receptors are involved in modulation of smooth muscle tone, intestinal 

secretions and the peristaltic reflex in the human gut, it is anticipated 

that selective 5 -HT4 receptor antagonists may provide an alternative 

therapeutic approach in the treatment for irritable bowel syndrome 

(IBS).

In the heart, activation of 5 -HT4 receptors distributed in the right atria of 

a number of species including pig and man have been shown to cause 

a tachycardia, while in the left atria receptor activation induces a 

positive ionotropic effect (Kaumann et al., 1990; 1991; Sanders & 

Kaumann, 1992). Furthermore the location of 5 -HT4 receptors in 

sino-atrial node tissue has led to the suggestion that endogenous 

activation of 5 -HT4 receptors may be involved in the pathogenesis of 

arrhythmias, leading to atrial fibrillation and stroke (see Kaumann,

1994). In the vasculature 5 -HT4 receptor expression although sparse 

has been reported in endothelial cells were it has been suggested that 

5 -HT4 receptors may have a modulatory role in endothelium derived 

relaxation (Ullmer et al., 1995). In addition activation of 5-HT4 

receptors in the adrenal gland of various species including man evoke 

the release of corticosteroid and is the only known endocrine effect 

mediated by this receptor (Lefebvre et al., 1992; Contesse et al.,

1994). Finally it has been demonstrated that 5-HT4 receptors facilitate
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cholinergically mediated contractions of the human and monkey 

bladder (Tonini et al., 1994, Waikar etal., 1994). Subsequently as the 

parasympathetic control of the detrusor is important during voiding, 

selective 5 -HT4 receptors may have a value in treating disorders 

associated with detrusor hypomotility e.g. overflow incontinence. For a 

more extensive review of all the peripheral functions of 5 -HT4 receptors 

see Hegde & Eglen (1996).

With the advent of high affinity radioactive ligands for 5-HT4 receptors, 

such as [3H]GR113808 and [125I]SB207710 it has been possible to 

identify the brain regions where 5 -HT4 receptors are most densely 

distributed. Within the rat and the guinea-pig this has subsequently 

been shown to be principally within the limbic system (olfactory 

tubercles and nucleus accumbens, curpus striatum, globus pallidus 

and substantia nigra, Grossman et al, 1993; Brown et al, 1993, Patel et 

al., 1995). Moreover centrally, 5 -HT4 receptor agonists can increase 

striatal dopamine release, an effect which can be blocked with 

selective antagonists (Steward et al., 1996). If a similar interaction with 

dopamine was observed in the nucleus accumbens, selective 5 -HT4 

receptor antagonists may be theraputically useful as antipsychotic 

agents. However, the selective antagonist, SB 207266A had no effect 

on dopamine function in several in vivo models (Reavill etal., 1996).

In the rat frontal cortex, 5 -HT4 receptor activation stimulates 

acetylcholine release and therefore may have a role in cognition 

(Consolo etal. 1994), while in the hippocampus 5 -HT4 receptor
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activation results in 5-HT release, suggesting a role in anxiety (Ge & 

Barnes, 1996). However, the selective 5 -HT4 receptor antagonists GR 

113808, SB 204070A and SB 2072665A have modest anxiolytic 

activity in rodent models, yet GR 113808 is also reported to antagonise 

the anxiolytic-like effects of diazepam in other rodent models (Kennett 

etal., 1997).

1.3.5. 5-ht5 Receptors

Recently two distinct 5-HT5 receptors with 88% homology have been 

identified from rat cDNA and have been classified as 5-htsA and 5-htsB 

(Plassat etal., 1992, Matthes etal., 1993, Erlander etal., 1993). 

Interestingly further characterisation of these receptors has revealed 

that the rat 5-htsB coding sequence is interrupted by several stop 

codons and therefore fails to make a functional protein (Grailhe etal.,

1995). Nevertheless the 5-ht5A receptor has been successfully 

expressed in cells, from which it has been shown that the receptor is 

negatively coupled to adenyl cyclase via the Gs G-protein (Pineyro et 

al., 1995).

mRNA coding for the 5-HTs receptor has been located in the rat cortex, 

hippocampus, habenula, olfactory bulbs and cerebellum although the 

functional role of the receptor in these areas remains to be determined 

(Plassat et al., 1992). Indeed there are currently no selective ligands 

available to determine the functional role of the 5-HT5 receptor,
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although the non-selective ligands 5-CT, 5-HT, LSD and ergotamine 

have affinity for the jreceptor (see Hoyer et al., 1994)

1.3.6. 5-HT6 Receptor

The rat receptor has recently cloned and found to consist of 438 amino 

acids arranged into a typical seven transmembrane domain receptor 

which is positively coupled to adenyl cyclase via the Gs G-protein. The 

human 5-HT6 receptor has also been cloned and found to have 89% 

homology with the rat receptor (Kohen et al., 1996). In both human 

and rat, mRNA for the 5-HT6 receptor has been located in the striatum, 

amygdala, nucleus accumbens, hippocampus, cortex and olfactory 

tubercle, but has yet to be found in the periphery. Despite the 

appreciation of 5-HT6 receptors in these brain regions, the functional 

role is unknown.

Functionally methiothepin has been shown to have a high affinity for 

the 5-HT6 receptor (pK j 8.7 and 9.4 in the rat and human respectively), 

while many of the other classical 5-HT receptor antagonists such as 

metergoline, ritanserin and mianserin exhibit only a moderate affinity 

for the receptor. Recently however, Ro 046790 has been identified as 

a novel antagonist with selectivity for the 5-HT6 receptor (Sleight et al., 

1998).
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1.3.7. 5 -HT7 Receptor

The 5- H T 7 receptor is the most recent of the 5 - H T  receptors to be fully 

defined (see Eglen et al., 1997). It is apparent from cloning studies 

that the 5 - H T 7 receptor shows an uncharacteristically low ( 4 0 % )  overall 

homology with other 5 - H T  receptors, while interspecies homology for 

this receptor (including rat and man) is high. The receptor comprises 

of approximately 4 4 5  amino acids in length and forms a typical seven 

transmembrane receptor which is positively coupled to adenylyl 

cyclase via the Gs G-protein. Interestingly, recent studies have 

revealed the existence of two variants of the human 5 - H T 7 receptor (h 

5 - H T 7(a) (long form) and h 5 - H T 7(b) (short form)), although neither is 

operationally different from one another (Stam et al., 1997). 

Furthermore in the rat, continuing studies have also identified the 

existence of two novel but operationally identical i soforms for the 5 - H T 7 

receptor, although the physiological roles of these isoforms has yet to 

be established.

In the rat and guinea-pig mRNA coding for the 5 -HT7 receptor has 

been located most densly in the hypothalamus (CA2 and CA3 

pyramidal layers, Tsou etal., 1994), brainstem, thalamus and 

hippocampus, where it is thought that central 5 -HT7 receptors may 

have a role in circadian rhythm control (Lovenburg etal., 1993) and the 

pathophysiology of depression (Slight etal., 1995) and schizophrenia 

(Roth et al., 1994). In the periphery, studies in mam have shown the
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receptor to be abundant in the coronary artery and the descending 

colon, stomach and ileum (Bard et al., 1993). Similar studies in the rat 

have identified the receptor in the renal artery, vena cava, portal, 

femoral and jugular vein. It is evident from the peripheral distribution of 

the 5 -HT7 receptor identified in the above mentioned studies, that a 

role in the human alimentary tract can be expected. Indeed functional 

studies on the isolated guinea-pig ileum have already demonstrated a 

relaxant response evoked by 5 -HT7 receptor activation (Feniuk et al., 

1983; Carter etal., 1995). A physiological role in cardiovascular 

function can also be expected with such an extensive receptor 

distribution in vascular smooth muscle. Indeed it has been suggested 

that 5 -HT7 receptors located on vascular smooth muscle may modulate 

the vasoconstrictor effects elicited by 5-HTib/id or 5-HT2a receptors 

(Ullmer et al., 1995). Evidence for the role of 5 -HT7 receptors in the 

cardiovascular system has been provided by a number of functional 

studies which have demonstrated that 5 -HT7 receptor activation 

causes a direct smooth muscle relaxation of the dog coronary artery 

and vascular bed (Terron, 1996; Villalon etal., 1997a), while additional 

studies have revealed that 5 -HT7 receptor activation evokes a 

hypotensive response in the rat and in the cat causes a tachycardia 

(De Vries et al., 1997; Villalon et al., 1997b). Furthermore, due to the 

defining functional characteristics of the 5-HT7 receptor, it has been 

suggested that the 5-HTHike receptor mediating the inhibition of 

sympathetic vasopressor outflow in the pithed rat may be mediated by 

5 -HT7 receptor activation (Villalon et al., 1995). However, continuing
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studies in the same animal model have demonstated this not to be the 

case as the sympathoinhibition was shown to be mediated by 

5-HTia/ib/id receptors rather than the 5-HT7 receptor (Villalon etal., 

1998).

There are currently no novel selective agonists for the 5 -HT7 receptor. 

However, recombinant studies of the human 5 -HT7 receptor (Bard et 

al., 1993) have shown the receptor to have a high affinity for the 

agonists 5-CT (pKj 9.0), 5-HT (pKj 8.1), 5-methoxytryptamine (pKj 8.3) 

and 8-OH-DPAT (pKi 6.3) in a rank order of potency similar to that 

shown by the 5-HTib and 5-HTid receptor subtypes. Furthermore, 

from the same recombinant studies the antagonists methiothepin (pKj 

8.4), methysergide (pKj 7.7) and metergoline (pKj 8.2) were also shown 

to have a high affinity for the 5 -HT7 binding site. This profile was also 

observed in ensuing studies that expressed the 5 -HT7 receptor from 

other species such as the rat (Shen et al., 1993). From these 

continuing studies it has been shown that the anti-psychotic clozapine 

(pKi 7.9) also has a high affinity for the 5-HT7 receptor (Shen et al., 

1993). In isolated tissues such as dog coronary artery (Terron, 1996) 

and guinea-pig ileum (Carter et al., 1995) similar affinity for these 

ligands has been demonstrated. Interestingly however, SB-258719 

has recently been reported as a novel antagonist with at least 100 fold 

selectivity for the 5 -HT7 receptor and displays a profile consistent with 

both competitive antagonism and inverse agonism. (Forbes etal.,
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1998). The reader is referred to Eglen et al. (1997) and Saxena et al. 

(1998) for more extensive reviews of the 5-HT7 receptor.

1.4. Central 5-hydroxytryptaminergic Pathways

Over the past thirty years, the development of histochemical and 

autoradiographical techniques have helped to determine the 

distribution of the central 5-hydroxytryptaminergic pathway (Dahlstrom 

& Fuxe; 1964; 1965; Azmitia & Segal; 1978; Steinbusch etal, 1978). 

From these studies 5-HT cell bodies (classified as B1 - B9) were 

shown to be predominantly located around the midbrain and brainstem 

midline raphe (see Figure 1). From these regions, the cell bodies have 

ascending and descending projections which target regions both in the 

forebrain and the spinal cord (Fuxe, 1965; Jacobs & Azmitia, 1992).

The ascending fibres project from four main nuclei, which were shown 

to be the median raphe nuclei (B5 and B8), the dorsal raphe nuclei (B6 

and B7) and the B9 nuclei (Steinbusch etal, 1978). From these nuclei, 

the neuronal fibres project to the forebrain via two discrete neuronal 

tracts of the medial forebrain bundle,

a) the dorsal raphe forebrain tract which innovates the lateral 

forebrain structures e.g. the basal ganglia, amygdala, 

accumbens, thalamus and piriform cortex:
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b) the median raphe forebrain tract which innovates medial 

forebrain structures e.g. the olfactory bulbs, preoptic area, 

septum, hippocampus and cingulate cortex (Azmitia; 1978, 

Azmitia & Segal; 1978). Furthermore, some of the fibres do 

not ascend in the medial forebrain structure; but project in 

alternative tracts to the cortex (cortical tract), the 

periventricular regions of the thalamus and hypothalamus, 

and the substantia nigra, ventrolateral geniculte body nuclei 

and the suprachiasmatic nuclei of the hypothalamus (arcuate 

tract; Azmita and Segal; 1978).

The descending neurones were mainly shown to project from five 

brainstem nuclei: the raphe obscurus (B2), nucleus raphe magnus 

(B3), nucleus raphe pallidus (B1 and B4), intermediate reticular nuclei 

(B1 and B3) and the ventrolateral medulla, from which the descending 

fibres innervate either the dorsal or lateral horn of the spinal cord or the 

intermedial cell column (Loewy, 1981; Dahlstrom & Fuxe, 1964; Jacobs 

& Azmitia, 1992).
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1.5. Cardiovascular and Respiratory Actions of 5-HT

1.5.1. Peripheral Cardiovascular Actions

The administration of 5-HT intravenously to either conscious or 

anaesthetized rats (Dalton etal, 1986; Salmoiraghi etal, 1956; Saxena 

& Lawang, 1985) produces a distinctive triphasic effect on blood 

pressure. This results in an initial depressor response, followed by a 

pressor phase and a final depressor response. The initial depressor 

response is an effect known as the von Bezold-Jarisch reflex and is 

caused by the activation of 5 -HT3 receptors on sensory afferent nerve 

endings in the coronary circulation. This gives rise to a vagovagal 

reflex producing a transient bradycardia and sympathoinhibition.

These effects combine to cause the transient fall in blood pressure.

Not surprisingly this reflex can be produced by 5 -HT3 receptor agonists 

such as 2-methyl-5-HT (Richardson etal, 1985) and quipazine 

(Vayssettes-Courchay et al, 1990) and blocked by 5 -HT3 receptor 

antagonists (Dalton et al, 1986).

The pressor phase of the response is elicited by the activation of 5 -HT2 

receptors leading to vasoconstriction. This effect can be mimicked by 

the 5-HT2 agonist a-methyl-5-HT or blocked by the antagonist 

ketanserin (Dalton et al, 1986). Interestingly, Dabire et al (1988) 

obtained a similar hypertensive effect in pithed rats which
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demonstrates that the response is predominantly mediated in the 

periphery.

The final hypotensive phase of the 5-HT response is mediated by 

vascular 5-HTi-like receptors (5-HTib/id/7) which cause vasodilation 

(Dalton, 1986; Martin etal, 1987). Again this can be mimicked by 

selective 5-HTi agonists such as 5-CT or abolished by selective 

antagonists such as methiothepin. Furthermore the effect is also 

observed in pithed rats which again suggests that this is a peripherally 

mediated effect (Dabire et al, 1988). Recent studies however have 

provided further evidence to suggest that the 5-HTHike receptor 

mediating this final vasodilator response is consistent with the recently 

characterised 5 -HT7 receptor (Terron, 1996; Villalon etal., 1997a, De 

Vries etal., 1997, see Saxena etal., 1998).

1.5.2. Central Effect of 5-HT

To investigate the role of 5-HT in cardiovascular regulation various 

approaches have been used such as:-

1). Stimulation of 5-HT containing nuclei by electrical stimulation and/or 

with excitatory amino acids (gluatmate or DL-homocysteic acid (DLH)).
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2). Peripheral and central administration of 5-HT precursors such as 

L-tryptophan or 5-hydroxytryptophan (5-HTP) to cause an increase in 

CNS concentrations of 5-HT.

3). Direct administration of 5-HT and/or selective receptor ligands into 

the CNS by microinjection into specific brain regions or into the 

cerebral ventricles (i.c.v).

It should be noted that the cardiovascular effects mediated by 

administering 5-HT precursors, either peripherally or centrally cannot 

be interpreted as being an exclusive effect of central 5-HT receptor 

activation, as both peripheral and central concentrations of 5-HT will be 

increased. Furthermore, studies involving the administration of the 

precursors with monoamine oxidase inhibitors generates further 

scepticism in the observations as both 5-HT and catecholamines will 

accumulate. It should also be noted that the precursor 5-HTP can be 

converted to 5-HT in non-5-hydroxytryptaminergic neurones via 

L-aromatic amino acid decarboxylase (see Kuhn etal., 1980a).

Many studies have clearly shown that microinjection of 5-HT into the 

cerebral ventricles or into discrete brain regions produces complex 

effects on blood pressure, heart rate and sympathetic outflow (see 

Coote, 1990; see McCall & Clement, 1994). Indeed the complexity and 

variability of the responses may depend on the dose size, the species, 

the site of microinjection and whether the animal is conscious or
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anaesthetized. Furthermore, and importantly, the activation of various 

receptor subtypes which may have opposing actions on cardiovascular 

regulation and such action being species dependent may well 

contribute further to the variability.

1.5.2.1. Intracerebroventricular administration of 5-HT

It has been well established that intracerebroventricular (i.c.v.) administration of 

5-HT in the conscious or anaesthetized rat causes various effects on the 

cardiovascular system. (Administration i.c.v. of 5-HT in anaesthetized rats have 

been shown to predominantly cause an immediate pressor response and 

variable or biphasic effects on heart rate (Lambert et al, 1975; 1978; Krstic 

& Djurkovic, 1976; 1980). Inoue & Bunag, (1989) also demonstrated that i.c.v. 

administration of 5-HT induces a pressor response which is associated with a 

consistent bradycardia and a splanchnic sympathoinhibition in the 

anaesthetized rat. However Anderson et al. (1992) observed a pressor effect 

that was associated with an initial bradycardia and renal sympathoinhibition 

followed by a tachycardia and renal sympathoexcitation. In conscious rats i.c.v. 

administration of 5-HT also causes a pressor response, but in these animals 

consistently produces a bradycardia (Sukamato etal , 1984; Pergola & Alper, 

1991a; Anderson et al, 1992). The pressor effect of 5-HT is blocked by 

pretreatment with the non-selective 5-HT receptor antagonists methysergide 

and 2-bromolysergic acid diethylamide (Lambert, 1978; Inoue & Bunag, 1989).
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In addition it would appear that increasing doses of 5-HT (40 nmol kg"1 

and 120 nmol kg'1) potentiates the observed increase in blood 

pressure (Anderson etal., 1992), although even higher doses of 5-HT 

(240 -1600 nmol Kg'1) have been shown to cause a fall in blood 

pressure rather than an increase (Krstic & Djurkovic, 1981; Dalton,

1986). Furthermore, lower doses of 5-HT ( 1 - 1 2  nmol Kg'1) tend to 

produce a tachycardia while higher doses (40 -  400 nmol Kg'1) tend to 

cause a bradycardia (Dedeoglu & Fisher, 1991). Moreover, it has been 

proposed and subsequently demonstrated that these different effects 

were mediated by different 5-HT receptors. Indeed Anderson et al. 

(1992) demonstrated that pretreatment with the 5-HT2 receptor 

antagonists cinanserin or LY 53857 but not the peripherally acting 

5-HT2 receptor antagonist BW510C67, can reverse the initial 

bradycardia and sympathoinhibition evoked by 5-HT in the 

anaesthetized rat to a tachycardia and sympathoexcitation, an effect 

which was also observed following vasopressin Vi receptor blockade. 

However blockade of 5-HT2 receptors or vasopressin Vi receptors in 

the conscious rat blocked all of the effects evoked by 5-HT (Pergola & 

Alper, 1991b; Pergola etal., 1993). In combination these observations 

show that 5-HT administered i.c.v. activate central 5-HT2 receptors to 

cause vasopressin release and a rise in blood pressure. Furthermore, 

Anderson etal. (1992) also demonstrated that combined pretreatment 

with LY 53857 and the 5-HTia receptor antagonist spiroxatrine, 

blocked all of the effects caused by 5-HT in the anaesthetized rat. This 

therefore illustrates that 5-HTia receptor activation evokes a
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sympathoexcitation, and this was further illustrated by i.c.v. 

administration of the 5-HTia receptor agonist 8-OH-DPAT (Anderson et 

al., 1992). Although in other studies a sympathoinhbition and a 

depressor response has been observed with 8-OH-DPAT (Ramage & 

Fozard, 1987).

In other species such as the cat and dog, administration of 5-HT into 

the lateral cerebral ventricles evokes a fall in blood pressure and a 

bradycardia (Bhargava & Tangri, 1959; McCubbin etal, 1960; Dhawan 

et al, 1967; Coote et al, 1987). This depressor effect was suggested to 

be a result of a reduction in sympathetic outflow (Baum & Shropshire, 

1975; Coote et al, 1987). This has been demonstrated in studies 

where 5-HT has been administered into more discrete areas of the 

brain. Indeed administration of 5-HT into the hindbrain evokes a fall in 

blood pressure, heart rate and a sympathoinhibition (Coote etal.,

1987; Shepheard et al., 1994). This is also observed following the 

administration into the 4th ventricle of selective 5-HTia receptor 

agonists such as 8-OH-DPAT into the 4th ventricle, illustrating the 

involvement of 5-HTia receptors in the pressor response.

In contrast administration i.v. of the 5-HT2 receptor agonists DOI or 

quipazine in the cat cause a rise in blood pressure which is associated 

with a significant increase in sympathetic nerve activity (McCall & 

Harris, 1988, Vaysettes-Courchay etal., 1991, Ramage etal., 1993), 

which is blocked by the selective 5-HT2 receptor antagonists LY-53857
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and ketanserin (McCall & Harris, 1988). In addition, pretreatment with 

a peripherally acting 5-HT2 receptor antagonist BW501C67 does not 

prevent the pressor response and increase in sympathetic outflow 

(Ramage etal., 1993). Consequently, in combination these data 

suggest that 5-HT2 receptor agonists act centrally in the cat to increase 

sympathetic nerve activity

Further studies have been carried out to determine the mechanism and 

areas of the brain involved in mediating the 5-HT2 receptor evoked 

sympathoexcitation. In this regard it has been shown that 

medullospinal 5-HT neurones generate an excitatory effect at 

sympathetic preganglionic neurones (McCall, 1983; 1984). However, 

iontophoretic application of DOI fails to alter the firing of sympathetic 

preganglionic neurones, even though i.v. administration of DOI does 

activate these neurones (Clement & McCall, 1990). This therefore 

demonstrates that DOI does not act at the level of the sympathetic 

preganglionic neurones to increase sympathetic nerve activity.

5-HT applied directly to the ventral surface of the medulla has been 

shown to evoke a hypotensive response, and is potentiated by 

blockade of 5-HT2 receptors. In contrast administration of 5-HT2 

agonists to the ventral surface mediates a hypertensive response 

associated with an increase in sympathetic nerve activity (King & 

Holtman, 1990; Mandal etal., 1990). Similarly, bilateral microinjection 

of DOI or quipazine into the rostral ventrolateral medulla increases 

blood pressure (Vayssettes-Courchay etal., 1991; 1992, Mandal et al.,
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1991). From these observations it is evident that 5 -HT2 receptors at 

the level on medullospinal neurones of the RVLM produce an increase 

in sympathetic outflow. However, in contrast administration of DOI to 

the hindbrain via the IVth ventricle evokes an increase in blood 

pressure without effecting heart rate, inferior cardiac sympathetic nerve 

activity, renal nerve activity or splanchnic nerve activity (Shepheard et 

al., 1991). In combination these observations indicate that the 

hindbrain is not the major central area involved in mediating the 

sympathoexcitatory action of i.v. DOI. However administration of 5-HT 

or DOI into the lateral ventricles of the cat in which the Aqueduct of 

Sylvius was cannulated so as to restrict the action of the ligands to the 

forebrain sites and in the presence of a peripherally acting 5-HT2 

receptor antagonist, was shown to cause an increase in blood pressure 

and heart rate with an associated increase in right inferior cardiac and 

splanchnic nerve activity. Interestingly only 5-HT increased the 

magnitude and number of phrenic bursts during the study (Anderson et 

al., 1995). Furthermore both DOI and 5-HT caused a greater increase 

in cardiac nerve activity in comparison to changes in splanchnic nerve 

activity, but had no effect on renal nerve activity. Pretreatment i.c.v. 

with the selective 5-HT2 receptor antagonist cinanserin blocked the 

cardiovascular and respiratory effects of 5-HT. These observations are 

similar to those observed in a previous study in which 5-HT when restricted to 

forebrain sites also mediated a pressor response and tachycardia with no effect 

on renal sympathetic nerve activity (Coote et al., 1987). These observations 

demonstrate that forebrain 5-HT2 receptors cause differential
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sympathoexcitation and a rise in blood pressure. Indeed the 

sympathoexcitatory effects mediated by 5-HT2 receptors located in the 

forebrain differ from those distributed in the hindbrain in that they 

mediate an increase in sympathetic outflow from the right inferior 

cardiac nerve and heart rate, but have no effect on renal nerve activity. 

Presumably 5-HT2 receptors in the RVLM mediate renal 

sympathoexcitation, although Shepheard etal. (1991) failed to 

demonstrate a hindbrain renal sympathoexcitation (see above). In 

addition these data also demonstrate that activation of 5-HT2 receptors 

in the forebrain activate a pathway that increases respiratory drive, 

while hindbrain 5-HT2 receptors decrease respiratory drive (Shepheard 

etal., 1991, King & Holtman, 1990)

Finally, blockade of 5-HT2 receptors with antagonists such as 

cinanserin, LY-53857 and ketanserin (Anderson et al., 1995, Ramage, 

1985) inhibit sympathetic nerve activity, suggesting that central 5-HT2 

receptors may have a role in maintaining tonic sympathetic drive.

Further studies targeting more specific brain nuclei have been 

employed to further characterise the brain regions and mechanisms 

implicated in both the excitatory and inhibitory cardiovascular effects in 

response to 5-HT (see sections 1.5.2.2. -1.5.2.6.).
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1.5.2.2. A forebrain 5-HT pressor pathway

Microinjection of 5-HT into the pre-optic nucleus and the anterior 

hypothalamus of the forebrain leads to an increase in blood pressure 

with variable effects on heart rate in anaesthetized or conscious rats 

(Smits & Stuyker-Boudier, 1976, Sukamoto, etal., 1984). However, 

these effects can be blocked by pretreatment in these areas with the 

5-HTi/5-HT2 receptor antagonist methysergide and the non-selective 

5-HT receptor antagonist metergoline (Smits & Stuyker-Boudier, 1976; 

Robinson, 1984). These functional observations correspond with 

histochemical studies which have shown that the hypothalamic nuclei 

and the pre-optic area are innervated with numerous 

5-hydroxytryptaminergic nerve terminals (Fuxe, 1965; Steinbusch, 

1981; Saavedra etal, 1974).

The two main sources providing 5-HT innervation to these forebrain 

areas are the dorsal and midbrain raphe nuclei (Dahlstrom & Fuxe, 

1965; Fuxe, 1965). Despite the fact that electrical stimulation of either 

the dorsal or median raphe nuclei produces an increase in blood 

pressure with variable changes in heart rate in the rat (Smits et al., 

1978; Kuhn et al., 1980b), it is only the response evoked from the 

dorsal raphe that is abolished by pretreatment with the 

5-hydroxytryptaminergic neurotoxin 5,7-dihydroxytryptamine (5,7-DHT, 

Robinson etal., 1985). Conversely, pretreatment with the 5-HT uptake 

inhibitor fluoxetine potentiates only the pressor response mediated by
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dorsal raphe stimulation (Kuhn etal., 1980b), while chemical 

(DL-homocysteic acid) stimulation of the dorsal raphe nucleus 

produces a pressor response similar to the magnitude seen with 

electrical stimulation (Lovick, 1992). Furthermore, activation of 5-H T ia , 

5-H T ib or 5-H T id  receptors attenuates the electrical stimulated release 

of 5-HT in the dorsal raphe demonstrating that the release of 5-HT in 

the dorsal raphe is controlled by 5 -H T ia , 5 -H T ib/id /if  autoreceptors 

(Davidson & Stamford, 1995). Nonetheless these observations 

demonstrate that 5-HT neurones (ascending from the dorsal raphe 

nucleus are responsible for the pressor response generated from the 

pre-optic nucleus and anterior hypothalamus. Furthermore, the 

pressor response evoked by the dorsal raphe nuclei appears to be 

mediated by an increase in sympathetic outflow as pretreatment with 

the noradrenegeric blocker bretylium abolishes the pressor response, 

as does phentolamine (i.v.) and transection of the spinal cord (Piper & 

Goadsby, 1985).

Administration of the non-selective 5-HT receptor antagonists 

2-bromolysergic acid diethylamide (BOL; Kuhn etal, 1980b) and 

metergoline (Robinson, 1984) into the anterior hypothalamus / preoptic 

area also attenuates the pressor response evoked by stimulating the 

dorsal raphe nucleus. Interestingly lesioning of the dorsal raphe 

enhanced the pressor response to microinjection of 5-HT into the 

anterior hypothalamus / pre-optic area, possibly as a result of 

supersensitive 5-HT receptors developing in these regions as a
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response to degeneration of the nerve terminals (Robinson et al, 

1985).

The close proximity of the anterior hypothalamus / preoptic area to the 

third ventricle means that the neurones involved in the pressor 

response may be accessible following i.c.v. administration of 5-HT. 

This has led to the proposal that the anterior hypothalamus / preoptic 

area are important in mediating the pressor response following i.c.v 

administration of 5-HT. Indeed this proposal has received further 

support from the observation that the injection of 5-HT directly into the 

third ventricle produces a greater pressor effect than that which is 

elicited by i.c.v. administration of 5-HT into the lateral ventricles 

(Lambert et al, 1978). Furthermore, i.c.v. administration of selective 

5-HTia or 5 -HT2 receptor agonists in the rat and cat mediate a pressor 

response presumably by activating 5-HTiA and 5-HT2 receptors in the 

anterior hypothalamus / preoptic area (Anderson et al., 1992, 1995, 

Shepheard, 1994).

Over all these observations suggest that the activation of the 

ascending 5-HT neurones from the dorsal raphe nucleus produce an 

increase in blood pressure which is dependent on the release of 5-HT 

and the subsequent activation of 5-HT ia or 5-HT2 receptor subtypes 

distributed in the anterior hypothalamus / preoptic area.
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There is further evidence demonstrating an interaction between 

hypothalamic 5-HT and cholinergic neurones (Robinson, 1982; 1984). 

Pretreatment with atropine into the posterior hypothalamus or depletion 

of ACh in the posterior hypothalamus by local application of 

hemicholinium abolishes the pressor response mediated by 5-HT in the 

anterior hypothalamus /preoptic area or the pressor response elicited 

by the electrical stimulation of the dorsal raphe nucleus. Consequently 

it has been suggested that the stimulation of the ascending fibres from 

the dorsal raphe nucleus evoke the activation of 5-HT in the anterior 

hypothalamus/pre-optic area which subsequently causes an elevation 

of blood pressure via a cholinergic mechanism in the posterior 

hypothalamus.

1.5.2.3. Nucleus Tractus Solitarius

The nucleus tractus solitarius (NTS) is the principal site for processing 

of cardiovascular and respiratory afferent inputs to the central nervous 

system. Indeed afferent projections from arterial baroreceptors and 

chemorecoptors (see Jordan & Spyer, 1977; see Spyer, 1981), 

pulmonary stretch receptors (Kalia & Mesulam, 1980), and atrial and 

ventricular receptors (Lee et al., 1972) terminate in the NTS. In 

addition afferent fibres from central areas including the raphe nuclei, 

hypothalamus, amygdaloid nucleus, locus coeruleus and 

paragigantocellular nucleus also terminate in the NTS (see 

Giersbergen etal., 1992).
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It is appreciated that the NTS acts as a site of cardiovascular and 

respiratory reflex control e.g. arterial baroreceptor reflex, and is 

innervated and modulated by many different neuronal systems (see 

Jordan & Spyer, 1986). In regard to this, the NTS is densely 

innervated by 5-hydroxytryptaminergic terminals projecting from the 

raphe nuclei and peripherally from the nodose ganglia, which make 

synapses in the NTS (Steinbursch, 1981, Maley & Elde, 1982, Schaffer 

etal., 1988, Nosjean etal., 1990). In addition, autoradiographic 

studies have revealed that NTS neurones express binding sites for 5- 

HT ia  and 5-HT ib (Manaker & Verderame, 1990, Dashwood et al.,

1988), 5 -HT2 (Pazos et al., 1985; Dashwood et al., 1988) and 5 -HT3 

(Merahi et al., 1992a, Steward etal., 1993) ligands. Microinjection of 

low doses of 5-HT (<400 pmol) into the NTS of anaesthetized rats has 

been shown to produce a fall in blood pressure and heart rate (Laguzzi 

etal, 1984; Itoh & Bunag, 1991; Merahi etal, 1992b), with a fall in renal 

sympathetic nerve activity, j  Higher doses of 5-HT 

administered into the NTS cause contrasting results (Wolf et al., 1981, 

Merahi et al., 1992a). This affect was proposed to be mediated by an 

increase in sympathetic nerve activity as the pressor response could 

be abolished by the pretreatment with prazosin (Merahi et al, 1992a, 

1992b). The hypotensive response was attenuated either by 5-HTia 

(Itoh & Bunag, 1991) and 5-HT2 (Merahi etal., 1992b) receptor 

antagonists and mimicked by microinjection of 5-HT2 receptor agonists 

(Merahi etal., 1992a, Merahi & Laguzzi, 1995). Furthermore, the
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hypertension evoked by high doses of 5-HT were blocked by 5 -HT3 

receptor antagonists (Merahi et al., 1992a) and mimicked by 5-HT3 

receptor agonists (Merahi etal., 1992a; Merahi & Laguzzi, 1995). 

Conversely a more recent study has shown that microinjection of a 

high dose of 5-HT into the NTS evokes a hypotension and bradycardia 

which was prevented by a 5-HTia/ib receptor antagonist but not by 

selective 5-HTia or 5-HT2 receptor antagonists (Feldman & Galliano, 

1995). Furthermore, microinjection of the 5-HTia receptor agonist 

8-OH-DPAT into the NTS has also been shown to have no effect on 

either blood pressure or heart rate (Laubie et al., 1989, Vayssettes- 

Courchay etal., 1993). In combination these observations suggest 

that 5-HT acts on different 5-HT receptor subtypes in the NTS to 

modulate cardiovascular outflows from the CNS. At a cellular level 

activation of pre- and postsynaptic 5 -HT3 (Glaum et al., 1992) 

produces an excitatory response in NTS neurones. However in other 

studies activation of 5-HTi-like receptors has been shown to have 

principally a depressant action on 5-HT in the NTS (Feldman, 1994, 

1995). Yang et al. (1992) in contrast observed both excitatory and 

inhibitory responses. These observations therefore suggest that 5-HT 

may have different actions on different neurones of different function. 

Indeed in the cat in vivo, ionophoretic application of 5-HT on neurones 

related to respiration mainly has an excitatory effect while on non- 

respiratory neurones there is generally an inhibitory effect (Sessle & 

Henry, 1985). However, more recently it has been demonstrated that 

ionophoretic application of 5-HT on NTS neurones receiving cardiac
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vagal afferent input were predominantly excited by 5-HT possibly by an 

action on 5 -H T ia or 5-HT3 receptors (Wang et al., 1997).

Efferent projections from the NTS extend to a number of areas of the 

brain involved in regulation of the cardiovascular system, including the 

nucleus ambiguus, dorsal vagal motonucleus, caudal raphe nuclei, 

hypothalamus, caudal ventrolateral medulla and locus coeruleus 

(Loewy & Burton, 1978, Loewy etal., 1986, Thor & Helke, 1987, 1988). 

Many of these projections appear to be reciprical in nature and 

probably function as a feedback system (see Loewy, 1990). The level 

of activity of the NTS efferent neurones determines the signal relayed 

to these other nuclei which are involved in the regulation of the 

cardiovascular system. The level of activity of these efferent fibres are 

influenced by the afferent input from the peripheral cardiovascular 

receptors described above as well as more rostral areas involved in the 

generation of the cardiovascular components of affective behaviour, 

such as the central nucleus of the amygdala (Cox et al., 1986) and the 

hypothalamus (Spyer et al., 1986). The reciprocal connections allow 

higher nuclei to influence the signal that NTS neurones send to the 

other nuclei.

1.5.2.4. Nucleus Ambiguus and the Dorsal Vagal Motor Nucleus

The nucleus ambiguus (NA) and the dorsal vagal motor nucleus 

(DVMN) receive afferent input from various brain regions including the
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NTS, nuclei of the hypothalamus and the medullary reticular formation 

(see Loewy & Spyer, 1990). In addition the DVMN also receives input 

from vagal sensory afferents (Nosjean etal., 1990; Sykes etal., 1994).

Efferent fibres project from the NA to the NTS, intermediate grey 

matter and ventral horn of the spinal cord, while efferent fibres from the 

DVMN project to the parabrachial nucleus, the cerebellar cortex and 

cerebellar nuclei (see Loewy & Spyer, 1990; King, 1980; Zheng etal., 

1982). However, in both nuclei vagal preganglionic neurones have 

been localized (see Loewy & Spyer, 1990). In the NA the vagal 

preganglionic neurones are cardiac vagal motoneurones (CVM’s), 

where as in the DVMN vagal preganglionic fibres innervate the 

gastrointestinal tract as well as the heart. Interestingly, subepicardial 

injection of horseradish peroxidase in the cat has produced 

reterograde labelling demonstrating that approximately 80% of CVM’s 

are localized to the NA, while the remainder are localized in the DVMN 

except for a small number that are localized in an area between the 

two nuclei (Geis etal., 1981). Immunochemical studies have 

demonstrated that both of these nuclei are also densely innervated by 

5-HT immunoreactive terminals (Steinbusch, 1981; Sykes etal., 1994) 

and these terminals have been shown in part to synapse with the vagal 

preganglionic neurones (Izzo et al., 1993). 5-hydroxytryptaminergic 

innervation of these nuclei arises from the midline raphe nuclei 

(Schaffar et al., 1988) and from the vagal sensory afferents (Nosjean et 

al., 1990, Sykes et al., 1994).
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It is therefore evident that 5-HT terminals will synapse with vagal 

preganglionic neurones involved in cardiovascular regulation e.g. 

CVM’s. Indeed administration of 5-HT into the NA or the DVMN of the 

rat or cat evokes a vagally mediated bradycardia (Sporton et al, 1991; 

Hopkins, 1987; Izzo etal, 1988). Moreover autoradiographic studies 

have shown that the NA and the DVMN comprises of binding sites for 

5-HTia (Pazos & Palacios, 1985, Dashwood et al, 1988; Thor et al,

1992), 5-HT2 (Pazos etal, 1985) and 5-HT3 (Pratt & Bowery, 1989,

Pratt etal, 1990, Leslie etal., 1994) receptor ligands. Consequently 

further functional studies have started to characterise the role of these 

receptor subtypes in the DMVN and the NA. Microinjection of the 

5-HTia receptor agonists 8-OH-DPAT and flesinoxan into either the NA 

(Izzo etal, 1988) or the DMVN (Sporton etal, 1991) produces a 

bradycardia. In contrast 5-HT2 and 5-HT3 receptor agonists have no 

effect on heart rate.

More recently it has been demonstrated that 5-HT excites dorsal vagal 

preganglionic neurones by activating post-synaptic 5-HT2 receptors 

and pre- or post-synaptic 5-HT3 receptors (Brooks & Albert, 1995, 

Albert et al., 1995, Wang et al., 1996). Furthermore, it has been shown 

that pre-synaptic 5-HT3 receptors facilitate the release of glutamate 

which acts post-synaptically on NMDA and non-NMDA receptors to 

excite dorsal vagal motoneurones (Wang et al., 1998). It is also worthy 

of note that the release of glutamate in the NTS and the dorsal vagal
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complex are important in facilitating cardiorespiratory reflex events 

(see Lawrence & Jarrott, 1996). Therefore, these observations 

suggest that 5-hydroxytryptaminergic neurones from the NTS or 

periphery synapse with vagal preganglionic motoneurones in the 

DVMN, where the release of 5-HT activates pre-synaptic 5 -HT3 

receptors to mediate the release of glutamate which subsequently 

activates vagal motoneurones involved in cardiorespiratory control. In 

summary these observations suggest that the activation of 5-HTia, 

5-HT2 or 5 -HT3 receptors excite vagal preganglionic neurones in both 

of these nuclei, although it is 5-HTia and 5 -HT3 receptors that are in 

involved in the activation of cardiorespiratory vagal motoneurones.

1.5.2.5. Ventrolateral Medulla

The rostral ventrolateral medulla (RVLM) and caudal ventrolateral 

medulla (CVLM) are important areas for regulating the cardiovascular 

system (Lovick, 1987a). Indeed the CVLM receives afferent input from 

the NTS (Gordon, 1987, Guyenet, 1987), while the RVLM receives 

afferent input from the lateral tegmental field (LTF) and the CVLM 

(Blessing & Reis, 1982, Gebber& Barman, 1988). Preganglionic 

sympathetic fibres project from the RVLM to the immediolateral cell 

column of the spinal cord (Dahlstrom & Fuxe, 1965, Loewy & McKellar,
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The RVLM is a critical area in controlling sympathetic tone where 

separate pacemaker neurones control sympathetic outflow to the heart 

and vascular beds. Moreover the RVLM is important in the regulation 

of the sympathetic component to the baroreceptor reflex 

(Guertzenstein & Silver, 1974; Feldberg & Guertzenstein, 1976,

McAllen etal., 1982, Caverson et al., 1983, Brown & Guyenet, 1984, 

Ross et al., 1984). Somewhat in contrast, the CVLM plays an 

important inhibitory role in the central regulation of sympathetic outflow 

and receives direct excitatory glutaminergic projections from NTS 

(Blessing & Reis, 1982, Willette etal., 1983, Gordon, 1987, Guyenet,

1987). This region is an integrative part of the baroreceptor reflex 

pathway and the neuronal projections extend from the CVLM to the 

RVLM where they have a direct inhibitory effect on sympathetic outflow 

(Coote & MacLeod, 1974). In contrast the LTF provides innervation to 

the RVLM which has an excitatory effect on sympathetic outflow 

(Gebber, 1990).

The importance of the RVLM in cardiovascular control is emphasised 

by lesioning the surface of the RVLM which induces a significant fall in 

blood pressure (Guertzenstein & Silver, 1974). Conversely electrical 

stimulation of the region generates a rise in blood pressure (Dampney 

etal, 1982; Ross etal, 1984). A fall in blood pressure is also observed 

following the administration of inhibitory amino acids into the RVLM 

(Willette et al, 1984), while in contrast the administration of excitatory 

amino acids such as glutamate and D,L-homocysteic acid (DLH) 

produces a rise in blood pressure. Continuing studies in this area have
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shown that discrete regions of the RVLM have separate neuronal 

populations that control heart rate and individual vascular beds (Lovick, 

1987b; Dampney & McAllen, 1988; McAllen & May, 1994; Campos & 

McAllen, 1997).

The RVLM receives a relatively dense 5-HT innervation (Steinbusch, 

1981) and contains a high density of 5-HTia receptor binding sites 

(Thor et al., 1990). Indeed microinjection of 5-HT (10 - 100nM) or the 

5-HTia receptor agonist 8-OH-DPAT into this area produces a 

hypotension and a bradycardia in various species such rat, cat and dog 

(Lovick, 1989, Gillis etal., 1989, Laubie et al., 1989, King & Holtman,

1990). Conversely, activation of 5 -HT2 receptors in the RVLM of the 

cat mediates a hypertensive response associated with an increase in 

sympathetic outflow (King & Holtman, 1990, Clement & McCall, 1990, 

Vayssettes-Courchay et al., 1991, 1992, Mandal etal., 1990). 

Interestingly though ionophoretic application of DO I to the vasomotor 

neurones in the RVLM fail to evoke an excitation, which suggests that 

the 5 -HT2 receptors mediating the increase in sympathetic outflow in 

the studies described above are located presynaptically in the RVLM 

as are 5-HTiAreceptors (Clement & McCall, 1990; see McCall & 

Clement, 1994). Interestingly the response evoked by DOI when 

applied to the RVLM was associated with no change in heart rate. 

Consequently Mandel et al. (1990) suggested that the increase in 

blood pressure was due to a selective increase in the force of 

contraction of the heart, and that a central pathway for selective
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sympatho-excitatation of the heart leading to an increase in cardiac 

inotropy but not chronotropy, is mediated by activation of 5 -HT2 

receptors. However, a more recent study has demonstrated that 

activation of 5 -HT2 receptors on the ventral surface of the RVLM do not 

excite sympathetic premotor neurones controlling ionotropic effects on 

the left ventricle (Ramage & Daly, 1998).

1.5.2.6. Medullary Raphe Nuclei

The medullary raphe nuclei consists of the raphe pallidus (B1), 

obscurus (B2), and magnus (B3), and these nuclei predominantly send 

projections, many of which are 5-hydroxytryptaminergic, to sympathetic 

preganglionic neurones in the 1ML of the spinal cord (Loewy, 1981; 

Loewy & Mckellar, 1981; Loewy & Neil, 1981; Strack, 1989). These 

nuclei are recognised as being important in cardiovascular control.

This is illustrated by electrical stimulation of the area, which evokes 

either a pressor or depressor response with a corresponding increase 

or decrease in sympathetic nerve activity (Coote & Macleod, 1974; 

McCall & Humphery, 1985). Furthermore the ionophoretic application 

of 5-HT in the region of the preganglionic sympathetic neurone causes 

neuronal excitation (de Groat & Ryall, 1967; Lewis & Coote, 1990) and 

this has led to the proposal that 5-hydroxytryptaminergic innervation 

mediates the sympathoexcitation following the stimulation of the 

medullary raphe nuclei (McCall, 1990). Furthermore, 5-HT is also
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implicated in causing sympathoinhibition following the stimulation of the 

medullary raphe (Gilbey etal, 1981).

In the rat, autoradiographic studies have identified 5-HTia receptor 

binding sites in the medullary raphe nuclei (Pazos & Palacios, 1985, 

Verge et al., 1986, Thor et al. 1990), and activation of these receptors 

in the raphe pallidus or magnus evokes a fall in blood pressure and 

heart rate, presumably by a reduction in sympathetic outflow (Valenta 

& Singer, 1990). In contrast activation of 5-HTia receptors in the raphe 

obscurus cause an increase in blood pressure but with no effect on 

heart rate (Dreteler et al., 1991). This suggests that sympathetic 

outflow is increased, although whether this due to direct activation of 

receptors located post-synaptically on the neurones or pre-synaptically 

located receptors causing an inhibition of an inhibitory input to these 

neurones is unclear (Dreteler et al., 1990). Similarly the role of 5 -HT2 

receptors in these medullary raphe nuclei is somewhat more unclear.

1.6. Central 5 -HT2 receptors and Cardiovascular and Respiratory 

Regulation in the Rat.

The observed response following central administration of 5-HT is 

mediated by the activation of different 5-HT receptor subtypes. Indeed 

evidence now indicates that 5-hydroxytrypaminergic cardiorespiratory 

control involves the activation of central 5-H T ia , 5 -H T ib , 5 -H T id , 5 -HT2 

and 5 -HT3 receptors. The role of these receptor subtypes have been
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described in the previous sections (see 1.5.2.1. -  1.5.2.6.) and 

summarised in table 1, as are the cardiovascular effects of the other 

5-HT receptor subtypes . However this subsequent section provides a 

more detailed look at our current understanding on the role of 5 -HT2 

receptors in cardiovascular and respiratory regulation.

Activation of 5 -HT2 receptors in both rats and cats evokes a 

hypertensive response (Alper etal., 1990, Vayssettes-Courchay etal., 

1991, Anderson etal., 1992, Pergola etal., 1993, Anderson etal., 

1995). However the underlying mechanism evoking this pressor 

response in the rat and cat show species differences. In the rat , the 

pressor response has been shown to be associated with vasopressin 

(AVP) secretion (Anderson et al., 1992, Pergola et al. 1993), while in 

the cats the response has been shown to be mediated predominantly 

through a sympathoexcitation (Anderson et al., 1995).

Administration i.c.v. of 5-HT or DOI in the rat, mediates the release of 

vasopressin and an increase in blood pressure (Brownfield etal, 1988; 

Pergola & Alper, 1991a; Anderson etal, 1992, Pergola etal., 1993). 

However, i.v and i.c.v. administration of DOI causes an increase in 

blood pressure and heart rate and is associated with a reflex 

sympathoinhibition
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Table 1. Summary of 5-hydroxtryptamine receptor distribution, selective 

ligands and their cardiovascular and respiratory function, (ag) -  agonist.

Receptor

Subtype Distribution

Selective

Ligands

Cardiovascular/ 

Respiratory Effects

1A

Hippocampus, raphe nuclei

(somatodendritic

autoreceptor),

8-OH-DPAT(ag) 

(±)-WAY100635

Central receptors -  

t  cardiac vagal outflow & 

I  Sympathetic outflow ->■ 

hypotension & 

bradycardia (hindbrain); 

t  sympathetic outflow - *  

hypertension & 

tachycardia (forebrain)

1B

Hippocampus, raph6 nuclei 

(somatodendritic 

autoreceptor), , vascular 

smooth muscle, autonomic 

terminals

RU24969(ag) 

CP93129(ag) 
GR55562 

SB216641 

GR127935

Central receptors - 

Hypertension

Vascular smooth muscle 

contraction

1D

Nucleus accumbens, dorsal 

raph6 (autoreceptor ?), 

vascular smooth muscle, 

autonomic nerve terminals

Sumatriptan(ag) 
GR127935

Central receptors - 

Hypotension

Vascular smooth muscle 

contraction (?)

1E Cortex LY334370(ag)

1F Vascular smooth muscle LY334370(ag) Vascular smooth muscle 

contraction

2A

Hippocampus, 

hypothalamus, vascular & 

bronchial smooth muscle, 

vascular endothelium, 

platelets

DOI(ag)
Quipazine(ag) 

Ketanserin 

Spiperone 

MDL100,907
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Table 1 cont.

2B

Septum, hypothalamus, 

vascular endothelium,

DOI(ag)

Quipazine(ag)

BW723C86(ag)

SB204741

SB200646A

Vasodilatation (via NO 

release)

2C

Medulla, hypothalamus, 

cortex

DOI(ag)

Quipazine(ag)

mCPP (ag)

MK212(ag) 

Ro 60-0175(ag) 

RS102221 

SB242084 

SB200646A

Central Receptors - 

Vasopressin release (rat) 

Hypertension / 

sympathoexcitation (cat) 

-» hypertension & 

tachycardia 

Peripheral Receptors 

Vaso/bronchoconstriction

3

Striatum, hippocampus 

nucleus tractus solitarius 

(NTS); dorsal vagal nucleus 

(DVN), post-ganglionic 

sympathetic neurones, 

sensory neurones

PBG(ag)

CPBG(ag)
tropisetron

ondansetron

granisetron

Central Receptors - t  

glutamate release (NTS 

& DVN)

Hypertension & 

tachycardia (NTS); 

hypotension, 

bradycardia, apnea 

(DVN)

4

Vascular smooth muscle

BIMU8(ag) 

RS67506(ag) 

ML10302(ag) 

SC53116(ag) 

GR113808 

SB204070

Peripheral Receptors 

T heart rate,

Vascular smooth muscle 

relaxation

5a - - -

5b Hippocampus, cortex, spinal 

cord

6 Nucleus accumbens, 

hippocampus

RO046790

7

Hypothalamus, raphe nuclei, 

vascular smooth muscle

SB258719 Peripheral Receptors 

Vascular smooth muscle 

relaxation, tachycardia 

(cat)
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which is thought to be mediated by baroreceptor activation following an 

AVP evoked vasoconstriction (Dabire et al. 1989, Alper, 1990).

With regard to the above mentioned release of vasopressin by central 

5 -HT2 receptor activation in the rat, it is appropriate to give some 

attention to the role of vasopressin in cardiorespiratory regulation. The 

principle nuclei involved in vasopressin release to the periphery and 

providing central innervation are the paraventricular nucleus (PVN) and 

the supraoptic nucleus (SON) of the hypothalamus. These nuclei 

receive afferent input from nuclei involved in cardiovascular regulation 

including the NTS, the ventrolateral medulla, the dorsal medial medulla 

and the locus coeruleus (LC) (Weindl & Sofroniew, 1980, 1985, 

Sawchenko & Swanson, 1981, Tucker etal., 1987, Cunningham & 

Sawchenko, 1988).

Efferent vasopressin containing fibres extend from these same areas 

to a number of cardiovascular regulating areas including the NTS, the 

DVMN and the IML (Swanson & Kuyper, 1980). In addition 

vasopressin is released from the PVN and SON into the periphery via 

neurones that extend into the posterior area of the pituitary gland.

Circulating vasopressin acts on different G-protein coupled 

vasopressin receptor subtypes of which three are currently recognised 

(V|A, V| b and V2 vasopressin receptors). Activation of Vi vasopressin 

receptors in vascular smooth muscle evokes a vasoconstriction, while
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in the renal tubules \J2 vasopressin receptor activation mediates Na+ 

and water retention. Furthermore vasopressin also activates central Vi 

vasopressin receptors in the circumventricular organs to modulate 

cardiovascular reflex control of sympathetic outflow (Brizzee & Walker,

1990). This is achieved by stimulating efferent projections extending to 

the NTS (Donoghue etal., 1982, Phillips etal., 1988) where the 

subsequent activation of 012-adrenoreceptors potentiates the activity of 

the efferent projections from the NTS to the CVLM. This results in a 

reduction of sympathetic outflow from the RVLM. Indeed it has been 

reported that the area postrema influences the activity of neurones in 

the RVLM (Sun & Spyer, 1991), although it is unclear whether this is 

through a pathway involving the NTS. Indeed lesioning the area 

postrema has been shown to abolish the ability of increasing doses of 

AVP to cause enhanced reflex sympatho-inhibition and bradycardia in 

response to an increase in arterial blood pressure (Undesser etal., 

1985, Peuler etal., 1990). Similarly, lesions of the area prostrema also 

eliminates the effects of vasopressin on cardiopulmonary reflex 

responses to volume expansion (Hasser et al., 1987). Furthermore, 

microinjection of vasopressin into the area prostrema causes a dose 

dependent inhibition of renal sympathetic nerve activity (Suzuki etal., 

1989, Hasser & Bishop, 1990), and enhances baroreflex 

sympathoinhibition during infusion of phenylephrine. Administration of 

a Vi receptor antagonist blocks the effect of circulating vasopressin 

(Hasser & Bishop, 1990). In addition to this mechanism it is also 

suggested that vasopressin sensitises baroreceptor afferents. Indeed
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infusion of vasopressin evokes a greater activation of aortic 

baroreceptor afferents than phenylephrine for a given arterial pressure 

(Abboud etal. 1990). A similar sensitisation of cardiopulmonary 

receptors has also been reported (Abboud et al., 1986). Interestingly it 

has also been suggested that central vasopressin mechanisms 

attenuate baroreceptor afferent effect in the NTS rather than cause a 

potentiation. Indeed microinjection of AVP into the NTS produces an 

increase in blood pressure and heart rate (Matsuguchi etal., 1982, see 

Hasser et al., 1997). In contrast, administration i.c.v. of an Vi AVP 

receptor antagonist, at a dose that has no effect on the cardiovascular 

system, produced an increase in the sensitivity of baroreceptor reflex 

control of heart rate. These observations therefore show that the 

activation of AVP receptors in the NTS of the rat attenuates 

baroreceptor reflex control of the heart.

The effect of central AVP on baroreceptor reflex control is just one of 

the mechanisms by which central AVP regulates the cardiovascular 

system. Indeed administration i.c.v. of AVP (Berecek etal., 1984, 

Unger et al., 1984) or microinjection into areas of the brain such as the 

NTS (Matsuguchi etal., 1982), and the preoptic nucleus (Feuerstein et 

al., 1983) evoke an increase in blood pressure, heart rate and an 

associated increase in sympathetic outflow from the renal and 

splanchnic nerves. Central administration of Vi vasopressin 

antagonists blocks these effects while peripheral administration of the 

antagonist fails to effect the response (Berecek etal., 1984, Unger et



al., 1984). It is suggested that this central AVP effect may be overriding 

/ inhibiting the baroreceptor reflex response to increases in arterial blood 

pressure. The central effects of vasopressin appear to be predominantly 

due to stimulation of sympathetic vasomotor activity as ganglionic 

blocking agents and adrenergic receptor antagonists attenuate this 

response, although vasopressin acts directly on spinal neurones 

involved in cardiovascular regulation (Malpas & Coote, 1994; see 

Berecek, 1993). Furthermore, it is also recognised that vasopressin may 

be involved in central regulation of sympathetic outflow in response to 

other physiological responses. Indeed i.c.v. administration of either 

angiotensin II or hypotonic saline increase pituitary and CSF vasopressin 

secretion and central sympathetic drive (Kawano & Ferrarion, 1984,

Severs et al., 1970). Administration i.c.v. of a Vi vasopressin receptor 

antagonist attenuates the response of i.c.v. angiotensin II or hypotonic 

saline, while the remaining effects are blocked by peripheral 

administration of the receptor antagonist. These observations 

demonstrate that the vasopressin response to angiotensin II or hypotonic 

saline are mediated in part by peripheral vasopressin effects and/or 

central vasopressin effects on sympathetic outflow.

Further evidence that central AVP is involved in the regulation of central 

sympathetic outflow has been provided by studies carried out on specific brain 

regions known to be involved in sympathetic motor activity. Ionophoretic 

application of AVP onto single sympathetic preganglionic neurones in the IML 

evoke an increase in firing rate (Backman & Henry, 1984). Administration of AVP
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onto slice preparations of the RVLM, has been shown to produce a 

dose dependent excitation of the pacemaker neurones (Sun & 

Guyenet, 1989). While AVP immunoreactive fibres and terminals have 

been correspondingly identified in this brain region (De Vries et al., 

1985) and Vi vasopressin receptors have been shown to be located on 

these pacemaker neurones. Together these observations suggest that 

central AVP alters arterial blood pressure via an effect on the 

pacemaker neurones located in the RVLM. In the LC microinjection or 

ionophoretic application of AVP evokes an increase in blood pressure, 

heart rate and an increase in sympathetic outflow, which can be 

attenuated by lesioning of the nuclei (see Berecek, 1993). Therefore, 

AVP also acts on the LC to increase sympathetic outflow.

Although there is a high degree of correlation between the central 

nuclei involved in cardiovascular regulation that contain AVP neurones 

and 5-hydroxytryptaminegic neurones (Steinbusch, 1981) and the 

localisation of all three 5 -HT2 receptor subtypes (see Baxter et al.,

1995; Duxon etal., 1997), a direct link between the two is still unclear. 

In contrast though, the magnocellular areas of both the PVN and SON 

have been shown to contain few 5-HT fibres (Steinbusch, 1981), which 

has resulted in the suggestion that the 5 -HT2 receptor mediated 

release of vasopressin from these areas may involve the activation of 

interneurones.
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As angiotensin II administered i.c.v. evokes similar effects to 5-HT on 

cardiovascular control, attention in recent years has turned to 

angiotensin II as a possible neurotransmitter, released by 5-HT to 

subsequently evoke AVP secretion. Indeed angiotensin is known to 

have a role both peripherally and centrally for regulating the 

cardiovascular system and this has been subject of a recent review 

which the reader is referred to for a more detailed prospective on the 

role of angiotensin in cardiovascular control (see Saavedra, 1992). 

There is an accumulating amount of evidence indicating that the 

release of vasopressin evoked by 5 -HT2 receptor activation involves 

angiotensin release. Autoradiographic studies have revealed that 

angiotensin receptors are present both in the SFO, PVN and the SON 

which have subsequently been shown to be of the angiotensin AT1 

receptor subtype rather than of the AT2 receptor subtype which are 

also present in the brain (Lind et a i\  1985; Lind, 1986; Phillips, 1987; 

see Saavedra, 1992). Administration i.c.v. of angiotensin II in the rat, 

mediates a rise in blood pressure associated with the release of 

vasopressin and an increase in sympathetic outflow (Keil etal., 1975, 

Unger et al., 1981, Phillips, 1987, Toney & Porter, 1992). However 

pretreatment i.c.v. with the selective angiotensin AT1 receptor 

antagonist losartan attenuates these effects, while pretreatment with 

the selective angiotensin AT2 receptor antagonist PD123 319 has no 

effect on the angiotensin II response (Toney & Porter, 1992). 

Interestingly combined pretreatment with both antagonists produced a 

greater attenuation of the angiotensin II response, suggesting that
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different receptor subtypes are involved in mediating the 

cardiovascular response to angiotensin. In a more recent study, i.c.v. 

injection of 5-HT into conscious rats were shown to cause an increase 

in blood pressure, bradycardia and secretion of AVP. (Saydorff et al., 

1996). Pretreatment i.c.v. with either the selective 5 -HT2 receptor 

antagonist LY-53857 or the selective angiotensin AT1 receptor 

antagonist losartan inhibited the release of AVP evoked by 5-HT during 

this study. In combination these data indicate that the 5 -HT2 receptor 

mediated release of AVP involves an angiotensinergic pathway, 

predominantly involving AT1 receptors. However, the exact central 

area for this pathway is still unclear. Nonetheless as 5-HT efferent 

fibres project to the PVN, SON and SFO, which are all areas that 

express angiotensin receptors, suggests that these regions could 

involved in the 5-hydroxytryptaminergic-angiotensinergic pathway 

mediating the release of AVP. It also remains to be determined which 

5 -HT2 receptor subtypes are involved in this pathway.
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1.7. Aims of the Thesis

5-HT administered centrally can evoke either an increase or a 

decrease in blood pressure and sympathetic outflow. These 

responses mediated by central administration of 5-HT are complicated 

and can be influenced both by the 5-HT receptor subtype activated and 

their central location.

Activation of central 5 -HT2 receptors in anaesthetized and conscious 

rats causes the release of vasopressin and a rise in arterial blood 

pressure (Anderson etal., 1992, Pergola etal., 1993). Studies in the 

cat have demonstrated that the activation of central 5-HT2 receptors 

can also cause sympathoexcitation. However, there is no direct 

evidence of a similar sympathoexcitatory response in the rat. 

Furthermore the current appreciation for the 5-HT2 receptor subtypes 

involved in mediating these 5-HT effects still remains to be determined. 

Nonetheless, the recent development of more novel ligands with 

selectivity for 5-HT2 receptor subtypes (A, B and C) has provided an 

opportunity to investigate the role of 5-HT2 receptors in central 

cardiovascular regulation in the rat.

The objective of this present study is to further investigate the role of 

central 5-HT2 receptors in cardiovascular regulation in the 

anaesthetized rat. Consequently, the aim of the studies described in 

this thesis, initially investigate further the pressor response evoked by
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central 5-HT2 receptor activation and to determine, if in the rat, 5 -HT2 

receptors mediate a central sympathoexcitation. In addition, 

experiments were also carried out to determine which subtype/s of 5- 

HT2 receptor are involved in the cardiovascular effects.

The initial two studies demonstrate the cardiovascular effects of novel 

subtype selective 5 -HT2 receptor agonists and antagonists 

administered i.c.v. in the anaesthetized rat (see Table 1). These 

experiments were carried out to determine the particular 5-HT2 

receptor subtype/s involved in mediating the cardiovascular actions 

following central 5 -HT2 receptor activation. Renal sympathetic nerve 

activity was monitored during these experiments to determine whether 

changes in central sympathetic tone were involved in the 

cardiovascular response, while phrenic nerve activity was also 

monitored to determine whether the response evoked any change in 

central respiratory drive. Recently the 5-HT evoked release of 

vasopressin has been demonstrated to involve an angiotensinergic 

pathway (Saydorff et al., 1996). In this respect the final study of the 

thesis describes experiments which were carried out to address further 

the 5-HT pathway involved in mediating vasopressin release following 

central 5-HT2 receptor activation and to investigate the 

5-hydroxytryptaminergic - angiotensinergic pathway involved in the 

release of vasopressin.
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Table 2. Binding affinity of selective 5 -HT2 receptor ligands used during the 

present study. Values given are pKi values.

Ligand Receptor

subtype

5-HT2A 5-HT2B 5-HT2C

Quipazinea,b,d 6.5 6.9 6.2

DOI° 7.3 7.4 7.8

BW 723C86f 5.4 7.9 6.3

MCPP° 6.7 7.4 7.8

Cinanserin8 9.2 n.d. 6.5

MDL 100,907° 9.4 n.d. 6.9

Ketanserin0 8.9 5.4 7.0

Spiperone0 8.8 5.5 5.9

SB 200646A9 <5.3 7.5 6.9

SB 204741h <5.3 7.8 <6.0

RS 1022216 6.0 6.1 8.4

Values are taken from a - Hoyer & Fozard (1991); b - Zifa & Fillon (1992); c - Baxter et al. 
(1995); d - Wainscott et al. (1996); e - Bonhaus et al. (1997); f -  Kennett et al. (1996); g -  

Forbes et al. (1993); h -  Forbes et al. (1995)
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Chapter 2

2. METHODS

2.1. Experimental Design

Experiments were performed on male Sprague-Dawley normotensive rats (250- 

350g). Anaesthesia was induced with isoflurane (2.5 % in oxygen) and 

maintained with a-chloralose (80 mg kg"1, i.v.). Supplementary doses of 

a-chloralose (10-20 mg kg"1, i.v.) were given as required. Depth of anaesthesia 

was assessed by the stability of cardiovascular and respiratory variables being 

recorded. The left carotid artery was cannulated for the measurement of blood 

pressure and for sampling arterial blood for analysis of pH and blood gases. 

Blood pressure was measured using a pressure transducer (Gould Statham 

P23XL) and the heart rate was derived electronically from the blood pressure 

signal (Gould Biotach Amplifier). The left jugular vein was cannulated for drug 

administration and a tracheal cannula was implanted (see Figure 2). Body

temperature was monitored by a rectal probe and maintained at 36-38°C with a 

homeothermic blanket system (Harvard). The animals were artificially 

ventilated (rate 50 strokes min"1, stroke volume 8 ml kg"1) with oxygen enriched 

room air by use of a positive pressure pump (Harvard Rodent Ventilator 683) and 

neuromuscular blockade was produced with decamethonium (3 mg kg'1, i.v.). 

Blood samples were taken from a T-piece on the carotid arterial cannula and 

blood gases and pH were monitored with a Corning pH/blood gas analyser. 

Blood gases were maintained between 90-130 mmHg PO2 , 40-50 mmHg PCO2
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i.c.v. injections
Lateral ventricular cannula

Ventilation

Blood gas/pH samples

{> Phrenic nerve activity (PNA)
Arterial BP

Renal nerve activity (RNA)
HR i.v. injections

Figure 2. Diagrammatic representation of the animal model used during the 
study illustrating a rat artificially ventilated. Measured from the left carotid artery 
were arterial blood pressure (arterial BP) and heart rate (HR). Blood samples 
were also from the carotid cannula to measure blood gases and pH levels. 
Intra-venous (i.v.) injections were delivered via cannulation of the left jugular 
vein and intracerebroventricular injections (i.c.v.) were delivered via the 
cannulation of the lateral cerebral ventricles. Renal nerve activity (RNA) and 
phrenic nerve activity (PNA) were detected using bipolar silver hook electrodes.
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and pH 7.3-7.4. Adjustments of the respiratory pump volume were made as 

necessary to maintain blood gas and pH balance. Once ventilated, the animals 

were infused (6 ml kg"1 h"1) via the jugular vein with a solution comprising 10 ml 

plasma substitute (gelofusine), 10 ml distilled water, 0.04g glucose, 0.168g 

sodium bicarbonate and 10 mg decamethonium. This was to prevent the 

development of non-respiratory acidosis and to maintain blood volume and 

neuromuscular blockade. During neuromuscular blockade, the depth of 

anaesthesia was assessed by monitoring the stability of the arterial blood 

pressure and heart rate and the cardiovascular responses to pinching the paws.

Cannulation of the lateral cerebral ventricle

The rats were placed in a stereotaxic head holder and a stainless steel guide 

cannula (22 gauge) was implanted into the right lateral cerebral ventricle. The 

co-ordinates used from bregma were 3 mm ventral, 1.5 mm lateral and 1 mm 

posterior. Drug and vehicle solutions were administered through an i.c.v. 

injection cannula (28 gauge) attached by a length of polythene tubing to a 100 

pi syringe (Hamilton). At the end of the experiment, the cannula placement was 

confirmed by the administration of 5 pi of 2% pontamine sky blue dye.

Recording of phrenic nerve and renal nerve activity

The right phrenic nerve was exposed by deflecting the scapula forwards and 

dissecting the nerve clear of overlying muscle and connective tissue. The nerve



Chapter 2 101

was crushed peripherally and placed on a bipolar silver hook electrode (see 

Figure 2). This was similar to that described by Dreteler et al. (1991). Phrenic 

nerve activity was amplified (Digitimer NL104), filtered (NL125; frequency band 

200-2000 Hz) and quantified by integrating the amplitude and frequency of the 

action potentials in each inspiratory burst or, if continuous, by integrating the 

amount of activity in a 5s period, using a solid state electronic integrator 

(Medical Electronics workshop, Royal Free Hospital School of Medicine), the 

output of which was displayed on a Gould Statham (P23KL) pen recorder in 

arbitary units. The first method of quantifying phrenic nerve activity gives an 

indication of both the amounts of activity in each inspiratory burst and the 

frequency of inspiratory bursts. To maintain phrenic nerve activity, a measure 

of central inspiratory drive, the blood PCO2 values in these animals were 

maintained at a slightly higher (40-50 mmHg) level than the physiological norm 

(35-49 mmHg). This usually locked the rate of phrenic nerve firing to the rate of 

the animals chest movements caused by the respiration pump. Therefore 

changes in phrenic nerve activity were interpreted as the result of changes in 

the size of each inspiratory burst.

The right kidney was exposed by a retroperitoneal approach and was deflected 

laterally to reveal the renal artery and nerve. The nerve was cleared of 

connective tissue and positioned on a bipolar silver hook electrode (see Figure 

2). The renal nerve activity was amplified (Digitimer NL104), filtered (Digitimer 

NL125, frequency band 100-500 Hz) and quantified by integrating the signal 

above background noise over 5s with a solid state integrator (Medical 

Electronics workshop, Royal Free Hospital School of Medicine). This is similar
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to that described by Anderson et al. (1992). The validity of the integrator 

threshold setting was verified at the end of the experiment after the 

administration of pentobarbitone sodium (20 mg per animal).

At the beginning of each experiment the baroreceptor reflex response was 

tested by observing whether renal nerve activity and heart rate were reduced by 

a rise in blood pressure caused by noradrenaline (25 ng per animal, i.v.) and 

were raised by a reduction in blood pressure caused by sodium nitroprusside 

(0.6 pg per animal, i.v.). Only preparations with an intact baroreceptor reflex 

were used i.e. a measurable change in the above perameters rather than a 

response of a specific magnitude.

2.2 Experimental protocols 

Neuromuscular blockade

Two rat models were used. In the first model experiments were performed on 

spontaneously breathing rats, while in the second model experiments were 

performed on artificially ventilated and neuromuscular blocked rats. In both 

models the preparation was allowed to stabilise for 30 min before flushing the 

i.c.v. cannula with saline (5 pi). Ten minutes after this flush injection of saline 

(initial saline), quipazine or saline was given i.c.v. and the response followed for 

at least 20 min. In another series of experiments performed in neuromuscular 

blocked rats, BW501C67 (i.v., 0.1 mg kg'1) was given 5 min before the injection 

of quipazine or saline (i.c.v.). A diagrammatic representation of this protocol is 

shown in Figure 3.
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The preparation was allowed to stabilise for 30 min before flushing the i.c.v. 

cannula with saline (5 pi). Ten minutes after this flush injection of saline (initial 

saline), 10% polyethelene glycol 400 (10% PEG, antagonist vehicle) or 

antagonist (cinanserin, ketanserin, losartan, MDL 100,907, PD123-319, RS 

102221, SB 200646A, SB204741, spiperone) was given i.c.v. This was then 

followed 5 min later by BW501C67 (i.v., 0.1 mg kg-1); and then 5 min later by 

quipazine, DOI, BW723C86, mCPP, angiotensin II or saline which were given 

i.c.v. and the response followed for at least 20 min (Figure 4). In some of these 

experiments the highest dose (2 pmol kg"1) of quipazine was injected i.v. at the 

end of the experiments.

Pretreatment with the Vi receptor antagonist d(CH2 )5Tyr(Me)AVP or 

atropine methonitrate

These drugs were administered i.v. 5 min after the saline flush, then 5 min later 

PEG or antagonist was given i.c.v. followed 10 min later by the administration of 

quipazine i.c.v. The control carried out for these experiments was an injection 

of a similar volume of saline instead of atropine or the Vi receptor antagonist 

(atropine/Vi PEG QUIP control)) i.v. followed 5 min later by PEG (antagonist 

vehicle) and then quipazine (Figure 4). In another series of experiments the Vi 

receptor antagonist was administered i.v. 3 min after i.c.v. administration of 

quipazine. These pre-treatment times were chosen to allow stabilisation of any 

changes in the variables being recorded caused by the administration of these
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substances. In each rat the cardiovascular response of a single dose of the test 

agonist, quipazine, DOI or saline were recorded.

2.3. Analysis of results

Baseline values were taken 1 minute before the addition of drug or vehicle. All 

results are expressed as changes from baseline values. Nerve activity was 

measured as the average of the integrated values over 1 minute in arbitrary 

units and was expressed as the percentage change from baseline. Changes in 

mean blood pressure, heart rate, renal and phrenic nerve activity caused by the 

test drug were compared with time-matched vehicle controls using two-way 

analysis of variance and were subsequently analysed using the least significant 

difference test (Sokal & Rohlf, 1969). Changes in variables caused by the 

antagonist or vehicle pre-treatments were compared to the pre-dose baseline 

using student's t-test for unpaired data. All values are expressed as the mean ± 

s.e.mean, differences in the mean were taken as significant when P < 0.05.

2.4. Drugs and solutions

Drugs were obtained from the following sources: a-chloralose; [ft-Mercapto-R,R- 

Cyclopentamethylenepropiony^O-Me-Tyr^Arg^-Vasopressin, 

(d(CH2)5Tyr(Me)AVP) and decamethonium bromide from Sigma Chemical Co., 

Poole, Dorset, U.K.; noradrenaline acid tartrate from Winthrop, Guildford,

Surrey, U.K; sodium nitroprusside, atropine methonitrate and angiotensin II from
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Sigma Chemical Co., Poole, Dorset, U.K.; isoflurane from Abbott Labs. Ltd, 

Queenborough, Kent; Gelofusine from Braun Medical Ltd, Aylesbury, Bucks.; 

polyethylene glycol 400 (PEG) from BDH, Poole, Dorset, U.K.,1-(2,5-dimethoxy-

4-iodophenyl)-2-aminopropane HCI ( DOI), quipazine m-chlorophenylpiperazine 

(m-CPP), cinanserin, ketanserin and 8-[5-(5-amino 2,4-dimethoxyphenyl) 5- 

oxopentyl]-1,3,8-triazaspiro[4,5] decane-2,4-dione (RS-102221) from Semat 

Technical Ltd, St. Albans, U.K. The following were gifts from the sources 

indicated: a-anilino-N-2-m-chlorophenoxypropylacetamide (BW501C67) from 

Wellcome Research Laboratories, Beckenham, Kent, U.K.; N-(1-methyl-5- 

indolyl)-A/-(3-pyridyl)urea HCI (SB 200646A), N-(1-methyl-5-indolyl)-/V'-(3- 

methyl-5-isothiazolyl) urea (SB 204741) and 1-[5(2-thienylmethoxy)-1H-3- 

indolyl]propan-2-amine hydrochloride (BW723C86) from SmithKline Beecham 

Pharmaceuticals, Harlow, Essex; (±)2,3-dimethoxyphenyl-1-[2-(4-piperidine)- 

methanol] (MDL 100,907) from Merrell Dow Research, Cincinnati, Ohio, U.S.A.; 

spiperone from Janssen Pharmaceutical, Beerse, Belgium; losartan from 

DuPont-Merck, Wilmington, Delaware U.S.A; 1-[[4-(dimethyl-amino)-3- 

methylphenyl]methyl]-5-(diphenylacetyl)-4,5,6,7-tetrahydro-1/-/-imidazo[4,5- 

c]pyridine-6-carboxylic acid (PD123-319) from Parke-Davies Pharmaceutical 

Research, Warner Lambert, Ann Arbor, Michigan, U.S.A. Drugs given i.c.v. 

were dissolved in 0.9% w/v saline except MDL 100907, RS-102221,

SB200646A, SB204741, ketanserin, cinanserin, spiperone, losartan and
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PD123-319 which were dissolved in 10% PEG. Solutions were administered in 

a dose volume of 5 pi over a 20s period. All drugs given i.v. were dissolved in 

saline.
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Chapter 3

3. RESULTS

3.1. Effect of selective 5 -HT2 receptor antagonists

3.1.1. Introduction

Activation of central 5 -HT2 receptors in the anaesthetized rat have been shown 

to cause the release of vasopressin and a rise in arterial blood pressure 

(Anderson etal., 1992, Pergola etal., 1993). Furthermore, these effects can be 

attenuated by the non-selective 5-HT2 receptor antagonist LY 53857, therefore 

suggesting that the evoked release of vasopressin is responsible for the 

observed pressor response (Pergola etal., 1993). In comparison, similar 

studies performed in the cat have demonstrated that the activation of central

5-HT2 receptors evokes a rise in blood pressure but is associated with an 

increase in heart rate and a sympathoexcitation rather than the release of 

vasopressin (McCall & Harris, 1988; Vayssettes-Courchay etal., 1991, 1992; 

Ramage etal., 1993, Anderson etal., 1995). Recently however, a study using 

a novel selective 5-HT2B/2c antagonist SB 200646A (Kennett etal., 1994) has 

provided initial evidence to indicate that central 5 -H T 2b/2c receptors may be 

involved in evoking a sympathoexcitation in the anaesthetized rat (Gallacher & 

Ramage, 1995).
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It is evident from the present observations that the roles of the autonomic and 

neurohumoral systems in response to central 5 -HT2 receptor activation in the 

rat still require further evaluation. Therefore, in the initial study experiments 

were carried out using the selective 5 -HT2 receptor agonists quipazine and DOI 

to determine whether in the rat, central 5 -HT2 receptor activation mediates a 

sympathoexcitation. In addition experiments were also carried out using 

selective antagonists including the novel 5-HT2B receptor antagonist SB 204741 

(Baxter et al., 1994; Forbes et al., 1995), the 5 -H T 2b/2c receptor antagonist SB 

200646A (Kennett etal., 1994) and the novel 5 -HT2A receptor antagonist MDL 

100,907 (Kehne et al., 1996), to determine the particular subtype(s) of 5-HT2 

receptor involved in mediating the above mentioned cardiovascular effects. 

Preliminary experiments were carried out with the selective 5 -HT2 receptor 

agonist quipazine to establish an effective dose for use during the study.

3.1.2. Results

Effect of i.c.v. administration of saline on baseline variables in 

spontaneously breathing rats

Administration i.c.v. of saline (5 pi, saline control, n=5) had little effect on mean 

arterial blood pressure (MAP), heart rate, renal nerve activity or phrenic nerve 

activity and these variables remained stable for the duration (20 min) of the 

experiment (see Figures 5, 6 and 7). Baseline values for MAP, heart rate and
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phrenic nerve burst rate were 105 + 5 mmHg, 343 ±11 beats min"1 and 47 ± 2 

bursts min'1.

It should be noted that burst rate did not change in these experiments and when 

the animals were artificially ventilated it was locked to the pump and also did not 

change.

Effect of i.c.v. administration of quipazine, a 5 -HT2 receptor agonist, on 

baseline variables in spontaneously breathing rats.

Quipazine (0.2 pmol kg'1, i.c.v., n=5) had no significant affect on the variables 

being recorded (see Figure 5), while 0.6 pmol kg'1 (i.c.v., n=5) caused a 

significant (P < 0.05) decrease in renal nerve activity after 1 min reaching a 

maximum of -6 5  ± 6% by 3 min and returning to near baseline by 15 min when 

compared with saline control. A significant rise in MAP occurred after 4 min 

reaching a maximum of 12 ± 2 mmHg after 5 min. However both heart rate and 

phrenic nerve activity remained unchanged (Figure 6). Baseline values for 

MAP, heart rate and phrenic nerve burst rate were 107 ± 7 mmHg, 376 ± 18  

beats min'1 and 61 ± 5 bursts min'1 respectively. 2 pmol kg'1 of quipazine (i.c.v., 

n=5) caused again a significant decrease in renal nerve activity after 1 min 

reaching a maximum of -61 ±11% after 2 min, however this was now 

associated with no delayed change in MAP but a significant rise after 1 min 

reaching a maximum by 2 min of 32 ± 4 mmHg (Figure 7). Again, heart rate 

was unaffected although phrenic nerve did show small but significant decreases
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Figure 5 Anaesthetized rats: a comparison of the changes (A) from baseline over time (min) 
caused by quipazine (0.2 pmol kg‘1, i.c.v., n=5) and saline (5 pi, i.c.v., n=5) in mean arterial 
blood pressure (MAP), heart rate (HR), renal nerve activity (RNA) and phrenic nerve activity 
(PNA). Each point represents the mean value and the vertical bars show s.e.mean.
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Figure 6. Anaesthetized rats: a comparison of the changes (A) from baseline over time (min) 
caused by quipazine (0.6 pmol kg'1, i.c.v., n=5) and saline (5 pi, i.c.v., n=5) in mean arterial 
blood pressure (MAP), heart rate (HR), renal nerve activity (RNA) and phrenic nerve activity 
(PNA). Each point represents the mean value and the vertical bars show s.e.mean. Changes 
caused by quipazine (*) compared with saline using two-way analysis of variance followed by 
the least significant difference test to compare the means. * P<0.05 and ** P<0.01.
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Figure 7. Anaesthetized rats: a comparison of the changes (A) from baseline over time (min) 
caused by quipazine (2 pmol kg'1, i.c.v., n=5) and saline (5 pi, i.c.v., n=5) in mean arterial blood 
pressure (MAP), heart rate (HR), renal nerve activity (RNA) and phrenic nerve activity (PNA). 
Each point represents the mean value and the vertical bars show s.e.mean. Changes caused 
by quipazine (*) compared with saline using two-way analysis of variance followed by the least 
significant difference test to compare the means. * P<0.05 and ** P<0.01.
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Figure 8. Anaesthetized, artificially ventilated and neuromuscular blocked rats: a comparison of 
the changes (A) from baseline over time (min) caused by quipazine (2 pmol kg'1, i.c.v., n=4) 
and saline (5 pi, i.c.v., n=5) in mean arterial blood pressure (MAP), heart rate (HR), renal nerve 
activity (RNA), and phrenic nerve activity (PNA). Each point represents the mean value and the 
vertical bars show s.e.mean. Changes caused by quipazine (*) compared with saline and 
changes caused by quipazine (#) compared with quipazine (2 pmol kg'1, i.c.v.) in spontaneously 
breathing rats by using two-way analysis of variance followed by the least significant difference 
test to compare the means. *, # P<0.05 and **, ## P<0.01.
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at 2, 10 and 15 min after the administration of quipazine. Baseline values for 

MAP, heart rate, and phrenic nerve burst rate were 104 ± 8 mmHg, 394 ± 20 

beats min"1 and 64 ± 1 burst min'1.

Artificially ventilated and neuromuscular blocked rats

Saline administered i.c.v. in neuromuscular blocked artificially ventilated rats 

had no effect on any of the variables being recorded (Figure 8). Baseline values 

for MAP, heart rate, and phrenic nerve activity were 108 ± 4 mmHg, 335 ± 9 

beats min"1, 48 ± 3 bursts min'1.

Quipazine (2 pmol kg'1, i.c.v., n=4) in animals artificially ventilated and 

neuromuscular blocked with decamethonium, the changes were slower in that 

although renal nerve activity began to decrease after 1 min it was not significant 

until after 2 min, reaching a similar maximum by 3 min o f-6 6  ± 12%, while the 

rise in MAP was significant after 2 min reaching a maximum of 17 ± 5 mmHg by 

3 min. The maximum rise in MAP was only approximately half that observed in 

rats not pretreated with decamethonium (32 ± 4 mmHg) (c.f. figures 7 & 8). 

Neither heart rate nor phrenic nerve activity were significantly affected by this 

dose of quipazine in these decamethonium pre-treated animals. Although 

quipazine, interestingly, caused small but significant increases in phrenic nerve 

activity from 2 min onwards until 15 min in comparison to rats not pretreated 

with decamethonium. The baseline values for MAP, heart rate and phrenic
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nerve burst rate were 113 + 6 mmHg, 372 ± 12 beats min"1 and 53 ± 4 bursts 

min"1.

All data from now on are from rats, which have been neuromuscularly 

blocked with decamethonium.

Effect of i.c.v. administration of quipazine on baseline variables in rats 

pretreated with the peripheral acting 5-HT2 receptor antagonist BW501C67 

(i.v.).

Administration of the peripheral acting 5 -HT2 receptor antagonist BW501C67 

(0.1 mg kg"1, i.v., n=175) had no effect on baseline variables in rats not 

pretreated or pretreated with saline or PEG or antagonist i.c.v.

In rats pretreated with i.v. BW501C67 followed again by saline (i.c.v.) had no 

effect on the variables being recorded (n=5, BW501C67 pretreated saline i.c.v 

control). Baseline values for MAP, heart rate and phrenic burst rate were 112 + 

5 mmHg, 345 ± 13 beats min'1, 49 ± 4 bursts min"1 respectively.

Quipazine (2 pmol kg'1, i.c.v., n=5) in rats pretreated with BW501C67, i.v., again 

caused a significant decrease in renal nerve activity after 1 min reaching a 

maximum o f-7 0  ± 7% after 4 min (Figure 9) and was maintained for the 

duration of the experiment. The rise in MAP occurred after 2 min of 10 ± 3
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mmHg, reaching a maximum by 3 min of 14 ± 4 mmHg when compared to BW 

501C67 pretreated saline i.c.v control. However, this rise in MAP did not 

remain significantly elevated beyond 3 min. Further, if compared with non

pretreated BW501C67 rats the changes in MAP at the time points of 4 and 5 

min were significantly smaller. Interestingly, in these experiments phrenic nerve 

activity decreased reaching a maximum of -6 0  ± 17% after 5 min and was 

maintained for a further 5 min time period. Again quipazine had no significant 

effect on heart rate when compared to control. However, when compared to the 

response to quipazine in animals that had not been pretreated with BW501C67, 

there was a small but significant increase in heart rate after 3 min of 14 ± 9 

beats min"1, which remained significantly elevated for a further 2 min. The 

baseline value for MAP, heart rate and phrenic nerve burst rate before 

quipazine administration were 110 ± 2 mmHg, 340 ± 1 5  beats min'1, 51 ± 4 

bursts min'1 respectively.

All data from now on are from rats, which have been pretreated i.v. with 

BW501C67

Effect of i.c.v. administration of quipazine on baseline variables in saline 

or PEG i.c.v. pretreated rats

Saline (5 pi, i.c.v.) in rats pretreated with saline (5 pi, i.c.v.; n=5) or 10% PEG (5 

pi, i.c.v ; PEG control, n=10) had little effect on renal or phrenic nerve activity,
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heart rate and mean blood pressure and these variables remained stable for the 

duration of the experiment (see Figures 10 & 11). In these controls neither 

initial saline or PEG i.c.v. had any effect on these variables. The baseline 

values for MAP, heart rate and phrenic nerve burst rate for saline i.c.v 

pretreatment were 109 + 4 mmHg, 330 ± 7 beats min"1 and 47 + 5 bursts min'1 

respectively, while for PEG i.c.v. pretreatment they were 108 + 4 mmHg, 340 ± 

10 beats min'1, 46 + 4 bursts min'1 respectively.

Quipazine (2 pmol kg"1, i.c.v.) in animals pretreated with saline (i.c.v.; n=5) 

caused a significant fall in renal nerve activity after 1 min reaching a maximum 

o f-6 5  ± 13% after 3 min and this decrease was maintained for the duration of 

the experiment similar to that observed with no i.c.v pretreatment with saline.

The increase in MAP again was delayed becoming significant after 2 min, 11 ±

4 mmHg, reaching a maximum of 16 ± 5 mmHg after 3 min, however now 

differing from the non i.c.v saline pretreated group in that it was maintained for 

another 7 min. Heart rate and phrenic nerve activity were unaffected (Figure 

10). The baseline values for MAP, heart rate and phrenic nerve burst rate for 

these experiments were respectively 115 + 5 mmHg, 325 + 17 beats min"1 and 

52 + 3 bursts min"1.

Quipazine (2 pmol kg'1, i.c.v.) in animals pretreated with 10% PEG (i.c.v., n=8) 

produced a delayed i.e. after 3 min, decrease in renal nerve activity reaching a 

maximum by 3 min o f-24  + 9%. Further this decrease in renal nerve activity 

was significantly smaller than the inhibition observed in saline pretreated
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Figure 9. Anaesthetized artificially ventilated and neuromuscular blocked rats: a comparison of 
the changes (A) from baseline over time (min) caused by quipazine (2 pmol kg'1, i.c.v.) 
pretreated with BW501C67 (0.1 mg kg'1, n=5) and saline (5 pi, i.c.v.) pretreated with BW501C67 
(0.1 mg kg'1, n=5, BW501C67 / saline control) in mean arterial blood pressure (MAP), heart rate 
(HR), renal nerve activity (RNA) and phrenic nerve activty (PNA). Each point represents the 
mean value and the verticals bars show s.e.mean. Changes caused by quipazine (*) compared 
with BW501C67 / saline control and quipazine (#) compared with quipazine in BW501C67 
unpretreated rats using two-way analysis of variance followed by the least significant difference 
test to compare the means. *, # P<0.05 and **, ## P,0.01.



Chapter 3 121

CT) 40-.

2 0 -

0-
-10

c
E
CO
TO0)JD
x
x

120!

80

40

0

-40

<Z
X
<

100 -

50-

0*

-50-

- 100 -

Saline control 
-4—  Saline & Quipazine

\

** ** **

Figure 10. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg'1, i.c.v.) pretreated with saline (5 pi, i.c.v., n=5) and saline (5 pi) pretreated 
with saline (5 pi, i.c.v., n=5, saline control) in mean arterial blood pressure (MAP), heart rate 
(HR), renal nerve activity (RNA), and phrenic nerve activity (PNA). Each point represents the 
mean value and the vertical bars show s.e.mean. Changes caused by quipazine (*) pretreated 
with saline compared with saline control by using two-way analysis of variance followed by the 
least significant difference test to compare the means. * P<0.05 and **, P<0.01..
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Figure 11. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg'1, i.c.v.) pretreated with 10% PEG (5 pi, i.c.v., n=8) and saline (5 pi) 
pretreated with 10% PEG (5 pi, i.c.v., n=10, PEG control) in mean arterial blood pressure 
(MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity (PNA). Each point 
represents the mean value and the vertical bars show s.e.mean. Changes caused by quipazine 
(*) pretreated with 10% PEG compared with PEG control and changes caused by quipazine (#) 
pretreated with PEG compared with quipazine pretreated with saline by using two-way analysis 
of variance followed by the least significant difference test to compare the means. *, # P<0.05 
and ** ## PO.01.
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Figure 13. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg"1, i.c.v.) pretreated with PEG (5 pi, i.c.v., n=8), DOI (2 pmol kg"1, i.c.v.) 
pretreated with PEG (5 pi, i.c.v., n=4) and PEG control (n=10) in mean arterial blood pressure 
(MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity (PNA). Each point 
represents the mean value and the vertical bars show s.e.mean. Changes caused by quipazine 
or DOI pretreated with PEG (*) compared with PEG control and changes caused by quipazine 
pretreated with PEG (#) compared with DOI pretreated with PEG by using two-way analysis of 
variance followed by the least significant difference test to compare the means. *, # P<0.05 and 
**, ## P<0.01.
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animals. However quipazine again, as observed in non-neuromuscular blocked 

rats, produced an immediate and significant rise in MAP of 11 ± 4  mmHg, which 

reached a maximum increase of 16 ± 5 mmHg after 2 min which declined to 

baseline by 10 min. In addition, quipazine now evoked a delayed i.e. after 3min 

and significant tachycardia, reaching a maximum of 40 ± 8 beats min'1 after 5 

min, which was maintained for the duration of the experiment. Quipazine had 

no initial effect on phrenic nerve activity, although there was a significant fall of 

-2 6  ± 7% and -1 9  ± 12% at the 5 and 20 min time points respectively (see 

Figures 11 and 13). Traces from one of these experiments are illustrated in 

Figure 12. The baseline values for MAP, heart rate and phrenic nerve burst 

rate were 105 + 3 mmHg, 304 ±1 0  beats min'1 and 47 + 5 bursts min'1.

In these experiments this dose of quipazine given i.c.v. was also injected i.v. at 

the end of the experiments and found to have no effect over a 5 min time period 

on baseline variables.

Effect of i.c.v. administration of DOI, a 5 -HT2 receptor agonist, on baseline 

variables in PEG i.c.v. pretreated rats.

DOI (2 pmol kg'1, i.c.v., n=4) in PEG pretreated rats caused a similar effect to 

that observed with quipazine. However, DOI differed from quipazine under 

similar experimental conditions in that there was a significant increase 

compared with PEG control in phrenic nerve activity of 35 ± 10% and 22 + 4% 

at 2 and 3 min (see Figure 13). Baseline values for MAP, heart rate and
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phrenic nerve burst rate were 120 ± 2 mmHg, 340 ± 1 0  beats min'1 and 48 ± 3 

bursts min'1.

All data from now on are from rats, which have been pretreated with i.c.v. 

PEG or antagonist dissolved in PEG.

Effect of i.c.v. administration of quipazine on baseline variables in 

atropine methonitrate (i.v.) pretreated rats.

In the atropine control experiments (n=4) in which saline was given i.v. instead of 

atropine (see methods for full protocol) quipazine had the same effects (see 

Figure 14) on baseline variables as described above. Baseline values for MAP, 

heart rate and phrenic burst rate were 109 ± 5 mmHg, 338 ± 11 beats min'1 and 

44 ± 3 bursts min'1 respectively.

Atropine methonitrate (0.5 mg kg'1, n=4) pretreatment caused a maintained 

tachycardia of 28 ± 3 beats min"1 but did not affect the other variables being 

recorded when compared with the above control. The baseline values for MAP, 

heart rate and phrenic nerve burst rate were 106 ± 4 mmHg, 322 ± 8 beats min'1 

and 50 ± 3 bursts min'1 respectively.

Quipazine (2 |umol kg'1, i.c.v., n = 4) in the presence of atropine methonitrate 

failed to cause an initial decrease in renal nerve activity. In fact when compared
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with atropine control, atropine pretreatment had significantly blocked the 

decrease in renal nerve activity at 2 and 3 min (see Figure 14). Atropine 

pretreatment also delayed the rise in MAP although the maximum rise of 28 ± 4 

mmHg at 3 min in MAP was significantly larger compared to atropine control 

(see Figure 14). Further the tachycardia observed was immediate in onset and 

when compared with atropine control the quipazine induced tachycardia was 

significantly potentiated from the 2nd to the 5th min time point (Figure 14).

Further, phrenic nerve activity was significantly increased at the 5 min time point 

compared with atropine control and was maintained for the duration of the 

experiment. The baseline values for MAP, heart rate and phrenic nerve burst 

rate were 106 ± 5 mmHg, 350 ± 10 beats min'1, and 5 1 + 5  bursts min'1, 

respectively.

Effect of i.c.v. administration of quipazine on baseline values in 

cinanserin, MDL 100,907 or spiperone (i.c.v) pretreated rats.

Cinanserin i.c.v. (300 nmol kg'1, n=5) MDL 100,907 i.c.v.(300 nmol kg'1, n=6) 

and spiperone i.c.v. (10 and 30 nmol kg'1, n=5) failed to have any effect on 

baseline variables being recorded when compared to PEG control.

Pretreatment with either cinanserin (i.c.v., n=5), a classical 5 -HT2 receptor 

antagonist, or MDL 100,907 (i.c.v., n=6), a selective 5 -HT2A receptor antagonist 

(100 fold over 2C) blocked all of the effects caused by quipazine (2 jimol kg'1, 

i.c.v.) on baseline variables, see Figures 15 and 16. Baseline values
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Figure 14. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 nmol kg 1, i.c.v.) pretreated with atropine methonitrate (0.5 mg kg'1, i.v.) and 10% 
PEG (5 pi, i.c.v., n=4) and quipazine (2 pmol kg'1, i.c.v.) pretreated with saline (5 pi, i.v.) and 
10% PEG (5 pi, i.c.v., n=4, Atrop control) in mean arterial blood pressure (MAP), heart rate 
(HR), renal nerve activity (RNA), and phrenic nerve activity (PNA). Each point represents the 
mean and the vertical bars show s.e.mean. Changes caused by quipazine (*) pretreated with 
atropine (Atropine & PEG & quipazine) compared with quipazine alone (saline & PEG & 
quipazine, atropine control) by using two-way analysis of variance followed by the least 
significant difference test to compare the means. * P<0.05 and ** P<0.01.
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Figure 15. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg'1, i.c.v.) pretreated with PEG (5 pi, i.c.v., n=8) or pretreated with cinanserin 
(300 nmol kg'1, i.c.v, n=5) in mean arterial blood pressure (MAP), heart rate (HR), renal nerve 
activity (RNA), and phrenic nerve activity (PNA). Each point represents the mean value and the 
vertical bars show s.e.mean. Changes caused by quipazine (*) pretreated with PEG or 
cinanserin compared with PEG control and changes caused by quipazine (#) pretreated with 
cinanserin compared with quipazine pretreated with PEG by using two-way analysis of variance 
followed by the least significant difference test to compare the means. *, # P<0.05 and **, ## 
P<0.01.
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Figure 16. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg'1, i.c.v.) pretreated with PEG (5 pi, i.c.v., n=8) or pretreated with MDL 
100,907 (300 nmol kg'1, i.c.v., n=6) in mean arterial blood pressure (MAP), heart rate (HR), 
renal nerve activity (RNA) and phrenic nerve activity (PNA). Each point represents the mean 
value and the vertical bars show s.e.mean. Changes caused by quipazine (*) pretreated with 
PEG or MDL 100,907 compared with PEG control and changes caused by quipazine (#) 
pretreated with MDL 100,907 compared with quipazine pretreated with PEG by using two-way 
analysis of variance followed by the least significant difference test to compare the means. *, # 
P<0.05 and **##P<0.01.
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Figure 17. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg 1, i.c.v.) pretreated with PEG (5 pi, i.c.v., n=8) and quipazine (2 pmol kg'1, 
i.c.v.) pretreated with spiperone ( 10 and 30 nmol kg'1, i.c.v., n=5) in mean arterial blood 
pressure (MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity (PNA). 
Each point represents the mean value and the vertical bars show s.e.mean. Changes caused 
by quipazine (*) pretreated either with PEG, 10 nmol kg'1 or 30 nmol kg'1 spiperone compared 
with PEG control and changes caused by quipazine (#) pretreated with 10 or 30 nmol kg'1 
spiperone compared with quipazine pretreated with PEG by using two-way analysis of variance 
followed by the least significant difference test to compare the means. *, # P<0.05 and **, ## 
P<0.01.
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for MAP, heart rate and phrenic nerve burst rate before quipazine injection in 

cinanserin and MDL 100,907 pretreated rats were 109 ± 3 mmHg, 370 ± 16  

beats min'1 and 43 + 4 bursts min"1 and 115 ±3 mmHg, 356 ± 1 4  beats min'1 

and 50 ± 3 bursts min'1, respectively.

Pretreatment with spiperone (10 nmol kg'1, i.c.v., n=5), a selective 5-HT2A 

receptor antagonist (100 fold over 2B and 2C) attenuated the pressor response 

and blocked the renal sympathoinhibition when compared with PEG control. 

Further, both the quipazine evoked tachycardia and decreases in phrenic nerve 

activity were also blocked (Figure 17). Pretreatment with a higher dose of 

spiperone (30 nmol kg'1, i.c.v., n=5) caused a reversal of the quipazine pressor 

response to a depressor response reaching a maximum of -9 ± 5 mmHg after 2 

min, this fall in pressure was significant when compared with PEG control. The 

tachycardia and the renal sympathoinhibition were still blocked when compared 

with PEG control. The effects on quipazine induced changes in phrenic nerve 

activity were the same as for the lower dose of spiperone (Figure 17). 

Representative traces from one of these experiments are shown in Figure 18. 

The baseline values for MAP, heart rate, and phrenic nerve burst rate before 

administration of quipazine in 10 and 30 nmol kg'1 spiperone pretreated rats 

were 110 ± 2 mmHg, 366 ± 15 beats min-1 and 46 ± 2 bursts min-1 and 111 ± 4 

mmHg, 340 ± 12 beats min'1 and 35 ± 3 bursts min'1, respectively.
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Effect of i.c.v. administration of quipazine or DOI in ketanserin (i.c.v) 

pretreated rats.

Ketanserin i.c.v. (100 nmol kg'1 n=4 and 300 nmol kg'1, n=11), a selective 5- 

HT2A receptor antagonist (similar selectivity to that of spiperone) had no effect 

on baseline values compared to PEG control.

Pretreatment with ketanserin (100 nmol kg'1, i.c.v., n=4) attenuated the pressor 

response and blocked the tachycardia evoked by quipazine (see Figure 19). 

Further, the quipazine effect on renal and phrenic nerve activity was blocked 

when compared with control. The higher dose of ketanserin (300 nmol kg'1, 

i.c.v., n=4) also blocked all of the effects of quipazine. The baseline values for 

MAP, heart rate and phrenic nerve burst rate before quipazine in 100 and 300 

nmol kg'1 ketanserin pretreated animals were 109 + 2 mmHg, 345 ± 27 beats 

min'1 and 41 ± 3 and 111 ± 4 mmHg, 335 ± 21 beats min'1 and 43 ± 4 bursts 

min'1, respectively. Pretreatment with ketanserin (300 nmol kg'1, i.c.v., n=7) 

caused a similar attenuation of the DOI (2 pmol kg'1, i.c.v.) evoked response as 

was observed with quipazine. Interestingly, DOI now caused a delayed (4 min), 

and transient renal sympathoexcitation of 30 ± 9% rather than a renal 

sympathoinhibition (see Figure 20). The baseline values for MAP, heart rate 

and phrenic nerve burst rate were 110 + 3 mmHg, 370 ± 15 beats min'1 and 47 

+ 3 bursts min'1.
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Figure 19. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67; a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg'1, i.c.v.) pretreated with PEG (5 pi, i.c.v., n=8) and quipazine (2 pmol kg'1, 
i.c.v.) pretreated with ketanserin (Ketans; 100 or 300 nmol kg'1, i.c.v., n=4) in mean arterial blood 
pressure (MAP), heart rate (HR), renal nerve activity (RNA) and phrenic nerve activity (PNA). 
Each point represents the mean value and the vertical bars show the s.e.mean. Changes 
caused by quipazine (*) pretreated with PEG or ketanserin (100 or 300 nmol kg'1) compared 
with PEG control and changes caused by quipazine (#) pretreated with ketanserin (100 or 300 
nmol kg'1) compared with quipazine pretreated with PEG by two-way analysis of variance 
followed by the least significant difference test to compare the means. *, # P<0.05 and **, ## 
P<0.01.
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Figure 20. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by DOI (2 
pmol kg'1, i.c.v.) pretreated with PEG (5 pi, i.c.v., n=4) or pretreated with ketanserin (300 nmol 
kg'1, i.c.v., n=7) in mean arterial blood pressure (MAP), heart rate (HR), renal nerve activity 
(RNA), and phrenic nerve activty (PNA). Each point represents the mean value and the vertical 
bars show s.e.mean. Changes caused by DOI (*) pretreated with PEG or ketanserin compared 
with PEG control and changes caused by DOI (#) pretreated with ketanserin compared with DOI 
pretreated with PEG by using two-way analysis of variance followed by the least significant 
difference test to compare the means. *, # P<0.05 and **, ## P<0.01.
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Figure 21. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg'1, i.c.v.) pretreated with PEG (5 pi, i.c.v., n=8) or SB 200646A (300 nmol 
kg'1, i.c.v., n=6) in mean arterial blood pressure (MAP), heart rate (HR), renal nerve activity 
(RNA), and phrenic nerve activity (PNA). Each point represents the mean value and the vertical 
bars show s.e.mean. Changes caused by quipazine (*) pretreated with PEG or SB 200646A 
compared with PEG control and quipazine (#) pretreated with SB 200646A compared with 
quipazine and PEG by using two-way analysis of variance followed by the least significant 
difference test to compare the means. * # P<0.05 and **, ## P<0.01.
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Figure 22. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 (.imol kg"1, i.c.v.) pretreated with PEG (5 jj.1, i.c.v., n=8) or SB 204741 (300 nmol kg 
\  i.c.v., n=6) in mean arterial blood pressure (MAP), heart rate (HR), renal nerve activity (RNA), 
and phrenic nerve activity (PNA). Each point represents the mean value and the vertical bars 
show s.e. mean. Changes caused by quipazine (*) pretreated with PEG or SB 204741 
compared with PEG control and quipazine (#) pretreated with SB 204741 compared with 
quipazine and PEG by using two-way analysis of variance followed by the least significant 
difference test to compare the means. *, # P<0.05 and **, ## P<0.01.
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Figure 23. Traces showing the effects of quipazine on arterial blood pressure (BP), 

heart rate, integrated renal nerve activity (Int. RNA) and integrated phrenic nerve 

activity (Int. PNA) in an anaesthetized neuromuscular blocked artificially ventilated rat 

pretreated with 300 nmol kg'1 SB 204741 i.c.v. and BW 501C67 i.v.
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Figure 24. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A ) from baseline over time (min) caused by DOI (2 
l^mol kg'1, i.c.v.) pretreated with SB 204741 (300 nmol kg'1, i.c.v., n=4) and PEG control (i.c.v., 
n=10) in mean arterial blood pressure (MAP), heart rate (HR), renal nerve activity (RNA), and 
phrenic nerve activity (PNA). Each point represents the mean value and the vertical bars show 
s.e.mean. Changes caused by DOI (*) pretreated with PEG or SB 204741 compared with PEG 
control and changes caused by DOI (#) pretreated with SB 204741 compared with DOI 
pretreated with PEG by using two-way analysis of variance followed by the least significant 
difference test to compare the means. *, # P<0.05 and ** ## P<0.01..
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Effect of i.c.v. administration of either quipazine or DOI in SB 200646A or 

SB204741 (i.c.v.) pretreated rats.

SB 200646A (a 5 -H T 2b/2c receptor antagonist; 300 nmol kg"1, n=6) and SB 

204741 (a 5-HT2B receptor antagonist i.c.v.; 300 nmol kg"1, n=10) had no effect 

on baseline values when compared with PEG control.

In the presence of SB 200646A or SB 204741, quipazine still caused a similar 

rise in MAP reaching a maximum rise of 22 ± 10 mmHg after 2 min and 17 ± 4 

mmHg after 3 min, respectively and a tachycardia reaching a maximum 

increase of 58 ± 22 beats min"1 and 48 ± 20 beats min"1 after 4 min respectively. 

However, this was associated with now no initial renal sympathoinhibition (see 

Figures 21 & 22). Although in SB 200646A pretreated rats quipazine caused a 

delayed (10 min) and significant sympathoinhibition of -4 0  ±11%. Whilst in SB 

204741 pretreated rats, quipazine caused an initial significant 

sympathoexcitation which reached a maximum of 48 ± 12% after 2 min. This 

was also associated with a significant increase in phrenic nerve activity of 67 ± 

24% after 2 min (Figure 22). Figure 23 shows typical traces from an SB 204741 

pretreated experiment. Baseline values for MAP, heart rate and phrenic nerve 

burst rate before quipazine in the SB 200646A and SB 204741 pretreated 

experiments were 122 ± 5 mmHg, 334 ± 15 beats min'1 and 38 ± 5 bursts min'1 

and 117 ± 2  mmHg, 316 ± 17 beats min'1 and 53 + 1 bursts min'1, respectively.

Further administration of DOI (2 pmol kg'1, i.c.v., n=4) in the presence of SB 

204741 also evoked a similar response to that observed with quipazine in the
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presence of SB 204741 (Figure 24). However the initial renal 

sympathoexcitation was followed by a delayed but significant 

sympathoinhibition o f-2 4  ±11% which was then maintained for the remainder 

of the experiment. Further the transient increase in phrenic nerve activity 

observed with DOI alone was now delayed (4 min) reaching a maximum 

excitation of 31 ±18% after 4 min (Figure 24). The baseline values for MAP, 

heart rate and phrenic nerve burst rate were 110 ± 4 mmHg, 330 ±12  beats 

min'1 and 54 ± 3 bursts min'1 respectively.

3.1.3. Discussion

Involvement of central 5-HT2 Receptors

Injection of the 5-HT2 receptor agonist quipazine (0.2 -  2 pmol kg'1, Alper &

Snider, 1987; Vayessettes-Courchay etal., 1990) into the third ventricle of 

spontaneously breathing rats causes a dose related increase in arterial blood 

pressure and a renal sympathoinhibition but with no effect on heart rate. The 

remainder of the study was carried out in neuromuscular blocked animals so 

that respiratory rate could be controlled and the effect of 5-HT2 receptor 

activation on central respiratory drive determined. In the neuromuscular 

blocked, anaesthetized rats injection of the large dose of quipazine also caused 

an increase in blood pressure, a sympathoinhibition and no effect on heart rate.
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However, in these rats the response was more delayed than in the 

spontaneously breathing rats and the maximum changes in blood pressure and 

renal sympathoinhibition were smaller. These observations suggest that 

decamethonium may be acting at ganglia as well as at the neuromuscular 

junction. However, as renal sympathetic outflow is normally reduced by 

quipazine rather than increased, it is unlikely that the pressor response evoked 

by quipazine is mediated by an increase in sympathetic outflow from other 

sympathetic nerves. Furthermore previous studies in the rat have also failed to 

show a 5-HT2 receptor mediated increase in blood pressure evoked by a 

sympathoexcitation, rather the increase in blood pressure is associated with the 

release of vasopressin (Alper, 1990; Anderson et a/., 1992). Therefore it is more 

conceivable that decamethonium is interfering with the release of vasopressin. 

Indeed it is known that vasopressin release is mediated from areas such as the 

subfornical organ which is lacking in protection from the blood brain barrier. 

Therefore the release of vasopressin via 5-hydroxytryptaminergic innervation 

from this area may be inhibited by neuromuscular blockade.

In the neuromuscular blocked anaesthetized rats which were pretreated with 

PEG i.c.v., the vehicle used for the antagonist studies in the present 

experiments, the pressor response to quipazine was slightly earlier in onset and 

was associated with a smaller decrease in renal sympathetic nerve activity and 

a tachycardia. As these effects of quipazine occurred in rats pretreated i.v. with 

BW501C67 a peripherally acting 5-HT2 receptor antagonist (Copp, 1967, 

Mawson & Whittington, 1970) and further, as the same dose of quipazine given 

i.c.v. failed to have any effect on arterial blood pressure when administered i.v.
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indicates that the observed effects mediated by quipazine are due to a central 

action. Furthermore, the demonstration that in the present study the effects of 

quipazine are blocked by pretreatment i.c.v. with the 5-HT2 receptor antagonist 

cinanserin (Rubin et al.f 1964) at a dose reported in vivo to block the 5-HT2 

receptor actions of the agonists 5-HT and DOI (Anderson etal., 1992; 1995) 

and that the 5-HT2 receptor agonist DOI (see Hoyer & Fozard, 1991) also 

causes a similar effect to that of quipazine in the present study, demonstrates 

that the effects observed are due to the activation of central 5-HT2 receptors. 

These observations are similar to that previously reported in conscious rats for 

quipazine, in which the pressor response was shown to be completely blocked 

by the centrally acting 5-HT2 receptor antagonist LY 53857 and only partially 

blocked by the peripherallly acting 5-HT2 receptor antagonist xylamidine (Zink et 

al., 1990). In these conscious experiments quipazine also failed to affect heart 

rate, as was observed during the present study in experiments were the rats 

were pretreated with saline rather than PEG. In addition, DOI has previously 

been shown to increase blood pressure by activating central 5-HT2 receptors 

(Dedeoglu & Fisher, 1991). The difference in the effects of quipazine in PEG 

and saline pretreated rats is presumably one of access to additional site/s.

In a previous study using the present model (Anderson et al., 1992) it was 

reported that the i.c.v. DOI pressor action was due to activation of peripheral 

5-HT2 receptors. However, the dose chosen during this study was 0.12 jimol

kg"1, whereas in the present study a higher dose of 2 pmol kg"1 was used.

Therefore, the lack of a centrally mediated pressor response in the previous 

experiments may be due to the low dose of DOI being used. From these
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combined studies the data suggests that DOI and quipazine are approximately 

17x less potent than 5-HT and approximately equipotent with one another. 

Interestingly, in anaesthetized neuromuscular blocked cats pretreated with a 

peripherally acting 5-HT2 receptor antagonist, DOI was also approximately 17x 

less potent than 5-HT in evoking a pressor response which was mediated 

through central 5-HT2 receptor activation (Anderson etal., 1995). However, the 

doses of both 5-HT and DOI to cause a comparable effect on arterial blood 

pressure in the cat were approximately 12x lower than in the rat. This may 

suggest a species difference, although another major difference between the 

two studies is that in the present study the rats were neuromuscular blocked 

with decamethonium, whereas in the cat experiments vecuronium was used for 

neuromuscular bloackade. In conscious rat experiments pretreated with a 

peripheral 5-HT2 receptor antagonist (Dedeoglu & Fisher, 1991) a DOI dose of 

approximately 0.1 jumol kg"1 produced a similar rise in arterial blood pressure as

the dose of 2 pmol kg"1 used in the present study. Furthermore, DOI also 

caused a bradycardia in conscious rats. These differences are interpreted to be 

due to the difference between the preparations, conscious rats as apposed to 

the present study where the rats are anaesthetized and neuromuscular blocked 

and pretreated with PEG i.c.v.

The ability of atropine pretreatment to potentiate the tachycardia and the rise in 

arterial blood pressure indicates that quipazine is also capable of inducing an 

increase in vagal tone to the heart as well as increasing sympathetic drive 

and/or adrenaline release. However, whether this is a direct effect on central 

regulation of cardiac vagal drive and/or due to changes in the baroreceptor



Chapter 3 146

response to peripheral vasoconstriction which is mediated by the release of 

vasopressin, remains to be determined. Although the level of renal 

sympathoinhibition, if it were due to a baroreceptor reflex in response to 

peripheral vasoconstriction, it would be expected to be larger as the pressor 

response has been potentiated. It is also worthy of note that quipazine also 

acts as a 5-HT3 receptor agonist. In this respect it has previously been reported 

that quipazine activates 5 -HT3 receptors to regulate a cardiopulmonary reflex 

(Vaysettes-Courchay et al., 1990). However, in the present study this effect 

would appear to occur at higher doses of quipazine than that given i.c.v., as 

when the same dose of quipazine given i.c.v. during the present study was 

administered i.v, there was no evidence to suggest that there was an activation 

of a cardiopulmonary reflex. Therefore the data from the present study 

demonstrates that the cardiovascular effects of i.c.v. administered quipazine 

and DOI are due to the activation of central 5-HT2 receptors.

The role of5-HT2 receptor subtypes.

During the present study i.c.v. administration of the selective 5-HT2 receptor 

antagonist cinanserin ,the selective 5-HT^ receptor antagonists ketanserin, 

spiperone and MDL 100,907, the selective 5 -H T 2b receptor antagonist SB 

204741 and the 5 -H T 2b/2c receptor antagonist SB 200646A all failed to have any 

effect on blood pressure, heart rate or renal sympathetic nerve activity. This is 

consistent with previous studies (where pretreatment i.c.v. with the selective
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5-HT2 receptor antagonist cinanserin at the same dose also had no effect on 

blood pressure or renal sympathetic nerve activity (Anderson eta l., 1992). 

Therefore, these observations demonstrate that the maintenance of tonic 

sympathetic tone is not mediated by central 5-HT2 receptors.

In the present study pretreatment i.c.v. with the putative, selective 5-H T2a 

receptor antagonist MDL 100,907 which is 10x more selective for 5-HT^  

receptors than cinanserin (Sorenson et al., 1993; Kehne et a l, 1996; see 

Baxter, 1995) abolished all of the effects evoked by quipazine in neuromuscular 

blocked rats. Further, pretreatment with another selective 5-HT^ receptor 

antagonist spiperone (see Bonhaus et al., 1995), which also has approximately 

10x higher affinity than cinanserin at the 5-H T2a receptor (see Hoyer & Fozard, 

1991; Prins et al., 1997) attenuated the quipazine evoked pressor response and 

tachycardia. Interestingly, spiperone at a dose 10x less than cinanserin 

reversed the quipazine evoked rise to a fall in arterial blood pressure. The 

quipazine evoked renal sympathoinhibition was also attenuated by both doses 

of spiperone, although interestingly in the presence of the lower dose of 

spiperone renal sympathetic outflow tended to increase. However, this small 

hypotension and renal sympathoexcitation is mediated by the activation of 

either central 5-HT2b receptors or central 5-H T2c receptors (see later).

Pretreatment with the selective 5-HT2 receptor antagonist ketanserin also 

causes a dose dependent attenuation of the quipazine and DOI evoked 

response. However, in the presence of the higher dose of ketanserin, DOI 

causes a delayed transient renal sympathoexcitation rather than an inhibition.



Chapter 3 148

This observed difference in response between the two agonists suggests that 

during blockade of central 5-HT2A receptors, DOI preferentially acts at a 

different binding site to quipazine. This is illustrated by the selectivity of DOI 

with respect to quipazine at both the 5 -HT2B receptor (5 fold more selective) and 

5 -HT2C receptor (10 fold more selective; Baxter et a/.,1995; Hoyer & Fozard, 

1991; Wainscott etal., 1996). Therefore, DOI may be evoking this renal 

sympathoexcitation by activating central 5 -FIT2B and/or 5 -FIT2C receptors. 

Furthermore, this illustrates that central 5 -FIT2 receptors may have a role in 

modulating central sympathetic outflow. Whether this is specific to renal nerve 

activity is not clear. Flowever, as blood pressure and heart rate are unaffected 

by DOI in the presence of ketanserin, it would suggest that the activation of 

central 5-FIT2B and/or 5-FIT2c receptors selectively modulates renal sympathetic 

outflow. Further experiments with more subtype selective ligands are required 

to demonstrate whether this renal sympathoexcitation is mediated by central 

5-FIT2b and/or 5-FIT2c receptors (see later).

Quipazine in the presence of the selective 5 -FIT2B/2C receptor antagonist SB 

200646A (Kennett et al., 1994), or the selective 5 -HT2B receptor antagonist SB 

204741 (Forbes et al., 1995) at the same dose as cinanserin failed to block the 

quipazine induced rise in blood pressure. Nonetheless, the initial renal 

sympathoinhibiton was blocked by both drugs and in the presence of SB 

204741, quipazine evoked a renal sympathoexcitation, which returned to 

baseline levels by 5 min. Conversely, quipazine in the presence of SB 200646A 

caused a sympathoinhibtion after 5 min. The quipazine evoked tachycardia 

remained unaffected, except in the presence of SB 200646A where it was not
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maintained for the duration of the experiment but paralleled the decrease in 

renal nerve activity that occurred after 5 min. As both of these compounds have 

a low affinity for 5-HT2A receptors (pKi of 5; see Bonhaus etal., 1995; Forbes et 

al., 1995) combined with the data from the spiperone, MDL 100,907 and 

ketanserin experiments these observations demonstrate that the rise in arterial 

blood pressure and heart rate evoked by quipazine are due to the activation of 

central 5-HT2A receptors. Whether the renal sympathoinhibition is due to 

activation of 5-FIT2A receptors or is secondary to the pressor response is not 

clear. The ability of both SB 200646A and SB 204741 to abolish the renal 

sympathoinhibtion without affecting the pressor response demonstrates that the 

activation of 5-FIT2B/2C receptors mediates this effect. Although the ability of 

SB204741 to reverse the sympathoinhibtion to a sympathoexcitation and that 

SB 204741 has a 10x greater affinity for 5-HT2B receptors and 50x less affinity 

for 5-FIT2C receptors compared with SB200646A indicates that renal 

sympathoinhibition involves the activation of 5-H T2b receptors rather than 

5-FIT2C receptors. Flowever, this is not to say that 5-FIT2C receptors are not 

involved in the cardiovascular changes mediated by quipazine (see later).

Central 5-HT2 Receptors in Respiratory Control

The difficulty in assessing changes in phrenic nerve activty is that changes in 

blood pressure will cause changes in phrenic nerve activity in their own right 

e.g. an increase in arterial blood pressure will tend to cause a reduction in
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phrenic nerve activity (see Coleridge etal., 1997). In respect of this, during the 

present study, phrenic nerve activity which provides a measure of central 

inspiratory drive, was unaffected by quipazine at lower doses in spontaneously 

breathing rats, demonstrating quipazine is inhibiting the expected inhibition of 

phrenic nerve activity when blood pressure rises. Interestingly at the higher 

dose of quipazine there was a delayed decrease in phrenic nerve activity.

In neuromuscular blocked rats this delayed fall in phrenic nerve activity was not 

observed, although these contrasting [observations only go to illustrate further 

that decamethonium may well be acting as a blocker of ganglia as well as at the 

neuromuscular junction. However in the presence of PEG, the delayed fall in 

phrenic nerve activity in response to quipazine is observed once again. This 

therefore suggests that PEG may be providing greater access for quipazine to 

the site/s involved in respiratory control. Indeed this effect is also evident with 

the difference in the cardiovascular response observed in saline or PEG 

pretreated rats (see above). In contrast administration i.c.v. of DOI evokes an 

immediate increase in central respiratory drive. In a previous study 

administration of 5-HT into the forebrain area of the cat has been shown to 

evoke an increase in respiratory drive, an effect which could be blocked by the 

selective 5 -HT2 receptor antagonist cinanserin (Anderson et al., 1995).

Together these observations illustrate that central 5 -HT2 receptor activation in 

the forebrain evokes an increase of respiratory drive. The difference between 

quipazine and DOI in the present study could be a reflection on potency of the 

agonists at the receptor subtype/s mediating these effects. Furthermore, in the 

presence of the selective 5-HT2b receptor antagonist SB 204741 but not the
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selective 5-HT2B/2C receptor antagonist SB 200646A, quipazine evoked an 

immediate increase in phrenic nerve activity. This would therefore suggest that 

central 5 -HT2B receptors may be inhibiting the increase in central respiratory 

drive. Consequently, activation of 5 -HT2 receptors accessed by i.c.v. injection 

of quipazine and DOI are involved in the excitatory control of central respiratory 

drive, although activation of central 5 -HT2B receptors in these same central 

areas has an inhibitory role on the excitatory control elicited by quipazine and 

DOI on other 5-HT2 receptor mechanisms.

Site of Action

Due to the rapid onset of the response from either quipazine or DOI 

administered i.c.v. it would suggest that the site of action in the brain is in area/s 

close to the lateral or 3rd ventricle. In respect of this microinjection of 5-HT into 

the anterior hypothalmus/preoptic area cause an increase in blood pressure 

with little or no change in heart rate (Smits & Stuyker-Boudier, 1976; Sukamoto 

et al., 1984). In addition it has been shown that i.c.v. administration of 

angiotensin II evokes the release of vasopressin by activating angiotensin 

receptors located in the subfornical organ (lovino & Steardo, 1985).

Furthermore, it has also been shown that vasopressin released by i.c.v. 

administration of 5-H T is blocked by pretreatment i.c.v. with the angiotensin AT1 

receptor antagonist losartan (Saydorff et al., 1996). These observations 

correlate well with the anatomical distribution of 5 -H T2 receptors in these brain 

areas. Indeed although the distribution of 5 -HT2B receptor mRNA is low in the 

brain, one of the areas where the receptor is found in the lateral septum, which
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surrounds the subfornical organ, the dorsal hypothalamus and medial amygdala 

(Duxon et al., 1997). Similarly, both 5-HT2A and 5-H T2c receptors have also 

been identified in the hypothalamic area. Moreover these same brain regions 

have also been shown to contain a widespread distribution of angiotensin 

receptors. In respect of this, angiotensin receptors have been located in the 

subfornical organ (Lind, 1986; Tsutsumi & Saavedra, etal., 1991) and the 

paraventricular nucleus of the hypothalamus (Tsutsumi & Saavedra, etal.,

1991). It is of interest that the 5-hydroxytryptaminergic innervation to the these 

areas originates from the midbrain raphe, such as the dorsal raphe (Lind, 1986; 

Steinbusch, 1981). Therefore, in combination with the present study these 

observations suggest that the activation of 5-HT2A receptors located in the PVN 

of the hypothalmus which receives innervation from 5-hydroxytryptaminergic 

fibres extending from the midbrain raphe (Sawchenko et al., 1993), evokes the 

release of vasopressin by activating angiotensinergic interneurones. From 

observations made during previous studies this pathway involves the activation 

of ATi receptor rather than AT2 receptors (Toney & Porter, 1992).

In addition an alternative site of action also requires consideration. In this 

respect the subfornical organ exhibits a dense population of angiotensin 

receptors and 5-HT2 receptors. Indeed 5-FIT innervation to this area also 

extends from the midbrain raphe (Lind, 1986). This therefore makes this an 

equally likely pathway by which a 5-hydroxytyptaminergic -  angiotensinergic 

pathway could evoke the release of vasopressin. However, whether there is a 

precedence over which pathway principally evokes the release of vasopressin is 

not clear as both pathways are close to the lateral and 3rd ventricle and are
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clearly likely to have been activated by injection i.c.v. of quipazine and DOI. 

Indeed it is equally plausible that both pathways are involved in the 5-HT 

mediated release of vasopressin.

It is suggested from the observations made during the present study that central 

5-H T2b receptor activation is inhibiting a quipazine evoked renal 

sympathoexcitation via a pathway that involves central 5-H T2a receptors. In 

regard to this, 5-H T2b receptors are located in the hypothalamic area (see 

above, Duxon et al., 1997). Therefore, it is suggested that the activation of 

5-HT2b receptors in the hypothalamic area inhibits sympathetic outflow from the 

paraventricular nucleus of the hypothalamus, an area known to be a site from 

which renal sympathetic outflow is modulated (Schramm et al., 1993; Malpas & 

Coote, 1994).

In summary, the present study has demonstrated that activation of forebrain 5- 

HT2a receptors evoke the release of vasopressin and an associated increase in 

blood pressure. At the same time activation of 5-H T2b receptors has an 

inhibitory effect on the increase in renal sympathetic outflow that is evoked by 

the activation of forebrain 5-HT2A receptors. Whether this is a direct effect of 

quipazine or an indirect effect in response to the cardiovascular changes is 

unclear at this stage. In respect of the anatomical distribution of 5-HT2 receptor 

subtypes in the forebrain areas, the hypothalamic paraventricular nucleus and 

subfornical organ are the principle sites of action. In addition this distribution 

also correlates well with the localisation of angiotensin receptors, the 

involvement of which has been demonstrated in the 5-HT evoked release of
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vasopressin (Saydorff et al., 1996). However, in the present study whether 

there is a 5-hydroxytryptaminergic - angiotensinergic pathway mediating the 

release of vasopressin in response to quipazine requires further investigation 

(see later).

3.2 Effect of subtype selective 5 -HT2 receptor agonists. 

3.2.1 INTRODUCTION

The observations in section 3.1 demonstrate that activation of central 5 -HT2A 

receptors following administration i.c.v. of the selective 5-HT2 receptor agonists 

quipazine or DOI evokes a rise in blood pressure, presumably by the release of 

vasopressin (Anderson etal., 1992, Pergola etal., 1993). Interestingly though, 

blockade of 5-HT2B receptors reveals an additional renal sympathoexcitatory 

component to the response, which is also presumably mediated by central 5- 

H T2a receptors. Therefore, from these observations it is suggested that central 

5-HT^ receptors in the rat may have a role in modulating central sympathetic 

outflow.

The above observations are also of great interest, as until recently the lack of 

selective ligands and the failure to detect mRNA encoding for the 5-HT2B 

receptor in the rat brain, had culminated in the assumption that the central
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5 -HT2 receptor cardiovascular effects were mediated through the activation of 

either 5-H T2a or 5-HT2C receptor subtypes, both of which have a widespread 

distribution in the CNS. However, with the advancement of more sensitive 

techniques 5-HT2B receptor mRNA (Flanigan etal., 1995), and 5-HT2B receptor 

protein (Duxon etal., 1997) has been detected in specific rat brain nuclei such 

as the hypothalamus, which has provided interest into the possible role of this 

receptor in the CNS. Consequently in conjunction with the above observations 

it is now evident that 5-HT2B receptors may have a role in cardiovascular 

regulation in the rat as well as 5-HT2A and possibly 5-HT2C receptors.

Functional studies to investigate the role of the different 5-H T2 receptor 

subtypes has become more plausible recently with the development of subtype 

selective agonists and antagonists. Of these compounds BW 723C86 (Kennett 

et al., 1996) has been identified as a 5-H T2B receptor agonist with some 

selectivity over the 5-HT2a receptor, 5-H T2c receptor and other receptor sites, 

while mCPP has been reported to be an agonist with selectivity for the 5-H T2c 

receptor over 5-HT2A and 5-H T2B receptors . In addition, SB204741 has been 

characterized as an antagonist selective for the 5-HT2B receptor (Baxter et al., 

1994; Forbes etal, 1995), while R S -102221 has been shown to be a selective 

antagonist for 5-HT2C receptors (Bonhaus et al., 1997) and ketanserin as a 

selective antagonist for 5-HTza receptors (see Baxter et al., 1995)

It is evident from the present knowledge that the role of each of the 5-HT2 

receptor subtypes in cardiovascular regulation still requires further evaluation. 

Therefore the aim of this study was to continue the evaluation of the role of the
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5 -HT2 receptor subtypes involved in cardiovascular regulation by activating 

different 5 -HT2 receptor subtypes with the selective 5-HT2b receptor agonist BW 

723C86 and the selective 5-HT2c receptor agonist mCPP in the anaesthetized 

rat.

3.2.2. RESULTS

All data has been collected from artificially ventilated decamethonium 

neuromuscular blocked rats pretreated i.c.v. with PEG or antagonists 

dissolved in PEG and i.v. with the peripheral acting 5-HT2 receptor 

antagonist BW501C67

Effect of i.c.v. administration of BW723C86, a selective 5 -HT2B receptor 

agonist on baseline variables.

BW723C86 (0.02 pmol kg'1, i.c.v., n=3) in rats pretreated with 10% PEG (5 pi, 

i.c.v.) had no significant effect on mean arterial blood pressure (MAP), heart 

rate, renal nerve activity or phrenic nerve activity, all of which remained stable 

for the duration of the experiment (Figure 25). The baseline values for MAP, 

heart rate and phrenic nerve burst rate before BW723C86 administration were 

10 1+ 7  mmFIg, 327 ± 7 beats min'1 and 44 ± 7 bursts min'1.

Flowever, a larger dose of BW723C86 (0.2 pmol kg'1, i.c.v., n=5) evoked a 

significant (P < 0.05) increase in renal nerve activity after 2 min of 30 ± 7%
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Figure 25. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
BW723C86 (0.02 pmol kg'1, i.c.v.) pretreated with 10% PEG (5 pi, i.c.v., n=3), and PEG control 
(i.c.v., n=10) in mean arterial blood pressure (MAP), heart rate (HR), renal nerve activity (RNA), 
and phrenic nerve activity (PNA). Each point represents the mean value and the vertical bars 
show s.e.mean. Changes caused by BW723C86 (*) pretreated with PEG compared with PEG 
control by using two-way analysis of variance followed by the least significant difference test to 
compare the means. * P<0.05 and ** P<0.01.
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Figure 26. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
BW723C86 (0.2 pmol kg'1, i.c.v.) pretreated with 10% PEG (5 pi, i.c.v., n=5), and PEG control 
(i.c.v., n=10) in mean arterial blood pressure (MAP), heart rate (HR), renal nerve activity (RNA), 
and phrenic nerve activity (PNA). Each point represents the mean value and the vertical bars 
show s.e. mean. Changes caused by BW723C86 (*) pretreated with PEG compared with PEG 
control by using two-way analysis of variance followed by the least significant difference test to 
compare the means. * P<0.05 and ** P<0.01.
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Figure 28. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
BW723C86 (2 pmol kg'1, i.c.v.) pretreated with 10% PEG (5 pi, i.c.v., n=5), and PEG control 
(i.c.v., n=10) in mean arterial blood pressure (MAP), heart rate (HR), renal nerve activity (RNA), 
and phrenic nerve activity (PNA). Each point represents the mean value and the vertical bars 
show s.e. mean. Changes caused by BW723C86 (*) pretreated with PEG compared with PEG 
control and BW723C86 (2 pmol kg'1, #) pretreated with PEG compared with BW723C86 (0.2 
umol kg'1) pretreated with PEG by using two-way analysis of variance followed by the least 
significant difference test to compare the means. * P<0.05 and ** P<0.01.
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when compared to PEG control. Furthermore the renal nerve activity remained 

significantly increased over the duration of the experiment, reaching a maximum 

increase of 39 ± 7% after 3 min. Interestingly, this renal sympathoexcitation 

was not associated with any significant change in MAP, heart rate or phrenic 

nerve activity (Figure 26). Representative traces from one of these experiments 

are shown in Figure 27. The baseline values for MAP, heart rate and phrenic 

nerve burst rate before BW723C86 were 118 ± 2 mmHg, 344 ± 8 beats min'1 

and 44 + 5 bursts min'1.

2 pmol kg'1, i.c.v of BW723C86 (n=5) also evoked a significant increase in renal 

nerve activity after 2 min of 67 ± 7% and this was significantly larger that that 

observed with 0.2 pmol kg'1 BW723C86. Again this sympathoexcitation was 

maintained for the duration of the experiment and there were no associated 

changes in the other recorded variables except for MAP. Where after 2 min 

there was a small but significant fall in MAP o f-7  ± 4 mmHg which was 

maintained over the rest of the experiment (see Figure 28). The baseline 

values for MAP, heart rate, and phrenic nerve burst rate before BW723C86 

were 111 ± 3 mmHg, 341 ± 17 beats min'1 and 42 ± 3 bursts min"1.

Effect of i.c.v. administration of BW723C86 on baseline variables in SB 

204741 (i.c.v.) pretreated rats.

SB 204741 (300 nmol kg'1, i.c.v., n=8), a 5-HT2B receptor antagonist, failed to 

have any maintained effect on the baseline variables being recorded.
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Pretreatment with SB 204741 significantly blocked the renal sympathoexcitation 

evoked by BW723C86 (0.2 pmol kg"1, i.c.v., n=5, see Figure 29) compared to 

BW723C86. This was also true at the higher dose of BW723C86 (2 pmol kg'1, 

i.c.v., n=4), where pretreatment with SB 204741 also blocked the renal 

sympathoexcitation as well as the small fall in MAP (Figure 30). Again neither 

dose of BW723C86 had any effect on heart rate or phrenic nerve activity, both 

of which remained stable for the duration of the experiment. The baseline 

values for MAP, heart rate and phrenic nerve burst rate before BW723C86 (0.2 

and 2 pmol kg"1) were 105 + 6 mmHg, 337 ± 1 0  beats min"1 and 35 + 4 bursts 

min'1 and 102 ± 7 mmHg, 341 ± 20 beats min'1 and 46 ± 5 bursts min'1, 

respectively.

Effect of i.c.v. administration of BW723C86 on baseline variables in RS 

102221 pretreated rats.

RS 102221 (300 nmol kg"1, i.c.v., n=5), a 5-HT2C receptor antagonist failed to 

have any affect on the baseline variables being recorded.

In the presence of RS 102221, injection of BW723C86 (0.2 pmol kg'1, n=5) still 

evoked a similar increase in renal nerve activity (37 ± 2% c.f. 39 + 7%) which 

was maintained over the duration of the experiment (see Figure 31). Further, 

BW723C86 still had no significant effect on any of the other variables being 

recorded, except for heart rate where a significant tachycardia (18 + 4 beats 

min'1) was now observed 10 min after the administration of BW723C86 when
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Figure 29. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
BW723C86 (0.2 fimol kg'1, i.c.v.) pretreated with SB 204741 (300 nmol kg'1, i.c.v., n=5) and 
BVV723C86 (0.2 pmol kg'1, i.c.v.) pretreated with 10% PEG (5 ul, i.c.v., n=5) in mean arteriai 
blood pressure (MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity 
(PNA). Each point represents the mean value and the vertical bars show s.e.mean. Changes 
caused by BW723C86 (*) pretreated with SB 204741 or PEG compared with PEG control and 
BW723C86 (#) pretreated with SB 204741 compared with BW723C86 pretreated with PEG by 
using two-way analysis of variance followed by the least significant difference test to compare 
the means. *, # P<0.05 and **, ## P<0.01.
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Figure 30. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
BW723C86 (2 umol kg"1, i.c.v.) pretreated with SB 204741 (300 nmol kg'1, i.c.v., n=5) and 
BVA/723C86 (2 nmol kg'1, i.c.v.) pretreated with 10% PEG (5 pi, i.c.v., n=4) in mean arterial blood 
pressure (MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity (PNA). 
Each point represents the mean value and the vertical bars show s.e.mean. Changes caused 
by BW723C86 (*) pretreated with SB 204741 or PEG compared with PEG control and 
BW723C86 (#) pretreated with SB 204741 compared with BW723C86 pretreated with PEG by 
using two-way analysis of variance followed by the least significant difference test to compare 
the means. *, # P<0.05 and **, ## P<0.01.
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Figure 31. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
BW723C86 (0.2 umol kg'1, i.c.v.) pretreated with RS 102221 (300 nmol kg'1, i.c.v., n=5) and 
BW723C86 (0.2 pmol kg'1, i.c.v.) pretreated with 10% PEG (5 pi, i.c.v., n=5) in mean arterial 
blood pressure (MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity 
(PNA). Each point represents the mean value and the vertical bars show s.e.mean. Changes 
caused by BW723C86 (*) pretreated with RS 102221 or PEG compared with PEG control and 
BW723C86 (#) pretreated with RS 102221 compared with BW723C86 pretreated with PEG by 
using two-way analysis of variance followed by the least significant difference test to compare 
the means. *, # P<0.05 and **, ## P<0.01.
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Figure 32. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
BW723C86 (0.2 umoi kg"1, i.c.v.) pretreated with ketanserin (300 nmol kg'1, i.c.v., n=5) and 
BW723C86 (0.2 pmol kg'1, i.c.v.) pretreated with 10% PEG (5 pi, i.c.v., n=5) in mean arterial 
blood pressure (MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity 
(PNA). Each point represents the mean value and the vertical bars show s.e.mean. Changes 
caused by BW723C86 (*) pretreated with ketanserin or PEG compared with PEG control and 
BW723C86 (#) pretreated with ketanserin compared with BW723C86 pretreated with PEG by 
using two-way analysis of variance followed by the least significant difference test to compare 
the means. *, # P<0.05 and **, ## P<0.01.
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Figure 33. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
BW723C86 (0.2 umol kg'1, i.c.v.) pretreated with spiperone (30 nmol kg'1, i.c.v., n=5) and 
BW723C86 (0.2 pmol kg'1, i.c.v.) pretreated with 10% PEG (5 pi, i.c.v., n=5) in mean arterial 
blood pressure (MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity 
(PNA). Each point represents the mean value and the vertical bars show s.e.mean. Changes 
caused by BW723C86 (*) pretreated with spiperone or PEG compared with PEG control and 
BW723C86 (#) pretreated with spiperone compared with BW723C86 pretreated with PEG by 
using two-way analysis of variance followed by the least significant difference test to compare 
the means. *, # P<0.05 and ** ## P<0.01.
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compared to PEG control. The tachycardia was then maintained over the 

remaining 10 min of the experiment. Baseline values for MAP, heart rate and 

phrenic nerve activity before BW723C86 were 105 + 5 mmHg, 338 ±17  beats 

min'1 and 52 ± 0 bursts min'1.

Effect of i.c.v. administration of BW723C86 on baseline variables in 

ketanserin pretreated rats.

Administration of ketanserin (300 nmol kg'1, i.c.v., n=5), a selective 5-HT2A 

receptor antagonist, had no effect on any of the parameters being recorded.

BW723C86 (0.2 pmol kg'1, i.c.v., n=5) in the presence of ketanserin, still evoked 

a similarly maintained renal sympathoexcitation when compared to BW723C86 

(35 ± 6% c.f. 39 ± 7%, Figure 32). Again BW723C86 had no significant effect 

on any of the other variables being recorded. However, like with RS 102221 

pretreatment there was a delayed, after 10 min, significant and maintained 

tachycardia (10 ± 4 beats min'1) when compared to BW723C86 in the presence 

of PEG. The baseline values for MAP, heart rate and phrenic nerve burst rate 

before injection of BW723C86 were 104 + 5 mmHg, 374 + 12 beats min'1 and 

45 + 5 bursts min"1 respectively.
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Effect of i.c.v. administration of BW723C86 on baseline variables in 

spiperone pretreated rats.

Spiperone (30 nmol kg"1, i.c.v., n=5), a 5-HT2A receptor antagonist, failed to 

evoke an effect on any of the baseline parameters being recorded as previously 

reported (see page 9). Interestingly, BW723C86 (0.2 pmol kg'1, i.c.v., n=5) in 

the presence of spiperone evoked a delayed (10 min) increase in renal nerve 

activity of 25 ± 8% which was maintained over the remainder of the experiment. 

However, like quipazine, BW723C86 evoked a small but significant fall in MAP 

after 2 min o f-4  + 1 mmHg which returned to baseline after 15 min. The other 

variables were unaffected (Figure 33). The baseline values for MAP, heart rate 

and phrenic nerve burst rate before BW723C86 were 103 ± 3 mmHg, 345 ± 7 

beats min'1 and 41 ± 3 bursts min'1, respectively.

Effect of i.c.v. administration of mCPP, a 5-HT2C receptor agonist, on 

baseline variables.

mCPP (0.2 pmol kg'1, i.c.v., n=5) in the presence of 10% PEG (5 pi, i.c.v.) 

caused a delayed (3 min) rise in MAP of 4 ± 2 mmHg, reaching a maximum of 9 

± 2 mmHg after 5 min and was paralleled with a small but significant inhibition in 

renal nerve activity o f-1 2  ± 3%. The observed renal inhibition was transient 

with renal nerve activity returning to baseline by 10 min, while the increase in 

MAP was maintained until 15 min (Figure 34). Further in these rats mCPP also 

evoked a delayed (5 min) tachycardia of 25 ± 11 beats min'1 which was 

maintained until 15 min. mCPP had little effect on phrenic nerve activity
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Figure 34. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by mCPP 
(200 nmol kg'1, i.c.v.) pretreated with 10% PEG (5 ul, i.c.v., n=5), and PEG control (i.c.v., n=10) 
in mean arterial blood pressure (MAP), heart rate (HR), renal nerve activity (RNA), and phrenic 
nerve activity (PNA). Each point represents the mean value and the vertical bars show 
s.e mean. Changes caused by mCPP (*) pretreated with PEG compared with PEG control by 
using two-way analysis of variance followed by the least significant difference test to compare 
the means. * P<0.05 and ** P<0.01.
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although there was a significant fall of —11 ± 10% at the 2 min time point. The 

baseline values for MAP, heart rate and phrenic nerve burst rate before 

injection of mCPP were 106 ± 2 mmHg, 342 ± 3 beats min'1 and 46 ± 4 bursts 

min'1 respectively.

3.2.3. Discussion

Involvement of central 5-H T2b receptors in cardiovascular regulation

Administration of the selective 5-HT2B receptor agonist BW 723C86 (0.2 -  2 

pmol kg'1; Kennett et al., 1996) which is 100 fold and 10 fold selective for the

5-HT2B receptor over the 5-HT2A and 5-HT2c receptor respectively, into the third 

ventricle of neuromuscular blocked and artificially ventilated rats caused a dose 

related increase in renal sympathetic nerve activity. This was associated with 

no changes in any of the other perameters being recorded. Interestingly 

however, at the higher dose of BW 723C86 a small but significant fall in arterial 

blood pressure was observed. In previous studies 10x lower doses of BW 

723C86 have been seen to evoke effects. However, in the present study an 

equivalent dose of BW 723C86 failed to effect the perameters being recorded.

Pretreatment i.c.v. with the selective 5-HT2B receptor antagonist SB 204741 

(Baxter et al. 1994; Forbes et al., 1995) which has 100 fold selectivity for the 

5-HT2B receptor over the 5-HT2A/2C receptors, blocked the increase in renal 

sympathetic outflow evoked by BW 723C86. In contrast, pretreatment i.c.v. with 

an equivalent dose of the novel selective 5-HT2c receptor antagonist RS
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102221 (Bonhaus et al., 1997) or the selective 5-HT2A receptor antagonist 

ketanserin, both of which have a 100 fold selectivity for the 5-HT2C and 5-HT2A 

receptors respectively, had no effect on the renal sympathoexcitation evoked by 

BW 723C86.

It is now appreciated that 5-HT2B receptors are located on vascular endothelium 

(Ullmer et al.} 1995) where receptor activation is thought to evoke vascular 

smooth muscle relaxation. Further evidence of this has been provided by 

functional studies in which BW 723C86 was shown to evoke an endothelium 

derived relaxation in the rat jugular vein, which could be blocked by the 

selective 5-HT2B/2C receptor antagonist SB 200646A (Ellis eta l.f 1995). This 

mechanism may therefore explain the small fall in blood pressure observed at 

the highest dose of BW 723C86, where leakage of BW 723C86 into the 

periphery may evoke an endothelium dependent vasodilatation. However as 

the experiments were performed in the presence of a peripherally acting 5 -HT2 

receptor antagonist BW501C67 (Copp, 1967; Mawson & Whittington, 1970), at 

a dose shown in the previous series of experiments to maintain a peripheral 

receptor blockade for the duration of the experiment (see above) and that the 

fall in blood pressure was abolished by pretreatment i.c.v. with the selective 5- 

H T 2b receptor antagonist SB 204741, suggests that the fall in blood pressure 

can be attributed to a centrally mediated mechanism evoked by 5 -HT2B receptor 

activation, rather than by a peripherally mediated vasodilatation. Consequently 

the fall in blood pressure which is observed only at the higher dose of BW 

723C86 may be a consequence of the dose-related increase in renal 

sympathetic outflow. Indeed as sympathetic outflow to the kidney increases
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there is a progressive recruitment of renal functions, initially causing renin 

release, then raised sodium reabsorption by the tubular epithelial cells and 

finally, at high levels reductions in renal blood flow and filtration rate, leading to 

an increase in blood volume (DiBona & Kopp, 1997). In response to an 

increase in blood volume, atrial natriuretic peptide (ANP) may be released to 

evoke natriuresis and/or a direct relaxant effect on vascular smooth muscle. It 

is therefore suggested that in the present study the fall in blood pressure 

observed at the higher dose of BW 723C86 may be an effect evoked by an ANP 

mediated vasodilatation in response to an increase in blood volume caused by 

the potentiation of the increase in renal sympathetic outflow.

In combination it is evident from these data that BW 723C86 activates central 

5-HT2b receptors to mediate a renal sympathoexcitation. Furthermore as BW 

723C86 fails to cause a change in heart rate, arterial blood pressure and 

phrenic nerve activity it would suggest that BW 723C86 does not cause a 

change in the sympathetic outflow from other neurones involved in central 

cardiovascular control or central respiratory drive . These observations also 

correlate well with those made in the previous series of experiments where DOI 

in the presence of the selective 5-HT2A receptor antagonist ketanserin, evoked 

an increase in renal sympathetic outflow without effecting the other parameters 

being recorded, although quipazine did not effect renal nerve activity in the 

presence of ketanserin (see above). In this respect the differences between 

DOI and quipazine where attributed to the fact that DOI exhibits greater potency 

for the 5-HT2B and 5-HT2C receptor than quipazine, although the current series 

of experiments demonstate that 5-HT2b receptor activation may account for the
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renal sympathoexcitation evoked by DOI rather than through 5 -HT2C receptor 

activation (Wainscott eta l., 1996).

Site of Action

It is evident from the above observations that central 5 -HT2B receptors are 

involved in the regulation of renal sympathetic nerve activity and therefore may 

have a role in blood volume regulation. Due to the rapid onset of the renal 

sympathoexcitation evoked by BW 723C86 injected i.c.v., the site in the brain 

involved in mediating the increase in renal sympathetic outflow is most likely 

situated close to or in the area of the lateral or 3rd ventricle. In this regard as 

described above, mRNA coding for the 5 -HT2B receptor has been identified in 

the lateral septum around the subfornical organ, the dorsal hypothalamus and 

medial amygdala (Duxon et al., 1997). Furthermore methods of transneuronal 

! retrograde labelling with viruses, has identified a number of central nuclei 

involved in regulating renal function and includes areas of the brain such as 

the rostral ventrolateral medulla (RVLM), and the paraventricular nucleus 

(PVN) of the hypothalamus (Schramm et al., 1993). Therefore the above 

evidence of 5 -FIT2B receptor localisation in and around the area of the 

hypothalamus and the fact that the same areas are involved in modulating renal 

sympathetic outflow suggests that this is the site mediating the BW 723C86 

response in the present study. Moreover, there is also a substantial amount of 

anatomical evidence providing further support that 5 -HT2B receptors in the 

hypothalamus may be involved in blood volume regulation. Initially 

5-hydroxytryptaminergic afferent input is received in the PVN from the nucleus
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tractus solitari which is implicated as a principle site for receiving afferent input 

from the periphery in regard to blood volume changes. From the PVN it is 

suggested that there are two possible mechanisms by which renal sympathetic 

outflow may be increased by 5-HT2b receptor activation: 1) Direct activation of 

renal sympathetic preganglionic neurones. 2) Indirect activation of sympathetic 

preganglionic neurones via 5-hydroxytryptaminergic interneurones projecting 

from the PVN to the RVLM. The RVLM is recognised as the principle site for 

regulating sympathetic outflow for most neurones and is also identified as being 

one of the nuclei from which neurones involved in regulating renal function 

project (Schramm eta l., 1993, see Dibona & Kopp, 1997).

Involvement of 5-HT2C receptors in cardiovascular regulation.

Previous studies have shown that injection of mCPP evokes an increase in 

blood pressure suggesting that the 5-H T2c receptor is involved in cardiovascular 

regulation (Bagdy et al., 1992). In this respect during the present study, injection 

into the 3rd ventricle of neuromuscular blocked, anaesthetized rats of the 

selective 5-HT2c receptor agonist mCPP which has 10x selectivity for the 

5-HT2c receptor over both 5-HT2a and 5-H T2b receptors evoked a small delayed 

increase in blood pressure and heart rate. Interestingly mCPP is reported to act 

as a partial agonist at the 5-H T2c receptor, which may account for the small 

increase in blood pressure and heart rate observed during the present study 

(Kennett et al., 1993). Nonetheless combined with the current observations, 

and the fact that 5-HT2c receptor localisation is thought to be exclusive to the 

CNS , and that these experiments were performed in the presence of a
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peripherally acting 5-HT2 receptor antagonist BW 501C67 at a concentration 

shown to block the peripheral 5-HT2 receptor for the duration of the experiment 

(see above), indicates that mCPP acts on central 5-H T2 receptors to evoke an 

increase in blood pressure, and heart rate which are presumably of the 5-HT2c 

receptor subtype. However further experiments with 5-H T2 receptor antagonists 

that are subtype selective should provide clear evidence to demonstrate this. It 

is also of interest that the mCPP evoked rise in blood pressure is associated 

with a fall in renal nerve activity which suggests that central 5-H T2c receptor 

activation mediates the release of vasopressin which subsequently gives rise to 

the increase in blood pressure rather than by an increase in central sympathetic 

drive. Indeed in previous experiments where mCPP has been administered i.v. 

it has been shown that circulating vasopressin is increased and is associated 

with a rise in arterial blood pressure (Bagdy et al., 1992). Interestingly the rise 

in mean arterial blood pressure was larger than that observed during the 

present study, although this can be attributed to the differences between the 

preparations, conscious rats and i.v. administration of mCPP at a 50x larger 

dose as apposed to the present study where the rats are anaesthetized, 

neuromuscular blocked and mCPP is administered i.c.v. at a lower dose. 

Furthermore, the release of vasopressin evoked by mCPP in the conscious rat 

has also been demonstrated with MK212, another 5-H T2c receptor agonist 

which has a reported 25x and 10x selectivity over the 5-HT2A and 5-HT2b 

receptor subtypes respectively (Brownfield et al., 1988; Kennett etal., 1993).

It is also of interest to note that during the present study, the quipazine and DOI 

evoked rise in blood pressure was abolished by pretreatment with 5-HT2A
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receptor antagonists demonstrating that 5-HT2A receptors are the principle 

receptor involved in the release of vasopressin (see 3.1.). In respect of this it 

would suggest that the mCPP evoked response during the present study may 

be due to direct activation of central 5-HT2A receptors rather than 5-HT2C 

receptors. However in previous studies administration of the 5-H T2a receptor 

antagonist ketanserin has failed to effect the mCPP evoked release of 

vasopressin and associated rise in arterial blood pressure (Bagdy etal., 1992). 

Therefore, it can be inferred from this previous study that the pressor response 

evoked by mCPP during the current study is principally mediated by the 5-HT2C 

receptor subtype rather than by the 5-HT2A receptor. Moreover, these 

observations also appear to rule out the possibility of mCPP acting on either 

pre- or post-synaptic 5-HT2c receptors to activate 5-HT2A receptors and the 

subsequent release of vasopressin; as ketanserin would be expected to also 

prevent the response evoked by mCPP. In addition during this study 

pretreatment with LY-53857, a 5-HT2 receptor antagonist with some selectivity 

for the 5-H T2c receptor over the other 5-HT2 receptor subtypes (Hoyer &

Fozard, 1991) attenuated the release of vasopressin, demonstrating further that 

5-H T2c receptors are involved in the mCPP evoked release of vasopressin. 

However, this is not to say that 5-HT2B receptors are not involved in the 

cardiovascular response mediated by mCPP. Indeed in the experiments above 

central 5-HT2b receptors were shown to be involved in the quipazine evoked 

cardiovascular response (see 3.1). Therefore the potential involvement of the 

5-H T2b receptor in a similar mechanism during the mCPP cardiovascular 

response requires determining.
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In the present study mCPP evoked a small decrease in phrenic nerve activity. 

However this decrease is more immediate in onset than the increase in blood 

pressure. Therefore, this demonstrates that the decrease in phrenic nerve 

activity is not a reflex effect in response to the rise in mean arterial blood 

pressure, rather it is an indication that central 5-H T2c receptors may have a 

direct inhibitory role on central respiratory drive in the rat.

Site of Action

Despite the slight delay in the onset of the response evoked by i.c.v. 

administration of mCPP, it is suggested that the main site of action is still 

located in the brain area/s near or around the lateral or 3rd ventricle. As 

described previously (see 3.1.3.), i.c.v. administration of angiotensin II evokes 

the release of vasopressin by activating angiotensin receptors in the anterior 

hypothalamus (lovino & Steardo, 1985). In combination with the fact that the 

release of vasopressin evoked by i.c.v. administration of 5-HT can be blocked 

by ATi receptor blockade and that microinjection of 5-HT into the anterior 

hypothalamus/preoptic area causes an increase in blood pressure with little or 

no change in heart rate (Saydorff etal., 1996; Smits & Stuyker-Boudier, 1976; 

Sukamoto et al., 1984), illustrates that the 5-HT evoked release of vasopressin 

involves the activation of angiotensin receptors in the anterior hypothalamic 

area. These observations correlate well with the distribution of 5-H T2C 

receptors which are also located in the hypothalamic area. Indeed the 

distribution of the 5-HT2c receptor is similar to that observed for 5-HT2A 

receptors in this area of the forebrain and it is therefore suggested that the
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pathways indicated above (see 3.1.3.) may well be the same site of action for 

5-HT2C receptor mediated effects.

In summary the observations from the present study indicates that activation of 

5-HT2B receptors presumably in the hypothalamic area mediate an increase in 

renal sympathetic outflow. Interestingly at the higher doses of the 5-HT2b 

receptor agonist BW 723C86 there is also a small fall in arterial blood pressure, 

possibly due to the release of ANP in response to the effect on blood volume 

changes elicited by the increase in renal sympathetic outflow, although this 

remains to be determined.

Using the selective 5-HT2c receptor agonist mCPP, these initial experiments 

have indicated that the activation of the 5-HT2c receptor in the hypothalamic 

area of the forebrain evokes the release of vasopressin which gives rise to an 

associated increase in blood pressure. In combination with the responses 

evoked by i.c.v. administration of quipazine or DOI (see above), the present 

study indicates that both central 5-HT2A and / or 5-H T2c receptors are involved 

in the release of vasopressin presumably through an 5-hydroxytrypaminergic -  

angiotensinergic pathway (see later).
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3.3. The role of vasopressin and angiotension onthe effects observed 

with the 5 -HT2 receptor agonist Quipazine.

3.3.1. INTRODUCTION

The observations in section 3.1 demonstrate that activation of central 5 -HT2A 

receptors following administration i.c.v. of the selective 5-HT2 receptor agonists 

quipazine or DOI evokes a rise in blood pressure, by releasing vasopressin 

(Anderson et al, 1992, Pergola et al., 1993). Administration i.c.v. of angiotensin 

II also causes an increase in blood pressure by releasing vasopressin (Keil et 

al., 1975). However, it has also been demonstrated that the angiotensin evoked 

pressor response consists of an additional sympathetic component (Unger et 

al., 1981). Subsequently it has been reported that angiotensin evokes a 

biphasic increase in blood pressure, where the initial short latency and duration 

component results from sympathetic activation (Gutman etal., 1985), while the 

second prolonged component results from the release of vasopressin. Recently 

Toney and Porter (1992) demonstrated that blockade of central AT1 receptors in 

the anaesthetized rat significantly attenuates both the sympathetic and 

vasopressin components of the angiotensin II evoked pressor response, while 

somewhat in contrast, AT2 receptor blockade has no significant effect. The 

similarity associated with both 5-HT and angiotensin II causing the release of 

vasopressin and a rise in blood pressure, has led to the suggestion that these 

effects may be mediated by 5-HT and angiotensin pathways (Saydorff etal.,
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1996). Indeed supporting evidence for this hypothesis is demonstrated by 

administering the ATi receptor antagonist losartan in the conscious rat , which 

has been shown to attenuate the release of vasopressin and the associated 

pressor response evoked by i.c.v. administration of 5-HT (Saydorff etal., 1996). 

Interestingly, during this study losartan failed to completely block the release of 

vasopressin and the initial rise in blood pressure. This therefore suggests that 

both ATi and AT2 receptors may be involved in the release of vasopressin or 

that an alternative transmitter mechanism may also have a contributing role in 

the release of vasopressin. In previous studies administration of both ATi and 

AT2 receptor antagonists in the conscious rat, have been shown to be more 

effective at blocking the evoked release of vasopressin and the increase in 

blood pressure following angiotensin administration when compared with the 

observed effects with just ATi receptor blockade (Toney and Porter, 1992).

Although it is clear from the current evidence that the release of vasopressin 

and associated increase in blood pressure evoked by central administration of 

5-HT involves an angiotensinergic pathway (Saydorff et al., 1996), it still 

remains to be demonstrated whether the vasopressin release and rise in blood 

pressure associated with central 5-HT2 receptor activation involves an 

angiotensinergic pathway. Therefore, the present study was carried out to 

determine whether the evoked rise in blood pressure in response to the 

selective 5-HT2 receptor agonist quipazine involves the release of vasopressin 

via an an angiotensinergic pathway.
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All data has been collected from artificial ventilated decamethonium 

neuromuscular blocked rats pretreated i.c.v. with PEG or antagonists 

dissolved in PEG and i.v. with the peripheral acting 5 -HT2 receptor 

antagonist BW501C67 unless stated otherwise

Effect of pretreatment with a Vi receptor antagonist (i.v.) on the response 

to i.c.v. quipazine.

Pretreatment with the Vi receptor antagonist d(CH2)5Tyr(Me)AVP 10 pg kg'1 

(i.v., n=5) and 30 pg kg'1 (i.v., n=14) failed to have any effect on the baseline 

variables being recorded compared with control. This control is the same as 

that used in the atropine experiments, see page 8.

In the presence of a high dose (30 pg kg'1) of the Vi receptor antagonist plus 

saline (5 pi, i.c.v., n=4) instead of PEG, the quipazine-induced pressor response 

was delayed by 1 min and the size of this rise was significantly reduced (11 ± 4 

mmHg c.f. 20 ± 7 mmHg). However, this was not associated with an initial 

sympathoinhibition (see Figure 35) but an immediate significant excitation in 

renal nerve activity of 32 ± 17% by 3 min. In addition, quipazine now evoked a 

change in heart rate, causing a significant tachycardia of 13 ± 4 beat min'1. 

Phrenic nerve activity was again unaffected. Baseline values for MAP, heart
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Figure 35. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 nmol kg 1, i.c.v.) pretreated with a vasopressin V 1 receptor antagonist d(CH2)s 
Tyr(Me) AVP (30 ng kg'1, i.v.) and saline (5 jn.l, i.c.v., n=5) and quipazine (2 nmol kg'1, i.c.v.) 
pretreated with saline (5 pil, i.c.v., n=5) in mean arterial blood pressure (MAP), heart rate (HR), 
renal nerve activity (RNA), and phrenic nerve activity (PNA). Each point represents the mean 
value and the vertical bars show s.e.mean. Changes caused by quipazine (*) pretreated with V1 
antagonist and saline compared with quipazine pretreated with saline by using two-way analysis 
of variance followed by the least significant difference test to compare the means. * P<0.05 and 
** P<0.01.
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Figure 36. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 nmol kg'1, i.c.v.) pretreated with a vasopressin \A receptor antagonist d(CH2)5 
Tyr(Me) AVP (10 ng kg'1, i.v.) and 10% PEG (5 [i\, i.c.v., n=5) and Atrop / \A control (n=4) in 
mean arterial blood pressure (MAP), heart rate (HR), renal nerve activity (RNA), and phrenic 
nerve activity (PNA). Each point represents the mean value and the vertical bars show 
s.e.mean. Changes caused by quipazine (*) pretreated with \A antagonist and 10% PEG 
compared with Atrop / \A control by using two-way analysis of variance followed by the least 
significant difference test to compare the means * P<0.05 and ** P<0.01.
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Figure 37. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg'1, i.c.v.) pretreated with a vasopressin V, receptor antagonist d(CH2)s 
Tyr(Me) AVP (30 pg kg'1, i.v.) and 10% PEG (5 pi, i.c.v., n=6) and Atrop / V, control (n=4) in 
mean arterial blood pressure (MAP), heart rate (HR), renal nerve activity (RNA), and phrenic 
nerve activity (PNA). Each point represents the mean value and the vertical bars show 
s.e.mean. Changes caused by quipazine (*) pretreated with \A antagonist and 10% PEG 
compared with Atrop / V, control and quipazine (#) pretreated with \A antagonist (30 pg k g 1)and 
10% PEG compared with quipazine pretreated with \A antagonist (10 pg kg'1) and 10% PEG 
compared with by using two-way analysis of variance followed by the least significant difference 
test to compare the means. * P<0.05 and ** P<0.01.
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rate and phrenic burst rate before quipazine injection were 104 + 4 mmHg, 360 

±12  beats min'1, 42 + 3 bursts min'1, respectively.

In the presence of a lower dose (10 pg kg'1) of the Vi receptor antagonist and 

10% PEG (5 pi, i.c.v., n=5), quipazine still caused a similar rise in MAP (14 ± 5 

mmHg ) and heart rate (38 ± 7 beats min'1) when compared to AtropA/i control 

which were maintained over the course of the experiment (see page 8 and 

Figures 14 & 36). However, rather than a renal sympathoinhibition, this was 

now associated with an immediate, but transient renal sympathoexcitation (61 ± 

6%) returning back to baseline after 3 min when compared to AtropA/i control. 

This was followed by a maintained sympathoinhibition o f-29  + 12% by the 4 

min time point reaching a maximum o f-67  + 10% by 15 min. Quipazine in the 

presence of the low dose of the Vi antagonist had no effect on phrenic nerve 

activity when compared to Atrop^ control. The baseline values for MAP, heart 

rate and phrenic nerve burst rate before quipazine administration were 104 ± 4 

mmHg, 360 + 12 beats min'1 and 42 ± 3 bursts min'1.

In the presence of the high dose (30 pg kg'1) of the Vi antagonist (n=6) the rise 

in MAP evoked by quipazine was now significantly potentiated (34 ± 5 c.f. 14 +

4 mmHg) when compared with the AtropA/i control and low Vi receptor 

antagonist pretreated rats at the 1 and 2 min time points (Figure 37) returning to 

baseline after 10 min. Again the rise in pressure in the presence of the higher 

dose of Vi receptor antagonist was associated with an immediate and 

significant renal sympathoexcitation rather than an inhibition when compared
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with Atrop/Vi control, reaching a maximum of 58 ± 24% at 3 min and declining 

to baseline by 5 min. Again the quipazine evoked tachycardia was unaffected 

by pretreatment with the high dose of d(CH2)5Tyr(Me)AVP, while phrenic nerve 

activity was also not significantly effected (see Figure 37). Representative 

traces from one of these experiments are shown in Figure 38. The baseline 

values for MAP, heart rate and phrenic nerve burst rate before quipazine are 

110 + 4 mmHg, 355 + 10 beats min'1 and 45 ± 3 bursts min'1 respectively.

Effect of administration of the Vi receptor antagonist (i.v.) on the peak 

pressor response evoked by i.c.v. quipazine.

Injection i.v. of d(CH2)5Tyr(Me)AVP (30 pg kg'1, n=6) 3 min after the 

administration of quipazine i.c.v. caused an immediate fall in MAP to baseline 

values, and the inhibition of renal nerve activity was reversed reaching a 

maximum of 22 + 18% at 10 min (see Figure 39). However this increase was 

not significant when compared with PEG control. The quipazine induced 

tachycardia was unaffected by the administration of the Vi receptor antagonist, 

while the significant fall in phrenic nerve activity at 5 min was inhibited. Indeed 

phrenic nerve activity remained significantly increased for the remainder of the 

experiment, although this was still not significantly different from PEG control. 

Figure 40 shows some typical traces from one of these experiments. Baseline 

values for MAP, heart rate and phrenic nerve burst rate before quipazine 

injection were 110 + 4 mmHg, 345 ± 8 beats min'1 and 45 ± 4 bursts min'1.
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Figure 39. Anaesthetized artificially ventilated and neuromuscular blocked pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg'1, i.c.v.) pretreated with PEG (5 pi, i.c.v., n=8) or pretreated with PEG (5 pi, 
i.c.v., n=6) in which a receptor antagonist (30 pg kg'1, i.v.) has been administered ( t)  at the 3 
min time point in mean arterial blood pressure (MAP), heart rate (HR), renal nerve activity 
(RNA), and phrenic nerve activity (PNA). Each point represents the mean value and the vertical 
bars show s.e.mean. Changes caused by quipazine (*) pretreated with PEG or PEG (V! 
antagonist) compared with PEG control and changes caused by quipazine (#) pretreated with 
PEG ( Vt antagonist) compared to quipazine pretreated with PEG by using two way analysis of 
variance followed by the least significant difference test to compare the means. *, # P<0.05 and 
** ##P<0.01.
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Figure 40. Traces showing the effect on the quipazine evoked pressor response on 

arterial blood pressure (BP), heart rate, integrated renal nerve activity (Int. RNA) and 

integrated phrenic nerve activity (Int. PNA) in an anaesthetized neuromuscular blocked 

artificially ventilated rat pretreated with 10% PEG i.c.v. and BW 501C67 i.v. when 

d(CH2)5 Tyr(Me) AVP (30 jig kg'1,) was administered (I) i.v. at the peak pressor rise.
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Figure 41. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg'1, i.c.v.) pretreated with the vasopressin My receptor antagonist d(CH2)5 
Tyr(Me) AVP (30 pg kg'1, i.v.) and SB 204741 (300 nmol kg'1, i.c.v., n=5) and quipazine (2 pmol 
kg'1, i.c.v.) pretreated with SB 204741 (300 nmol kg'1, i.c.v., n=6) in mean arterial blood 
pressure (MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity (PNA). 
Each point represents the mean value and the vertical bars show s.e.mean. Changes caused 
by quipazine (*) pretreated with My antagonist and SB 204741 compared with quipazine (*) 
pretreated with SB 204741 by two-way analysis of variance followed by the least significant 
difference test to compare the means *, P<0.05 and **, P<0.01.



Chapter 3 192

400>

20-

0
-10

d(CH2)5 Tyr(Me) AVP, i.v. (— ♦ —  only)

120-i

80-

40-

0

-40-1
SB204741 & Quipazine

♦ — SB204741 & Quipazine & V1 antagonist

m ##
100-1

50-

0-

-100J

100-,

50-

0

-50-

-100 J r

o
- r

5 'io '
—i20

Time (min)

Figure 42. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: comparison of the changes (A) from baseline over time (min) caused by quipazine 
(2 nmol kg'1, i.c.v.) pretreated with SB 204741 (300 nmol kg'1, i.c.v., n=6) or pretreated with SB 
204741 (300 nmol kg'1, i.c.v.) in which a V1 receptor antagonist (30 pg kg'1, i.v., n=5) has been 
administered (T) at the 3 min time point, in mean arterial blood pressure (MAP), heart rate (HR), 
renal nerve activty (RNA), and phrenic nerve activity (PNA). Each point represents the mean 
value and the vertical bars show s.e.mean. Changes caused by quipazine (*) pretreated with 
SB or SB (\A antagonist) compared to PEG control and changes caused by quipazine (#) 
pretreated with SB (\A antagonist) compared to quipazine pretreated with SB by using two-way 
analysis of variance followed by the least significant difference test to compare the means. *, # 
P<0.05 and **, ## P<0.01
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Effect of the Vi receptor antagonist (i.v.) on the response to quipazine 

i.c.v. in SB204741 (i.c.v.) pretreated rats.

Pretreatment i.v. with the high dose (30 pg kg'1, n=5) of the Vi receptor 

antagonist d(CH2)5Tyr(Me)AVP had little effect on the response evoked by 

quipazine (2 pmol kg'1, i.c.v.) in the presence of SB204741(300 nmol kg'1, i.c.v.) 

except for a slight delay in the decline of the pressor response which now 

returned to baseline by 15 min instead of 5 min (Figure 41), as well as blocking 

the increase in phrenic nerve activity at the 2 min time point.

Effect of administration of the Vi receptor antagonist (i.v.) on the peak 

pressor response evoked by i.c.v. quipazine in SB204741 (i.c.v.) pretreated 

rats.

Administration of d(CH2)sTyr(Me)AVP (30 pg kg'1, n=5) at 3 min after quipazine 

injection i.c.v. in SB 204741 pretreated rats again caused an immediate fall in 

MAP to baseline. This was also associated with a paralleled potentiation of the 

renal sympathoexcitation which increased to 87 ± 16% by 5 min and was 

maintained over the rest of the experiment (Figure 42). Neither the tachycardia 

or phrenic nerve activity were affected by the administration of 

d(CH2)5Tyr(Me)AVP. The baseline values for MAP, heart rate and phrenic 

nerve burst rate for these experimental groups before quipazine injection were 

122 ± 5 mmHg, 334 ± 15 beats min'1 and 38 ± 5 bursts min"1 and 109 ± 3 

mmHg, 340 ± 18 beats min'1 and 43 + 3 burst min'1, respectively.
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Effect of i.c.v. administration of quipazine on baseline variables in 

losartan pretreated rats.

Losartan i.c.v. (1 and 4 pg kg'1, n=5 and 10 pg kg'1, n=4), an ATi receptor 

antagonist, failed to have any maintained effect on baseline values when 

compared with PEG control.

Pretreatment with losartan (1 pg kg'1’, i.c.v., n=5) significantly attenuated the 

quipazine (2 pmol kg'1, i.c.v.) evoked pressor response and reversed the renal 

sympathoinhibition to a significant sympathoexcitation (33 ±11 %) when 

compared with PEG control which reached a maximum increase of 43 ± 12% 

after 4 min. However, this renal sympathoexcitation was short in duration 

returning towards baseline values after 3 min (see Figure 43). Pretreatment 

with losartan (1 pg kg"1) also blocked the decrease in phrenic nerve activity 

evoked by quipazine at both the 5 and 20 min time points. The baseline values 

for MAP, heart rate and phrenic nerve burst rate before quipazine injection were 

105 ± 6 mmHg, 339 ± 15 beats min'1 and 48 + 2 bursts min'1 respectively.

Pretreatment with a higher dose of losartan (4 pg kg'1, i.c.v., n=5) caused a 

similar attenuation of the quipazine evoked pressor response and a renal 

sympathoexcitation rather than an inhibition. However the resulting 

sympathoexcitation was significantly potentiated in comparison to the quipazine 

evoked excitation in rats pretreated with 1 pg kg'1 losartan (66 ± 22% c.f. 43 ± 

12%). Further the excitation evoked in the presence of this higher dose of
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Figure 43. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A ) from baseline over time (min) caused by 
quipazine (2 pmol kg 1, i.c.v.) pretreated with losartan (1 p.g kg'1, i.c.v., n=5) and quipazine (2 
(imol kg'1, i.c.v.) pretreated with 10% PEG (5 gl, i.c.v., n=8) in mean arterial blood pressure 
(MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity (PNA). Each point 
represents the mean value and the vertical bars show s.e.mean. Changes caused by quipazine 
(*) pretreated with losartan or PEG compared with PEG control and quipazine (#) pretreated 
with losartan compared with quipazine pretreated with PEG by using two-way analysis of 
variance followed by the least significant difference test to compare the means. *, # P<0.05 and 
**, ## P<0.01.
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Figure 44. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 (imol kg'1, i.c.v.) pretreated with losartan (4 (.ig kg'1, i.c.v., n=5) and quipazine (2 
lamol kg'1, i.c.v.) pretreated with 10% PEG (5 pi, i.c.v., n=8) in mean arterial blood pressure 
(MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity (PNA). Each point 
represents the mean value and the vertical bars show s.e.mean. Changes caused by quipazine 
(*) pretreated with losartan or PEG compared with PEG control and quipazine (#) pretreated 
with losartan compared with quipazine pretreated with PEG by using two-way analysis of 
variance followed by the least significant difference test to compare the means. *, # P<0.05 and 
**, ## P<0.01.
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Figure 46. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg'1, i.c.v.) pretreated with losartan (10 ng kg'1, i.c.v., n=5) and quipazine (2 
pmol kg'1, i.c.v.) pretreated with 10% PEG (5 pi, i.c.v., n=8) in mean arterial blood pressure 
(MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity (PNA). Each point 
represents the mean value and the vertical bars show s.e.mean. Changes caused by quipazine 
(*) pretreated with losartan or PEG compared with PEG control and quipazine (#) pretreated 
with losartan compared with quipazine pretreated with PEG by using two-way analysis of 
variance followed by the least significant difference test to compare the means. *, # P<0.05 and 
**, ## P<0.01.
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losartan was now maintained over the duration of the experiment. Injection of 

quipazine in the presence of 4 pg kg'1 losartan still evoked a similar tachycardia 

to that induced by quipazine in the presence of 10% PEG (36 + 10 beats min'1 

c.f. 40 ± 8 beats min"1). While again the quipazine evoked fall in phrenic nerve 

activity at the 5 and 20 min time point was attenuated (Figure 44). Figure 45 

shows characteristic traces from one of these experiments. The baseline 

values for MAP, heart rate and phrenic nerve burst rate before the 

administration of quipazine were 102 ± 4 mmHg, 332 ± 11 beats min'1 and 47 ± 

4 bursts min"1.

Rats pretreated with 10 pg kg'1 losartan (i.c.v., n=4) also attenuated the rise in 

MAP evoked by quipazine when compared to PEG control, except at the 2 min 

time point where there was a small rise in MAP (8 ± 2 mmHg). At the same 

time the change in MAP was not significantly different from the pressor 

response evoked by quipazine in the presence of 10% PEG over the 1 and 2 

min time points. Moreover, quipazine again caused a renal sympathoexcitation 

reaching a maximum increase after 2 min of 45 ± 17%. However the renal 

nerve activity returned to baseline level by 10 min (see Figure 46). Interestingly 

this was now associated with a delayed (4 min) increase in phrenic nerve 

activity (45 + 25%) which was maintained over the rest of the experiment. 

Administration of quipazine still induced a maintained tachycardia. The 

baseline values for MAP, heart rate and phrenic nerve burst rate before the 

injection of quipazine were 105 + 6 mmHg, 348 ± 31 beats min'1 and 48 + 5 

bursts min'1, respectively.
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Effect of i.c.v. administration of quipazine in the PD123 319 (i.c.v.) 

pretreated rats.

PD123 319, i.c.v. (1 pg kg'1, n=5 and 4 pg kg"1, n=4), an AT2 receptor 

antagonist failed to have any maintained effect on the baseline variables being 

recorded.

In the presence of PD123 319 (1 pg kg'1, i.c.v., n=5) the rise in MAP evoked by 

quipazine was significantly potentiated (36 ± 4 mmHg c.f. 16 + 5 mmHg) over 

the first 10 min, but returned to baseline level by 15 min. Again the quipazine 

evoked renal sympathoinhibition was reversed to a sympathoexcitation which 

paralleled the rise in MAP reaching a maximum of 128 ± 16% after 3 min, and 

returning to baseline by 15 min as with MAP. This sympathoexcitation was 

significantly greater than that observed for quipazine in all doses of losartan. 

Further, in the presence of PD123 319, quipazine now induced a delayed (10 

min) but significant increase (50 ± 25%) in phrenic nerve activity (Figure 47). 

The quipazine evoked tachycardia however, was unaffected by pretreatment 

with 1 pg kg'1 PD123 319. The baseline values for MAP, heart rate and phrenic 

nerve burst rate before quipazine were 108 + 3 mmHg, 342 ± 9 beats min'1 and 

5 1+1  bursts min'1.

In contrast the higher dose of PD123 319 (4 pg kg'1, i.c.v., n=5) had no 

significant effect on the pressor response or tachycardia evoked by quipazine. 

Nonetheless, in the presence of the higher dose of PD123 319 quipazine, again
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Figure 47. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg'1, i.c.v.) pretreated with PD123 319 (1 pg kg'1, i.c.v., n=5) and quipazine (2 
pmol kg'1, i.c.v.) pretreated with 10% PEG (5 pi, i.c.v., n=8) in mean arterial blood pressure 
(MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity (PNA). Each point 
represents the mean value and the vertical bars show s.e.mean. Changes caused by quipazine 
(*) pretreated with PD123 319 or PEG compared with PEG control and quipazine (#) pretreated 
with PD123 319 compared with quipazine pretreated with PEG by using two-way analysis of 
variance followed by the least significant difference test to compare the means. *, # P<0.05 and 
**, ## PO.01.
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Figure 48. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg'1, i.c.v.) pretreated with PD123 319 (4 pg kg'1, i.c.v., n=4) and quipazine (2 
pmol kg'1, i.c.v.) pretreated with 10% PEG (5 pi, i.c.v., n=8) in mean arterial blood pressure 
(MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity (PNA). Each point 
represents the mean value and the vertical bars show s.e.mean. Changes caused by quipazine 
(*) pretreated with PD123 319 or PEG compared with PEG control and quipazine (#) pretreated 
with PD123 319 compared with quipazine pretreated with PEG by using two-way analysis of 
variance followed by the least significant difference test to compare the means. *, # P<0.05 and 
**, ## PO.01.
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Figure 49. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
quipazine (2 pmol kg'1, i.c.v.) pretreated with PD123 319 and losartan (4 pg kg'1, i.c.v., n=5) and 
quipazine (2 pmol kg'1, i.c.v.) pretreated with 10% PEG (5 pi, i.c.v., n=8) in mean arterial blood 
pressure (MAP), heart rate (HR), renal nerve activity (RNA), and phrenic nerve activity (PNA). 
Each point represents the mean value and the vertical bars show s.e.mean. Changes caused 
by quipazine (*) pretreated with PD123 319 and losartan or PEG compared with PEG control 
and quipazine (#) pretreated with PD123 319 and losartan compared with quipazine pretreated 
with PEG by using two-way analysis of variance followed by the least significant difference test 
to compare the means. *, # P<0.05 and **, ## P<0.01.
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Figure 50. Anaesthetized artificially ventilated and neuromuscular blocked rats pretreated with 
BW501C67: a comparison of the changes (A) from baseline over time (min) caused by 
angiotensin li (300 nmol kg'1, i.c.v.) pretreated with 10% PEG (5 ul, i.c.v., n=5), and PEG control 
(i.c.v., n=10) in mean arterial blood pressure (MAP), heart rate (HR), renal nerve activity (RNA), 
and phrenic nerve activity (PNA). Each point represents the mean value and the vertical bars 
show s.e. mean. Changes caused by angiotensin (*) pretreated with PEG compared with PEG 
control by using two-way analysis of variance followed by the least significant difference test to 
compare the means. * P<0.05 and ** P<0.01.
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evoked an immediate renal sympathoexcitation, rather than an inhibition, 

reaching a maximum increase of 65 ± 32% at 2 min and declining to baseline by 

10 min. This increase was significantly smaller than that observed for quipazine 

in the presence of the low dose of PD123 319. Furthermore pretreatment with 

this high dose of PD123 319 also caused a maintained increase in phrenic 

nerve activity (40 + 14%) after 3 min (Figure 48). The baseline values for MAP, 

heart rate and phrenic nerve burst rate before quipazine injection were 109 + 3 

mmHg, 325 ±12 beats min'1 and 50 ± 1 bursts min'1 respectively.

Effect of i.c.v. administration of quipazine in losartan and PD123 319 

pretreated rats.

Pretreatment with losartan and PD123 319 (4 jig kg'1, i.c.v., n=5) failed to have 

any effects on the baseline variables being recorded.

In the presence of both losartan and PD123 319, injection of quipazine (2 ptg kg' 

1, i.c.v., n=5) evoked a delayed (3 min) rise in MAP of 16 ± 10 mmHg. This 

pressor response was maintained until the 10 min time point, reaching a 

maximum rise of 18 ± 10 mmHg after 5 min and was paralleled with a transient 

(2 min) renal sympathoexcitation of 39 ± 15%. Furthermore, this was also 

associated with a sustained increase of 23 ± 14% in phrenic nerve activity after 

3 min, reaching a maximum increase of 44 ± 9% by 10 min (see Figure 49). 

Again the quipazine evoked tachycardia was unaffected. The baseline values
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for MAP, heart rate and phrenic burst rate were 114 + 2 mmHg, 346 ± 8 beats 

min'1 and 47 + 4 bursts min'1 respectively.

Effect of i.c.v. administration of angiotensin II on baseline variables

Administration of angiotensin II (300 ng kg'1, i.c.v.) in rats pretreated with 10% 

PEG (5 jj.l, i.c.v., n=5) caused a significant (P < 0.05) but transient (2 min to 4 

min) rise in MAP of 9 ± 2 mmHg, compared to PEG control (Figure 50). 

However, angiotensin II had no significant effect on any of the other recorded 

variables, although there was a very delayed, at the 15 and 20 min time, 

significant increase in renal nerve activity of 36 ±11% and 42 ± 12% 

respectively. The baseline values for MAP, heart rate and phrenic nerve burst 

rate before angiotensin II were 110 ± 5 mmHg, 332 ± 28 beats min'1 and 45 ± 4 

bursts min'1 respectively.

3.3.3. Discussion

Role of vasopressin in the quipazine evoked response

Activation of central 5 -HT2 receptors have previously been shown to cause the 

release of vasopressin (Anderson et al., 1992; Pergola et al., 1993) and the 

present data suggests that this is predominantly mediated by the activation of 

the central 5 -HT2A receptor subtype (see above). In the present series of
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experiments animals were pretreated i.v. with a dose of a Vi vasopressin 

receptor antagonist dfChhh Tyr (Me) AVP which has previously been used to 

block Vi vasopressin receptors (Anderson eta !., 1992). In respect of this, 

pretreatment i.v. with this dose of the Vi vasopressin receptor antagonist and 

subsequently in experiments with the antagonist at a dose 3x higher, failed to 

block the pressor response evoked by quipazine. However, in the presence of 

the high dose of the Vi vasopressin receptor antagonist, the pressor response 

evoked by quipazine was potentiated in PEG pretreated animals. This 

observation could suggest that quipazine injected i.c.v. does not cause the 

release of vasopressin and consequently the pressor response is mediated by 

an alternative mechanism such as central sympathoexcitation. Indeed, the fall 

in arterial blood pressure that is observed following the administration of the Vi 

receptor antagonist at the time of the peak rise in arterial blood pressure evoked 

by quipazine, in combination with the fact that the vasopressin Vi receptor 

antagonist had no effect on baseline arterial blood pressure when given i.v. 

alone, demonstrates that quipazine in the present study does cause the release 

of vasopressin. Nonetheless it is still evident from these experiments that the 

ability of the Vi receptor antagonist to potentiate the rise in arterial blood 

pressure and to reverse the renal sympathoinhibition to an excitation, 

demonstrates that the quipazine induced vasopressin release is inhibiting the 

expected 5-HT2A receptor mediated sympathoexcitation. In this regard the 

released vasopressin could indirectly activate the baroreceptor reflex and I or 

directly modifying the function of brain areas involved in cardiovascular 

regulation. Indeed circulating vasopressin is known to sensitise baroreceptors 

to arterial blood pressure changes and consequently can evoke a greater
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sympathoinhibition to small changes in blood pressure (see Hasser etal., 1997), 

alternatively central vasopressin fibres provide innervation to many areas 

involved in cardiovascular regulation, (see Bereck etal., 1993). In this respect, it 

is interesting that the tachycardia was not potentiated, since if a baroreceptor 

reflex were masking the 5-HT2A receptor-mediated sympathoexcitation, 

potentiation of the tachycardia would have been expected. It is also interesting 

that quipazine produces a very similar effect on the variables being recorded in 

the presence of the 5-HT2b receptor antagonist SB 204741 as in the presence of 

the Vi receptor antagonist. These observations can be interpreted to indicate 

that 5-HT2b receptor as well as 5-HT2A receptor activation is required to produce 

the release of vasopressin in response to i.c.v. administered quipazine. Another 

possible explanation is that when vasopressin acts on brain areas involved in 

sympathetic regulation, to prevent the 5-HT2A receptor mediated 

sympathoexcitation, this involves the activation of 5-HT2B receptors indirectly. 

However, the administration of the Vi receptor antagonist given i.v. at the peak 

of the quipazine induced pressor response in the presence of SB 204741 

caused an immediate fall in arterial blood pressure. This demonstrates that SB 

204741 does not interfere with the quipazine evoked release of vasopressin. 

Therefore this supports the view that rather than 5-HT2B receptors being 

involved in the i.c.v. quipazine evoked release of vasopressin, they are involved 

in the ability of the released vasopressin to modify the brain areas involved in 

central cardiovascular regulation. Interestingly when the Vi receptor antagonist 

is given i.v. at the peak of the quipazine induced pressor response, in both 

groups there was an increase in renal nerve activity, although this was 

associated with no change in heart rate and arterial blood pressure only slightly
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increased above its original baseline value. This suggests that vasopressin is at 

least tonically inhibiting renal sympathetic outflow. Furthermore, if the renal 

sympathoexcitation were due to baroreceptor activation evoked by the fall in 

arterial blood pressure then it would indicate that the baroreceptors have been 

reset upwards. If so it would be expected that this fall in arterial blood pressure 

would also cause an increase in heart rate, which did not occur. Therefore the 

observations in the present experiments favour the view that the vasopressin 

release, caused by activation of 5-HT2A receptors, is interfering with 

sympathoexcitation, also mediated by 5 -HT2A receptors, to the kidney and 

possibly to resistance vessels. This would be consistent with the observation 

that, in rats pretreated with the Vi receptor antagonist, the quipazine-induced 

pressor response was potentiated and the renal sympathoinhibition reversed to 

excitation. Interestingly, again the tachycardia was unaffected. However, it is 

somewhat surprising that when the Vi receptor antagonist is given at the peak of 

the quipazine-induced pressor response that the fall in blood pressure is not 

transient. Indeed if central sympathoexcitation was switched back on in a 

similar manner as seen with renal sympathetic outflow, it would be expected that 

arterial blood pressure would begin to rise again to a similar level to that before 

the administration of Vi receptor antagonist. This infers that the central control 

of renal sympathetic outflow to released vasopressin is different when compared 

to other sympathetic outflows and this difference can possibly be accounted for 

by the involvement of central 5 -HT2B receptors. In this respect the experiments 

in the previous section demonstrate that central 5-HT2B receptors may have a 

direct involvement in regulating renal sympathetic outflow as administration i.c.v. 

of the 5-HT2b receptor agonist BW 723C86 evoked a renal sympathoexcitation,
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but with no change in heart rate (see above). In combination these data 

therefore suggest that central 5-HT2b receptor activation has a direct regulatory 

role on renal sympathetic nerve activity, where activation of the receptor evokes 

an increase in renal sympathetic outflow.

Involvement of angiotensin in the quipazine evoked release of vasopressin

In the present study pretreatment i.c.v. with the selective (200x) angiotensin II 

ATi receptor antagonist, losartan (4 pg kg'1) at a dose previously used to block 

the pressor response mediated by 5-HT (Saydorff et al., 1996; see Dudley et 

al., 1990; see Hunyardy etal., 1996), blocked the quipazine evoked pressor 

response. However, this was now associated with a renal sympathoexcitation 

rather than an inhibition, although there was no effect on the quipazine evoked 

tachycardia. Furthermore, in the presence of increasing doses of losartan the 

renal sympathoexcitation evoked by quipazine was potentiated. These 

observations suggest that ATi receptor activation is inhibiting the expected 

5-HT2A receptor mediated sympathoexcitation. In this regard it is suggested 

that vasopressin release evoked by activating ATi receptors could be acting 

directly to inhibit the expected sympathoexcitation (see above). In respect of 

this if central sympathetic outflow was increased in a similar manner as seen 

with renal sympathetic outflow, it would be expected that an increase in arterial 

blood pressure would be observed. However, as arterial blood pressure was 

not increased by the administration of quipazine, it is indicated that sympathetc 

nerve activity at least to resistance vessels was unaffected. It is therefore
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surprising that quipazine in the presence of the higher dose of losartan evokes 

an initial increase in blood pressure. This therefore suggests that at this higher 

dose of losartan the release of vasopressin evoked by quipazine is now 

sufficiently inhibited, so that the evoked renal sympathoexcitation, changes 

kidney function and I or causes an increase in sympathetic outflow to resistance 

vessels resulting in an increase in arterial blood pressure. In combination these 

observations illustrate further that the sensitivity of central mechanisms 

controlling renal sympathetic outflow to released vasopressin, are different 

when compared to other sympathetic outflows (see above). However, this is 

not to say that ATi receptors are also not directly involved in inhibiting central 

sympathetic outflow. In summary these observations in combination with those 

of the previous sections, demonstrate that the quipazine evoked release of 

vasopressin and increase in blood pressure, are mediated by the activation of 

central 5-HT2a receptors and involves an angiotensinergic pathway involving the 

activation of central ATi receptors (see above). Furthermore, the observed 

renal sympathoexcitation that is evoked by quipazine in the presence of 

losartan provides further evidence to suggest that the release of vasopressin 

has an inhibitory effect on renal sympathoexcitation which is also principally 

mediated by the activation of central 5-HT2A receptors.

In contrast pretreatment with the angiotensin IIAT2 receptor antagonist PD 

123,319 which has a reported 500x selectivity for the AT2 receptor over the ATi 

receptor (see Dudley etal., 1990; Hunyardy etal., 1996), did not attenuate the 

quipazine evoked rise in arterial blood pressure. Indeed at the lower dose of 

PD 123,319 the quipazine evoked pressor response was potentiated.
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Furthermore, quipazine now evoked a large increase in renal sympathetic 

outflow which suggests that the potentiated pressor response is a reflection of 

the evoked renal sympathoexcitation, although it is unclear from the current 

observations as to whether the release of vasopressin also contributes to the 

evoked increase in blood pressure. In respect of this it has previously been 

shown that PD123.319 blockade of angiotensin AT2 receptors has no effect on 

the angiotensin evoked release of circulating vasopressin (Toney & Porter, 

1992). Therefore it is inferred that quipazine may still evoke the release of 

vasopressin in the presence of PD 123,319 and that the observed pressor 

response involves the release of vasopressin and/or the evoked increase in 

renal sympathetic outflow. Furthermore, if central sympathetic outflow is also 

switched back in by blockade of central AT2 receptors, as is observed with renal 

sympathetic outflow, then it could be expected that the evoked pressor 

response may also involve an increase in sympathetic outflow to resistance 

vessels, although this remains to be determined. It is also unclear whether the 

expected quipazine evoked renal sympathoexcitation is inhibited directly 

through the activation of AT2 receptors and / or indirectly through the release of 

vasopressin which activates AT2 receptors to cause an inhibition of renal 

sympathetic outflow. In regard to these mechanisms controlling central 

sympathetic outflow, it is interesting to note that quipazine in the presence of 

the higher dose of PD123,319 and a comparable sized dose of losartan still 

evoked an increase in arterial blood pressure which was associated with a renal 

sympathoexcitation. From these observations it can be inferred that 

vasopressin release is inhibited by ATi receptor blockade (see above) and 

combined with the fact that the tachycardia was unaffected, suggests that the
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rise in blood pressure is evoked by the increase in renal sympathetic outflow.

As the quipazine evoked renal sympathoexcitation mediated during ATi 

receptor blockade, with the same dose of losartan alone, had no effect on 

arterial blood pressure, it can be inferred that the pressor response observed 

during combined pretreatment is mediated by the increase in renal sympathetic 

outflow evoked by blocking AT2 receptors. Furthermore, if central sympathetic 

outflow is also increased in a similar manner then an increase in sympathetic 

outflow to resistance vessels may also contribute to the pressor response 

observed, although this is unclear from the present experiments. From this 

series of experiments it has therefore been demonstrated that angiotensin AT2 

receptors also have an inhibitory role on the quipazine evoked renal 

sympathoexcitation mediated by central 5-HT^ receptors, although whether this 

is specific to renal sympathetic outflow remains to be determined.

It is interesting to note that the quipazine evoked tachycardia remains 

unaffected by pretreatment with losartan and / or PD123,319. Combined with 

the data from the initial series of experiments (see 3.1.) this illustrates further 

that the activation of central 5-HT2a receptors evoke an increase in cardiac 

sympathetic outflow, and involves a mechanism which is not influenced by 

angiotensin ATi or AT2 receptor activation. Interestingly in respect of this it 

would be expected that the tachycardia evoked by quipazine in the presence of 

losartan, would evoke an increase in arterial blood pressure.

In the presence of an angiotensin ATi receptor antagonist quipazine has no 

effect on phrenic nerve activity which was recorded during the present study to
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provide a measure of central respiratory drive. Although at the higher dose of 

losartan, the quipazine evoked decrease in phrenic nerve activity was reversed 

to an increase. This could be inferred that the release of vasopressin inhibits 

the quipazine evoked increase in central respiratory drive. However at the 

higher dose of losartan, a reflex decrease in phrenic nerve activity would have 

been expected in response to the increase in blood pressure (see 3.1.3.). In 

addition pretreatment with PD123 319 also reversed the quipazine evoked 

decrease in phrenic nerve activity to an increase. This therefore suggests that 

activation of either ATi or AT2 receptors inhibits the quipazine evoked increase 

in central respiratory drive which is also mediated predominantly by the 

activation of central 5-HT^ receptors. Whether this is a direct effect or indirect 

through the release of vasopressin is unclear. During the initial experiments 

performed with quipazine it was demonstrated that vasopressin release was 

inhibiting sympathetic nerve activity via the activation of forebrain 5-HT2b 

receptors and there is a certain amount of evidence to support a similar 

mechanism effecting central respiratory drive: 1) Quipazine in the presence of 

losartan which prevents the release of vasopressin, evokes an increase in 

phrenic nerve activity. 2) Quipazine during the blockade of Vi vasopressin 

receptors tends to cause an increase in phrenic nerve activity. 3) Quipazine 

during blockade of 5-HT2b receptors also causes an increase in phrenic nerve 

activity. In combination these data suggest that released vasopressin may be 

activating 5-HT2B receptors to inhibit the expected quipazine evoked increase in 

phrenic nerve activity, mediated by forebrain 5-HT^ receptors (see 3.1.3.).



Effect of Angiotensin II

In the present study angiotensin II administered i.c.v. evokes an increase in 

blood pressure but with no change in renal nerve activity or heart rate inferring 

that the evoked pressor response is mediated by vasopressin release rather 

than an increase in central sympathetic outflow. This would be consistent with 

observations from previous studies (Toney & Porter, 1992; Saydorff et al.,

1996), although lower doses of angiotensin II administered during these studies 

caused a greater increase in blood pressure and a tachycardia than observed 

during the present study. However, these observations can be attributed to the 

differences between the preparations, conscious rats as apposed to the present 

study of anaesthetized and neuromuscular blocked rats. Nonetheless the 

present study still suggests that the pressor response is evoked by the release 

of vasopressin, although that is not to say that an increase in central 

sympathetic outflow may not contribute to the evoked pressor response, 

although with an increase in central sympathetic outflow an increase in renal 

nerve activity or heart rate may well have been expected.

Site of Action

Due to the rapid onset of the response evoked by injection i.c.v. of quipazine it 

has been proposed that the response is mediated in an area/s around the 

lateral or 3rd ventricle (see 3.1.3.). In the present study it has been 

demonstrated that the quipazine evoked pressor response which is mediated 

predominantly by the activation of central 5-HT2A receptors involves the release 

of vasopressin (see above), and involves the activation of an angiotensinergic
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pathway of which ATi receptors are involved in the regulation. In this respect 

activation of angiotensin receptors located in the subfornical organ evoke the 

release of vasopressin (lovino & Steardo, 1984). This corrolates with the 

anatomical distribution of angiotensin receptors in the brain. Indeed in the area 

of the hypothalamus both angiotensin ATi and AT2 receptors have been located 

in the paraventricular nucleus (PVN) and supraoptic nucleus, as well as being 

distributed in the subfornical organ. Moreover this also corrolates well with the 

distribution of the 5-HT2 receptor subtypes which are also located in these 

areas (see 3.1.3.). In regard to the observations made during the present study 

and the supporting evidence described above, it is suggested that the activation 

of 5-HT2 receptors either in the subfornical organ and/or the paraventricular 

nucleus (PVN), both of which are brain areas implicated in the release of 

vasopressin, stimulate angiotensin interneurones which have a direct effect on 

vasopressin containing neurones resulting in the release of vasopressin into the 

circulation. Furthermore the data in the present study suggests that stimulation 

of angiotensin interneurones evoke the release of vasopressin by activating ATi 

receptors.

It is also apparent from the rapid onset of the response evoked by quipazine in 

the presence of PD123 319, that the regulatory role of angiotensin AT2 

receptors is also mediated in forebrain areas in or around the lateral or 3rd 

ventricles. In this regard the anatomical distribution of 5-HT^ receptors in both 

the subfornical organ and the PVN of the hypothalmus and more recently the 

identification of AT2 receptors also in the hypothalamus (see Allen etal., 1998; 

see above), indicates that these areas are the most likely sites involved in the
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inhibitory role of angiotensin AT2 receptors on the 5-HT^ receptor evoked renal 

sympathoexcitation. Moreover the PVN has been shown to be one of the five 

areas of the brain from which renal efferent fibres originate (see 3.1.2.).

In summary the observations of the present study illustrate that the pressor 

response evoked by quipazine involves the release of vasopressin and is 

mediated by a 5-hydroxytyptaminergic - angiotensinergic pathway in the 

forebrain. This pathway predominantly involves the activation of central 5-HT^ 

receptors (see 3.1.3.) and angiotensin ATi receptors presumably located in the 

subfornical organ and I or the paraventricular nucleus. In addition the released 

vasopressin inhibits the expected renal sympathoexcitation which is also 

mediated by 5-HT^ receptor activation. In addition angiotensin AT2 receptors 

also have an inhibitory role on the expected renal sympathoexcitation.
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Chapter 4

4. General Discussion

Role of 5-HT2 Receptors

The present study indicates that administration of the selective 5-HT2 receptor 

agonists quipazine and DOI in the anaesthetized rat, via the lateral ventricles 

causes an increase in blood pressure and heart rate. Pretreatment with a 

peripherally acting 5-HT2 receptor antagonist BW 501C67 (Copp, 1967;

Mawson & Whittington, 1970) failed to attenuate the quipazine evoked increase 

in blood pressure and heart rate, while administration i.c.v. of the selective 

5-HT2 receptor antagonist cinanserin abolished the quipazine evoked 

response, demonstrating that the quipazine evoked response is centrally 

mediated. In addition the quipazine evoked increase in blood pressure was 

associated with a decrease in renal nerve activity, from which it was inferred 

that the quipazine evoked pressor response was mediated by the release of 

vasopressin rather than by an increase in central sympathetic outflow. This is 

consistent with previous studies which have also shown that activation of 

central 5-HT2 receptors evokes the release of vasopressin (Anderson et al 

1992; Pergola et al., 1993). It is therefore interesting that pretreatment with the 

Vi vasopressin receptor antagonist d(CH2)5 Tyr(Me) AVP, did not block the 

quipazine evoked pressor response, although the pressor response was now 

associated with a quipazine evoked renal sympathoexcitation. In addition 

administration of the Vi vasopressin receptor antagonist at the time of the peak
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pressor response evoked by quipazine, caused a fall in arterial blood pressure. 

In combination with the fact that the Vi vasopressin antagonist had no effect on 

arterial blood pressure when given i.v. alone, demonstrated that quipazine in 

the present study was indeed causing the release of vasopressin and was 

predominantly responsible for the increase in arterial blood pressure. 

Furthermore the ability of the Vi receptor antagonist to reverse the renal 

sympathoinhibtion to an excitation, demonstrates that the quipazine evoked 

release of vasopressin also inhibits the expected 5-HT2 receptor mediated 

sympathoexcitation. In this regard the released vasopressin could be acting 

indirectly on baroreceptor activation and / or more directly by vasopressin 

modifying the function of the brain areas involved in cardiovascular regulation 

(see Bereck etal., 1993; Hasseretal., 1997).

Pretreatment with atropine methonitrate potentiated the tachycardia and the 

rise in blood pressure evoked by quipazine, illustrating that the activation of 

central 5-HT2 receptors also has the ability to increase vagal drive to the heart 

as well as increasing sympathetic drive and / or adrenaline release. However 

whether the effect is due to a direct action on cardiac vagal drive and / or due 

to changes in the baroreceptor response to peripheral vasoconstriction which is 

mediated by the release of vasopressin remains to be determined. Although 

the level of renal sympathoinhibition, if it were due to a baroreceptor reflex 

response to peripheral vasoconstriction, it would be expected to be larger as 

the pressor response was potentiated.
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Pretreatment i.c.v. with the selective 5-HT2a receptor antagonists MDL 100,907; 

ketanserin and spiperone all blocked the quipazine and DOI evoked response, 

although in the presence of ketanserin, DOI evoked an increase in renal 

sympathoexcitation. This was attributed to the greater selectivity of DOI for the 

5-HT2B and / or 5-HT2C receptor subtypes in comparison to quipazine (see 

3.1.3.). Subsequently it was shown that administration of BW 723C86 also 

caused a similar response (see later), from which it was suggested that 5-HT2B 

receptors are predominantly involved in mediating the increase in renal 

sympathetic outflow mediated by DOI in the presence of ketanserin.

In contrast quipazine in the presence of the selective 5-HT2B receptor 

antagonist SB 204741 or the selective 5-HT2B/2C receptor antagonist SB 

200646A still evoked a pressor response, although the initial renal 

sympathoinhibtion was blocked by both drugs and in the presence of SB 

204741 the renal sympathoinhibtion was reversed to an immediate renal 

sympathoexcitation. Moreover the response evoked by quipazine in the 

presence of SB 204741 was also similar to that observed in the presence of the 

Vi vasopressin receptor antagonist, from which it can be interpreted to indicate 

that 5-HT2B receptor as well as 5-HT2A receptor activation is required to 

produce the release of vasopressin. Another possible explanation is that when 

vasopressin acts on brain areas involved in sympathetic regulation, to prevent 

the 5-HT2A receptor mediated sympathoexcitation, this involves the activation of 

5-HT2B receptors indirectly. However, the administration of the Vi vasopressin 

receptor antagonist given i.v. at the time of the peak increase in blood pressure 

evoked by quipazine in the presence of SB 204741, caused an immediate fall
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in blood pressure indicating that blockade of 5-HT2b receptors does not 

interfere with the release of vasopressin. Therefore this supports the view that 

central 5-HT2B receptors are involved in the ability of the released vasopressin 

to modify the brain areas involved in central cardiovascular regulation. It was 

also interesting to note that administration of the Vi vasopressin receptor 

antagonist at the peak of the quipazine evoked pressor response, in both 

groups (see 3.3.) caused an increase in renal nerve activity, although without 

changing heart rate and arterial blood pressure was only slightly increased 

above its original baseline value. This suggests that vasopressin js at least 

tonically inhibiting renal sympathetic outflow. Moreover if the renal 

sympathoexcitation was due to a baroreceptor response evoked by the fall in 

arterial blood pressure then it would be expected that there should be a 

corresponding increase in heart rate, which did not occur. Therefore these 

observations favour the view that the vasopressin release, caused by activation 

of 5-HT2A receptors is interfering with renal sympathoexcitation, which is also 

mediated by 5-HT2A receptors and is consistent with the quipazine response 

observed following pretreatment with the Vi receptor antagonist. Furthermore, 

during these experiments if central sympathoexcitation was also switched back 

on in a similar manner as seen with renal sympathetic outflow following 

administration of the Vi receptor antagonist at the peak of the quipazine- 

induced pressor response, then arterial blood pressure would have been 

expected to have risen back to a similar level. However this was not observed 

and suggests that the central control of renal sympathetic outflow to released 

vasopressin is different when compared to other sympathetic outflows and this 

difference can be accounted for by the involvement of central 5-HT2B receptors.
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Injection of the novel 5-HT2B receptor agonist BW 723C86 into the lateral 

ventricles evokes an increase in renal nerve activity but was associated with no 

effect on arterial blood pressure, heart rate or phrenic nerve activity. 

Pretreatment i.c.v. with the selective 5-HT2b receptor antagonist SB 204741 

blocked this BW 723C86 evoked renal sympathoexcitation, while pretreatment 

with either a 5-HT2A receptor antagonist (ketanserin or spiperone) or a 5-HT2C 

receptor antagonist (RS 102221) has no effect. Therefore, these observations 

in combination with the fact that these experiments were performed in the 

presence of a peripherally acting 5-HT2 receptor antagonist infer that BW 

723C86 activates central 5-HT2B receptors to evoke an increase in renal 

sympathetic outflow. This is in contrast to the inhibitory effect of 5-HT2B 

receptor activation following vasopressin release on the 5-HT2A receptor 

mediated renal sympathoexcitation. Therefore, central 5-HT2B receptors have 

both an indirect inhibitory effect on renal sympathetic regulation and a direct 

excitatory effect on renal sympathetic regulation. Moreover these data infer 

that central 5-HT2B receptors may be involved in blood volume regulation.

Administration i.c.v. of the 5-HT2C receptor agonist mCPP evoked a delayed 

increase in blood pressure and heart rate and this was associated with a renal 

sympathoinhibtion. This is consistent with previous studies which have also 

shown mCPP to evoke an increase in blood pressure (Bagdy et al., 1992). In 

this study Bagdy et al. (1992) also demonstrated that the evoked pressor 

responses was associated with the release of vasopressin, and in combination 

with the renal sympathoinhibition during the present suggests that vasopressin
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is also released during the present study. Furthermore, it is also evident that 

mCPP evokes a smaller cardiovascular response in comparison to the 

quipazine and DOI evoked effect which is consistent with previous 

observations (Bagdy et al., 1992). However, this may be the consequence of 

mCPP acting as a partial agonist at the 5-HT2c receptor (Kennett, 1993). 

Alternatively the difference could be due to mCPP acting at a different 5-HT2 

receptor subtype than quipazine or DOI i.e. 5-HT2C receptor compared to 

5-HT2A receptor. In this respect, blockade of central 5-HT2A receptors with 

ketanserin, abolished the quipazine and DOI evoked pressor response, 

suggesting that in the present study the pressor response is mediated by 5- 

HT2A receptor activation rather than 5-HT2B or 5-HT2C receptors. Yet previous 

studies have demonstrated that ketanserin fails to block the mCPP evoked 

release of vasopressin and pressor response (Bagdy et al., 1992), therefore by 

inference and the fact that mCPP has 10x selectivity for the 5-HT2C receptor 

over the 5-HT2A receptor, suggests that the mCPP evoked response is 

mediated by the activation of 5-HT2C receptors which have direct effect on the 

release of vasopressin. These observations along with the effects of quipazine 

and DOI, suggest that both 5-HT2A receptors and 5-HT2C receptors evoke the 

release of vasopressin and the associated increase in blood pressure.

However the role of 5-HT2C receptors in the central control of renal sympathetic 

outflow remains to be fully characterised..

Administration i.c.v. of angiotensin II has been shown to cause the release of 

vasopressin and an increase in blood pressure (Keil et al., 1975; Toney &

Porter, 1992; Saydorff et al., 1996). Furthermore, pretreatment with the ATi



Chapter 4 224

receptor antagonist losartan, has been shown to block the 5-HT evoked 

release of vasopressin (Saydorff et al., 1996). Therefore this gave rise to the 

proposal that the 5-HT evoked release of vasopressin involves an 

angiotensinergic pathway. Therefore experiments were performed in the 

present study to determine whether the 5-HT2 receptor mediated release of 

vasopressin and increase in blood pressure, involves an angiotensinergic 

pathway. In this respect pretreatment with the AT  ̂ receptor antagonist losartan 

blocked the quipazine evoked pressor response and was now associated with 

a renal sympathoexcitation rather than an inhibition. This suggests that 

quipazine indirectly activates ATi receptors to cause the release of 

vasopressin. Morover it also further indicates that the release of vasopressin 

inhibits the quipazine evoked renal sympathoexcitation. However, whether ATi 

receptor activation also has a direct inhibitory effect on renal sympathetic 

outflow is unclear. If central sympathetic outflow was also switched back on in 

a similar manner to renal sympathetic outflow, then it might be expected that 

there would be an increase in arterial blood pressure. However, this was not 

observed and therefore infers that only renal sympathetic outflow is not 

switched back onby the inihibition of vasopressin release. This is consistent 

with the response observed following i.v. administration of the \A receptor 

antagonist at the peak of the quipazine-induced pressor response (see above). 

It is therefore interesting that quipazine in the presence of the high dose of 

losartan evoked an increase in arterial blood pressure. Nonetheless, it is 

suggested that at this higher dose of losartan, the inhibitory effect on renal 

sympathetic outflow mediated by the release of vasopressin is attenuated 

further and now allows quipazine to evoke an increase in renal sympathetic
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outflow which changes kidney function and consequently evokes an increase in 

arterial blood pressure. In addition other specific sympathetic outflows may 

also be switched back in and contribute to the quipazine induced pressor 

response in the presence of the high dose of losartan. In contrast pretreatment 

with the angiotensin AT2 receptor antagonist PD123,319 failed to inhibit the 

quipazine evoked pressor response, although the rise in blood pressure was 

now associated with a large increase in renal nerve activity. These 

observations therefore indicate that central angiotensin AT2 receptor activation 

has an inhibitory role on renal sympathetic outflow, although in the present 

study it is unclear whether this is specific to renal sympathetic outflow. 

Furthermore it is still to be demonstrated in the present study whether 

vasopressin is still being released and therefore mediating in part the pressor 

response. However in respect of this previous studies have shown that 

angiotensin AT2 receptor blockade has no effect on the angiotensin evoked 

release of vasopressin (Toney & Porter, 1992). Therefore, by inference it is 

suggested that PD123 319 also has no effect on the quipazine evoked release 

of vasopressin. Finally whether AT2 receptors directly or indirectly inhibit the 

expected renal sympathoexcitation evoked by 5-HT2A and / or 5-HT2C receptors 

is unclear. A schematic summary of these cardiovascular effects are illustrated 

in Figure 51..
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Site of Action

Due to the rapid onset of the response from the agonists administered i.c.v. it 

would suggest that the site of action in the brain is in area/s close to the lateral 

or 3rd ventricles (see section 3.1.). In respect of this it has been shown that 

i.c.v. administration of angiotensin II evokes the release vasopressin by 

activating angiotensin receptors located in the subfornical organ (lovino & 

Steardo, 1984). Furthermore, it has also been shown that vasopressin 

released by i.c.v. administration of 5-HT is blocked by pretreatment i.c.v. with 

the angiotensin ATi receptor antagonist losartan (Saydorff et al., 1996), while 

microinjection of 5-HT into the anterior hypothalmus/preoptic area causes an 

increase in blood pressure with little or no change in heart rate (Smits & 

Stuyker-Boudier, 1976; Sukamoto etal., 1984). These observations correlate 

well with the anatomical distribution of 5-HT2 receptors in these brain areas. 

Indeed although the distribution of 5-HT2b receptor mRNA is low in the brain, 

areas where the receptor is located are the lateral septum, dorsal 

hypothalamus and medial amygdala (Duxon etal., 1997). Similarly, both 

5-HT2A and 5-HT2C receptors have also been identified in and around the 

hypothalamic area. Moreover these same brain regions have been shown to 

contain a widespread distribution of angiotensin receptors. In respect of this, 

angiotensin receptors have been located in the subfornical organ of the 

anterior hypothalamus (Lind, 1986; Tsutsumi & Saavedra, etal., 1991) and the 

paraventricular nucleus (Tsutsumi & Saavedra, etal., 1991), and are 

predominantly of the angiotensin II ATi receptor subtype although AT2 

receptors are also found in the hypothalamus (see Saavedra, 1992; see Allen
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et al., 1998). It is of interest that the 5-hydroxytryptaminergic innervation to the 

subfornical organ and paraventricular nucleus originates from the midbrain 

raphe, such as the dorsal raphe (Steinbusch, 1981). Therefore, in combination 

with the present study these observations suggest that the activation of 5-HT2a 

receptors and / or 5-HT2C receptors located in the area of these hypothalmic 

nuclei receive innervation from 5-hydroxytryptaminergic fibres extending from 

the midbrain raphe and evoke the release of vasopressin by activating 

angiotensinergic interneurones which extend from within the paraventricular 

nucleus. The observations made during the present study suggests that this 

pathway involves the activation of ATi receptors rather than AT2 receptors 

(Saydorff et al., 1996). However the AT2 receptors located in this area may 

have a direct role in regulating renal sympathetic outflow originating from the 

hypothalamus which is an area form which renal sympathetic outflow originates 

(see 3.2 and 3.3).

In addition an alternative site of action also requires some consideration. In 

this respect the subfornical organ exhibits a dense population of angiotensin 

receptors (A^ receptor subtype) and 5-HT2 receptors. Indeed 5-HT 

innervation to this area extends also from the midbrain raphe (Lind, 1986). 

Therefore it is an equally likely pathway by which a 5-hydroxytyptaminergic -  

angiotensinergic pathway can evoke the release of vasopressin. However, 

whether there is a precedence over which pathway principally evokes the 

release of vasopressin is not clear as both pathways are close to the lateral 

and 3rd ventricle and are clearly likely to have been activated by injection i.c.v.
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of quipazine and DOI. Indeed it is equally plausible that both pathways are 

involved in the 5-HT mediated release of vasopressin.

Observations from the present study illustrate that vasopressin release is 

inhibiting a quipazine evoked renal sympathoexcitation via a pathway that 

involves central 5-HT2b receptors. In this respect Vi vasopressin receptors are 

distributed in the hypothalamic area such as the paraventricular nucleus and 

the circumventricular organs such as the subfornical organ and the area 

postrema (see Bereck, 1993). 5-HT2B receptors are also located in the 

hypothalamic area (Duxon et al., 1997). Therefore, it is suggested that the 

released vasopressin is activating Vi receptors in these brain areas to evoke 

the subsequent activation of 5-HT2B receptors which have a direct inhibitory 

effect on the renal sympathoexcitation response to i.c.v. injection of quipazine 

or DOI.

It is also suggested that the activation of a different population of 5-HT2B 

receptors evokes a renal sympathoexcitation. Indeed due to the rapid onset of 

the response associated with the BW 723C86 evoked sympathoexcitation this 

population of 5-HT2B receptors are also located in or around the lateral and 3rd 

ventricle. In this respect 5-HT2B receptors distributed in the hypothalamus are 

also suggested to be mediating this sympathoexcitatory response. This view is 

supported by the fact that the hypothalamic area such as the paraventricular 

nucleus is one of the brain regions from which renal sympathetic fibres project 

{Schramm et al., 1993). This has been discussed in more detail in section 3.2.3
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Future Studies

The present study has clearly illustrated a role for 5-HT2a, 5-HT2b and 5-HT2C 

receptors in cardiovascular regulation. From the route of administration of the 

test agonists and antagonists, the time of on set for the observed effects and 

the anatomical distribution of the receptors implicated, it can be confidently 

proposed that the main sites of action for the evoked responses to quipazine, 

DOI, mCPP and BW 723C86 are at the level of the hypothalmic nuclei such as 

the paraventricular nucleus and the circumventricular organs such as the 

subfornical organ. In respect of this there is a need to confirm these proposed 

sites of action and mechanisms. Indeed the involvement of the hypothalamic 

nuclei and circumventricular organs in the quipazine evoked response can be 

tested by microinjecting quipazine into selected nuclei of this area to determine 

whether a similar response can be obtained as that evoked by i.c.v. 

administration. Further involvement of 5-HT2 receptor subtypes in this area can 

also be confirmed by microinjecting the selective antagonists into the 

hypothalamic area prior to the injection i.c.v. of the test agonist. In addition 

5-hyrdroxytryptaminergic innervation of the hypothalamic area is predominantly 

provided by the dorsal raphe (Steinbucsh, 1981). Therefore, it would be of 

interest to determine whether 5-hydroxytyptaminergic innervation from the 

dorsal raphe as proposed above evokes a similar response to that observed 

following i.c.v. administration. This could be tested by microinjecting glutamate 

into the dorsal raphe, although these experiments should be carried out in the 

presence of a 5-HTi and / or 5-HT3 receptor antagonists administered i.c.v. so 

that the observed response will exclude any central 5-HT1/3 receptor activity.
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During the present study pretreatment with the AT2 receptor antagonist PD123 

319 failed to block the quipazine evoked pressor response but was associated 

with a renal sympathoexcitation rather than an inhibition. In combination with 

the fact that quipazine in the presence of both losartan and PD123 319 still 

evoked a pressor response, it is unclear whether blockade of AT2 receptors 

also prevents the release of vasopressin and whether the observed pressor 

response is due to the evoked increase in sympathetic outflow. This could be 

demonstrated by administering a vasopressin Vi receptor antagonist at the time 

of the peak rise in arterial blood pressure in response to quipazine, in rats 

pretreated with PD123 319. In addition to demonstrate that central ATi 

receptors in the areas of the subfornical organ and / or the paraventricular 

nucleus are involved in mediating the quipazine evoked release of vasopressin, 

microinjection of losartan into these areas before the administration of 

quipazine would test whether ATi receptors in these forebrain sites are 

involved in the release of vasopressin. Furthermore it is also unclear whether 

other central sympathetic outflows also increased during these experiments in 

a similar manner as renal sympathetic outflow. This could therefore be 

determined by monitoring additional sympathetic outflows such as from the 

splanchnic nerve.

Administration i.c.v. of the selective 5-HT2B receptor agonist BW 723C86 

evokes a renal sympathoexcitation without affecting blood pressure or heart 

rate, from which it is suggested that central 5-HT2B receptors have a role in 

regulating renal sympathetic outflow and therefore may be involved in blood
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volume regulation. Therefore, the role of 5-H T2b receptors in blood volume 

regulation could be tested by measuring changes in circulating levels of renin 

as described by Pergola et al. (1993) and / or as a more direct measure of 

changes in blood volume, excreted levels of Na+. In addition to these 

experiments it would also be of interest to show that the effect on renal nerve 

activity evoked by i.c.v. injection of BW 723C86 is mediated by activating 

5-HT2B receptors in the hypothalamus. This could be demonstrated by 

microinjecting BW 723C86 into the hypothalamic area of anaesthetized rats to 

see if a similar response can be obtained to that seen following i.c.v. injection 

of BW723C86. Alternatively direct evidence of an action at this site would be 

obtained by injecting antagonists into this site prior to the administration i.c.v. of 

BW 723C86.

During the present study, initial experiments with the 5-HT2C receptor agonist 

mCPP indicated that activation of central 5-HT2C receptors evoke an increase 

in blood pressure due to the release of vasopressin. However, this still remains 

to be fully determined in the present animal model. Therefore, additional 

antagonist studies are required to demonstrate initially whether the evoked 

response to mCPP is mediated by central 5-HT2C receptors, and also to 

demonstrate whether mCPP evokes the release of vasopressin. In addition it is 

interesting to note that during the present study the evoked response of mCPP 

was delayed and relatively small compared to the response evoked by 

quipazine and DOI. However it is suggested that this may be a consequence 

of the capacitiy of mCPP to act as a partial agonist at 5-HT2C receptors. 

Therefore, similar experiments performed with a ligand such as MK212 which is
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reported to act as a full agonist at the 5-HT2C receptor (Kennett, 1993), should 

determine whether the small pressor response evoked by mCPP is a reflection 

of the partial agonist properties of the ligand and will also help to further 

characterise the role of central 5-HT2C receptors in cariorespiratory control.

It was also evident during the present study that vasopressin and central 

5-HT2B receptors have a role in the regulation of renal sympathetic outflow. 

However it is suggested that this role is specific to renal sympathetic outflow. 

This was illustrated by administering the vasopressin Vi receptor antagonist at 

the point of the peak pressor response to quipazine. This evoked a fall in 

blood pressure and an associated renal sympathoexcitation, although if all 

sympathetic outflows where switched back in by the blockade of Vi receptors, 

then a reflex sympathoexcitation would have been expected in response to the 

fall in blood pressure. However this was not evident as the fall in blood 

pressure was not transient. In addition it was evident during the present study 

that central 5-HT2A receptor activation has a direct effect on heart rate, evoking 

a maintained tachycardia. Therefore, further experiments should be carried out 

during which additional sympathetic outflows should be measured to 

demonstrate the involvement, if any, of other sympathetic outflows in response 

to central 5-HT2 receptor activation. This should include the cardiac nerve to 

provide a measure of central sympathetic drive going to the heart and also the 

splanchnic nerve to provide an additional measure of central sympathetic drive 

going to the vasculature.
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Conclusion

The present study demonstrates that in rats activation of 5-HT2 receptors, as 

observed in cats, causes sympathoexcitation at least at the level of the brain 

accessed by i.c.v. administration. In addition the study has also demonstrated 

that activation of 5-HT2 receptors at this level of the brain also causes the 

release of vasopressin. The present experiments also indicate that the 5-HT2A 

receptor subtype mediates both of these effects. Although from the initial 

experiments with mCPP, a role for 5-HT2C receptors cannot be excluded. In 

addition , the cardiovascular effects caused by i.c.v. quipazine and DOI also 

involves the activation of 5-HT2B receptors. However, evaluation of the data 

suggests that the involvement of 5-HT2B receptors in the cardiovascular effects 

induced by quipazine and DOI is not primarily due to direct activation of the 

receptors. Rather it is suggested that 5-HT2B receptors are involved in the 

mechanism by which the released vasopressin interferes with the expected 

5-HT2A receptor mediated sympatheoexcitation at least for renal sympathetic 

outflow. Furthermore the present study has also demonstrated that direct 

activation of central 5-HT2B receptors has an excitatory effect on renal 

sympathetic nerve activity. Therefore 5-HT2B receptors also have a direct 

regulatory role on renal sympathetic outflow, in addition to the indirect 

sympathoinhibitory effect that they mediate in response to vasopressin release. 

The present study has also demonstrated that the release of vasopressin 

evoked by 5-HT2A receptor activation involves an angiotensinergic pathway, in 

which angiotensin ATi receptors are the principle receptor mediating the
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release of vasopressin. In addition the study has also demonstrated that 

central angiotensin AT2 receptor activation has an inhibitory effect on renal 

sympathetic outflow. Finally the present observations are the first to indicate 

that central 5-HT2B receptors are involved in cardiovascular regulation.
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