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CHAPTER 1

GENERAL INTRODUCTION

1.1 ANTECEDENTS

Serotonin, chemically known as 5-hydroxytryptamine {5-HT), is a biogenic monoamine
with 2 molecular weight of 176 dalton. In mammals, 5-HT is mainly found in the
platelets, enterochromaffin cells and in the central nervous system (CNS), where it plays
an important role as a neurotransmitter (Page, 1958).

Thanks to the seminal discovery of selective 5-HT receptor agomists and
antagonists, many unsuspected fonctons of 5-HT in the CNS and the periphery have
been elucidated. Accordingly, these findings originated a new era in the development
of drugs with therapeutic usefulness in the treatment of pathologies such as anxiety,
schizophreniz, hypertension, migraine, peripheral vascular diseases, etc.

1.1.1 Serotonin in the 19™ century

Iong before the identfication of serotomin 2s S-hydroxytryptamine (5-HT),
pharmacologists and physiologists aiready knew that a substance active on blood vessels
and heart appears in serum when blood is allowed to clot. The first set of publications
describing objectively that blood serum is by no means an inneccuous substance dates
back to the 19th century, when researchers such as Creite (1869), Rummo and Bordoni
{1889) and Weiss (1896) reported that a diminution in the amount of urine, albuminuria,
an increase in both respiratory frequency and heart rate, and an increase in blood
pressure followed by a sudden decrease (and eventually death) were induced when
serum was injected subecutaneously or intravenously into an animal.

Of particular interest are the cardiovascular effects observed by Weiss (1896),
namely that "if serum was continuously but slowly injected into a rabbit, cat or dog until
it caused death, the heart rate was increased and at first the beat was stronger but
gradually failed, though it persisted until the respiration had ceased; in additon, an
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increase in the peristalsis of the small intestines and death due to paralysis of the
respiratory and vasomotor centres was noticed” (Weiss, 1856).

1.1.2 Serotonin {5-hydroxytryptamine; 5-HT) in the 20* century

Subsequently, Brodie {1900} described in an exiensive study that the intravenous
injection of blood serum from any source into the cat produced a vagally-mediated
reflex resuiting in 2 reversible bradycardia, hypotension and arrest of the respiration,
whereas injection of either blood plasma or boiled serum did not show this effect.
Simulizneously, the vasoconstrictor properties of bleod serum on perfused organs
and excised arterial strips were being described and investigated as to its namre and
origin. With respect to the latter, Janeway et al. (1918) reported some findings of
particular relevance, namely: 1) that either the ox uncoagulated blood or the citrated
plasma has no constrictor action on the excised strip of the ox carotid, in contrast to the
marked copstrictor action exerted by serum to which citrate had been subsequently
added; ii) that the extract of platelets from either dog, ox or pig shows marked
vasoconstrictor properties, but not that of erythrocytes or leucocytes; and i) that either
the "platelet substance(s)" or the blood serum causes a constriction of the ox coronary
artery, whereas adrepaline causes relaxation. Therefore, Janeway et al. {1918)
concluded that the vasoconsiricior substance of cloited blood is derived from the
disintegration of platelets, and that it is not adreraline. Based on this conclusion, Hirose
(1918) confirmed and extended these findings by establishing for the first time a direct
correlation between the platelet count of human blood and its vascconstrictor action
after clotting in the ox carotid artery, From 21l the above findings it is quite ciear that
the basic cardiovascular effects of blood serum could be characterized before the
chemical nature of the substance invoived could have been elucidated; there was no
further substantial advance in connection with the latter untdl the late 1540s, when Page,
who was searching for humeral pressor agents that might explain arterial hypertension,
in collaboration with Green and Rapport could isclate this vasoconstrictor substance as
a crystalline complex and named it serotonin, as it conld indeed increase the vascular
tone (Rapport et al, 1948a b); shortly thereafter, Rapport (1949} deduced that the active
moiety of this complex (for which he retained the name serotonin) was
S-hydroxytrypramine (5-HT). This compound, when prepared synthetically by Hamlin
and Fischer (1951) and others, proved to have all the properties of natural serotonin,
mcluding those in the gastrointestinal system (Erspamer and Asero, 1952). It is
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therefore not surprising that the introduction of synthetic 5-HT in 1951 (see Hamlin and
Fischer, 1951) touched off an explosion of research.

12  DISTRIBUTION AND METABOLIC PATHWAYS OF 5-HT

When serotonin was identified as S-hydroxytryptamine (5-HT), an extensive mass of
evidence showed that it is widely distributed in nature as it had been found not only in
the animal kingdom (vertebrates and invertebrates), but alse in the vegetable kingdom
(plauts, fruits, nuts, etc.; see Erspamer, 1966).

12.1 Localization

In mammals 5-HT can be found in the central nervous system, where it plays an
important role as a neurotramsmitter (Page, 1958) and in several peripheral structures
such as the enterochromaffin cells of the gastrointestinal mucosa, platelets, certain
nerves of the blood vessels, the blood vessels wall, lungs, and heart {(amongst others).

1.2.2 Biosynthesis

Perhaps with the exception of platelets, 5-HT is synthesized in most tissnes in which it
is stored. Cver 90% of the 5-HT content in the peripheral structures of the body is
found in the enterochromaffin cells. From these cells 5-HT enters the circuladon. 5-HT
is synthesized de nove from the essential amino acid L-tryptophan by two enzymatic
reactions: in the first reaction S-hydroxytryptophan is formed, catalyzed by the
cytoplasmic enzyme tryptophan S-hydroxylase, the activity of which is rate limiting
(Gershon et al, 1977). Subsequently, S-hydroxytryptophan is converted into
5-hydroxytryptamine (5-HT; serctonin} catalyzed by the enzyme aromatic L-amino acid
decarboxylase, which is also involved in the biosynthesis of catecholamines (Douglas,
1985).



18
123 Biodegradation

The predominant metabolic pathway of 5-HT is oxidative deamination by MAQG-A, to
yield the unstable intermediate 5-hydroxyindole-acetaldehyde, which is subsequently
oxidized to S5-hydroxyindole acetic acid (5-HEIAA) by the enzyme aldehyde-
dehydroxygenase. 5-HIAA is finally excreted in the urine.

124 Fate

The bulk of 5-HT is synthesized in the enterochromaffin cells of the gastrointestinal tract
{Douglas, 1985). 5-HT released from these cells into the portal venocus circulation is
rapidly removed by hepatic metabolism, and by uptake im platelets and pulmonary
endothelial cells (Vane, 1969). It must be highlighted that the uptake process in the
endothelial cells of the pulmonary circulation is a very rapid and effective mechanism,
susceptible to inhibition by either imipramine or cocaine (Catravas and Gillis, 1983).
After endothelial uptake, 5-HT is metabolized by the isoenzyme A of the monoamine
oxidase system {MAO-A; Roth and Gillis, 1975); however, it has been shown that
inhibition of MAQO-A does not influence the clearance of 5-HT by the lungs, suggesting
that not the metabolism of 5-HT but rather its uptake by the endothelial cells is the rate
limiting step in the inactivation of 5-HT (Vane, 1965, Wiersma and Roth, 1980).
Conversely, in the liver the rate-limiting is mot the endothelial uptake but the
deamination of 5-HT by MAG-A, which can be explained by the hepatic architecture,
since the endothelial Hning of the lver sinusoids is discontinuous (Ham, 1974).

Compared with the pulmonary endothelial cells, the uptake of 5-HT by platelets
is 2 relatively slow process, which does not contribute t0 2 major degree to the rapid
removal of 5-HT from the portal vepous plasma {Vane, 1969). However, since platelets
take up S-HT during their eatire Jife time, they do play an important role in the overall
removal of S-HT from the circulation {Vane, 196%).

Because of the effecuve clearance of 5-HT from the portal plasma, the plasma
level of 5-HT in the systemic circulation remains extremely low (about 2 nM), and it is
therefore highly improbable that circulating 5-HT influences the cardiovascular system
under physiological conditions (Houston and Vanhoutte, 1986},
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13  FUNCTION OF 5-HT

The precise physiological role of 5-HT, cother than as a neurotransmitter in the central
and, perhaps, the enteric nervous system (Gershon et al, 1990), is, at best, debatable,
although some progress has been made in the understanding of the role of 5-HT in
certain pathophysioiogical mechanisms. 5-HT exerts 2 complex variety of effects in the
body. Since the substance is unable to cross the blood-brain barrier (Lexchin et al,
1977), there is an apparent discrimination between its peripheral and its central function.
Ir the periphery 5-HT is involved in the contraction of smooth muscle cells, aggregation
of bloed platelets and presynaptic modulation (stimulation or inhibition) of transmission
in the autonomic neuroms. In the ceniral pervous system S5-HT serves as 2
neurotransmitter and seems to play an important role in the regulation of -amongst
others- memory, appetite, anxiety, sleep, depression, body temperature, sexual behaviour
and the cardiovascular system.
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CHAPTER 2

CLASSIFICATION OF 5-HT RECEPTORS

21 INTRODUCTION

At present, it seems to be a general rule that there exist multiple types and subtypes of
a recepior for each of the several neurotransmitters, neuromodulators and autocoids
occurring in both the central nervous system and the periphery. As far as 5-HT is
concerned, this is particelarly complex, as 5-HT is considered to act on four different
receptor populations designated the 5-HT,-like, 5-HT,, 5-HT, and the recently discovered
3-HT, receptor {for references, see Gothert and Schlicker, 1990; Saxena and Villaldn,
19902, 19%1). It is noteworthy that the distinction made between the 5-HT, and the
3-HT, receptor was purely based on radioligand binding studies using rather unselective
drugs (see below). Not until more selective agonists and antagonists became available,
could these 5-HT receptor types be better characterized. In contrast with the 5-HT, and
5-HT. receptor types, the revelation of the 5-HT, and 5-HT, receptor types was at first
based on functional receptor correlates (see Saxena and Villaldn, 1990z2). However, this
current knowledge did not criginate overnight.

2.1.1 Historical remarks

As far back as 1957, Gaddum and Picarelli (1957) suggested the existence of two types
of 5-HT receptors based on the studies of 5-HT-induced contractions of the isolated
guinea-pig fleurn, These contractions conld be partially blocked by morphine (M) or
dibenzyline (D), but were completely antagonized by the combined use of both
compounds. In the dibenzyline-pretreated ileum, ztropine and cocaine were also able
to block the effect of 5-HT. whereas in the morphine-pretreated ileum, lysergic acid
diethylamide (LSD), 2-bromolysergic acid diethylamide and dihydroergotamine
antagonized the effect to S-HT. They concluded that 5-HT must act by two different
mechanisms and receptors: a M-receptor located on the parasympathetic nerve endings
mediating the release of acetylcholine, and a D-receptor, located on the smooth muscles.
Nevertheless, neither morphine nor dibenzyline are specific 5-HT receptor antagonists,
but the distinction made between these two types of receptors is still valid.
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In the following two decades, progress in the classification of 5-HT receptors was
rather limited though, from time to time, it was pointed out that the "M’ and "D’ receptor
classification of Gaddum and Picarelli {1957} did not always hold true (for example, see
Saxena et al., 1971; Saxena and De Viaam-Schiuter, 1974). In 1974, Bemnett and
Aghajarian reported the first successiul radioligand binding study of 5-HT receptors
using &-FH]-LSD. [PH}-5-HT also showed a high affinity, but because of discrepancies
between the binding of ["H]-LSD and [*H}-5-HT, a recognition site with two different
states was suggested (Bennett and Soyder, 1976; Fillion et al, 1978). Nonetheless,
studies with [H]-spiperone and [’HJ-5-HT revealed that at least two distinct 5-HT
recoguition sites exist in the cerebral membranes: a 5-HT, recognition site with high
affinity for [PH]-5-HT and low affinity for spiperone; and a 5-HT, recognition site with
high affinity for [*PH]-spiperone (Peroutka and Snoyder, 1979).

2.12 Discovery of "selective” 5-HT receptor antagoenists

The development of ketanserin, a quinazolindione derivative with high affinity for 5-HT,
recognition sites {Leysen et al, 1981), made it possible to correlate 5-HT, recognition
sites with functicnal D-receptors, which were renamed as 5-HT., receptors. Shortly
afterwards, ritanserin was shown to have higher affinity and selectivity for 5-HT,
receptors (Leysen, 1985). The availability of these and other antagonists (see Saxena
and Villalén, 19902) made it possible to clearly characterize the 5-HT, binding site, and
correlate it with the Gaddum and Picarelli’s D-teceptor. It is of interest to note that
many compounds which are thought to be selective antagonists of the 5-HT, receptor
show a similar degree of affinity for 5-HT,; receptors, such as cyproheptadine, ritanserin
and LY 53857 (Hoyer, 1988a). However, the main difference between 5-HT, and
5-HT, receptor appears to be the affinity of both ketanserin and spiperone for these
receptors: both compounds have appreciable higher affinity for 5-HT, receptors (Hoyer,
19882,b). Also, in general, the affinity constants of the drugs for the 5-HT,.. "receptor”
is apparently closer to those for the 5-HT,, receptor than for the other 5-HT, binding site
subtypes (Hoyer, 1988a,b).

On the other hand, the M-receptor described by Gaddum and Picarelli (1957)
does not fall into either the 5-HT; or the 5-HT, category as this site cannot be blocked
by classical 5-HT receptor antagonists (methiothepin, mianserin, cyproheptadine; see
below), but can be blocked by selective antagonists, like MDL 72222 (Fozard, 1984ab)
and ICS 205-530 (Richardson et al.,, 1985). Since both compounds did not label 5-HT
recognition sites in the brain, these receptors were called 5-HT, receptors.
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Notwithstanding, shortly afterwards, 5-HT, recognition sites were described in the brain
by Kilpatrick et al. (1987). Therefore, it is not surprising that by the use of selective
antagonists, the 5-HT, and 5-HT); receptors have been well characterized.

2.2 PROPOSALS FOR THE CLASSIFICATION OF FUNCTIONAL 5-HT
RECEPTORS

By definition, 5-HT has a higher affinity for 5-HT, than for 5-HT, recognition sites, and
some effects of 5-HT cannot be blocked by 5-HT, or 5-HT, receptor antagonists; hence
an international committee proposed the existence of "S-HT)-like" receptors (Bradley et
al., 1986). According to their criteria 5-HT,-like receptors are not blocked by selective
antagomnists at 5-HT, (ketanserin, cyproheptadine) or 5-HT, (MDL 72222 or ICS 205-930)
receptors, but cam be selectively stimulated by S-carboxamidotryptamine {(5-CT).
Furthermore, methiothepin, z compound with high affinity for both 5-HT, and 5-HT,
recognition sites, must block the effects induced by 5-HT and 5-CT.

221 Heterogeneity of the 5-HT, binding site

Since the discovery of 5-HT, binding sites by Percutka and Snyder (1979), and further
subclassification into 5-HT,, and 5-HT,; by Pedigo et al. (1981), it was already quite
clear that the 5-HT,; binding site population was a heterogeneons entity, By definition,
*H-5-HT labels all 5-HT, recognition sites, and at present, it is admitted that the 5-HT,
recognition site entity is highly heterogeneous in nature, as five 5-HT, binding site
subtypes (5-HT,,, 5-HT,p, 5-HT,¢, 5-HT,; and 5-HT,e) have been currently recognized
(Pedigo et al., 1981; Peroutka, 1986; Heuring and Peroutka, 1987; Hoyer, 1988a; Waeber
et el, 1988; Leonhardt et al,, 1989; Gothert and Schlicker, 1990; Saxena and Villalén,
1990a; Lowther et al., 1991), and even these binding site subtypes do not seem to
correspond with some 5-HT,-like receptor-mediated functional responses (see Table 1;
Saxena and Villalén, 1990a).

2.2.2 Functional 5-HT,-like receptors unrelzated to the known 5-HT, binding sites

Two additicnal 5-HT,-like receptor subtypes have been described by Saxena and Villalén
{19%0a). Although these two receptor subtypes are still unnamed, they will be defined
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here, in accordance with Saxena and Villalén (19902) as the 5-HT,, and 3-HT,, receptor
(Tabie 1).

The 5-HT,, receptor-mediated responses can be characterized by the 5-HT,
receptor agonists 5-CT (Bradley et al., 1986) and sumatriptan {(GR 43175; Humphrey et
al., 1988), 8-OH-DPAT, RU 24969 and indorenate {Saxena and Villalén, 1990a), which
are amtagonized by methiothepin; compounds such as ipsapirome, cyanopindolol,
mesulergine and metergoline seem to be inactive at this receptor type as either agonists
or antagonisis. The 5-HT,, receptor appears to be present in cerain cephalic arteries
{basilar, pial}, on the rabbit and dog saphenous vein, and on the arteriovenous
anastomoses in the carotid region. Activation of the 5-HT,, recepior results in
constriction of these blood vessels (Bom et al., 1988b, 198%a.b; Conmor et al,, 1989; van
Heuven-Nolsen et al,, 1990; Perren et al., 1991). Furthermore, 5-HT,, receptors are
Iikely to be invoived in the 5-HT-induced inhibition of noradrenaline release in response
10 trapsmura) stimulation of postganglionic sympathetic neurons (Gothert et al, 1990).

The 5-HT, -receptor-mediated responses can be characierized by the 5-HT,
receptor agonist 5-CT and the unselective 5-HT receptor antagonists methiothepin and
methysergide (Saxena and Villalén, 1990a). The 3-HT,, receptor is involved in
5-HT-induced smooth muscle relaxation in several bloed vessels including the cat
isolated saphenous vein (Femiuk et al, 1983) and porcine arterioles (Saxena and
Verdouw, 1982, 19854,b). The 5-HT,-like receptor that mediates tachycardia in the cat
(Saxena et al, 1985b; Saxena, 1988) also seems to be related to the 5-HT,, receptor.
Therefore, both 5-HT,, and 3-HT,, receptor types share certain similarities with the
5-HT, binding site, but are not identical to any of the known subtypes described above.
As a consequence, the discovery of selective 5-HT, receptor antagonists in the future
may result in the adaptation of the 5-HT,-like receptor classification.

2.2.3 Evidence supporting the existence of z new 5-HT receptor type

In coanection with the nature of 5-HT receptors, it should be noticed that the 5-HT
receptor classification scheme proposed by Bradley et al. (1986) would seem currently
outdated, as a novel 5-HT receptor type positively linked to the adenylate cyclase system
of mouse embryo colliculi neurons has been described (Dumuis et al., 1988, 1989). At
this receptor, 5-HT, 5-methoxytryptamnine, a-methyl-5-HT and benzamide derivatives
such as renzapride, zacopride and cisapride. act as agonises. and only high doses of the
5-HT, receptor antagonist ICS 205-930 acts as an antagonist (Dumuis et al., 1988, 1989).
In addition, the potency of 35-methoxytryptamine and the ineffectiveness of
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2-methyl-5-HT clearly distinguished the site from a 5-HT; receptor and removed the
possibility that the low affinity for ICS 205-930 merely represents the disclosure of yet
another S-HT; receptor subtype. Significantly, in this context, the site is resistant to
other 5-HT, receptor antagonists such as MDL 72222, grapisetron or ondansetron, or to
5-HT,-like and/or 5-HT, receptor antagonists. Therefore, this novel recepior type was
designated as the putative 5-HT, receptor (Dumuis et al., 1988, 1989; Clarke et al., 1589;
Saxena and Villalén, 1990a).

224 Reconsideration of new proposals fer the classification of 5-HT receptors

Taking into consideration the current evidence {Bradley et al,, 1986; Durnuis et al,, 1983,
1989; Clarke et al., 1989; Humphrey and Feniuk, 1989; Saxena, 1989; Saxena and
Ferrari, 198%; Fenink and Humphrey, 1990; Fozard, 1990; Mylecharane, 1990; Saxena
and Villalén, 19902, 1991; Saxena et al,, 1986ab), 5-HT receptors can be identified and
delipeated as follows:

5-HT,-like receptors. Selective agonist: S-carboxamidgotryptamine (5-CT); antagonists:
methiothepin (metitepine} or methysergide, both of which display even higher affinity
for 5-HT, binding sites.

5-HT, receptors. Agonists: e-methyl-5-HT or 1-(2,5-dimethoxy-4-iodophenyl)-
aminopropane (DOI); aotagomists: ketapserin, ritapserin or 4-isopropyl-7-methyl-
9-(2-hydroxy-1-methylpropexycarbonyl)-4,6.62,7,8,9,10,10a-ccta-hydroindololi4,3-fg]
quinoline maleate (LY 53837).

5-HT, receptors. Agonists: 2-methyl-5-HT or 1-phenyl-bignanide; S-methoxytryptamine
must be inactive; antagonmists: 1ok 3a5aH-trophan-3yl-3,5-dichlorobenzoate
{(MBL 72222}, (3a-tropanyl)-1H-indole-3-carboxilicacid ester (ICS 205-930), granisetron
or ondansetron.

Putative 5-HT, receptors. Agonists: S-methoxytryptamine, a-methyl-5-HT as well as
certain benzarmide derivatives like renzapride, zacopride, cisapride, etc.; 2-methyl-5-HT
must be inactive; antagonist: high concentrations of ICS 205-930.
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23 ARE THE KNOWN 5-HT RECEPFTOR TYPES HOMOGENEOUS
ENTITIES ?

Nowadays, it is recognized thai only the 5-HT, binding site population (and the
5-HT,-like receptor) is highly heterogeneous in nature {see above). Apparently, only
5-HT,, receptor-mediated responses can be selectively discriminated by using ligands
sach as 8-OH-DPAT, flesinoxan, ipsapirone or urapidil (Hoyer, 1988a; Waeber et al,
1988; Femiuk and Humphrey, 1990).

With respect to the other 5-HT receptor types, heterogeneity cannot be ruled out
for the 5-HT,, 5-HT,; and 5-HT, receptors, although good evidence is stilt to be offered.
Notwithstanding, the current evidence for such heterogeneity is comsidered to be
insufficient (Bradley et al., 1986; Dumuis et al., 1988, 1989; Clarke and Craig, 1989;
Craig and Clarke, 1990; Saxena and Villaién, 19902, 1991; present thesis). Thus, the
ongoing development of drugs with different pharmacological properties may lead to the
extension of the present 5-HT receptor family (see, for example, Cadogan and
Humphrey, 1991).

24 FUNCTIONAL RESPONSES MEDIATED BY 5-HT RECEPTCR
ACTIVATION

241 Iotroduction

5-HT and related agonist drugs exert a variety of functional respomses, via the
stimulation of several receptors in the central nervous system (CNS), on the autonomic
nerve endings and on various smooth muscle containing tissues (see Table 1). The
multiplicity of 5-HT binding sites raises the question as to whether these sites do indeed
correspond to receptors, i.e. whether each subtype is coupled to an effector system.
During the last few years, progress has been made to define the second messenger
systems that are linked to the putative 5-HT receptors (Table 1; Saxena and Villalén,
19%0a).

242 Responses mediated by 5-HT, receptors

Except for the 5-HT,. and 5-FT,; receptors, the 5-HT, receptor subtypes have been
coupled to the modulation of adenylate cyclase (see below). The characterization of
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functional responses mediated by the 5-HT,, receptor is mainly based on the properties
of the specific agonist 8-OH-DPAT, though a more recently developed 5-HT) , receptor
agonist is flesinoxan (Ramage et al, 1988; Wouters et al., 19882,b). So far, the 5-HT,,
receptor appears to have been identified only in the CNS. However, in the sympathetic
neurons of the dog external carotd artery, the 5-HT,, receptor subtype may be involved,
as indicated by the agonist activity of 5-HT and indorenate (a 5-HT,, receptor ligand;
Dompert et al, 1985) and the antagonism by methiothepin and {+)-pindolol (Hong and
Villaidn, 1988), but not by ritanserin {Villalén and Homng, 1988). Basically, 5-HT,,
receptors are involved in central cardiovascular regulation as well as in neurogenic,
behavioral, metabolic and endocrine mechanisms (see Table 1).

In contrast with the 5-HT, , receptor subtype, no specific agonists or antagomnists
have been defined for the 5-HT,; 5-HI,, 5-HT or 5-HT; receptor types.
Consequentily, the characterization of functional responses mediated by these receptor
types has mainly been carried out by the exclusion of the other 5-HT receptor
mechanisms. Activation of the 5-HT,; receptor, which appears to be entirely confined
to rodents (see Hoyer, 19862, 1988a) mediates e.g. inhibiion of sympathetic
neurotransmission in rat vena cava (Molderings et al, 1987), enhancement of
neurogenically mediated contraction in mouse bladder (Holt et al.,, 1986) ard inhibition
of forskolin-stimulated adenylate cyclase in rat substantia nigra (Bouhelal et al., 1988).
Furthermore, the 3-HT terminal antoreceptor in rat cortex has been delineated as a
5-HTy; receptor (Engel et al, 1986). In the brain, the 5-HT,;, receptor has been
identified in those species where little or no 5-HT; binding could be demonstrated, like
calf, pig, guinea-pig and human tissue. Although pharmacologically distinet, 5-HT ), and
5-HT,,, receptors show some similarities, and they may be equivalent in the different
species. For example, like the 5-HT\, receptor in rat substantia nigra (Bouhelal et al,
1988}, the 5-8BT,, receptor in calf substantia migra is negatively coupled to adenylate
cyclase (Schoeffter et al., 1988). In addition, the 5-HT terminal autoreceptor in cortex
of pig, gninez-pig and human appears to be of the 5-HT,; recepier subtype (Galzin et
al., 1988; Schipper and Tulp, 1988; Schlicker et al., 1989). In cats, the 5-HT,j, site has
been implicated in RU 24969-induced emesis (Lucot, 1990); and very recemtly, the
5-HT,, receptor has also been localized peripherally in the pig, subserving
endothelium-dependent relaxation of the coronary arteries (Schoeffter and Hoyer, 1990).
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Table 1. Classification of and some functional responses mediated by 5-HT Receptors.

Recoptor “Selective™  “Selective” Binding Second Some foactional respomses
subtype  agomisis antagonists site messenger
5-ET,-like
5HY, 5CT Cyanopindolol  5-HT,, Negative or Behavioral changes, centrally
8-OH-DPAT Methysergide positive coup- evoked hypotensive response,
RU 24969 Methiothepin Bing to adenyl- Some endocrinological effects.
5-CHO-T ate cyclase,
Sumatriptan K" channel
5-HT g RU 24969 Cyasopindolol 5-HT;; Negative comp-  Autoreceptor in the rat brain,
5CT Methiothepin Ling to adenyl- Inhibition of acetyicholine and
5-CH,O-T ate cyclase noradrenaline release in rats.
Sumatriptan
5-HT, " Mesulergine 5-HYT,« Phosphoinosi- Not yet convincingly demonstrated
Methiothepin tide-specific due to unsclective drugs.
Methysergide phospholipase-C
5HT,, 3CT Metergoline 5-HTp Negative coup- Not yet convincingly demonstrated
RU 24969 Methiothepin liag to adenyl- due to unselective drugs.
Suroatriptan ate cyclase
5-HT g 5-4T GTPgamma-$ 5-HTy Ioteraction with  Not yet convincingly demonstrated
a GTP-binding  due to unselective drugs.
protein
5-HT,> 5<CT Methiothepin ~ Notyet Not yet Contraction of cephalic arteries
AH25086° Methysergde’  found®  known (basilar, pial) and arteriovenous
Sumatriptan anastomoses in the carotid region,
8-OH-DPAT decrease of nevronzal noradrenaline
RU 24969 release.
5-HT 1;’ 5-CT Methiothepin Not yet  Not yet Vasculzr smooth mruscle relaxation,
Methysermde  found®  known hypotension, tachycardia in the cat.
>HT: a-CH;-5-HT Ketanserin 5-HT.  Phosphoinosi- Coniraction of various vascular,
Cyproheptadine tde-specific gastrointestimal and bronchial
Methysergide phospholipase-C  smooth muscles, platelet aggregation,
Methiothepin Head twitch and convulsion.
S5.HIT, 5-HT MDL 72222 5-HT, Canlon Membrare depolarization. dermal
2-CH,-5-HT ICS 205-930 channels pain and {lare response.
Granisetron
Ondansetron
5-HT, 5-HT ICS 205-930 5-HT,? Positive coup- Gastrokinetic action, cholinergically
Renzapride ling to adenyl- mediated guinea-pig Jewmn
5-CH.O-T cyclase contraction, Myocardial stimulation
a-CHy-5-HT in pigs and humans.

* Shows little difference from the 5-HT, receptor: ° The receptor subiype is as yet unnamed and this name has
been put for comvenience in this manuseript to distinguish between the two upmamed 5-HT-like receptors;
¢ Ligand binding profile is not yet reported; °, Partial agonist: ©, Does not comelate with 5-HT ., 3-HT g, 5-HT¢
or 5HTp binding sites. AH25086, 3-aminoethyl-N-methyl-1H-indole-5-methane carboxamide; 5-CH;O-T,
S-methoxytryplamine; a-CH,-5-HT, a-methyl-5-HT: GTP-gamma-$, guanosine 5'-O-(3-thiotriphosphate. Modified
rom Saxena zad Villaldn (1990a).
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As far as the 5-HT,; receptor is concerned, this receptor has been identified in
either rat, pig or human choroid plexus (Pazos et al.,, 1985; Yagaloff and Hartig, 1985;
Hoyer et al., 1986b) and shows remarkable similarities with the 5-IT, receptor regarding
molecnlar, pharmacological and biochemical propertes (Schmide and Peroutka, 1989).
As a conseguence, it is difficult to identify contributions of the 5-HT,. receptor subtype
to functional responses. Like the 5-HT, receptor, the 5-HT, receptor has been linked
to phosphoinositide turnover (Conn et al., 1986). So far, the 5-HT, receptor appears
to be involved in the modulation of the production of cerebrospinat fluid.

A 5-HT s binding site has alsc been described (Leonhardt et al.,, 1989). As to
the binding profile, both 5-EHT,;, and 5-HT,; binding sites are located in human frontal
cortex, but unlike the 5-HT,,, binding site, the 5-FT,; binding site displays higher affinity
for 5-HT and low affinity for 5-CT and ergotamine, and remarkably, interacts with 2
GTP-binding protein, which makes it functionally different from the other 5-HT, binding
sites (see above). Im this respect, the non-hydrolysable derivatives of GTP such as
guanosine 5-0-(3-thiotriphosphate) (GTP-gamma-S) and 5'-guanylylimidodiphosphate
[Gpp(NH)p] potently inhibited the binding of PH}-5-HT to the 5-HT,; binding site,
while adenosine 5-0O-(3-thiotriphosphate) and 5-adenylylimidodiphosphate were without
effect (Leonhardt et a2l 1989). As far as we know, no functional response mediated by
the 5-HT, receptor has been delineated in the periphery, whereas second messenger
systems have mot yet been defined for the 5-HT,, and the 5-HT,, receptor subtypes
{Saxena and Villalén, 1950a).

243 Responses mediated by 5-HT, receptors

The 5-HT, receptor has been linked to the modulation of phosphoinositide (PI) turnover
(Conmn and Sanders-Bush, 1986), and exists both in the periphery and in the CNS.
Peripherally. 5-HT, receptors have been involved in vascular smooth muscle contraction,
e.g. canine basilar arteries (Miller-Schweinitzer and Engel, 1983); contraction of
uterine, bronchial, gastro-intestinal and bladder smooth muscle (Saxena and Lawang,
1985; Saxena et al., 1985a; Bradley et al, 1986), platelet aggregation (de Clerk et al.,
1984), etc. In the CNS 5-HT, receptors mediate responses such as 5-HT-induced
excitation of rat brain stem neurons {Davies et al., 1988), 5-HT-induced depolarization
of guinea-pig cortical pyramidal neurons {Davies et al., 1987), some behavioral responses
in rodents such as head twitch and wet-dog shakes (Lucki et al, 1984) and the
hallucinogenic action induced by certain drugs (Glennon, 1990). Furthermore, 5-HT,
receptors seem to be involved in some neurcendocrine functions such as the secretion
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of B-endorphin and corticosterone in the rat (Koenig et al., 1987) as well as the release
of prolactin in rhesus monkeys (Heninger et al., 1987).

244 Responses mediated by 5-HT; receptors

In contrast with the other 5-HT receptor families, the 5-HT, receptors are directly
coupled to a cation channel (Derkach et al, 1989). Functional 5-HT, receptors have
been identified in both the peripheral and central nervous system. In the mammatian
peripheral nervous system, 5-HT is known to excite a variety of peurons via 5-HT,
receptors, mediating the release of peurotransmitters such as acetylcholine from
parasympathetic neurons in e.g. the rabbit heart (Fozard, 1984a,b) and cat urinary
bladder (Saxena et al, 19852), noradrenaline from sympathetic neurons in e.g. the
rabbit heart (Fozard and Mwainko, 1976) and the superior cervical ganglion (Wallis and
North, 1978), and substance P from enteric neurens in e.g. the guinea pig ileum {Bradley
et al, 1986). 5-HT, receptors mediate also 5S-HT-induced pain sensation in human skin,
the cardiovascular von Bezold-Tarisch reflex and depolarization of C-fibres in the nodose
ganglion and vagus nerve (Richardson et al., 1985). In the CNS, 5-HT; receptors are
involved in the anxicgenic effects of some drugs in rats, mice and marmosets (Tyers et
al., 1987), and the cytotoxic drug-induced emesis {Higgins et al., 1989).

2.4.5 Responses mediaied by the putative 5-HT, receptor

The putative 5-HT, receptor has been positively linked to adenylate cyclase in both the
mouse and guinea-pig CNS (Dumnis et al., 1988, 1989; Bockaert et al., 1990), and has
been involved in the increase in electroencephalographic energy produced by zacopride
and renzapride when applied i.cv. in the rat (Boddeke and Kalkman, 1990). In the
periphery, the 5-HT, receptor is involved in e.g. the activation of cholinergically
mediated contractions in the guinea-pig ileum {Clarke et al., 1989; Craig and Clarke,
1990).

From the foregoing information, it is obvious that the actions of 5-HT in the
organism are extremely complex (see for example Bradley et al, 1986: Saxena and
Villalon, 1990z, 1991). There are still a lot of unanswered questions concerning the
nature of the mechanisms underlying the central and peripheral effects of 5-HT, for
example, in the cardiovascular system of several species including man; accordingly, a
review of the cardiovascular effects of 5-HT (acnd related drugs) will be detailed.
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CHAPTER 3

5-HT AND THE CARDIOVASCULAR SYSTEM

3.1 INTRODUCTION

In general terms, the primary role of the cardiovascular system is to emsure at every
moment the survival of all cells of the body. These cells must receive nutrients and
eliminate their waste substances so that there must be 2 continuous stream of nutrients
from the owside world to the extracellnlar fluid, and a continuous stream of waste
substances from the cells to the outside world. Therefore, the organism needs
specialized tissues for exchange (lungs, gut and kidneys) and a transport {cardiovascular)
system (blood, blood vessels and heart) to link these tissues with the individual cells.

3.2 PHYSICLOGICALREGULATION OF THE CARDIOVASCULAR SYSTEM

The mechanisms involved in the control of the functions of the cardiovascular system
are under nervous, humoral and/or local regulation. All of them together adjust the
total peripheral resistance and cardiac output in such a way zs to maintain the blood
pressure gradient required for adequate flow through the vascular system. Thus, the
central nervous system (CNS) unifies the information gathered from several semsors
within the cardiovascular system and modulates the function of its components by means
of the autonomic nervous system (symipathetic and parasympathetic; see Kuntz, 1953}
and certain endocrine glands. Swmmarizing, the regulation of the cardiovascular system
consists of:

3.2.1 Nervous Regulation

There exist numerous peripheral receptors within the circulation, which sense either
changes in blood pressure {mechanoreceptors) or variations in the chemical compositicn
of the blood (chemoreceptors). The degree of activity of these receptors is conveyed
by afferent nerves to centres in the brain stem which control the function of the heart
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and blood vessels by altering the activity of the noradrenesgic and cholinergic nerves.
When the activity of the former is increased, the neurptransmitier noradrenaline is
released, which sdmulates the heart {3-adrenoceptors) and constricts the blood vessels
{a-adrenoceptors). When the cholinergic nerves are activated, the released acetylcholine
depresses the heart (muscarinic cholinoceptors). Certain cardiovascular changes may
initiate compensatory reflex adjustments, such as the baroreceptor reflex,
cardiopulmonary reflex, chemoreflexes {e.g. the von Bezold-Jarisch reflex) and spinal
reflexes. Activation of each of these reflexes results in changes in sympathetic and/or
parasympathetic outilow in order 1o modify the cardiovascular function.

3.22 Humoral Regulation

The activity of both heart and blood vessels is zlso modulated by substances released
into the circulation from endocrine glands, e.g. adrenaline from the adrenal meduolla,
which, amongst other effects: 1. increases beth rate and contraction force of the heart;
2. constricts most systemic resistance vessels; 3. dilates resistance vessels of skeletal
muscles, etc.

3.2.3 Local Regulation

In the tissues, products of cellular metabolism (H*, HCGO,, ADP, adencsine, etc.)
regulate the local blood flow in accordance with their needs. In addition, the autacoids
(prostaglandins, kinins, angiotensin, histamine, 5-HT) can induce vasoconstriction and/or
vasodilatatior by themselves (see for example Vanhoutte et 2l., 1981}, and may modify
cardiac function. Likewise, it must be highlighted that cerizin metabolites and the
autocoids {potably 5-HT) can alse modulate the activity of central, sympathetic and/or
parasympzthetic nerves either stimulating or inhibiting the release of their respective
neurotransmitters (for references, see Langer, 1930), and consequently, will modify the
cardiovascular function. [t is interesting to note that 5-HT can interact in all
components of the cardiovascular system in a variety of ways, acting on practically all
types of 5-HT receptors delineated so far (Saxena, 1986: Saxena and Villalom, 1990z,
1991).
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33 CARDIOVASCULAR EFFECTS OF 5-HT AND RELATED DRUGS

It is well known that 5-HT elicits complex changes in the cardiovascular system
comprising bradycardia or tachycardia, hypotension or hypertension and vasodilatation
or vasoconstriction (Saxena and Villaldn, 19902 b, 1991). The eventual response depends
— amongst cther factors — upon the species, the basal vascular tone, the vascular bed
under study, dose employed and, most importantly, the nature of the 5-HT receptors
involved. With the recent discovery of a variety of drugs acting selectively at 5-HT
receptors (see Chapter 1), it is nowadays clear that the cardiovascular and, indeed, other
effects of 5-HT seem to be mediated by the previously described four types of 5-HT
Teceptors.

S5-HT ang related agonist drugs exert a variety of functional responses via
stimulation of the different 5-HT receptors in the central nervous system, on the
autonomic nerve endings, on varicus smooth muscle containing tissues and on the
cardiac tissue (see Table 1; Saxena and Villalén, 1990a,b, 1991).

3.3.1 Cardiovascular reflex responses to 5S-HT and related drugs

S5-HT has long been known to elicit 2 variety of cardiovascular reflexes by acting mainly
on the carotid body arterial chemoreceptors, cardiopulmonary receptors and pulmonary
J {(deflation) receptors {McQueen, 1990). These reflex respomses will obviously
contribute to the all-over effect of 5-HT as follows:

Carotid body arterial chemoreceptors. Stimulation of carotid body chemoreceptors,
quite marked in dogs but weak in cats (Black et al., 1952}, consists of bradycardia and
hypotension followed by tachycardia, hypertension and hyperventilation (Ginzel, 1958;
Skinner and Whelan, 1962; McQueen and Ungar, 1971). Because both
1-phenylbiguanide and 2-methyl-5-HT mimic 5-HT, and MDL 72222 and ICS 205-930
each antagonize these reflex responses, the recepior involved is of the 5-HT; type
{McQueen, 1990).

Cardiopulmonary receptors.. Stimmulation by 5-HT of sensory receptors in the heart
and lungs elicits reflex responses leading to bradycardia, hypotension, tachypnoea and
nausea. Usually, one such reflex (von Bezold-Jarisch-like reflex). evoked mainly from
the cardiac receptors (left and right ventricular pressure, type A and B left atrial apd
type A right atrial and epicardial receptors) on C-fibre afferents. results in pronounced
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bradycardia, hypotension and apnoea {Thoren, 1979). This reflex is mediated mainly by
the vagus perve and, in case of 5-HT and related drugs, involves 5-HT; receptors
(McQueen, 1990).

Pulmenary J receptors. 5-HT and 1-phenylbiguanide can increase the activity of the
type J vagal afferent fibres (Paintal, 1677). Injection of these drugs into the right atrium
(Armstrong et al, 1986a) and pulmonary embolism {Armstrong et al, 1986b) in
anaesthetized rabbits results in bradycardia, hypotension and rapid shallow breathing,
typical of J receptor stimmulation, via 5-HT; receptors.

3.3.2 Blood pressure responses to 5-HT and related drugs

5-HT has a triphasic effect on arterial blood pressure (Table 2}, comprising an initial
intense, but brief, hypotension followed by a moderate hypertension and, finally, a2
longer-lasting hypotension (Page and McCubbin, 1953; Kalkman et al,, 1984). Contrary
to the conmotation conveyed by the word "serotonin”, 5-HT is much more potent in
eliciting the late longer-lasting hypotensive phase than in evoking the initial hypotensive
phase or the pressor response (Saxenz and Lawang, 1985) and, therefore, more readily
deserves the name "serodilin”.

The hypertensive phase varies quantitatively depending upon the species and the
experimental conditions; for instance, rabbits (Schneider and Yonkman, 1954; Bolt and
Saxena, 1985; Wright and Angus, 1989), cats (Schaeider and Yorkman, 1954; Saxena et
al, 1985b) and pigs (Saxena and Verdouw, 1982, 1985b; Saxena et al., 1986a) exhibit a
poor hypertensive phase, while it is prominent in the dog (Schneider and Yonkman,
1954) particularly after ganglion blockade (Feniuk et al, 1981). As delineated below,
these differences may be due to the type of receptors and their distribution in the
different species.

Initial transient depressor response. The initial hypotensive response io 5-HT is the
result of an abrupt bradycardia (and the comsequent decrease in cardiac output)
following stimulation of 5-HT, receptors on afferent cardiac vagal nerve endings
(Teble 2). However, there is some evidence that a short-lasting vasodilatation may be
obtained via 5-HT, receptors, which probably invokes an axon-like reflex (Blauw et al.,
1988).
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Table 2: 5-HT receptors mediating effects on arterizl blood pressure in different
species.

Species Condition Receptor Main mechanism

Initial depressor response
Rat Intact 5-HT, von Bezold-Farisch reflex
Cat Intact 5-HT, von Bezold-Jarisch reflex

Pressor response

Rat Intact 5-HT, Vascular effect
Rat Pithed 5-KT, Vascular effect
Cat B-Adrenoceptor block 35-HT, _Vascular effect
Cat Spinat 3-HT, + Vascular effect
Dog Ganglion-blockade 5-HT, Adrenal catecholamine release

Late depressor response®

Rat Intact 5-HT,-like Vascular effect
Rat Pithed 5-HT, -like Vascular effect
Rat Atropinized 5-HT -like Vascular effect
Cat 8-Adrenoceptor block 5-HT,-like Vascular effect
Pig Imtact 5-HT,-like Vascular effect

%, Most sensitive response.
Taken from Saxena and Villalén (1990a).
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Table 3: 5-HT receptors mediating vascular contractions in different species.

Species Vessel Condition Receptor
Rat Basilar artery Isolated 5-HT,

Rat Jagular vein Isolated 5-HT,

Rat Portal vein Isolated 5-HT,

Rat Aorta Isolated 5-HT:

Rat Candal artery Perfused 5-HT,
Rabbit Aorta Isolated 5-HT,
Rabbit Common catotd artery Isolated 5-HT,
Rabbit Femoral artery Isolated 5-HT,

Cat Middle cerebral artery Isolated 5-HT,

Cat Pial arteries In sitn 5-HT,

Cat Saphenous vein Isolated 5-HT,
Dog Basilar artery Isolated 3-HTL,®
Dog Middle cerebral artery Isclated 5-HT,
Dog External carotid artery Isolated 5-HE,
Dog Coronary artery Isolated 3-HT;
Dog Femoral artery Isolated 5-HT,
Dog Femoral artery In vivo 5-HT,

Pig Common carctid artery In vivo 5-HT,
Calf Coronary artery Isolated 5-HT,
Calf Pulmonary artery Isolated 5-HT,
Monkey Basilar artery Isolated 5-HT:?
Human Umbilical artery Isolated 5-HT,
Human Femoral artery Isolated 5-HT,
Guinea-pig Basilar artery Isolated 5-HT,-like
Cat Cranial AVAs In vivo 5-HT,-like
Dog Saphenous vein Isolated 5-HT,-like
Dog Basilar artery Isolated 5-HT,-like?
Dog Auricular artery Isolated 5-HT;-like
Pig Cranial AVAs Iz vivo 5-HT,-like
Monkey Basilar artery Isolated 5-HT,-like?
Huran Basilar artery Isolated 5-HT;-like
Rabbit Ear artery Isolated a-adrenoceptor
Rabbit External carotid artery Isolated a-adrenoceptor

* both 3-HT)-like and 5-HT, receptors seem to mediate contraction.
AVAs, arteriovenous anastomoses.
Taken from Saxena and Villalon (1990a).

Pressor response. The pressor cornponent, amenable to blockade by ketanserin-like
drugs, is due to activation of 5-HT, receptors (Tzable 2), mainly on the blood vessels in,
for example, the rat (Kalkman et al, 1983, 1984; Saxena and Lawang, 1985; Dalton et



41

al, 1986; Dabiré et al., 1989ab) and cat (Saxena et al, 1985b; Connor et al., 1986;
Saxena, 1988) or, as in the dog, on the adrepal meduila to release catecholamines
(Fenduk et zl., 1981; Kimura and Sato, 1983).

Accordingly, the contractile effects on both arteries and veins are generally
mediated by 5-HT, receptors (Table 3; Apperley et al., 1980; Black et al, 1981; Leysen,
1981; Cohern et al,, 1981; Cohen et al, 1983; Fenink et al., 1983; Miiller-Schweimitzer
and Engel, 1983; Van Nueten, 1983; Frenken and Kaumarm, 1984; Gilusa and
Markwardt, 1984; Lemberger et al., 1984; Saxena and Verdouw, 1984; Thompson et al.,
1984; Van Nueten et al, 1984; Verdouw et al., 1984; Blackshear et al, 1985; Clancy and
Maayani, 1985; McGrath et al, 1985; Young et al, 1986; Chang, 1987; Chang and
Owman, 1989a,b); drugs such as ketanserin, cyproheptadine, pirotifen and methysergide
are competitive antagonists with pA, being similar to their pK,, values determined in
5-HT, binding assay (Leysen, 1981; Bradiey et al.,, 1986). However, in cranial blood
vessels of different species, including humans, as well as the dog saphenous vein,
5-HT,-like receptors mediate vasoconstrictor responses {Table 3; Engel et al, 1983;
Peroutka et al, 1983; Peroutka and Kuhar, 1984; Verdouw et al, 1985; Taylor et al,
1986; Humphrey et al., 1988; Chang and Owman, 1989a,b; Connor et al., 1989; Parsons
et al., 1989; Perren et al,, 1989). In some cases, both 5-HT -like and 5-HT, receptors
seem to mediate contractile effects in the same vessel, for example the dog
{Miiller-Schweinitzer and Engel, 1983; Peroutka et al,, 1983; Peroutka and Kuhar, 1984;
Van Nueten et al., 1984; Taylor et 2l., 1986; Connor et al,, 1989) and monkey (Peroutka
and Kuhar, 1984; Chang, 1987; Connor et al,, 1989; Parsons et al,, 1989) basilar arteries
and, perhaps to a lesser extent, the pig carotid arteriovenous znastomoses (Saxena and
Verdouw, 1982, 1984; Verdouw et al., 1984; Saxena et al, 1986a). In rarer instances,
5-HT may act directly on the a-adrenoceptors in rabbit ear and external carotid arteries
{Apperley et al., 1976; Black et al, 1981, Van Nueten, 1983} (Table 3). In addition,
there is some limited evidence that in the rat coronary arteries, 5-HT may also release
a contractile substance from the endothelium. The nature of this substance is not known
(Vaphoutte et al., 1990).

It may also be poimted out here that 5-HT has, in zddition to a central
vasodepressor effect (see below), an excitatory effect on preganglionic sympathetic
activity via ponto-medullary serotonergic pathways and 5-HT, receptors (see Mir and
Fozard, 1990). These nerves, however, do not seem to exert 2 tonic influence and,
moreover, spinal 5-HT., receptors can also increase sympathetic nervous activity (Mir and
Fozard, 1950).

The 5-HT-induced increase in the sympathetic nerve activity may also involve
a 5-HT,-like receptor; such an effect is mimicked by intrathecal administration of 5-CT
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(but not 8-CH-DPAT), and remains unaffected by ketanserin, MDL 72222 or
ICS 205 930 (Yusof and Coote, 1988).

Late depressor responise:  The late depresser effect of 5-HT is not affected by
selective 5-HT, or 5-HT, receptor antagonists, but is antagonized by methysergide or
methiothepin (Kalkman et al,, 1984; Saxenz and Lawang, 1985; Dalton et al., 1986;
Saxena, 1988). A similar depressor response can be evoked by 5-CT and this effect is
also blocked by methysergide or methiothepin {Saxena and Lawang, 1985; Saxena et al.,
19852; Saxena, 1988). Finally, there is a good correlation between the hypotensive
activity of tryptamine derivatives and their affinity for the 5-HT, binding site {Kalkman
et al., 1983). Thercfore, the late hypotensive phase is mediated by 5-HT;-like receptors
(Tzble 2), but several mechanisms probably contribute to different degrees in different
experimental situations and species. These 5-HT,-like receptor-mediated mechanisms
are:

Central vasomotor inhibition: Injection of 5-HT intc the central nervous
systemn has been reported to cguse depressor, pressor or biphasic responses (Bhargava
and Tangri, 1959; Smit et al, 1978; Krstic®, 1985; Dalton et al., 1986; Yusof and Coote,
1988; Mir and Fozard, 1990). The magnitude and the nature of the response (pressor,
depressor or biphasic) to centrally administered 5-HT largely depends upon the exact
site of applicatdon, the dose employed or whether comscious or aumaesthetized and
normotensive or hypertensive animals are used (Sukamoto et al.,, 1984; Krstic’, 1985;
Wolf et al,, 1985; Dalton et al., 1986; Mir and Fozard, 1990). This discrepancy may be
because 5-HT neurones in different brain areas have divergent effects; that is, dorsal and
median raphe, anterior hypothalamus, and ventrolateral medullary raphe areas seem to
be associated with pressor effects, whereas midline medullary raphe nuclei produce
either pressor or depressor effects (Wolf et al, 1985; Ramage et al., 1988). These
central pressor and depressor effects of 5-HT seem to be mediated via different S-HT
receptors in the central nervous system (Mir and Fozard, 1999).

Recently, several agonists at 5-HT ' , receprors —8-OH-DPAT (Main et al.,, 1984;
Gradin et al., 1985a,b; Martin and Lis, 1985; Fozard et al, 1987; Ramage and Fozard,
1987; Doods et al., 1988; Mir and Fozard, 1990), flesinoxan (Wouters et al., 1988ab;
Dreteler et al.,, 1989; Coote, 1990), N,N-dipropyl-5-CT (Doods et al., 1988; Mir and
Fozard, 1950), urapidil (Doods et al, 1988; Gillis et al, 1988; Sanders et al, 1988;
Kolassa et al., 1989; Mir and Fozard, 1990} — have been found to decrease arterial
blood pressure and heart rate (see above) in different animal species (Mir and Fozard,
1990). Theugh urapidil also possesses ¢, -adrenoceptor antagonist properties, the 5-HT, 4
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agonist activity does contribute to the action of the drug (Sanders et al., 1988; Kolassa
et al, 1989).

The involvement of the central nervous system in the cardiovascular responses
to putative 5-HT\ , receptor agonists is supported by several observations: Administration
of 8-CH-DPAT, flesinoxan and urapidil into the central nervous system (viz either the
vertebral arteries, the atlanto-occipital membrane or topically to the ventral surface of
the medulla) decreases heart rate and blood pressure, and their petency considerably
increases as compared to the intravenous administration in cats (Doods et al., 1988;
Gillis et al, 1988; Wouters et al., 1988ab; Kolassa et al., 1989; Mir and Fozard, 1990).
The cardiovascular respomses to these drugs are effectively blocked by central
administration of a putative 5-HT,, receptor antagonist, 8-MeO-CIEPAT, spiroxatrine,
methiothepin and/or {-)}-pindoiol {Dabiré et al., 1987; Fozard et al,, 1987; Doods et al,,
1988; Sanders et al, 1988; Mir and Fozard, 199¢). Furthermore, 8-OH-DPAT,
flesinoxan and/or urapidil reduce sympathetic neural activity (Ramage, 1986; McCall et
al., 1987; Ramage and Fozard, 1987; Coote, 1990; Mir and Fozard, 1990), particularly
of the renal nerves (Ramage and Wilkinson, 1988) which leads to renal vasodilatation
(Dreteler et al, 1989; Hof and Fozard, 1989). Hypotension, along with bradycardia and
a decrease in the renal nerve activity, has also been shown to occur with the
administration of 5-HT into the fourth ventricle in the cat (Wolf et al., 1985), as has the
centrally-induced increase in the vagal tone in the rat (Wolf et al., 1985; Dalton et al,,
1986).

5-HT also seems to act at the spinal level. 5-HT; receptors may be involved in
the inhibitory effect on the sympathetic nerve activity, because such an effect is
mimicked by intrathecal administration of a-methyl-5-HT and antagonized by ketanserin,
but unaffected by prazosin, MDL 72222 or ICS 205 930 (Yusof and Coete, 1988).

Inhibitier of noradremergic meuromes: 5-HT has a dual action on
postganglionic sympathetic neurons in the dog isclated saphencus wvein; lower
concentrations inhibit the release of noradrenaline in response to transmural stmulation,
and high concentrations provoke catecholamine release by a tyramine-like action
(McGrath, 1577). The inhibitory action of 5-HT and related drugs on the transmitter
release from postganglionic sympathetic nerves has now been confirmed in many organs
of different species (Gdthert et al,, 1990), such as the canine and human saphenous vein
(McGrath, 1977; Gothert et al., 1990), canine coronary (Cohen, 1985) and carotid {Hong
and Villaldn, 1988; Mylecharane and Phillips, 1589) arteries, and rat kideey (Charlton
et al.,, 1986), vena cava (Molderings et al., 1987) and heart (Gothert et al.,, 1986) and
porcine coronary artery (Molderings et al, 1989). The involvement of 5-FIT;-like
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receptors {Gothert et al., 1990), except in the pig coronary sympathetic neurones where
a ‘novel’ receptor may exist (Molderings et al., 1989; Gothert et al,, 1990), is favoured
by the high agonist potency of 5-CT and 5-HT (Cohen, 1985; Charlton et al, 1986;
Molderings et al, 1987) and the antagonism by methiothepin, metergoline and
methysergide {(Lorenz and Vanhoutte, 1985; Charlton et al, 1986; Gothert et al., 1986),
but not ketanserin, LY 53857 (Cohen, 1985; Chariton: et al, 1986; Gothert et al., 1586)
or metoclopramide (Charlton et al., 1986).

Obviously, the interference with the sympathetic neurotransmission by 5-HT will
modify its direct cardiovascular effects; pamely, 5-HT has been reported to cause
vasodilatation in the external carotid vascular bed of the dog when the sympathetic
vascular tone is high, and vasoconstriction when it is low (Mena and Vidrio, 1979; Hong
and Vilialén, 1588).

Vascular smooth muscle responses: The vascular relaxation elicited by 5-HT
is exclusively mediated via 5-E{T-like receptors in several vessels, for exampie, ir vitro
in the cat saphenous vein (Feniuk et al,, 1983), dog coronary artery {Cchen et al,, 1983;
Van Nueten et al.,, 1984) and pig vena cava (Trevethik et al., 1984) and in 1ivo in the
dog femorzl (Blackshear et 2], 1985) and pig carotid arterioles (Saxena and Verdouw,
1982, 1984, 1985a,b; Verdouw et al,, 1984; Verdouw et al, 1985; Saxena et al., 1986a,b};
both 5-HT and 5-CT are potent agonists and methysergide and methiothepin are
antagonists, whereas ketanserin is ineffective.

In the blood vessels, where both 5-HT;-like and 3-HT, receptors are present and
elicit opposing effects (relaxation by 5-HT-like receptors and contraction by 5-HT,
receptors), the ultimate response to 5-HT depends vpon the pre-existing vascular tone,
the dose employed, and the proportions in which the two recepiors types are distributed.
In vivo, studies in our laboratory (Saxena and Verdouw, 1982, 1984; Verdouw et al.,
1984) and elsewhere {Blackshear et al., 1985) indicate that the number of 5-HT;-like and
5-HT, receptors varies in different segments of a vascular bed. The vasodilator
5-HT-like receptor is located primarily on resistance vessels (arterioles), the
vasoconstrictor 5-HT;-like receptor on non-nutrient vessels (arteriovenous anastomoses),
while the vasocepstrictor 5-HT, receptor is mainly present on large conducting vessels.
Therefore, 5-HT redistributes arterial blood flow in such a way that, despite a decrease
in the total blood flow, the arteriolar component, particularly in the skin, increases
{Saxena and Verdouw, 1982, 1984, 1985b; Verdouw et al, 1984). The segmental
distribution of 5-FT receptors is also, at least partly, responsible for the fact that in vitro
studies, performed mainly with large conducting vessels, generally show a 5-HT,
receptor-mediated contractile response. fr vivo, where presynaptic (see above) and
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reflex effects of 5-HT may modify the vascular respomses, the amine causes
vasodilatation in some vascular beds and vasoconstriction in others (Takaes and Vajda,
1963; Saxena et al, 1978; Zinner et al., 1983).

Release of endothelinm-derived relaxing factor (EDRF): In the absence of
endothelium the relaxant effect of 5-HT is attenuated while the contractions are
exaggerated in isolated coronmary and other vessels of the pig, dog, chick and rabbit
(Cocks and Angus, 1983; Cohen et al,, 1983; Imaizumi et al., 1984; Leff et al., 1987,
Martin et al., 1987; Houston and Vanhoutte, 1988). These findings indicate that 5-HT
can release EDRF and this effect is mediated by 5-HT,-like receptors (Cocks and Angys,
1983; Cohen et al., 1983; Martin et 2L, 1987; Houston and Vanhoutte, 1988). Ir vivo,
the 5-HT-induced endothelium-dependent vasodilatation has thus far been smdied
indirectly by showing that the contractle responses to 5-HT, but not to angiotensin I
or phenylephrine, in the canine left anterior descending artery, are emhanced after
damage tc the endothelinm (Lamping et al,, 1985).
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CHAPTER 4

CARDIAC RESPONSES TG S-HT AND RELATED DRUGS

4.1 INTRODUCTION

As previously stated, 5-HT can elicit either bradycardia or tachycardia. The nature of
the 5-HT receptors and the underlying mechanisms involved in the heart rate responses
10 5-HT have been generally well worked out {Saxena, 1986, 1989; Saxena and Villalén,
1990z, 1991; see Table 4).

42 BRADYCARDIAC ACTION

The overwhelming effect of 5-HT in different species with intact central nervous system
and vagl is an intense, but transient, bradycardiz, which is abolished by ganglion
blockade, vagotomy or spinal section (Saxena, 1986, 1989; Saxena and Villalén, 1990a,
1991) and is, therefore, due to a von Bezold-Jarisch-like reflex originating from
depolarization of afferent cardiac neuroms (see above; McQueen, 1990). However,
bradycardia can be obtained via a cemtral or a presynaptic action on sympathetic
(inhibition) and/or cholinergic (stimulation) neurens.

42.1 wvon Bezold-Jarisch-like reflex

In the anaesthetized rats, intravenous belus injections of 5-HT, 1-phenylbiguanide and
2-methyl-5-HT (Richardson et al, 1985; Dalton et al., 1986) elicit a short-lasting
bradycardia that is effectively antagonmized by metoclopramide (Fozard, 1984a),
MDL 72222 {Fozard, 1984ab), ICS 205-930 (Richardson et al., 1985) and a variety of
other 5-HT, recepror zmtagomists (Cohen, 1990; Fozard, 1990). A similar
agonist-antagenist acticn is also observed with respect to the depolarization of the rat
cervical vagus nerve fibres (Ireland and Tyers. 1987).
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Table 4: Heart rate responses to 5-HT and related drugs and the mechanisms involved
in different species,

Species Condition Recepior Main mechanism of acton
Bradycardia

Rat tact’ 5-HT, Afferent neuronal stimulation®
Rabbit Intact 5-HT, Afferent neurcnal stimulation®
Cat Intact 5-HT, Afferent neuronal stimulation®
Dog Intaet Unknown  Afferent neuronal stimulation®
Rat Intact 5-HT.a Central autenomic changes®

Cat Intact S-HT,, Central autonomic changes®

Rat Intact Unknpown  Inhibition of sympathetic neurones
Dog Intact 5-HT,-iike? Inhibition of sympathetic neurones
Rabbit Isolated heart®  5-HT, Cholinergic stimulation
Tachycardia

Guinea-pig  Spinal - Tyramine-like action’

Dog Isolated atria - Tyramine-like action’

Dog Intact - Tyramine-like action'

Cat Spinal 5-HTike  Myocardial effect

Cat B-Adr. blocke 5-HT,-hke  Myocardial effect

Rat Ganglion-block  3-HT, Myocardial effect

Rat Intact/pithed S-HT," Myocardial effect

Dog Ganglion-block  5-HT. Adrepal catecholamine release
Rabbit Isolated heart 5-HT, Neuronal catecholamine release
Pog Conscious 5-HT, Not via autononuc nervous system
Pig Intact 5-HT, ? Myocardial effect

Moltuse Isolated heart Unknown ~ Unknown

Hamster Intact Unknown ~ Unknown

Man' Intact Unknown  Unknown

* Intact means anaesthetized or conscious amimal; °, von-Bezold-jarisch-like reflex;
¢, cardiogenic hypertensive reflex; ¢ inhibition of sympathetic meural activity plus
augmentation of vagal tone; °, prior reserpinization; |, high concentrations are needed;
& B-adrenoceptor blockade; ", receptor may differ from the usual 5-HT, receptor and
high concentration may release catecholamines; ', 5-HT, receptors may mediate inotropic
effects in isolated human atria {Kaumann et al., 19902.b). Taken from Saxenaz and
Villalon {1960z).
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5-HT also elicits bradycardia in the rabbit (Dawes and Mott, 1950; Bolt and Saxena,
1985; Wright and Angus, 1989). This effect is mimicked by i-phenylbignanide (Dawes
and Mott, 1950; Wright and Angus, 1986) and 5-CT (probably by releasing platelet 5-HT;
Wright and Angns, 1989), and antagenized by methylscopolamine (Wright and Angus,
1989), MDL 72222 (Wright and Angus, 1989), 2Z-naphtyl-gnanidine and bufotenine
(Fastier et al,, 1959), but not by ketanserin (Wright and Angns, 198%).

Rapid bolus injections of 5-HT in the cat evoke bradycardiac effects that can be
blocked by bilateral vagotomy, procaine, atropine, 2-methyl,3-ethyl 5-amine indole and
MDL 72222 (Comroe et al,, 1953; Saxena et al, 1985b). Injections of 5-HT into the left
ventricle {Kottegoda and Mott, 1955}, left coronary artery (Zakusov, 1962} or pericardial
sac (Mohr et al, 1987), but not inte the ascending aorta {Kottegoda and Mott, 1955),
also induce reflex bradycardia MDL 72222 blocks the effects of 5-HT without
attenuating that of nicotine (Mokhr et al, 1987).

The above findings clearly show that bradycardia due to 5-HT mainly results from
an effect on cardiac sensory receptors (von Bezold-Jarisch-like reflex) belonging to the
5-HT, type.

4.2.2 Cardiogenic hypertensive chemoreflex

In the dog S5-HT imduces a cardiogenic hypertensive chemoreflex which increases
efferent vagal and sympathetic nerve activities, leading to an initial transient decrease
in heart rate, followed by tachycardia (James, 1964; James et al, 1975). Curiously,
cyproheptadine abolished the cardiogenic hypertensive refiex in atropine-pretreated dogs,
but methysergide was reperted 10 be ineffective (Hageman et al, 1977, 1980). A
possible role of 5-HT; receptors in the cardiogenic hypertensive chemoreflex, becavse
of antagonism by ICS 205-930, has also been described (Berthold et al., 1989).

423 Central 5-HT,, mechamsm

8-OH-DPAT, a 5-HT,, receptor Hgand (Table 1) reduces heart rate in both
normotensive and two-kidney Goldblati, DOCA-salt or spontaneously hypertensive rats;
this response was not blocked by LY 53857, metergoline, methysergide, methiothepin,
cipanserin or pirenpercme, but was antagonized by pimozide (partly} or atropine +
propranolol (completely) (Main et al., 1984; Gradin et al.. 1985a,b). In contrast, Martin
and Lis (1985} found that methiothepin (but not cyproheptadine or metergoline) blocked
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the bradycardiac effects of 8-CH-DPAT in spomtanecus hypertenmsive rats. More
Tecemily, a detailed analysis by Fozard et al. {1987) showed that the bradycardiac and
hypotensive responses to §OH-DPAT in spontanecus hypertensive rats are
centrally-mediated, and is not affected by p-chloro-phenylalanine, prazosin, ketanserin
(0.1 mg/kg, s.c.) or MDL 72222, but are antagonized by 8-methoxy-2-{N-2-chloroethyl-
N-n propyl) aminotetralin (8-MeQ-CIEPAT), atropine, metergoline, methiothepin,
{*)-pindoiocl, (*)-cyanopindolol, buspirone, ychimbine, idazoxan and WY 26392.
Employing bigher doses of metergoline and methiothepin than the earlier investigators
(Gradin et al, 1985ab; Martin and Lis, 1985), Fozard could conclude that the central
effect of 3-OH-DPAT is apparently mediated via 5-HT,, receptors on neurons that
synapse distally via ap-adrenoceptors {Fozard et al, 1987). Methysergide, but not
cyproheptadine, also lowers heart rate in spontaneous hypertensive rais by a central
action {Antonaccio and Cote, 1976).

In cats several agomist compounds having 2 high affinity for 5-HT, , recognition sites,
like 8-OH-DPAT, N, N-dipropyi-5-CT, flesinoxan, ipsapircme, p-aminophenyl-ethyi-
m-triflucromethyiphenyl piperazine, 1-(2-methoxyphenyl) piperazine, lower heart rate
whereas compounds with a higher affinity for 5-HT,; recognidon sites —
1-(3-trifjuorcmnethyl) piperazine (TEMPP), 5-H T, recognition sites [(1-(3-chiorophenyl)
piperazine (mCPP)] or 5-HT, recognition sites [I-(25-dimethoxy-4-iodophenyl)-
2-aminopropane (DOI) and piperazinyl-6-chloropyrazine (MK 212)} are ineffective
(Ramage, 1985a,b; McCall et al.,, 1987; Ramage and Fozard, 1987; Doods et al,, 1988;
Wouters et al., 1988a D).

The above results indicate that activation of central 5-HT,, receptors increase vagal
but decrease sympathetic tome to elicit bradycardia and hypotension; this
pharmacological approach is of particular interest for the development of nevel drugs
with potential therapeutic usefulness in the treatment of hypertension (see Saxena and
Vilialon, 1990b).

4.2.4 Presynaptic inhibition of sympathetic activity

In rat {(vagotomized, pithed or pretreated with atwropine, captopril and ketanserin),
preganglionic stimulation of the sympathetic nerves results in an increase in heart rate,
which can be reduced by S-methoxytryptamine (Géothert et al., 1586). The exact nature
of the receptor involved has to be established.
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In dogs 5-HT can attenuare the tachycardia induced by electrical stimulation of the

ansa subclavia (Kimura and Satch, 1983). This effect cannot be blocked by pretreatment
by cyproheptadine suggesting the involvement of non-5-HT, receptors.

4.25 Stimuiation of cholinergic neurones

In isolated perfused heart, obtained from reserpine-treated rabbits, 5-HT elicits a
MDL 72222-susceptible bradycardia, which has been ascribed to the presence of 5-HT,
receptors on postganglionic cholinergic nerve endings (Fozard, 1984a,b). However, it is
likely that these 5-HT, receptors are located on cardiac vagal ganglia, since 5-HT,
receptors have been found on parasympathetic ganglia (Saxena et al, 1985a; Bradley et
al., 1686).

4.3 TACHYCARDIAC ACTION

The tachycardiac effect of 3-HT is notoriously species-dependent and the responses are
mediated by 2 variety of mechanisms, namely:

4.3.1 Tyramine-like action

In the spinal guinea pig intravenous administration of 5-HT elicits tachycardiz, and this
respense is not modified by methiothepin, ketanserin or MDL 72222, but is antagonized
by B-adrenoceptor antagonists {proprapolel and atenolol) or by the 5-HT-uptake
inhibitor indalpine. Pretreatment with reserpine did not affect the first challenge with
5-HT but the responses to the subsequent doses showed rapid tachyphylaxis (Dhasmana
et al,, 1988). In the guinea-pig isolated atrium, results similar to those in spinal animals,
were reported except that reserpine was not able to influence the responses to 5-HT
{Eglen and Whiting, 1989). However, it is not known if these authors administered 5-HT
repeatedly in reserpinized atria as was done in an earlier study (Dhasmana et al., 1988).
At this stage it would appear that the main actien of 5-HT on the guinea-pig heart is via
a release of catecholamines by a mechanism similar, but not identical, to that of
tyramine. In addition, it is possible that S-HT may release calcitonin gene-related
peptide, which is present in the guinea pig sinus node and has a pesitive chronotropic
action (Saito et al., 1986).
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In atria obtained from the dog, the chronotropic response to 5-HT is attenuated by
both desipramine and B-adrenoceptor antagonists, sugeesting an indirect
sympathomimetic action (Chiba, 1977; Chiba et al., 1978). Similar findings have been
obtained with high doses of 5-1T in vivo (Fillior et al., 1971).

432 5-HT,-like receptor stimulation

In an excellent investigation Trendelenburg (1960) reporied that the 5-HT-induced
cardiostimulation in the cat isolated atria, being antagonized by lysergide but not by
reserpine, dichleroisoprenaline or cocaine, involves "D" 5-HT receptors {Gaddum and
Picarelli, 1957), which may belong to either the 5-HT,-like or the 5-HT, type (Saxena,
1989; Saxena ancd Ferrari, 1989). Accordingly, the respomses to 5-HT in the
reserpine-pretreated kitten atria can be blocked by phenoxybenzamine or methysergide,
but not by ketanserin, MDL 72222 or yohimbine (Kaumann, 1985).

In a detailed analysis in spinal cats (Saxena et al., 1985Db), it was established that the
5-HT-induced tachycardia is not or only slightly susceptible to blockade by guanethidine,
propranolol, burimamide, 5-HT, receptor antagonists {cyproheptadine, ketamserin,
ritanserin, pizotifer and mianserin) or bilateral -adrenalectomy, despite the fact that
5-HT may sometimes release catecholamines from the adremal medulla (Reid, 1952).
This response is effectively blocked by mixed 5-HT,-like and 5-HT, receptor antagonists
(methiothepin, methysergide, mesulergine) and mimicked by 5-CT, to establish that
5-HT,-like receptors mediate tachycardia in the cat (Saxena et ai., 1985b; Connor et al.,
1986; Saxena, 1988)

4.3.3 5-HT, receptor stimulation

In pithed rats 5-HT (100 ug/kg) increases heart rate and blood pressure and these
responses are effectively antagonized by cyproheptadine but, in contrast, another 5-HT,
receptor  antagonist  3-{2-[4-(4-fluorobenzoyl)-1-piperidinyt]ethyl}-2-methyl-
4H-pyrido[1,2-a] pyrimidin4-one (R 50656) suppressed the pressor response but not the
tachycardia (Krstic® and Katusic, 1982). Subsequently, Saxena and Lawang (1985)
showed that 5-CT, in contrast to 5-HT, does not increase heart rate in ganglion-blocked
rats and the tachycardia elicited by 5-FIT (6.25-200 pg/kg) is blocked by ketanserin (0.5
mg/kg) or cyproheptadine (0.5 mg/kg). suggesting the involvement of 5-HT, receptors.
Accordingly, in pithed pormotensive and/or spontanecusly hypertensive rats,
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S-methoxyfryptamine and 5-HT, but not 5-CT, 8-OH-DPAT, ipsapirone, RU 24969,
S5-methoxy-N,N-dimethyltryptamine, TFMPP or DOL cause tachycardia which is
susceptible to blockade by ketanserin, LY 53857, methysergide or methiothepin, but not
by MDL 72222, propranolol or desipramine (Géthert et al, 1986; Docherty, 1988;
Dabiré et al,, 1989a,b). It is interesting to note that DOL which exhibited a partial
agomist action at 5-HT, receptors mediating pressor responses, peither elicited
tachycardia nor antagonized the tachycardiac action of 5-HT (Dabiré et al, 1989z, b).
The ineffectiveness of DOI (Dabiré et al, 198%2,b) and R 50656 (Krstic’ and Katusic,
1982) snggests that the 5-HT, receptors mediating tachycardia in the rat are *atypical’ in
nature. However, at high doses (100 pg/kg and above} 5-HT can also increase heart
rate probably by a tyramine-like action, which can be reduced by desipramine or
propranolol (Docherty, 1988).

Many investigators have reported that 5-HT elicits tachycardia in anaesthetized dogs
(Maxwell et al, 1959; Noble and Nznson, 1959); this effect is accompanied by an
increase in noradrenaline concentration in the coronary sinus and vena caval blood and
is absent after antonomic blockade (Fillion etal, 1971). Subsequently, it was shown that
5-HT is capable of eliciting tachycardiac responses (antagonized by cyproheptadine or
bufetolol) in vagotomized and cardiac decentralized dogs (Kimura and Satoh, 1983), and
the 5-HT-induced tachycardia in ganglion-blocked dogs is accompanied by a release of
noradrenaline and adrenaline into the blood and suppressed not only by cyproheptadine
and methysergide, but also by syrosingopine {a catecholamine depleting agent) and
bilateral adrenalectomy (43% reduction) {Fenink et al., 1981; Kimura and Sato, 1983).
It therefore appears that 5-HT elicits tachycardia by a tyramine-like action as well as by
a 5-HT, receptor-mediated release of catecholamines from the adrenomedullary
chromaffin cells.

434 5-HT, receptor stimulation

The tachycardiac effect of 5-HT in the rabbit isolated atria is mediated by noradrenaline
release (Trendelenburg, 1960) and detailed analyses in the perfused heart have revealed
that reserpine, propranolol, cocaine, MDL 72222, ICS 205-930, but not desipramine,
methiothepin or methysergide, inhibit the increase in heart rate by 5-HT (Fozard and
Mwaluko, 1976; Gothert and Dithrsen, 1979; Fozard, 1984b; Richardson et al., 1985).
Therefore, the cardiostimulatory effect of 5-HT in the rabbit is due to a 5-HT;
receptor-mediated release of noradrenaline from the postganglionic cardiac sympathetic
nerve fibres. The action of 5-HT is mimicked by 2-methyl-5-HT and
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5,7-dihydroxytryptamine (Gothert and Dihrsen, 1979; Richardson et al, 1985).
Recently, Wilson et al. (1990) have described that 5-HT; receptors mediate tachycardia
in the conscious dog

4.3.5 Stumsulation of a novel 5-HT receptor

It has been previously reported that the tachycardia imduced by 5-HT in the
anaesthetized pig is not antagonized by drugs affecting autonomic receptors, histamine
H, and H; receptors, dopamine receptors, calcium channels, 5-HT,-like, 5-HT, and/or
5-HT, receptors (Duncker et al, 1985; Bom et al., 1988a). Moreover, selective agomnists
at 5-HT,-like or 5-HT, receptors do not elicit tachycardia (see Table 5). Therefore, the
tachycardiac action of 5-HT in the pig does not involve endogenous catecholamines or
histamine, Ca®* transport into the sinoatrial node cells or the 5-HTy-like, 5-HT, or 5-HT,
receptors, but seems 10 be mediated by a new type of 5-HT receptor {Duncker et al.,
1985; Bom et al., 1988a).

In this context, Dumuis and her colleagnes (1988, 1989), working with cultured
neurones from mouse embryo colliculi, described a povel receptor site (designated as
5-HT,), where S-methoxytryptamine and certain benzamide derivatives {metoclopramide,
renzapride, cisapride), but not 5-CT, a-methyl-5-HT or 2-methyl-5-HT, have high affinity
and increase adenylate cyclase activity; ICS 205-930 (in high concentrations; pA.:
6.3-6.5), but not MDL 72222 or ondansetron, behaves as an antagonist (see also Clarke
et zl., 1989). In the cardiovascular systern this novel 5-HT receptor seems io be involved
in the positive inotropic action of 5-HT on human ztria; the response to 5-HT is not
modified by ketanserin, methysergide, lysergide, methiothepin, yohimbine,
(= )propranolol, {-}pindelol or MDIL. 72222, but was blocked by a high concentration (2
uM) of ICS 205-930 (Kanmann et al., 1990a,b).
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Table 5: Capacity of drugs to cause tachycardia or to antagonize S5-HT-induced
tachycardia in the anaesthetized pig.

Drug Dose  Drug profile Activity as
(ue/kg) agonist or
antagonist
Agonists
5-CH,O-tryptamtine 3-30  5-HT,,, 5-HT,s, 5-HTe, 5-HTp, 5-HT,
5-HT, Yes
Renzapride 3106  5-HT, Yes
5-CT 1-100  5-HT,a, 5-HTye 5-HTpp No
8-OH-DPAT 1000 5-HT No
RU 24969 1000 5-HT,,, 5-HTp, 5-HTp No
BEA 1654 1000 S-HT,, No
2-CH,-5-HT 30-100 S5-HT, No
a-CH-5-HT 3-100 S-HT... 5-HT,, 5-HT, Yes
Antagonists
Phentolamine 1000  a-Adrenoceptor No
Propranoiol 560 £ Adrenoceptors No
Atropine 500 Muscarinic cholinergic No
Hexamethonium 10000 Nicetine, cholinergic No
Mepyramine 1000  Histamine H, No
Cimetidine 1000  Histamine H, No
Haloperidol 1000  Dopamine B, D, No
Verapamil 100° Calcium channels No
Phenoxybenzamine 1000  Adrenergic, cholinergic, 5-HT No
Methiothepin 500 5-HT s 5-HThg, 5-HT e, 5-HTyp, 5-HTs No
Methysergide 500 5-HT,,, 5-HT,¢. 5-HT,,, 5-HT, No
Metergoline 500 5-HT .. 5-HT s, 5-HT,c, 5-HTyp, 3-HT, No
Mesulergine 500 5-HT,., 5-HT, No
Mianserin 500 5-HTy, 5-HT, No
Pizotifen 500 5-HT,¢, 5-HT, No
Cyproheptadine 560 5-HT, Ne
Ketanserin 560 5-HT, No
MDL 72222 300 5-HT, Neo
ICS 205-930 300 5-HT, No

%, dose followed by 0.01 mg/kg.min. Based on data from Bom et al. {1988a) and Saxena
and Villaldn (19%0a).
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43.% Unidentificd mechanisms

The hearts of certain lamellibranch and gastropod species (Mercenaria mercinaria, Tapes
watlingi, Patella vulgara, Helix, Aplysig) are extremely sepsitive to 5-HT (threshold
concentration 0.1 nM; for references, see Walker, 1985) and in Aplysia heart 5-HT
increases cAMP accumulation {(Sawada et al, 1984). In the Mercenaria heart
iryptamine derivatives increase the rate and coniraction with the following order of
activity {equipotent molar ratio; S-HT=1): NN-dimethyl-5-HT (0.028),
N-methyitryptamine {(3.7), a-methyl-3-HT (6.0}, N,N-diethyliryptamine {7.9), o-methyl-
tryptamine (8.8), N-ethyltryptamine {9.1), tryptamine {9.9), N,N-dimethyltryptamine
(10.7}, Z-methyl-5-HT (31.4). The effect of 5-HT is antagonized by methysergide and
2-bromolysergide, but lysermide mimics 5-HT with incredible potency (threshold
concentration 1 fM). There is evidence that 5-HT is an excitatory transmitter in the
Merceraria heart; stimulation of the cardioaccelerator nerve releases 5-HT and the its
effects are reduced by methysergide, 2-bromolysergide and reserpine (Walker, 1985).

Iz hamster isolated atria, 5-HT increases heart rate, probably by combination of a
direct effect on the myocardium and an indirect effect via the liberation of
noradrenaline from cardiac sympathetic nerves, since the responses are mot much
affected by phentolamine + propranolol or phenoxybenzamine (Gonzélez and Garcia,
1977, 1978).

In humans, slow intravenous infusions of 5-HT elicit tachycardiz before any changes
in arterial bloed pressure occur (Hollander et al,, 1957, LeMessurier et al,, 1959; Harris
et al., 1960).

In conclusion, from the aforementioned studies it is clear that 5-HT can induce heart
rate changes by a whole spectrum of mechanisms and receptors, whereas the
mechanisms involved in 5-HT-induced changes in cardiac comtractile force are still
ill-understood.
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CHAPTER 5

EFFECTS OF 5-HT AND RELATED DRUGS
IN THE CARCTID CIRCULATION

5.1 INTRODUCTION

As In other vascular beds, 5-HT can elicit either vasodilatation or vascconstriction in the
carotid vascular bed. The eventual response depends -amongst other factors- upon the
species, dose, vascular segment under study and, most importantly, the namwre of S-HT
receptors involved.

5.2 EFFECT OF 5-HT IN THE CAROTID BLOOD FLOW OF SEVERAL
SPECIES

Intracarotid administration of 5-HT in the intact dog imcreases external carotid bloed
flow, but decreases internal carotid blood flow (Vidrio and Hong, 1976), the former
response being dependent on the vascular tone as can be reverted to vasoconstriction
when vascular tone is abolished by vagotomy or stellectomy (Saxena, 1972; Mena and
Vidrio, 1979), whereas the latter is independent of vascular tone (Vidrio and Hong,
1976; Mena and Vidrio, 1979). Similar differential effects of 5-HT have been reported
in primates {Grimson et al,, 1969). In contrast, 5-HT elicits a decrease of the carotid
blood flow in humans (Lance et al., 1967) and cats (Saxena and Verdouw, 1983). In the
latter, such effect is related to a decrease in arteriovencus anastomotic blood flow which
is resistant to bleckade by cyproheptadine (Saxena and Verdouw, 1983). More recently,
Hong and Villalén (1588) have reported that 5-HT,-like receptors are involved in the
vasodilatation and vasoconstriction induced by 5-HT in the canine external carotid
artery.

In the anaesthetized bilaterally vagotomized pig, intracarotid infusion of 5-HT
decreases common carotid blcod flow by reducipg arteriovemous anastomotic
(non-nutrient) flow, whereas arteriolar flow to the head tissues, maizly to the skin and
ears, is increased (Saxena and Verdeuw, 1982, 1983b).
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5.3 EFFECTS OF 5-HT RECEPTOR AGONISTS AND ANTAGONISTSIN THE
PORCINE CAROTID BL.OOD FLOW AND ITS DISTRIBUTION

The effects of 5-HT in the porcine carotid circulation, as previously described, are
maimicked by the 5-HT,-like receptor agonist S-carboxamidotryptamine (Saxena and
Verdouw, 19852) and antagonized by methiothepin (Saxena et al., 1986a), which blocks
both 5-HT,-like and 5-HT; receptors {see Hover, 19884; Saxena and Villalén, 1990z), but
not appreciably by the 5-HT, receptor antagonist ketanserin (Verdouw et al., 1984) or
the 5-HT, receptor antagonist 1oL 3aSaH-tropan-3yl-3,-5-dichlorcbenzoate
(MDL 72222) (Saxena etal, 19862). Therefcre, according to the classification proposed
by Bradley et al. (1986), the constriction of arteriovenous anastomoses (AVAs) as well
as the dilataticn of arterioles are mediated by 5-HT,-like receptors (Saxena et al.,
1986a). However, the 5-HT,-like receptors in the carotid circulation of the pig seem to
belong to two different categories since, unlike 5-HT (Szaxena and Verdouw, 1982) or
S-carhoxamidotryptamine (Saxema and Verdouw, 19852), the reductions of the
arteriovenous anastomotic bloed flow induced by methysergide (Saxenz and Verdouw
1984}, the putative 5-HT,, receptor agonists 8-OH-DPAT (Bom et al, 198%a) and
N-{3-acetylaminophenyl) piperazine hydrochloride (BEA 1654) (Verdouw et al.,, 1985),
and the putative 5-HT,, and 5-HT; receptor agonist RU 24969 (Bom et al., 1989b), are
not cr only stighily accompanied by increases in the arteriolar blood flow. Furthermore,
despite the effecdveness of 8-OH-DPAT, BEA 1654 and RUJ 24969, the 5-HT,-like
receptor mediating arteriovenous anastomotic constriction does not appear to be related
to either the 5-HT,, or 5-HT,; binding sites because, as we reported recently (Bom et
al, 1989b), the effects of RU 24969 are not antagonized by the putative 5-HT,, and
5-HT,p Teceptor antagomnist, {+ )-pindolo] (Hoyer et al., 1985: Hoyer, 1988a). Within this
framework, it is of particular importance to characterize drugs with high selectivity to
decrease crapial AVA blood flow, as this is one of the few experimental models that
could make it possible to develop drugs with potential therapeutic usefulness in the
treatment of migraine (see Saxena and Ferrari, 1989; Saxena, 19%0). Indeed, some drugs
with established antimigraine efficacy decrease porcine cranial AVA blood flow (see
below; Saxena and Ferrari, 1989; Saxena and Den Boer, 1991).

5.4 MIGRAINE

Migraine is a debilitating disease which affects up to 10% of the Western World,
regarded as an episodic syndrome characterized by usually unilateral headache, nansea,
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vomiting and photophobia, sometimes preceded by certain premonitory aura symptoms
(Wolff, 1963; Lance, 1582; Lance et al, 1989). Migraine, like hypertension, is a
syndrome where the underlying causative factor(s) can vary widely. In this connection,
theories to explain migraine pathophysiology have evolved from the rezims of the
supernatural into the scientific arena (for references, see Edmeads, 1991), where the
controversy whether migraine is primarily a vascular or 2 neurological disfunction has
been argued for over a hundred years, and the scientific comumunity still appears to
remain divided. Despite intensification of research in recent years, however, migraine
aeticlogy remains elusive (see Lance, 1982; Lance et al., 1967, 1989; Saxena, 1987; 1990;
Edmeads, 1991; Moskowitz and Buzzi, 1991).

With respect to the vascular origin of migraine, this syndrome has long been
considered to result from cephalic vasodilatation, if only because of the throbbing nature
of the pain (Edmeads, 1991). This concept became established as 2 result of the
pioneering work of Graham and Wolff (1938), whose findings implicated the cranial, as
oppesed 10 the cerebral, component of the cephalic circulation. During 2 significant
number of migraine attacks, pulsations in the superficial temporary artery were
demonstrated using an external tambour, and pain could be relieved either by physical
compression or by the vasoconstrictor agents ergotamine or dihydroergotamine (Graham
and Wolff, 1938; Wolff, 1563).

This "vascular hypothesis" has, in recent times, fallen into disfavour largely because
many patients exhibit facial pallor during attacks, not flushing (a reflection of cranial
vasodilatation), and because other researchers have not been able to confirm Wolffs
findings {Heyck, 1969; see below). However, the involvement of extracranial vessels has
been confirmed in some patiemts; for example, Drummond and Lance (1983)
demonstrated that temporzl artery compression reduced pain intensity in about one-third
of patients, while a further one-third experienced relief following common carotid artery
compression. These findings are in complete agreement with those reported by Graham
and Wolff (1538).

Wolff (1963) was also able to show that extracramial vascular distension was
associated with perivascular cedema, resulting from sterile inflammation. In this
connection, the trigeminal nerve has been implicated in the genesis of migraine (for
references, see Moskowitz and Buzzi, 1991). In support of this "neural hypothesis”, it has
been shown that the trigeminal nerve can release a oumber of neuropeptides including
substance P and calcitonin gene-related peptide, and that antidromic activation of the
trigemninal merve leads to plasma protein extravasation (and presumably vasodilatation)
in the dura mater of rats and guinea pigs; interestingly, antimigraine drugs such as
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ergotamine, dihydroergotamine and sumatriptan inhibit substance P-induced plasma
protein extravasation in rats (Moskowitz and Buzzi, 1991). However, it is possible that
this inhibltory effect is related to the selective vasoconstriction exerted by these drugs
in the exiracerebral vascular bed (see below).

5.4.1 5-HT and the pathophysiology of migraine

Amongst a host of biogenic substances implicated in the pathophysiology of migraine,
none seems 1o have 2 better claim than 5-HT {for references, see Wolff, 1963; Lance,
1582; Saxena, 1987, 1690, 1991; Lance et al,, 1989; Feniuk et 2l., 1991). Of particular
importance were the clinical cbservations that: i) urinary excredon of 5-HIAA
{S-hydroxyindeleacetc acid), the main metabolite of 5-EHT, increases during migraine
attacks; ii) both platelet 5S-HT and whole blocd 5-HT decrease during migraine attacks;
iil) intramwscular injectioms of Ieserpine precipitate migraine-like headaches in
migraineurs; iv) slow intravenous infusion of 5-HT alleviates both reserpine-induced and
spontznecus migraine headaches (Lance et al., 1967; 1989; Sicuteri, 1977; Lance, 1982;
Saxena, 1987, 1990, 1591; Feniuk et al,, 1951). The above findings coupled to the fact
that the 5-HT,-like receptor agonist sumatriptan aborts migraine headaches and that
5-HT receptor antagonists, eg. ketanseﬁn, cyproheptadine and ICS 205-930 are poorly
effective in migraine (see below), do suggest the involvement of 5-HT in migraine
aetiology.

Within the bounds of the 5-HT theory, and keeping in mind the foregoing
controversy about migraine pathogenesis, we would like to draw some attention to the
following facis: i) distension and sensitivity of extracranial arteries can be demonstrated
in about one third of migrainous patients {see above; Drummond and Lance, 1983;
Lance et al,, 198%), so that vascular factors cannot be ignored, whether they be primary
or secondary to neural discharge; i) the neural hypothesis of migraine is theoretical and
based con animal experimentation, which argnes against a purely neural hypothesis {for
references, see Lance et al., 1989; Moskowitz and Buzzi, 1991; Saxena and Den boer,
1991).
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5.4.2 Reducton in cranial arteriovenous anastomoses (AVAs) blood flow as 2
pharmacological approach for antimigraine action

The paradox between the suggested cerebral and extracerebral vasedilatation and some
clinical features of migraine (facial pallor, venous engorgement and celd skin) prompted
Heyek {1969) to measure oxygen difference in arterial and venons blood in migraineurs.
He found that: i) the arteriovenous oxygen saturation difference between arterial and
jogular venous blood decreased during migraine attacks, suggesting a higher
artericvenous shunting in the territory drained by the jugular vein; and i} pain relief
(either spontaneously or after dihydroergotamine treatment) was accompanied by 2
normalization of the arteriovenous oxygen saturation difference. On the basis of these
results, Heyck (1969) suggested that during migraine attacks cranial AVAs opened and
lower the diastolic blood pressure, causing greater pulsations and an increased AVA
fraction of carotid blood flow.

From the above evidence, cranial arteriovenous anastomoses constriction has been
proposed as a possible mechanism for antimigraine action {see Saxena, 1987; 1990;
Saxena and Ferrari, 1989; Saxena and Den Boer, 1991). Significantly, a number of new
and established antimigraine drugs interact with 5-HT receptors (see Table 6). Selective
agomists at the 5-HT,-like receptor subtype mediating contractions of cephalic vessels
{AH25086, sumatriptan), which do not penetrate inte the central nervous system, are
effective in the treatment of acute migraine attacks (see Perrin et al., 1989; Saxena and
Ferrari, 1989; Humphrey et al, 1990; Tfelt-Hanssen and Nielsen, 1990). Some
antdmigraine drugs behave as antagonists at 5-HT, (methysergide, pizotifen, ergotamine,
dihydroergotamine) and/or 5-HT -like {methysergide, propranolol) receptors, but many
5-HT, and/or 5-HT,-like receptor antagonisis {ketanserin, ritanserin, cyproheptadine,
mianserin, methiothepin, metergoline) have not found much use in migraire therapy.
It therefore seems likely that additional properties of such antimigraine drugs, for
example, the vasoconstriction in the extracerebral cephalic circulation with methysergide,
ergotamine and dihydroergotamine and the antidepressant action with pizotifen, may be
involved in their therapeutic action (Saxena, 1990). Though MDL 72222, a 5-HT;
receptor antagonist, has been reported to be effective against migraine (Loisy et al,
1985), ICS 205-930 (Lataste et al, 1989) and, probably. other such dmgs are not.
Therefore, within the bounds of serotonergic mechanisms, the antimigraine action seems
t0 depend mainly upon agonist action at the 5-HT,-like receptor subtype (5-HTg
Table 1) that mediates crapiovascular comtraction (Saxena, 1990; Saxena and Ferrari,
1989).
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Table 6: Profile of potential and proven antimigraine drugs in relation to 5-HT

receplcrs.

Antimigraine drug  5-HT,-like 5-HT 5-HT, Penetration
Receptor Receptor Receptor into the CNS

AFH25086 Agonist® Inactive Inactive Poor or none

Sumatriptan Agonist® Inactive Inactive Poor or none

Methysergide Partial agonist™  Antagenist®  Inactive Possibly yes

Ergotamine ? Antagonist  Inactive Poor or none

Ditydroergotamine ? Antagonmist  Inactive ?

Pizotifen Inactive Antagonist  Imactive Possibly yes

Propranolol Weak antagonmist’ Inactive Inactive Rapid

MDL 72222 Inactive Inactive Antagonist® 7

*, Action is selective on 5-HT,-like receptors mediating the contraction of cephalic
arteries and arteriovenous anastomoses; °, Antagonists of 5-HT,-like receptors
{methicthepin, metergoline) have no antimigraine actvity; ©, Many other 5-HT,
antagomnists (ketanserin, retanserin, cyproheptadine) have not proved much effective in
migraine therapy; ° Other antimigraine 3-adrenoceptor antagonists (atenolol, timolol)
have no affinity for 5-HT,-like receptors; ©, ICS 205-930 and probably some other
antagonisis at 5-HT, receptors are not much effective in migraine. NS, Central
nerveous system. {For references see Saxena, 1990; Saxena and Den Boer, 1991).
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CHAPTER 6

AIMS OF THE THESIS

There exists ow an extensive literature dealing with the nature of the 5-HT receptors
involved in S5-HT-induced cardiovascnlar effects. For example, 5-HT-induced
tachycardia is notoriously species-dependent and is mediated, directly or indirectly, either
by 5-HT,-like (cat), 3-HT, (rat, dog) or 5-HT; {rabbit, dog) receptors, or by tyramine-like
{guinea-pig) or unidentified mechanisms (pig, Helix aspersa) (see Saxena, 1986; Saxera
and Villalén, 1990z; 1991). In marked comtrast, Little is kmown about the nature of the
myocardial receptors involved in 5-HT-induced positive inotropic effects (Kaumann et
al., 1990ab). Therefore, Chapters 7 zud 8 of the present thesis deal with the
mechanism(s) and characterization of the 5-HT receptor type involved in the positve
chronotropic effects induced by 5-HT and some indole- and benzamide derivatives in
the pentobarbitone anaesthetized pig, whereas in Chapter 9 an attempt was made to
delineate the receptor involved in the positive inotropic effect by 5-HT in the same
species.

On the other hand, it is has been demonstrated that 5-HT,-like receptors mediate
both the constriction of porcine cephalic arteriovenous anastomoses and the dilatation
of arterioles induced by 5-HT and some 5-HT,-like receptor agonists, including the
aptimigraine drog sumatriptan {Saxena et al, 1989; Saxena and Villalén, 1990a; Den
Boer et al.,, 1991); however, it has not yet been fully idemified which specific 5-HT,
receptor subtype (5-HT,,, 5-HT g, 5-HT) or 5-HT,p) is involved in such effects {Bom
et al,, 1589a,b; Saxera and Villalén, 1990a). For this reason in Chapter 10 of this
dissertation we have further attempted to study the possible involvement of 5-HT,,.
5-HT,;, 5-HT, and/or 5-HT,, receprors in the distribution of common caroud artery
blood flow into arteriolar (nutrient) and arteriovenous anastomotic {non-nutrient) parts
in the pig by using indorenate, a tryptamine derivative with antihypertensive properties
(Hong et al., 1978; Hong, 1981) as well as a high affinity for the 5-HT\, binding site
{Dompert et al., 1985; Hoyer et al., 1985). Ketanserin, methiothepin and metergoline
were used as potential antagonists.

Finally, in view of the involvement of ¢ranial arteriovenous anastomoses constriction
as a possible mechanism for antimigraine action (see Saxena and Ferrari, 1989). the last
part of the present dissertaton is devoted to the analysis of the effects of
dihydroergotamine {an established antimigraine drug), and S9977 (a potential
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antimigraine drug) on the distribution of the porcine total common caretid artery blood
flow (Chapter 11), and accordingly, highlights the possible mechanisms that might
expiain the action of the antimiigraine drugs.
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Br. J. Pharmacel. (1990), 108, 665667

SPECIAL REPORT

73

@ Macmillan Press Ltd, 1990

Mediation of 5-hydroxytryptamine-induced tachycardia in the
pig by the putative 5-HT, receptor

Carlos M. Viilalén, Marien O. den Boer, Jan P.C. Heiligers & Pramod R. Saxena

Department of Pharmacology, Faculty of Medicine and Health Sciences, Erasmus University Rotterdam, Post Box 1738, 3000

DR Rotterdam, The Netherlands

Intravenous bolus ‘injections of S-hydroxytryptamine (5-HT; 3, 10 and 30 g kg ™), 5-mcthoxytryptamine
(5-MeQ-T: 5. 10 and 30ugkg™"), renzapride (BRL 24924: 3, 10, 3¢ and 100pgke™") and moprenaline
(0.03. 0.1 and 03 4gkg™") to anaesthetized pigs increased heart rate by, respectively, 22 + 3, 44 £+ 3 and
65+ 4 beatsmin™' (5-HT: n= 171 12 £ 1, 26 + 2 and 44 + 4 beatsmin™" (5-MeO-T; n=15), 5 £ 2,
11£2 1844 and 374+ 5 beatsmin™' {renzapride;: n = 8) and 17 £ 2. 46 £ 3 and 75 & 3 beatsmin ™!
(isoprenaline; r = 13). The responses to 5-HT, 5-MeQ-T and renzapride were antagonized by ICS 205-930
{t and 3mgkg™', iv.), which did not modify the increases in heart rate by isoprenaline. Renzapride
showed tachyphylaxis and attenuated the responses to 5-HT. These findings indicate that 5-HT elicits
tachyeardia in the pig by acting on a novel receptor, cither similar or identicai to the 5-HT, rcceptor

identified in mrouse brain colliculi.

Infroduction The mechanism of tachycardia elicited by 5-
hydroxytryptamine (5-HT) is notoriously specics-dependent
and is mediated, directly or indirectly, either by 5-HT -like
{cat), 5-HT, (rat, dog} or 5-HT, (rabbit, dog) reccptors, or by
tyramine-like (guinea-pig) or unidentified mechanisms (sce
Saxena. 1986: Saxena & Villaloér, 1990). In the pig. we have
found that the 5-HT-induced tachycardia is mediated by 2
novel receptor type different from cither the 5-HT-like,
5HT, or 5-HT, receptor {Duncker er al. 1985: Bom ¢ al.
1988}, Receatly, a novel 5-HT receptor site, coupled positively
to adenylate c¢yclase and designated as 5-HT,, has been
located in cultured neurencs from mousc cmbrye ¢olliculi
(Dumuis et al., 1988; 1989; Clarke er al., 1989). The purpose of
this investigation was to determine whether the porcine heart
S5-HT receptor is similar to the putative 5-HT, receptor in the
mouse brain,

Methods  As deseribed in detail previously (Bom e ai.. 1988),
21 Yorkshire pigs (15-20kg) were, after sedation with aza-
perone {120mg, i.m.) and metomidate (120-150mg, iv.). intu-
bated for positive pressure ventilation with 2 mixture of room
air (70%) and O, (30%). The anaesthesia was maintained with
a continuouws inlusion of pentobarbitone sodium (15—
20mgkg~'h™", iv) Both vagosympathetic wunks were cut
and aortic blood pressure and heart rate were recorded. The
right jugular vein was cannulated for drug injections. The
body temperature of the animals was maintained around 37°C
and arterial blood gases and pH were kept within the normal
limits. Alter the amimals had been in a stable haemodynamic
condition lor at least 30 min, they recsived belus injections of
5.HT, S-mecthoxyiryptamine (5-MeQO-T), renzapride and/or
isoprendline.  Subsequently, thres doses of 1CS 205-930
(cumulatively: 0.3, 1.0 and 3.0mgkg™") or equivalent volumes
of physiological saline were administered and the responses to
the four agonists were elicited again ((or doses and number of
observations in ¢ach case, see Results),

The drugs used in this study were 5-HT creatinine sulphate
(Sigma Chemical Company, St. Louis, MO, U.S.A)), 5-MeQO-T
hydrochloride (Janssen Pharmacewtica, Beerse, Belgium), ren.
zapride hydrochloride (BRL 24924; gift: Dr GJ. Sanger,
Beecham Pharmaceuticals, Harlow, Essex, England), isoprena-
line sulphate {Pharmacy Department. Erasmus University,
Rotterdam, The Netherlands) and {3x-tropanyl}1H-indole-3-
carboxyl acid ester {FCS 205-9201 The doses of 5-HT and
5-MeQ-T are given as [rec base. The percentage changes rom

* Author lor correspondence,

the initial agonist response in the saline- and ICS 205-930-
treated animals were compared by Student's « test. Statistical
significance was accepted a1 J* < 0.05. All data arc reported as
mean 1 s.Cmear.

Results Inmitial blood pressurc and heart rate changes by
agonist drugs  Baseline values of mean arterial blood pressure
2nd heart rate in the 21 pigs were 84 + 4mmHg and 102 4+ 5
beats min ™!, respectively. The changes in the mean arteria
bleed pressure were: 5-HT {(—-17+ 1. —16 +2and 10+ 3
lollowed by +5 + 1mmMg alter 3, 10 and 30 ugkg ™', respecs
uvely: a = [7), 5-MeQ-T (~18+3, =174+ 2 and —161+2
lollowed by +6 + 2mmHg alter 3. 10 and 30 ugkg ™", respec-
tively; n = 15) and renzapride (+1 £ 1, +4 41, +8+ [ and
+9 + 1mmHg alter 3, 10, 30 and 100ugkg ™", respectively;
n = 8), These cflects were not evaluated further.

As shown in Figure 1, 5-HT, 5-McO-T, renzapride and iso-
prenaline caused dose-dependent increases in heart rate, Iso-
prenaline was about 2 log units motc potent than 5-HT,
which was itsell more potent than $-MeO-T or renzapride. At
the doses used the duration of action of renzapride {10.8 + 2.9,
257 + 3.6, 36.8 4 3.9 and 457 + 28min) was much longer
than that of 5-MeO-T (42 £ 07,83 + 1.0and 125 £ 1.3min)
or 5-HT (34 £ 0.5 60 £ 0.7 and 84 + 09 min}.

Modification of heart rate responses by physiological saline or
ICS 205-930  The tachycurdia produced in response to 5-HT,
5-MeQ-T and isoprenaline remained essentizlly unchanged in
control animals receiving saline, In the animals where ICS
205-930 was administered, the responses te both 5-HT znd
5-MeQ-T remained unchanged alter the lowest dose
(0.3mgkg ™'}, but were clearly antagonized by the two higher
doses {1 and Imgkg™*). The responses to tepeated doses of
renzapride in the control animals were progressively reduced:
nevettheless, tachycardia due to renzapride was more inhib-
ited afler TCS 205-930 than after safine. The i{soprenaline-
induced tachycardin was unaflfected by 1CS 205-930 when
compared 10 the saline-treated animazls (Figurc 2).

In the saline-treated animals where S-HT was administered
before and after the fast set of injections of 5-MeQO-T or ren-
zapride (rm =15 cach), the responses to 5-HT (3, 10 and
30 pgke™ ") remained vnaltered after 5-MeG-T (14 +4,39 1 4
and 63 + Sbeatsmin~' before and 15+ 4, 48+ 6 and
59 + Bbeatsmin™" after 5-McO-T. respeciively), but were
reduced by renzapride (27 £ 5, 50 + 5 and 69 + $beatsmin ™!
before and 11 + 3, 22 + 3 and 31 + 2 beatsmin™' and alter
renzapride, respectivelyh
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Fignre 1 The initial tachycardiae tesponses to isoprenaline (), 5-

hydroxyiryptzmine {@), S-methoxyiryptamine (&) and renzapride (&)
in the anacsthetized pig. The number of observations wilh the 4 drugs
were 13, 17, 15 and 8, respectively. HR, heart rate.

Discussion  in previous publications (Duncker of al, 1985:
Bom et al. 1988) we showed that the 5-HT-induced iachy-
cardin in the pig is not antagonized by drugs that act as
aniagonists al varipus receptors: S-HT, andjor S5-HT,
(methiothepin, methysergide, ketanserin: $-HT, (MDL 72222,

iCs 205-930): adrenoceptors (phenoxybenzamine,
propranolol): dopamine (haloperidol); histamine
(mepyramine,  cimetidine).  Sinee, in  addition, 5-

carboxyamidotryptamine, 3-OH-DPAT. RU 24968, 2-methyl-
S-HT de not mimic' 5-HT and the responses to $-HT are
potentiated by the 5-HT-uptnke blockers indaipine and fiu-
voxeline, it was concluded that 5-HT elicits tachycardia in the
pig via a novel 5-HT receptor (Bom ¢t al.. 1588}, The present
investigation showed that 5-MeO-T and, to a lesser extent,
renzapride mimic 5-HT and high doscs (1 and 3mgkg ™"} of
ICS 205930, but net 03mgkg™* as also reported carlier
(Bom et al, 1983), antagonize the tachycardiac responses.
Taken together, the above findings strongly suggest the
involvement of a recepror similar or identical with the
putative 5-HT, receptor located in the mouse brain, At this
receptor, 5-MeQ-T and certain  berzamide derivatives
(renzapride. cisapride), but not S-carboxamidotryptamine, o-
methyl-5-HT or 2-methyl-5-HT, are agonists and ICS 205-930
(in high concentrations: pA,: 6.3-6.5), but not MDL 72222 or
ondansetzon, act as antagonists (Dumuis ¢f al, [988; 1989;
Clarke er ai., 1989). The 5-HT, receptor probably also medi-
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ates the 5-HT-induced enhancement of cholinergic activity in
the guinea-pig isolated ileum (Sanger, 1987; Craig & Clarke,
1989) and the inotropic action in the human izolated atria
(Kaumann er al.. 1989 However, our findings are the first
demonstration of a functional response 10 the putative 53-HT,,
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Further characterization, by use of tryptamine and benzamide

derivatives, of the putative 5-HT, receptor mediating
tachycardia in the pig

Carlos M. Villaldn, Marien O. den Boer, Jan P.C. Heiligers & 'Pramod R, Saxenz

Department of Pharmacology. Faculty ol Medicine and Health Sciences, Erasmus University Rotterdam, Post Box 1738, 3000

DR Rotterdam, The Netherlands

1 It has recently been shown that the tachyeardic response 1o S-hydroxytryptamine (5-HT) in the anaes-
thetized pig. being mimicked by $-methoxytryptamine and renzapride and blocked by high doses of ICS
205-930, is mediated by the putative SVHT, receptor. In the present investigation we have further charac-
terized this receptor

2 Intravenous bolus injections of the tryptamine derivatives, 5-HT (3, 10 and 30ugkg™'), 5
methoxytryptamine (3. 10 and 30ugkg™") and a-methyl-5-hydroxytryptamine (z-methyl-5-HT: 3, 10, 30
and 100 ugkg™ "), resulted in dose-dependent increases in heart rate of, respectively, 25 + 2, 48 + 3 ard
68 + 3 beatsmin~' (5-HT: n=135): 15+ 1, 3242 and 57 £ 3 beatsmin~' (S.methoxytryptamine;
m=30:6+4 18 £6,33 + 6and 64 £ 11 beatsmin ™! (z-mcthyl-5-HT; nn = 3).

3 The increnses in heart rate following Lv. admingstration of ceriain substituted benzamide derivatives
were genereally less marked and not dosedependent: 1 25, 11 + 3 and 10 4+ 5 beatsmin™! afler 300,
1000 and 3000 ugkg™ ' of metociopramide, respectively, (n = 8); 21 £4, 19 £ 2 and 2 + 2 beats min ™"
after 100, 300 and 1000ugks™" of cisapride. respectively. {n=5): 622 1412 37+6, 43+ 8 and,
34 + 10 beats min~ ! after 10, 30, 100, 300 and 1000 ugkg ™' of zacopride, respectively, (R = §);and 1 £ [,
2--12nd 54 2 beatsmin™' alter 300, 1000 and 3000ugkg™" of dazopride, respectively, (n = 4). These
drugs behaved as partial agonisis, antagonizing the responses to 5-HT and 5-methoxytryptamine dase-
dependentty.

4 The 5-HT, receptor agonist 1-phenyl-biguanide {100, 300 and 1000ugkg™") induced only slight
increases in heartrate of 1 4 1,6 = 2 and 11 4 | beatsmin ™', respectively, (r = 3). These effects were not
antagonized by the selective 5-HT, receptor antagonist granisetron (3mpkg™"). In addition, 1-phenyl-
biguanide (1000xgkg™') did not modily the tachycardia induced by either 5-HT- or 5
methoxytryptamine.

5 High doses (3mgkg™") of ICS 205.930, a 5-H T, reccplor antagonist with an indole group and devoid
of effects on porcine heart rate per se, antagonized the stimulatory etfeets of 5-HT, S-methoxytryptamine,
a-Me-5-HT, metoclopramide, cisapride, zacopride, daropride and 1-phenyl-biguanide. However, the
5-HT, receptor antsgonist ketanserin (0.5mgkg™'"). the 5HT, receptor antagomists granisetron
(3mgkg™?) and MDL 72222 (3mgkg™") and the dopamine D, receptor untagonist domperidone
(3mgkg™") had no antagonist activity.

§ The above results support our contention that 5-HT, 5-methoxytryptamine, 2-Me-5-HT and the scb-
stituted benzamide derivatives increase porcine heart rate by a direct action on the cardiac pacemaker, via
the activation of a putative 5-HT, receptor. The pharmacological profile of this novel 5-HT receptor is
similar (neurones from mouse brain colliculi and human heart) or, perhaps, even identical (guinea.pig

cholinergic neurones) to other putative 5-HT, receptors.

Introduction

S-Hydrexytryptamine (5-HT} can exert multiple cardiac ¢ffects
including both increases and decreases in heart rate. In most
species, bradycardia induced by 5-HT is mediated by 5-HT,
receptors, via the activation of the von Bezold Jarisch reflex.
In marked contrast, the mechanism of 5-HT-induced tachy-
cardia 1 notoricusly species-dependent and s mediated,
directly or indirectly, cither by 5-1T,-like feat), 5-MT, (rat,
dog) or 5.HT, (rabbit, dog) receptors, or by tyramine-like
(guinea-pig) or unidentified mechanisms (see Saxena, 1986;
Saxena & Villalon, 1990} In the pig, we have reported that the
5-HT-induced tachycardia is mediated by 2 novel rcceptor
type which differs from 5-HT,-like, S-HT, and 5-HT, recep-
tors (Duncker er af., 1985: Bom er al.. 1988). but resembles the
putative 5-HT, receptor (Villaldn o al, 1990) medinting
stmulation of adenylate eyclase in both mouse embryo col-

' Author for correspondenee.

liculi neurones and puinea-pig hippocampal membranes
{Dumuis ef al., 1988: 1989; Clarke ¢r al., 1989). In the present
study, we have further characterized the porcine heart S-HT
receptor using several agonist and antagonist drugs, including
some substituted benzamide derivatives,

Methods

General

ARer an overnight fast, 40 young Yorkshire pigs (15-20kg)
were sedated with azaperone (120mg, im.) and metomidate
(120 150mg. tv) Afler intubation, the amimals were con-
nected 1o a respirator for intermittent posilive pressure venti-
lation with & mixture of roem air (70%) and O, (30%). The
anaesthesia was maintained with a continwouws infusion of
pentobarbitene sodium (15-20mekg ™' 5 7' iv). Aortic blood
pressure and heart tate were recorded with. respectively. a
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Statham pressure transducer and a tachograph. All drugs were
injected into the right jugular wein, The body temperature of
the animals was maintained around 37°C by using an clectric
blanket and arterial blocd gases and pH werg kept within the
normal limits (Po, > 90 mmHg: Pco, 30-40mmHg: pH 7.35-
7.45) by adjusting respiratory rate and tidal volume or by
infusing 4.2% sodium bicarbonate sclution.

Experimental protocol

After the animals had been in a stable hacmodynamic con-
dition for at least 45min, they received intravenous belus
injections  of SHT (3, 10 and 30zgkg™!) and
S-methoxytryptamine (3, 10 and 30ugkg™ ') Subscquently,
several doses of z-methyl-5-HT (3, 10, 30 and [W0ugkg™ "),
1-phenyl-biguanide (30, 100, 300 and 1000 zz kg~ ') metoclop-
ramide (300, 1000 and 3000xgkg ™). cisapride (30, 100, 300
and 1000xgkg™"). =zacopride (10, 30, 100, 300 and
1000 g kg™ ') or dazopride {300, 1000 and 3000 g kg™ ") were
given, and aflter each dose or the highest dose {1-phenyl-big-
uanide), the responses to 5-HT and 5-methoxytryptamine
were ¢licited again (for number of experiments and other spe-
cifications, sce Results). In addition, tachyeardic responses to
5-HT- and S5-mcthoxytryptamine were induced before and
after pretreatment with 3mgkg ™' of either MDL 72222, pran-
isetron or domperidone. In another set of experiments, the
tachycardic responses to 5-HT, S-methoxytryplamine and -
methyl-5-HT were analyzed before and alter pretreatment
with either ketanserin (05mgkg™") or ICS 205930
(3mgkg™"). Lastly, the dose of each benzamide derivative
cliciting the maximum increase in heart ratc was chosen and
given to a new group of znimals {without previous adminis-
tration of any of the benzamide derivatives) after pretreatment
with 3mgkg™ ' of ICS 205-530.

The interval between the dillerent doses of the compounds
used 2% agonists and/or antagonists depended on the duration
of tachycardia produced by the preceding dose, as in each case
we wailed until heart raze had returned completely or nearly
to baseline values. The dose-intervals for the different drugs
were 25 follows; tryptamine derivatives, between § and [Smin:
benzamide derivatives and  i-phenyl-biguanide. usually
between 15 and 30min, but somectimes e¢ven Jonger than
60min {cisapride and zacopride): and other antagonists (ICS
205-930, MODL 72222, granisetron, Kewanserin and
domperidonc). between 10 and 15min, The desing with 1C5
205930 was cumulative (given as 0.3, 0.7 and 2.0mgkg™").
whereas that with all other drugs was sequential.

Drugs

The drugs used in this study were: cisapride {gilt: Dr JAJ.
Schuurkes, Janssen Pharmacewtica, Beerse, Belgium), (i&)-
dazopride {A.H. Robbins Co., Richmend, VA, U.S.A), dom-
peridone (gift: Dr J.AJ, Schuurkes, Janssen Pharmaceutica,
Beerse, Belgium), granisetron (gift: Dr G.J. Sanger, Smith
Kiine Beecham, Harlow, U.K)}, 5-hydroxytryptzming cre-
atinine sulphate (Sigma Chemical Company, St. Louws, MO,
U.8.A), ketanserin tartrate (gift: Dr J.M, Van Nueten, Janssen
Pharmaceutica, Beerse, Belgium), S$-methoxytryplamine
hydrochloride (Janssen Chimica, Beerse, Belgwml, (£ )-5-2-
methyl-5-HT (gift: Dr P.P.A. Humphrey, Glaxo Group
Reseacch, Ware, U.K), metoclopramide hydrochloride
(Pharmacy Department, Erasmus University, Rotlerdam, The
Netherlands), 1-phenyl-biguanide {Research Biochemicals inc.,
Nathick, MA, US.A), leH.3zSab-tropan-3yi-3,5-dichlore-
benzoate (MDL 72222; gilt: Merrel-Dow Research Institute.
Strasbourg, * France); (3a-tropanyll-{ H-indole-3-carboxylic
acid ester {$CS 205-930), and (4 }-zacopride (AH. Robbins Co.,
Richmond, VA, US.A) The doses of cisapride. dazopride,
5-HT, S5-methoxytryplaming, a-methy-3-HT, I-phenyl-big-
uanide and zacopride are given as [ree basc.

Dara presemiation and gnalysis

All data in the text. figures and tables are presented as
mean + se.mean. The peak changes in beart rate induced by
the diffcrent doses of both tryptamine- and bermamide deriv-
atives were determined. The increases in heart rate just before
and after a particular antagonist drug were compared by
Duncan's new multiple range test, once an analysis of variance
(randomized block design) revealed that the samples rep-
resented dilferent populations {Saxena, 1985). The effects of
agonist drugs in the dilTerent groups of animals were ¢om-
pared by use of the unpaired Student’s 1 tesl, A P value of 0.05
or less (two-tailed) was considered statistically significant.

Results

Initial blood pressurce and heart rate changes by 5-HT
agonist drugs

Baseline values of mean arteriai blood pressure and heart rate
in the 40 pigs were B4 & 4mmBg and 101 £ 4 beatsmin ™',
respectively. The changes induced in mean arterial blood pres-
sure by each S-HT agonist drug were: S-HT (1841
—18 4+ land — 16 + ! followed by +2 + | mmHg after 3. 1L
and 3Wpuekg”', respectively; 2 = 35), S-methoxyiryptaming
(-20+ 1, ~18 £ 2and —15 & 2 followed by +2 £ 1 mmHg
after 3. 10 and 30ug kg™ . respectively: r = 30), cmethyl-5-
HT (=20+ 1, —14+2 +104 3 and +4]1 + BmmHg after
3,10, 30 and 1004gkg™ ", respectively; n = 3} metoclopra-
mide {+5+2, +8%f and +3 + ImmHg alter 300, 1900
and 3000upkg”', respectively; n = 8), cisapride (+4 14,
+114+2, +5+ 3 and —8 £ SmmHg alter 30, 100, 300 and
1000pgke™" . respectively: » =3 zacopride (+5+ 2
+10£ 2 +14 + 3and +12 + 2mmHg alier 10, 30, 100 and
300 ugkg™", respectively; n = 6), dazopride (+1 L[, +24 I
and +4 + 2mmHg aflter 300, 1000 and 3000 ugkg ™', respec-
tively: n = 4}, and 1-phenyi-biguanide (0 £0.0£0. +4 £1
and +9 £ 2 after 30, 100, 300 and [000 xg kg ™", respectively:
r = 3). These ellects were not evaluated {urther,

As shown in Figure i, intravenous bolus injections of the
above-mentioned 5-FIT agonist drugs caused increases in
heart rate of diverse magnitude: the order of polency was
S-HT = 5-methoxytryptamine > .2-methyi-5-HT > zacopride
> cisapride > metoclopramide = 1-phenyl-biguanide >
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Figure I The tchycardic responses to $-HT (O, n=3%5. 5
methexyiryptamine (&. 2 = 30} e-mathy-5-HT (&, n = 3), zacopride
(B, & = 6), asapride (A, n = 5). melociopramide, (], n = B), I-phenyl-
biguanide (¢. n = 3 and dazopride (A, n = 3] in the anaesthetized
pig.



dazopride. At the dosss used, the duration of action of cis-
apride (>60min at 100pgkg™") was longer than that of
zacopride (17 + 1,23 £ 1,43 £ 17 and 50 + & min). metoclop-
ramide (i1+ 1. 1542 and 21 & Smin), dazopride (1 £+ 1,
5+ 2 and >30min), 1-phenyl-biguanide (0 +0, 0+ 0,5+ 3
and 30 + 3min), S5-methoxytryptamine (5.9 4+ 0.3, 96+ 0.5
and 137+ 06min), SHT (22+02 45+03 and
7.6  0.7min) or a-methyl-5-HT (04 £ 0.1, 0.9 + 0,143 £ 1.3
and 7.3 + 13 min),

Modification of tachycardia in response to 5-HT and
S-methoxytryptamine induced by benzamide derivatives

In a previous publication, we have reported that the tachy-
cardia induced by repeated administrations of 5S-HT and 5.
methoxytryptamine remained essentially unchanged In control
animals receiving physiciogreal saline (Vilfalén er gl 1990). In
marked contrast, the administration of severat doses of either
zacopride, cisapride, metoclopramide or dazopride antago-
vized the tachycardia induced by 5-HT (Figure 2) or $-
methoxytryptamine (Figure 3} in 2 dose-dependent manner;
the order of potency for blockade of both $-HT. and 5-
methoxytryptamine-induced tachycardis was similar to that of
their tachyeardic response (se¢ above): zacopride = cisapride
= metoclopramiide > dazopride.

Tachycardia induced by benzamide derivatives after ICS
205-930

Becausc of the fact that the responses to the higher doses of
the benzamide derivatives were usually less then the
maximum response achieved (see Figure 1), the dose of each
benzamide dervative eliciting the maximum increase in heart
rate was administered to animals after treatment with
3mgkg™! of ICS 205-930. This dose of ¥CS 205-930 antago-
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Figore 2 The effects of {a) zacopride In = 5). (b) cisapride {1 = 5), (¢}
dazopride (n = 4} and (d} metoclopramide (n = &) on the tachycardic
responses to 5-HT. The doses of the aniagonists were: (O) Omgkg™'
{eontzol): (A) 0.1 mgkg™*: (@) 0.3mgke ™ ', (E) 1.0mgkg ™' and (@)
3.0mgkg™*. *Significantly different {rom the corresponding contral
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corresponding conirol response 10 S-methoxytryplamine (P < 0.05),

nizes the tachycardic responses to S-HT, S-mnethoxy-
wyptaming and renzapride. but not that to isoprenaline
(Villalén et al,, 1990), As shown in Figure 4, the increase in
heart rate induced by either zacopride, cisapride, dazopride or
metoclopramide was markedly antagonized by ICS 205-930.

Tachycardia induced by 5-H'T or S-methoxytrypramine
after administration of some agonist and antagonist drugs

Inasmuch as all putative antagonists at this novel cardiac
reeepior also display high affinity for the 5-HT, receptors, we
decided to investigate the cffect of high doses of other selective
5-HT, receptor agonists and antagonists on the tachycardic
responses induced by 5-HT or S-methoxytryptamine; the

Increase in HR (beats min™')

L s

Daroprige  Metotlcpramide

Zacopride Cisapride
Figure 4 The tnchyentdic responses 1o zacopride (0.3mgkp™') cis-
apride {0.3mgkg™ 'L metoclopramide (Imgkg™'} and dazopride
(Imgkg™") in untreated control pigs (open columns, n = 6. 5. R and 4,
respectively) and pigs freated with 1CS 205-930 (solid columns, # = 6,
6, S and 6. respectively). * Sigmificantly different from the correspond-
ing response in the untreated animals (P < 0.05),
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Tabie 1
in heart rate in the pig

Effect of ML 72222, granisetron, 1-phenyl-biguanide or domperidone on $-HT- and S-methoxyiryptamine-induced ingreases

increase in hear! rate (beats min ™)

f0pgkp™! 30ugkg ™!
Aller Before Aller Beforc Afer
21+ 6 48+ 9 4048 Q%I 3+ 1
31110 S§+14 5113 FTx17 &+ 16
33+10 58 + 14 56+ 15 717 74+ 18
204 49 +9 50+ 7 69+ 12 69+ 6
B+a kL) 345 61 % 10 57+ 10
e 2T ] 2+8 S4%%
1443 2+7 07 628 08
18£5 35+ 6 38+5 61 + 10 5847

Dose Jpghkp!
Antagonist mgkg*!') n Before
5-HT
MDL 72222 30 [ 2645
Granisciron 30 3 32410
1-Phenyl-bignznide Lo 3 32410
Domperidone A0 & L
S-Methoxytrypramine
MDL 72222 30 6 18+ 4
Granisctron 30 3 15+ 2
1-Phenyl-biguanide 1.0 3 1542
Pomperidone 30 6 18+4

All data are mean + s.emean. None of the responses alter antagonist drups differed significantly from those before antagonist {P = 0.05).

sefective dopamine, (D,) receptor antagonist demperidone.
as some benzamide derivatives (metoclopramide) also show
affinity for D, receptors. As shown in Table 1, the responses
to both 5-HT and S-methoxyteyptamine remained unchanged
after administration of MDL 72222 (3mgkg ™ "). granisetron
(3mgkg™"). 1-phenyl-biguanide (1 mgkg~') or domperidone
(Bmgke™").

Since  z-methyl.5-HT (a $-HT, and, lto some extent,
5-HT-like receptor agonist) did induce quite consistent
increases in heart rate (se¢ Figure 1), we explored by pharma-
cological means the possible mechanisms involved in such an
effect. In control amimals where $-HT and 5-methoxy-
tryptamine were administered before and zfter the last set of
injections of z-methyl-5-HT (3, 10. 30 and 100nugkg™ ). the
tachycardic responses induced by both 5-HT (3, 10 and
30ugkg™") and S-methoxytryptamine (3, 10 and 30ugkg™'}
remained unchanged after x-methyl-5-HT {for 5-HT: 40 1 9,
66 + 11, and 88 £ 13 beatsmin ™! before and 36 £ 5. 62 £ 10
and 82 £ 12 beatsmin™" after a-methyl-5-HT (n = 3), respec-
tively: for S-methoxytryptamine: 21 £ 7, 37 £ 8 and 67 £ 11
beatsmin~' before and 7+ 5 32+7 and 59+ 11
beatsmin ™! after g-methyl-5-HT {a = 3), respectively]. Like-
wise, the increases in heart rate induced by 5-HT, S-
methoxytryptamine and z-methyl-5-HT were unzfMected by
ketanserin (0.5mgkg™!). but were markedly antagonized by
ICS 205-930 (3mgke~ ") {Figure 5).

Lastly, it may be noted that the 5-HT, receptor aponist 1-
phenyl-biguanide (30, 100, 300 and 1000 ugkg™") induced a
small increase in porcine heart rate (n = 3); this effect was not
blocked after administration of 3mgkg™’ of the selective
5-HT, receptor antagonist granisctron 0+ 0, 1+ 1. 642
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Figure 5 The tachycardic responses Lo $-BT (s =3, 35-

methoxylryptamine (n = 3) and z-methyl-5-HT (2-Me-5-HT} in = 3y
before (contrel, O) and after injections of kelanserin (0.5 mgkg ', &
and 1C8 205930 (3mpgkg™'. ). "Significantly dilferent fiom
Tesponse in vatreated animals (P < 0.05).

and 11 + 1 beats min~' before and 0+ 0, S+ 3, 11 + 3 and
16 + 1 beats min ™' alter granisetron, respectively). Notwith-
standing, this eflect appeared to be anmagonized by Imgkg™"
of IS5 205930 0 +0,5+3. 11 +3 and 16 £ | Denats min™}
before and 0+ 0, 3+ 1, 4+ 1 and 7+ 1 beats min~ ! after
[CS 205-930, respectively).

Discussion

We have shown that the 5-HT-induced tachycardia in the
pig is neither mimicked by agonists at 5-HT,-like (5-car-
boxamidotryptamine, $-hydroxy-2-(di-n-propylaminojtetrilin,
REF 24969) and 5-HT, (2-methyl-3-HT) receptors, nor antago-
nized by drugs that act at varieus teceptors: S-HT, andfor
5-HT. imethiothepin, methysergide, ketanserin); 35-HT,
(MDL 72222, ICS 205-930); adrenoceptors (phenoxy-
benzamine, propranolol}; dopamine (haloperidol); histamine
(mepyramine, cimetidine) (see Duncker e al., 1985 Bom er of,
1988). More recently, we found that the tachycardic effects of
5-HT in the pig. being mimicked by S-merhoxytryptamine and
renzapride (Villaion er al, {990), but not by indorcnatc or
sumatriptan {Villulon er al., 1991), and blocked by high doses
(> Imgkg™") of 1CS 205-930 (Villalon et al. 1990), are medi-
ated by a putative 5-HT, receptor which resembles the one
mediating ingreases in adenosing 3':5—cyclic monopheosphate
(cyclic AMP) in mouse embryo colliculi neurones and guinea-
pig. hippocampal membranes (Dumuis ¢ ol 1988: 1989:
Clarke ¢ al., 1989). The present investigation extends these
findings and clearly demonstrates that the porcine heart 5-HT
receptor (i} can be stimulated by g-methyl-5-HT 2nd some
benzamide derivatives; (i1} does not resemble either 5-HT,,
5-HT, or dopamine receptors; and (i) resembles that present
on the guinea-pig enteric ncurones (Craig & Clarke, 1990) and
human heart (Kaumaon ef af., 1990).

Agonist action of u-methyl-5-H'T and some benzamide
derivatives on the porcine heart 3-H'T receptor

Like 5-HT and 5-methoxytryptamine, it was observed that -
methyl-5-HT behaved as 2 potent agonist und clicited a dose-
dependent tachycardia in the pig. The drug was also
short-lasting in action and was devoid of any antagonist
action against 5-HT or S-mcthoxytryptamine. In contrast, the
tachyeardic action of the benzamide derivatives zacopride, ¢is-
apride, meteclopramide and dazopride. was lgss marked, but
longer-lasting, and not strictly dose-dependent. In addition,
each of these drugs antagonized the cffects of 5-HT 2nd 5-
melhoxytryptamine in 4 dose-dependent manner. It has (o be
emphasized that the tachycardic effects of 5-HT and S-
methoxytryptamine were not ‘masked” by the increase in heart
rale indueed by the benzamide derivatives as the responses 10
5-11T and S-methoxytryptamine were elicited at the time when



the tachycardic effeet of the benzamides had worn off (data
not shown). Therelore, as previously found with renzapride
(Villalén et al.. 1990), the benzamide derivalives employed
here also behaved as partial agonisig at the 5-117T, receptors in
the porcine heart.

In our previous investigation, tachyphylaxis was observed
with the tachycardic effect of renzapride (Villalon er al., 1990).
Though the present study was not designed for this purpose,
we did observe tachyphylaxis in some preliminary experi-
ments with the benzamide derivatives used here. Indeed. for
this reason the antagonist cffect of ICS 205-930 against the
tachycardiz induced by zacopride, cisapride, dazopride and
metoclopramide was znalyzed separately in control animals
and in animals pretreated with ICS 205-930 (see Figure 4).

Lack of resemblance of the porcine heart 5-HT receptor
with either 5-HT;, 5-HT 5 or dopamine D, receptors

Both S-methoxytryptamine and a-methyl-5.HT can interact
with 5-HT, (and 5-HT,-like) receptors (Richardson & Engel,
1986: Martin ¢r al., 1987; Hoyer, 1988). However, the tachy-
cardic action of S-methoxytryptaming and a-methyl-5-HT, as
well as that of 5-HT (see also Bom of al., [988), was not modi-
fied after 2 dose of ketanserin (0.5 mgkg™ ") that is suflicient to
block 5-HT, receptors (Van MNueten of al., 1981; Saxena &
Lawang, 1985), Thercfore, the possibility that 5-HT, receptors
might be involved in these effects is practically ruled out.
Unlike ketanserin. 3mgkg™' of MCS 205-930 markedly
antagonized the tachyeardic responses to  S-HT. 3-
methoxytryptamine and ¢-methyl-5-HT {see Figure 5), which
again suggests the involvement of the 5-HT, receptor.

Admittedly, IC8 205930 and the benzamide derivatives
used here have the ability to block potently 5-HT, receplors
(for references sec Forard, 1990). However, as previously dis-
cussed (Bom er al.. 1988 Villalén er ai., 1990), several results
of this study clearly indicate that this novel 5-HT receptor in
the pig heart does not belong te the 5-HT, receptor lamily.
Firstly, besides the potency of 5-HT as a distinguishing factor,
both a-methyl-5-HT and 5-methoxytryptamine are totally
inactive at 5-HT, receptors (Richardson ef al., 1585; Richard-
son & Engel, 1986: Fozard, 1990). Secondiy, the selective
5-HT, receptor agonists 2-methyl-5-HT and 1-phenyl-big-
uanide {Fozard, 1990} were practically inactive in the stimu-
lation of 5.HT, receptors (Bom et al., 1988; present results).
Thirdly, high doses of other s¢lective 5-HT, receptor antago-
nists (except ICS 205-930) such as granisetron {an indazole
derivative; Sanger & Nelson, 1989; Fozard, 1990) or MDL
72222 (a dichlorebenzoate derivative; Fozard, 1984: 1990}
were completely inactive {see Table 1} Lastly, it must be taken
into consideration that the affinity of 1CS 203-930 for the
5-HT, receptor involved in the stimulation of cyclic AMP
production In mouse embryo collicul: neurenes is much lower
{pK, = 6-6.3; Dumuis ¢r gl. 1989) than its affinity for 5-HT,
receptors (pA, = 8-10: Richardson cr al, 1985; Richardson &
Engel, 1986).

Most of the benzamide derivatives anulyzed in the present
study are currently used 25 prokinetic drugs (Schuurkes ef af.,
1985 Alphin ¢r al., 1986; Cooper ¢r ¢l., 1986; van Dacle er af.,
1986: Sanger, 1987). Apart lrom metoclopramide, which also
displays high affinity for central dopamine receptors (Cooper
er al., 1986), the other benzamide derivatives are devoid of
important dopamine blocking activity. However, 1CS 203-930,
zacopride and other 5-HT, receptor antagonists are able to
inhibit the relcase of dopamine by 5-HT and 2-methyl-S-HT
in the central nervous system (Blandina er al, 1988; Trick-
lebank, 1989). It is for these reasens, although haloperidol had
been found ineffective (Bom et al., 1988), that we decided o
determine whether domperidone. a potent D: receptor
antagonist (Kohli er al. 1983} with gastrokinetic action,
antagonizes the S-HT-induced tachyeardia or itsell causes
tachycardia in the pig. As shown in Table 1. domperidone
(3mgkg™") did not modily the tachycardic responses to either
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5-HT or S-methoxytryplamine. Therefore, the pesitive chro-
notropic effect induced by the tryptamine- and benzamide
derivatives in the pig heart is unrelated 1o a possible action
via dopaminergic pathways and/or receptors. Morcover, sice
domperidone (ailed to aflect basal heart rate in the pig, the
drug does not interact with the pig heart 5-HT, receptor.

Resemblance of the porcine heart 5-HT recepror to other
putative 5-HT 4 receptors

At the 5-HT, receptor identified in the neurores (rom mouse
embryo colliculi on the basiz of increase in cyclic AMP, 5-
methexytryptamine, S-carboxamideotryptamine (low aflinity)
and certain benzamide derivatives {renzapride. metoclopra-
mide, ciszpride), but not x-methyl-3-HT or 2-methyl-5-HT,
are agonists; and ICS 205-930 (in high concentrations), but
not MIDL 72222, granisetron or ondansetron, a¢ts as an’
antagonist (Dumuis ef al., 1983; 1989; Clarke ot al., 1989). The
pharmacological characteristies of this receptor, though
exhibiting several similarities, differ in some important
respects. For example, S-carboxamidotryptamine, apparently
because of its low allinity. does not show activity in the pig
heart (Duncker er ol 1985; Bom ¢r al, 1988) in doses which
arc highly uctive in the cat heart (Saxena er af., 1985; Connor
et al., 1986). Sccondly. #-methyl-3-HT, which has fittle activity
on the neurones [rom mouse ¢mbryo colliculi (Dumuis ef al,
19R8: 1989), is highly active in our experiments. Thirdly,
the agonist potency order reported by Dumuis er al. {1989)
wsing mouse embryo colliculi (cisapride > renzapride >
zacopride > 5-HT > metoclopramide), differs from  thac
found in the pig heart {S-HT > $-methoxytryptamine > g-
methyl-5-HT > zacopride > renzapride > cisapride >
metoclopramide > dazopride: indorcrate and sumatriptan,
inactive at 1 and 3mgkg™") (Villalén e af, 1990; 1991;
present results), Lastly, the benzamide derivatives cisapride
and renzapride, which arc lull agonists at the mousc brain
receptor, behaved as partial agonists at the pig heart receptor.
Several possible cxplanations for these differences in agonist
potencies may include: use of ‘second messenger’ (cyciic AMP)
and [functional {tachycardia} responses: tissue-dependent
lagtors such as the number of receprors znd coupling effi-
clency; and/or drug-dependent [actors such as the affinity of
5-HT and related agonists [or each of these novel receptors.

The S-HT, receptor may alse mediate the 5-HT-induced
enhancement of cholinergic activity in the guinea-pig isoiated
ileum (Sanger, 1987: Craig & Clarke, 1990) and ascending
colon (Elswood er al., 1990). as well as refaxation of the rat
oesophagus {Baxter & Clarke, 1999), As in the present experi-
ments, the tryptaminc derivatives 5-methoxytryptamine, o
methyl-5-HT and some benzamides mimic, and ICS 205-930
antagonizes 5-HT at the 5-HT, receptor in the guinea-pig gas-
trointestinal tract (Craig & Clarke, 1998: Elswood et al., 1990)
and the rat oesophagus (Baxter & Clarke, 1990). Moreover,
the order of potency at the cholinergic neurones in the guinea-
pig ileum (5-BT > S-methoxytryptamine > renzapride > c-
methyl-5-HT > zacopride = cisapride: Craig & Clarke, 1990)
is practically identical to that found by us in the porcine heart.

The 5-HT, receplor is also apparently involved in the ino-
tropic action of 5-HT, mediated via cyclic AMP increase in
the human atrin, The positive inotropie rexponse to S-HT is
not modifed by ketanserin, methysergide, lysergide, methio-
thepin, yohimbine {+)-prepranol, {-)-pindolol or MDL
72222, but is blocked by a high concentration (2;m)} of ICS
205-930 (Kaumaun er af,, 1990). The precise role of these
receptors in cardiac function and cardiovascular pathelogics
remains to be determined.

In summary, the present investigation demonstrates that the
tachycardic response to iv. administered 5-HT in the anaes-
thetized pig can be mimicked by the tryptamine derivatives
S-methoxytryptamine and o-methyl-5-HT, and to a lesser
extent by the partial agenist benzamide derivatives (in order
of potency) zacepride, cisapride, metoclopramide 2nd dazop-



CM. VILLALON er al

ride. High doses of ICS 205-530, but not ketanserin, gron-
isetron or MDL 72222, acted as an antagonist, These results
further confirm the involvement of a putative 5-HT, receptor
in the positive chrosmotropic action of S.HT in the anaes-
thetized pig-
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ROLE OF THE PUTATIVE 5-HT, RECEPTOR IN THE
POSITIVE INOTROPIC EFFECT OF 5-HT IN THE PIG

Summary

1 It has recently been shown that the tachycardiac respemse to 5-HT in the
anaesthetized pig, being mimicked by tryptamine- (S-methoxyuyptamine and
o-methyl-5-HT) and benzamide- (renzapride, cisapride, zacopride, metcclopramide and
dazopride) derivatives, and blocked by high doses of ICS 205-930, is mediated by the
putative 5-HT, receptor. This study analyzes the inotropic effects of 5-HT,
S-methoxytryptamine and renzapride using the maximum rate of rise in left ventricular
pressure {(EVdP/dt,, ) in anaesthetized pigs during or in the absence of atrial pacing
{150 beats min™).

2 In the absenmce of atrial pacing, imtravenous bolus injections of 5-HT and
S-methoxytryptamine (both 3, 10 and 30 xg kg') caused dose~-dependent increases in
heart rate (24+3, 46+3 and 65+3 and 9+ 1, 27+3 and 40+ 1 beats min™, respectively),
Lvdp/dt,,, (484+117, 712+123 and 843x120 and 181x42 36758 znd 560x95
mmHg sec”, respectively) and cardiac output (21060, 36070 and 310+100 and
13¢+70, 15080 and 260+ 110 mi min™). The effects of renzapride (3, 10, 30, 100 and
300 g ko) were generally longer-lasting, but less marked (heart rate: 1+1, 2+1, 8+2,
14+2 and 20+2 beats min™; LVdP/dt,_,: 30£20, 80+51, 180+77. 30793 and 530+152
mmHg sec™; and cardiac output: 2020, 4620, 80+40, 130+ 100 and 200+ 80 m! min™).
Renzapride behaved as a partial agonist, antagonizing the responses to both 5-HT and
S-methoxytryptamine, but not those t¢ isoprenaline.

3 When the heart rate was kept constant by atrial pacing (150 beats min™}, both 5-HT
and S-methoxytryptamine still increased LVdP/dt,,, and cardiac output, but the effects
were slightly less than in unpaced animals. Renzapride was devoid of any effect when
dosed for a second time during atrial pacing. probably because of tachyphylaxs.
However, when given for the first time during atrial pacing, renzapride did increase
LVdP/dt,,, and cardiac output and behaved again as a partial agonist, attennating the
responses to both 5-HT and S-methoxytryptamine.
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4 The opresent resulis are conmsistent with the contention that S5-HT,
S-methoxytryptamine and renzapride increase LVdAP/dt,,, and cardiac output by a
positive inotropic effect via an interaction with the putative 5-HT, receptor.

Introduction

5-Hydroxytryptamine (5-HT) exerts profound effects on heart rate and cardiac
coniractile force in a variety of amimal species including humaps. Although the
mechanisme and receptors involved in 5-HT-induced positive chronotropic effects in
several species have been extensively reviewed (see Saxena & Villaién, 1990; 1991), the
knowledge about the mechanisms involved in 5-HT-induced changes in cardiac
contractile foree is rather limited. For example, in motluses (Venus mercenaria, Aplysia
kurodai, Helix aspersa, ete.) 5-HT increases myocardial contractions with high potency
{Greenberg, 1960) through receptors that seem to be positively coupled to the adenylate
cyclase system (Sawada et al., 1984), but which apparently do not resemble any of the
previously described four categories for vertebrate 5-HT receptors (Cadogan &
BEumphrey, 1991). With respect to mammals, 5S-HT elicits positive inotropic effects in
the rabbit atria indirecily by releasing noradrepaline via stimulation of neuronal 5-HT;
receptors {Trendelenburg, 1960; Fozard, 1984). 5-HT has also been reported to induce
positive inotropic effects in human right atria via stimulation of a cyclic AMP-dependent
protein kinase {Kaumann et al, 1990a,b) by the putative 5-HT, receptor.
Interestingly, in the cat heart, the receptors involved in 5-HT-induced positive
inotropic effects on left atrfum (sensitive to blockade by phenoxybenzamine and
methysergide) and papillary miuscle (right ventricle; resistant to blockade by
phenoxybenzamine, methysergide, ketanserin or MDL 72222) do not display the same
pharmacological profile (Kaumann, 1985; XKaumann et al., 1590b). This information
coupled to the fact that the putative 5-HT, receptor mediates both positive inotropic
effects in the piglet left atria (Kaumann er al., 1991) and positive chronotropic effects
in the apaesthetized pig {Duncker er al., 1985; Bom et f., 1988; Villalén er al., 1990;
1991a) raise questions as to the nature of the mechanisms and receptors involved in
5-HT-induced positive inotropic effects in the porcine myocardium. However, 1o our
knowledge, the possible effects of 5-HT and related drugs on myocardial contractility
in vivo have not yet been investigated and, as im the cat heart, the nature of the
contractile 5-HT myocardial receptor in the pig remains slusive. Therefore, in the
present study, we set out to investigate the haemodynamic actions of 5-HT in
anaesthetized, open-chest pigs, and compare these 10 those of S-methoxyiryptamine.



39

renzapride and isoprenaline, paying particular attention to the maximum rate of rise in
left ventricular pressure (LVdP/dt,,), which can be considered as an index of
myocardial contractility. A preliminary account of these resulis has been presented to
the British Pharmacological Society (Villalén et al., 1591b).

Methods

General
After an overnight fast, young Yorkshire pigs (16-18 kg) were sedated with ketamine
(20 mg/kg, Lm.). Subsequently, they received 150 mg metomidate via 2 dorsal ear vein.
After intubation, the animals were connecied to a respirator for intermittent positive
pressure ventilation with a mixture of O, (33%) and N,O (67%). The anaesthesia was
maintained with a continuous infusion of pentobarbitone sodium (15-20 mg kg™ K, iv.).
All drugs were injected into the left jugular vein. The body temperature of the animals
was majintained around 37°C by using an electric blanket ard arterial blood gases and
pH were kept within the normal limits (PO,;>9%) mmHg;, PCO, 30-40 mmHg; pH
7.35-7.45) by adjusting respiratory rate and tidal volume. A catheter was placed in the
aortic arch via a femoral artery, connected to a Statham pressure transducer (P23 De,
Hato Rey, Puerto Rico} for the measurement of arterial blood pressure. Left ventricular
pressure was measured with a microtipped catheter placed into the left ventricle via the
left carotid artery (Honeywell-Phyllips, Best, the Netherlands). The catheters were
flushed with heparin to prevent clotting. The ECG leads were monitored throughont
the experiment in order to determine heart rate.

After the heart had been exposed via the left third intercostal space, an
electromagnetic flow probe {Skalar, Delft, the Netherlands) was placed around the
ascending aorta. Finally, 2 pacing wire was fixed on the left atrium.

Experimental protocol
Once the surgical procedures were completed and the apimals (n=8) had been in a
stable haemodynamic condition for at least 45 min, baseline data were obtained at the
animal’s own sinus rhythm. These data consisted of: electrocardiogram, arterial blood
pressure, left ventricular pressure (and its first derivative; LVdP/dt,,,) and cardiac
output (ascending aortic blood flow).

After collection of these data, in 6 animals chosen at random, the effect of atrial
pacing (120, 150 and 180 beats min” for 3 min each) on LVdP/drt, and cardiac outpuot
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was determined before administration of any drug. These values of atrial pacing were
selected on the basis of our previous findings concerning the dose-dependent
tachycardiac responses induced by isoprenaline (Villaldn et al., 1990).

Once the atrial pacing was intermipted, 2 stabilization period of 15 minutes was
allowed. The animals received intravenous bolus injections of 5-HT (3, 10 and 30
ug kg™), 5-methoxytryptamine {3, 10 and 30 ug kg") and isoprenaline {0.01, 0.03 and 0.10
ug kg?). Subsequently, a 3 ml bolus of physiclogical saline was given, and the responses
to the different doses of 5-HT, 5-methoxytryptamine and isoprenaline were elicited
again. After recovery of the haemodynamic baseline values, the heart rate was raised
to 156 beats min” by atrial pacing, and the responses to 5-HT, 5-methoxytryptamine and
isoprenaline were elicited after physiological saline following the same procedure, as
described above.

As of here, the animals were divided into 2 groups. In the first group (n=39), the
atrial pacing was interrupted, and a 10 min interval was allowed for recovery at the
animal’s own sinus rhythm. Subsequently, intravenous bolus injections of renzapride (3,
10, 30, 100 and 300 ugkg?, given cummlatively) were administered. Once the
haemodynamic parameters returned to baseline values, the responses io the different
doses of 5-HT, S-methoxytryptamine and isoprenaline were amalyzed (for other
specifications, see Results). In the second group (n=3), the above-mentioned doses of
renzapride were given during zatrial pacing, and after recovery of the hasmodynamic
parameters to baseline level, the responses to 5-HT, S-methoxytryptamine and
isoprenaline were elicited again.

The interval between the different doses of the compounds used as agonists and/or
antagomnists depended on the duration of tachycardia and/or the increase in LVdP/dr_,
produced by the preceding dose, as in each case we waited until such parameters had
returned completely or nearly to the baseline values. The dose-intervals for the
different drugs were as follows: trypiamine derivatives, between 5 and 15 min;
renzapride usually between 15 and 30 min, but as its actions were longer-lasting, we
decided to dose cumulatively between doses, and therefore, we will refer to the recovery
period after the last dose, which was longer than 90 min). The doses mentioned in the
text are cumulative for renzapride (given as 3, 7 and 20. 70 and 200 ug kg); and
sequential for 5-HT, S5-methoxytryptamine and isoprenaline.

Drugs

The drugs used in this study were: S-hydroxytryptamine creatinine sulphate (Sigma
Chemical Company. St. Louis, MO, U.S.A.), 5-methoxytryptamine hydrochloride
{(Janssen Chimica, Beerse, Belgium)., renzapride hydrochloride (BRL 24624 gift:
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Dr. GJ. Sanger, Beecham Pharmaceuticals, Hatlow, Essex, England), isoprenaline
sulphate (Pharmacy Department, Erasmus University, Rotterdam, The Netherlands) and
heparin sodium (Thromboliquine, Organon Teknika B.V., Boxtel, The Netherlands). All
drugs were dissolved in physiological saline, which had no effect on the haemodynarnic
parameters. The doses of 5-HT and S-methoxytryptamine are menticned in terms of the
free base.

Data presentation and analysis

All data in the text, figures and tables are presented as mean=*s.emean. The peak
chapge in heart rate (in the absence of atrial pacing} and/or LVdEP/dr,.. and cardiac
output induced by the different doses of 5-HT, S-methoxytryptamine, renzapride and
isoprenaline were determined. The increases in heart rate, LVdP/dt , and cardiac
output just before and after a particular (partial) antagonist drug were compared by
Duncan’s new multiple range test, once an analysis of variance (randomized block
design) revealed that the samples represented different populations (Saxena, 1985). The
effects of agonist drugs in the different groups of amimals were compared by using
unpaired Stndent’s t-test. A P value of 0.05 or less (two-tailed) was considered
statistically significant.

Results

Inirial blood pressure and heart rate charnges by 5-HT agonist drugs

Baseline values of mean arterial bloed pressure, heart rate, LVAdP/dt, and cardiac
output in the § pigs were 81+4 mmHg, 103+3 beats min®, 1692+83 mm¥Htg sec™ and
2.0+0.3 | min”, respectively. The changes induced in mean arterial blood pressure by
each 5-HT agonist drug were: 5-HT (-17+1, -16 =1 and -14 + 1 followed by +2+1 mmHg
after 3, 10 and 30 ug kg™, respectively; n=8); 5-methoxytryptamine {-19=1, -17+2 and
-14x2 followed by +2x1 mmHg after 3, 10 and 30 ug kg, respectively; n=8), and
renzapride (+11, +3+2, +7x3, +10+3 and +13+5 mmHg after 3. 10, 30, 100 and
300 pg kg, respectively; n=5). These effects were not evaluated further.

In the absence of atrial pacing, intravenous bolus injections of either 5-HT,
S-methoxytryptamine, renzapride or isoprenaline caused dose-dependent increases in
cardiac output (see Table 1). LVdP/dt,, and heart rate (Figure 1) of diverse magnitude.
Isoprenaline was much more potent than 5-HT. which was itself more potent than
S-methoxytryptamine or renzapride. At the doses used, the duration of action of
renzapride on LVdP/dt_,, (> 60 min at 300 gg kg') was much longer thao that of the
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three doses of S-methoxytryptamine (6.2+0.4. 10.3x0.6 and 14.8+0.7 min) or 5-HT
{24+02,45+0.3 and 83+0.7 min). The duration of action of these drugs on cardiac
cutput and heart rate was practically similar (data not shown).

Table 1 Effect of renzapride (0.3 mg kg*) on the increases in cardiac out (ml min™) by
5-HT, 5-methoxytryptamine (5-MeQ-T) and isoprenaline in pigs without or during
atrial pacing (150 beats min™).

Agornist Dose Unpaced (m=5} Paced (n=3)
(ug k2™)
Before After Before After
renzapride Tenzapride
5-HT 3 216+60 90 +40* 183+44 18344
10 36070 110=380* 283x44 200+58
30 310=100 8080 483+101 150£76%
5-MeO-T 3 13070 5050+ 167+44 67433
10 15080 50+50* 267+44 217+44
30 260110 100 +60* 433+109 15329+
Isgprenaline 0.01 360120 31070 35754 300+50
0.03 760+150 610100 550+ 153 500=104
0.1 860+110 1000+110 052+198 933+233

*= P < 0.05, after vs before.

Modification of 5-HT- and 5-methoxytryptamine-induced increases in LVAP/dt,,.
cardiac output ard heart rate by physiological saline or renzapride in the absence of atrial
pacing

At the amimal's own heart rate, iptravenous administration of either S5-HT.
S-methoxytryptamine or isoprenaline elicited dose-dependent increases in heart rate (see
Figure 1 and Table 2). These responses remained essentially unchanged in control
apimals after receiving physiological saline, as previously reported (Villalén er al., 1990).
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Similarly, 5-HT-, 5-methoxytryptamine- and isoprenaline-induced increases inm both
LVdP/di,,. and cardiac outpot remained upaltered after the administration of
physiological saline (Figure 2; see Table 1 for cardiac output). In marked contwast, the
increases in heart rate, LVdP/di,, and cardiac output induced by 3, 10, 30, 100 and 300
#g kg™ of renzapride under baseline conditions (1x1, 2+1, 82, 14+2 and 2022
beats min™; 3020, 8051, 18077, 30793 and 530152 mmHyg sec’; and 2020,
40+20, 80+40, 130+100 and 200+80 ml min”, respectively; n=5) disappeared when
giver: again after administration of physioclogical saline {08, 0+0, 020, 0=0 and 0=0
for heart rate, LVdP/dr,, and cardiac output, respectively; n=5).
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isoprenaline in the anaesthetized pig (n=5) on heart rate (HR; beats min) and
LVdP/dt,,, (mmHg sec”) in the absence of atrial pacing.
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Notwithstanding, renzapride (300 ug kg”) did potemtly antagonize both 35-HTI- and
5-methoxytryptamine-induced increases in heart rate (Table 2), LVdP/dr,,, (Figure 2)
and cardiac output (Table 1), but not isoprenaline-induced increases in heart rate (Table
2), LVdP/dt,,, (Figure 2} or cardiac output (Table 1).

It may be noted that uclike renzapride, in the saline-treated animals where 5-HT
was administered before and after the last set of injections of 3-methoxytryptamine
{n=5; see description of experimental protecol), the increases in LVdP/dt,,, induced by
3, 10 and 30 ug kg of 3-HT (484+117, 7122123 and 843+ 120 mmHg sec?, respectively;
n=35) remained unaltered after 5-methoxytryptamine {460+ 142, 715+ 161 and 897+ 154
mmHg sec”, respectively; n=>5). Similarly, the increases in both cardiac output and heart
rate induced by 3-HT were not modified after S-methexytryptamine (not shown, but see
baseline data in Tables 1 and 2, respectively).

Table 2 Effect of renzapride (0.3 mg kg™*) on the increases in hear: rate (beats min™)
by 5-HT, 5-methoxytryptamine (5-MeO-T) and isoprenaline (ISO) in pigs without
atrial pacing.

Agonist 3 ug ke 10 pg kgt 30 ug kg
Before After Before  After Before  After
renzapride renzapride renzapride
5-HT 2443 5+2% 46+3 16+3* 653 29+3%
5-MeC-T 9x1] S5x2% 273 12+2* 40=+1 231>
IS0 11+6 5x4 23+9 177 45+9 3411

1 The doses of isoprenaline were 0.01. 0.03 and 0.1 pgkg™. * P < 0.05. after
renzapride vs before renzapride.
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Figure 2. The effects of saline (n=5) or renzapride {300 pg kg*; n=5) on the increases
in LVdP/dt,,, (mm sec™) induced by 5-HT, 5-methoxytryptamine (5-MeO-T) and
isoprepaline in the absence of atrial pacing. *. Significantly different from the
corresponding control response to the agonist drug (P<0.05).

Effect of the increase in heart rate by electrical stimulation of the atrium (atrial pacing)
at different rates on myocardial contractility (LVdP/dtn,) and cardiac ourput

Since the increase in heart rate by the above drugs can have a direct influence on the
increase in LVAP/dt,,, we decided to investigate the effect of increasing heart rate by
electrical stimulation of the atrium at different rates (120, 150 and 180 beats min?) on
LVdP/dt,,, and cardiac output. As shown in Figure 3, the selected rates of atrial pacing
exerted only a weak effect on LVdP/dt_, and cardiac output, which was not dependent
on the rate of stimulation. Furthermore, it is important to highlight that atrial pacing
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at 180 beats min” was not tolerated by the animals when maintained for more than 5
min, since intense tremor was observed. This finding coupled to the fact that the
absolute values of increase in heart rate induced by the different agonist drugs were not
higher than 150 beats min® {see Table 2), led us to select the atrial pacing rate of 150
beats min” in order 1o investigate the effects of agonist drugs on LVdP/dt,,, and cardiac

output.
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Figure 3. Effect of atrial pacing on LVdP/dt,, and cardiac output (CO). B. Baseline
heart rate (100+3 beats.min™); *, P < 0.05 vs baseline value.
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Modification of 5-HT- and 5-methoxytryptamine-induced increases in LVdP/dt,,, by
physiological saline or renzapride during atrial pacing
During atrial pacing to a frequency of 150 beats min™, intravenous bolus injections of
5-HT, S-methoxytryptamine, renzapride and isoprenaline were also able to induce
dose-dependent increases in cardiac output (Table 1) and LVdP/dt,,. (Figure 4). As
shown in Figure 4, there was an apparent attenuation of these responses when compared
with those previously induced in the absence of atrial pacing (Villalén et al, 1991b).
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Figure 4. The effects of 5-HT, 5-methoxytryptamine (5-MeQ-T), renzapride, and
isoprenaline on LVdP/dt,,, (mm Hg sec™) in the absence or during atrial pacing at
156 beats min” .
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Furthermore, the increases in LVdP/dt,,, induced by 5-HT, S-methoxytrypiamine and
isoprenaline during atrial pacing remained essentially unchanged after administration of
physiclogical saline (Figure 5; n=3). In marked contrast, renzapride-induced increases
i LVdP/dt,, (20+20, 70+20, 125+25, 20050 and 165+ 115 mmHg min™) and cardiac
output (0=0, 2020, 4040, 100=0, 100+5¢ ml min?) disappeared when given after
administration of physiological saline (0x0, 020, 4+0, 0=0 and 0x0 for both
LV@P/dt,,, and cardiac output; a=2). Interestingly, renzapride (300 ug ke™) slichtly
blunted the increases in LVAP/dt,  induced by either 5-HT or 5-methoxytryptamine, but
not those by isoprenakine (Figure 5.
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Figure 5. The effects of saline (n=5) or renzapride (300 ug kg's n=3)) cn the
increases in LVAP/dt, . (mm Eg sec”) induced by 5-HT. S-methoxytryptamine
(5-MeO-T) and isoprenaline during atrial pacing (150 beats min™).
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It is prudent to note that, in contrast to the ability of renzapride to elicit increases in
heart rate, LVdP/dt,,, and cardiac output at the znimal’s own heart rate {see Figure 1
and the above data), the responses to the benzamide virtually disappeared when given
again during atrial pacing (0=0, 0=0, 6x0, 0+ and 00 for heart rate, cardiac output
and LVdP/dt,,, after 3, 10, 30, 100 and 3060 ug kg of renzapride, respectvely; n=5).
For this reason, the effects of renzapride during atrial pacing were analyzed separately
in control animals at their own sious rhythm and in animals during atral pacing. Under
the latter experimental circumstances, renzapride did induce dose-dependent increases
in LVdP/dt,, {see Figure 4). The rank order of potency was S5-HI >
5-methoxytryptamine > renzapride, as previously described in the absence of atrial
pacing.

Lastly, the possible attenuation of the respenses to 5-HT by S-methoxytryptamine
was investigated. In the saline-treated animals where 5-HT was administered before and
after the last set of injections of 5-methoxytryptamine (see description of experimentat
protocol), the increases in LVAP/dt,, induced by 3, 10 and 30 ug kg™ of 5-HT (233+86,
511+80 and 631+84 mmElg sec?, respectively; n=3) remained unaltered after
5-methoxytryptamine {325+ 80, 492+ 126 and 503 = 136 mmHg sec”, respectively; n=3),
indicating that 5-methoxyiryptamine does not behave as a partial agonist.

Discussion

The putative 5-HT, receptor is involved in 5-HT-induced positive chronotropic effects
in the apaesthedzed pig (Duncker er al, 1985; Bom et al.,, 1988; Villalén er al., 1990,
1991a) and in 3-HT-induced positive inotropic effects iz human right atria, via
stimulation of the adenylate cyclase system (Kaumann et al., 19902,b,d). The putative
5-HT, receptor alse mediates positive inotopic effects in the piglet left atrium
(Kaumann et af., 1991), but it is still unknown whether 5-HT is able to increase
myocardial contractility iz vivo in the pig. The present investigation in anaesthetized
pigs clearly demonstrates that 5-HT, 5-methoxytryptamine and renzapride increased
LVdP/dt,, and that renzapride alsc antagonized the responses to 5-HT and
S-methoxytryptamine. Thus, the ventricular 5-HT receptors in the pig seem to have a
pharmacological profile resembling that of the putative 3-HT, receptor present on the
porcine cardiac pacemaker {Duncker er al., 1985; Bom et al., 1988; Villalén er al., 1590;
1991a), human right atriom (Keumann er al, 1990a,b,d), piglet left atrivm (Kaumann et
al., 1951) and guinea-pig enteric neurcns {Craig & Clarke, 1950).
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Imterpretation of the increases induced in LVAFP/dt,,, and cardiac output by 5-HT,
S-methoxytryptamine and renzapride

In pentobarbital anaesthetized, open-chest pigs, intravenous bolus injections of 5-HT,
S-methoxytryptemine and renzapride elicited Gose-dependent increases in heart rate {as
previcusly reporied; Villalén er al., 1990, 19912), together with dose-dependent increases
in LVdP/dt_,_ and cardiac output in the absence of atrial pacing (Figures I and 2; Table
1); the increases in cardiac output induced by the above agonist drugs were due to both
positive chronotropic and positive inotropic effects. Since these drugs also indugced
dose-dependent increases in LVdP/dt_, and cardiac output even when the heart rate
was fixed at 150 beats min™ by atrial pacing (see Figures 4 and 5 and Table 1), it could
be suggested that the effects of these drugs on LVAP/di,, were due to their positive
inotropic effects. Indeed, this contention is further supported by the fact that electrical
pacing of the heatt rate (arial pacing) at 120, 159 and 180 beats min™ did not elicit
similar increases in LVdP/dr, . and cardiac output (see Figure 3). The rank order of
potency for the increase in myocardial contractility was: 5-HT > S-methoxytryptamine
> renzapride (either in the absence or during atrial pacing).

Fartial agorist action: of renzapride

In contrast to 5-HT and 5-methoxytrypiamine, the increases in LVAP/dt,,, and cardiac
output induced by renzapride (both in the absence and during atrial pacing} were less
marked, but longer-lasting, and not strictly dose-dependent. In addition, renzapride
antagonized the effects of 5-HT and 5-methoxytryptamine {either in the absence or
during atrial pacing). This antagonism was apparently not due 1o a ‘masking’ of the
effect as a result of the remzapride-induced increase in LVdP/dt,, as 5-HT and
5-methoxytryptamine had been administered at the time when the inotropic effect of
renzapride had worn off. Therefore, as previously found with several benzamide
derivatives, including renzapride, with regard to the tachycardiac action of 5-HT and
S-methexytryptamine in the pig (Villalén er al., 1990; 1991a}, renzapride also behaved
as a partial agonist at the porcine 5-HT receptor mediating the positive inotropic action.
It should be noted that in the absence of airial pacing isoprenaline-induced increases in
heart rate and contractility were little affected by 300 pg kg of renzapride.

Resemblance of the porcine myocardial 5-HT receptor to other putative 5-HT, receptors
At the 5-HT, receptor identified in the neurones from mouse embryo colliculi on the
basis of the imcrease in cAMP, the tryptamine derivatives S5-methoxytryptamine,
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5-carboxamidotryptamine (low affinity) and certain benzamide derivatives (renzapride,
metoclopramide, cisapride), but not a-methyi-5-HT or 2-methyl-3-HT, are agomists; and
ICS 205-930 (in high concentrations), but not MDL 72222, granisetron or ondansetron,
acts as an antagomist (Dumuis er al, 1988; 1989; Clarke er al, 1989). These
pharmacological characteristics exhibit several similarities with those of other 5-HT,
receptors. However, the rank order of potency for tryptamine- and benzamide
derivatives reporied by Dumuis ef g (1989} using mouse embryo colliculi neurons
(cisapride > renzapride > zacopride > 5-HT > metoclopramide), differs from that
found at the porcine cardiac pacemaker either in vivo (5-ET > S-methoxytryptanine >
a-methyl-3-HT > renzapride = zacopride > cisapride > metoclopramide > dazopride;
indorenate and swmwatriptan, both inactive at 1 and 3 mg kg’ (Villelén e oL, 1990;
19%1a) or in vitro (5-HT > renzapride > cisapride > 5-CT; Kawmann, 1990c); piglet left
arivm (5-HT > renzapride; Kaumann er @, 1991); humnan might atrium (5-HT >
renzapride; Kanmann er al., 1990d); and cholinergic neurens of guinea-pig fleum (5-HT
> S-methoxytryptamine > renzapride > a-methyl-5-HT > zacopride = cisapride; Craig
& Clark, 1990). Several possible explanations for these differences in agonist potencies
may include: use of "second messenger” (cAMP} and functional (positive chronotropic
and/or inotropic} responses; tissue-dependent factors such as the number of receptors
arnd coupling efficiency; and/or drug-dependent factors such as the affinity of 5-HT and
related agonists for each of these novel receptors. The 5-HT, receptor may also mediate
the 5-HT-induced relzxation of the rat ocesophagus (Baxter & Clarke, 1990} and
enhancement of cholinergic activity in guinea-pig ascending colon (Elswocd er al., 1991);
in these tissues, the tryptamine derivatives 5-methoxyyptamine, a-methyl-5-HT and
some benzamides mimic, and ICS 205-930 acts as an antagonist.

In the present experiments the positive inotropic effects of 5-HT were mimicked by
S-methoxytryptamine and renzapride (potency order; 5-HT > 5-methoxytryptamine >
renzapride), and renzapride selectively antagonized the respomses to 5-HT and
S5-methoxytryptamine without affecting the responses to isopremaline. Furthermore,
tachyphylaxis was observed with the inotropic effects of renzapride both in the absence
and during atrial pacing. In this connection, a simitar fading pattern with renzapride has
been reported earlier with renzapride-induced increases in cyclic AMP in mouse embryo
colliculi neurcns {Dumuis er al., 1989) and heart rate in the pig (Villalon er al., 1990,
1991a). These findings suggest that the porcine 5-HT receptor mediating cardiotonic
responses also belongs to the putative 5-HT, receptor category.
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The study concerns the effects of indorenale, a tryplamine derivative with antihypertensive properties as well as
high alfinity for the 5-HT,, binding site. on carotid hacmodynamics in anaesthetized pigs. Intracarotid infusions of
indorenate (0,3, 1.0, 39 and 100 pg-kg™'-min~"' for 10 min each) caused dose-refated decreases in total common
carotid artery blood flow due almost exclusively to a reduction in arteriovenous anastomotic flow, These effects of
indorenate were not appreciably modified alter treatment with the 3-HT; receptor antagonist ketanserin (0.5 mg - kg™
i.a.), but were markedly reduced after treatment with methiothepin (1.0 mg-kg*! i.a.). which antagonizes not only
5-HT, receptors, but also the putative 5-HT,,, 5-HT,; 5-HT\ and 5-HT,, subtypes of 5-HT,-like receptors.
Nonetheless, metergoline {1 mg - kg ™" i.a.), a drug with higher affinity than methiothepin for the above 5-HT, receptor
subtypes, {ailed 1o significantly modify the responses to indorenale. it is therefore concluded that, Tike 8-hydroxy-2-
(di-n-propylamino)ietralin (8-OH-DPAT) and 3-methoxy-3-(1.2.3,6-tetrahydro-4-pyridinyl)-1H-indole (RU 24969),
indorenate reduces both total common carotid and cephalic arteriovenous anastomotic blood Mow in the pig by
stimulating $-HT,-like receptors; these receptors, however, do not seem to correspond 10 either 5-HTy,, 5-HTp,
$-HT,¢ or 5-HT,p binding sites.

Arteriovenous anastomoses; Blood flow (carotid); 5«HT (5-hydroxytryptamine, serotonin); 5-HT,-like receptors;
Indorenate: Migraine

1. Introduction by reducing arteriovenous anastomotic (ron-nutri-

ent flow, whereas arleriolar flow to the head tis-

It has been demonstrated that intracarotid in-
fusion of 5-hydroxytryptamine {5-HT} into anaes-
thetized pigs decreases common carotid blood flow

' Partially supportcd by a grant from Glaxo Group Research,
‘Ware, England.

2 Supported by a Science and Technology [cllowship from the
EEC.

Correspondence to: P.R. Saxena, Department of Pharmacol-

ogy. Faculty of Medicine and Health Sciences, Erasmus Uni-

versity Rotterdam, P.O. Box 1738, 3000 DR Rouerdam, The

Netherlands,

sues, mainly to the skin and ears, is increased
(Saxena and Verdouw, 1982). These effects of
5-HT are mimicked by the 5-HT,-like recepior
agonist 3-carboxamidotryptamine (Saxena and
Verdouw, 1985) and antagonized by methiothepin
(Saxena et al., 1986). which blocks both 5-HT,-like
and 3-HT, receptors, but are not appreciably
antagonized by the 5-HT, receptor antagonist
ketanserin (Verdouw et al.. 1984) or the 5-HT,
receptor antagonist laH3eSaH-tropan-3yl-3.5-
dichlorobenzoate (MDI 72222} (Saxena et al,
1986). Therefore, according to the classification

0014-299% /90 /503.50 @ 1990 Elsevier Science Publishers B.V. (Biomedical Division)
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proposed by Bradley et al. (1986), the constriction
of arteriovenous anastomoses as well as the dilata-
tion of arterioles are mediated by 5-HT,-like re-
ceplors (Saxena et al., 1986). However, the 5-HT,-
like receptors in the carotid circulation of the pig
seem to belong to two dilferent categorics since,
unlike 5-HT (Saxena and Verdouw. 1982) or 5-
carboxamidotryptamine {Saxena and Verdouw.
1985), the reduction in arteriovenous anastomotic
blood flow induced by methyscrgide (Saxena and
Verdouw 1984}, the putative 5-HT,, receptor
agonists  8-hydroxy-2-(di-n-propylaminojtetralin
(8-OH-DPAT) (Bom et al, 198%a) and N-(3-
acetylaminophenyl) piperazine hydrochloride
(BEA 1654) (Verdouw et al., 1985), and the puta-
tve 5-HT,, and 5-HT,, receptor agonist 3-
methoxy-3+1.2,3.6-tetrahydro-4-pyridinyi}-1H-in-
dole (RU 24969) (Bom <t al., 1989b) is not or only
slightly accompanied by increases in the arteriolar
blood flow. Furthermore. despite the effectiveness
ol 8-OH-DPAT. BEA 1654 and RU 24969, the
5-HT,-like receptor mediating arteriovenous
anastomolic constriction does not appear to be
related to either 5-HT,, or 5-HT,, binding sites
because, as we reported recently (Bom et al.
1989b}, the effects of RU 24969 are not antago-
nized by the putative 5-HT,,, and 5-HT,, receptor
antagonist, (% )-pindolol (Floyer et al., 1985;
Hoyer, 1688). In this investigation, we have studied
the possible involvement of 5-HT 4. 5-HT 4. 5-
HT, and/or 5-HT, , receptors in the distribution
of common carotid artery blood flow in the pig by
using indorenate, a tryptamine derivative with an-
tihypertensive properties (Hong et al., 1978; Hong,
1981) and high 2finity for the 5-HT,, binding site
(Dompert et al. 1985; Hoyer et al. 1985}
Ketanserin, methiothepin and metergoline were
used as potential antagonists. Preliminary results
of this investigation have been communicated to
the British Pharmacological Seociety (Villaldn ¢t
al.. 1990).

2. Materials and methods

2.1, General

After an overnight fast, young Yorkshire pigs
(body weight: 18-22 kg; n = 24) were sedated with

120 mg (i.m.) azaperone and 120-150 mg (iv)
metomidate, intubated and connected to z respira-
tor for intermittent positive pressure ventilation
with a mixture (1:2) of oxygen and nitrous oxide.
A continuous 1iv, infusion of pentobarbitone
sodium (20-26 mg-kg~'-h~') completed the
anagsthesia. Respiratory rate and tidal volume
were adjusted 1o keep arterial blood gases and pH
within normal fimits (pH. 7.35-7.45; pO,. 90-150
mm Hg: pCO,. 35-45 mm Hg). Aortic blood pres-
sure was recorded with a Statham pressure trans-
ducer (P23 1D) connected to a cannula inserted
via the right [emoral artery. The common carotid
arteries were dissected free and the cervical vago-
sympathetic trunks were cut to reduce reflex in-
fluences on the carotid circulation. Blood flow 1n
one of the common carotid arteries was measured
with a calibrated llow probe (internal diameter:
2.5 or 3 mm) connected to a sine-wave ¢lectromag-
nctic blood fiow meter (Transfllow 601-system,
Skalar, Delfi. The Netherlands). After its hub had
been removed, a 0.5 mm (external diameter)
needle, connected to a suitable polyethylene tub-
ing. was inserted into this common carotid artery
for the administration ol microspheres and drugs.
The body temperature of the animals was kept
around 37°C with an electric bianket.

2.2, Distribution of common carotid blood flow

The distribution of commorn carotid blood flow
was determined with the radicactive microsphere
method using 1541 (5.d.) pm diameter micro-
spheres labelled with cither "'Ce. "'Sn, ™ Ru,
“Nb or *Sc (NEN Company. Dreieich, Federal
Republic of Germany). For each measurement, a
suspension of 100 000-150 000  microspheres,
labelled with one of the nuclides. was mechani-
cally agitated and injected against the ‘direction of
the carotid blood flow to facilitate uniferm mixing
with the blood. At the end of the experiment the
animal was killed and the heart, kidneys, lungs
and the various tissues of the head were dissected
out, weighed and placed in vials, The radicactivity
in these vials was counted for 510 min in a
gamma-scintillation counter (Packard, Minaxi Au-
togamma S000) with suitable windows to deteet
the different isotopes. The amount of carotid blood



flow distributed 1o the individual tissues (Q o)
was calculated as described carlier (Saxena et al.,
1980; Saxena and Verdouw, 1982) by: Qg (m!
smin Ty = (1, /1., X Q- where 1, and 1,
are the radioactivity (c.p.m.} in a particular tissue
and that detected in all tissues, respectively. and
Q|eary 15 carotid biood flow (ml- min~'). Becouse
microspheres passing threugh the c¢ephalic
arteriovenous anastomoses in the capillaries of the
lungs are trapped completely, the values de-
termined for the lungs provide an imdex of the
amount of the common carotid arterial blood low
that passed through the arteriovencus anastome-
ses {see Johnston and Saxena, 1978 Saxena et al.,
1980; Saxena and Verdouw, 1982).

2.3. Experimemal protocol

In all experiments bascline values of heart rate,
blood pressure and c¢arotid blood llow were ob-
tained after the anima! had been stable Tor at least
45 min alter completion of the surgicul procedure.
The animals were then divided into lour groups
(n = 6 each): untrealed control group and groups
treated with cither ketanserin (0.05 mg-kg™'-
min~'), methiothepin {0.1 mg-kg™'-min™') or
metergoline (0.1 mg-kg™' - min~', administered
inte the carotid artery at a rute of 1.0 ml - min '
during a period of 10 min (total dose: 0.5, 1.0 and
1.0 mg-kg™! ia. respectively). Drug administra-
tion was followed by 2 10 min peried of in-
tracarotié infusion of physiological saline, Alter
the measurement of heart rate, blood pressure and
carotid blood Mow and its distribution, all animals
received consecutive 10 min intracarotid infusions
of indorenate (0.3, 1.0, 3.8 and 100 pg kg '-
min~' at the rate of k0 ml-min~') with an
interval of about 5 min. The haemodynamic mea-
surements were repeated at the end of cach infu-
sion period.

2.4. Dara presemigtion and statistical coafuation

Except where stated otherwise, all data in the
text and illustrations are presented as means +
S.E.M. The signilicance of the dilferences between
the variables at baseline and afier indorenate infu-
sions was evaluated by Duncan’s new multiple-

108

range test once an analysis of variance (rando-
mized block design) had revealed that the samples
represented different populations (Steel and Tor-
rie. 1980). The percent changes by indorenate in
the antagonist-treated groups were compared with
those in the unireated control group using Stu-
dent's t-test. Staustica] significance was accepted
at P = 0,05 (two-tailed).

2.5 Drugs

Apact from the anaesthetics, the drugs used in
this study were:  indorenate  (5-methoxyltryp-
tamine-B-methylcarboxylate  hydrochloride or
TR3368 (a gilt rem Prol. E. Hong, CINVESTAV-
I.P.N., Mexico City, Mexico), ketanserin tartrate
(a gift from Dr. J.M. Van Mueten, Janssen Phar-
maceylica, Beerse, Belgium), mcthioﬂ-ncpiﬁ maleate
(2 gift from Holfman La Roche B.V., Mijdrecht
The Netherlands} and metergoline base (courtesy
of Farmitalia Carlo Erba, Torino, Italy). In-
dorenate was dissolved in physiological saline.
Ketanserin, methiothepin and metergoline were
dissolved in distilled water to which 5% propylene
glycol (ketanserin and methiothepin} or 1%
ascorbic acid (metergoline) was added. The
vehicles had no effect on heart rate, blood pres-
sure or carotid bleod flow. The doscs of in-
dorenate. ketanserin and methiothepin are men-
toned in terms of Lhe sall.

3. Resalis
3.1, Systemic haemodvnamics

The wvalues for heart rate, mean arterial blood
pressure and carotid artery blood (low before and
after the infusion of cither ketanserin, methiothe-
pin or metergoline are shown in 1able 1. Both
mean arterial blood pressure and heart rate de-
creased aflter intracarotid infusion of ketanserin
(0.5 mg- kg™ ') whereas these variables remained
unchanged after infusion of methiothepin or
metergoline (each 1.0 mg - kg™'). There was some
increase in the common ¢arotud blood Mow after
the three antagonists, but the change in each case
was small and /or short-lasting.
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TABLE 1

Mean arterial blood pressure, heart rate and carotid blood flow
before and aflter ketanserin (lotal dose: (.§ mg-kg™': n = 6),
methiothepin (total dose: 1.0 mg-kg™!: n = 6) or meterpoline
(wotal dose: 1.0 mg-kg™': o =6). Ketanserin, methiothepin
ard metergoline were infused inw the carotid anery at & rate
of 1 ml-min~! for 10 min. Abbrevintions and units: MAP,
mcan arterizl blood pressure (mm Hg): HR, heart rate {heats-
min~'}; CBF. carolid blood flow (ml-min~') measured by
clectromagnetic ow probe.

Antagonist Baseline Immediately 10 min after
treatment value after antagonist
antagonist

MAP None 92+ 6 92% 6 %+ 7
Ketanserin 00x 6 90 5°* %6+ 5°
Methiothepin %011 83110 B+
Metergoline 91+10 87+ 9 89+ 7

HR  None 1k 6 101 & 102+ 6
Ketanserin 107+ 6 101+ 6° WMt 6"
Methiothepin 85 8 823 % B2+ 3
Metergoline 86+ 6 80+ 6 83+ 4

CBF None 2T+13 127113 12813
Ketanserin 8£11 1284 7 1344 6*
Methiothepin  93+15 1024147 96+13
Metegoline  159%£20 176+23°* 162420

. Signilicantly different (P < 0.05) from the baseling value.

Mean arterial blood pressure and heart tate
recorded during the intracaroud infusions of in-
dorenate are summarized in table 2. Only 2 small
decrease in mean arterial blood pressure was ob-

TABLE 2

served with indorcnate in  metergoling-treated
animals. Heart rate decrcased during the in-
tracarotid infusion of increasing doses of in-
dorenate in all four groups.

3.2, Carotid haemodynamics

3.2.1. Distribution between arteriovenous anasio-
motic and arteriolar flow

The effects of intracarotid infusions of in-
dorenate on the total commeoen carotid blood flow
and its distribution between arteriovenous
anastomotic {non-autrient) and arteriolar (nuir-
ent) flow are shown in fig. 1. A large fraction of
the total carotid blood flow was diverted through
cephalic arteriovenous anastomoses in the un-
treated as well as in the ketanserin-, methiothepin-
or metergoline-treated animals before infusion of
indorenate. In the unirezted animals. indorenate
induced a dose-dependent decrease in total com-
mon carotid blood Mow. This eflect was directly
related 10 the decrease in arteriovenous anasto-
motic blood fow. since arteriolar blood fow re-
mained practically unchanged at all doses tested
(no change in the skin colour was observed). The
effects of indorenate on total common carotid and
arieriovenous anastomotic blood flow appeared to
have been slightly attenuated in the ketanserin-
treated animats {total dose: 0.5 mg-kg™!) and, at
the highest dose of indorenate, a small increase in

Effect of intracarotid infusions of indorenate on mean arterial blood pressure and heart rate in sntreated ¢ontrol arimals and in

animals treated with ketanserin (0.3 mg kg™ "7 n = 6), methiothepin (1.0 mg-kg™ %

n = 6) or metergoline (1.0 mg-kg™ ' n=6).

Indorenate was infused in 10 min periods at o rate of 1.0 mi-min~'. Abbreviations and unils: MAP. mean arterial blood pressure

(mm Hg): AR, hean rate (bcau:-min").

ARtagonist Baseline Indorenate {pe-kg™ - min~7)
treatment value * 03 10 3.0 100
MAP None S6+ 7 92+ 4 88 +4 xS 92+5
Ketanserin 86+ 5 86+ 4 3443 3642 88+3
Methiothepin 82+11 34410 831§ T8+7 T7+R
Metergoline 59+ 7 83+ & 9+6" 776" T5+£6 "
HR None 1023 6 9% 6° 946" 906" 87135
Ketanserin %+ 6 96+ 6 9446 Fr+6° 9046 "
Methiothepin g2+ 8 £+ 7 TIE6 " TEE6" T24+6"
Metergoline 834 4 %+ 5 46 TTEE" 74+6"

* After antagonist Lreatment; ® Significantly different (P < 0.05) from the baseline value.
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Fig. 1. Effects of intracarotid infusions of indorenate (0.3, 1.0,
3.0 and 10.0 pp-kg ™ min~ ') on tolal carotid blood Mow and
ils distribution into arteriovenous anastomotic (AVA) and
arteniolar (nutrient) flow in gnireated (controly and ketanserin
(C.5 mg-kg”' ia)-. methiothepin {1 mpg-kg !
metergoline (1.0 mp-kg ™' i.a.)-treated pigs (n = & cach), * Sig-
nificantly differen: (P < 0.05) from the haseline value.

i) or

arteriolar biood Mow was noticed. In contrast. in
the animals reated with methiothepin {1otal dose:
1.0 mg-kg™ ") indorenate caused no or a small
(highest dose) decrease in total carotid bloed Mow,
a slight increase in arlcriovenous anastemotic
blood Mow and no change in arteriolar blood Mow.
In the animals treated with metergoline (total dose:
1.0 mg-kg™'). the effects of indorenate on total
common carotid and arieriovenous anastomolic
blood flow remained cssentially unchanged. The
total arteriolar blood flow was higher in the
metergoline-teeated animals and. in these animals,
infusion of indorenale apparently decreased the
arteriolar blood Mow.

The elfects of intracarotid infusions of in-
dorenate on vascular conductance, approximated

111

by the ratio of blood flow and mean arterial blood
pressure, are shown in fig. 2. The effects ol in-
dorenate were essentially similar 10 115 effects on
blood low.

Figure 3 presents the percentage changes in-
duced by different doses of indorerate in the total
carotid vascular conductance and its arteriovenous
anastomotic and arteriolar components in the four
groups of animals. The decrease in the total caro-
tid conductance by indorenate was comparable in
ketanserin- and metergoline-treated animals, but
was markedly inhibited by methiothepin. The de-
crease in the arteriovenous amastomotic flow in-
duced by the highest dose of indorenate was

300 4

Tngorenate

.3
-8 S
.0 (ug.Xg .min
.2

)

D Lu—aaQ

TOTAL CAROTID

Canduciance (100 x ml.min 1.mmHg'|)

150 5

NUTRIENT

Saline  Ketanserin Methlothepln Metergoline '

Fig. 2. Effects of intracarotid infusions of indorenate (0.3, 1.0,

3.0, 100 pg-kg” min 7Y on the towl carolid conductance

and arteriovenous snastomatic (AVAY and arteriolar {nutrient)

flow in entreated (eontrol) and ketanserin (0.5 mg-kg™' Lad-

methiothepin (1 mg-kg™' i.a)- or meterpoline (1.0 mg-kg™'

Lad-treated pigs (n =6 each). ™ Significantly different (B <
0.05) from the baseline value.
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Fig. 3. Percent ¢hanges induced by intracaretid infusions of indorenate (0.3, 1.0, 3.0, 100 rg-kg™ " min~") in the total ¢arotid
¢onductance and arteriovenous anastomotic (AVA) and arteriolar (nutrient) Mlow in unireated (control) and ketanserin (0.5 mg-kg"]

.

i.a.}, methiothepin (1 mg-kg™ ' o> or metergoline {1.0 mg-kg ™' ia)-trcated pigs {n = 6 each). * P < 005 vs. changes in the contiot

slightly inhibited by ketanserin and metergoline.
Methiothepin, on the other hand. potently
antagonized the effects of indorenate on arterio-
venous anastomotic blood flow. The arterielar
(nutrient) fraction of the carotid biood Mow tended
to increase after indorenate in the untreated con-
trol animals (P > 0.05), whereas it deercased in the
metergoline-treated animals. This decrease, how-
ever, may be related to the lact that arteriolar [low
was conspicuously higher ip the metergoline-
treated amimals than in the other groups (sce fig.
1)

3.2.2. Distribution of arteriolar blood flow berween
the different tissues

The elfect of indorenate on regional carotid
blood flow distribution into the different tissues,
presented in [ig. 4 (ear, skin, muscies and tongue)
and fig. 5 (bores, eyes, brain, fat and salivary
glands), were rather small in all four groups of
animals. In the untreated control animals, in-
dorenate increased blood flow to the ears (highest
dose) and slightly decreased flow to the eyes (two
highest doses). In the ketanserin-treated animals,
blood flow 1o the skin, tongue and brain incrzased

Zroup-

at the highest does of indorenate: the drug. how-
ever, slightly decreased blood flow to the ears.
muscles and bones. Finally, after treatment with
metergoline, the overall artericlar blood flow was
higher than in the other groups before infusion of
indorenate. Indorenate apparently induced a small
decrease in blood flow 10 the muscles, tongue.
bones and eyes, but increased flow to the skin.

4. Discussion
4.1, Systemic haemedynamic changes

In contrast o its effect in anaesthetized cats
(Hong ¢t al., 1978) as well as renal hypertensive
dogs (Hong, 1981) and rats (Safdy et al., 1982},
indorenate did not lower blood pressure in the
anacsthetized pigs, except for a small deerease in
animals that had been treated with metergoline.
8-OH-DPAT also docs not lower biood pressure
in anaesthetized pigs (Bom et al. 198%a). It is
possible that the central $-HT,, receptors mediat-
ing hypotensive responses (see Saxenz and
Villalon, 1990) are not present in the pig. How-



ever, it cannot be ruled out that the absence of a
clear hypolensive response te 5-HT,, recepior
stimulation is due to the use of deep anaesthesia
in our experiments. The decrease in heart rate
observed by us is probably not, or only parily,
attributable to indorenate, since a modest decrease
in heart rate has also been noticed duning the
course of experiments in which only physiological
saline was infused: the heart rate (beats- min~")
was 109 +13 at baseline and 109 + 12, 105 + 12,
102411 and 99 + 10 after the four consecutive
infusions of physiological saline (Bom et al,
1989a).

4.2, Carotid haemedynumic changes

It has already been shown thai carotid blood
flow and its distribution remains unchanged when
measurements are made with microspheres in-
Jjected into anaesthetized pigs receiving four con-

oy
£
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2
@
Tongue
5 -
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Control Methiothepin

Ketanserin Metergoline
Fig. 4. Elffect of intracarotid infusions of indorenate (0.3, 1.0,
3.0 and 100 pg-kg™min~") on the fraction of carotid blood
flow distributed to the ears, head skin, head muscles and
tongue in untreated (contrel) and ketanserin (0.5 mg-kg™!
ia.)e, methiothepin (1 mg kg™ i.a.)- or metergoline (1.0 mg-
kg~! fa)-treated pigs (n — 6 each). ™ Significanty different
{F < 0.05) from the haseline value.
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Fig. 5. Effect of intracarotid infusions of indorenate ¢0.3, 1.0,
3.0 and 100 pg-kg~'-min"') on the fraction of carotid blood
flow distributed to the bones, eyes, total brain, fat and salivary
glands in untreated {(control) and ketanserin (0.5 mg kg™’
i.a.)-. methiothepin (3 mg-kg~" i.a.)- or metergoline (1.0 mg-
kg™ La)-treated pigs {n = 6 each). * Scale for the metergoline
peoup. ™ Significantly different (P <0,05) [rom the baseline
value,

secutive infusions of physiclogical saline for a
period of 10 min each (Bom et al., 1939a). There-
fore. the major [lindings in this study are: (i)
indorenate caused dose-related decreases in the
total carotid blood flow and conductance, which
were selective for arteriovenous anastomotic flow
as arteriolar (nutrient) flow wids not signilicantly
modilied, and (i) the responses to indorenate were
only slightly attenuated by ketanserin or metergo-
line, but were potently antagonized by methio-
thepin. Aparl [rom the implications discussed be-
low. these findings show that indorenate acts as an
agonist mainly at 5-HT,-itke receptors which
mediate the constriction of arteriovenous anas-
tomoses. However, as described previously for
5-HT (Saxena and Verdouw, 1982; Verdouw et al.,
1984), we ¢annot completely exclude the possibil-
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ity that 5-HT, receptors might also be involved to
a lesser extent, or that ketanserin has some allinity
for these 5-HT\-like receptors. Indeed. this conciu-
sion is also supporied by the alfinity profile of
indorenate, which has pK |, values of 7.80, 5.39,
6.49, 669 and < 5.0, respectively. for 5-HT.-
5-ET . 5-HTye» 3-HT,p and 5-HT, binding sties
(Hoyer et 2l 1985: Hover, personal communica-
tion).

4.2.1. Heterogeneity of the 5.-HT,-like receptors in
the carotid circularion

We have demonstrated that. in the porcine
carotid vascular bed, 5-HT (Saxena and Verdouw,
1982) and S-carboxamidotryplarmine (Saxena and
Verdouw, 1985) decrease arleriovenous anaslo-
motic blood flow, but increase arteriolar blood
low. particularly to the skin. which becomes red.
Both the constriction of arlerigvencus anasiomo-
ses and the dilatation of arterioles are mediated by
5-HT,-like receptors (Saxena ¢t al, 1986). How-
ever, these 5-HT,-like receptors seem 1o be hetero-
geneous (Saxena et al., 1989) hecause several other
S5-HT-related drugs - methysergide (Saxena and
Verdouw, 1984), BEA 1654 (Verdouw ct al., 1985),
sumatriptan {GR43175) {Feniuk et al.. 1987; 1989:
Den Boer et al., 1990). 3-0H-DPAT (Zom et al.,
1989a) ané RU 24969 (Bom et al., 1989b) ~ re-
duce arteriovenous anastomotic bdlood flow
without increasing arteriolar blood fMow or chang-
ing skin colour. The sclective arieriovenous
anastomolic response 1o indorenate [urther
strengthens the concept of heterogencous 5-HT) -
like receptors within the porcine carotid circula-
uon.

4.2.2. Are the 5-HT,-like receptors mediating coph-
alic arteriovenous anastomotic consiriction related to
the known 5-HT, binding sites subtypes?

it is now well recognized that 5-HT,-like recep-
tors are heterogeneous and four different subtypes
of 5-HT, binding sites (5-HT,,. 5-HT,p. 5-HT,
and 5-HT,5) have been described (for recent re-
views, see Saxena, 1989; Fenivk and Humphrey.
1990). Although we acknowledge that, except for
the 5-HT,, binding site. no sclective agents are
availabic for the other subtvpes. we still consid-
ered it important to atempt 1o establizh the na-

ture of the 5-HT,-like receptors mediating con-
striction of the cephalic arteriovenous anastomo-
ses. In this connection. a number of drugs with
high alfinity for 5-HT,, binding sites (see Mid-
dlemiss and Fozard, 1983; EFoyer et al., 1985;
Hoyer, 1988). namely §-OH-DPAT (Bom et al.
198%a). BEA 1654 {Verdouw et al., 1985), methy-
setgide (Saxena and Verdouw, 1984), RU 24969
(Bom et al. 198%b) and indorenate {present re-
sults}, decrease porcing arteriovenous anastomotic
blood flow, which suggests that the 5-HT|-like
receptors involved might correspond o 5-HT,,
binding sites. However, this seems unlikely be-
cause ipsapirone (Dompert et al, 1985; Hoyer et
al., 1985) and some other 3-HT,, ligands (unpub-
lished observations) are inactive in the pig carotid
circulation (Bom ct al., 1988), and the reduction of
carotid and arteriovenous anastomotic blood flow
induced by RU 24969 i not affected by a high
dose of {4 )-pindolol (Bom ct al.. 1989h); hoth
these compounds display high affinity Tor S-1TT, 4
and 5-HT,,; binding sites (Hoyer ct al, 1985:
Hoyer, 1988). The present obhservation that the
indorenate-induced decrease in both toinl com-
mon carotidl and arterigvenous anastomotic blood
flow was not markedly affected by metergoline
(pK values: 82, 7.6, 9.3 and 9.1 for 5-HT..
5-HT, 5 5-110 ¢ and 5-FT,,, binding sites, respec-
tively: Hoyer et al. 1985; Hoyer, 1983) further
reveals that the 5-HT-like recepiors involved can-
not be related to either 5-HT,,. 5-HT,. $-HT¢
or 5-HT,, subtypes. It should be realized that
metergoline has higher affinity for these subtypes
than methiothepin (pKp, values: 7.1 7.3, 7.6 and
6.3 Tor 5-HT, . 5-87T 3. 5-HT ¢ and 5-HT,, bind-
ing sites, respectively: Hover et al.. 1985: Hoyer.
1988). The inactivity «f metergoline is probably
not related to differences in pharmacokinetics
since, at the 5-HT,-like recepior on the dog
saphenous vein (Humphrey et al, 1988; 1990). the
responses Lo 5-HT. 8-OH-DPAT and/or
sumatriptan are antagenized by methiothepin but
not by metergoline.

Et should be noted that the perceniage of caro-
tid blood flow distributed 0 the arteriovenous
anastomoses at baseline is less in the metergoline-
treated group than in the other groups (data not
presented, hut can be deduced from fig. 1). It is



not very likely that this difference in baseline
values will affect the comparizon hetween the ef-
fects of indorenate in the saline-treated and
metergoline-treated animals. The absolute arterio-
venous apastomotic blood (low in the dilferent
groups was similar, and despite higher absolute
values of total and arteriolar blood flow in the
metergoline group, indorenate caused more promi-
nent reduactions in these variables (fig. 1),

4.3. Possible clinical implications

Lastly, we would like to consider the possible
clinical relevance of the constriction of the
arieriovenous anastomoses induced by indarenate,
It has been suggested that dilatation of the
arteriovenous anastomoses probabiy plays a role
in the pathophysiclogy of migraine (Heyck, 1969;
Saxena. 1987: Saxena and Ferrari. 1989). Indeed.
a number of eflective antimigraine drugs, includ-
ing, ergotamine. methysergide and isometheptene
(Johnston and Saxena, 1978 Spicrings and Saxena,
1980a,b; Saxena and Verdouw. 1984; Saxena,
1987). constrict arteriovenous anastomoses. In ad-
dition, sumatriptan. a newly developed agonist at
5-HT,-like receptors (Humphrey et al, 1988
1990), selectively reduces carotid and arteriovenous
anastomotic blood flow in cats, dogs and pigs
(Feniuk et al., 1987, 1989: Den Boer ct al.. 1990)
and has shown considerable potential in the treat-
ment of acuie attacks of migraine (Doenicke et al.,
1988; Perrin et al.. 1939}, It is therelore suggested
that indorenate may also have an antimigraine
action.

In conclusion, the present study demonstrates
that indorenate, which has high affinity for 5-HT, ,
binding sites, and to a lesser degree aiso for the
5-HT,e and 5-HT, binding sites, decreases com-
mon carotid arterial blood flow in the pig by
sclectively reducing  arteriovenous  anastemotic
blood fow. This effect of indorenate. which is
highly susceptible to methiothepin, but much less
susceptible to ketanserin or metergoline. is media-
ted by a subtype of 5-HT,;-like receptors that does
not seem to correspond to either 5-HT, .. 5-HT 5.
5.-HT,¢ or 5-HT,, subtypes.
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EFFECTS OF S8977 AND DIHYDROERGOTAMINE
IN AN ANIMAIL EXPERIMENTAL MODEL FOR MIGRAINE

SUMMARY

The present study concerns the effects of $9977, 2 trimethylxanthine derivative with
potential antimigraine characteristics, on the distribution of carotid blood flow in the
anaesthetized pig. Furthermore, the effects of dihydroergotamine have been analyzed
for comparison. Dihydroergotamine (3, 10, 30 and 100 pg/kg, iv) eHeited
dose-dependent pressor and bradycardic responses which were probably mediated by its
partial agonist action on a-adrenoceptors and dopamine, receprors. In contrast, 89977
(6.3, 1, 3 and 10 mg/kg, iv.) caused a moderate hypotension and bradycardia. The
carotid haemodynamic effects of dilrydroergotamine (3, 10, 30 and 100 pg/kg, iv.)
consisted of a dose-dependent reduction of arteriovenous anastomotic blood flow and
conductance and an increase in nuirient (tissue) bloed flow and conductance. As a
consequence, jugular venous pO, decreased. These findings, demonstratng an active
constriction of arteriovenous anastomoses, are in agreement with earlier findings in cats.
Though §9977 (0.3, 1, 3 and 19 mg/ke, iv.) decreased carotid (two highest doses) and
arteriovenous anastomotic {(highest dose) blood flow, there was no concomitant decrease
in the vascular conductances. Therefore, the effects of $9977 seem to be related 1o a
decrease in arterizl blood pressure and not to an active vasoconstriction of arteriovenous
anastomoses. These resuits are discussed in terms of the potential therapeutical
usefuiness of 89977 in the treatment of migraine.

INTRODUCTION

Migraine is a vascular headache but its pathophysiclogy is complex and multifactorial.
Of the many factors that have been implicated in migraine, the changes in cerebral as
well as non-cerebral cravial circulation and the decrease in blood 5-hydroxytryptamine
(5-HT} concentrations have been best documented (1). In some migraine patients z
zone of slowly spreading reduced cerebral blood flow appears during the so-called aura
phase (2). In the non-cerebral cranial circulation, vasodilatation and increased pulsations
have been reported on the side affected during the headache phase of migraine (1). The
idea of simple vasodilatation in the non-cerebral cranial cireulation is, however, in direct
contrast to the facial pallor noticed during headache in the majority of migraine patients,
Heyck (3) therefore measured the O, content in the arterial and jugular venous blood
and reported that the arteric-gular venous oxygen difference decreased on the side of
the migraine headache and this difference normalized after spontaneous or drug-induced
alleviation of the headache. The vascular and biochemical changes in migraine are
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supperted by pharmacclogical experiments showing that 5-HT {4) and 2 pumber of
proven and effective antirmigraine drugs (ergotamine, dihydroergotamine, methysergide,
isometheptene) constrict arteriovencus anastomoses 1o decrease arterigvenous shunting
(5-6). More recently, a newly developed agonist at one of the subtypes of 5-HT,-like
recepiors (GR43175; sumatriptan) contracts large cranial arteries, reduces arteriovenous
shunting and seems to be highly effective in aborting acute attacks of migraine (7-10).

Taken together, the above findings suggest that migraine headaches may be, at least
partly, due to a sudden opening of nom-cerebral cranial arteriovenous anastomoses,
which leads to an increase in arteriovenous shunting and arterial pulsations, and a
decrease in diastolic arterial pressure and tissue blood flow (3,5,6). The dilatation of
cranial arteries and arteriovenous anastomoses and the resulting ischaemia and oedema
may 2lso imitiate a nociceptive reflex (7).

Apart from the use of 5-HT)-like receptor agonists, a new approach for decreasing
arteriovenous anastomoses shunting may be via antagonism towards doparmine and/or
purinergic mechanisms. In this context, there is evidence that arteriovenous anastomoses
are innervated by both dopaminergic (11,12) and purinergic (13) neurones which, upon
stimulation, appear to cause a selective increase in arteriovemous anastomotic blood
flow. Moreover, it is interesting to remark that hypersensitivity tc dopamine-like drugs
has been reported in migraine patients (14,15). Therefore, it was proposed to investigate
the effects of a novel trimethylxanthine derivative 89977 (Figure 1), which antagonizes
the dopaminergic hypersensitivity and increase in adenosine receptors induced by food
sensitization in the rat (16,17), on the fractonation of carotid arterial blood imto
arteriovenous anastomotic and nutrient parts in the anaesthetized pigs. This animal
experimental model has shown that a number of proven antimigraine drugs are effective
in reducing arteriovenous anastomotic flow (4-7, 10) and, therefore, for comparison we
have also included dihydroergotamine in our investigation. A part of this study has been
presented recently at the XI International Congress of Pharmacology, Amsterdam (18).
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Figure 1. Chemicai structure of 89977.



121
METHODS

Experimental set-up

After an overnight fast, young Yorkshire pigs (body weight: 1825 Xg; n = 24) were
sedated with 120 mg (L.m.} azapercne and 120-150 mg (i.v.) metomidate, intubated and
comnected to a respirator for intermittent positive pressure ventilation with a mixture
{1:2) of oxygen and nitrous oxide. A continuous infusion of pentobarbitone sodium (20
mg/kgh, iv.) completed the anaesthesia. Respiratory rate and tidal volume were
adjusted to keep arterial blood gases and pH within normal limits (pH, 7.35-7.45; pO,,
90-150 mmHg; pCO,, 3545 mmHg}. The right femoral artery and vein were canpulated
for the measurement of aortic blood pressure {Statham transducer, model P23 ID) and
the administration of drugs, respectively. Heart rate was derived from the
electrocardiogram signals. The common carotid arteries were dissected free and a
bilateral cervical vagosympathectomy was performed to reduce reflex influences on the
carotid circulation. Blood flow in one of the common carotid arteries was measured
with a precalibrated flow probe (2.5 or 3 mm internal diameter) connected to a sine-
wave electromagnetic blood flow meter (Transflow 601 system, Skalar, Delft, The
Netherlands). After removing its hub, 2 0.5 mm (external diameter) needle, connected
to a suitable polyethylene tubing, was inserted into this common carotid artery for the
administration of radioactive microspheres (see later). The animals were wrapped in 2
thermo-insulating bianket to maintain body temperature between 37-38°C.

Distribution of commeon carotid blood flow

The distribution of common carotid blood flow was determined with the radicactive
microsphere method using 15+1 (5.d.) um diameter spheres labelled with either 'Ce,
13gn, "Ry, ®Nb or *Sc (NEN Company, Dreieich, F.R.G.). For each measurement a
suspension of microspheres, labelled with one of the nuclides, was mechanically agitated
and mjected against the direction of the carotid blood flow to facilitate uniform mixing
with the blood. At the end of the experiment the animal was killed and the heart,
kidneys, lungs and the various tissues of the head were dissected out, weighed and
placed in vials. The radioactivity in these vials was counted for 5-10 min in a ganuma-
scintiilation counter (Packard Minaxi Autogamma 5000) using suitable windows for
discriminating the different isotopes. The amount of carotid biood flow distributed to
the individual tissues (Que.g) Wwas calculated as described earlier (4,19) by:
Quispean(ml/min) ={L/ L, )X Q.

where L, and L, are, respectively, the radioactivity (c.pam.} in a particular tissue and that
detected in all tissues, and Q,, is carotid blood flow (mi/min). Because there was 2
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complete entrapment of the microspheres passing through the craniai circulation in the
capillaries of the lungs (no significant amounts of radicactivity were detected in the
heart or kidoeys), the values determined for the Jumgs provide an index of the
arteriovenous anastommotic fraction of the common carotid blood flow (4,20).

Experimental protocol

Three series of experiments (n==8 cach) were performed. In the first series the effects
of 4 consecntive intracarotid infusions of physiclogical saline on carotid blood flow apd
its distribution were determined. In the following series, the effects of Lv. infusions of
dihydroergotamine (3, 10, 3¢ and 100 ug/kg) or 36977 (0.3, 1.0, 3.0 and 10.0 mg/kg) in
cumnulative Goses at intervals of 15 min were assessed; the drugs were administered at
2 rate of 5 ml/min during a period of 2 min, whereas the physiological saline was
infused at a rate of 1 ml/min during a period of 10 min. In all experiments the baseline
values were determined after the preparation had been stable for at least 45 min after
completion of the surgical procedures. The measurements consisted of the recording of
the electrocardiogram, arterial blood pressure and common carotid blood flow, while a
batch of microspheres (100,600 - 150,000} was injected for the determination of tissue
(artericlar) and arterigvenous anastomotic bloed flows. Subsequently, these measure-
ments were repeated zbout 15 min after the iv. infusion of each dose of S9977 or
dihydreergotamine.

Statistical analysis

The sigmificance of the differences between variables was evaluated by Duncan’s new
multiple range test, once an analysis of variance (randomized block design) had revealed
that the saroples represented differemt populations (21). Statistical significance was
accepted at p<0.05 (two tailed). All data are expressed as means * s.e. mean.

Drugs

Apart from the anaesthetics, the drugs used in this study were: 1,3,7-trimethyl-8-[3-(4-
diethylaminocarbonylpiperazino )propyl]xanthine hydrochloride (89977-2; Servier, Paris)
and dikydroergotamine mesylate (Dihydergot”, Sandoz, Basel). The doses of the drugs
mentioned in the text refer 1o the respective salts.



RESULTS

Arterial and jugular vemous blood gases

Baseline values of arterial and jugular venous blood gases are shown in Table 1. None
of these variables showed any significant change during the course of the experiment in
the saline-treated animals. Except the jugular venous pQO;, this was also true for the
apimals treated with dihydroergotamine and $9977. Jugular venous pO, decreased
significantly with all four doses of dihydroergotamine {from 773 to, respectively, 693,
58%2, 58«3 and 54+6 mmHyg) and with the two highest of the four doses of S9977
(from 66+3 to, respectively, 63%3, 62%4, 57+4 and 53+3 mmHg). These changes
appear to correspond with the decrease in the arteriovenous anastometic part of the
carotid bloed flow (see below).

TABLE 1. Baseline values of arterial and jugular venous blood gases in pigs
subsequently treated with physiological saline, dihydreergotamine (DHE) or $9977
{(n=8 each).

Saline DHE 89977
Arterial pH 74x0.0 7.4x0.0 T4=0.0
Arterial pCO; (mmig) 38x1 38x1 352
Arterial pO, (mmHg) 171+11 188 +7 178+10
Arterial Hb (g %) 8502 7.8x0.2 7.4x0.3
Venous pH 74+00 74+00 74+0.0
Venous pCO, (mmEg) 391 403 382
Venous pO, (mmig) 75x8 T7+3 663
Venous Hb (g %) 7.9+03 7802 7.6+04

Systemic haemodynamic variables

As shown in Figure 2, both mean arterial blocd pressure and heart rate gradually
decreased by about 10% from 92+9 to 82=9 mmHg and 106+10 to 95+8 beats/min,
respectively, in the saline-treated group. In the dihydroergotamine-reated group arterial
blood pressure increased and heart rate decreased (15% and 17%, respectively by the
highest dose), but during treatment with $9977 both arterial blood pressure and heart
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rate decreased (36% and 20%, respectively by the highest dose). The changes induced
by the twe drugs were more than those observed in the saline-treated group (Figure 2).
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Figore 2. Effects of bolus iojections of physiological saline, $9977 and
dihydroergotamine on heart rate and mean arterial blood pressure in anaesthetized
pigs. BL, Baseline; DHE, dihydroergotamine. *, P<0.05 vs. baseline.

Carotid hacmodynamics

The effects of four consecutive infusions of either physiological saline, dihydroergotam-
ine or S9977 on the total common carctid blood flow and conductance and their
fractionation into arteriovenous anastomotic and putrient paris are shown in Figures 3
and 4, respectively. In the saline-treated group the carotid haemodynamics remained
fairly constant, except that there was some tendency for the total carctid and the
arteriovenous anastomotic vascular conductances to increase slightly. Dihydroergotamin-
e (3, 10, 30 and 100 xg/kg) caused a clear dose-dependent decrease in the total carotid
and arteriovenous anastomotic blood flow and conductance, but the nutrient blood flow
and conductance increased. Treatment with $9%77 also decreased carotid (two highest
doses) and arteriovenous anastomotic (highest dose) blood flows, but the respective
conductances did not change. Except for an increase with the highest dose in the
vascular conductance, $9977 did not affect the nutrient circulation.
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Figure 3. Effects of bolus injections of physiological saline, $9977 and
dihydroergotamine on total carotid artery blood flow and its fractionation into
arteriovenous anastomotic (AVA) and nutrient (tissue) parts in anaesthetized pigs.
The five columns in each of the three panels represent, sequentially, baseline values,
and values after the four iv. bolus injections of saline. §9977 (0.3, 1, 3 and 10
mg/kg) or dihydroergotamine (DHE, 3, 10, 30 and 100 xg/kg). *, P<0.05 vs.
baseline.
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Figure 4. Effects of belus injections of physiological saline, $9977 and
dihydroergotamine on total carotid artery vascular conductance and its fractionation
inte arteriovenous apastomotic (AVA) and putrient (tissue) parts in anaesthetized
pigs. The five columms in each of the three panels represent, sequentially, baseline
valves, and values after the four iv. bolus injections of saline, $2977 (0.3, 1, 3 and
10 mg/kg) or dihydroergotamine (DHE, 3, 10, 30 and 100 ug/kg). *, P<0.05 vs.

baseline.
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Analysis of the regiomal distribution of carotd blood flows (Figure 5) and
conductances (Figure 6) showed that the infusions of physiological saline were devoid
of any unportant effects. Infusions of $9977 caused only modest changes in regional
biood flows; ocular bloed flow was reduced in 2 dose-dependent manmer and, at the
highest dose, blood flows to the tongne and salivary glands increased (Figure 5). $9977
increased the conductance tc the skin, muscles, tongue, fat and salivary glands
{Figure 6). In contrast, dihydroergotamine dose-dependently increased both bloed flows
and conductances to the ears, skin, head muscles, tongue, salivary glands and total brain;
blood flows to the eyes and fat remained essentially unchanged, but vascular conduct-

anee in the eye was slightly reduced (Figures 5 and 6).

Figure 5. Effects of bolus injecdons of physioclogical saline, 89977 and
dihydroergotamine on the regiona! (dssue) distribution of carotid artery blood fiow
in anaesthetized pigs. The five columms in each of the three panels represent,
sequentially, baseline values, and values after the four i.v. bolus injections of saline,
89977 (0.3, 1, 3 and 10 mg/kg) or dihydroergetamine {DHE, 3, 10, 30 and 100

g/kg). * P<0.05 vs. baseline.
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Figure 6. Effects of bolus injections of physiological saline, $9977 and
dihydroergotamine on the regional (tissue) distribution of carotid artery vascular
conductance in anaesthetized pigs. The five columns in each of the three panels
represent, sequentially, baseline values, and values after the four i.v. bolus injections
of saline, §9977 (0.3, 1, 3 and 10 mg/kg) or diliydroergotamine (DHE, 3, 10, 30 and
100 pg/kg). *, P<0.05 vs. baseline.

DISCUSSION

Systemic Haemodynamics

In the saline-treated animals both mean arterial blood pressure and heart rate gradually
decreased to some extent during the course of the experiment. However, the changes
in the drug-treated groups were more marked:; dibydroergotamine increased arterial
blood pressure and $9977 decreased it; nevertheless, both drugs caused bradycardia.
The pressor and bradycardic action of dihydroergotamine may be, at least partly, due
to its partial agonist action at a-adrenoceptors and/or dopamine, receptors (22). It is
known that dilrydroergotamine and ergotamine decrease heart rate in rats by an agonist
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action at the presynaptic «,-adrenoceptors located orn the cardiac sympathetic nerve
terminals (23}. In the cat, however, the ergotamine-induced bradycardia is mediated by
presynaptic doparminergic receptors (24). The mechanism of the hypotensive and
bradycardic actions of $9977 may involve a muscarinic cholinergic action, since in
anaesthetized dog atropine antagonizes such effects of S9977 (A. Sassine, unpublished).

Carotid haemodynamics

The present results confirm the observations that a large fraction of 15 ym microspheres,
injected into the carotid circulation of anaesthetized animals, is not trapped in the
arteriolar bed of the cephalic tissues; these spheres pass via arteriovenous anastomoses
and veins to the right side of the heart to be sieved by the pulmonary capillary bed
{(4,20,25). The simultaneous use of microspheres of four different diameters (10, 15, 25
and 35 pm) has shown that the large arteriovenous amasiomoses in the cephalic
circulation are mainly present in the skin and ears (26), but such "shunt’ vessels have also
been located in the nasal mucosa (27), tongue (28), dura mater (29) and rete mirabile
(30).

In the saline-treated group there were no imaportant changes in the carotid blood
flow or its fractionation into nutrient (arteriolar; tissue) and non-nutrient (arteriovenous
anastomnotic) parts. Dihydroergotamine (3, 10, 30 and 100 ug/kg) dose-dependently
decreased carotid blood flow (and conductance) and yet redistributed blood in favour
of the mutrient compartmert at the expense of the arterioverous shunting. The decrease
in arteriovenous shunting is also reflected by the decrease in jugular venous pO,. Since
arterial pO, did not change, dihydroergotamine increased arterio-jugular venous O,
difference. These results are in agreement with earlier findings; dihydroergotamine has
been reported to decrease the arteriovenous anastomotic fraction of the common caretid
blood flow and the jugular vencus O, content in the cat (5} and increase the arterio-ven-
ous O, difference, with relief of pain in migraine patients (3).

In contrast to dihydroergotamine, the carotid haemodynamic effects of $9977, used
in 100 times higher concentrations (0.3, 1, 3 and 10 mg/kg), were less marked. Though
56977 did decrease carotid (two highest doses) and arteriovenous anastomotic (highest
dose) blood flows, there was ne concomitant decrease in the vascular conductances.
Therefore, the above effects of 88977 szem to be related to a decrease in arterial blood
pressure and not to an active vasoconstriction of the arteriovenous anastomoses. The
mechanisms underlying the vasodilator effects of dihydroergotamine and 59977 on the
nutrient fraction are difficuit to explain from the present experiments.



130

Possible climcal implications

COver the years we have shown that a number of drugs that are effective in the treatment
of migraine, for example ergotamine, dihydroergotamine, methysergide and isomethep-
tene (5,6, present results), powerfully reduce cephalic arteriovenous anastomotic
shunting, though, as suggested for ergotamuine (25,31}, a reduction in cephalic
arteriovepous anastomotic blood flow does not mecessarily has to be mediated by
a-adrenoceptors or 5-HT receptors. However, two new highly sclective agemists at
5-HT,-like receptors, namely AFH25086 and sumatriptan (GR43175), have recently been
shown to comstrict cephalic arteries in several species and to diminish both feline and
porcine carotid arteriovencus anastomotic blood flow (6,8-10,52). Furthermore, these
new drugs do not seem to cross the blood braim barrier or have an anti-nociceptive
effect even after intrathecal administration (9,1(), vet they show a remarkable clinical
effectiveness in acute migraine attacks {33-35).

On the basis of the zbove findings one can suggest that drugs which constrict
cephalic arteries and arteriovenous zaastomoses should be effective in the treatment of
migraine (see 36). A lack of active vasoconstriction in the carotid vascular bed observed
in this investigation with 59977, therefore, does not allow us to predict positive clinical
results with this drug in the treatmen: of migraine. Nevertheless, it is important to
highlight that, in contrast to the other antimigraine drugs which act as (partial} agonists
at 5-HT-like and other receptors (6,8-10,32,36), $9977 is active in anocther potential
animal model for migraine (16,17) and antagonizes the increased adenosine A, binding,
electroencephalographic abnormalities (16) and the vascular dopaminergic hypersensitiv-
ity (17) during food sensitization in the rat. Despite the evidence that stimulation of
doparuinergic (11,12} and purinergic (13) neurones appear to cause a selective increase
in arteriovenous anastomotic blood flow, the ineffectiveniess of $9977 indicates that,
under the present experimenta] circumstances, neither of these neurons is physiologically
actve. In migraine patients, such neurons may become active 10 Cpen UP arteriovencus
anastomoses; indeed, Burnstock (37) has suggested that the events accompanying the
headache phase of migraine could be explained by the neurogenic release of ATP during
vasodilatation following cerebral spasm.
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CHAPTER 12

GENERAL DISCUSSION AND CONCLUSIONS

12,1 EVIDENCE SUPPORTING THE EXTENSION OF THE
CLASSIFICATION OF 5-HT RECEPTORS

When Gaddum and Picarelli (1957} described the existence of two types of "tryptamine”
receptor, called M and D, they certainly did not anticipate how complicated and
confusing the 5-HT receptor field would be three decades later, when an interpational
committee (Bradley et al, 1986) subsequently attempted to reconcile the different
nomenclatures taking into account functional and pharmacological criteria, and proposed
three main types of 5-HT receptors, namely 5-HT,-like, 5-HT, and 5-HT; receptors. In
this connection, it is important to keep in mind several facts. Firstly, the separation
between 5-HT,-like and 5-HT, receptors is mot absolute as mwost antagonists for
5-HT-like receptors (methiothepin, methysergide, mesulergine, metergoline, etc.) display
similar or higher affinities for 5-HT, recepters (Hoyer, 19882; Saxena and Villaldn,
19502). Secondly, amongst the 5-HT,-like and 5-HT, receptor antagonists, methysergide
and metergoline may act as partial agonists depending on the experimental model
{Hover, 1988a; Schoeffter et al ,1988; Saxena and Villalén, 1990a). Thirdly, 5-HT,: and
5-HT, receptors share many features, including second-messenger systems,
pharmacological profile and structure {seec Hoyer, 1988b; Hartig, 1989}. Lastly, few if
any 5-HT,-like and 5-HT, receptor agonists and antagonists display high affinity and/or
intrinsic activity for 5-HT, receptors {(Fozard, 1990; Hoyer, 1950; Saxena and Villalén,
1990a). Significantly, in this context, S-methoxytryptamine is inactive at 5-HT, receptors,
but a potent agonist at the putative 5-HT, receptor (see Fozard, 1950; Saxena and
Villaién, 1990z), which makes this compound an interesting tocol.

It should nevertheless be realized that the international committee’s proposal
was meant to be a framework, flexible enough to adapt to and to incorporate new
findings (Bradley et al,, 1986). Thus, Dumnis et al. {1988, 1989) suggested the existence
of a novel 5-HT receptor type described as the putative 5-HT, receptor, which is
positively coupled to the adenylate cyclase system in mouse embryo colliculi neurons.
This novel receptor site is stmulated by S-methoxytryptamine and some benzamide
derivatives including renzapride and zacopride, and is sensitive to blockade enly by high
concentrations of the 5-HT; receptor antagomist ICS 205-930, but not by similar
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concentrations of other 5-HT receptor antagonists {Dumuis et al, 1988, 1989). These
findings have been confirmed in peripheral tissues of other species, where the putative
5-HT, receptor mediates erther directly or indirectly, contractions of the guinea-pig
isolared ileum (Craig and Clarke, 1990) and ascending colon (Elswood et 2l 1991), right
human atria (Kaumann et al., 1990a,b) and porcine myocardinm (Villaién et ak, 1991c;
this thesis) as well as relaxation of the rat oesophagus (Baxter and Clarke, 1990) and
stimulation of the pig sincatrial pacemaker (Kaumann, 1990¢; Villaldn et al, 1990b,
1991ab).

Although the term 5-HT, has not been officially accepted by the nomenclature
committee of the 5-HT club, the invelvement of this novel 5-HT receptor in the above
functional responses argues in favour of the extension of the 5-HT receptor classification
1o include the 5-HT, receptor.

12.2 CHARACTERIZATION OF THE 5-HT RECEPTORS MEDIATING
THE DECREASE IN CEPHALIC ARTERIOVENQUS ANASTOMOTIC
BLOOD FLOW IN THE PIG

The experimental evidence avzilable up to date suggests that the receptors involved in
5-HT-induced decrease in porcine cephalic arteriovenous anastomotic blood flow belong
to the 5-HT-like type. In this comtext, 5-HT (Saxena and Verdouw, 1982, 1984;
Verdouw et al, 1984; Saxena et al, 1986a), 5-CT (Saxema and Verdouw., 1985a).
methysergide (Saxepa and Verdouw, 1984), BEA 1654 {(Verdouw et zl, 1985),
8-OH-DPAT (Bom et al., 1989a), RU 24969 (Bom et al,, 198%b), sumatriptan (Den Boer
et al., 1991) and indorenate (Villalén et al, 1950a) decrease porcine arteriovenous
anastomotic blood flow, but only 5-HT and 5-CT increase arteriolar blood flow
prominently {see Table 7). These results clearly indicate that the 5-HT,-like receptors
involved in constricting arteriovenous anastomoses are different from those mediating
arteriolar dilatation.
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Table 7: 5-HT receptors and drug effect on arterioles and arteriovenous anastomoses
{AVAs) in the porcine carotid artery bed.

Drug Arteri- AVAs  Antzgonism  Resistance Receptor
oles by to type
5-HT —— ++r Methiothepin Cyproheptadine 5-HT,-like
Ketanserin
WAL 1307
MDL 72222
5-CT —_— At Cyproheptadine 5-HT,-like
Methysergide - 4t 5-HT,-like
BEA 1654 —_— i Ketanserin 5-HT,-like
3-OH-DPAT - R Methiothepin Ketanserin 5-HT,-like
Ipsapirone 0 o
RU 24968 - e Methiothepin Ketanserin 5-HT,-like
(= )Pindolol
Sumatriptan 0/- i+t Methuothepin  Ketanserin 5-HT;-lke
Indorenate - bt Methicthepin  Ketanserin 53-HT;-like
Metergeline

-, dilatation; +, contraction; 0, no effect. The number of - and + indicate the magnitude
of effect.

As shown in Tabie 7, only methiothepin, but not other 5-HT receptor
antagonists, effectively blocked the effects of the above 5-HT,-like receptor agonists.
However, three implicit drawbacks must be taken into consideration. Firstly, in addition
to its high potency to block 5-HT,-like and 5-HT, receptors, methiothepin has other
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actions, including noradrenaline uptake inhibition and high affinity for a-adrenoceptors,
histamine, (H,) and dopamine, (D;) receptors (see Leysen, 1985). Secondly, the high
degree of heterogeneity of the 5-HT, binding site has been revealed from radicligand
binding studies performed in cerebral tissue membranes. And lastly, all research
concerning functional studies has been based on the use of these 5-HT receptor ligands,
but due to the lack of selective antagonists for these putative 5-HT,-like receptor
subtypes it s still impossible to correlate the 5-HT: binding site subtypes demonstrated
in cerebral tissue with the functional subtypes of 5-HT,-like receptors present in the
cardiovascular system.

In this commection, the 5-HT,-like receptors present in the porcine cranial AVAs
{arteriovencus anastomoses) seem to be unrelated to the 5-HT, binding site subtypes
(5-HT ., 5-HT g, 5-HT,, 5-HTp and 5-HT; ;) for several reasons, namely: 1) the 5-HT,,
ligand ipsapirone {(Dompert et al, 1985; Hoyer, 1988z2) had no effect on the porcne
crznial AVA blood flow (Bom et al,, 1988b); ii) pindclol, which displays high affinities
for both 5-HT\, and 5-HT; binding sites {Hoyer, 1988a), did not antagonize the effects
of RU 24969 (Bom et al, 1989b), which also has high affinity for the same binding sites
(Hoyer, 1988z); and iii) metergoline, which has been shown to display higher affinities
for 5-HT,,, 5-HT 3, 5-HT ¢ and 5-HT,;, binding sites than methiothepin (Hoyer, 1988a),
did not antagonize the effects of indorenate (Villalén et al., 1950a), which has high
affinity for the 5-HT, , binding site, and appreciable affinities for the 5-HT 5, 3-HT,. and
5-HT,p binding sites (Hoyer et al., 1985; Hoyer, personal communication). These -aznd
other- findings give support to our view that compounds with high affinity for certain
5-HT recognition sites in brain tissue membranes and without agomistic action on
peripheral 5-HT receptors do not necessarily have to behave as 5-HT receptor
antagonists in pharmacological functional studies (i.e. effect of 5-HT,-like receptor
agonists and antagonists on porcine cranial AVA blood flow). For this reason, Saxena
and Villaldn (1990a} have coined this receptor 5-HT,,, until more selective antagonists
be available.

The implication of the presem: findings is two-fold. One the one hand, it is
evident that binding data are useful for the sereening of new compounds; on the other
hand, however, by nc meass is it valid to predict from radioligand binding studies drug
effects in functional models; for this purpose, the "classical” pharmacological approach
should have pricrity. This is of particular relevance when trying to develop drugs with
poteatial therapeutical usefulness in the treatment of some pathologies (2.g. migraine,
hypertension, etc.)
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123 THERAPEUTICAL AND PHARMACOLOGICAL APPROACHES FOR
ANTIMIGRAINE ACTION

A mumber of new and established antimigraive drugs interact with 5-HT receptors
(Saxena and Villalon, 1990a; Feniuk et al,, 1991; Saxenz and Den Boer, 1991). In this
Tespect, selective agonists at the 5-HT -like receptor subtype mediating contractions of
cephalic vessels {AH25086, sumatriptan), which do not penetrate into the central nervous
system, are effective in the treaiment of acute migraine attacks (see Perrin et al,, 1989;
Saxena and Ferrari, 1989; Humphrey et al., 1990; Tfelt-Hanssen and Nielsen, 1990). In
addition, some antimigraine drugs behave as antagomists at 5-HT, {methysergide,
pizotifen, ergotamine, dihydroergotamine) and/or 5-HT; -like (methysergide, propranolol)
receptors, but many 5-HT, and/or 5-HT,-like receptor antagonists (ketanserin, ritanserin,
cyproheptadine, mianserin, methiothepin, metergoline} have not found much use in
migraine therapy. It therefore seems likely that additional properties of such
antimigraine drugs, for example, the vasoconstriction in the extracerebral cephalic
circutation with methysergide, ergotamine and dihydroergotamine and the antidepressant
action with pizotifen, may be involved in their therapeutic acdon (Saxena, 1990). In
agreement with these findings, dihydroergotamine, which displays bigh affinities for
5-HT,,, 5-HT,5, 3-HT,,, 5-HT,, and 5-HT, binding sites (Hoyer, 19882) potently
decreased porcine cranial AVA blood flow (Villalon et al, 1991d). However, other
actions of dihydroergotamine such as its ability to interact with &, and ¢, adrenoceptors
as well as D, and D, receptors {Peroutka, 1990) canpot be excluded from its
therapeutical efficacy.

With respect to the pharmacological approaches to include 5-HT; receptor
antagonists in antimigraine therapy, it is of particalar interest the finding that
MDL 72222 (Loisy et al,, 1985) and granisetron (Ferrari, 1991) seem to be effective in
the acute treatment of migraine. In contrast, ICS 205-930 is not at all effective in the
acute treatment of this pathology (Lataste et al, 1989; Ferrari, 1991). Unfortunately,
all the 5-HT, receptor antagonists tested in migraine to date have proved to be
oncogenic in aznimals on chronic administration, precluding any follow-up swdies
{Ferrari, 1991). Therefore, within the bounds of serotonergic mechanisms, the
antimigraine action of the above drugs seems to depend mainly upon agenist action at
the S5-HT,-like receptor subtype {(5-HT,: Table 1) that mediates craniovascular
contraction (Saxena and Ferrari, 1989; Saxena and Villalén, 1990a; Saxena and Den
Boer, 1991).

Notwithstanding, other mechanisms underlying the decrease in cranial AVA
blood flow cannot be excluded. For instance, it is interesting to note that apart from the
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use of 5-HT -like receptor agenists, a new approach for decreasing arteriovenous
anastomotic shunting may be via antagonism towards dopamine and/or purinergic
mechanismns. In this conunection, there is evidence that arteriovenous anastomoses are
innervated by both dopaminergic (Bell et al., 1978; Bell and Lang, 1979) and purinergic
(Molyneux and Harmon, 1982} neurcns which, npon stimulation, zppear to cause a
selective increase in arteriovenous anastomotic blood flow. Since hypersensitivity to
dopamine-iike drugs has been reported in migraine patients (Sicuteri, 1977; Bés et al,,
1986), it is tempting to suggest that drugs able t¢ amtagonize dopaminergic
hypersensitivity and/or purinergic-mediated effects could have potental therapeutic
usefulness in the treatment of migraine. Indeed, the povel trimethylxanthine derivarive
S9977 displays such properties (Della Zuana et al., 1991; Dubanlt ez 2k, 1991} In our
bands, however, $9977 did not induce an active vasoconstriction of the porcine cramial
AVAs (Villalén et al, 1991d), which might reflect the fact that under the experimental
circumstances of our model dopaminergic and/or purinergic neurons are not
physiolegically active. Nevertheless, it should be emphasized that there seems 10 be
other potential animal models to predict antimigraine action, such as the blockade of
vascuiar dopaminergic hypersensitivity and electroencephalographicabnormalities during
food sensitization in the rat (Della Zuana et al, 1991; Duhauit et al., 1591); in this
model, S9977 is effective.

Likewise, several antimigraine drugs shown to decrease cranial AVA blood flow
(including ergotamine, dihydroergotamine, methysergide and sumatriptan) are also able
t¢ antagonize neurpgenic inflammation in rat dura mater {which oceurs via the release
of neuropeptide pro-inflammatory mediators such as substance P and neurckinin A from
perivascular sensory axens) induced either by electrical stimulation of trigeminal ganglia
or by capsaicin (Moskowitz and Buzzy, 1991). Inierestingly, all these drugs elicit alsc a
potent vasoconsiriction of the dura mater blood vessels (Fenjuk et al, 1991),
emphasizing the possibility that neurogenic inflammation and vasedilatation of bloed
vessels (including AVASs) in the dura mater may be interrelated in the pathophysiology
of migraine. In this context, some attention should be drawn to the fact that dura mater
has an extensive network of arteriovenous anastomoses (see, for example, Roewbotham
and Little, 1965; Kerber and Newton, 1973). Therefore, studies to determine the effect
of antimigraine drugs on the fractonation of blood flow within the dura mater would
give additional weight to the role of AVAs in the pathogenesis of migraine.
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SUMMARY

The biogenic amine 5-hydroxyiryptamine (5-HT; serotonin) seems to play a role in
several (patho)physiclogical processes (Chapter 1). The present thesis describes the
effects of 5-HT-related drugs on heart rate, cardiac conrractility and carotid blood flow
distribution in anaesthetized pigs. Using "selective” agonists and antagonists the 5-HT
receptor (sub)types invelved in the 5-HT-induced changes in the above haemodynamic
variables were characterized, taking into account the most recent advances in the
classification of 5-HT receptors {Chapter 2).

After delving into the literature about the general cardiovascular effects of 5-HT and
related drugs (Chapter 3) and their effects on heart rate and cardiac conmactility In
several species (Chapter 4}, the receptors invelved in 5-HT-induced positive chronotropic
(Chapters 7 and 8) and positive inotropic effects (Chapter 9) were delineated in the
anaesthetized pig. Intravenous (iv.) bolus injections of 5-HT induced dose-dependent
increases in heart rate, which were mimicked (in order of potency) by the tryptamine
derivatives 5-methoxyiryptamine and a-methyl-3-HT, and by the substituted benzamide
derivatives renzapride, zacopride, cisapride, metoclopramide and dazopride. These
benzamide derivatives behaved as partial agonists, antagonizing the increases in heart
rate by 5-HT ard S-methoxytryptamine. Likewise, the selective 3-HT, receptor
antagonists MDL 72222 and granisetron as well as the selective B, receptor antagonist
domperidone (3 mg/kg each) all failed to antagonize the tachycardiac responses induced
by 5-HT and 5-methoxywwyptamine. In marked comirast, the increases in heart rate
induced by etther 5-FT, tryptamine- or benzamide derivatives were clearly antagonized
by high doses (1-3 mg/kg, iv.) of ICS 205-930, without affecting the tachycardiac
responses to isoprenaline. These findings suggest that 5-HT and the tryptamine- and
benzamide derivatives increase porcine heart rate by a direct action on the cardiac
pacemaker, via the activation of a putative 5-HT, receptor. Similarly, 5-HT (iv.)
induced also an increase in the maximum rate of rise in left ventricular pressure
(LVdP/dr,. ) and cardiac output (CO) either at the animal’s own sinus rhythm or during
atrial pacing (150 beats/min), suggesting a positive inotropic effect, which was mimicked
by 5-methoxytryptamine and, to a lesser extent, by renzapride. As previously described,
renzapride behaved as a partial agonist, antagonizing the increases in LVAP/dt ., and
CO induced by 5-HT and 5-methoxyryptamine, but not those by iscprenaline, suggesting
the invoivement of the putative 5.HT, receptor. The pharmacological profile of this
porcine myocardial receptor is similar to that of the putative 5-HT, receptor present in
neurons from mouse embryo colliculi, guinea-pig cholinergic neurons and human heart.
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Chapter 5 deals with the effects of 5-HT and related drugs in the carotid circulation
and its disiribution into nutrient (arteriolar) and non-nutrient {arteriovenocus
anastomotic; AVA) fractions. On the basis of these findings, an attempt was made to
further delineate the putative subtype of 5-HT,-like receptor in the porcine carotid
cirenlation, analyzing the effects of the 5-HT),, receptor agonist indorenate (Chapter 10).
Intracarotid infusions of indorenate resulted in dose-related decreases in total common
carotid artery blood flow, which were almost exclusively due to a reduction in the
cephalic AVA blood flow. These effects of indorenate were not appreciably modified
after treatment with the 5-HT, receptor antagonist ketanserin, but were markedly
reduced after treatment with methiothepin, which antagonizes net only 5-HT, receptors,
but also the putative 5-HT,, 5-HTy,, 5-HT). and 5-HI,, subtypes of 5-HT,-like
receptors. Nevertheless, metergoline, a drug with higher affinities than methiothepin for
the foregoing 5-HT, receptor subtypes, failed to significantly modify the responses to
indorepate. Therefore, the above effects of indorenate are mediated by 5-HT,-like
receptors unrelated to either 5-HT,,, 5-HT 5, 3-HT ¢ or 5-HT,;, binding site subtypes.

Based on the proposal that dilatation of cephalic arteries and arteriovenous
anastomoses (AVA's) probably plays a role in the pathophysiclogy of migraine, and that
a2 pumber of effective antimigraine drugs, incinding ergotamine, methysergide,
isometheptene and sumatriptan, have a selective carotid vasoconstrictor action which is
mainly confined to cephalic AVA's, one might propose the porcine {ractionation of
carotid arterial blood flow into AVA and arteriolar parts as an experimental model for
the screening and development of drugs with potential antimigraine acticn. With this
suggestion in mind, in Chapter 11 we set out to study the effects of a novel
wimethylxanthine derivative, 89977, which antagonizes the dopaminergic hypersensitvity
and the increase in adenosine receptors induced by food sensitization in the rat (another
animal experimental model for migraine), on the fractionation of total common carotid
blood flow im anaesthetized pigs. Furthermore, the effects of dihydroergotamine, a
clinically established antimigraine drug, were analyzed for comparison.
Dihydroergotamine elicited & dose-dependent reduction in AVA blood flow and
conductance, and an increase in the arteriolar blood flow and conductance. In marked
contrast, $9977 decreased carotid (two highest doses) and AVA (highest dose) blood
flow, but there was 1o concomitant decrease in the vascular conductances. These
findings indicate that the effects of S9977 seem to be related to a decrease in arterial
blood pressure and not to an active vasoconstricdon of AVA’s. Therefore, in line with
the "shmt theory” of migraine, these resuits do not predict an aptimigraine action of
$6977. However, on the basis of other pharmacological effects of the drug, it still
remains a pessibility.
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SAMENVATTING

De biogene amine 5-hydroxyiryptamine (5-HT; serotonine) lijkt een rol te spelen in
verscheidene {patho)fysiclogische processen (Hoofdstuk 1). Dit proefschrift beschrijft
de effecten van azn 5-HT gerelateerde stoffen op de hartfrequentie, cardiale
contractiliteit en de bloedstroomverdeling over het carotide vaatbed in genarcotiseerde
varkens. De 5-HT-receptor (subjiypen betrokken bij 5-HT-geinduceerde veranderingen
in bovenstaande haemodynamische variabelen werden, met behulp van relatief selectieve
agomisten en antagonisten gekarakteriseerd. Hierbij werd met de meest recente
ontwikkelingen op het gebied van S5-HT-receptor classificatie rekening gehouden
(Hoofdstuk 2).

Na een diepgaznd literatuur onderzoek naar de algemene cardiovasculaire effecten
van 5-HT en gerelateerde stoffen (Hoofdstuk 3) en hun effecten op hartfrequentie en
cardiale comtractiliteit in verschillende species (Hoofdstuk 4), werden de receptoren
welke betrokken zijn bij de door 5-HT-geinduceerde positief chronotrope (Hoofdstuk
7 en 8) en positdef inotrope effecten (Heoofdstuk 9) beschreven in het genarcotiseerde
varken. Inmtravenmeuze bolus injecties met 3-HT induceerde een dosis afhankelilke
toename van de hartfrequentie. Overeenkomstige responsen wercen waargenomen (in
volgorde van potentie) met de wyptamine derivaten S-methoxyTyptamine en
ca-methyl-5-HT, en met de gesnbstitueerde benzamide derivaten renzapride, zacopride,
cisapride, metoclopramide en dazopride. Deze benzamide derivaten gedroegen zich als
partigle agonisten, omdat ze de toename in hartfrequentie geinduceerd door 5-HT en
5-methoxytryptamine antagoneerden. Daarentegen werden de tachycarde responsen
geinduceerd door 3-HT en S-methoxytryptamine noch door de selectieve 5-HT-receptor
antzgenisten MDL 72222 en granisetron, noch door de selectieve D,-receptor antagomnist
domperidon {elk 3 mg/kg) geantagoneerd. Echter, de toepame in hartfrequentie
geinduceerd door S5-HT. wyptamine- of benzamide-derivaten werd duidelijk
geantagoneerd door hoge doses (1-3 mg/ke) ICS 205-930, zonder dat het de tachycarde
responsem van isoprenaline beinvioed werden. Deze bevindingen zijn in
overeeenstemming met het concept dat 5-HT en de tryptamine- en benzamide-derivaten
de hartfrequentie van varkens verhogen door een directe werking op de cardiale
pacemakercellen, via activering van een mogelijke 5-EHT,-receptor.

Intravenenze bolus injecties met 5-HT induceerden eveneens een toenmame in
LVdP/dt,., en CO, zowel gedurende een spontaan sinus ritme als ook gedurende
stimulatie van het atrium {150 slagen/ min), hetgeen een positief inotroop effect doet
vermoeden. Een overeenkomstig effect werd gezien met 5-methoxytryptamine en in
mindere mate met renzapride. Zoals hierboven beschreven, gedroeg renzapride zich
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opnieuw als ecen partieel agomist, doordat het de toemame inm LVAP/diy,, en CO
geinduceerd door S5-HT en S-methoxyiryptamine, maar niet door iscprenaline
antagoneerde. Dit suggereert de betrokkenheid van een gepostuleerde 5-HT,-receptor.

Het farmacologisch profiel van deze nieuwe receptor in het myocard van het varken
komt overeen met dat van de gepostleerde 5-HT receptor aanwezig in neuronen van
muis embryo colliculi, cavia cholinerge neuronen en het humane hart.

In hoofdstuk 5 worden de effecten van 5-HT en verwante stoffen op de carotide
circulatie en de verdeling in nutrient (arteriolar) en nop-putrient (arterioveneuze
anastomosen) beschreven. Op basis vag deze resultaten, is een poging ondernomen het
gepostuleerde subtype van de 5-HT,-achtige receptor te beschrijven door de effecten van
de 5-HT4-agonist indorenate te analyseren (Hoofdstuk 10). Infusies met indorenate in
de a. carotis communjs van genarcotiseerde varkens na vagosympathectonie, resulteerde
in een dosis afhankelijke afname van de biced flow door de a. carotis communis, welke
bijna uitsluitend het gevolg was van een reductie van de flow door artericveneuze
anastornosen. Deze effecten van indorenate werden nauwelijks beinviced door
voorbehandeling met de 5-HT -receptor antagonist ketanserine, maar werden duidelijk
gereduceerd door behandeling met methiothepine, hetgeen niet alleen 5-HT,-receptoren
antagoneert, maar ook de gepostuleerde 5-HT . 5-HTp, 5-HT ¢ of 5-HT ), subtypen van
5-HT-achtige receptoren. Echter, metergoline, een stof met een hogere affiniteit voor
5-HT-achtige receptor-subtypen dan methiothepine, bleek niet instaat de responsen van
indorenate te beinvloeden. Er kan dan ook geconcludeerd worden dat indorenate,
overeenkomstig 8-OH-DPAT en RU 24969, zowel de flow door hiet carotus vaatbed als
ook de cephale arterioveneuze anastomosen vermindert in het varken via stimulatie van
5-HT,-achtige receptoren. Hoewel deze receptoren niet overeen lijken te komen met
5-HT,,, 5-HTyp, 5-HT,c of 5-HT,; bindingsplaatsen. '

Uttgaande van het concept dat dilatatie van cephale arterién en AVAs waarschijnlijk
eer rol speelt in de pathofysiologie van migraine en dat een aantal effectieve
antimigraine farmaca, waaronder ergotamine, methysergide, isomethepteen en
sumatriptan, een selectieve constrictoire werking op het carots vaatbed vertonen welke
voornamelijk het gevolg is van een constrictie van cephale arterioveneuze apastomaosen,
lijkt een onderverdeling van de arteriéle carotis bloeddoorstroming in een artericveneus
anastomotisch en een arterieél gedeelte, in varkens, als experimenteel model voor
sereening en ontwikkeling van farmaca met potentieel antimigraine werking mogelijk.
Vanuit deze achtergrond, is in hoofdstuk 11 de studie naar de eifecten van een nieuw
trimethylxanthine-derivaat, $9977, op de verdeling van de totale carotide doorbloeding
in arterioveneuze-en artericlaire-bloeddoorstroming in gemarcotiseerde varkens
beschreven., $9977 antagoneert de dopaminerge overgevoeligheid en de toename in
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adenosine receptoren geinduceerd door voedingsgevoeligheid (dierexperimenteel model
voor migraine).

Ter vergelijking werden de effecten van dihydreergotamine, een klinisch toegepast
antinigraine geneesmiddel, geanalyseerd. Dihydroergotamine vertoonde een dosis
afhankelijke reductie van de artrioveneuze doorbloeding en geleiding, en ¢en toename
in putrient (artericlair) fractie en conductance. In duidelifk contrast hiermee is de
bevinding dat $9977 de carotis (twee hoogste doses) en de arterioveneuze doorbloeding
{hoogste dosis) verminderde, zonder gelijktijdige afname in vasculzire conduciance. Dus
Hjken de effecten van S9977 gerelateerd aan een afname in arteri€le bloeddruk en mniet
2an een acteve vascconstrictie van arterioveneuze amastomosen. Deze resultaten
voorspellen danook geen antimigraine werking voor 89977, indien wordt nitgegaan van
de "shunt theorie". Echter op basis van andere farmacologische effecten van deze stof
biijft het wel mogelijk.
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