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Activation of 5-HTia receptors: 
Behavioural and Neurochemical Studies.

Abstract

In rat brain the serotonin (5-hydroxytryptamine, 5-HT) receptor subtype, 5-HTia 

receptor, is present at greatest density in the raphe nuclei on 5-HT cell bodies as a 

presynaptic autoreceptor, where its activation can decrease neuronal firing, reduce 5-HT 

synthesis, and decrease the release of 5-HT at terminal sites. The 5-HTia receptor is 

also located postsynaptically where its activation produces behavioural responses such 

as components of the serotonergic syndrome.

In this thesis the effects of 5-HTia receptor activation by single and repeated 

administration of the selective agonist, 8-hydroxy-2-(di-n-propylamino) tetralin (8 -OH- 

DPAT) and by administration of the antagonist / partial agonist, 8-[2-[4-(2- 

methoxyphenyl)-1 -piperazinyl]ethyl]-8-azaspirol[4,5]-decane-7,9-dione dihydrochloride 

(BMY 7378) were studied.

Using a standardised experimental design, in which the effects of pretreatment 

with a 1 mg/kg s.c. dose of 8 -OH-DPAT for 1,3 or 14 days on responses to a challenge 

dose of 0.5 mg/kg s.c. 8 -OH-DPAT, the following results were obtained. Different 

behavioural responses to activation of 5-HTia receptors by 8 -OH-DPAT had strikingly 

different vulnerabihties to attenuation by 8 -OH-DPAT pretreatment. Components of 

the 5-HT syndrome previously demonstrated to be mediated by postsynaptic 5-HTia 

receptors were substantially attenuated after a single 8 -OH-DPAT pretreatment. 

However another postsynaptic 5-HTia receptor mediated response, taü-flick, and 

hyperphagia, a response to activation of presynaptic 5-HTia receptors were both 

unaffected by 1,3 or 14 days pretreatment. The hypothermic effect of 8 -OH-DPAT 

which, in the rat (as supported by evidence in this thesis), was shown to be a 

postsynaptically mediated 5-HTia receptor response, was progressively attenuated over 

fourteen pretreatments. These results indicate that the process of desensitisation of 

responses to activation of the 5-HTia receptor is complex and may be due to the 

presence of spare receptors (receptor reserve) or changes in secondary messenger 

interactions or by modulation of other downstream neurotransmitters.



Evidence for a postsynaptic location for the 5-HTia receptors mediating 

hypothermia was derived from results demonstrating that gross 5-HT depletion by the 

5-HT synthesis inhibitor, p-chlorophenylalanine (pCPA) failed to attenuate the 

hypothermic effects of 8 -OH-DPAT or BMY 7378. More convincing still was the 

finding that 8 -OH-DPAT, a strong agonist at both presynaptic and postsynaptic 5-HTia 

sites has comparable ED50 values for both hypothermia and hyperphagia, while BMY 

7378, which is an agonist at presynaptic 5-HTia receptors but mainly an antagonist at 

postsynaptic sites has an ED50 value for hypothermia which is two orders of magnitude 

greater than that for hyperphagia. In addition, infusion of BMY 7378 into the dorsal 

raphe was without clear hypothermic effect.

The consequences o f partial 5-HT depletion (circa 50%) following a single 

pCPA administration, on extracellular 5-HT in the frontal cortex, was investigated to 

assess the availability of 5-HT for release when the tissue content is lowered. Results 

indicate that the availability o f 5-HT for release falls in proportion to the depletion of 5- 

HT stores. However, the resulting tissue 5-HT / 5-HLAA ratio would suggest that 

increased conservation of the partially depleted 5-HT stores may occur.

In conclusion, the neurochemical and behavioural effects o f activation of 5- 

HTia receptors as indicated in this thesis are complex. Effects of this type as well as 

desensitisation of the 5-HTia autoreceptor could play some part in antidepressant 

action.



1. GENERAL INTRODUCTION

1.1. Serotonin

1.1.1. History

The existence of a vasoconstrictor substance present in blood when it is allowed to 

clot, has been known for over a century. This substance which we now know as serotonin 

(5-hydroxytr}ptamine, 5-HT) was originally given a variety of names, including vasotonin. In 

1948, Rapport et al, succeeded in isolating serotonin in a crystalline con^lex form, and in the 

following year Rapport (1949) determined that the active moiety of this conplex was 5- 

hydroxytryptamine (retaining the name, serotonin). 5-HT was subsequently synthetically 

prepared by Hamlin and Fischer (1951).

During the 1930's and 40’s, Erspamer and co-workers investigated the histochemical 

properties of enterochromafiBn cells in the gastrointestinal mucosa. These early studies led to 

the discovery of the substance, enteramine, which later was also identified as 5- 

hydroxytryptamine (Erspamer and Asero, 1952).

Soon after, 5-HT was detected in the brain (Twarog and Page, 1953; Amin et al, 

1954; Bogdanski et al, 1957) and subsequent investigations have established its role as a 

neurotransmitter. In 1955, Brodie and colleagues reported that brain 5-HT could be depleted 

by the newly developed, hypotensive agent and tranquillizer, reserpine (Shore, et a l, 1955; 

Pletscher, et al, 1955; Brodie et a l, 1955). In the same year reports appeared that 

depression occurred in patients receiving reserpine (Achor et al, 1955). Thus the first 

tentative links between serotonin and depression were established. Subsequent studies have 

increasingly focused on the role of serotonin as an important factor in major depression (for 

review see Maes and Meltzer, 1995).



1.1.2. Distribution

Less than 5% of the 5-HT present in the mammalian body is located in the neurones. 

The majority (about 90%) exists in the enterochromafiBn cells and enterochromatfifin-like cells 

of the gastrointestinal tract, while the remainder is found in platelets and other cells such as 

mast cells. In the central nervous system (CNS) 5-HT present is unevenly distributed with the 

highest concentrations being found in the brain stem, hypothalamus, striatum and limbic 

systems, and the lowest in the cerebellum (Amin et al, 1954; Bogdanski et al 1957; 

Saavedra, 1977).

1.2. Serotonin synthesis and degradation

In mammalian brain, serotonin is produced by the hydroxylation and decarboxylation 

of the essential amino acid, tryptophan (Loveriberg et al, 1962 and 1967). Serotonin is 

synthesised in the perçhery but cannot cross the blood brain barrier and thus the central pool 

must be synthesised within the brain, itself. Brain tryptophan concentrations depend on a 

number of variables including plasma concentration, albumin binding and coirpetition for 

carrier mediated uptake (for review see Sainio et al, 1996). These factors and their influence 

on cerebral 5-HT are discussed briefly below.

1.2.1. Tryptophan availability

Tryptophan is one of the least abundant of the amino acids (Munro, 1968) and the 

only amino acid to bind to plasma albumin (McMenamy et al, 1957; McMenamy and Oncley, 

1958). The tryptophan free fraction in plasma is around 10-20%, the remainder is bound 

largely to albumin from which it can be displaced by high levels of plasma non-esterified fatty 

acids (McMenamy and Oncley, 1958) or a variety of drugs, including salicydates, probenecid, 

indomethacin, phenytoin and benzodiazepines (McArthur et a l, 1971; Lewander and 

Sjostrom, 1973; Iwata et al, 1975; Muller and Wollert, 1975).



The elevation of plasma non-esterified fatty acids levels following stress, starvation 

(Cuizon et al, 1972) or drug induced lipolysis (Curzon and Knott, 1974; Knott et al, 1977), 

leads to an increase in the fi*ee fi*action of plasma tryptophan, a subsequent increase in brain 

tryptophan concentration (Curzon and Knott, 1974) and increased 5-HT turnover (Curzon 

and Fernando, 1976). Similarly, drugs which conçete for albumin binding sites such as 

salic)date, produce greater brain tryptophan availability (Curzon and Knott, 1974), as does 

administration of tryptophan itself (Femstrom and Wurtman, 1971; Curzon and Marsden, 

1975).

Tryptophan crosses the blood brain barrier via an active stereospedfic, saturable 

(Murray, 1973; Oldendorf, 1973) transport mechanism (Christensen, 1969) which is shared 

by all the large neutral amino acids (LNAAs) Le. tyrosine, phenjdalanine, valine, leucine, 

isoleucine, threonine, methionine, histidine (Wurtman et aL, 1981). Conq)etition for this 

transporter appears to regulate uptake (Femstrom and Wurtman, 1972; Yudilevich et a l, 

1972). However, even when tryptophan is bound to plasma albumin it is still to some degree 

available for uptake into the brain because the transport system possesses a greater affinity for 

tryptophan than does plasma albumin (Etienne et al, 1976; Pardridge, 1979).

Ingestion of a protein rich meal produces a rise in plasma tryptophan levels. 

However, because of its relative abundance, tryptophan levels rise less markedly than do the 

other LNAAs. Consequently the ratio of tryptophan to the sum of the other LNAAs in 

plasma will decline, as will presumably brain tryptophan and serotonin levels (for review see 

Sainio et al, 1996). In contrast, carbohydrate meals have been suggested to produce an 

increased plasma tryptophan ratio, and thus increase brain tryptophan and serotonin levels. 

This has been suggested to occur because the resultant increase in plasma insulin leads to 

insulin stimulated uptake of the branched chain amino acids, (e.g. leucine, isoleucine and 

valine) into muscle (Sainio et al, 1996). A selective reduction in carbohydrate intake has 

been reported following the administration of fluoxetine, a 5-HT reuptake inhibitor (Luo and 

L i, 1990; Paez and Leibowitz, 1993). This effect is suggested to occur via the elevation of 5- 

HT levels in the paraventricular nucleus (PVN) of the hypothalamus (Paez and Leibowitz,

1993), an area shown to be inportant in feeding (Hutson et a l, 1988; Leibowitz et al, 1990). 

Furthermore, the 5-H T ia agonists, 8 -OH-DPAT and buspirone, which are known to increase 

feeding (see Hutson et al, 1987b) are reported to selectively increase carbohydrate mtake in 

the rat (Luo et a l, 1990). However, as discussed by Sainio et al, (1996), macronutrient 

selection may be more significant in rats than in humans, since plasma tryptophan ratio

5



changes are less pronounced in man and as little as 4% protein content in a carbohydrate meal 

can block rises in the plasma tryptophan ratio.

1.2.2. Tryptophan metabolism

Tryptophan is an essential dietary conqwnent and is required for a variety of functions 

including incorporation into proteins, catabolism to the coenzymes NAD and NADP, as well 

as conversion to serotonin and melatonin

Quantitatively the most in c ita n t pathway for tryptophan metabolism, after protein 

synthesis, is the kynurenine pathway which accounts for 90% of tryptophan catabolism In 

this pathway (see Figure 1.2.2.1.), tryptophan is converted to N-form>l-kynurenine by the 

Kver enzyme tryptophan-2,3-dioxygenase (tryptophan pyrrolase, EC 1.13.11.11.) or by 

indoleamine-2,3-dioxygenase, which is present in a variety of tissues including the intestine, 

stomach, lung and brain Kynureninie and quinolinic acid are products of tryptophan 

metabolism via this pathway, as are NAD and NADP (Knox and Mehler, 1950; Leklem, 

1971).

An alternative route for tryptophan metabolism is by hydroxylation and 

decarboxylation following uptake into serotonergic neurones via carrier mediated transport. 

Once within serotonergic cells, tryptophan 5-monooxygenase (tryptophan hydroxjdase; Lr 

tryptophan tetrahydropteridine : oxygen oxidoreductase [5-hydrox)dating], EC 1.14.16.4) 

catalyses the conversion of tryptophan to 5-hydroxy-L-tryptophan, the immediate precursor 

of serotonin (see Figure 1.2.2.2.). This enzyme is highly localised in 5-HT producing cells 

(Aghajanian & Asher, 1971; Kuhar et aL, 1972) within the cytoplasm and it requires 

molecular oxygen and reduced pteridine (tetrahydrobiopterin) as cofactors. Ichiyama et al, 

(1968) has demonstrated that the distribution of tryptophan hydroxjdase correlates well with 

brain regions, shown by histoftuorescent techniques, to contain serotonergic cell bodies or 

nerve terminals (Fuxe, 1965; Anden et al, 1966).



Figure 1.2.2.1. The pathway of tryptophan metabolism
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Figure 1.2.2 2. The pathways of serotonin synthesis and metabolism
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Serotonin is synthesised by the decarbox>dation of 5-HTP, catalysed by aromatic L- 

amino acid decarboxylase (5-HTP decarbox>dase, EC 4. 1. 1. 28) which requires pyridoxal 

phosphate as a cofactor (Lovenberg et al., 1962). This enzyme is more widely distributed 

than tryptophan hydrox)iase but is less specific for its substrate, converting L- 

dihydroxyphen>dalanine (L-DOPA) to dopamine (Lovenberg et aL, 1962) and tryptophan to 

tryptamine. In the latter case, although the substrate affinity favours 5-HTP, tissue 

concentrations of tryptamine can become substantial after monoamine oxidase inhibition or 

tryptophan administration (Saavedra and Axelrod, 1973; Marsden and Curzon, 1974; Warsh 

et aL, 1979). The existence of two separate isoforms of decarboxyiase, has been reported 

(Sims, et aL, 1973; Sims and Bloom, 1973) but not confirmed in subsequent studies (Dairman 

et aL, 1975).

The first step in the catabolism of serotonin is its oxidation to 5-hydroxyindole 

acetaldehyde which is mediated by the enzyme monoamine oxidase (MAO, amine : oxygen 

oxidoreductase [deaminating] [flavin-containing]; EC 1. 4. 3. 4.). This enzyme, which is 

located in the outer membrane of mitochondria, exists in several forms with differing affinity 

for serotonin and susceptibility to inhibition (see Youdim and Ashkenazi, 1982). Both MAO 

type A and B have been shown to be present in serotonergic neurones (Levitt et aL, 1982; 

Fuller, 1985). The B form which can be selectively inhibited by selegiline, prefers 

phenydethylamine as a substrate (Fuller, 1985). Serotonin is a much better substrate for MAO 

type A in vitro (Fowler and Tipton, 1982) and this form of the oxidase is susceptible to 

clorgyline (Neff and Yang, 1974). Pharmacological studies would indicate that in vivo the 

enzymatic degradation of serotonin is almost exclusively by the MAO type A under normal 

conditions (Ortmann et aL, 1980; Schoepp and Azzaro, 1981; Ashkenazi et aL, 1983), 

although MAO type B may be involved in serotonin degradation when the type A form is 

inhibited (Fowler and Tÿton, 1982; Ashkenazi et aL, 1983). It has been suggested that most 

of the oxidation of neuronal serotonin occurs within those neurones (via reuptake) that form 

it (Fuller, 1985).

The aldehyde product formed by the action of MAO on 5-HT is rapidly converted to 

5-hydroxyindoleacetic acid (5-HIAA) by the enzyme aldehyde dehydrogenase. Alternatively 

it can be reduced by aldehyde reductase to form the alcohoL 5-hydroxytryptophol (Diggory et 

al., 1979 a and b; Cheifetz and Warsh, 1980) but this is normally a minor route of metabolism. 

Other minor pathways for the degradation of 5-HT include its conjugation to form 5-

9



hydroxytiyptaiime-O-sulphate which can be detected in the presence of monoamine oxidase 

inhibitors and probenecid (which inhibits efflux of 5-HIAA) (Gal, 1972), but not monoamine 

oxidase inhibitors alone (Korf and Sebens, 1970). Additionally, transaminase activity in rat 

brain is reported to convert 5-HTP to 5-hydroxy indole pyruvic acid, both in vitro (Kido et 

aL, 1975) and in vivo (Millard and GaL 1971; Lane and Aprison, 1978). 5-Hydroxy indole 

pyruvic acid can then subsequently be decarbox)iated to 5-HIAA, thus bypassing the 

formation of 5-HT (Millard and Gal, 1971).

1.2.3. Regulation of 5-HT synthesis and degradation

Once within the brain, tryptophan conversion to 5-HTP, is mediated by tryptophan 

hydroxylase, a reaction which is the rate limiting step in the synthesis of serotonin (Friedman 

et a l, 1972). Support for this comes from the observation that under normal conditions the 

concentration of 5-HTP in brain tissue is negligible due to greater 5-HTP decarboxylase 

activity con^ared to the activity of tryptophan hydroxylase (Lindqvist et al, 1975). It has 

been shown that the rate of 5-HT synthesis (as measured by the conversion of tryptophan to 

5-HTP) in vivo is considerably lower than indicated by tryptophan hydroxylase activity 

measured in vitro, in supernatant preparation of the enzyme from the same brain tissues when 

assayed under conditions of saturating substrate and cofactor concentrations (Meek and 

Lofstrand, 1976). There is now much evidence to support the suggestion that tryptophan 

hydroxylase (in vivo) is not saturated under normal physiological conditions (Neckers et al, 

1977; Curzon, 1986)

Initial studies using crude extracts of rat brain showed that tryptophan hydroxylase 

required only oxygen and L-tryptophan as substrates (Green and Sawyer, 1966). However, 

Friedman et a l, (1972) working on partially purified tryptophan hydroxydase demonstrated 

the need for a reduced pteridine as a cofactor. Subsequent studies have shown that the 

synthesis of 5-HT may be regulated by the availability of the natural cofactor, 6 R-L-erythro- 

5,6,7,8-tetrahydrobiopterin (6 R-BH4) (Lovenberg et a l, 1967) since the endogenous levels of 

6 R-BH4 in brain tissue (Fukushima and Nixon, 1980; Nagatsu et al, 1981) are lower than the 

Michaelis constants for tryptophan hydroxylase (Kuhn et al, 1980; Kato et al, 1980). This is 

supported by evidence that le  v. administration of 6 R-BH4 results in tryptophan
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hydrox)iation in vivo (Miwa et aL, 1985; Tsukada et aL, 1993). However, earlier studies 

demonstrated that administration of tryptophan can also increase 5-HT synthesis in the brain 

(Hess and Doepfiier, 1961; Ashcroft et aL, 1965). Increased tryptophan availability via a 

number of mechanisms (as described in 1.2.2.) can lead to increased 5-HT turnover (Curzon 

and Fernando, 1976) but this does not necessarily in^ly that the extracellular concentration 

rises. However, more recent studies have shown that systemic administration of tryptophan 

can under normal conditions cause an increase in extracellular 5-HT (Carboni et al., 1989; 

During et aL, 1989; Schwartz et aL, 1990; Westerink and De Vries, 1991).

The research described above indicates that under physiological conditions the initial 

step in 5-HT synthesis mediated by tryptophan hydrox>iase is rate limiting and that synthesis 

of 5-HT is mainly influenced by availability of its substrate, tryptophan, or the reduced 

pteridine cofactor.

Tryptophan hydroxjiase is activated by phosphorylation, which is catalysed by a Ca^- 

activated protein kinase (Johansen et aL, 1995). Hence the activation of tryptophan 

hydrox)iase may be regulated in dififerent brain regions by different modulators, for example 

corticotropin-releasing factor in the amygdala (Boadle-Biber et aL, 1993).

The use of amino acid decarboxylase inhibitors such as Ro4-4602 (N^-(dl-ser>l)-N^- 

(2,3,4-trihydroxybenzyl) hydrazine) (Carlsson and Lindqvist, 1970) or NSD-1015 (3- 

hydroxybenzylhydrazine) (Carlsson et al., 1972; Carlsson and Lindqvist 1973) which produce 

accumulation of 5-HTP, have provided an effective approach to monitoring 5-HT turnover 

(for review see Curzon, 1981), particularly as NSD-1015 has also been reported to block 

monoamine oxidase activity, so that 5-HT levels are maintained and the possible effects on 

tryptophan hydroxylase activity of decreased concentrations of 5-HT thus avoided. It has 

been suggested that 5-HTP itself may inhibit tryptophan hydrox>iase (Hamon et al., 1979). 

However, this was only seen at elevated concentrations (Hamon et aL, 1979) which are 

unlikely to occur except in pharmacological experiments.

The above method was used in the present study instead of the method based on 

monoamine oxidase inhibition which increases brain tissue 5-HT (Tozer et aL, 1966; Neff and 

Tozer, 1968) as this approach has a number of potential deficits. For exanple, increased 5- 

HT levels may cause feedback inhibition of tryptophan hydrox^iatiom Support for this comes 

from work showing that when 5-HT increases following monoamine oxidase inhibition, its 

rate of accumulation fells (Macon et aL, 1971; Curzon and Marsden, 1975). Furthermore, 

Carlsson et aL (1976), by first using the monoamine oxidase inhibitor, pargyline, to increase
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5-HT, before estimating turnover via 5-HTP accumulation on decarboxylase inhibition 

demonstrated a resultant decrease in tryptophan hydroxylase activity. Another disadvantage 

is the lack of selectivity since monoamine oxidase is important in the catabolism of other 

monoamines. Thus MAO inhibition is likely to increase the levels of these monoamines with 

potential indirect effects on 5-HT metabohsm However, though monoamine oxidase type A 

inhibitors like clorgyline tend to increase noradrenaline, dopamine and 5-HT, and type B 

inhibitors such as deprenyd preferentially increase dopamine rather than noradrenaline or 5-HT 

(Yang and Neff, 1974), the confound, amiflamine (FLA 336(^), is reported to be selectively 

taken up into serotonergic neurones and therefore may preferentially affect 5-HT catabolism 

(Ask et aL, 1983).

1.2.4. 5-HT storage, release, and reuptake

Aghajanian et aL, (1967) demonstrated that electrical stimulation of the midbrain 

raphe increases the forebrain concentration of 5-HIAA with a concurrent decrease in 5-HT, 

suggesting the release of 5-HT. Similar results were observed following electrical stimulation 

of the medial raphe (Kostowski et aL, 1969; Gumulka et aL, 1969; Sheard and Zolovick, 

1971), and dorsal raphe nuclei (Gumulka et al., 1971). These early findings suggesting 

endogenous serotonin release were later confirmed by Temaux et aL, (1976 & 1977). 

Interestingly, Elks et aL (1979b) demonstrated that fH]5-HT newly synthesised fi*om 

[^Hjtryptophan was preferentially released fi*om brain slices following electrical stimulation.

5-HT accumulates in tissue by storage in intracellular vesicles (Aghajanian and 

Bloom, 1967; Beaudet and Descarries, 1979) and these stores can be mobilised and undergo 

release by exocytosis (Mulder et aL, 1975; Hery et aL, 1979). The calcium dependence of the 

depolarisation induced 5-HT release has been demonstrated in vitro (Elks et al., 1979a; 

Mulder et aL, 1975; Jonakait et aL, 1979) and in vivo (Yaksh and Tyce, 1980). The slow 

discharge rate and regularity of firing of some serotonergic neurones has prompted 

speculation that these neurones may be endogenously active or autoactive (see Jacobs, 1985) 

and that this spontaneous release of 5-HT may also be calcium dependent (Hery et aL, 1979).

Serotonin storage within synaptic vesicles appears to be associated with a specific 5- 

HT binding protein (Tamir et aL, 1976; Tamir and Gershon, 1979), which is released as a
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conq)lex together with 5-HT via a calcium dependent process (Jonakait et al., 1979). It is 

probably that on release, 5-HT, like the catecholamines, dissociates from its binding protein 

and that this explains the delay observed between release and postsynaptic receptor binding 

which cannot be attributed solely to difiusion and mass transfer effects (Wightman et a l,

1994). The site of action of some 5-HT depleters such as reserpine has been proposed to be 

via its inhibition of serotonin binding to the intravesicular binding protein (Tamir et al, 1976).

Having been released into the synaptic cleft where it can act on specific post or pre

synaptic serotonergic receptors, 5-HT is subsequently recovered into the neurone via a high 

affinity reuptake mechanism (Aghajanian and Bloom, 1967; Kuhar and Aghajanian, 1973). 

This ensures that the action of 5-HT following release can be effectively terminated by 

reuptake and either degraded to 5-HIAA by the action of monoamine oxidase (which is 

present in the outer mitochondrial membrane) or conserved via vesicular reuptake. The 

neuronal reuptake mechanism is not specific for 5-HT, as other amines such as the drug p- 

chloroanq)hetamine (Fuller and Wong, 1977) have been proposed to gain entry into 

serotonergic neurones via this process (Fuller, 1985). A schematic diagram illustrating the 

major processes involved in serotonin synthesis, metabolism, storage, release and reuptake is 

presented in Figure 1.2.4.

The serotonergic reuptake site appears to be of inertance in depressive illness and 

recent work has shown that drugs which selectively inhibit serotonin reuptake (Le. Selective 

Serotonin Reuptake Inhibitors, SSRIs) can be effective antidepressants. The mdoleamine 

hypothesis of depression was previously based, to a large extent, on the findings that drugs 

which apparently increase the concentration of 5-HT in the synaptic cleft, were clinically 

effective antidepressants (Carlsson et al, 1969; Lapin and Oxenkrug, 1969; Ross and Renyi, 

1969). For exan^le the tricyclic antidepressant, imÿramine, which is used to identify a high- 

afiBnity, saturable, sodium-dependent binding site closely associated with the serotonin 

reuptake mechanism (Rehavi et al, 1983), is effective probably because it attenuates 5-HT 

reuptake. However, although recent years have seen numerous SSRIs licensed for the 

treatment of depression, their exact mechanism of action remains uncertain (see Chapters 4 

and 7 of this thesis).
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Figure 1.2.4. Schematic diagram illustrating the processes involved in serotonin synthesis, 
metabolism, storage, release and reuptake.
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1.3. Anatomical organisation - distribution of neurones

The presence of marked differences in the 5-HT content of different brain regions was 

first described by Bogdanski et al., (1957) using a newly developed spectrophotofluorometry 

bioassay. Five years later, Falck et al., (1962) described a histochemical method for 

visualising the presence of biogenic amines in tissue. Using this method biogenic amines are 

converted to a fluorescent derivative when freeze-dried brain tissue is exposed to humid 

formaldehyde vapour. In the case of 5-HT, it is converted to a beta-carboline, which emits 

yellow fluorescence when excited by ultraviolet irradiation. With the aid of a light 

microscope it was subsequently possible to map out the location of 5-HT and the 

catecholamines within neuronal processes.

Dahlstrom and Fuxe (1964) using this technique found that serotonergic cell bodies 

were localised in nine discrete clusters within the midbrain pons and medulla. These clusters, 

designated B1 to B9 (Dahlstrom and Fuxe, 1964), correspond closely but not exactly to the 

raphe nuclei defined in Nissl-stained preparations (see Figure 1.3), (Adaptered from: Breese, 

1975; Consolazione and Cuello, 1982; MoUiver, 1987).

Figure 1.3. Schematic diagram illustrating the distribution of the main serotonergic pathways 
in a sagittal section of the rat central nervous system (modified from Breese, 1975; 
Consolazione & Cuello, 1982; Molhver, 1987)
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Subsequent inp*ovements in imaging techniques for the labelling of neurotransmitter 

processes, have demonstrated the presence of serotonergic axons and terminal projections 

throughout the CNS. However, no serotonergic cell bodies have been observed in any part 

of the forebrain. Where serotonergic cell bodies do exist they appear to congregate with 

neurones from other neurotransmitter systems. For example, only 40 -  50% of the neurones 

which form the dorsal raphe nucleus (circa B7) are serotonergic and in the median raphe 

nucleus (circa B8 ) the percentage is even lower (Moore et al, 1978; Steinbusch and 

Nieuwenhuys, 1983; O’Heam & Molliver, 1984).

The more caudal and less densely stained cells designated groups B1 to B3, 

correspond most closely to the raphe pallidus, raphe obscurus and raphe magnus nuclei 

respectively and extend from the mid-pons to the caudal medulla. These clusters give rise 

mainly to neuronal projections into the brain stem and the spinal cord.

Cells designated B4 and B5 give rise to projections rostrally, and may be considered 

as a caudal extension of the dorsal raphe nucleus, of which the main body of cells (and largest 

cluster) which He between the oculomotor nucleus and the forth ventricle, are designated B7. 

The smaller group B6  Hes caudally to B7, along the floor of the fourth ventricle and through 

the rostral part of the locus coeruleus, forming a caudal extension of the main dorsal raphe 

nucleus (MolHver, 1987).

Cell group B8  lying at the junction between the pons and midbrain, corresponds 

closely to the median raphe nucleus. This group may be subdivided into a cluster of densely 

packed medium sized cells at the dorsal midline and a more ventral and lateral cluster of 

smaller more widely spaced cells (Taber et al, 1960). In addition a lateral extension of these 

cells form a cluster designated cell group B9.

The clusters B6  to B9 give rise to most of the ascending serotonergic projections to 

the forebrain which pass mainly within the medial forebrain bundle which transverses the 

lateral hypothalamus (Anden et a l, 1966). Heller and Moore (1965) demonstrated marked 

reductions in forebrain levels of norepinephrine and serotonin following lesioning of the 

lateral hypothalamus. Further studies involving the lesioning of the median raphe showed 

marked reductions in 5-HT levels in the l%pocanq)us while lesioning of the dorsal raphe 

resulted in decreased 5-HT in the striatum and neocortex without affecting spinal cord 

concentrations (Lorens and Guldberg 1974; Jacobs et a l, 1974; Geyer et al, 1976).

16



Anatomical confinnation that différent serotonergic nuclei project to specific regions 

of the forehrain became available following the development of autoradiographic techniques 

for demonstrating the anterograde axonal transport of tritiated amino acids (Conrad et a l, 

1974; Moore and Halaris, 1975). However, considerable conplexity exists since individual 

raphe neurones have been shown to send axon collaterals to mukÿle forebrain sites (Van der 

Kooy and Kuypers, 1979). Furthermore, where terminal projections arise fi'om several 

distinct nuclei, the relative contribution fi'om each may be different (Azmitia and Segal, 1978).

Cells in the rostral portion of the dorsal raphe project to the striatum and substantia 

nigra, whereas those more caudal innervate the locus coeruleus and hippocançus and both 

portions project to the amygdala (Jacobs et a l, 1978; Tohyama et a l, 1980; Imai et al, 

1986). CeBs in the median raphe also innervate the hçjpocançus as well as the septum and 

hypothalamus (Jacobs et al., 1978; Tohyama et a l, 1980; Imai et a l, 1986).

The existence of at least two distinctive types of axon terminals has been proposed 

(Chan-Palay 1978; Lidov et al, 1980). These authors report that axons from the median 

raphe nucleus (designated type M) appear coarse with large spherical varicosities ranging 

from 3 to 5 pm in diameter while those from the dorsal raphe (designated type D) have a 

much finer appearance but are more heterogeneous with varicosities ranging from 1 to 3 pm 

in diameter (Kosofsky and Molliver, 1987).

It has been proposed that these differences in axon morphology (and thus innervation 

originating from different raphe nuclei) may possess differential vulnerabilities to 

psychotrophic drugs (Molliver, 1987). Profound decreases in 5-HT levels in the rat forebrain 

have been shown to develop following the administration of drugs, such as p- 

chloroamphetamine (pCA) (Sanders-Bush et al, 1975) and 3,4-meth>denedioxyaicç)hetamine 

(MDA) or 3,4 methjBenedioxymethanphetamine (MDMA) (Ricaurte et al, 1985). 

Immunoçytochemical studies using these substances claimed a profound loss of fine 

serotonergic axons throughout the forebrain, especially the neocortex, striatum and thalamus, 

but partial sparing of axons in hippocançus, hypothalamus, basal forebrain and brainstem 

(O’Heam, et a l, 1988), the areas most richly innervated by the median raphe and possessing 

the relatively coarse varicose axons. However, McQuade and Sharp (1995) were unable to 

confirm selective sparing of median raphe innervation as they demonstrated that the amount 

of 5-HT released in the h^pocan^us by electrical stimulation of either the dorsal raphe 

nucleus or median raphe nucleus was markedly reduced after pCA pretreatment.
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1.4. 5-HT Receptors

In 1957, Gaddum and PicarelH suggested the existence of two distinct percherai 5- 

HT receptor subtypes (designated type D and M) whilst investigating 5-HT mediated 

responses in a smooth muscle preparation from guinea pig ileum The ‘D’ subtype were 

located on smooth muscle and were blocked by dibenzyline (phenoxybenzamine), while the 

‘M’ subtype were found located on parasyn^athetic nerve fibres and ganglia, and could be 

blocked with morphine.

The existence of serotonergic receptor subtypes in the CNS was not recognised until 

considerably later, when radioligand binding studies demonstrated that [^H]lysergic acid 

diethylamide ([^H]LSD) labelled sites in the rat cerebral cortex (Farrow and Van 

Vunakis, 1972; Bennett and Aghajanian, 1974). Differences in the total number of 

binding sites and their regional distribution when labelled with [^H]5-HT or [^H]LSD 

(Bennett and Snyder, 1976; Pillion et al., 1976) and later also [^H]spiperone (Creese and 

Snyder, 1978; Leysen et al., 1978; Quik et aL, 1978) were observed and led to a 

classification for serotonergic CNS receptors, designating subtypes, 5-HTi and 5 -HT2 based 

on differential binding afiBnities (Peroutka and Snyder, 1979). Thus [^H]5-HT labelled sites 

were called 5-HTi, whereas those labelled by fH]spq>erone were termed 5 -HT2, while 

f  H]LSD effectively labelled both sites. Later [^H]-ketanserin was introduced and ^ow n to 

have high affinity for the 5 -HT2 site but lacking interaction at the 5-HTi site (Leysen et al, 

1982; Battaglia et a l, 1983). However, at this time the relationship of these receptors to 

those described by Gaddum and PicareUi (1957) was not established.

The observation that serotonergic antagonists only poorly inhibited f  HJ5-HT binding 

and that they produced shallow inhibition curves was interpreted by Pedigo et al, (1981) as 

indicating the possibility of further subdivision in the 5-HTi receptor subtype. They proposed 

that 5-HTi receptor sites with a high affnity for spÿerone should be termed 5-H T ia, and 

those with low afSnity, 5-HTm. Subsequent studies using the radioligand [^H]mesulergine 

in porcine choroid plexus, identified a 5-HTi-like receptor which did not correspond to 

the 5-H T ia or 5-H T ib subtypes (Pazos et al., 1984) and was therefore termed the 5-H T ic  

receptor.
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Bradley et al, (1986) suggested a scheme for the classification of serotonergic 

receptors which recognised the heterogeneity of 5-HTi receptors, these together with 5 -HT2 

and 5 -HT3, receptors formed the accepted complement of 5-HT receptors at that time. In 

addition, Bradley et a l, (1986) suggested that the 5 -HT2 and 5 -HT3 receptors corresponded 

to the serotonergic D-type and M-type receptors respectively, described by Gaddum and 

PicareUi (1957).

In 1979, Peroutka et al, demonstrated that [^H]5-HT binding to brain membranes 

could be inhibited by guanine nucleotide (GTP). Subsequently, by means of molecular 

cloning, amino add sequencing and transfection techniques, all 5-HT receptors (except the 5- 

HT3 receptor subtype) have been demonstrated to be members of the superfamily of G- 

protein coupled receptors possessing a typical structure of seven membrane spanning domains 

(Hartig, 1989; Strosberg, 1991). Unfortunately the exact nature of the effector coupling 

mechanism of these receptors remains controversial (see Bertin et al, 1992; Varrault et a l, 

1992; Raymond et a l, 1993). The 5 -HT3 receptor appears to be unlike other serotonin 

receptors, in being a ligand-gated ion channel (Maricq et al, 1991).

By 1997 the number of serotonergic receptor subtypes has risen to 14 (see table 

1.3.1.1) and their classification is based upon their pharmacological profiles, cDNA-deduced 

primary sequences and signal transduction mechanisms.
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Table 1.3.11. Classification of 5-HT receptor subtypes

Receptor
Type

Effector Subtype Reference

5-H Ti iKC
(G/Go)

5-HT ia

5-HT ib

5-HT id

5-HT ie

5-H T if

Kobilka et al., 1987; Fargin^al., 1988, 
Albeit et al., 1990
Branchek et al., 1991a, Jin et al., 1992; 
Hamblin ^ al., 1992
Hamblin and Metcalf, 1991; Branchek et al., 
1991b
Leonhardt et al., 1989 
Adham et al., 1993

5-H T 2 tP I
(Gq/11)

5-HT2A
5-HT2B

5-HT2C*

Pritchm et al., 1988 
Peroutka et al., 1988

Lubbeit et al., 1987a & b; JuUus et al., 1988

5-H T 3 Ion channel 
Na'/KVCa'

Maricq et al., 1991

5-H T 4 Ta g

(G.)

Sumner et al., 1989

5-HTs 4-a c

(G,)
5-HT5A Grailheetal., 1995

7 5-HT5B Grailhe ^ al., 1995

5-HT6 Ta g

(Gs)
Monsma et al., 1993

5-H T 7 Ta g

(G.)
Shen et al., 1993

♦Formerly designated 
function, Tocrisn Ltd.)

5-HT 1C (Taken from Kennett, G A. (1997), Serotonin Receptors and their 
Abbr. AC, adenylyl cyclase; PI, Phosphoinositol; G, G-protein subunit.
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1.4.1. 5-HTia receptors

In radioligand binding studies, 5-HTi-like receptors have been shown to possess high 

affinity for [^H]5-HT (Peroutka and Snyder, 1979). Further sub-division is possible by 

examining con^)etitive binding for these sites. Thus 5-HT high affinity binding that is 

sensitive to spq>erone, is associated with 5-HTia sites whilst sensitivity to RU 24969 (5- 

methoxy-3-(l,2,3,6-tetrahydro-4-pyridinyl)-H-indole) is associated with 5-HTm sites (for 

review see Dourish et al, 1985c).

Radioligand binding studies identified the presence of 5-HTia binding sites on 

cerebral membranes (Bennett and Snyder, 1976). A high density of these receptors are found 

in the CAi field of the hqjpocançus, layer I and H of the Èontal cortex, the entorhinal cortex, 

amygdala, septum and in the dorsal raphe (Peroutka and Snyder, 1979; Pazos and Palacios, 

1985; Palacios et al, 1987). The ability to discriminate between 5-HTi-like receptor sites 

was greatly enhanced with the synthesis of 8-hydroxy-2-(di-n-propylamino) tetralin (8- 

OH-DPAT; Feenstra et al., 1980; Arvidsson et al., 1981) and the discovery of its 

selectivity for the 5-HTia receptor (Hjorth et al,, 1982; Middlemiss and Fozard, 1983; 

Hamon, et a l, 1984). [^H]8-OH-DPAT provided much greater subtype selectivity and 

enabled confirmation of the earher results on 5-HTia receptor localisation. However, 

whilst agonists and antagonists for many of the other subclasses have emerged rapidly, 

until recently the search for a selective and silent 5-HTia antagonist proved elusive. 

Initially this problem was overcome by using a combination of non-selective antagonists, 

such as spiperone with either (-)-pindolol or (-)-propranolol to exclude 5-HTm 

receptors, ketanserin to exclude 5 -HT2 and a j  receptors, and haloperidol or similar to

exclude dopaminergic and a j  receptor subtypes (Dourish et al., 1985c).

5-H T ia receptors exist not only on postsynaptic targets of serotonergic neurones but 

also presynaptically within the raphe nuclei, where they act as somatodendritic autoreceptors 

(Aghajanian, 1978; Gozlan et al, 1983; Douiidi et al, 1985a; Verge et al, 1985; Weissman- 

Nanopoulos et al, 1985; Hutson et al, 1986; Sprouse and Aghajanian, 1987; Hamon et al, 

1988; Hutson et al, 1989; Sharp et al, 1989a). The overwhelming evidence supporting this, 

comes fi’om studies showing that systemic injection of 5-HT agonists with high affinity for the 

5-H T ia sites, decreases the firing rate of serotonergic neurones in the raphe nuclei (Sprouse 

and Aghajanian, 1987; Chaput and de Montigny, 1988; Adrien et al, 1989), decreases 5-HT
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turnover (Hamon et al, 1988; Hjorth and Magnusson, 1988) and reduces 5-HT release in 

forehrain areas (Hutson et al, 1989; Sharp et al, 1989a; Blier et al, 1990). Furthermore, in 

the latter studies, local infusion of these drugs into the raphe evoked similar responses.

Whilst autoradiographic labelling provides a method for mapping receptor 

location in brain tissue, its limited resolution prevents the visualisation of these sites at 

the cellular level (Radja et al., 1990). To overcome this, El Mestikawy et al., (1990) 

raised antibodies by injecting rabbits with a synthetic peptide corresponding to a specific 

portion of the amino acid sequence on the rat 5-HTia receptor and provided direct 

immunohistochemical evidence of the existence of these 5-HTia autoreceptors on 

serotonergic neurones in the raphe nuclei (Sotelo, et al., 1990). This was made possible 

by the earher work of Albert et al., (1990), in determining the cDNAs coding for this 

receptor in the rat. Subsequently, high levels of 5-HTia mRNA were seen in the 

hippocampus (Palacios et al., 1991) which correlated well with autoradiological evidence 

of the distribution of this receptor subtype.

The 5-HTiA receptor was initially cloned, sequenced and expressed in human cells by 

Kobilka et al, (1987). Their results were confirmed for the human 5-H T ia receptor by Fargin 

et al (1988) and for the rat 5-H T ia receptor by Albert et al (1990), showing that it consists 

of 421 amino acids with 7 hydrophobic trans-membrane domains resembling other members 

of the GTP-binding protein receptor superfamily (Hartig, 1989).

Some of the amino acids of the receptor appear to be critical for the binding of 

particular ligand classes. Thus Guan et al (1992), demonstrated that a single point mutation 

of the human 5-HTia receptor (substitution of asparaginesss by valine) can markedly decrease 

the binding afiBnity of p-adrenergic aryloxyalkylamine antagonists such as pindolol without 

altering the binding of other classes of ligands.

The signal transduction cascade following activation of 5-H T ia receptor appears 

conqjlex with apparently conflicting findings being reported. Thus, in hq>pocanq)us, this 

receptor has been proposed to be coupled to the stimulation of aden^iate cyclase through the 

Gs subunit (Markstein et al, 1986; Shenker et al, 1987), inhibition of adenylate cyclase 

through pertussis toxin sensitive G proteins (De Vivo and Maayani, 1986; Weiss et al, 1986; 

Bockaert et al, 1987), and inhibition of carbachol-induced stimulation of phosphoinositide 

turnover (Claustre et al, 1988). Further work suggests that the 5-H T ia coupling to adenylate 

cyclase inhibition may involve a complex arrangment of G-protein subunits (Raymond et al.

22



1993), that stimulation may be evoked by a yet unidentified molecular receptor with a similar 

pharmacological profile to the 5-HTia receptor (Bertin et al, 1992) or may be diflerent at 

different receptor densities (Varrault et al, 1992).

1.4.2. Other 5-HTi receptors

Additional 5-HT high affinity sites that possessed a different pharmacological profile 

and distribution to 5-H T ia receptors were initially identified over a decade ago (Pedigo et al., 

1981; Schnellman et al, 1984). Hoyer et al, (1985b) demonstrated that 

[^2^I]iodocyanopindolol in the presence of isoprenaline (to suppress p-adrenergic 

binding) labelled 5-HTi-like receptors in the rat cortex. These sites were termed 5-H T ib 

as they showed high affinity for 5-HT, RU 24969 and 5-carboxamidotryptamine (5-CT) 

but low affinity for 8-OH-DPAT, mesulergine, spiperone, mianserin and ketanserin 

(Hoyer et al, 1985a). Subsequent studies indicated that this receptor is present 

presynaptically, functioning as a terminal autoreceptor (Engel et a l, 1986; Hoyer and 

Middlemiss, 1989; Starke et al., 1989). It also occurs postsynapticaUy as the 5-H T ib 

receptor dependent anorexic effects of RU24969 was not prevented by drastic inhibition 

of 5-HT synthesis by p-chlorophenylalanine (Kennett et al, 1987)

The 5-HTiB receptor was initially identified in rat, mouse, hamster and opossum 

brain, but could not be detected in other species, such as guinea-pig, dog, calf, pig and 

human (Heuring and Peroutka, 1987; Waeber et al., 1988; Hoyer and Middlemiss, 1989). 

In these latter species a receptor was detected with high density in extrapyramidal areas 

such as the substantia nigra and the globus pallidus, which is similar to the distribution of 

5-HTiB receptors in the mouse and rat (Peroutka, 1988; Hoyer, 1988a). This receptor 

designated 5-HTio (and formerly 5-HTiDa) demonstrated high affinity for 5-HT, 5- 

methoxytryptamine and 5-CT but not other ligands which effectively label the 5-H T ib 

site, (e.g. RU 24969 nor pindolol). The existence of species variants of essentially the 

same receptor (coded fi'om the same receptor gene) was subsequently proposed (Adham 

et al., 1991) and Oksenberg et al. (1992), showed that the similar 5-HT binding but 

different binding of other drugs to 5-H T ib and 5-HTm receptors, was due to a single 

amino acid difference. Thus, replacement of the human 5-HTm receptor threoninesss
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with the asparagine residue found in the rodent 5-H T ib receptor, resulted in an 

essentially identical pharmacological profile. The species homologue has resulted in the 

human receptor being termed hS-HTm (formerly S-HTmp) and the rodent variant, r5- 

HTib (Hartig, 1996).

A number of 5-HT agonists display affinity for the 5-H T ib and 5-H T id sites 

including m-chlorophenyl-piperazine (mCPP) and m-trifiuoromethyl-phenylpiperazine 

(TFMPP) but are not selective and consequently do not discriminate between these and 

other 5-HTi-like receptors. The coexistence of both 5-H Tm  and 5-H T ib binding sites in 

rat brain has been suggested (Herrick-Davis and Titeler, 1988) and low levels of the 5- 

HTid receptor subtype mRNA have been found in the caudate putamen, nucleus 

accumbens, hippocan^us, cortex, dorsal raphe and locus coeruleus of rat brain (Hoyer et 

al., 1993).

The 5-HTiE receptor was first characterised in man as a [^H]5-HT binding site in 

the presence of 5 -carboxyamidotryptamine (5-CT) to exclude 5-H T ia and 5-H T ib/id 

receptors (Leonhardt et al., 1989). This receptor subtype is a 365 amino acid protein 

which appears to be distributed within the caudate putamen and to a lesser extend, the 

amygdala, globus palhdus and fi^ontal cortex (Hoyer et al., 1993). Human brain binding 

studies have reported that the 5-H T ie receptor subtype may represent up to 60% of 5- 

HTi receptor binding. Most closely related to the 5-H T ie receptor (with 70% sequence 

homology) is the 5-HTip receptor subtype. 5-H T if mRNA has been reported to be 

presence in human brain, mesentery and uterus, in rat dorsal raphe, hippocampus and 

cortex, and in mouse striatum, thalamus and hypothalamus (Hoyer et al., 1993).

1.4.3. Other 5-HT receptors

Most 5 -HT2 hgands (with the exception of ketanserin and spiperone) were also 

observed to label the site initially designated as 5-HTic (Hoyer, 1988b; Hoyer 1989). 

Furthermore both the 5 -HT2 and the 5-HTic receptors were reported to be linked to the 

same transduction mechanism (i.e. activation of phosphohpase C and mobilisation of 

intracellular calcium) (Hoyer and Schoefifter, 1991). When the 5-HTic, (Lubbert, et al., 

1987a) and the 5 -HT2 (Pritchett et al., 1988) receptors were cloned and their amino
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acids sequenced, they both had the typical 7 trans-membrane domain of the G-protein 

receptor superfamily. Also the 5-HTic receptor had only 40% homology with the 5- 

HTia receptor, but about 78% with the 5 -HT2 receptor (Hartig, 1989). Therefore the 5- 

HTic receptor was redesignated as the S-HTic subtype (Hartig, 1989; Hoyer 1988b and 

1989). Two subtypes of the originally 5 -HT2 receptor have also been proposed, because 

of the differential binding of [^H]DOB, [^^^I]DOI, and [^H]ketanserin (Peroutka et al., 

1988). Thus, ketanserin selectively bind to the receptor subtype, designated 5 -HT2A, with 

greater affinity that other 5-HT2-iike receptors which bind DOB and DOI, designated 5- 

HT2B

Unlike other 5-HT receptor subtypes, 5 -HT3 receptors form ligand-gated ion 

channels (Maricq et al, 1991) conposed of subunits which may have significant homology 

with the nicotinic acet)4choline receptor a-subunit group (Hunphrey et al, 1993). 5 -HT3 

receptor binding sites are widely distributed both peripherally and centrally. Highest densities 

are found in areas of the lower brain stem, such as trigeminal nucleus and dorsal vagal 

con^lex, with lower densities in higher brain areas such as the cortex, hippocançus and 

amygdala (Hoyer et al, 1993). The receptor appears to display considerable inter-species 

variation, although this may be due to mult^le receptor binding sites (Stewart et al, 1995).

A more recently discovered G-protein coupled receptor, designed 5 -HT4, has been 

reported in areas of the rat brain associated with dopamine function such as the striatum, 

basal ganglia and the nucleus accumbens (Patel et al, 1995). The authors suggest that this 

receptor is located on GABAergic or cholinergic intemeurones and/or on GABAergic 

projections to the substantia nigra. Stimulation of the 5 -HT4 receptor in the rat, have been 

reported to increase 5-HT release in the hippocançus (Ge & Bames, 1996) and facilitate 

acetylcholine release in the frontal cortex (Consolo et al, 1994).

Studies cloning receptors from rat cDNA using homology analysis have lead to 

further 5-HT receptor subdivision and designation of the 5 -HT5A, 5 -HT5B, S-HTe, and 5 -HT7 

receptor subtypes. At present, functional studies are difficult, as there are no selective ligands 

for these receptors.
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1.5. 5-HTia receptor mediated behaviour

Whilst ligand binding studies are capable of revealing receptor location and 

pharmacological characteristics, they do not in themselves identify the functional significance 

of receptor activation. Therefore, behavioural responses have been used to provide evidence 

on the effects of receptor activation. However, many behavioural models are conplex in that 

they involve multçle components and may be influenced by other neurotransmitter systems. 

Numerous behavioural responses have been used to study the effect of 5-HTia agonists 

including the 5-HT syndrome (Hjorth et a l, 1982); hypothermia (Goodwin and Green, 1985; 

Hjorth 1985); hyperphagia (Dourish et a l, 1985a and b); tail-flick (Millan et a l, 1989); sexual 

behaviour (Ahlenius et a l, 1981), and nociception (Fasmer et a l, 1986). While each response 

may depend on 5-HTia receptors, these receptors are likely to have different localisations and 

the overall response to their activation may depend on ‘downstream’ events. The first four 

responses will be introduced below and discussed in more detail within the relevant chapters 

of this thesis.

1.5.1. The 5-HT syndrome

The behavioural responses evoked when a combination of monoamine oxidase 

inhibitor and L-tryptophan are administered, was first described by Hess and Doepfiier (1961) 

and subsequently confirmed and described in detail by Grahame-Smith (1971a). These 

responses were indicated to be a consequence of increased serotonin synthesis as they could 

be prevented by inhibition of tryptophan hydrox)iase following p-chlorophenylalanine 

administration. This collection of responses, called the ‘5-HT behavioural syndrome’, 

includes reciprocal forepaw treading, flattened body posture, hindlimb abduction, head 

weaving, resting tremor, Straub tail and hyperactivity. The 5-HT behavioural syndrome can 

also be elicited by 5-HTP when given in high dosage or at more modest dose when given 

after a monoamine oxidase inhibitor or a percherai decarboxylase inhibitor (Modigh, 1972). 

The syndrome is also potentiated by the adniinistration of serotonin reuptake inhibitors 

(Modigh, 1973), or 5-HT releasers, such as fenfluramine and p-chloroanphetamine (Green
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and Kelly, 1976; Trulson and Jacobs, 1976) which supports the hypothesis that increased 5- 

HT levels in the synaptic cleft are responsible for its expression.

A range of serotonergic ligands including 5-methoxytryptamine (5-MeODMT) 

(Grahame-Smith, 1971b), LSD (Trulson et al, 1976), quipazine (Green et al, 1976) and 

tryptamine (Marsden and Curzon, 1976) were shown to evoke the syndrome.

The finding that dopaminergic antagonists could inhibit the hyperactivity conçonent, 

but not forepaw treading, head weaving and hindlimb abduction, suggested a role for 

dopamine in the mediation of some but not all of the behaviours (Deakin and Dashwood, 

1981). Conversely, Dickinson et al (1983) reported that the dopamine agonist, 

apomorphine, enhanced forepaw treading induced by 5-MeODMT, and inhibited hindlimb 

abduction. The failure of the relatively selective 5 -HT2 receptor antagonists, pÿamperone 

and ketanserin, unlike the non-selective antagonists, to block 5-MeODMT evoked syndrome, 

argued against the direct involvement of 5 -HT2 receptors (Lucid et al, 1984). Prior to this, 

the selective 5-HTia agonist, 8-OH-DPAT, had been reported to produce 5-HT syndrome 

like behaviour (Hjorth et al, 1982). In addition, Tricklebank et al, (1984) observed that 8- 

OH-DPAT evoked behaviours could be blocked by (-)-pindolol spiperone and metitepin 

which are antagonists with affinity for the 5-HTia receptor. However, they also reported that 

ketanserin, haloperidol and prazosin which have affinities for 5 -HT2, dopamine and ai- 

adrenoceptor binding sites, also attenuated the action of 8-OH-DPAT. When animals were 

pretreated with reserpine to reduce the influence of the catecholamine transmitters, 8-OH- 

DPAT or 5-MeODMT induced forepaw treading was not blocked by ketanserin, haloperidol 

or prazosin, indicating post-synaptic 5-HTia receptors in the mediation of this response 

(Tricklebank et al, 1984 and 1985). The flattened body posture induced by 8-OH-DPAT in 

reserpinized rats was however, efiectively blocked by prazosin. Furthermore, 5-MeODMT 

induced flattened body posture was not antagonisted by pindolol suggesting that this 

component of the syndrome may not be purely serotonergic.
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1.5.2. Hvpothermia

Canal and Omesi (1961), provided the first evidence that central serotonin had a role 

in the regulation of body tençerature, when they injected 5-HT intracistemally into rabbits 

and demonstrated an increase in body tenperature. Similar results were obtained using lower 

doses of 5-HT injected into the lateral cerebral ventricles and into the rostral hypothalamus of 

cats (Feldberg and Myers, 1964). However, a lowering of body tenç>erature was reported 

following intracerebroventricular administration of 5-HT into the rat (Feldberg and Lotti, 

1967; Myers and Yaksh, 1968). 5-HT was subsequently proposed to cause hyperthermia in 

cats, dogs and monkeys but hypothermia in other species such as the rat (see Jacob and 

Girault, 1979).

Systemic administration of the 5-H T ia agonist 8-OH-DPAT has been shown to cause 

hypothermia in rats (Ahlenius et al, 1985; Hjorth 1985; Goodwin et al, 1987a and b; Green 

and Goodwin, 1987; Hutson et al, 1987a) and in mice (Goodwin et al, 1985a). However, 

hyperthermia has been reported in rats following intracerebral administration of 5-HT, 

(Crawshaw, 1972; Cox et al, 1980) and Gudelsky et al, (1986) proposed that hyperthermia 

and hypothermia were mediated by 5 -HT2 and 5-H T ia receptors respectively. This was 

based on the observations that ketanserin prevented the hyperthermic effects of 5-MeODMT 

or MK-212 and that pindolol or methiothepin antagonized the hypothermia evoked by 8-OH- 

DPAT.

The location of the 5-HTia sites mediating hypothermia has been controversial 

Some authors have suggested that 8-OH-DPAT induced hypothermia, is a model of 

presynaptic 5-HTia function (Goodwin et al, 1985a and b; Lesch et al, 1990). However, 

other studies indicated that postsynaptic 5-HTia receptor activation is more likely to be 

responsible of the hypothermia (Hjorth, 1985; Hutson et al, 1987a, Matsuda et al, 1990).
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1.5.3. Hyperphagia

Evidence for a hyperphagic response to activation of 5-H T ia receptor was first 

observed by Dourish et al, (1985a and b) when injection of 8-OH-DPAT caused feeding as 

well as pronounced 5-HT syndrome behaviour. Non-specific, stereotyped gnawing was 

investigated and shown not to be responsible for the apparent feeding behaviour as Hutson et 

al, (1987b) demonstrated that wooden blocks simulating food pellets were essentially 

untouched. Furthermore, 8-OH-DPAT was shown to be remarkably potent, inducing 

hyperphagia at doses an order of magnitude lower than those required to elicit the 5-HT 

behavioural syndrome (Dourish et al, 1985a). Initially, these results appeared to be at 

variance to previous animal and human data suggesting an inhibitory role for 5-HT in the 

control of feeding (for review see BhmdeU, 1977; Hutson, 1987b). However, these 

apparently paradoxical data were reconciled by the explanation that lower doses of 8-OH- 

DPAT preferentially activate the 5-H T ia somatodendritic receptors, causing a reduction in 

serotonergic neuronal firing, a decrease in 5-HT turnover and a reduction in 5-HT release in 

terminal regions, resulting in hyperphagia (Dourish et al., 1986b and Ic, Hutson et al, 1986 

and 1987b; Kennett et al, 1987).

1.5.4. Taü-flick

The tail-flick test is fi’equently used to test for nociception in animals and involves tail 

withdrawal following its exposure to noxious heat stimuli Given the influence of the 

serotonergic system on body tenperature and associated vasomotor control, and the 

considerable evidence of a role for serotonin in pain modulation (Roberts, 1984), much effort 

has gone into determining the significance of the various 5-HT receptor subtypes for this 

response. However, Millan et al (1989), reported that the apparent hyperalgesic action of 

the 5-HTiA agonist, 8-OH-DPAT, in the rat reflected induction of spontaneous tail-flicks. 

These authors demonstrated that in the absence of other external stimuli, 8-OH-DPAT dose 

dependently induced tail-flicks, a response which could also be induced by other 5-H T ia 

agonists (LSD and lisuride). Furthermore, agonists at 5-H T ib, 5-HTic, 5 -HT2 and 5 -HT3

29



were inactive and the putative 5-HTia receptor antagonist, BMY 7378 dose dependently 

attenuated 8-OH-DPAT induced tail-flicks (Millan et al, 1989; Bervoets et al, 1990). 

Consequently this response was proposed as an in vivo model of 5-HTia receptor mediated 

activity (Millan et al., 1991) and was subsequently reported to be mediated by 5-HTia 

receptors postsynaptic to 5-HT neurones and probably localised to receptors in the lumbar 

spinal cord (Bervoets et al, 1993).
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1.6. The thesis

The main aim of the thesis is to investigate some of the properties of the 5-H T ia 

receptor in terms of behavioural responses to its activation and effects of neurochemical 

changes on its functioning.

The identification of the 5-HTia receptor as a somatodendritic autoreceptor 

(Aghajanian, 1978; Dourish et al., 1985a; Hutson et al, 1986; Sprouse and Aghajanian, 1987; 

Hamon et al, 1988; Hutson et al, 1989; Sharp et al, 1989a) and its inportance in 

modulating serotonergic neuronal firing, synthesis and release may have considerable 

relevance to neurological dysfunction and in particular depressive illness. A malfunction in 

serotonergic neurotransmission has been inplicated as a cause of depression since clinically 

effective drugs have been proposed to increase the levels of 5-HT in the synaptic cleft 

(Carlsson et al, 1969; Lapin and Oxenkrug, 1969; Ross and Renyi, 1969).

Since tricyclic antidepressants have been in^licated in the up-regulation of 5-HTia 

receptor density (Hamon et al, 1987) and m the down-regulation of function (Goodwin et al, 

1987a), the present study examines both the biochemical and behavioural functioning of the 

5-HTiA receptor. It was hoped that this approach might elucidate the possible mechanisms 

involved in the modulation of serotonergic output.

The effects of chronic administration (1, 3 and 14 days) of the prototypical 5-H T ia 

agonist, 8-OH-DPAT, were assessed on the subsequent responses to a challenge dose of 8- 

OH-DPAT. Hyperphagia, a behavioural index of presynaptic 5-H T ia receptor activation 

(Dourish et al, 1986a,b and c; Hutson et al, 1987b), and the postsynaptic 5-H T ia indices of 

hypothermia (Hjorth, 1985; Hutson et al, 1987a; Bill et al, 1991; O’Connell et al, 1992; 

Millan et al, 1993), spontaneous tail flick (Millan et al, 1989; Bervoets et al, 1992) and 

conçx)nents of the 5-HT syndrome (flattened body posture and rec^ocal forepaw treading; 

Tricklebank et al, 1985) were measured. Relevant literature is somewhat confusing since 

previous findings have been obtained with rats fi'om different sources, kept under different 

conditions, treated using differing drug protocols and responses scored in different ways. The 

present study attenpts to conçare effects within a single study design

Data are presented on the location of the 5-H T ia receptors responsible for the 

induction of hypothermia, following depletion of 5-HT levels in the rat brain since previous
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data using this approach appeared conflicting (Hjorth 1985; Goodwin et al, 1987a; Hutson et 

al, 1987a). Two differing depletion protocols described by conflicting authors are used to 

resolve potential differences in methodology.

In addition the selective putative 5-H T ia antagonist, 8-[2-[4-(2-Methoxyphenyl)-l- 

piperazinyl] ethyl] -8- azaspirol [4,5] -decane-7,9-dione dihydrochloride (BMY 7378; 

Yocca et a l, 1987), which is shown to behave as a presynaptic 5-H T ia receptor agonist 

by inducing hyperphagia at low doses and yet possesses postsynaptic properties by 

antagonising components of the 5-HT syndrome induced by 8-OH-DPAT (this thesis), is 

used to discriminate between sites.

Given the application of pCPA induced 5-HT depletion in the brain, as a tool for 

indicating the location of 5-HT receptors mediating behaviour, the present study 

attempts to investigate the relationship between 5-HT synthesis, storage and release. In 

this study, pCPA is used to cause partial depletion of 5-HT in the tissue and its effects on 

release at a terminal site (frontal cortex) are assessed. The technique of microdialysis is 

used to indicate serotonergic release by monitoring the content of 5-HT in the 

extracellular fluid under assumed basal conditions and following depolarisation evoked 

by elevating potassium levels derived from an artificial CSF perfusate containing high 

potassium content. The effects of the decarboxylase inhibitor, NSD-1015, are also 

assessed to evaluate 5-HT synthesis under conditions of partial depletion.

The findings are discussed in respect of the relevance of the 5-HTia receptor in 

modulating serotonin function.
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2. GENERAL METHODS AND MATERIALS

2.1. Animal management

2.1.1. Rats

For reasons of economy and convenience, the great majority of previous 

neurochemical, pharmacological and behavioural studies on serotonin, have been 

conducted on young adult male Sprague-Dawley rats. In order to obtain results that can 

be readily conpared with these findings, the Sprague-Dawley strain fi'om a single 

suppher (Charles River UK Ltd.) have been used in this present thesis. In general rats 

weighed between 250 - 350 g on arrival and were housed for at least five days prior to 

the start of any procedure, to allow recovery fi’om disturbance of transportation and to 

become habituated to the new animal holding facihty.

The weight range for any single experiment did not exceed 30g (starting weight). 

Rats were supplied by Charles River Ltd., by weight rather than age. However the 

following data fi'om this suppher expresses the relationship between weight and age for 

this strain of rats:

Rat body weight / g Age / days

251 -275 4 9 -6 2

276 - 300 5 2 -68

301 - 325 56-75

326 - 350 60-82
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2.1.2. Holding conditions

On arrivai, rats were initially group housed in holding rooms, but unless 

otherwise stated in the relevant text, they were then singly housed for at least three days 

prior to use. This allowed a period for adaptation to single housing and the new 

environment, before the start of any procedure. Type III opaque plastic cages with a 

floor area of approximately 780 cm^ were used as recommended (Kelly et al., 1988; 

Poole, 1989). The animal holding and procedure rooms were maintained on a 12 h 

hght/dark cycle (hghts on at 06.00 h /  off at 18:00 h GMT) at a temperature of 21 ± 3 °C 

(daily variation < 1°C) and a relative humidity of 55-65%. Cage bedding was dust free 

wood flakes (Betabed, Data sand, Slough, UK). Rats were allowed food (diet 20R, 

Labsure, Poole, Dorset UK) and tap water ad. libitum.

2.1.3. Primary handling procedures

Body weight and the general condition of each animal were monitored whilst in 

holding and recorded on individual animal holding record sheets (see Appendix I: Animal 

Holding Record Sheets) in accordance with Home Office regulations (Animal (Scientific 

Procedures) Act 1986). All studies were conducted using procedures specified in the 

regulated procedures of a Personal Licence and within the terms of the appropriate 

Project Licence.

Usually procedures were carried out between 10:00 h and 17:00 h GMT. 

Investigations were avoided during periods of increased noise or at times (e.g. during 

maintenance work) which threatened to disturb the animals

The conditions described above pertain to all procedures unless otherwise stated 

within a particular section.
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2.2. Drugs

Sagatal (sodium pentobarbitone B.P.) was obtained from RMB Animal Health 

Ltd., U K , and chloral hydrate from May and Baker, Romford, UK.. The anaesthetic 

gases, Halothane and nitric oxide were medical grade and were obtained from the British 

Oxygen Company.

8-[2-[4-(2-Methoxyphenyl)-l-piperazinyl] ethyl] -8- azaspirol [4,5] -decane-7,9- 

dione dihydrochloride (BMY 7378) was kindly donated by the Bristol Myers Company, 

and (-)-pindolol by Sandoz Products Limited. (+)-8-Hydroxy-2-(di-n-propylamino) 

tetralin hydrobromide (8-OH-DPAT), quipazine, metergoline, (±)-pindolol and spiperone 

were purchased from Research Biochemicals Inc., Natick, USA. 3-hydroxybenzyl- 

hydrazine (NSD 1015) and DL-p-chlorophenylalanine methyl ester hydrochloride (pCPA) 

were obtained from Sigma Chemical Co.

Routes of administration, doses and dosing time schedules are given in the 

individual method or result section and in relevant figure and table legends. All drugs 

were stored in tightly sealed bottles in the dark and solutions were made up immediately 

prior to use in 0.9% NaCl with sonication for 5 minutes, unless otherwise stated. All 

solutions were administered in a volume of 1 mL kg'^ of body weight.

Metergoline, (-)-pindolol and (±)-pindolol were dissolved in a few drops of 

0.1 M hydrochloric acid, brought to neutrahty with 0.1 M sodium hydroxide and made 

up to volume with 0.9% NaCl. Spiperone was dissolved in a few drops of glacial acetic 

acid, brought back to pH 5.0 with 0.1 M sodium hydroxide and diluted to 5 mL with 

water.
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2.3. Surgical procedures

All relevant procedural details of surgery and animal preparation were recorded 

on an animal holding record sheet or stereotaxic record sheet (see Appendix I and II, 

respectively). Coordinates for the various brain sites were used in accordance with the 

Stereotaxic Atlas of Paxinos and Watson (1982) as described below.

2.3.1. Anaesthesia

When anaesthesia was required for surgical procedures, rats received either 

chloral hydrate (400 mg kg“l, i.p.) or Sagatal (sodium pentobarbitone B.P., 20 - 30 mg 

k g 'l, i.p.) or 1-3% halothane in nitric oxide : oxygen ( 1 : 1  v/v) at 500 mL min*̂  by 

inhalation.

Chloral hydrate was used in initial studies but was superseded by sodium 

pentobarbitone, a short acting barbiturate. Because pentobarbitone is a poor analgesic 

and also causes a variable response in individual rats, an unacceptably high mortahty rate 

(approximately 5%) was observed, probably due to its abiUty to cause respiratory 

depression. Subsequently pentobarbitone was replaced by halothane in nitric oxide and 

oxygen, when suitable equipment (surgical trolleys with cahbrated vapourisers) became 

available. 3% Halothane was usually necessary for the induction of anaesthesia but was 

reduced to 1-2% during maintenance of anaesthesia.

Strict attention was paid to conservation of body temperature, hydration and 

maintenance of a patent airway. Body temperature was maintained using a thermostatic 

blanket linked to a rectal thermometer. During surgery the rats eyes were irrigated with

0.9% NaCl. Assessment of the depth of anaesthesia was based on the respiratory rate, 

tail pinch, pedal and ear pinch reflexes.
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2.3.2. Stereotaxic implantation of microdialvsis probe or infusion cannula

Following anaesthesia the animal was located in a Kopf model 900 stereotaxic 

frame fitted with dual sidearm attachments. Ear bars were inserted into the animals ears 

and the rat was centred within the frame before fitting the incisor bar (set at 3.3 mm 

below interaural zero) to secure the skull during surgery. Using a No. 22 scalpel blade, 

an incision of the skin was made along the midline of the skull from a point 3 - 5  mm 

above the eyeline to just above the neck. With the aid of retraction forceps the skin was 

drawn aside so that the skull surface could be cleared, using the scalpel blade.

The position of bregma (junction of the coronal and sagittal sutures) was 

established so that subsequent co-ordinates could be centred on this point. A 20 gauge 

drill bit fitted to a flexible drive shaft was attached to a sidearm of the frame. The micro

manipulator mechanism and vernier scale of the sidearm enabled two small burrs to be 

drilled into the posterior portion of the cranial plates. An 0 BA size screw was inserted 

into each hole to act as an anchoring point for securing the subsequent implants. The 

drill bit was unmounted and subsequently used freehand to cut a 3 mm circular bone 

window in the skull at the entry co-ordinates for the implant. This procedure was 

preferred to simply drilling a burr hole and inserting the implant, since the removal of the 

bone window allowed visual inspection of the underlying blood vessels and enabled 

adjustment to avoid damage to these structures.

The implantation device was mounted on a sidearm of the stereotaxic frame. 

This assembly was carefully centred on the bregma and the X, Y and Z planes co

ordinates read from the vernier scales. The adjustments necessary to insert the implant 

were calculated on the stereotaxic record sheet (see Appendix II). After removal of the 

bone window, the in^lantation device was moved into the correct position for 

implantation. The insertion point in the dura mater was visually recorded and the device 

was swung away to allow a 28 gauge hypodermic needle to puncture the dura mater and 

ease insertion of the implant. Any adjustments necessary to avoid major blood vessels 

were also recorded on the stereotaxic record sheet. The implant was carefully swung 

back into position and rechecked before being lowered at a rate of around 1 mm min^ to 

the correct depth. The slow rate of insertion minimises the extent of tissue damage on
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insertion. Dental acrylic (‘Duralay’ powder + resin, Healthco Ltd, Bolton, U K ) which 

was freshly prepared by adding drops of a liquid resin to the powder until it formed a 

slurry, was apphed to the skull around the inq)lant using a microspatula. Small quantities 

(circa 200 pi) sohdified rapidly (15-30 seconds) and by repeated application the skull 

burr hole, implant shaft and anchor screws were covered and cemented into position. 

The resin was allowed to harden for a further 15 minutes, so that the implant was firmly 

secured to the skull, before the inq)lant was then detached from the Kopf frame sidearm 

mounting.

When guide cannulae (26 G, Plastics One Inc., Roanoke, Virgina, USA) were 

required they were implanted five days before an infusion study. Consequently, 

following inq)lantation an indwelling stylet (i.e. dummy needle) was located within the 

guide to prevent clogging. This indwelling stylet was turned daily to prevent adhesion 

and maintain patency.

Microdialysis probes (see chapter entitled Microdialysis) were inplanted 24 h 

before a dialysis study. The probe was flushed with saline immediately before 

implantation and a constant flow rate of 2 pL min'^ was maintained to expand the 

membrane and provide a degree of rigidity to aid accurate insertion. Once inplanted the 

microdialysis pumping system was removed and the ends of the inlet and outlet tubing 

sealed (by melting) to prevent drying out of the perfusate and subsequent blockage.

Histological verification of the site of microdialysis probe implantation or drug 

infusion were undertaken as described in detail in section 2.5. entitled ‘Histology’. The 

co-ordinates used for particular sites are given in the relevant method and result sections.

2.3.3. Intracerebral infusion

Rats were fitted with an infusion guide cannula (26 G, Plastics One Inc., 

Roanoke, Virgina, USA) as described above (section 2.3.2) into which a dummy cannula 

(28 gauge. Plastics One Inc., Roanoke, USA), was inserted. The tip of this indwelling 

stylet finished flush with the intracerebral end of the guide cannula, and thus prevented 

the guide cannula lumen from becoming occluded. Immediately prior to infusion, drug 

or 0.9% NaCl (vehicle) was drawn up into a 1 mL syringe (1000 series, Hamilton,
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Merck, UK) which was fitted onto a microinftision punq> (model 22, Harvard Apparatus 

Ltd. Edenhridge, U.K.) and connected via a 30 cm length of polypropylene tubing (non- 

sterile flexible grade nylon tubing, 0.25 mm ID x 0.75 mm OD, Portex, Dorset, UK) to a 

28 gauge internal cannula (Plastics One Inc., Roanoke, USA). The infiision pump was 

allowed to run until the dead volume of the polypropylene tubing and internal cannula 

was filled. The infusion purcç) was then stopped and the dummy cannula replaced by the 

internal cannula which extended 1 mm beyond the distal tip of the guide cannula. The 

infusion pump was re-started and run for one minute at a rate of 1 \iL miu'  ̂ so that 1 pL 

of drug or 0.9% NaCl was infused. The pump was again stopped and the internal 

cannula allowed to remain in situ for a further three minutes to allow diffusion to occur 

fi'om the needle tip and prevent backflow through the needle track. It was then replaced 

by the dummy cannula.

At the termination of the infusion studies, animals were killed with a dose of circa 

400 mg kg"l i.p. of Sagatal. As soon as anaesthesia was induced (as indicated by loss of 

tail pinch, pedal and ear pinch reflexes), cardiac perfusion was conducted in order to 

produce brain tissue fixation for subsequent histological investigation of the site of drug 

infusion (see below)

2.3.4. Transcardial perfusion with paraformaldehyde prior to histology

When verification of the site of cannula mq)lantation was required at the end of 

experimental procedures, animals were killed by injection of a circa 400 mL kg“l i.p. 

dose of Sagatal. After loss of respiratory movement, and tail pinch, pedal and ear pinch 

reflexes, transcardial perfusion using paraformaldehyde (4% v/v in 0.9% NaCl) was 

undertaken. This involved opening the animals thorax by cutting the abdominal wall, 

puncturing the diaphragm and cutting anteriority through the sternum, using a pair of 

sharp scissors. The cardiac wall of the left atrium was cut to allow blood and 

paraformaldehyde solution to escape, when subsequently introduced into the circulation. 

This was carried out with the aid of a blunt 18 gauge needle inserted into the aorta 

through the right ventricle of the heart. The needle was connected to a 50 ml syringe 

containing paraformaldehyde solution and infusion was conducted with a gentle
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depression of the syringe plunger. A characteristic splaying movement of the fore- and 

hindlimbs was associated with the concurrent perfusion of the paraformaldehyde 

solution. After the passage of 50 ml, the cannula or microdialysis probe was carefully 

removed and the brain extracted as described below.

2.4. Brain dissection and tissue preparation

When biochemical determinations on brain tissue were required animals were 

stunned by a blow to the cervical spine before decapitation by guillotine. Where 

histological analysis was required, cardiac perfusion was conducted prior to decapitation 

(see section 2.3.4.). The brain was rapidly removed by the following method:

The skin overlying the superior aspect of the skull was cut using a No. 22 scalpel 

blade, along the midline and peeled outwards to expose the skuh. One blade of a pair of 

blunt-ended scissors, was carefully inserted into the exposed foramen magnum and two 

cuts through the skuh were made at 45° to the dorsoventral midline extending to the 

lamboid suture. This enabled the occipital bone to be removed by tilting the scissor 

blade upwards and outwards. Subsequently the scissor blade could be run between the 

cortical hemispheres and the inferior aspect of the parietal bone. Taking care to avoid 

damaging the underlying brain tissue, the skuh was spht along the sagittal suture, 

through bregma and sphtting the frontal bone midline. The right and left parietal plates 

were twisted and turned outwards to expose the brain. If the dura covering the brain 

remained intact fohowing the initial stages of dissection, it was removed at this point 

with the aid of fine forceps. The animal’s snout was held and the skuh inverted at a 45° 

angle, to ahow a microspatula to be run anterior to the olfactory bulbs, thus severing the 

optic nerves. After carefuhy passing the microspatula between the brain and the 

endocranial surface of the skuh, the brain was dropped into a 100 mL beaker of ice-cold 

saline for biochemical analysis or into a 4% paraldehyde v/v saline solution for 

histological analysis.

The removal of the brain was achieved within 1 minute of decapitation and brains 

used for biochemical determinations remained in ice-cold saline for less than 2 minutes 

before dissection. Brains placed into a 4% paraformaldehyde in saline solution for
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histological investigations were stored refiidgerated (circa 4° C) until sectioniug was 

performed.

2.4.1. Preparation for biochemical analysis

All procedures were undertaken rapidly and both tissues and instruments were kept on 

ice to minimise post-mortem changes.

The brain was removed from the beaker of ice-cold saline, blotted, and placed 

into a coronal brain sheer (1.3 mm section thickness, see Figure 2.4.1.1., Harvard 

Apparatus Bioscience, Edenbridge, UK) for sectioning (Henry and Kashpal, 1984).

The aim of the dissection procedure was to obtain tissue regions with various 

characteristics of serotonergic innervation. To this end, six ‘regions’ were collected, 

designated: frontal cortex, raphe, hippocampus, hypothalamus, striatum, and the rest of 

the brain (excluding the cerebellum), using a combination of tissue shce with subsequent 

tissue punch (3 mm ID) (Palkovits and Brownstein, 1983) or by freehand dissection 

(Glowinski and Iversen, 1966).

Figure 2.41.1. Rat Brain Sheer, 
for coronal sectioning with 1.3 mm 
between slots (Harvard Apparatus 
Bioscience, Edenbridge, UK)
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The brain was sectioned as illustrated in Figure 2.4.1.2. and as described below: 

The brain was positioned within the sheer so that its inferior aspect was uppermost. The 

location of bregma was taken as the anterior tip of the optic chiasma, a visually 

identifiable structure (triangular in shape with a pale white colouration) on the midline of 

the brain. The interaural line was assumed to be 9 mm posterior to the bregma (Paxinos 

and Watson, 1982, 270-310 g male rats, error in resolution < 0.5 mm). Shght 

adjustment to the position of the brain within the coronal sheer enabled the insertion of a 

razor blade to pass though bregma. A second razor blade was inserted seven slots 

posterior to the first blade (7 x 1.3 = 9.1 mm posterior to the bregma) which defined the 

interaural line. A third blade was inserted two slots ( 2.6 mm) anterior to this interaural 

line and a fourth inserted four slots (5.2 mm) anterior to the bregma.

The tissue lying posterior to the interaural blade (the posterior rhombencephalon) 

was removed fi*om the sheer and the superior portion, cerebeUum, was teased away fi*om 

the remaining 'pons medulla' (pons and medulla oblongata) with the aid of a microspatula 

and blunt-ended forceps, and discarded. The 2.6 mm shce, lying between the interaural 

and the anterior lying third blade, was also removed and laid on a glass dissection plate 

with its anterior surface uppermost. Using the bottom of the cerebral aqueduct or 4th 

ventricle, as the upper guide mark, the pontine nuclei as the lower mark, and centred on 

the midline, a 3 mm diameter tissue punch was made in a posterior facing direction. This 

punched section was designated 'raphe' although it contained considerable extraneous 

material as weU as the dorsal, median and caudal nuclei of the raphe. The remaining 

tissue fi'om this shce after removal of the 'raphe' was coUected together with the 

remaining pons and medulla oblongata as part of the ‘rest of brain’ tissue.

The tissues lying anterior and posterior to the blade positioned on the bregma, 

were removed fi'om the sheer and laid on the glass dissection plate so that the surfaces 

closest to the bregma were uppermost. This exposed the anterior and posterior portions 

of the striatum which were scooped out by careful manipulation of a microspatula. 

Material fi'om both aspects and fi'om both hemispheres were included.
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Figure 2.4.1.2. Schematic diagram illustrating the dissection procedure for the rat brain: 
A.) Sagittal section near mid-line, dashed lines indicate positions of 
sectioning; B. & C.) Coronal slices, dotted lines indicate punch line and 
sections respectively.
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The tissue remaining in the slab posterior to the bregma blade, was further sectioned by 

gently peeling away the superior cortical tissue and then teasing off the hippocampal 

segments from both hemispheres.

The midbrain region was further dissected by making a lateral cut extending 1.5 

mm on either side of the midline (formed by the cerebral aqueduct) and just below the 

anterior commissure. Two further cuts were made perpendicular and inferior to the first 

cut. Material between these cuts was designated the hypothalamus. The remaining tissue 

containing much of the midbrain, was collected with the ‘rest of brain’.

Finally, having separated the olfactory lobes from the remaining brain tissue on 

insertion of the fourth coronal sectioning blade, the cortical material posterior to this 

blade could be removed from the sheer, and collected as frontal cortex.

These six regions which were dissected from a brain within 7 minutes, were 

immediately placed into pre-labelled 5 mL tissue storage pots or 1.5 mL Eppendorf vials 

cooled on dry ice, before being transferred to a -70°C freezer for storage prior to 

biochemical analysis. The brain sheer, tissue punch, microspatula and forceps were 

thoroughly cleaned before they were used to dissect the next brain.

2.5. Histology

The rat brain was removed from the solution of 4% paraformaldehyde in saline, 

placed on a microtome with a cooling block and cooled for 5 minutes before 

dorsoventral sections of 100 pm thickness were cut and placed on pre-waxed glass shdes 

for subsequent staining.

Shdes for microscopic observation and verification of infusion site or 

microdialysis probe placement were prepared and stained with cresyl violet as foUows.

0.5% cresyl violet was prepared in a volume of 1 htre by dissolving 5 g of cresyl 

violet (BDH Ltd, Poole, U.K.) in 600 ml of distiUed water, to which, 60 mL of 0.1 M 

sodium acetate and 340 mL of 0.1 M acetic acid were added. The pH of the final
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solution was adjusted to 3.9 by further additions of 0.1 M acetic acid. This mixture was 

stirred for 24 h, and the pH rechecked before use.

Each shde was immersed in a series of solutions for a period of 5 minutes in each. 

The sequence of immersion was as follows:

1. 70% alcohol
2. 70% alcohol
3. 95% alcohol
4. 100% alcohol
5. 50% Chloroform in alcohol (20 minutes)
6. 95% alcohol
7. 70% alcohol
8. Distilled water

After dipping the shdes into distilled water they were immersed in 0.5% cresyl 

violet for 20 min. As in many histological dye staining methods the practice was to 

saturate the sections with dye and then to differentially remove excess stain. This was 

achieved by immersing the stained sections into distilled water for 5 - 10 min before 

dehydration by immersion for 5 minutes each, in a series of solutions, as follows:

1. 70% alcohol
2. 95% alcohol
3. 100% alcohol
4. 100% alcohol
5. xylene
6. xylene

Finally, the stained brain tissue section was sealed with a cover shp using D.P.X. 

as the mounting medium. The resulting stain highhghts nissl substance, neurones and cell 

nuclei, which have a purple to dark blue appearence.
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2.6. Neurochemistry

2.6.1. Tissue homogenisation

Dissected tissue regions were removed from the -70°C freezer and weighed 

whilst still frozen. Regions with a tissue weight less than 150 mg, (i.e. raphe, 

hypothalamus, hippocampus and striatum) were weighed and then transferred to new 

Eppendorf vials before homogenisaion. AU other regions (cortex, thalamus, cerebeUum 

and pons meduUa) were weighed and transferred to 10 mL test-tubes. For a given 

weight of tissue, ten volumes (w/v) of a homogenisation solution was added to the tissue 

sample vial or test-tube, so that, for exan^le, a 250 mg tissue sample would be 

homogenised in 2.5 mL of this solution. The homogenisation solution consisted of 

0.4 M perchloric acid containing 0.1% sodium metabisulphite, 0.01% Na.EDTA and 

0.1% cysteine hydrochloride (aU reagents suppUed by Merck Ltd, Poole, UK).

Homogenisation was achieved using a purpose made pestle, moulded from dental 

acryUc for tissue in the Eppendorf vials, or by using a Ultra-Turrax T25 (Janke and 

Kunkel,Ltd) blender for tissue in test-tubes. AU vessels were kept on ice and 

homogenisation was foUowed by centrifrigation (Biofuge, Heraeus Instruments, 

Germany) at 11,500 g (Relative Centrifugal Force) for 10 minutes.

AU of the supernatant was subsequently transferred to new Eppendorf vials and 

together with the remaining tissue peUet (resulting from centrifugation) stored at -70°C 

untU analysed.
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2.6.2. Determination of monoamine content

For determination of monamine content, tissue supernatants were prepared by 

filtration and then analysed using a liquid chromatography apparatus coupled to an 

electrochemical detection as previously described (Adell et al., 1989; O’Connell et al., 

1991).

2.6.2.1. Principles of liquid chromatography (LC)

Originally termed High Pressure or High Performance Liquid Chromatography 

(HPLC) this separation technique evolved firom earfier work using paper and thin layer 

chromatography (TLC).

The basic principle of chromatography relies on the partition or distribution of a 

substances between two immiscible phases, which for LC are liquid / sohd phases (and 

possibly also hquid / fiquid phases). This distribution coefficient is a constant under 

standard conditions and can be defined as:

Concentration in phase A
= partition coefficient

Concentration in phase B

For effective separation, a system is established where one phase remains 

stationary and the other is moved in contact to the stationary phase (thereby termed the 

mobile phase). For LC, the stationary phase usually consists of sihca or modified sihca 

particulates which are packed into a stainless steel column. This arrangement is capable 

of withstanding the high back pressures generated when the mobile phase is pumped 

through it (typically at about 2000 - 3000 psi or 1.4 - 2.1 x 10  ̂Pa).

Substances which exist in a mixture can be separated when they are discretely 

introduced, via the hquid mobile phase, to pass onto the stationary phase contained in the 

column. This separation of mixture components occurs because of the continuous re- 

equihbration between the flowing mobile phase and the stationary phase. Eventually,
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each mxture component (substance) will emerge, in the mobile phase, from the column. 

The time taken for each substance to emerge (the retention time) will depend on the 

substance’s partition coefficient between the two phases. Once eluted the compound can 

pass into a detector which responses to a particular characteristic of the substance (i.e. 

chromophore for an ultraviolet detection, oxidation state for an electrochemical 

detection) for identification and quantitation.

2.6.2 2 . Principle of electrochemical detection (ECD)

Electrochemistry can be defined as the study of the processes involving the 

interconversion of electrical energy and chemical energy (Uvarov and Chapman, 1976). 

Its appUcation to the field of neurochemistry rehes on the abihty to generate a signal 

when an electroactive compound
c

interacts with an electrode (Adams 

and Marsden, 1982). In practice, a 

three-electrode system is required 

where a specific potential (relative 

to the reference electrode) is 

apphed to the working electrode 

and maintained by passing the 

required current through the

working and auxihary electrodes.

Figure 2.6.2.2.1 A three electrode electro
chemical system (taken from Marsden et 
al., 1984)

Unfortunately, compounds with a similar structure tend to have correspondingly 

similar reduction and oxidation potentials, and although it is possible to characterise pure 

substances using this technique alone, biological samples require prior resolution 

techniques, such as hquid chromatography, prior to electrochemical analysis.

POTENTIOSTAT

Electre

Current Am plifier
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When a suitable voltage is applied to the working electrode, conq)ounds like 

catecholamines and indoleamines can be oxidised (see Figure 2.6222.).

Catecholamine

4- 2€ +2K"

Indoleamlne

+ 2e +2Ĥ

Figure 2.6 2.2.2.. Oxidation of catecholamines and indoleamines

2.6.2.3. Materials

The Liquid chromatography system consisted of a high pressure reciprocating 

pump (LKB model 2150, fitted with an in-built pulse-danq)ener mechanism, LKB Ltd,), 

an autoinjector (Waters WISP 71 OB, Milford, USA), a 45 mm long x 4.6 mm ID guard 

column and a 75 mm long x 4.6 mm ID analytical column (in series), both packed with 

Ultrasphere 3 pm Octadecylsilane (CDS or Cl 8) bonded sihca packing material (Altex, 

Beckman, USA) and a dual electrode electrochemical detector (ESA Inc., USA) for the 

determination of biogenic amines in homogenates of tissue samples.

The mobile phase consisted of: 0.1 M potassium dihydrogen orthophosphate 

(Merck Ltd, Poole, U.K) 0.5 mM ethylenediamine tetra-acetic acid disodium salt 

(EDTA) (Merck Ltd, Poole, UK) and 0.1 mM octyl sodium sulphate (Eastman Kodak 

Chemicals, Rochester, USA). It was adjusted to pH 2.75 by additional of circa 1.5 mL 

of orthophosphoric acid (Merck Ltd., Poole, UK), and made up to a final volume of 1 

htre with methanol (Rathbum, Ayrshire, UK) so that the proportion of the organic phase 

(methanol) was 14%. This solution was filtered through a 0.2 pm nylon membrane filter
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and degassed by helium purge for 15 minutes before being placed in the mobile phase 

reservoir of the LC pump and dehvered at a rate of 1.5 mL min"l which produced a 

back-pressure of about 2800 psi (for a new column) at room temperature.

The electrochemical background signal produced by impurities in the freshly 

prepared mobile phase was diminished by recycling the mobile phase, by connecting the 

detector outlet to the mobile phase reservoir via polypropylene tubing. During this 

recycling, samples which are introduced into the LC system and subsequently eluted, are 

diluted by the volume of the mobile phase in the reservoir and therefore cause a 

negligible increase in the background current since they are not discretely re-introduced 

into the system.

The electrochemical detector (ESA Inc., USA), was operated with a series of 

electrodes in the following order; a conditioning electrode (model 7012), Eo set at -40 

mV and dual analytical electrodes (high sensitivity model 7011) set at: Ei = +50 mV and 

Ez = +350 mV. Electrodes, Eo and Ei set at the described potentials produced the 

lowest signal to noise ratio and the latter electrode screened out easily oxidised 

compounds which might interfere with the detection of biogenic amines.

Electrode E% was set so that the output signal (0 -1  V) represented a current of 0 

to 500 nA. The response time (a filter setting which averages output from the signal 

amplifier) was 5 seconds which smoothed the signal output by reducing rapid transitory 

electrochemical signal noise. E2 was connected to a 0 - 1 V signal input port of an 

integration and data buffer box (Nelson Ltd, Perkin-Elmer, Gerrards Cross, UK). The 

incoming analogue signal was digitised by a 20 bit analogue to digital converter chip and 

subjected to an algorithm for peak detection and peak quantitation (Nelson Ltd., Perkin- 

Elmer, Gerrards Cross, UK).
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2.6.2.4. Analytical Procedure

Dissected tissue homogenate supernatants were thawed and a 100 pL aliquot 

passed through a 0.45 pm filter unit (ACRO LC3 A, Gehnan, UK) to remove particulates 

that could clog the chromatography system 5 pL of each sample filtrate was injected 

onto the liquid chromatography system via the autoinjector.

The order of sample injection was randomised and bracketed by a range of 

standard solutions of known biogenic amine concentration, which were thawed and 

filtered as described above. The standard solutions provided a method of cahbration for 

the system Furthermore, standards were also injected after every 5 homogenate 

samples, to monitor changes in chromatography conditions.

Exanç)les of typical chromatograms for a standard solution and a tissue 

homogenate sample are shown in Figure 2.6.2.4. A and B, respectively. The mean 

elution times (retention times) for reference standard material (obtained fi'om Sigma 

Chemicals Ltd.) is displayed in Table 2.6.2.4.

Table 2.6 2.4. Chromatography retention times (Rt) for biogenic amines.

Compound Rt / min
(mean, n =10)

Norepinephrine 3.49
Epinephrine 4.11
DOPAC 4.91
L-DOPA 5.31
Dopamine 6.23
5-HIAA 7.43
5-HTP 8.46
HVA 9.60
5-HT 12.69
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Figure 2.6.2.4. Typical chromatograms for A.) standard solution containing 10 ng mL'  ̂
of biogenic amines, and B.) whole brain homogenate sample.
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2.6.3. Protein determination

Due to the low weight of raphe tissue samples and the limitations of accurate 

determination of wet weight (i.e. from frozen), the residue tissue pellets formed after 

homogenisation and centrifugation were assayed for protein content. Since a known 

volume of homogenisation medium was added, the content of monoamines and 

metabohtes in these region, could be calculated and expressed in ng / 100 mg of protein 

instead of ng / g of wet weight tissue.

The residual pellets were re-dissolved in a solution of 0.5 M sodium hydroxide 

and 0.1% SDS placed in an oven at 40°C for 48 h and the protein content was 

determined using a modification of the Lowry method (Lowry, 1951).
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2.7. Behavioural Testing

2.7.1. Feeding

A known weight of food (X) was placed in the animals cage food hopper and the 

apparent food intake (i.e. weight of food consumed (X-Y)) was calculated by weighing 

the amount of food (Y) remaining in the hopper. Cumulative intakes (X-Y) were usually 

determined over 2,4 and 24 h.

For procedures involving the acute effect of a drug, rats were given a known 

weight of food 24 h prior to the start of the procedure. On the day of the procedure, 

both rats and remaining food were re-weighed. Animals which had food intakes greater 

or less than 2 standard derivations from the sanq)le mean (mean of intake for all animals) 

were excluded from subsequent analysis. On the rare occasion that this occurred it was 

normally associated with faulty drinking bottles. Food pellet fragments found in the cage 

bedding were included for weighing and calculation of food intake. Non-specific 

gnawing was not investigated specifically and food loss due to pellet fragmentation 

(fragments too small to be collected from the bedding) represents a potential error.

2.7.2. Body temperature

Rats were briefly retained in a 6 cm internal diameter perspex restraining tube, 

while the probe of a digital electronic thermometer (Phihp Harris Scientific, London), 

lubricated with petroleum jelly was inserted approximately 3.5 cm into the animal’s 

rectum. The digital thermometer was fitted with an audible end-point toner which 

indicated (usually within 10-15 seconds) that a stable temperature had been established. 

The schedule for monitoring is described in the individual method sections and in 

relevant figure and table legends.
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2.7.3. Components of the '5-HT syndrome’

Behaviour was scored during video replay with the aid of an in-house software 

programme which logged data onto a personal conq)uter and subsequently calculated 

variables such as duration, frequency and latency to the start o f behaviour (see Appendix 

III, Behavioural Activity Analysis Program). This software was developed, tested and 

validated in this laboratory (Dickinson and Curzon, 1983). A drawback of this approach 

is the small number of animals which can be monitored simultaneously because of the 

limitation of freld-of-view and the resolution of the video camera and playback 

equipment. Consequently, only two animals (one treatment and one control) housed 

individually side-by-side in two observation cages were monitored concurrently. The 

behaviour of each animal was subsequently individually scored on video tape playback. 

An on-screen clock display provided a means of checking the accuracy of the computer 

program for recording behavioural duration and latency.

2.7.4. Tail flick

Rats were injected with drug or vehicle and were immediately placed in a 145 

mm long by 60 mm internal diameter or 150 mm by 65 mm (depending on body weight) 

perspex restraining tube, for 5 minutes prior to a 5 minute scoring period. A single tail- 

flick was defined as a movement raising the tail to a level above the longitudinal body 

axis and then lowering it below this plane (Millan et al., 1991). Body weight was found 

to be a critical factor in relation to the size of the restraining tube. The internal diameter 

of the tubes used, 60 and 65 mm were found to be most suitable for use by animals with 

a mean (± s.d.) body weight of 270 ± 10 g or 330 ± 15 g, respectively.
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2.8. Statistical analysis

2.8.1. Process for animal sampling

Animals were randomly assigned to particular cages by animal technicians who 

were unaware of the reason or purpose of any particular arrangement. Cages were 

racked into sets of 5 across by 5 high. Subsequently, animals were allocated to a 

particular treatment group by alternate selection from the first cage (top left) to the last 

(bottom right) in the racking system. For exan^le, in the case of only two treatment 

groups, the first, third, fifth, etc., caged animals would be assigned to treatment A and 

the second, fourth, sixth, etc. would be assigned to treatment group B. The order of the 

treatment groups were randomised using random number tables.

2.8.2. Data analysis

Data were analysed using either parametric or nonparametric procedures 

depending on the likely distribution of the variable being measured. Where a continuous 

measurement (e.g. body temperature) is likely to vary in a symmetrical manner with 

observations becoming increasingly rare as one moves towards the tails and away from 

the average value (Gaussian distribution), parametric analysis can be used. Where the 

distribution of the data is uncertain, such as measurements of feeding over a defined time 

period (e.g. 2 h, when the response is likely to occur sporadically), a distribution-free or 

non-parametric procedure should be used. In this approach the data is ranked and then 

analysed.

Regardless of the procedure selected, statistical tests are performed to determine 

whether there is evidence to reject a ‘Null Hypothesis’ that no difference exists between 

measures of a variable on different groups. This hypothesis is tested at chosen levels of 

significance, to assign the confidence with which it can be rejected.
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Where a comparison is conducted on a single variable or measure, between a 

treated and untreated group, the analysis can be carried out using either Students t-test 

for parametric data or a Mann-Whitney U-test for non-parametric data. However, where 

multiple conq)arisons are conducted, analysis of variance (ANOVA) should be used, 

because of the likelihood of obtaining erroneous high significance by repeated use of 

Student t-tests or Mann-Whitney U-tests. ANOVA is a technique for determining 

whether one or more factors contribute disproportionately to the total variance of a 

sample. It subdivides the total sum of squares of aU observations about the grand mean 

(the mean of all sample data pooled as one group) into individual components that 

correspond to each of the factors, and all possible combinations or interactions.

In this thesis, all statistical evaluations were carried out using the software 

package SPSS+ for PC (SPSS Inc. USA). Behavioural or physiological responses were 

analysed as follows:

For measures of chemical content, temperature and tail-flick. Student t-tests were 

used to compare one variable between two groups. To conqjare one variable between 

multiple groups, a one-way analysis of variance (one-way-ANOVA) was used to 

determine the existence of a difference between groups. If significant, this was followed 

by Duncan’s multiple groups comparison test, to indicate which groups differed. The 

evaluation of multiple variables with multiple groups was carried out using multiple 

ANOVA.

5-HT syndrome behaviour and feeding data were analysed using non-parametric 

procedures, i.e. Mann-Whitney U-test for comparing a single variable between two 

groups and Kruskal Wallis analysis of variance for multiple groups. The Wilcoxon 

matched-pairs signed-ranks test was used for comparing two variables (non-parametric 

data).
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3. MICRODIALYSIS

3.1. Introduction

In the past, most determinations of neurotransmitters and related substances in 

the brain of laboratory animals have been made on brain tissue extracts prepared at 

post-mortem. While these studies provided useful data, they gave no information on the 

fraction of neurotransmitter available to receptors but rather values for this 

conq)artment together with the (much larger) neuronal stores. Determination of the 

interstitial concentration of neurotransmitter is more directly related to the fraction of 

the neurotransmitter available for interaction with cell surface receptors. Repeated 

measurements of this compartment in freely moving animal, together with the 

monitoring of behavioural changes, can provide a powerful tool for assessing the 

neurochemical events which are associated with a particular response.

The development of such an approach, has long been a major technical 

challenge. The determination of interstitial neurotransmitter concentrations in brain, has 

been attempted using a variety of methods, including the cortical cup (Macintosh and 

Oborin, 1953), push-pull cannula (Gaddum, 1961), and in vivo voltammetry (Kissinger 

et al., 1973a). Each of these techniques has severe limitations. For example the push- 

pull cannula, causes considerable tissue damage at its site of implantation and requires 

the removal of extracellular fluid for biochemical analysis. Thus the extracellular / 

intracellular relationship is disturbed. In contrast, in vivo voltammetry using carbon 

fibre electrodes, produces much less tissue damage because of the relatively small size 

of the electrodes (typically 8-300 pm in diameter). This technique also provides ‘real 

time’ determinations but is restrictive, in that only electroactive substances can be 

monitored. More seriously, the chemical specificity of this analytical approach has often 

been poor although some voltammetric methods have been shown to be reasonably 

specific (Kruk et al., 1980).

A complementary technique to in-vivo voltammetry, is microdialysis, which can 

be said to have developed from the mid-1960s when Bito et al.,(1966) implanted 

'dialysis sacs' into the brain and subcutaneous tissue of dogs. These sacs remained in
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situ for a number of weeks before they were retrieved and the dialysate measured for its 

amino acid content. The authors concluded that this technique provided a means for 

accurately determining the average 'free' or unbound amino acid concentration in the 

sites at which they had been implanted. The next landmark in the evolution of 

microdialysis came with the development of the 'dialytrode' (Delgado, et al., 1972). 

This device consisted of a cannula attached to a dialysis bag and was used to conduct 

intracerebral perfusion studies in monkeys. Two years later Ungerstedt and Pycock 

(1974) implanted a 'hollow dialysis fibre' into rat brain tissue to monitor [^H]-dopamine 

release. Because of the low concentration of interstitial endogenous dopamine and the 

lack of a sufficiently sensitive analytical method for its determination, [^H]-dopamine 

was used to label dopamine stores prior to monitoring basal and amphetamine induced 

dopamine release.

With the development of high performance hquid chromatography (HPLC) in 

combination with electrochemical detection (Kissinger et al., 1973b; Mefford, 1981), it 

became possible to monitor catecholamines, indoleamines and other electroactive 

substances in brain extracellular pools without the need for radiolabelling. Furthermore, 

with the apphcation of derivatisation procedures for amino acids and improvements in 

LC sensitivity (micro-LC) it is now possible to monitor a wide range of endogenous and 

exogenous substances in selected regions of the brain (for review see, Pettit and Justice, 

1991)

Recently the apphcation of in vivo microdialysis has been extended to include 

adipose (Lonnroth, et al., 1987; Amer, et al, 1988 & 1990), muscle (Henriksson, et al.,

1990), subcutaneous (Amer, et al., 1988) and blood tissue monitoring (Spéciale, et al., 

1988; Amer, et al., 1988). Indeed, microdialysis has a potential role in monitoring 

dynamic changes in the concentration of essentiaUy any extraceUular substances with 

minimal disturbance of the in vivo environment. It has been described as an artificial 

capihary blood vessel formed by perfusing physiological fluid through a dialysis tube 

implanted into the tissue (Ungerstedt, 1991).
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3.2. Principle

Microdialysis is a san^ling technique for monitoring low molecular weight 

substances without unduly perturbing their environment. The principle underlying 

microdialysis is the diffusion or passive transfer of substances down a concentration 

gradient, between the interstitial space on the outside of the dialysis membrane and the 

perfusion fluid flowing on the lumenal surface of the membrane. The membrane 

prevents the passage of high molecular weight substances such as proteins but allows 

the passage of neurotransmitters, amino acids, drugs, and their metabolites.

3.3. Advantages of microdialysis

The major advantageous features of microdialysis are discussed by Ungerstadt 

(1991). In brief, microdialysis enables the monitoring of changes in the concentration of low 

molecular weight substances in the extracellular fluid as distinct from whole tissue obtained 

by dissections or biopsies. Since there is no net fluid loss, sanpling can be conducted at 

multiple local sites within a single subject. Furthermore, since continuous sanpling can be 

carried out over long periods (at least 8 days; Persson and Hillered, 1991), it is possible to 

conduct complex studies using a within subject design. Furthermore, as the microdialysate 

sangles do not contain proteins nor other macromolecules which would otherwise have to 

be removed, the dialysate outlet line can be connected directly to analytical equ^ment 

allowing rapid analyses during ongoing experiments (see review; Damsma and Westerink,

1991).
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3.4. Microdialysis Probe Design

The earliest version of the microdialysis probe, consisted of two parallel metal 

tubes connected by a thin walled hollow membrane fibre forming a U-loop configuration 

(Zetterstrom et al., 1983) with a fine wire inserted to prevent kinking (Figure 3.4.1.).

Whilst the U-loop probe demonstrated the potential of microdialysis, in practice 

its relative size and the resultant damage on implantation, were disadvantageous.
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Perfusate
inlet

Fine wire to  
prevent kinking

Dialysate
outlet

Dialysis " 
m em brane

o o

c i r c a  1 m m

Figure 3.4.1. A U-loop microdialysis probe implanted into tissue. This schematic 
demonstrates the principle of dialysis where perfusate flowing around 
the probe (shown by the open arrows; U) accumulates the analyte (filled 
arrows; representing the decreasing concentration gradients that exist 
between the environment and the dialysate).

62



In contrast, the transverse probe (Ungerstedt and Pycock, 1974; Imperato and 

Di Chiara, 1984; Tossman et al., 1985) which consisted of a single fibre, greatly 

reduced tissue trauma. This was effectively demonstrated by Damsma et al., (1988) 

who reported a 20 fold increase in the recovery of acetylcholine for a transverse probe 

used in the caudate, during a study comparing the performance of the transverse and U- 

loop probes.

Figure 3.4.2. A transverse microdialysis probe implanted to monitor changes in the 
caudate.

Exposed
m embrane

Perfusate
inlet

Dialysate
outlet

circa 500 micron 
outer diameter

Membrane covered withi 
epoxy to prevent dialysis
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The disadvantages of the transverse probe design are the need to make two 

holes in the skull (for perfusate input and dialysate outlet) which comphcates 

implantation and increases subject trauma. An alternative approach is the concentric 

(Ungerstedt, 1984)(Figure 3.4.3.) or the side-by-side cannula probe (Hutson et al., 

1985).

Dialysate 
outlet

Perfusate
Inlet

Figure 3.4.3. Concentric cannula 
microdialysis probe

200 -  500 
microns
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Like the transverse probe it is relatively small but in contrast it can be implanted 

into the brain using a single burr-hole in the skull. In this design the dialysis tube is 

plugged at its distal end and perfusate supphed and dialysate collected through capillary 

tubing arranged concentrically or side-by-side.

Probes with large diameter membrane fibres (and therefore large surface areas) are 

more effective at recovering substances (Hamberger et al, 1983; Ungerstedt, 1984) but 

cause significantly more damage on inçlantatioa Thus, the design of a microdialysis probe 

for intracerebral use represents a corcp'omise between maximal recovery and minimal tissue 

damage.

3.5. Factors affecting microdialysis

The recovery of substances fi'om the extracellular fluid depends on a number of 

factors (see table 3.5.). Principal amongst these are; the surface area of the membrane, the 

flow rate and composition of the perfusion fluid, and the difiusion of the substance through 

the interstitial fluid of the tissue under investigation (Benveniste, 1989; Lindefors et al, 

1989; Bungay et al, 1990). However, for small molecules such as monoamine transmitters 

(100-300 Daltons), the limiting factor for recovery appears to be diffusion through the 

extracellular fluid (Amberg and Lindefors, 1989). On the other hand, the influence of factors 

such as the membrane conpDsition should not be underestimated, as a marked reduction and 

retardation in the recovery of 5-HT has been reported when polyacrylonitrile / sodium 

methallysulfonate copolymer (AN69 HF™ Filtrai 16, Hospal, Gambro, UK) membrane is 

used (Hjorth and Tao, 1991).
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Table 3.5. Factors which influence microdialysis.

Substance Probe Environment General

Size Membrane Hydrodynamics Temperature
Shape Size (surface area) (Static or flowing)
Charge Thickness Composition

Composition PH

Perfusate Tissue ‘density’*
composition

flow rate

* The tortuosity of the difiusion path for substances affecting re-equilibration of the interface between the 
membrane and tlie interstitial fluid, and also the presence of active processes (i.e. tissue reuptake or release).

3.6. Microdialysis membranes

A variety of materials have been used for the manufacture of the microdialysis 

membranes (table 3.6.).

Table 3.6. Typical microdialysis membrane fibre characteristics; nominal 
molecular weight (MW) cut-off and outer diameter dimensions.

Membrane
Daltons

Typical O.D.
/pm

Cellulose 5,000 250
Cellulose acetate 70,000 230
Cuprophan (6.5 pm) 12,000 215
Cuprophan (19 pm) 12,000 320
Polyacrylonitrile 40,000 300
Polycarbonate 20,000 500

Taken from Maidmenl and Evans, 1991
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As can be seen above, the range of molecular weight cut-offs are large, although 

in practice, membranes with a 6,000 to 20,000 Dalton cut-off, are typically used since 

they effectively exclude most proteins (e.g. myoglobin, circa 17,000 and albumin, circa 

66,000 Daltons).

3.7. Perfusion fluid

A variety of perfusion fluid compositions have been used for microdialysis and Table

3.7. described the composition of two commonly used perfusate solutions (sometimes 

termed artificial CSF) used for the determination of neurotransmitters in the ECF. These 

solutions represent the comparative range of conplexity. Even the more complex perfusate 

conposition cannot be called truly ‘physiological’ nor could it be expected to be, since the 

conposition of the interstitial fluid around the probe is dynamic. However, correct 

osmolarity and ionic conposition are inportant (Inperato and Di Cbiara, 1984; Westerink 

and De Vries, 1988; Benveniste et aL, 1989). It has been demonstrated that Ringer’s 

solutions commonly used in early microdialysis studies, which contained elevated calcium 

(>3 mM), resulted in an over-estimation of basal neurotransmitter release and a lack of 

responsiveness to pharmacological manpulation. Probably due to a continued 

hyperpolarisation of the tissue around the probe (Moghaddam and Bunney, 1989).

In contrast, the perfusion fluid can effectively remove substances from the locality of 

the probe, and thus act to buffer the effects of ‘normal’ physiological changes. Le. 

propagation of excitabifity, thereby danpening responses (Obrenovitch et al., 1995).
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Table 3.7. Examples of the composition of perfusion fluids use for intracerebral 
microdialysis

Simple* Complex^

125mMNaCl 140mMNaCl
2.5 mM KCl 3.0 mMKCl
1.26mMCaCl2 2.5 mM CaCh
l.lSm M M gCh l.OmMMgCh 

3.0 mM Glucose 
1.2 mM Na2HP0 4  
0.27 mM NaH2P0 4  
0.5 mM Na2S0 4  
pH 7.2

from: Hutson el a l, 1985 ; “ Philippu et al., 1979

3.8. Probe Construction

The side-by-side type of microdialysis probe described below, was used in the 

studies described in this thesis and was designed and manufactured in the Department of 

Neurochemistry of the Institute of Neurology. Illustrated steps 1 to 5 represent cross- 

sectional diagrams, whereas steps 6 to 9 show external view.

1. A spherical piece of Blu-tack of circa 5 mm diameter was placed on metric graph 

paper and a pre-cut 15 mm length of 24 gauge high quaHty stainless steel tubing 

(Coopers Needleworks, Birmingham, UK) firmly fixed onto it.



step  1.

2 4  g a u g e  s te e l  tu b in g
Blu-tack

15 m m

2. Two 5 cm lengths of fused silica capillary tubing 0.23 mm OD, 0.15 mm ID 

(Scientific Glass Engineering, Milton Keynes, UK) were inserted into the steel 

tubing. One piece protrudes approximately 10 mm from the distal end of the steel 

tubing and the other is positioned to terminate 2 mm inside it. The silica was cut 

cleanly using a diamond tipped stylus (Scientific Glass Engineering, Milton Keynes, 

UK), to avoid fractured pieces of silica breaking loose and subsequently blocking the 

flow of perfusate.

Step 2.

Distal end

Silica capillary tubing

3 mm
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3. About 5 mL of epoxy glue was freshly prepared by mixing equal amounts of 

hardener and resin (R.S. Components, Corby, UK). Small quantities were applied to 

the proximal end of the probe to seal the silica and steel tubing, and left for at least 

30 min to set.

Step 3.
E p o x y  resin

4. The silica tubing protruding from the distal end of the steel tubing was cut to the 

appropriate length for a given length of membrane (determined by the area of the 

tissue region under investigation) as follows: For a probe with an exposed

membrane length of 4 mm (total membrane length of 5 mm), 4 mm of silica was left 

protruding. The extra 1 mm of membrane is eventually covered by epoxy resign (0.5 

mm at each end) used to bond the membrane to the supporting steel cannula and seal 

the membrane tip.

5. Approximately 5 cm of tubular dialysis membrane (Cuprophan, Type FI 8 200/220 

pm (ID/OD), MW cut-off 10,000, Enka AG, Wuppertal, Germany; or Hospal; 

AN69 HF™ Filtrai 12, polyacrylonitrile / sodium methallysulfonate copolymer, 

190/210 pm (ID/OD) MW cut-off 50,000 Gambro, Rugby, U.K.) was cut and slid 

over the protruding silica tube, but within the steel tubing, at the distal end of the 

probe. Using the underlying graph paper as a guide, a 5 mm length of membrane, 

measured from the distal end of the steel tubing, was cut using fme sharp scissors.
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step 5.

M e m b r a n e

6. A small quantity of epoxy resin (about 5 mL) was freshly prepared as described 

above and a 100 pL portion taken up on the tip of a disposable fme glass pipette 

(Merck Ltd, Poole, UK). This viscous bubble was held at the open end of the 

tubular membrane, so that the epoxy was drawn into and along it (by capillary 

action) until it had passed 0.5 mm into the fibre. Once set, this epoxy plug formed 

the seal closing the distal tip of the probe membrane. A similar quantity of epoxy 

resin was also applied to bond the membrane to the supporting steel cannula. This 

was achieved by carefully moving the epoxy resin around the aperture where the 

membrane was inserted into the cannula until a 0.5 mm length of the membrane had 

been covered. The epoxy resin was left for at least 30 min to set.

Step 6.

E p o x y  resin
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7. Two 7 mm lengths of pre-cut 27 gauge stainless steel tubing (Coopers Needleworks, 

Birmingham, UK) were inserted over the perfusate inlet and dialysate outlet sihca 

tubing and bonded with epoxy resin as described above. Once set, a blob (circa 50 

pL) of dental acryhc (‘Duralay’ powder + resin, Healthco Ltd, Bolton, UK.) was 

apphed to cover the junction between the 24 and 27 gauge stainless steel tubes and 

to give additional mechanical support.

Step 7.
E p o x y  resin

2 7  g a u g e  s t e e l  tu b in g

8. One end of two 10 cm length pieces of 0.25 mm ID x 0.75 mm OD polyethylene 

tubing (Portex Non-sterile Flexible Grade tubing London, UK) were flared using a 

28 gauge hypodermic needle (Becton and Dickinson, London, UK). This enabled 

the tubing to fit over the ends of the 27 gauge stainless steel tubes, forming tight 

seal, and thus providing the inlet and outlet lines for connection to the microdialysis 

pump and collection vial, respectively.

Step 8.
Dental acrylic
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9. Finally, hot-melt adhesive was applied via an application gun (R.S. Components, 

Corby, U.K.) to seal the polyethylene tubing to the stainless steel and to cover the 

dental acryhc, so as to provide further mechanical support. The hot melt adhesive 

was briefly warmed (by switching the apphcation gun on for 1 minute and then 

switching off) so that by gentle pressure on the appHcator trigger, the emerging glue 

was sufficiently cool to be rolled between moistened fingers. The completed probe 

was left for 10 minutes whilst the glue hardened.

Step  9.
H ot-m elt a d h e s iv e

P o ly p r o p y le n e  tu b in g
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3.9. Probe testing and storage

The Enka membrane material used is supplied with a coating of glycerol, which must 

not be allowed to dry, otherwise it is prone to shrinkage and cracking. Flow patency of 

probes were tested immediately prior to implantation by connection to a syringe pump 

(Harvard Apparatus Ltd, Greenford, UK) delivering the perfusion fluid (125 mM NaCl, 2.5 

mM KCl, 1.26 mM CaCl:, 1.18 mM MgCli) at 5 pL min'  ̂ and any observed to leak were 

discarded.

An obvious index of the performance of a dialysis probe is its ability to recover 

substances of interest in vitro. This can be estimated by placing the membrane area of the 

probe into a solution of known concentration, passing the perfusion fluid through the probe 

and measuring the resultant dialysate concentration Figure 3.9.1. gives results for a 4 mm 

long, 210 pm outer diameter, Filtrai 12, Hopal membrane microdialysis probe at different 

flow rates, for the in-vitro recovery of 5-HIAA. Relative (concentration) recovery is defined 

as the ratio of the concentration of the substance in the dialysate, to that in the medium 

surrounding the probe, and is expressed as a percentage. It approaches 100% when flow 

rate approaches zero. Absolute (mass) recovery is defined as the amount of substance in the 

dialysate output during a defined time period, usually the sampling period. It approaches a 

maximum value at higher flow rates because the concentration gradients between the 

environment and the perfusate / dialysate are then maximal. In vitro recoveries for probes of 

the type described above, at the operating perfusion rate of 2 pi min'  ̂were determined (n = 

5;mean±SD; 5-HTP = 22±3%, 5-HT = 32±5%, 5-HIAA = 23 ±2%).

Whilst the in vitro recovery of probes is a useful index of their characteristics and a 

means of comparing individual probes, it cannot be used to calculate the actual concentration 

of substances in the extracellular fluid (Nicholson & Philips, 1981; Nicholson & Rice, 1986; 

Benveniste, et al., 1989). This is because, in vivo, the removal of substances fi*om around 

the probe by dialysis, establishes a concentration gradient within the surrounding tissue, and 

the tortuosity of the path for re-equilibration, together with the active contribution of local 

blood vessel to mass transfer, provide considerable site to site variations.
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Figure 3.9.1. Recovery characteristics of a side-by-side configuration probe for 5- 
HIAA at various perfusion flow rates. Perfusion fluid (as described 
in the text) was passed through a probe with a 4 mm long (exposed) 
membrane, which was immersed in an unstirred 100 mL reservoir 
containing 30 pM 5-HIAA in perfusion fluid at 37°C.

A number of models have been proposed to enable in vivo calibration to be 

performed. These include the: Extrapolation to Zero Flow Model' (Jacobson, et al., 1985a), 

'No net flux model' (Lonnroth, et al., 1987; Lindefors, et al., 1989), Dialysable Reference 

Model' (Sjoberg, 1992), and the 'Retrodialysis Model' or Tintemal Reference Model' 

(Scheller & Kolb, 1991; Van Belle, et al., 1993) (for review see, Menacherry, 1992). 

Detailed discussion of the various merits and disadvantages of each model is beyond the 

scope of this thesis which will confine itself to monitoring relative changes in 

neurotransmitter outflow rather than absolute extracellular concentrations.
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3.10. Probe implantation and tissue disruption

Microdialysis probe inçlantation inevitably causes some damage and like any 

inçlant, results in inflammation, fibrosis and gliosis responses within brain tissue (Collias and 

Manuelidis, 1957; Stensaas and Stensaas, 1976). Changes in local blood flow and 

metabolism (glucose utilisation) have been reported to follow inq>lantation of a transverse 

probe in the rat hqjpocanq)us (Benveniste and Diemer, 1988). These authors describe 

polymorphonuclear leukocyte accumulation in a 50 fmi border zone adjacent to dialysis 

membrane and shrunken neurones were present 100 - 150 |L im  fi*om the probe, 2 days after 

inq)lantation. By the following day, astrocyte hypertrophy was observed which eventually 

was replaced by connective tissue.

A transient reduction in local blood flow of remote brain regions (striatum, lateral 

septum and thalamus) has also been reported to occur in the first 24 h after h^jpocanpal 

implantation of the transverse probe (Benveniste et al, 1987). Furthermore, Shuaib et al 

(1990) reported degeneration of axons in the corpus callosum and contralateral 

hippocanpus following probe in^lantation.

The smaller, circa 220 pm, concentric and side-by-side configuration probe designs 

appear to cause less tissue damage as only a modest increase in glucose consunçtion was 

detected in the hippocampus and no marked changes in local blood flow (Sandberg and 

Benveniste, 1988).

Using a-amino-isobutyrate and sodium technitate as markers of blood brain barrier 

integrity it has been shown that repair of this structure appears to be rapid (20 to 120 

minutes following incç)lantation) (Benveniste et al, 1984; Tossman and Ungerstedt, 1986). 

However, the degree of damage and the duration of recovery are likely to be correlated, not 

only to probe design but also the method and skill of inplantation (where slower insertion 

rates probably produce less damage).

The effects of surgery (and anaesthesia) must also be considered when interpreting 

data from microdialysis studies. Investigations of neurotransmitter release in the CNS are 

usually conducted either acutely, within a few hours of the probes inplantation (requiring 

prior surgery for guide cannula placement, in freely moving animals) or chronically, when the 

animal recovers from anaesthesia (Le. 16 -  24 h after probe inplantation). Whilst the latter
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approach may mitigate the effects of acute tissue injury, surgical trauma and anaesthesia, it is 

likely to increases the influence of longer term inflammatory responses and possible gliosis. 

Westerink and Tuinte (1986) using U-loop probes found a progressive decline in the 

recovery of dopamine and its metabolites from the extracellular fluid between 1 and 7 days 

after probe in^lantation. In contrast, the smaller transverse probe showed little decline in 

these substances up to four days after inplantation (Inperato and Di Chiara, 1984). 5-HT 

recovery following concentric probe inplantation, also falls progressively but establishes a 

stable basal level after about 12 to 18 hours (Kalen, et al, 1988a; personal observation). A 

contributory factor may be the presence of blood derived conponents (such as platelets etc.) 

which may transiently adhere to the probe during penetration of the blood brain barrier. 

Hence the decline in 5-HT levels observed by Kalen et al, (1988a), may represent the re

equilibration phase between interstitial fluid and blood.

In this thesis, all microdialysis investigations were conducted on freely moving rats 

using a small diameter membrane (circa 220 |L im ) in a side-by-side configuration probe 

design, inplanted directly (without the aid of a guide cannula) at least 16 h before 

monitoring the extracellular fluid concentration of 5-HT and its metabolites. This enabled 

animals to recover from the surgical procedure and for basal outflow to be established.

3.11. Perfusion procedure

Rats underwent surgery for probe inplantation as described in section 2.3.; Surgical 

procedures, and were transferred into well ventilated perspex cages (25 x 25 x 30 cm high) 

fitted with a fine mesh floor, moved to the procedure area, and kept warm during 

recovery. At least 16 h after surgery, a polypropylene perfusate inlet line fitted to the 

infusion pump (Carnegie Medicin, Sweden), was passed up through a hole in the cage lid 

and connected to the probe inlet tubing. The infusion punp delivered perfusion fluid 

(125 mM NaCl, 2.5 mM KCl, 1.26 mM CaCb, 1.18 mM MgCh) at 2 pL min \  This was 

run for 40 minutes to allow the syringe infusion punp to stabilise the system and for the 

probe fluid lines to equilibrate before starting to collect dialysate. The dialysate outlet tubing 

was passed through the hole in the cage lid and connected, at one end to the probe outlet
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tubing, and at the other end, to a 400 |iL microvial (L.LP. Shipley, York) which was 

replaced as required and described within the study protocol (usually every 20 minutes).

Once replaced, the microvials containing the dialysate were immediately placed into 

solid CO2 and subsequently stored at -70°C until analysed. Since catecholamines and 

indoleamines are stable in dialysate (containing endogenous ascorbate) for at least 1 h 

(personal findings), the collection protocol was considered adequate.

3.12. Data Interpretation

Given the degree of inter-animal variation in the co-ordinates of specific brain 

regions and guidance errors during inplantation, it was considered necessary to verify the 

probes location by post-mortem examination of sectioned tissue. This was conducted either 

visually (since the probe tract is directly visible) or after histochemical staining. Having 

verified the probes general location (within a specific region), consideration should be given 

to the probes precise position during the course of an investigation. Since the probe is 

secured directly to the animal’s skull, yet the brain itself is free to move within, it may occur 

that during freely-moving studies, sudden violent head movements (such as wet dog shakes, 

observed as part of the 5-HT syndrome) may result in a shift of the dialysis membrane 

relative to the surrounding tissue, thereby causing further local tissue damage. Whether this 

is a significant factor when monitoring apparent neurotransmitter release, is as yet unknown.

It is necessary to emphasis that even the smallest diameter microdialysis probe (200 

pm) is about 10 -100 times larger than micropipettes and microelectrodes in current use for 

intracerebral electrophysiological investigations. These small devices are themselves about 

10 times the diameter of synapses. Consequently, given this disparity it is obvious that what 

is actually being monitored by microdialysis is the neurotransmitter overflow from neurones 

and other cell types, which contribute to the extracellular fluid concentration of the brain and 

not the neurotransmitter concentration within the synaptic cleft, itself. Hence the 

concentration observed is dependent on a number of factors including the processes of 

release, reuptake, metabolism and elimination, and may be of neuronal or non-neuronal cell 

origin (e.g. glial). Additionally, the consequence of damage resulting from insertion of the 

probe and the contribution of minute movements whilst in situ, must be considered.
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Discrimmation between sources of transmitter outflow can only be estimated using specific 

pharmacological manpulation of the tissue. Calcium depleted or magnesium enriched 

perfusion fluids together with ion channel blockers have been used to discriminate between 

neuronal and non-neuronal release (Inperato and Di Chiara, 1984; Damsma et al., 1987; 

Kalen, et al, 1988a; Westerink, et al, 1988). The contribution of the reuptake mechanism 

for removal or efilux (by reverse uptake) has also been assessed with the aid of selective 

reuptake inhibitors (Kalen, et al, 1988a &b; Westerink, et al, 1988).

The logistics involved in obtaining a dialysate sanple also need careful attention. The 

actual sampling of the extracellular fluid occurs at the surface of the membrane, but is 

collected at a more distal point (le. at the microvial connected to the dialysate outlet line). 

Between these points some sanple distortion due to laminar and turbulence flows is likely to 

occur. Whether this is significant depends on the nature of the investigation. For example, 

studies conparing the ratio of different analytes within the dialysate may be relatively 

unaffected while pharmacokinetic investigations may incur a greater degree of error. 

Fortunately most neurotransmitter studies fall into the former category.

The tenporal resolution of microdialysis must also be considered given the presence 

of a residue or ‘dead’ volume (the dialysate not in contact with the membrane, but in transit 

to the collection point). Microdialysis is a continuous process but the dialysate output is 

batched into collection periods for analysis (unless real-time online analytical techniques are 

used). Consequently, when for exanple, pharmacodynamic events are to be correlated with 

the pharmacokinetics of an agent, the correct sanple must be identified relative to the 

observed time of the behavioural, physiological or biochemical response (see Patsalos et al, 

1995). This can be problematic since there is a delay in the dialysate collection due to the 

presence of the dead volume. Thus the dead volume or hold-up time for sanple collection 

should be estimated and allowed for, so that erroneous results are not generated. This can 

be estimated by calculation, given an accurate perfusion rate, and precise tubing dimensions. 

However, it can also be estimated practically by visualising the passage of a marker solution 

or air bubble, fi*om the membrane region of the probe to the microvial collection point. 

Consequently adjustments to perfusion changes or drug administration can be made, to 

allow for such differences. For exanple, in a system with say, a 12 minute hold-up time, a 

switch to a high potassium perfusion solution should be conducted 12 minutes prior to the 

start of dialysate collection within a new microvial It is conceded that this does not take
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into account difiusion or mass transfer within the perfusate which may occur within the inlet 

tubing prior to reaching the microdialysis probe. However, it is a pragmatic approach to this 

problem.

For the sake of clarity, microdialysis data in this thesis is represented using line 

graphs rather than histograms with the data point on the time scale indicating mid-point 

of the sampling period. Data is not corrections for recovery.
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4. EFFECTS OF PRETREATMENT WITH 
8-OH-DPAT ON BEHAVIOURAL 

RESPONSES TO 8-OH-DPAT.

4.1. Introduction

The degree of involvement of serotonin in the causation of depressive illness has 

been the subject of controversy for over forty years, since Anchor et al, (1955) 

described depression in patients receiving reserpine. Subsequent studies have produced 

considerable conflicting data (for review, see Maes and Meltzer, 1995). However, 

convincing evidence has accumulated that increased serotonin function may mediate the 

antidepressant action of many drugs. Classic antidepressants, both the tricychc 

antidepressants (e.g. amitriptyline and imipramine) and the monoamine oxidase inhibitors 

(e.g. clorgyline), have been suggested to enhance the functional activity of brain 

serotonin (Spector, 1963; Lapin and Oxenkrug, 1969; Carlsson et al., 1969; Ogren and 

Fuxe, 1985; Briley and Moret, 1993). Many atypical antidepressant drugs (e.g. 

mianserine) and the newer class of selective serotonin reuptake inhibitors (e.g. citalopram 

and fluoxetine), are also reported to produce a similar effect by increasing the availability 

of 5-HT in the synaptic cleft and thereby facihtating post-synaptic receptor binding (see 

Briley and Moret, 1993). Furthermore, the mechanisms of action of hthium alone and in 

combination with antidepressant drugs are proposed to involve enhanced serotonergic 

transmission (De Montigny et al., 1981; Nixon et al., 1994), as are non-pharmacological 

techniques such as electroconvulsive therapy (Goodwin et al., 1985b & 1987a) and 

phototherapy (Lam et al., 1996).

Additional support for the indoleamine hypothesis of antidepressant action comes 

fi*om the finding that 5-HTia agonists have antidepressant-like properties in a number of 

animal models of depression, including the forced swim test (Cervo and Samanin, 1987; 

Cervo et al., 1988; Wieland and Lucki, 1990; Luscombe et al., 1993, Nixon et al., 1994), 

the learned helplessness paradigm (Martin et al., 1990), and repeated immobilisation 

(Kennett et al., 1987).
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Neuroadaptative mechanisms in the action of antidepressants have been proposed 

(Stone 1979; Platt and Stone, 1982) to explain the fact that these agents become 

effective only after treatment for a number of days (Slater, 1984; Amsterdam, 1987 & 

1992; Jacobson et a l, 1985b; Csanalosi et al, 1987; Cott et a l, 1988). More recently, 

the delay in clinical effectiveness of the selective serotonin reuptake inhibitors (SSRIs), 

has been explained by a progressive dis-inhibition of the somatodendritic 5-HTia 

autoreceptors (Adell and Artigas, 1992) which modify terminal serotonin release (Hutson 

et al., 1989; Sharp et al., 1989a &b; Blier et al., 1990).

The effects of pretreating rats with 5-H T ia receptor agonists on subsequent 

responses to a challenge dose of 5-H T ia agonist are of particular interest given the 

proposed changes in 5-H T ia autoreceptor function. Kennett et al., (1987) reported the 

attenuation of 8-OH-DPAT induced hyperphagia, a behavioural index of presynaptic 5- 

HTia activation (Dourish et al., 1986a; Hutson et al., 1986), on the day after a single 

administration of the 5-H T ia agonists, ipsapirone, buspirone or 8-OH-DPAT. This 

attenuation following a single pretreatment dose lasted for a number of days. However, 

a behavioural component (i.e. forepaw treading) of the 5-HT syndrome, a measure of 

postsynaptic 5-H T ia receptor activation (Tricklebank et al., 1985), was unaffected, 

suggesting desensitisation of pre but not the post-synaptic 5-H T ia receptors (Kennett et 

al., 1987). This interpretation is consistent with the results of Beer et al., (1990) who 

reported that presynaptic receptors were selectively reduced a day after 8-OH-DPAT 

administration. In the same study, postsynaptic 5-H T ia receptors in the hippocampus 

and frontal cortex were unaltered (Beer et al., 1990). Other 5-H T ia agonists i.e. 

gepirone (Weiner et al., 1989) and ipsapirone (Fanelli and McMonagle-Strucko, 1992) 

similarly did not alter postsynaptic receptor binding, and decreased presynaptic sites but 

only after prolonged treatment.

Whilst many electrophysiological studies indicate a desensitisation of the 

presynaptic 5-HTia autoreceptor (De Montigny and Blier, 1984; Bher and De Montigny, 

1985 and 1987) albeit on prolonged treatment with a 5-HTia agonist, behavioural studies 

(with the exception of the hyperphagia study of Kennett et al., 1987) do not reveal an 

attenuation.

The induction of male copulatory behaviour by 8-OH-DPAT, which probably 

occurs via presynaptic 5-HTia receptor activation, was not attenuated by pretreatment
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with this drug for 15 days (Johansson et al., 1990). Also, a decrease in 5-HT synthesis 

and turnover following activation of the presynaptic 5-HTia somatodendritic 

autoreceptor by 8-OH-DPAT, was similarly unaffected by repeated 8-OH-DPAT 

administration (Larsson et al., 1990).

In contrast, a number of behavioural responses mediated by activation of 

postsynaptic 5-H T ia receptors, are reported to be readily attenuated, including 

components of the 5-HT syndrome (i.e. forepaw treading and flattened body posture) 

and hypothermia (Larsson et al., 1990), corticosterone secretion (Kelder and Ross, 

1992) and also the blockade of acquisition of a passive avoidance response (Jackson et 

al., 1994).

However, the studies described above, differ in the size and source of rats used, 

the conditions under which they were kept, the regimes for drug administration 

(pretreatment and challenge doses, and times of administration) and the method of 

scoring responses. Therefore, the data reported in this thesis derives from experiments 

using standardised conditions to eliminate much of the variation which contributes to the 

confusion over the effects of repeated 8-OH-DPAT administration on the behavioural 

responses to a subsequent, 8-OH-DPAT challenge.

A combination of behavioural responses previously demonstrated to be mediated 

by either pre- or post-synaptic 5-HTia receptors were investigated. These included; 

hyperphagia, a response to activation of presynaptic 5-HTia receptors (Dourish et al., 

1986a; Hutson et al., 1986 and 1988) and the responses to postsynaptic 5-HTia receptor 

activation of; spontaneous tail-fhck (Millan et al., 1991; Bervoets et al., 1993), 

hypothermia (Hjorth 1985; Hutson et al., 1987a; Bill et al., 1991; O’ConneU et al., 1992; 

Millan et al., 1993), flattened body posture and reciprocal forepaw treading (Tricklebank 

et al., 1985).
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4.2. Materials and methods

4.2.1. Animals

Male Sprague-Dawley rats (Charles River, U.K.) weighing 250 - 350 g were 

housed individually under a 12 h hght-dark cycle (hghts on 06:00 h), under constant 

temperature (21 ± 1°C), with rat diet 22F (Labsure, Poole, Dorset) and water freely 

available, for at least 5 days before commencing pretreatment.

4.2.2. 8-OH-DPAT treatment

The following pretreatment and challenge procedure was used. Daily s.c. 

injection of 8-OH-DPAT HBr (1.0 mg/kg unless stated otherwise. Research 

Biochemicals Inc.) dissolved in 0.9% NaCl were given between 12:00 and 14:00h and in 

a volume of 1 mg/kg. Challenge doses of 8-OH-DPAT (0.5 mg/kg s.c.) were given 24 h 

after the last pretreatment injection. The following five responses were determined on 

groups of rats which had been pretreated as above with 8-OH-DPAT for 1,3 or 14 days. 

Only one response was determined per rat.

4.2.3. Hyperphagia

A weighed amount of food pellets was placed in each hopper immediately before 

injection of the challenge dose of 8-OH-DPAT and weight consumed determined 2 h 

later. Three control groups were used for each 8-OH-DPAT pretreatment group as 

follows; 0.9% NaCl pretreated 8-OH-DPAT challenge: 0.9% NaCl pretreated, 0.9% 

NaCl challenge: 8-OH-DPAT pretreated, 0.9% NaCl challenge. An experiment was 

also performed in which a single pretreatment dose of 2.0 mg/kg was used and
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challenges given 24 and 48 h later to separate groups of rats to give more con^arable 

conditions to previous studies (Kennett et al., 1987). Furthermore another experiment 

was carried out in which the challenge dose was given 20 h rather than 24 h after a single 

pretreated dose, so that pretreatment occurred 1 h before the start of the dark phase. 

This was included to examine differences between studies possibly caused by the time of 

drug administration and its effect on normal nocturnal feeding patterns.

4.2.4. Spontaneous tail-flick

Taü-flicks were counted on rats placed individually in an opaque retaining tube 

fi'om which the tail hung ft-eely through a groove cut in a rubber bung which closed the 

end of the tube. The dimensions of the tube were such that the rats were minimally 

restricted but unable to turn or move forward or back. Body weight was found to be 

critical in regard of the size of retaining tube used. Animals weighing (mean ± s.d.) 270 

± 10 g and 330 ± 15 g required tubes of internal dimensions; 60 mm diameter by 145 mm 

length and 65 mm diameter by 150 mm length, respectively.

Rats were placed in the tube immediately after injection of the 8-OH-DPAT 

challenge and tail-flicks counted starting 5 min later, for a period of 5 min. A tail-fhck 

was defined as a rapid continuous movement of the tail from below to above the 

horizontal plane and down again (Millan et al., 1991). After a preliminary experiment to 

establish the dose-dependency of the response, the effects of the 8-OH-DPAT challenge 

after 8-OH-DPAT pretreatments were determined. Controls were pretreated with 0.9% 

NaCl instead of 8-OH-DPAT. Control rats challenged with 0.9% NaCl were not used in 

subsequent studies as the dose response study demonstrated that such treatment did not 

induce tah-fhcks.
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4.2.5. Hypothermia

Rats were retained in a perspex tube (60 mm internal diameter) and rectal 

temperature measured with a lubricated digital thermometer probe (Phihp Harris 

Scientific, London) inserted 3 cm into the rectum. Readings were taken 15 min before 

and 30 and 60 min after a 8-OH-DPAT challenge dose. All animals used were naive to 

this procedure. Control groups were as described in 4.2.3. An experiment was also 

performed using a pretreatment dose of 2.0 mg/kg as in 4.2.3., in order to obtain more 

comparable condition to previously reported studies (Larsson et al., 1990). A further 

experiment was conducted using rats housed m groups of four or five, which received a 

single 2 mg/kg 8-OH-DPAT pretreatment 48 h before a challenge dose of 0.5 mg/kg. 

This experiment was included to investigate the effects of group housing (given that 

many investigators use group housed animals, e.g. Larsson et al., 1990) on repeated 

drugs administration and subsequent challenge.

4.2.6. 5-HT syndrome

At least 3 days prior to initiation of 8-OH-DPAT pretreatment, rats were housed 

singly in clear perspex cages (430 x 290 x 160 mm high) in order to become habituated 

to this new environment. On the morning of the drug challenge most of the sawdust 

bedding was removed to facihtate the observation and subsequent scoring of behaviour. 

After 8-OH-DPAT challenge, behaviour was recorded on videotape for subsequent 

playback analysis. The following conponents of the serotoniu syndrome; flattened body 

posture, reciprocal forepaw treading, hindlimb abduction and wet dog shakes, together 

with normal components of behaviour; forward locomotion, rearing, grooming and 

feeding, were scored over four 1 min periods at 8 min intervals starting 8 min after the 8- 

OH-DPAT injection. Controls were as described in section 4.2.3.
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4.2.7. Statistics

The effects of 8-OH-DPAT pretreatment on the hyperphagic response to 8-OH- 

DPAT challenge were assessed by Kruskal-Wallis analysis of variance followed by 

Mann-Whitney U-test. The dose-response curve for tail-fhck was assessed by one-way 

ANOVA and where significant were followed by Duncan’s test for multiple group 

comparison. The effects of 8-OH-DPAT pretreatment on the tail-fhck response induced 

by a subsequent chaUenge, was assessed by Student t-tests. Effects of hypothermia were 

assessed using post-hoc Duncan’s test following a significant one-way ANOVA and 

effects on behaviour (i.e. components of the 5-HT syndrome), by Mann-Whitney U-test 

foUowing a significant Kruskal-Wallis analysis of variance.
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4.3. Results

4.3.1. Hyperphagia

The challenge dose of 8-OH-DPAT (0.5 mg/kg), given 24h after the end of 

pretreatment, significantly increased feeding (see Figure 4.3.1.1.) but the increases were 

not appreciably altered by 1,3 or 14 days of pretreatment with 8-OH-DPAT (1.0 mg/kg).

When the pretreatment dose was increased to 2.0 mg/kg, rats challenged 24 and 

48h later showed significant hyperphagic responses which were smaller than those of 

animals pretreated with 0.9% NaCl by 50% and 42% respectively (Figure 4.3.1.2) but 

the decreases were not significant. Reducing the delay between pretreatment and 

challenge to 20 h, so that it was apphed shortly before the start of the dark phase, also 

failed to significantly alter the response.

Analysis of the effects of pretreatment duration on food intake within individual 

treatment regimes (i.e. conç>arison of food intake within groups receiving the same 

pretreatment / challenge regime but over different duration) revealed a significant effect 

within those animals given 0.9% NaCl for pretreatment and challenge (one-way 

ANOVA, F2,2i,o.o.oi6 = 5.11) and a significant decrease in food intake in rats receiving 3 

daily pretreatment injections compared to 1 or 14. Whilst animals given 3 daily 8-OH- 

DPAT pretreatments also appear to eat less that those having a longer or shorter 

pretreatment duration, this failed to reach significance (one-way ANOVA,

F2,22,0.085—2.76).



Figure 4.3.1.1. Effects of pretreatment duration on the induction of hyperphagia. Food 
intake over 2 h after 8-OH-DPAT (0.5 mg/kg s.c.) or 0.9% NaCl challenge, 24 h after 
the last pretreatment dose (1,3 or 14 consecutive daily doses of either 8-OH-DPAT (1 
mg/kg s.c.) or 0.9% NaCl. Data represents group mean ± SEM, n = 8-9 per group. 
Groups receiving 8-OH-DPAT challenge were not significantly different from each other 
but were significantly different from those receiving a 0.9% NaCl challenge (p < 0.05, 
Kruskal-WaUis analysis of variance followed by individual comparison based on the 
Mann-Whitney U-test).
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Figure 4.3.12. Effects of pretreatment dose and time between pretreatment and 
challenge on the induction of hyperphagia. Food intake over 2 h after 8-OH-DPAT (0.5 
mg/kg s.c.) or 0.9% NaCl challenge. Experimental protocols: 1x1 24h; 24h after a single 
8-OH-DPAT 1 mg/kg s.c. or 0.9% NaCl pretreatment. 1x2 24h; same as 1x1 24h except 
the 8-OH-DPAT pretreatment dose was 2 mg/kg. 1x2 48h; same as 1x2 24h except the 
challenge dose was given 48h after a single pretreatment. 1x1 20h; same as 1x1 24h 
except the pretreatment dose was given between 17:00 h and 17:30h (i.e. 30 min to 1 h 
before the dark period) and the challenge given 20 h after. Data represents group mean 
± SEM, n = 7 - 9 per group. Groups given 8-OH-DPAT challenge were not significantly 
different from each other but were significantly different from controls receiving a 0.9% 
NaCl as challenge (p < 0.05, Kruskal-Wallis analysis of variance followed by individual 
comparisons based on the Mann-Whitney U-test).
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8-OH-DPAT challenged groups receiving 0.9% NaCl or 8-OH-DPAT pretreatments did 

not demonstrate significant difference with regard to duration of pretreatment (one-way 

ANOVA F2,2i,o.5o=0.75, F2,22,o.48=0.75, respectively).

Chronic treatment with 8-OH-DPAT did not appreciably alter the gain in body 

weight observed over 14 days (Table 4.3.1.).

Table 4.3.1. Effects of repeated 8-OH-DPAT (1 mg/kg s.c.) on the gam in body weight 
fi*om the start of pretreatment (Mean ± SEM). No significant differences were found 
between the control group (0.9% NaCl pretreated) and 8-OH-DPAT pretreatment group 
(Student’s t-test).

Pretreatment Initial body Weight gamed by Weight gained by
Group weight / g Day 8 Day 14

0.9% NaCl 242.4 ± 1.3 56.8+2.2 99.9 ±3.0
n =  16

8-OH-DPAT 246.8 ± 1.8 52.9 ± 2.4 92.9 ±3.9
(1 mg/kg) 

n =  18

4.3.2. Spontaneous tail-flicks

Single injections of 8-OH-DPAT caused tail-flicks with dose-dependent 

fi-equency in the range 0.2 - 1.6 mg/kg (Figure 4.3.2.1). An approximate ED$o of 0.4 

mg/kg was indicated. However, this may be an underestimate since doses greater than 

1.6 mg/kg might have produced significantly more flicks. 0.9% NaCl challenged rats did 

not exhibit any tail-flicks before or during the 5 min test period.
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Figure 4.3 2.1. Dose response curve for the induction of spontaneous tail-flicks by 
acute administration of 8-OH-DPAT (s.c.). The number of tail-flicks within a 5 min 
period were counted following 5 min adaptation to restraint within a perspex tube (60 
mm diameter by 145 mm length). 8-OH-DPAT, 0 - 1 . 6  mg/kg s.c. were administered 
immediately prior to restraint. Data represents group mean ± SEM, n = 6 - 7 per group. 
Significant difference con^ared to the next lower dose are displayed (* = p < 0.05, 
Duncan’s test following a significant one-way ANOVA).
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Figure 4.3.2 2. Effects of pretreatment duration on the induction of spontaneous tail- 
flicks by a challenge dose of 8-OH-DPAT (0.5 mg/kg s.c.). The number of tail-flicks 
were counted in a 5 min period starting 5 min after administration of the 8-OH-DPAT 
challenge. Animals were pretreated with either 8-OH-DPAT (1 g/kg s.c.) or 0.9% NaCl 
for 1„3 or 14 consecutive days and were challenged 24 h after the last pretreatment 
dose. Data represents group mean ± SEM, n = 7 - 11 per group. No significant 
difference was observed between 0.9% NaCl or 8-OH-DPAT pretreatment animals (p < 
0.05, Student’s t-test).
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The effect of a challenge dose of 8-OH-DPAT (0.5 mg/kg) was not altered by 1,3 

or 14 days of 8-OH-DPAT (1.0 mg/kg) pretreatment (Figure 4.3.2.2). Additionally, no 

significant changes were observed in the within treatment response relative to the 

duration of pretreatment (i.e. animals receiving the same pretreatment and challenge 

schedule, but over differing pretreatment durations).

4.3.3. Hypothermia

The challenge dose of 8-OH-DPAT (0.5 mg/kg) when given one day after 0.9% 

NaCl was significantly hypothermic (Figure 4.3.3.1.) and the reduction in body 

temperature observed was comparable with results fi*om rats receiving a similar dose of 

8-OH-DPAT but without pretreatment (see Chapter 5, this thesis). After a single 

pretreatment with 8-OH-DPAT (1.0 mg/kg) the response to 8-OH-DPAT (0.5 mg/kg) 

challenge remained significant at both 30 and 60 min. However this response was 

significantly attenuated compared to 0.9% NaCl pretreatment at 30 min but not 60 min 

after challenge. The attenuation of hypothermia was somewhat more marked (and 

became significant at 60 min) following 3 days of 8-OH-DPAT pretreatment. Fourteen 

days of 8-OH-DPAT pretreatment caused essentially complete blockage of the 

hypothermic effect of the 8-OH-DPAT challenge 30 min after administration and indeed 

resulted in a significant rise in rectal temperature compared to that of 0.9% NaCl 

pretreated animals at 60 min.
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Figure 4.3.31. Effects of pretreatment duration on the induction of hypothermia by 8- 
OH-DPAT. Change in rectal temperature between 15 min before and 30 min and 60 
min after the administration of 8-OH-DPAT (0.5 mg/kg s.c.) or 0.9% NaCl given 24 h 
after the last pretreatment dose (1,3 or 14 consecutive daily doses of either 8-OH-DPAT 
(1.0 mg/kg s.c.) or 0.9% NaCl). Data represents group mean ± SEM, n = 8 - 9 per 
group. For clarity only the differences between 8-OH-DPAT challenged groups has been 
shown. (* = p < 0.05, ** = p < 0.01, Duncan’s test following a significant one-way 
ANOVA).
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As in section 4.3.1. analysis of the effects of pretreatment duration on the 

hypothermic response was conducted within individual treatment regimes (i.e. 

comparison of hypothermia in groups receiving the same pretreatment / challenge regime 

but over different duration). In 0.9% NaCl pretreated rats a general trend towards a 

diminishing response occurred with increasing duration of pretreatment. This was 

significant at 60 min but not 30 min after the 8-OH-DPAT challenge (one-way ANOVA 

p2,24,o.ooi= 14.41 and F2,24,o.o?= 3.06, respectively) with a reduction in response occurring 

after 14 days of 0.9% NaCl pretreatment (Duncan’s test for multiple group comparison, 

p < 0.01, n = 8 or 9 per group).

Nearly all of the animals receiving 0.9% NaCl challenge, displayed a subsequent 

elevation in tenq^erature (Student t-tests on 0.9% NaCl pretreated versus 8-OH-DPAT 

pretreated rats). Although rats receiving 3 days of 8-OH-DPAT pretreatment did tend to 

display less of a hyperthermic response. These data may be more difficult to interpret 

since these animals also tended to have a shght (yet significant) increase in basal 

temperature, 15 min before the 8-OH-DPAT challenge (see Table 4.3.3.).
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Table 4.3.3. The effects of 1,3 or 14 days pretreatment with 1 mg/kg 8-OH-DPAT or 
0.9% NaCl on the basal rectal temperature of rats 24 h after the final pretreatment dose 
and 15 min before receiving a challenge. Values represent mean ± SEM, n = 16 or 17 
per group. Significant difference from 0.9% NaCl pretreatment group. Student t-test, * p 
< 0.01

Days of pretreatment

1

3

14

Pretreatment
0.9% NaCl 8-OH-DPAT (1.0 mg/kg s.c.)

Basal rectal temperature (°C)

37.59 ± 0.09 37.57 ± 0.07

37.42 ± 0.08

37.58 ±0.06

37.76 ±0.08*

37.70 ±0.11

one-way ANOVA '2 ,47,0.34=  1.11 F2,47,0.3Q— 1.23

Additionally, the duration of pretreatment significantly altered the hyperthermic 

response in 0.9% NaCl challenged rats. The hyperthermia recorded at 30 and 60 min 

was significantly increased (Duncan’s test following one-way ANOVA) after 3 days 

pretreatment with 0.9% NaCl (30 min, F2,2o,o.ooi= 11.51; 60 min, F2,2o,o.ooi= 16.28) but 

not 8-OH-DPAT. However, both 8-OH-DPAT pretreatment (Duncan’s test following 

one-way ANOVA, 30 min, F2,2i,o.ooi= 1186; 60 min, F2,2i,o.o4 = 3.66) and 0.9% NaCl 

pretreatment for 14 days diminished hyperthermia at both times.

When a single large pretreatment dose of 8-OH-DPAT (2 mg/kg) was given to 

rats, the hypothermic response to challenge one day later by 8-OH-DPAT (0.5 mg/kg) 

was marginally more attenuated (down 32% compared to 22% for 1 mg/kg pretreatment 

dose; Figure 4.3.3.2.). When the interval between pretreatment and challenge was 

increased to 48 h, the attenuation was more marked (down 62%).
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Figure 4.3.3.2. Effects of pretreatment dose and time between pretreatment and 
challenge on hypothermia induced by 8-OH-DPAT. Change in rectal temperature 
between 15 min before and 30 min and 60 min after a challenge of 8-OH-DPAT (0.5 
mg/kg s.c.) or 0.9% NaCl. Experimental protocol: 1x1 24h; response 24h after a single 
8-OH-DPAT (1 mg/kg) or 0.9% NaCl pretreatment. 1x2 24h; the same as 1x1 24h 
except that the 8-OH-DPAT pretreatment dose was 2 mg/kg. 1x2 48h single; the same 
as 1x2 24h except that the challenge dose was given 48 h after the pretreatment dose 
(singly housed rats). 1x2 48h group; same as the 1x2 48h single except rats were group 
housed ( 4 - 5  per cage). Data represents group mean ± SEM, n = 8 - 10 per group. For 
clarity only the differences between 8-OH-DPAT challenged groups is displayed (* = p < 
0.05, * * = p < 0.01, Duncan’s test following a significant one-way ANOVA).
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In general, control animals which were group housed tended to show more 

modest hyper- and hypothermic responses compared to those individually housed. 

However, a significant reduction in the hypothermic response (27% and 46% at 30 and 

60 minutes, respectively) of the group housed, compared to singly housed animals, was 

observed in the 0.9% NaCl pretreated, 8-OH-DPAT challenged group (Student’s t-test, 

p < 0.05). Notably this was the pretreatment and challenge regime which caused the 

greatest reduction in body temperature. The more modest reduction seen in the group- 

housed animals probably reflects their ability to congregate together and thus reduce heat 

loss.

As grouped animals (n = 5 or 4) within each cage were randomly assigned to 

pretreatment and challenge regimes, it was not possible therefore, to examine the 

influence of the order of their removal and testing on the subsequent temperature 

response. The order of removal and testing of group housed animals has been shown (at 

least in mice) to influence the extent of subsequent tenperature responses and is 

probably due to the anxiogenic nature of the testing procedure (stress-induced 

hyperthermia) (Lecci et al., 1990).

4.3.4. 5-HT syndrome

The challenge dose of 8-OH-DPAT when given one day after 0.9% NaCl caused 

flattened body posture, reciprocal forepaw treading and increased forward locomotion 

Figure 4.3.4.1. and Figure 4.3.4.I.). To a lesser extent hindlimb abduction and wet dog 

shakes were also observed in this group.

The effect on flattened posture was significantly decreased after a single 8-OH- 

DPAT pretreatment and became progressively more attenuated on multiple pretreatment 

so that after 14 days it was essentially absent. A single pretreatment caused reciprocal 

forepaw treading to be rather more strikingly attenuated than flattened posture but 

(unlike the latter behaviour) attenuation was not increased on repeated pretreatment. 

Hindlimb abduction and wet-dog shakes were apparently unaltered by 8-OH-DPAT 

(1 mg/kg) pretreatment. However, scores were very low.
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Figure 4.3.41. Effects of 8-OH-DPAT (1 mg/kg s.c.) pretreatment on components of 
the 5-HT syndrome elicited by a challenge dose 8-OH-DPAT (0.5 mg/kg). A. flattened 
body posture, B. reciprocal forepaw treading, C. hindlimb abduction and D. wet-dog 
shakes, were scored as either present (1) or absent (0) in four 1 min periods (8 min apart 
and starting 8 min after injection of the challenge). Data represents group mean ± SEM 
(number of periods in which response was observed), n = 12 -14 per group. As 0.9% 
NaCl challenged groups did not exhibit these responses and therefore have been omitted 
from this figure. Significant differences between 8-OH-DPAT and 0.9% NaCl pretreated 
groups were determined by the Mann-Whitney U-test (* = p < 0.01) following a 
significant Kuskal-Wallis ANOVA.
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Figure 4.3.4 2. Effects of 8-OH-DPAT (1 mg/kg s.c.) pretreatment on components of 
the 5-HT syndrome elicited by a challenge dose 8-OH-DPAT (0.5 mg/kg). A. forward 
locomotion, B. rearing, C. grooming and D. feeding, were scored as either present (1) or 
absent (0) in four 1 min periods (8 min apart and starting 8 min after injection of the 
challenge). Data represents group mean ± SEM (number of periods in which response 
was observed), n = 12-14 per group. Significant differences between 8-OH-DPAT and 
0.9% NaCl pretreated groups were determined by the Mann-Whitney U-test (* = p < 
0.05, * * = p < 0.01) following a significant Kuskal-Wallis ANOVA.
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Flattened posture, forepaw treading, hindlimb abduction and wet-dog shakes were not 

observed in 0.9% NaCl challenged rats.

Duration of pretreatment (1,3 or 14 days) had httle effect on 0.9% NaCl 

pretreated animals. In addition to flattened posture (mentioned above) only the hindlimb 

abduction response was diminished after 3 and 14 pretreatments with 8-OH-DPAT, 

compared to a single pretreatment. However, for the latter behaviour, no significant 

difference was observed between the drug and control groups given the same duration of 

8-OH-DPAT or 0.9% NaCl pretreatment. Essentially hindlimb abduction was less 

apparent after prolonged pretreatment although this did not reach significance in 0.9% 

NaCl pretreated animals.

An 8-OH-DPAT challenge caused a marked increase in forward locomotion in 

rats given a single or 14 days pretreatment. This behaviour was significantly reduced in 

animals following three 0.9% NaCl pretreatments, and this was further and significantly 

attenuated in those receiving 8-OH-DPAT pretreatment for 3 days.

Rearing was also significantly enhanced after a single or 3 day period of 8-OH- 

DPAT pretreatment, but was significantly attenuated after 14 days of 8-OH-DPAT 

pretreatment, con^ared to the 0.9% NaCl pretreated rats, when challenged with 8-OH- 

DPAT. Feeding episodes were rarely seen in the animals observed over the scoring 

period.
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4.4. Discussion

This single study approach demonstrates the striking differences in the effects of 

repeated 8-OH-DPAT administration on different 5-HTia mediated responses induced by 

8-OH-DPAT. Thus, the different vulnerabilities to attenuation by 8-OH-DPAT 

pretreatment (1.0 mg/kg) and subsequent challenge with 8-OH-DAPT (0.5 mg/kg) 

appears to rank as follows; (postsynaptic 5-HTia mediated responses) flattened body 

posture > forepaw treading > hypothermia, whilst the pre- and postsynaptic 5-HTia 

mediated responses of hyperphagia and spontaneous tail-flick, respectively, were 

unaltered.

The observation that flattened body posture and reciprocal forepaw treading, 

both components of the 5-HT syndrome mediated by postsynaptic 5-HTia receptors 

(Tricklebank et al., 1985), are rapidly attenuated by a single pretreatment with 8-OH- 

DPAT (1.0 mg/kg) on challenge with 8-OH-DAPT (0.5 mg/kg) (figure 4.3.4.1), is in 

agreement with the previous findings of Larsson et al., (1990). This latter study reports 

essentially complete absence of these responses in rats challenge by 8-OH-DPAT (0.3 

mg/kg) given one day after multiple pretreatment over a 24 h period with 8-OH-DPAT 

(1.0 mg/kg X 3). However, Kennett et al., (1987) saw no such change in the forepaw 

treading response (flattened body posture was not reported) to 5-methoxy-N,N- 

dimethyltryptamine (5 mg/kg i.p.) or 8-OH-DPAT (1 mg/kg s.c.) after a single 

8-OH-DPAT (1.0 mg/kg s.c.) pretreatment given 24 h earlier. It is unlikely that this 

solely represents a dose difference as the higher challenge dose of 1 mg/kg s.c. 8-OH- 

DPAT used by Kennett et al., (1987) is still a submaximal dose for this response 

(Tricklebank et a l, 1985; Hutson et a l, 1987b). Goodwin et a l, (1987a) also 

demonstrated an attenuation in the serotonin syndrome (measured as total behavioural 

score including flat body posture and forepaw treading) response to 8-OH-DPAT (0.75 

mg/kg s.c.) following repeated electroconvulsive shock but not after a single shock. In 

the same study the antidepressants, tranylcypromine (24 h after a single dose), zimeldine 

and desipramine (both after repeated administration but not a single dose), all attenuated 

the 5-HT syndrome behavioural response to 8-OH-DPAT (0.75 mg/kg).
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It is of interest that in the present study, flattened body posture and forepaw 

treading demonstrate apparently differing degrees of attenuation when given the same 

pretreatment and challenge schedule. The former appeared to become progressively 

more attenuated and indeed was blocked after prolonged pretreatment whereas the latter 

showed a 75% attenuation after 1,3 or 14 days of 8-OH-DPAT. This suggests either 

that a difference may exist in the subset of postsynaptic 5-HTia receptors which 

mediated these responses or that their expression depends on different ‘down-stream’ 

populations of neurones. However, it is also possible that attenuation of one component 

of the 5-HT syndrome may unmask differences in the response of others. As the 

expression of various behavioural components are probably influenced by the expression 

of others, progressive attenuation of say, flat body posture may allow greater expression 

of reciprocal forepaw treading although the latter is equally attenuated per se.

Another postsynaptic response, spontaneous tail-flicks induced by a challenge of 

8-OH-DPAT (0.5 mg/kg) was apparently unaffected by 8-OH-DPAT pretreatment (1.0 

mg/kg) for up to 14 days. The resistance of the tail-flick response to attenuation was not 

due merely to an inappropriate challenge dose as the selected dose (0.5 mg/kg) elicited 

no more that an approximately half-maximal response (Figure 4.3.2.1.). Bervoets et al., 

(1992) demonstrated that 90% destruction of the CNS pool of 5-HT by i.c.v. 

administration of 5,7-dihydroxytryptamine, failed to alter 8-OH-DPAT induced tail-flicks 

and concluded that the 5-HTia receptors responsible for this response are located 

postsynaptically. Furthermore, since intrathecal 8-OH-DPAT administration dose- 

dependently evoked spontaneous taü-fhcks, these authors concluded that the 5-HTia 

receptors mediating this response were localised in the lumbar spinal cord. The inability 

of prolonged 8-OH-DPAT pretreatment to attenuate this response whilst other 

postsynaptically mediated behaviours are readily reduced, may indicate differences in 

receptor populations (either in terms of their location or secondary messenger coupling) 

or in the interaction with ‘down-stream’ neurones.

Recent reports suggest that differences in the required occupancy of particular 

receptor populations may underlie the observed ability of partial agonists to produce full 

agonist i.e. maximal responses. Since apparent excess of receptors has been defined as a 

receptor reserve (Meller et al., 1990) and differences at pre as opposed to postsynaptic 

sites may underhe the tolerance of some responses to attenuation by 8-OH-DPAT
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pretreatment. This is supported by the finding that large receptor reserves are found in 

presynaptically locations such as the raphe nucleus but not in postsynaptic loci (Meller et 

al., 1990 and 1992; Hjorth 1991; Yocca et al., 1992, Cox et al., 1993).

8-OH-DPAT pretreatment (1 mg/kg) for 1,3 or 14 days failed to essentially alter 

the hyperphagic response to challenge by 8-OH-DPAT (0.5 mg/kg) (Figure 4.3.2.1) a 

response demonstrated to be mediated by presynaptic 5-HTia receptors in the raphe 

(Dourish et al., 1986a,b,c & d; Hutson et al., 1986 and 1988). This contrasts with the 

report by Kennett et al., (1987) that hyperphagia induced by a challenge dose of 0.06 or 

1.0 mg/kg 8-OH-DPAT could be prevented by a single pretreatment dose of 1.0 mg/kg 

given 20 h earher. Initially, the possibihty of a disturbance in normal nocturnal feeding 

by administration of 8-OH-DPAT shortly before the dark phase (as Kennett et al., 1987) 

was considered as a possible explanation, particularly as Larsson et al., (1990) observed 

a loss in body weight of animals chronically administrated with 8-OH-DPAT (1.0 mg/kg 

at 08:00 h and 17:00 h for 7 days).

However, in this current study rats given 8-OH-DPAT (1.0 mg/kg between 12:00 

h to 14:00 h daily) for up to 14 days, did not cause a significant reduction in body weight 

gained (table 4.3.1.). Furthermore a single 8-OH-DPAT 1.0 mg/kg pretreatment when 

given 30 min to 1 h before the start of the dark phase did not produce an attenuated 

response (figure 4.3.1.2). It is possible that more rapid uptake or slower elimination of 

8-OH-DPAT in the study of Kennett et al., (1987) may have led to an effective 

attenuation. As this work was done a number of years before the present study, it is not 

inconceivable that differences in diet or in procedures used by commercial rat supphers, 

led to different activities of drug metabolising enzymes.

Supporting this explanation is the present finding that increasing the pretreatment 

dose to 2.0 mg/kg led to an approximate 50% attenuation (albeit non-significant) of 

hyperphagia on challenge. The observation that rats injected for three days with either 8- 

OH-DPAT or 0.9% NaCl but which subsequently received only 0.9% NaCl, did not feed 

as much as animals pretreated for 1 or 14 days, may indicate a shifting baseline with 

regard to the stress caused by the injection procedure. It is conjectural but possibly 

relevant that animals receiving more (via adaptation) or less handling may exhibit 

differences in their feeding response when receiving vehicle as opposed to a hyperphagic 

drug. Regardless of the discrepancy, the findings of this current study indicate that
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hyperphagia, a presynaptic 5-H T ia mediated response (Dourish et al., 1986a,b,c & d; 

Hutson et al., 1986 and 1988) is more resistant to attenuation than some postsynaptic 

responses.

Considerable debate has surrounded the location of the 5-HTia receptors which 

mediate the hypothermic response of rats to 8-OH-DPAT. However, the weight of 

evidence now supports a postsynaptic locus (Hjorth 1985; Hutson et al., 1987a; Bill et 

al., 1991; O’Connell et al., 1992; Millan et al., 1993) (as discussed in chapter 5 of this 

thesis). The hypothermia observed in this present study was attenuated after a single 

pretreatment of 8-OH-DPAT (1.0 mg/kg) and this is in qualitative agreement with 

Larsson et al., (1990) who used different doses and time schedules. The diminution of 

hypothermic response to a challenge of 8-OH-DPAT has also been reported following 5- 

methoxy-N,N-dimethyltryptamine (3-MeODMT) (Nash et al., 1989) as well as 8-OH- 

DPAT (Luscombe et al., 1993) pretreatments.

The degree of attenuation to 8-OH-DPAT (0.5 mg/kg) challenge was unaffected 

when the pretreatment dose was increased to 2.0 mg/kg 8-OH-DPAT, but was more 

marked when the delay between pretreatment and challenge was increased from 24 h to 

48 h (figure 4.3.3.2.).

Interestingly, group housed rats displayed less of a rise in body tenqjerature 

following 0.9% NaCl challenge compared to those housed singly and this raises the 

question of whether individually housed animals tend to be more reactive to stimuh. The 

elevation in body temperature was seen in nearly all the 0.9% NaCl challenged animals 

and could represent an anxiogenic response to the testing procedure. Such an 

interpretation is supported by the findings of Lecci et al., (1990) who report a correlation 

between increased initial body temperature and the order of removal and testing of group 

housed mice. Furthermore, it is possible that changes in basal metabohc rate and core 

temperatures (associated with an anxiogenic response) may influence the uptake or 

elimination of a drug. Considerations of this kind ençhasise the need for appropriate 

control groups when attempting to monitor the effects of substances possessing 

anxiolytic or anxiogenic properties.

Group housing would also be expected to affect tençerature control as a result 

of bodily contact between animals in the same cage. However, in the 8-OH-DPAT 

pretreated and challenged rats, hypothermia was as pronounced in the group housed as in
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the individually housed animals. Attenuation of hypothermia became more prominent on 

repeated administration of 8-OH-DPAT (1.0 mg/kg). This may be consistent with a 

finite receptor reserve for postsynaptic receptors (Yocca et al., 1992).

With the exception of the tail-flick response, this study indicates that postsynaptic 

5-HTia mediated responses are more readily attenuated than presynaptically mediated 

ones. However, this contrasts sharply with the effect of 8-OH-DPAT or other 5-HTia 

agonists on presynaptic 5-HTia receptors (Beer et al., 1990) and their lack of effect on 

postsynaptic sites in terms of receptor number or binding affinity (Weiner et al., 1989; 

Larsson et al., 1990; Fanelh and McMonagle-Strucko, 1992).

In summary, the single study multiple response approach is an effective method 

for comparing different actions of the 5-HTia prototypical agonist 8-OH-DPAT. 

Markedly different sensitivities to attenuation were shown for different 5-HTia 

dependent responses. Hyperphagia and tail-flick (responses to activation of pre- and 

post-synaptic 5-HTia receptors respectively) were not attenuated by repeated 8-OH- 

DPAT. Components of the 5-HT syndrome and hypothermia which are mediated by 

postsynaptic 5-HTia receptors were respectively rapidly and slowly attenuated. 

Interestingly, the attenuation of hypothermia in the rat, parallels the approximate time 

course of therapeutic action of antidepressants in patients (Jacobson et al., 1985b; 

Feighner and Boyer, 1991; Amsterdam, 1992) and indeed the monitoring of hypothermia 

following antidepressant administration has been suggested as an index of efficacy (Lesch 

et al., 1990a &b).
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5. EVIDENCE FOR POSTSYNAPTIC MEDIATION 
OF THE HYPOTHERMIC EFFECT OF 

5 -H T ia  RECEPTOR ACTIVATION

5.1. Introduction

The rat brain contains both pre- and postsynaptic 5-HTia binding sites (Gozlan et 

al., 1983). Presynaptic 5-HTia receptors occur within the dorsal and median raphe nuclei 

(Verge et al., 1985; Weissman-Nanopoulos et al., 1985). Support for their function as 

autoreceptors is provided by the findings that systemic injection of 5-HT agonists, with high 

affinity for 5-HTia sites, cause decreased firing of serotonergic neurones in the raphe nuclei 

(Sprouse and Aghajanian, 1987; Chaput and de Montigny, 1988; Adrien et al., 1989) and 

produce a decrease in 5-HT turnover (Hamon et al., 1988; Hjorth and Magnusson, 1988). 

Furthermore, local infusion of these drugs into the raphe reduces 5-HT release in forebrain 

areas (Hutson et al., 1989; Sharp et al., 1989a; Blier et al., 1990). Additionally, there is direct 

immunohistochemical evidence for the existence of 5-HTia somatodendritic 

autoreceptors on serotonergic neurones in the raphe nuclei (Sotelo et aL, 1990).

Behavioural responses to activation of presynaptic 5-HTia receptors include 

hyperphagia in fi*eely feeding rats (Dourish et al., 1985a & b, 1986a to d; Hutson et al., 

1986), and altered motor activity (Hfilegaart, 1990). Activation of postsynaptic 5-HTia 

receptors cause at least two conponents of the 5-HT behavioural syndrome, namely flat 

body posture and reciprocal forepaw treading (Tricklebank et al., 1985), as well as 

spontaneous tail-fhcks (Millan et al., 1991; Bervoets et al., 1990 & 1993).

Much of the evidence for the pre- or postsynaptic location of receptors 

responsible for particular responses derives from studies involving depletion of 5-HT 

(Hjorth, 1985; Dourish, et al., 1986a & b; Goodwin, et al., 1987b; Hutson, et al., 1987a 

& b). One such approach has been the apphcation of p-chlorophenylalanine (pCPA), 

which causes depletion by blocking 5-HT biosynthesis through inhibition of tryptophan 

hydroxylase (Koe and Weissman, 1966).
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Dourish et al. (1986a) demonstrated that pCPA, which causes gross depletion of 

brain 5-HT, effectively blocks 8-OH-DPAT induced feeding. It was argued that pCPA 

prevents operation of pre-synaptic serotonergic mechanisms, supporting the conclusion 

that 8-OH-DPAT induced hyperphagia is mediated by 5-HTia somatodendritric 

autoreceptors present in the raphe nuclei (Dourish, et al., 1986a & b). The likelihood of 

postsynaptic receptor super-sensitivity being responsible for the observed effect was 

excluded, since pCPA treatment did not significantly alter 8-OH-DPAT induced 

stereotypic behaviour (Perron, et al., 1982; Doruish, et al., 1986a).

The location of receptors responsible for the hypothermic response to 5-HTia 

receptor hgands has been extensively discussed (see Hutson et al., 1987a; Bill et al., 

1991; MiUan et al., 1993). In 1985, Hjorth observed that pCPA reduced the threshold 

dose of 8-OH-DPAT required to ehcit a significant hypothermia in rats. This was 

supported by similar findings by Hutson et al., (1987a) who demonstrated that rats 

pretreated with pCPA or 5,7-dihydroxytryptamine (5,7-DHT) (another 5-HT depleter) 

had an enhanced hypothermic response to 8-OH-DPAT or the selective 5-HTia hgand, 

1 -[2-(4-aminophenyl)ethyl]-4-(3-trifluoromethylphenyl) piperazine (LY165163).

Matsuda, et al., (1990) using mice also demonstrated a tendency for pCPA to 

enhance rather than diminish 8-OH-DPAT induced hypothermia. However, these data 

contrast markedly with results from Goodwin et al., (1987b) who suggest a presynaptic 

loci for 8-OH-DPAT induced hypothermia in rats, since in these authors hands, the 

response was attenuated following 5-HT depletion by repeated i.p. administration of 

pCPA or by injection of 5,7-DHT into the third ventricle. Similar results were obtained 

in mice (Goodwin et al., 1985a & b; Heal et al., 1989).

Additionally, Higgins et al., (1988) and Hillegaart (1991) induced hypothermia by 

injecting 8-OH-DPAT into the dorsal raphe of rats, which is consistent with a 

presynaptic loci, as concluded by Goodwin et al., (1985a & b, 1987b). The controversy 

surrounding the location of receptors mediating this response, is further comphcated by 

evidence that pCPA or 5,7-DHT may oppose the hypothermic response to 8-OH-DPAT 

in mice but not in rats, indicating a presynaptic loci for hypothermia in the former and a 

postsynaptic loci in the latter species (BiU et al., 1991).

Since, Hjorth (1985), Hutson et al., (1987a) Goodwin et al., (1987b) all used 

male Sprague-Dawley rats, the differences cannot solely be attributable to animal species
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or strain. The rats used by Goodwin et al., (1987b) were group housed and somewhat 

smaller (150 - 250 g) than the individually housed animals (200 - 250 g) used by Hutson 

et al., (1987a), and although the differences in weight alone may not explain the apparent 

discrepancy, the housing conditions may be influential. In each study, body temperatures 

were determined rectaUy using similar protocols.

Differences in the dosing and testing schedule used in these depletion studies may 

explain the apparent differences in results. Hjorth (1985) and Hutson et al., (1987a) 

administered 8-OH-DPAT and monitored body temperature 24 h after the last of three 

consecutive daily injections of 100 or 150 mg/kg of pCPA, respectively. Goodwin et al., 

(1987b) injected 200 mg/kg of pCPA on days 1,2,6 and 12, and administered 8-OH- 

DPAT on both day 4 and day 14, followed by body temperature monitoring on both 

occasions.

The route of administration of pCPA was via intraperitoneal injection, and for 8- 

OH-DPAT was subcutaneous in all three studies. Hutson et al. (1987a), used 8-OH- 

DPAT doses of 0.25 mg k g '\ compared to 0.1 and 0.75 mg kg'  ̂used by Goodwin et al., 

(1987b). However, whilst the short duration of pCPA treatment was shown to reduce 

brain 5-HT by 86% (Hjorth, 1985) and 91% (Hutson et al., 1987a), with similar 

decreases in 5-HIAA, Goodwin et al., (1987b) did not report the extent of depletion 

achieved using their more protracted regime. Furthermore, inhibition of 8-OH-DPAT 

induced hypothermia reported in this latter study, was evident only on day 14 and not on 

day 4, when a very substantial degree of 5-HT depletion would have been expected.

Unfortunately, 5-HT hgands are not the only substances capable of inducing 

hypothermia. Benzodiazepine full agonists, such as flurazepam, loprazolam and (3- 

carbohne (Taylor et al., 1985; Jackson and Nutt, 1990) have been demonstrated to 

induce a fall in body temperature. Indeed this response has been proposed as a useful 

test for discriminating between full and partial agonists at the benzodiazepine receptor 

(Jackson and Nutt, 1990). Furthermore the dopaminergic system also appears to be 

involved in thermoregulation since dopamine agonists, such as apomorphine, induces 

hypothermia iu rodents (Lapin and Samsonova, 1968). More recent evidence points to 

the D2 subtype of dopamine receptors as mediating hypothermia and activation of D% 

receptors for ehciting a rise in body temperature following administration of dopamine 

agonists (Vasse et al., 1990). Evidence of an opposing role for serotonergic receptor
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subtypes has also been proposed in which 5-HTz receptors mediate hyperthermia, while 

5-HTia receptors, mediate the hypothermic response Gudelsky et al. (1986). Taken 

together these data suggest that considerable caution is required when ascribing a direct 

role to a particular receptor subtype as the sole mediator of the hypothermic response.

However, the effectiveness of selective agonists to induce the response, and for 

selective antagonists to block it, indicates a role for that receptor in the mediation of the 

response. Several 5-H T ia selective agonists induce hypothermia in rats, including 8 -OH- 

DPAT (Hjorth, 1985; Goodwin et al., 1985a, 1987a & b; Hutson et al., 1987a) and the 

substituted azapirones; buspirone, gepirone and ipsapirone (Hjorth, 1985; Koenig et al., 

1988; for a review see Martin and Heal, 1991).

Studies reporting blockade of the 5-HTia mediated hypothermic response are 

somewhat confusing. For example, 8 -OH-DPAT induced hypothermia was reported to 

be blocked in rats and mice by the relatively non-selective 5-HT hgand, quipazine 

(Goodwin et al., 1985a & 1987b) and in mice by the dopamine hgand, haloperidol, but 

not flupenthixol (Goodwin et al, 1985a). However, the hypothermia induced by 8 -OH- 

DPAT did not appear to be attenuated by various a -  or p-adrenoceptor antagonists, the 

benzodiazepine antagonist RO 15-1788, or some hgands with high affinity for the 5- 

HTia site, such as propranolol or pindolol (Goodwin and Green, 1985; Gudelsky et al, 

1986; Koenig et a l, 1988). Interestingly other putative 5-HT antagonists, namely, 

metergoline and methiothepin have been reported to enhance the effect of 8 -OH-DPAT 

induced hypothermia (see Green and Goodwin, 1987).

Selective and pure antagonists at the 5-HTia receptor site have been slow to 

emerge. An early contender for this role was described by Yocca et a l, (1987) as an 

buspirone analog, 8-[2-[4-(2-methoxyphenyl)-l-piperazinyl]ethyl]-8-azaspirol [4,5] - 

decane-7,9-dione dihydrochloride (BMY 7378), which possessed selectivity and low 

intrinsic activity at the 5-HTia receptor (as measured by postsynaptic mediated 

responses) in rat and guinea pig hippocan^al membranes. The antagonistic properties of 

this drug when used in conjunction with 8 -OH-DPAT have been confirmed by Chaput 

and de Montigny (1988) and Sharp et a l, (1990).

The present study reports on the interaction of the putative 5-HTia antagonist, 

BMY 7378 with 8 -OH-DPAT induced hyperphagia and components of the 5-HT 

syndrome. It also examines the ability of BMY 7378 to induce both hyperphagia, a

111



response known to be due to activation of presynaptic 5-H T ia receptors and also, 

hypothermia, which is mediated, as discussed above, by 5-H T ia receptors of uncertain 

locahty. BMY 7378 and/or 8 -OH-DPAT induced hypothermia were also investigated 

using serotonin hgands (i.e. quipazine, pindolol, and metergoline) which have been 

previously reported to influence this response to 8 -OH-DPAT. Additionally the action 

of spiperone, which has been reported to be an effective 5-H T ia antagonist (personal 

communication, A. Adell) is included.

Direct infusion of BMY 7378 into the dorsal raphe was conducted to investigate 

its effects on thermoregulation. These findings wUl be compared to the results of 

Higgins et al., (1988) and Hillegaart (1991) in which local infusion of 5-HTia agonists 

into the dorsal raphe was reported to induce hypothermia.

Finally the effects of 5-HT depletion on the hypothermias induced by 8 -OH- 

DPAT and BMY 7378 were studied using pCPA pretreatment with the dosing schedules 

of Hutson et al., (1987a) or Goodwin et al., (1987b).

These investigations are of some importance since 8 -OH-DPAT induced 

hypothermia has been proposed as a model of presynaptic 5-HTia receptor mediated 

responses (Goodwin et al., 1985a; Green and Goodwin; 1987; Lesch et al., 1990a) and 

given the conflicting findings on the location of the receptors mediating the hypothermic 

response.
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5.2. Materials and methods

5.2.1. Animals

Male Sprague-Dawley rats (Charles River, U.K., weight 200 - 250 g) were 

housed iudividuahy under a 12 h hght-dark cycle (hghts on 06 00 h) at 22 ± 1 °C for 5 

days before experimentation. Rat diet (Labsure, Poole, Dorset) and water were freely 

available. AH study procedures were conducted between 12:00 and 17:00 h.

5.2.2. Drugs

Drugs used were as follows: 8-[2-[4-(2-methoxyphenyl)-l-piperazinyl] ethyl] 8 - 

azaspirol [4,5] - decane-7,9-dione 2HC1 (BMY7378), Bristol-Myers Co., Evansvill, IN, 

U.S.A.; 8-hydroxy-2-(di-n-propylamino)tetralin HBr (8 -OH-DPAT), Research Bio

chemicals Inc., Semat, St. Albans, U.K.; quipazine, metergoline, (±)-pindolol, spiperone 

and DL-p-chlorophenylalanine methyl ester HCl (pCPA), were from Sigma Chemicals 

Co., Poole, Dorset, U.K. and (-)-pindolol was a generous gift from Sandoz, Basle, 

Switzerland.

AU drugs, except metergoline, spiperone, (-)- and (±)-pindolol, were freshly 

dissolved in 0.9% NaCl and injected (s.c. for BMY 7378 or 8 -OH-DPAT, i.p. for aU 

other drugs) in a volume of 1.0 mL kg'^ between 12:00 h and 14:00 h.

Metergoline, (-)-and (±)-pindolol were dissolved in a few drops of 0.1 M hydrochloric 

acid, brought to neutrahty with O.IM sodium hydroxide and made up to volume with 

0.9% NaCl.. Spiperone was dissolved in a few drops of glacial acetic acid, brought back 

to pH 5.0 and diluted to 5 mL with water.
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5.2.3. Food intake

5.2.3.I. Effects of BMY 7378 on 8-OH-DPAT induced hyperphagia

Rats were given 0.9% NaCl or BMY 7378 2 mg kg 'l i.p. 30 minutes before

receiving 0.9% NaCl or 8 -OH-DPAT 0.1 mg kg"l s.c. Immediately after administering 

the treatment drug, food hoppers were refilled with a known weight of food pellets. 

Food remaining 2, 4 and 24 h after drug treatment was re-weighed and cumulative food 

intake calculated. Prior to and throughout this procedure, rats were provided with food 

and water ad. libitum.

5,2.3.2. Effect of BMY 7378 alone, on feeding

Rats received a single dose of 0.002, 0.008, 0.032, 0.125, 0.5 or 2.0 mgkg"^ 

s.c. in order to determine a dose-response curve for BMY 7378 induced hyperphagia. 

The conditions for determination of food intake were similar to those described above, 

with the exception that no pretreatment was given and rats received either 0.9% NaCl or 

one of the doses of BMY 7378 immediately prior to commencing monitoring.

5.2.4. Effect of BMY 7378 on the 5-HT syndrome induced by 8-OH-DPAT

Three days prior to the start of the procedure, singly housed rats were transferred 

from their holding cages and singly housed in Perspex observation cages (dimensions 30 

cm X 30 cm X 20 cm high). On the day of the procedure, most of the cage bedding was 

removed to facifrtate the observation of behaviour. Each animal received a pretreatment

of BMY 7378 8  mg kg'^or 0.9% NaCl administered s.c. into the right flank 30 min

prior to injecting 8 -OH-DPAT 0.5 or 1.0 mg kg"l,or 0.9% NaCl s.c. into the left flank. 

The 8 -OH-DPAT doses were selected to evoke a moderate 5-HT syndrome without

114



inducing excessive hyperlocomotion. Behaviour was recorded on videotape from 10 to 

70 min after the final drug injection and subsequently analysed by use of a personal 

computer running software developed in house (Dickinson and Curzon, 1983) and 

subsequently described and used by Dourish et al. (1986a). Because of the limited field 

of view of the video camera, only two animals (one treatment and one control) in side- 

by-side observation cages were monitored concurrently. The behaviour of each animal 

was subsequently individually scored from replay of the videotape.

5.2.5. Temperature measurement

The measurement of rectal temperature was conducted as described in the General 

Methods, section 2.7.2.. Rats were briefly retained in a 6  cm internal diameter Perspex 

tube and rectal temperature measured by inserting a lubricated digital thermometer probe 

(Phihp Harris Scientific, London, U.K.), 3.5 cm into the animal’s rectum. Readings were 

taken at least 15 min before and then 30 and 60 min after given BMY 7378, 8 -OH- 

DPAT or 0.9% NaCl. For schedules and doses see relevant results section. Rats were 

not previously habituated to the procedure.

Since the basal rectal temperature of individual animals varied from animal to 

animal the change in temperature during the course of the procedure was used to 

examine the effect of drug treatment. Room temperature was usually maintained at 21 ±

1 °C.

5.2.5.1. Effects of BMY 7378 on body temperature

A measurement of basal rectal temperature was taken fifteen minutes before

administering 0.9% NaCl as vehicle or BMY 7378 0.5, 2, 8 or 32 mg kg"l s.c. (scruff). 

Animals received a single dose and were not reused. The change in body temperature 

was calculated by subtracting the initial basal body temperature from the temperature 

recorded at 30, 60,120 and 300 minutes after drug injection.
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S.2.5.2. Effect of quipazine, metergoline, (-)-pindolol, (±)-pindolol and spiperone 
on BMY 7378 or 8-OH-DPAT induced hypothermia

Following a basal temperature measurement, rats were given i.p., metergoline 

1 mg kg"l, quipazine 1 mg k g 'l, (±)-pindolol 2  mg kg"! or vehicle, and rectal 

temperature was re-measured 15 min later. Immediately after this measurement, each 

animal received s.c. 0.9% NaCl, or BMY 7378 8  mg kg"! or 8 -OH-DPAT 0.1 mg kg"l 

and rectal temperature was taken at 30, 60 and 90 minutes after the last injection. The 

procedure and timings of administration and measurements were similar for (-)-pindolol

except the dose of 8 -OH-DPAT given was increased to 0.25 mg kg"^s.c. (as earher 

studies show only a modest hypothermic response to the 0 .1  mg kg'^ dose).

Spiperone 1 mg kg"l was administered i.v. via the tail-vein. Briefly, after the 

basal temperature measurement, the rat was retained in a Perspex tube with the tail 

exposed. An alcohol swab was applied to the underside mid-portion of the tail and the 

base of the tail was gently constricted to cause dilatation of the blood vessels. A 24 

gauge needle on a syringe containing spiperone or vehicle, was inserted into the tail-vein 

and the drug administered over a 10 second period. The constriction of the taü was

released and fifteen minutes later, BMY 7378 8  mg kg"l or 8 -OH-DPAT 0.1 mg kg"^ 

were given s.c. Rectal temperature was monitored as described above.

5.2.5.3. Infusion of BMY 7378 directly into the dorsal raphe

Rats were anaesthetised with Sagatal (sodium pentobarbitone B.P., RMB Animal 

Health Ltd., UK., 20 - 30 mg kg“l, i.p.) and stereotaxically implanted with a guide 

cannula (26 G Plastics One Inc. Virginia USA) at co-ordinates: AP -7.8 mm, L 0.0 mm 

and V 5.0 mm relative to bregma and with incisor bar set at 3.3 mm below interaural 

zero (Paxinos and Watson, 1982) as described more fully in section 2.3.2. of the General 

Methods chapter.

Once in situ the guide cannula was fitted with a indwelling stylet which finished 

flush with the end of the guide and 1 mm above the intended infusion point (centre of the
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dorsal raphe nucleus), just below the floor of the cerebral aqueduct. The rats were 

allowed to recover for five days during which time the stylet was rotated daily.

Rectal temperature was measured on the sixth day after implantation and 15 

minutes before drug infusion. An infusion needle (internal cannula, 1 mm longer than the 

guide cannula) with connecting tubing was filled with BMY 7378, 8 , 32 or 64 |Lig, or 

0.9% NaCl and was fitted to the infusion pump. Drug or vehicle was infused as a 

volume of 1 |liL  over a 1 min period. The infusion pump was then stopped and the 

internal cannula (infusion needle) was allowed to remain in situ for a further 1 min, to 

allow diffusion of the drug to occur fi*om the needle tip, before the internal cannula was 

replaced by an indwelling stylet, to prevent back-fiow. Rectal temperature was measured 

15, 30, 45, 60, 90 and 120 min after the drug infusion.

At the termination of the study, rats were overdosed with Sagatal (circa 400 mg 

kg'^ i.p.) and as soon as anaesthesia was induced (as indicated by loss of tail pinch, pedal 

and ear pinch reflexes), cardiac perfusion with paraformaldehyde (4% v/v in 0.9% NaCl) 

was conducted to produce brain tissue fixation. The brains were subsequently removed 

and stored refiigerated before histological determination of the injection site.

5.2.6. pCPA pretreatment

In view of the disagreements in the hterature on the effects of pretreatment with 

pCPA on the hypothermic responses of rats to 5-HTia agonists (Hjorth 1985; Goodwin 

et al., 1987b; Hutson et al., 1987a) three different pCPA procedures were used.

5 2.6.1. Effects of three consecutive daily doses of pCPA 150 mg kg  ̂on BMY 
7378 induced hypothermia.

The pCPA pretreatment schedule of Hutson et al., (1987a) was employed to 

deplete brain 5-HT and determine the hypothermic response to BMY 7378 as follows. 

Rats were injected i.p. with pCPA (150 mg kg^) at 72, 48 and 24 h before receiving 

BMY 7378 ( 8  mg kg'  ̂ s.c., n = 6 ) or 0.9% NaCl (s.c., n = 6 ). Control groups received
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0.9% NaCl instead of pCPA, but otherwise were treated as above. Rectal temperature 

was measured 15 min before and 30 and 60 min after final drug administration. At the 

end of the procedure, rats were killed by decapitation and their brains rapidly removed, 

dissected into regions (see brain dissection and tissue preparation, 2.4.) and stored at -70 

°C for subsequent determination of 5-HT, dopamine and their metabohtes.

5.2.6.2. Effect of pCPA 200 mg/1^ on days 1,2,6 & 12 on BMY 7378 and 8-OH- 
DPAT induced hypothermias on day 14.

In this study the pCPA treatment of Goodwin et al., (1987b) using larger doses 

than Hutson et al., (1987a) on four occasions rather than three, and over a longer 

duration, was apphed. Rats received pCPA (200 mg k g '\ i.p.) on days 1 ,2 ,6  and 12, 

(312, 288, 192 and 48 h) before, BMY 7378 ( 8  mg kg^) or 8 -OH-DPAT (0.1 or 0.75 

mg kg^) or 0.9% NaCl which was given on day 14 (n = 5 - 6  per group). Temperature 

measurements were made as described above. Control animals received 0.9% NaCl 

instead of pCPA, but were otherwise treated similarly Immediately after the final 

temperature reading, animals were killed and their brains removed, dissected and stored, 

for biochemical analysis as described above.

5.2.6.3. Effect of pCPA 200 mg/f^ administration (days 1,2,6 & 12) on
hypothermia following repeated 8-OH-DPAT injections (day 4 and 14)

pCPA pretreatment was the same as described in section 5.2.6.2., i.e. pCPA (200 

mg kg'  ̂ i.p.) administered on days 1,2,6 and 12, but in this study 8 -OH-DPAT (0.1 or 

0.75 mg kg'^) or 0.9% NaCl, was given and temperature responses monitored on both 

day 4 and 14, as described by Goodwin et al., (1987b). This experiment was performed 

to determine whether the prior appHcation of 8 -OH-DPAT influenced the hypothermic 

response to a second administration. Biochemical analysis was not performed on this set 

of animals.
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5.2.7. Biochemical analysis

Rat brains were dissected and tissue prepared and analysed as described in 

General Methods, Chapter 2 of this thesis. Briefly, following decapitation, rat brains 

were rapidly removed, placed in an ice-cold rat brain sheer (Henry and Yashpal, 1984) 

and dissected as follows. Frontal cortex material was obtained by use of a 2.6 mm 

anterior transverse cut with subsequent removal of the olfactory lobes. Further cuts 

were made circa 2 . 6  mm anterior to and on the interaural line giving a shoe fi*om which a 

3 mm internal diameter punch was taken with the cerebral aqueduct and the pontine 

nuclei as upper and lower limits. This contained the dorsal and medial raphe nuclei, 

some of the caudal linear raphe nucleus and also some extraneous material. The 

hippocampus, hypothalamus, striatum and the 'rest of brain' (minus the cerebellum) were 

then dissected out fi'eehand.

Tissue samples were treated and tryptophan, 5-HT, 5-HIAA, dopamine (DA), 

3,4-dihydroxyphenylacetic acid (DOPAC), and homovaniUic acid (HVA) were 

determined by HPLC as described by Adell at al., (1989) except that the mobile phase 

was 0.1 M KH2 PO4 , 0.16 mM octyl sodium sulphate, 0.4 mM Na-EDTA, (adjusted to

pH 3.6 with phosphoric acid) and 15% methanol. Typical retention times (min) were: 

tryptophan, 17.5 min; 5-HT, 9.8 min; 5-HIAA, 4.6 min; DA, 3.4 min; DOPAC, 2.8 min 

and HVA, 8.7 min.

Because the punched raphe samples were small and thus likely to produces errors 

in the determination of their wet weight by weighing, it was decided to determine the 

biogenic content of these samples in relation to their protein content. For this purpose, 

the pellet separated from the supernatant following homogenate centrifugation was 

dissolved and measured for protein using the method of Lowry et al., (1951). 

Subsequently, the biogenic content of these sangles was expressed as ng per mg of 

protein.
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5.2.8. Data analysis

The effects of BMY 7378 on 8 -OH-DPAT induced hyperphagia and the effects 

of various doses of BMY 7378 on food intake were evaluated by Mann-Whitney U-test 

after a significant Kruskal-Wallis analysis of variance (ANOVA). The ED50 for BMY 

7378 induced hyperphagia was calculated by linear regression. Effects of BMY 7378 on 

8 -OH-DPAT-induced behaviour were also assessed by Mann-Whitney U-test after a 

significant Kruskal-Wallis analysis of variance (ANOVA).

The effects of BMY 7378 at different dosage on temperature were assessed by 

Duncan’s test for multiple group conparison, after a significant parametric one-way 

ANOVA, as were the effects of various putative antagonists on BMY 7378 and 8 -OH- 

DPAT induced hypothermia. The effects of pCPA pretreatment on the response to 

BMY 7378 and 8 -OH-DPAT were analysed by Student t-test (for paired conq^arison) or 

Duncan's test for multiple comparisons, following a significant one-way ANOVA.
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5.3. Results

5.3.1. Effects of BMY 7378 on 8-OH-DPAT induced hyperphagia

Over the first 2 h period after drug treatment, an increase in food consumption 

was observed in rats receiving 8-OH-DPAT or BMY 7378, either separately or in 

combination, compared to control animals which ate httle (Fig. 5.3.1.). Rats given BMY

7378 2 mg kg“l i.p. pretreatment and 0.9% NaCl challenge, displayed a significant, five 

fold increase in food intake over the initial 2 h period (p < 0.02, Mann-Whitney U test - 

Wilcoxon rank sum W-test following a significant Kruskal-Wallis ANOVA). 

Furthermore, food intake increased another 50% in these animals over the subsequent 2 

h period (i.e. cumulative 4 h total), although this failed to reach a significant difference to 

the control group (0.9% NaCl pretreatment). This may in part be due to the fact that the 

0.9% NaCl pretreated and challenged group (controls) ate considerably more food in the 

second 2 h period of measurement (5 fold greater) than in the first period.

Animals given 8-OH-DPAT 0.1 mg kg"l s.c. following 0.9% NaCl pretreatment 

displayed a marked and highly significant 6 fold increase in feeding over the first 2 h 

compared to the 0.9% NaCl treated rats. Little additional food intake was observed in 

the former animals over the subsequent 2 h period. BMY 7378 pretreatment did not 

appreciably alter the hyperphagia which occurred in the first 2 h after 8-OH-DPAT 

administration.
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Figure 5.3.1. Cumulative food intake over 2 h and 4 h, and between 2 - 4 h, following 
treatment with 8-OH-DPAT or 0.9% NaCl s.c., which was given 30 min after 
pretreatment with BMY 7378 or 0.9% NaCl. * p < 0.02, ** p < 0.01, Mann-Whitney 
U-test following a significant Kruskal-Wallis ANOVA, compared to control group (0.9% 
NaCl, 0.9% NaCl). Data represents mean ± SEM, n = 6 per group.
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In summary, BMY 7378 2 mg kg"^ i.p. pretreatment or challenge and 8-OH-

DPAT 0.1 mg kg 'l s.c. challenge caused marked and significant increases in cumulative 

food intake during the initial 2 h but not the second 2 h period of measurement. Feeding 

over 24 h was unaffected by any drug combination used in this procedure (table 5.3.1.) 

and was not significantly different to the 24 h feeding recorded for these animals 

(combined group) the day before this procedure (28.4 ± 2.0, mean ± SEM, n = 24).

Table 5.3.1. Cumulative food intake over 24 h following treatment with 8-OH-DPAT 
or 0.9% NaCl, given 30 minutes after pretreatment with BMY 7378 or 0.9% NaCl (n 
= 6, no significant difference, Kruskal-Walhs ANOVA)

Pretreatment Treatment 24 h food intake / g

0.9% NaCl 

BMY 7378 2 mg kg"l i.p.

0.9% NaCl 

BMY7378 2m gkg-l i.p.

0.9% NaCl 

0.9% NaCl

8-OH-DPAT 0.1 m gkg 'l s.c. 

8-OH-DPAT 0.1 mgkg-1 s.c.

28.82 ±1.78 

27.98 ±2.25 

28.72 ±1.24 

28.88 ±2.75

5.3.2. Effect of BMY 7378 dosage on feeding

BMY 7378 given s.c. at a dose of 0.032 mg kg“l or above caused a significant 

increase in food intake over 2 h in freely feeding animals (Fig. 5.3.2.). This response was

dose dependent with maximal feeding observed at doses greater than 0.5 mg kg‘ l. The 

dose-response curve for 4 h paralleled that for 2 h, although the difference compared 

with the 0.9% NaCl treated control group, did not reach statistical significance. Food 

Intake over 24 h was unaffected (results not shown).
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Figure 5.3.2. The effect of BMY 7378 on feeding in rats. Intakes are shown as means 
(with SEM shown by vertical bars) over 2 h ( •  ) and 4 h ( ■ ) after injection s.c. n = 6 
per group. Differences from rats treated with 0.9% NaCl vehicle: * p < 0.05; ** p < 0.02 
(Mann-Whitney U-test after significant Kruskal-WaUis ANOVA.
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5.3.3. Effect of BMY 7378 on components of the 5-HT Syndrome induced 
by 8-OH-DPAT

BMY 7378 8 mg kg'  ̂ s.c. did not induce 5-HTia receptor mediated components 

of the 5-HT syndrome (see table 5.3.3.) but blocked completely, 8-OH-DPAT induced 

forepaw treading and flat body posture. Wet-dog shakes and hindlimb abductions 

induced by 0.5 mg kg'^ s.c. 8-OH-DPAT were also abolished by BMY 7378 

pretreatment, and were attenuated at 1.0 mg kg'^ s.c. 8-OH-DPAT.

BMY 7378 significantly reduced the duration of walking observed following an 

8-OH-DPAT challenge. In 0.9% NaCl challenged rats, walking also tended to be 

reduced, after BMY 7378 pretreatment, although this did not reach a statistically 

significant level, probably because of considerable variation for this response in the 0.9% 

NaCl challenged animals. 8-OH-DPAT 1.0 mg kg'  ̂ caused significant hyperlocomotion.

It was observed that individual rats which demonstrated hyperlocomotion also 

showed increased frequency and duration of rearing. However the expression of this 

behaviour varied considerably between animals within each group. Furthermore, 

although the frequency of grooming was not significantly altered in any group tested, the 

duration of grooming episodes was decreased in all groups receiving 8-OH-DPAT.

Taken together the data suggests that increases in walking and rearing, combined 

with decreased grooming, in the 8-OH-DPAT treated rats, would indicate that these rats 

were generally more active, and that a tendency for decreased waUdng and rearing in the 

BMY 7378 pretreatment animals, suggests that these were less active than controls.
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Table 5.3.3. Effect of BMY 7378 on motor activity and components of the 5-HT syndrome induced by 8-OH-DPAT. Observation was 
continuous over a 1 h period post drug treatment (details are described within the Methods and Materials section). Values are mean ± SEM. 
DUR = duration in min. FRQ = frequency.

Pretreatment 0.9% NaCl BM Y 7378 (8 m g k g ')

Treatment 0.9% NaCl 8-OH-DPAT 8-OH-DPAT 0.9% NaCl 8-OH-DPAT 8-OH-DPAT
(0.5 m g kg ') (1.0 m g kg*’) (0.5 m g kg ■') (1.0 m g kg

n 4 5 4 4 4 4

Forepaw treading (FRQ) 0 15.2 ± 2 .3 12.3 ± 0 .2 0 0 0

Wet-dog shakes (FRQ) 0 1.8 ± 0 .4 4.8 ±  3.3 0 0 0.3 ±  0.3

Hindlimb abduction (FRQ) 0 8.4 ± 1.6 9.3 ±  1.9 0 0 0.3 ±  0.3

Flat body posture (DUR) 0 24,7 ± 2 .9 29.9 ±  1.6 0 0 0

W alking (DUR) 3.4 ±  1.7 3.3 ± 0 .7 9.0 ± 0 .6  t 0.4 ± 0 .1 0.4 ± 0 .2  * 1.2 ± 0 .4 *

Grooming (FRQ) 6.8 ± 2 .5 2.4 ±  1.2 3.7 ±  1.2 2.8 ±  0.6 3.0 ±  1.5 1.5 ± 0 .9

Grooming (DUR) 7.8 ± 4 .0 0.3 ±  0.2 0.6 ±  0.2 1.6 ±  0.2 0.6 ±  0.2 0.2 ± 0 .1

Rearing (FRQ) 6.0 ± 2.2 13.6 ±  6.0 31.0 ±  14.0 2 .0 ±  1.1 1.2 ± 0 .8 2.5 ±  1.2

Rearing (DUR) 0.7 ±  0.3 1.5 ± 0 .9 2.2 ±  1.0 0.2 ± 0 .1 0.4 ± 0 .1 0.7 ±  0.3

Differences between groups given the same treatment but receiving BMY 7378 instead of 0.9% NaCl pretreatment; * P < 0.05.
Differences within the same pretreatment groups but receiving 8-OH-DPAT instead of 0.9% NaCl; |  P < 0.05; Mann-Whitney U-test after 
significant Kruskal-Wallis ANOVA.
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5.3.4. Effects of systemic BMY 7378 on body temperature

BMY 7378 has transient and marginal hypothermic effects at 0.5 and 2.0 mgkg'^ 

compared to control animals. However, a more significant hypothermia was observed at 

higher doses (8 or 32 mg kg'^) which persisted for at least 2 h (Fig. 5.3.4.). Over the 

first 30 min following drug administration, a comparable fall in body temperature was 

observed at either dose but over the next 30 min, the higher dose caused a further 

reduction in core temperature.

The meau basal body temperature 15 minutes prior to drug treatment did not 

differ between groups by more than 0.2°C and was not significant. Room temperature 

was 21 ± 0.5 °C during this experiment.

5.3.5. Infusion of BMY 7378 directly into the dorsal raphe

Histochemical study of the post-mortem brain tissue revealed that the infusion 

cannula was within the dorsal raphe of 22 rats but outside this area in 9 animals. In a 

further 4 animals, the exact location could not be confidently established. Only rats in 

which the infusion site could be estabfished to be within the dorsal raphe, were included 

in further data analysis.

Infusion of 0.9% NaCl into the dorsal raphe was associated with a small rise in 

body temperature which was evident 15 minutes after infusion (Figure 5.3.5.).
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Figure 5.3.4. The effect of BMY 7378 on rectal temperature. Temperatures are 
differences from the values 15 min before drug injection and are shown as mean + SEM 
* p < 0.05; ** p < 0.01, Duncan's test after significant oneway ANOVA compared to 
0.9% NaCl.
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Figure 5.3.5. Effects of infusing BMY 7378 into the dorsal raphe on body temperature. 
Rats were given BMY 7378 8 ug ( •  ), 32 ug ( ■ ), or 64 ug (data not shown for clarity) 
n = 5 or 6 per group. Change of temperature are from values determined 15 min before 
infusing the drug. Values are mean ± SEM, Difference from rats given vehicle, 0.9% 
NaCl ( O ) ,  n = 6, * p <  0.05 Duncan's test after significant one way ANOVA. All 
readings were taken at set time points and some have been graphically adjusted for 
clarity.
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This effect was maximal at 30 min post infusion and slowly declined towards the basal 

value, over the duration of the study (up to 120 min). BMY 7378 8 pg caused a similar 

albeit slightly smaller rise in body tencç>erature, with a time course for the response 

similar to that of the 0.9% NaCl control group. A slight but significant hypothermic 

response (compared to the control group) was observed 15 min after infusion of 32 pg 

of BMY 7378, but not subsequently. Body temperature rose over the next 45 min to 

reach a value similar to that of the control group. The higher dose of 64 pg did not 

caused a significant hypothermia (mean change in temperature at 15 min of 0.2 ± 0.3 °C) 

compared to control rats, nor were results significantly different fi*om the changes 

observed after the lower dose of 32 pg.

5.3.6. Effect of quipazine. metergoline. (-)-pindoloL (±)-pindolol and 
spiperone on BMY 7378 or 8-OH-DPAT induced hypothermia

Throughout the course of these studies BMY 7378 8 mg kg'  ̂ s.c. and 8-OH- 

DPAT 0.1 mg kg'  ̂ s.c. induced a modest hypothermic response of between -0.5 and 

-1 °C, 30 min after administration (Figures 5.3.6.1 to 5.3.6.10) The results for 8-OH- 

DPAT are consistent with the previous findings of other authors (Goodwin et al., 1987b; 

Hutson et al., 1987a).

5.3.61. Quipazine

The change in rectal temperature of rats pretreated with quipazine did not differ 

significantly fi'om controls (Fig. 5.3.6.1.1., 5.3.6.1.2.). However, hypothermia induced 

by 8-OH-DPAT 0.1 mgkg'^ s.c. was potentiated and prolonged after quipazine 

pretreatment. (Fig 5.3.6.1.1.). However, quipazine did not potentiate the induction of 

hypothermia by BMY 7378 (Fig 5.3.6.1.2.).
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5.3.6.2. Metergoline

Metergoline 1 mg kg H.p.like quipazine, also potentiated and prolonged the 

action of 8-OH-DPAT in inducing a fall in body temperature (Fig 5.3.6.2.1.), but unlike 

quipazine, it also potentiated and prolonged the hypothermia induced by BMY 7378 (Fig

5.3.6.2.2.). The effect of metergoline on body temperature in comparison to the control 

groups were however inconsistent. In one study, it produced a modest yet significant 

reduction in body temperature (Fig 5.3.6.2.2.) but in the other study, it was without 

effect (Fig 5.3.6.2.1.).
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Figure 5.3.6.I.I. Effects of quipazine 1 mg/kg i.p. 15 min before 8-OH-DPAT 0.1 
mg/kg s.c. on 8-OH-DPAT induced hypothermia. Change in temperature from values 
immediately before pretreatment and 15 min before drug challenge. Values are mean ± 
SEM (n = 6 - 9). Differences compared to 0.9% NaCl pretreated, 8-OH-DPAT treated 
group *p < 0.05, **p < 0.01, Duncan's test.
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Figure 5.3.6.I.2. Effects of quipazine 1 mg/kg i.p. 15 min before BMY 7378 8 mg/kg 
s.c. on BMY-7378 induced hypothermia. Change in temperature from values 
immediately before pretreatment and 15 min before drug treatment. Values are mean ± 
SEM (n = 6 - 9). No significant differences between pretreatment controls and drug 
treatments (Duncan’s test)
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Figure 5.3.6.2.I. Effects of metergoline 1 mg/kg i.p. 15 min before 8-OH-DPAT 0.1 
mg/kg s.c. on 8-OH-DPAT induced hypothermia. Change in temperature from values 
immediately before pretreatment and 15 min before drug treatment. Values are mean ± 
SEM (n -  6 - 9). Differences compared to 0.9% NaCl pretreated, 8-OH-DPAT treated 
*p < 0.05, **p < 0.01, Duncan's test.
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Figure S.3.6.2.2. Effects of metergoline 1 mg/kg i.p. 15 min before BMY 7378 8
mg/kg s.c. on BMY-7378 induced hypothermia. Differences compared to 0.9% NaCl 
pretreated, 0.9% NaCl treated #p < 0.05, ##p < 0.01, Duncan's test. Change in 
temperature from values immediately before pretreatment and 15 min before drug 
treatment. Values are mean + SEM (n = 6 - 9). Differences compared to 0.9% NaCl 
pretreated, BMY 7378 treated *p < 0.05, **p < 0.01, Duncan's test.
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S.3.6.3. Pindolol

The racemate (±)-pindolol 2 mg kg'^ i.p. produced a slight but significant increase 

in temperature, +0.60 ± 0.07 (mean ± SEM, n = 23), 15 minutes after administration, 

compared to control, +0.26 + 0.06 (n = 21, P < 0.005, Student’s t-test) although the 

difference was not significant when individual treatment groups were compared. The 

temperature of rats receiving (±)-pindolol fell somewhat below values for the 0.9% NaCl 

control group at 75 and 105 min after (+)-pindolol administration (Fig. 5.3.6.3.1. &

5.3.6.3.2.) but the difference did not attain significance. BMY 7378 and 8-OH-DPAT 

induced hypothermias at 30 min after their administration were blocked by (±)-pindolol. 

Unlike the racemate, the (-)-isomer of pindolol 1 mgkg'^ did not ehcit a hyperthermia but 

caused a slight hypothermia which was significant (compared to controls) only 105 min 

after its administration. Like the racemate, the (-)-isomer inhibited BMY 7378 and 8- 

OH-DPAT induced hypothermias, at 30 minutes after their administration (Fig 5.3.6.3.3. 

&5.3.6.3.4.).
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Figure 5.3.6.3.I. Effects of (±)-pindolol 2 mg/kg i.p. 15 min before 8-OH-DPAT 0.1 
mg/kg s.c. On 8-OH-DPAT induced hypothermia. Change in temperature from values 
immediately before pretreatment and 15 min before drug treatment. Values are mean ± 
SEM (n = 6 - 9). Differences compared to 0.9% NaCl pretreated, 8-OH-DPAT treated 
*p < 0.05, **p < 0.01, Duncan's test.
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Figure S.3.6.3.2. Effects of (±)-pindolol 2 mg/kg i.p. 15 min before BMY 7378 
8 mg/kg s.c. on BMY 7378 induced hypothermia. Change in temperature from values 
immediately before pretreatment and 15 min before drug treatment. Values are mean ± 
SEM (n = 6 - 9). Differences compared to 0.9% NaCl pretreated, BMY 7378 treated *p 
<0.01, Duncan's test.
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Figure S.3.6.3.3. Effects of (-)-pindolol 1 mg/kg i.p. 15 min before 8-OH-DPAT 0.25 
mg/kg s.c. on 8-OH-DPAT induced hypothermia. Differences compared to 0.9% NaCl 
pretreated and treated (#p < 0.05, Duncan’s test.) Change in temperature from values 
immediately before pretreatment and 15 min before drug treatment. Values are mean ± 
SEM (n = 6 - 9). Differences compared to 0.9% NaCl pretreated, 8-OH-DPAT treated 
*p <0.01, Duncan’s test.
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Figure 5.3.6.3.4. Effects of (-)-pindolol 1 mg/kg i.p. 15 min before BMY 7378 
8 mg/kg s.c. on BMY 7378 induced hypothermia. Change in temperature from values 
immediately before pretreatment and 15 min before drug treatment. Values are mean ± 
SEM (n = 6 - 9). Differences compared to 0.9% NaCl pretreated, BMY 7378 treated *p 
<0.05, Duncan's test.
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S.3.6.4. Spiperone

Hyperthermia was observed following tail-vein i.v. application of the vehicle 

(water with acetic acid and sodium hydroxide, pH 5.0) (see Fig 5.3.6.4.1. & 5.3.6.4.2.) 

but was not observed when rats were pretreated with spiperone 1 mg kg'^ , indeed their 

temperatures, did not differ from baseline values.

8-OH-DPAT induced hypothermia was reduced significantly following spiperone 

but only at 30 min after 8-OH-DPAT administration. Spiperone significantly attenuated 

the hypothermic action of BMY 7378 8 mgkg'^ at 30 and 90 min (but not at 60 min) 

after its administration.

5.3.7. Effects of three consecutive daily doses of pCPA 150 mg/kg on 
BMY 7378 induced hypothermia

Rats depleted of 5-HT by pretreatment with pCPA (150 mg k g '\ i.p.) on days 1,2 

and 3 showed a hypothermic response to BMY 7378 (8 mg kg \  s.c.) on day 4 which 

was similar to that of animals pretreated with 0.9% NaCl (Table 5.3.7.) The decrease in 

body temperature elicited by 8 mg kg'  ̂ s.c. BMY 7378 in this study at 30 min ( -0 .8  °C) 

and 60 min ( - 0.7 °C) are similar to previous results ( - 0.9 and - 0.8 °C, respectively, 

section 5.3.4. and above).

No difference in body weight or gain in body weight was observed between 

pCPA and 0.9% NaCl pretreated animals on day 1 and 4, prior to instigation of 

pretreatment and prior to drug challenge, respectively.
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Figure 5 3.6.4.1. Effects of spiperone 1 mg/kg i.v. 15 min before 8-OH-DPAT 0.1 
mg/kg s.c. on 8-OH-DPAT induced hypothermia. Differences compared to 0.9% NaCl 
pretreated and treated #p < 0.01, Duncan's test. Change in temperature from values 
immediately before pretreatment and 15 min before drug treatment. Values are mean ± 
SEM (n = 6 - 9). Differences compared to 0.9% NaCl pretreated, 8-OH-DPAT treated 
*p < 0.01, Duncan's test.
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Figure 5.3 6.4.2. Effects of spiperone 1 mg/^kg i.v. 15 min before BMY 7378 8 mg/kg 
s.c. on BMY 7378 induced hypothermia. Change in temperature from values 
immediately before pretreatment and 15 min before drug treatment. Values are mean ± 
SEM (n = 6 - 9). Differences compared to 0.9% NaCl pretreated, BMY 7378 treated *p 
< 0.05, Duncan's test.
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Table 5.3.7. Effects of three consecutive daily doses of pCPA 150 mg/kg on BMY 7378 induced hypothermia.
Values are mean ± SEM, Mean differences from rats treated with 0.9% NaCl instead of BMY 7378 are indicated by A. Significance of differences 
from rats treated with 0.9% NaCl. *P < 0.05; **P < 0.01 by Duncan's multiple comparison test after significant one-way ANOVA.

Change of temperature
Pretreatment Temperature Treatment 30 min 60 min n

Days 1,2 and 3 15 min before Day 4 after treatment after treatment
treatment

0.9% NaCl 37.6 + 0.2 0.9% NaCl +0.3 ± 0.2 +0.1 ±0.2 5

0.9% NaCl 37.4 ± 0.2 BMY 7378 (8 mg/kg) -0.8+ 0.3** -0.7 + 0.2* 5

A-1.1 A -0.8

pCPA (150 mg/kg) 37.6 + 0.3 0.9% NaCl +0.3 + 0.1 +0.2+ 0.1 6

pCPA (150 mg/kg) 38.1+0.2 BMY 7378 (8 mg/kg) -0.8+ 0.4* -0.8 ±0.3** 5

A-1.1 A -1.0
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5.3.8. Effect of pCPA 200 mg/kg on days 1,2.6 & 12 on BMY 7378 and 8-
OH-DPAT given on day 14 to induce hypothermia

Repeated treatment with pCPA (200 mg kg"\ i.p. on days 1,2,6 and 12) did not 

essentially alter the hypothermic response to BMY 7378 (8 mg kg"̂  s.c.) at 30 min but 

caused a modest enhancement of the hypothermia at 60 min that just failed to reach a 

statistical significance (Table 5.3.8). The fall in body temperature produced by 8-OH- 

DPAT (0.1 mg kg '\ s.c.) at both 30 and 60 min after administration was enhanced by 

this pCPA pretreatment regime.

This pCPA pretreatment regime produced a modest but significant increase in the 

rectal ten^erature (mean ± SEM; 37.96 ± 0.07 °C, n = 14) of rats when measured at 

baseline time (i.e. 15 min before drug challenge) on day 14, conq)ared to those receiving 

0.9% NaCl pretreatment (37.59 ± 0.02 °C, n =17; Student’s t-test, p < 0.025). 

Furthermore, animals treated with pCPA on days 1,2,6 and 12, had lower mean body 

weights on day 13 and put on far less weight between days 1 and 13, compared to the 

control animals over the same period (gained body weight, mean ± SEM; 32.6 ± 9.6 and 

64.0 ± 6.0 g, respectively, p < 0.01, Student’s t-test).
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Table 5.3.8.. Effect of pCPA 200 mg/kg on days 1,2,6 & 12 on BMY 7378 and 8-OH-DPAT given on day 14 to induce hypothermia.
Values are mean ± SEM. Mean differences from rats treated with 0.9% NaCl instead of BMY 7378 or 8-OH-DPAT are indicated by A. 
Significance of differences from rats treated with 0.9% NaCl. *P < 0.05; **P < 0.01 by Duncan's multiple comparison test after significant one
way ANOVA.

Change of temperature
Pretreatment Temperature Treatment 30 min 60 m in n

Days 1,2, 6 and 12 15 min before 
treatment

Day 14 after treatment after treatment

0.9% NaCl 37.5 ±0.1 0.9% NaCl +0.7 ±0.1 +0.6 ± 0.2 6

0.9% NaCl 37.7 ±0.2 BMY 7378 (8 mg/kg) -0.5 ±0.3** 

A -1.2

-0.4 ±0.3* 

A -1.0

5

0.9% NaCl 37.6 ±0.2 8-OH-DPAT (0.1 mg/kg) -0.6 ±0.3** 

A-1.3

-0.2 ± 0.2* 

A -0.8

6

pCPA (200 mg/kg) 37.6 ±0.2 0.9% NaCl +0.6 ± 0.2 +0.6 ± 0.3 4

pCPA (200 mg/kg) 38.1 ±0.2 BMY 7378 (8 mg/kg) -0.7 ±0.2** 

A-1.3

-0.8 ±0.1** 

A -1.4

5

pCPA (200 mg/kg) 38.2 ±0.2 8-OH-DPAT (0.1 mg/kg) -1.8±0.3**t 
A -2.4

-1.1 ±0.4**t 

A -1.7

5
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5.3.9. Effect of pCPA 200 mg kg~̂  administration (days 1,2.6 & 12) on 
hypothermia following repeated 8-OH-DPAT iniections (day 4 &14)

The hypothermic response to 8-OH-DPAT (0.1 mg kg \  s.c.) following pCPA 

pretreatment, was essentially the same on both days 4 and 14 (Table 5.3.9.). At the 

higher dose of 0.75 mg k g '\ 8-OH-DPAT induced hypothermia 30 min after 

administration was somewhat less pronounced on day 14 than on day 4. However, it 

was somewhat greater at 60 min on day 14 than on day 4, so that the areas under the 

curve for the periods 0 -6 0  min after 8-OH-DPAT treatment were similar on both days.

5.3.10. Depletion of brain 5-HT. DA and their metabolites following pCPA 
pretreatments

Both pCPA treatment regimes (150 mg kg'^ on days 1,2 and 3, or 200 mg kg'^ on 

days 1,2,6 and 12) resulted in gross depletion of the 5-HT and 5-HIAA concentration in 

brain regions (Table 5.3.10.) with the exception of the raphe. In all terminal regions, 5- 

HT content was reduced by 91 to 93%, whilst the relative decrease in 5-HIAA 

concentration was marginally but consistently greater than that of 5-HT (i.e. 93 to 95%) 

following three consecutive days of pCPA. A prolonged repeated administration (days 

1,2,6 and 12) produced a reduction in 5-HT and 5-HIAA concentration in terminal 

regions (82 - 90% and 89 - 93%), respectively, which was somewhat less marked than 

with the previous (shorter duration) pCPA regime.
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Table 5.3.9. Effect of pCPA 200 mg/kg administration (days 1,2,6 & 12) on hypothermia following repeated 8-OH-DPAT injections (day 4 and 
14). All animals received pCPA 200 mg/kg i.p. on days 1,2,6 and 12. Values are mean ± s.e.m. Mean differences from rats treated with 0.9% 
NaCl versus 8-OH-DPAT are indicated by A. Significance of differences from arats treated with 0.9% NaCl. *P < 0.05; **P < 0.01 by Duncan's 
multiple comparison test after significant one-way ANOVA.

Change of temperature
Temperature Treatment 30 min 60 min n
15 m in before Day 4 after treatment after treatment

treatment

38.1 ±0.2 0.9% NaCl +0.2 ± 0.2 -0.1 ±0.2 8
38.1+0.1 8-OH-DPAT (0.1 mg/kg) -0.7 ± 0.2* -0.1 ±0.1 8

A -0.9 A 0.0

38.1 ±0.2 8-OH-DPAT (0.75 mg/kg) -2.4 ±0.4** -1.0 ±0.3** 8
A -2.6 A -0.9

Continued experiment on above three groups

Treatment
Day 14

37.9 ±0.2 0.9% NaCl +0.1 ±0.1 -0.1 ±0.1 8
37.8 ±0.2 8-OH-DPAT (0.1 mg/kg) -0.8 ±0.2** -0.2 ± 0.2 8

A -0.9 A -0.1

37.9 ±0.1 8-OH-DPAT (0.75 mg/kg) -1.8±0.1** -1.5 ±0.3** 8
A -1.9 A -1.4
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Table 5.3.10. Effect of para-chlorophenylalanine (pCPA) on brain regional 5-hydroxytryptamine (5-HT), 5-hydroxyindoleacetic acid (5-HIAA), 
dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA). Values are means ± SEM in ng/g of wet weight tissue 
except for the raphe where results are given as ng/mg protein. Difference from rats treated with 0.9% NaCl: ***P < 0.001,
**P < 0.01, *P < 0.05, (Student's t-test)

Injected i.p. days 1,2,3; killed day 4 Injected i.p. days 1,2,6,12; killed day 14
0.9% NaCl pCPA (150 mg/kg) % 0.9% NaCl pCPA (200 mg/kg) %

Frontal cortex
n =  10 n = 9 decrease n = 10 n — 8 decrease

5-HT 471 ±39 44 ± 4 445 ± 39 56 ± 6 87***
5-HIAA 336 ± 36 18±1 95*** 330 ±27 27 ± 5 92***
DA 31 ± 6 25 ± 2 19 34 ±5 26 ± 2 24
DOPAC
HVA

32 ± 4 19±1 41** 31 ±3 20 ±3 35*

Hippocampus
5-HT 215 ±24 16±1 162 ± 7 28 ±3 83***
5-HIAA
DA

576 ± 68 27 ± 6 95*** 503 ±18 3 4 ± 4 9g***

DOPAC
HVA

22 ± 6 18±3 18 16±2 15±3 6

Hypothalamus
5-HT 1529 ±129 145 ±29 1544 ±172 150 ±24 9Q***

5-HIAA
DA
DOPAC
HVA

572 ± 33 40 ± 5 çg*** 546 ± 41 38 ± 4 9g***
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Table 5.3.10, cont.

Injected i.p. days 1,2,3; killed day 4 
0.9% NaCl pCPA (150 mg/kg)

n = 10 n = 9
%

decrease

Injected i.p. days 1,2,6,12; killed day 14 
0.9% NaCl pCPA (200 mg/kg) 

n =  10 n =  8
%

decrease

Raphe
5-HT
5-HIAA
DA
DOPAC
HVA

47.0 ±2.7 
38.9 ±1.0
5.1 ±1.3
2.1 ±0.3

20.6 ±2.4 
15.2 ±1.4 
8.9 ±1.9 
2.7 ±0.5

56*** 
61*** 

Increase 75 
Increase 29

47.3 ±3.0
38.2 ±3.1
8.2 ± 2.2 
2.6 ± 0.5

30.5 ±1.7 
20.4 ±1.4 
5.7 ±0.4 
1.6 ± 0.1

36***

30
38

5-HT 751 ±69 67 ± 8 g%*** 896 ± 64 161 ± 16 82***
5-HIAA 392 ±21 26 ±1 gg*** 439 ± 14 49 ± 4 89***
DA 1820 ±51 1513±57 17* 2126 ±92 1666±118 22**
DOPAC 172 ±9 129 ± 6 25** 187 ± 8 119±10 36**
HVA 95 ±5 84 ±3 12 108 ± 6 87 ± 6 19*
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Relatively modest reductions in dopamine, DOPAC and HVA were observed in 

all regions except the raphe after either pCPA treatments (17 - 24%; 6 - 4 1 %  and 12 - 

19%, respectively).

In the raphe, considerable amounts of 5-HT and 5-HIAA survived the pCPA 

treatments, especially when the more protracted pretreatment regime was applied. 

Furthermore, whilst the latter protocol produced a modest fall in dopamine and DOPAC 

content in this region, three consecutive daily doses of 150 mg kg'^ actually produced a 

marked rise in dopamine and a more modest increase in the DOPAC content.
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5.4. Discussion

In this study the buspirone analog, BMY 7378, is shown to completely block 

forepaw treading and flat-body posture induced by 8 -OH-DPAT, responses that result 

from the activation of postsynaptic 5-HTia receptors (Tricklebank, 1985). This is in 

agreement with Yocca et al., (1987) who reported that BMY 7378 has high affinity, 

selectivity and low intrinsic activity at the 5-HTia receptor. It is also consistent with 

BMY 7378’s relatively weak affinity for the other 5-HT subtypes and its antagonist-hke 

properties at postsynaptic 5-HTia sites reported by others (Chaput & De Montigny, 

1988; Sharp et al., 1990).

However, BMY 7378 also induced hyperphagia, a response which has been show 

to be mediated by activation of presynaptic 5-H T ia receptors (Dourish, 1985a,b,c & d, 

1986a; Hutson, 1986). Other studies have reported that BMY 7378 can act as a partial 

agonist and decrease dorsal raphe firing (Vander Maelen et al., 1987), reduce 5-HT 

turnover and decrease 5-HT release at terminal sites (Sharp et al., 1990). All of these 

responses are also mediated by activation of the 5-H T ia somatodendritic autoreceptor in 

the raphe. It therefore seems reasonable to conclude that BMY 7378 can act as a 

presynaptic 5-H T ia agonist but also as a postsynaptic 5-H T ia antagonist.

The location of 5-HTia receptors responsible for mediating hypothermia has been 

controversial (see introduction). Considerable evidence supports a postsynaptic location 

as indicated in particularly by the inabihty of 5-HT depletion to prevent the response 

(Hjorth 1985; Hutson et al., 1987a; Matsuda et al., 1990). However, conflicting 

evidence reporting attenuation of the response following 5-HT depletion, exists 

(Goodwin et al., 1985a & 1987b; Heal et al., 1989). In the current study, BMY 7378 is 

demonstrated to induce hypothermia when administered at doses above 2  mg kg'^ s.c. 

Previous studies have reported that BMY 7378 can antagonise the hypothermic action of 

8 -OH-DPAT {Moser, 1991; Millan et al., 1993), but (in agreement with the present 

finding) may cause hypothermia at high dosage when presumable its partial agonist 

properties become manifest.

There is a striking difference between the relative potencies of BMY 7378 to 

induce hyperphagia and hypothermia as it induced hyperphagia with an estimated ED50
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valve approaching 0.010 mg kg'^ but its hypothermic potency is more than two orders of 

magnitude weaker, as a dose of 2 mg kg*̂  had only a marginal effect. In contrast, 8-OH- 

DPAT has comparable potencies for both hyperphagia (ED50 calculated from Dourish et 

al., (1985a) and Pregalinski et al., (1990) = 0.06 and 0.10 mg kg'  ̂ respectively) and 

hypothermia (ED50 values calculated from Aulakh et al., (1988b) and Bill et al., (1991) = 

0.08 and 0.10 mg kg '\ respectively). These data would indicate that BMY 7378 has 

greater potency (with regard to the induction of hyperphagia) than 8-OH-DPAT at 

presynaptic 5-HTia receptor sites, but is less effective than 8-OH-DPAT at sites with 

mediate the hypothermic response, suggesting that this site is the postsynaptic 5-HTia 

receptor.

However, as discussed in the introduction, the mediation of hypothermia is 

complex and probably involves other ‘down-stream’ receptor interactions. It is therefore 

conceivable that BMY 7378 induced hypothermia may be mediate in part by the other 

receptor subtypes such as the D2 receptor, for which it has modest affinity (Yocca et al., 

1987).

Table 5.4. summarises the influence of other serotonergic ligands on the 

hypothermias induced by 8-OH-DPAT and BMY 7378.

Table 5.4. The effects of other serotonergic ligands on hypothermia induced by 8-OH- 
DPAT and BMY 7378

Pretreatment Drug 

Quipazine i.p. 

Metergoline i.p. 

(±) Pindolol i.p. 

(-) Pindolol i.p. 

Spiperone i.v.

Inducer o f Hypothermia 
8-OH-DPA T BMY 7378

potentiates

potentiates

attenuates

attenuates

attenuates

no effect 

potentiates 

attenuates 

attenuates 

no effect
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Quipazine, a relatively non-selective 5-HT ligand, has at low dose been reported 

to possess an antagonistic action at presynaptic 5-HTi receptors (Moret, 1985) which 

are most probably of the 5-H T ib receptor subtype (Middlemiss, 1984b, Engel et al, 

1986; Ennis, 1986). It has also been reported to inhibit the hypothermic effect of 8-OH- 

DPAT in mice, without itself altering body temperature (Goodwin et al., 1985a). At the 

somewhat higher dose of 1 mg kg'  ̂ i.p., quipazine also attenuates the 8-OH-DPAT 

induced hypothermia in rats (Goodwin, et al., 1987b). Whilst confirming the lack of 

effect of quipazine 1 mg kg'  ̂ itself on body temperature when given to rats, our study 

found that far fi"om blocking the 8-OH-DPAT induced hypothermia, it potentiated it. 

Goodwin et al., (1987b) used a relatively high dose of 8-OH-DPAT (0.75 mg kg"̂  s.c.) 

which approaches the maximal dose for this response in rats. 8-OH-DPAT induced 

hypothermia has an ED50 of around 0.1 mg kg'^ (as discussed above; see Aulakh et al., 

1988b; and Bül et al., 1991) which is the dose selected for this current study. It is 

possible that the differences between these two studies demonstrates a dose response 

effect, such that at a high (i.e. maximal) dose of 8-OH-DPAT, quipazine attenuates 

hypothermia, whilst it enhances the response at lower doses. It is of interest that 

Goodwin et al., (1987b) also observed a facihtation of the motor behaviour caused by 8- 

OH-DPAT following quipazine.

In their earher work on mice, Goodwin et al., (1985a) used metergoline, (0.5 mg 

kg'  ̂ i.p.), a non-selective 5-HT antagonist (Hoyer and Schoefïler, 1991) and observed no 

effect on basal temperature or on hypothermic response to 8-OH-DPAT 0.5 mgkg'\ 

However, doubling the metergoline dose to 1 mg kg^ i.p. not only resulted in reduction 

of body temperature but also potentiated the response to 0.5 mg kg'^ 8-OH-DPAT. This 

potentiation of 8-OH-DPAT induced hypothermia, has also been previously reported in 

rats (Aulakh, et al., 1988b). Furthermore, metergoline has been observed to inhibit 

dorsal raphe neuronal activity (Sprouse and Aghajanian, 1986) and to increase feeding 

(Fletcher and Davis, 1990), both responses mediated by presynaptic 5-HTia receptors. 

However, blockade of feeding (Hutson et al., 1988) and a decrease in the cardiovascular 

response when these effects are induced by 8-OH-DPAT (Fozard et al., 1987) are 

reported. In the current study, it is difficult to explain why metergoline should appear to 

cause a fall in body tenqjerature in one experiment but not in a similar experiment (see
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Figures 5.3.6.2.1. & 5.3.6.2.2.). Despite this ambiguity, it is clear that metergoline 

enhances hypothermia induced by either 8-OH-DPAT or BMY 7378.

The results relating to the effect of the 5-HTia and p-adrenoceptor hgand, 

pindolol on body temperature and the inhibition of 8-OH-DPAT induced hypothermia 

(Fig 5.3.6.3.I. to 5.3.6.3.4.), are in general agreement with other work (Lesch at al., 

1990a & b; Millan et al., 1991). Pindolol has also been reported to attenuate the 

presynaptic 5-HTia receptor mediated reduction in 5-HT release induced by BMY 7378 

(Sharp et al., 1990).

Evidence for the involvement of postsynaptic 5-H T ia receptors in the mediation 

of hypothermia agrees with Millan et al., (1991), in work published after the present 

study was completed. Their study finds similar properties of potentiation by metergoline 

and inhibition by pindolol and (to a lesser degree) spiperone, for hypothermia induced by 

8-OH-DPAT or BMY 7378.

Despite the present findings which strongly point to the hypothermic effect of 8- 

OH-DPAT being due to activation of postsynaptic 5-HTia receptors, local application of 

8-OH-DPAT into the rat dorsal raphe has reportedly caused hypothermia (Higgins et 

al.,1988; Hillegaart, 1991) which argues for mediation at a presynaptic 5-HTia receptor 

loci. In the present study, a rather marginal hypothermic response without clear dose 

dependence was seen when 8-OH-DPAT was infused into the dorsal raphe. It is 

conceivable that these responses are due to diffusion of the rather large drug doses used, 

to other sites. It is also possible that these high doses cause activation of other receptors 

in the raphe, as serotonergic neurones comprise less than half the neurones within raphe 

nuclei (Moore et al., 1978; Steinbusch and Nieuwenhuys, 1983; O’Heam & Molliver, 1984).

The results seen in this study following 5-HT depletion using pCPA, agree with 

the observations of Hutson, et al., (1987a) that the hypothermic responses to 8-OH- 

DPAT are not diminished but somewhat enhanced by this treatment. The inabihty of 

pCPA pretreatment to prevent 8-OH-DPAT induced hypothermia, has also been 

reported in mice (Matsuda et al., 1990; Meller, et al., 1992). Meller et al., (1992) using 

a similar pCPA pretreatment regime to Hutson et a l, (1987a) and this study (i.e. 150 

mg/kg i.p., 72, 48 and 24h before), somewhat surprisingly produced a 5-HT depletion in 

the mouse cortex and hippocampus of only -37% and -45% respectively, i.e. much less 

than the 90+% observed in rats.
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The lack of a reduction in response after pCPA pretreatment indicated a lack of 

dependence upon endogenous 5-HT stores and supports a direct postsynaptic loci for 

drug action. The enhanced hypothermia demonstrated following depletion might indicate 

up-regulation of or enhanced behavioural response to activation of the postsynaptic 5- 

HTiA receptors. However, this does not seem to occur with other postsynaptic 5-HTia 

receptor dependent responses (Perron et al., 1982; Dourish et al., 1986a).

A resistance to depletion of raphe 5-HT by pCPA, has previously been reported 

(Aghajanian, et al., 1973; Deguchi, et al., 1973; Steinman, et al., 1987). The possibihty 

that a presynaptic mechanism of 5-HT j ̂  mediated hypothermia exists, due to a decrease

of raphe 5-HT release, is unlikely since 8-OH-DPAT does not decrease extracellular 5- 

HT in the raphe (Artigas et al., 1991). It has also been reported that 5-HT in a few 

terminal regions can partially survive pCPA treatment (Tohyama, et al., 1988).

The pCPA dosing regime of 150 mg/kg i.p. for three consecutive days (as used 

by Hutson et al., 1987a) produces a substantial depletion in most terminal regions of the 

brain. In addition, this approach does not cause the marked reduction in body weight 

seen when using the protracted pCPA depletion regime (200 mg/kg i.p. on days 

1,2,6,12) described by Goodwin et al., (1987b). Furthermore, the rats receiving this 

latter regime, were more aggressive, more likely to vocahse on handling and appeared to 

be in poor health.

This study and that of Hjorth (1985), Hutson et al., (1987) and BiU et al., (1991) 

strongly indicate that pCPA pretreatment alone, does not inhibit the hypothermic 

response to 5-HTia agonists and indeed tends to enhance it. This contradicts the 

findings of Goodwin et al., (1987b). However, it is important to emphasis that these 

authors reported that the hypothermic response mediated by 8-OH-DPAT, was not 

significantly attenuated after two days of pCPA 200 mg/kg, which would most likely 

cause considerable 5-HT depletion in terminal regions.

Larsson et al., (1990) reports that the hypothermic effect of 8-OH-DPAT was 

readily attenuated on repeated injection of the drug. Indeed a single prior 8-OH-DPAT 

dose was sufficient to cause a complete abohtion of this response to subsequent 8-OH- 

DPAT administration. Goodwin et al., (1987b) did not report an attenuation of 8-OH- 

DPAT induced hypothermia after a previous dose, but may have observed a combined 

effect of 5-HTiA desensitisation and 5-HT depletion.
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Lecci et al., (1990) suggest an alternative explanation, i.e., that the results of 

Goodwin et al, (1987b) were due to pCPA preventing a presynapticaUy mediated 

anxiolytic effect of 8-OH-DPAT which opposed a hyperthermic response to the stress of 

removing animals from group housing (Lecci, et a l, 1990; Zethof et a l, 1994). 

However, BiU et al, (1991) used group housing and obtained similar results to those of 

this present study in which individual caging was used.

In conclusion, hypothermia appears to be induced by 5-HTia receptor agonists 

acting at a postsynaptic site. However, it is possible that pCPA produced 5-HT 

depletion is ineffective in some terminal areas which are responsible for causing 

hypothermia, or that despite significant depletion sufficient pools of 5-HT exist to 

maintain near normal function.
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6. 5-HT FUNCTION FOLLOWING
DEPLETION BY pCPA

6.1. Introduction

The depletion of central 5-HT stores by the administration of the tryptophan 

hydroxlase inhibitor, para-chlorophenylalanine (pCPA) is well estabhshed (Koe and 

Weissman, 1966) and leads to the assumption that decreased 5-HT content in brain 

regions results iu diminished 5-HT mediated transmission. However, until recently the 

relationship between the proportion of 5-HT depletion in brain tissue and the proportion 

in the extracellular fluid has been difficult to investigate. The development of 

microdialysis, a technique which permits repetitive monitoring of central extracellular 

transmitter concentrations (see chapter 3), provides an important method for studying 

mechanisms of transmitter release and thus the influence of pCPA depletion upon 

extracellular 5-HT. Investigations on 5-HT by Kalen et al., (1988a), Auerbach et al., 

(1989), and Carboni and DiChiara (1989) show that various drug treatments influence 

dialysate 5-HT levels in the expected direction. Other studies reveal that levels rise 

during motor activity or handling (Kalen et al., 1989).

In vivo microdialysis has been used to study extracellular cortical 5-HT following 

its depletion by reserpine and subsequent repletion (Heslop and Curzon, 1994). The 

method was also used by Hutson and Curzon, (1989), to obtain direct evidence that the 

behavioural effects of p-chloroamphetamine (pCA) are mediated by release of 5-HT fi*om 

the neuronal cytoplasm (AdeU et al., 1989) and to show that the novel antidepressant 

tianeptine attenuated the increase of extracellular 5-HT on potassium (Whitton et al., 

1991) or 5-HTP (Datla and Curzon, 1993) administration.

Furthermore, using microdialysis, a massive rise in extracellular 5-HT 

concentration has been observed at death, presumably following the breakdown of 

transport systems requiring energy (personal observation). Such findings indicate that 

extensive stores of 5-HT exist relative to the amounts released under normal 

physiological conditions. Given these substantial stores, it is possible that even after
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gross depletion (i.e. 90+%), sufficient 5-HT may be recruited to enable near normal 

function.

Additionally, a number of brain regions and in particular the raphe, appear 

resistant to 5-HT depletion by pCPA, (Aghajanian, et al., 1973; Deguchi, et al., 1973; 

Steinman, et al., 1987; Tohyama, et al., 1988). These studies have used whole tissue 

sampling, to monitor depletion and it is conceivable that in brain areas which are 

relatively resistant to depletion, sufficient 5-HT remains so that release is unaffected.

On the other hand, evidence supporting some correlation between 5-HT 

depletion and function does exist. The 5-HT precursor, 5-HTP, has been shown to 

reverse the behavioural deficits produced by pCPA (Geller and Blum, 1970; Fibiger and 

Campbell, 1971), although, as pointed out by Marsden and Curzon, (1976), this 

precursor can be decarboxylated in non-serotonergic neurones to produce 5-HT. These 

authors avoided this problem by administering tryptophan (25 - 150 mg kg'^) instead of 

5-HTP, following partial depletion induced by pCPA. They showed that different doses 

of pCPA (50 -  150 mg/kg) decreased 5-HT stores and increased locomotion in parallel 

and reversal of the decrease of 5-HT by different doses of tryptophan, resulted in parallel 

return of locomotion to normal. Suggesting that alteration of 5-HT levels leads to 

parallel alteration in 5-HT transmission.

The great majority of earher studies on the effect of pCPA on brain 5-HT content 

have involved severe treatments with the drug resulting in gross depletion of 5-HT. In 

the present study, using the approach previously used in our laboratory (Marsden and 

Curzon, 1976; Curzon et al., 1978; Dickinson and Curzon, 1983) brain 5-HT stores were 

partially depleted by pCPA and in vivo dialysis used to determine the consequences for 

basal dialysate 5-HT concentration and -evoked 5-HT release. These investigations 

extend earher findings on the effect of pCPA on behavioural responses to tryptophan 

(Marsden and Curzon, 1976) and to pCA (Curzon et al., 1978).
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6.2. Methods

6.2.1. Animals

Male Sprague-Dawley rats (Charles River, U.K., weight 200 - 25Og) were 

housed individually under a 12 h light-dark cycle (hghts on 06.00 h) at 21 ± 1 for 5

days before experimentation. Rat diet (20R, Labsure, Poole, Dorset, UK) and water 

were freely available. The animals were injected with p-chlorophenylalanine methyl ester 

(pCPA) (Sigma Chemical Company, Poole, Dorset, U.K.), 150 mg kg'^ i.p. in 0.9% 

NaCl (n = 15) or 0.9% NaCl (n = 19) in a volume of 1.0 mL kg'^ between 09:00 h - 

10:00 h. Microdialysis probes were implanted between 13:00 h - 16:00 h on the same 

day.

6.2.2. Dialysis

Microdialysis probes (4 mm exposed membrane length, 210 pm outer diameter) 

were made essentially as described by Hutson et al., (1985) except that the internal glass 

capillary tubes were replaced by vitreous sihca tubing (SGE, Milton Keynes, U.K.) (see 

section 3.8 , Chapter 3) and Filtrai 12 (Hospal, Rugby, U.K.) was used for the dialysis 

membrane. In vitro recoveries from probes of this type were as follows: (n = 5, mean ± 

SD) 5-HTP 22 ± 3%, 5-HT 32 ± 5%, 5-HIAA 23 ± 2% when determined as AdeU et 

al., (1989). Results in Figures and Tables were not corrected for dialysate recovery.

After anaesthesia with pentobarbitone (Sagatal, May and Baker, 60 mg kg'^ i.p.) 

probes were implanted into the frontal cortex using coordinates according to Paxinos and 

Watson (1982) as foUows: 3.2 mm anterior and 6.0 mm ventral to bregma, 1.2 mm 

lateral to the midline. Probes were implanted without a guide cannula. The dialysis sac 

was kept rigid during implantation by slowly passing perfusion fluid through it.
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6.2.3. Perfusion experiment

The perfusion experiment was started 18 - 20 h after probe implantation at 09.00 

h - 10.00 h (i.e., 24 h after pCPA treatment) by passing fluid of composition (mM): 

NaCl, 125; KCl, 2.5; MgCb, 1.18; CaCb, 1.26) through the probe. A CMA pump 

(Carnegie Medicin, Sweden) was used at a flow rate of 2 pL min'\ The volume of 

dialysate between the probe and collecting vial was approx. 5 pL which corresponded to 

a flow thne of 2.5 min. Figures were not corrected for this. After a 20 min washout 

period, four 40 min dialysate samples were collected into 0.4 mL reaction vials (L.I.P., 

Shipley, Yorks, U.K.). Samples were fi*ozen on soHd CO2 and stored at -70 ®C until 

analysis of indohc constituents within the next 3 days.

Perfusion was continued and the effect of stimulation by investigated by 

substituting KCl (100 mM) for an equimolar concentration of NaCl in the perfusion 

fluids of 6 vehicle and 6 pCPA treated rats for 20 min during which period a 20 min 

dialysate sample was taken. Four further 20 min samples were taken during subsequent 

passage of the normal perfusion fluid.

The animals, (including those perfused throughout with normal fluid) were then 

given the aromatic decarboxylase inhibitor 3-hydroxybenzylhydrazine (NSD 1015, 150 

mg kg'  ̂ i.p.) as previously used to determine 5-hydroxytryptophan (5-HTP) 

accumulation as an index of the rate of 5-HT synthesis in brain tissue (Carlsson et al., 

1972). Three 10 min dialysate samples were then usually collected (though in a few 

cases only two samples were obtained) and the rats immediately killed by decapitation. 

The brains of the rats that had not been treated with K  ̂ were rapidly removed, the 

dialysis probes withdrawn and frontal cortices dissected out, frozen on sohd CO2 and 

stored at -70®C until analysis within the next 2 weeks.
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6.2.4. Biochemical analysis

5-HTP, 5-HT and 5-HIAA were determined by HPLC. Dialysate and tissue 

samples was analysed using an Ultrasphere 3 p,m ODS analytical column (7.5 cm x 4.6 

mm i.d.) (Beckman Ltd, U.K.) with an 0.5 pm high resolution filter, (Anachem, 

Upchuch, UK) but no guard column. The mobile phase consisted of 0.1 M potassium 

dihydrogen phosphate buffer, 1 mM octyl sodium sulphate and 0.1 mM Na-EDTA, pH 

2.75, with 18% v/v methanol. This was passed through a 0.2 pm filter (MiUipore, UK) 

under vacuum and degassed with hefium before use. A typical flow rate of 1.2 mL min'  ̂

gave the following retention times (min): 5-HIAA 2.50, 5-HTP 2.84, 5-HT 4.88.

An electrochemical detector (Coulochem 5100A, Severn Analytical, U.K.) with 

porous graphite electrodes was used. The mobile phase was conditioned by means of a 

model 5020 guard cell set at +0.60 V and sited on line prior to a injection valve 

(Rheodyne Model 7125, fitted with a 50 pL loop). A high sensitivity analytical cell 

(ESA model 5011) with electrode 1 set at + 50 mV and electrode 2 (signal electrode) set 

at +350 mV with respect to the reference electrodes, was positioned immediately after 

the column and filter assembly.

Brain tissue samples were treated and analysed as described by AdeU et al., 

(1989) and see section 2.6.1. of this thesis. Chromatographic data were recorded and 

concentrations determined by estimation of peak height using an integrator (Hitachi 

Merck model D2000). The detection limit for 5-HT was approximately 0.1 finol pL^ (3 

X baseline noise).

6.2.5. Drugs

DL-p-chlorophenylalanine methyl ester hydrochloride (pCPA) and m- 

hydroxybenzyUiydrazine dihydrochloride (NSD 1015) were obtained from Sigma 

Chemical Company (Poole, Dorset, U.K.).
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6.3. Results

6.3.1. Basal dialysate 5-HT and 5-HIAA concentrations

Dialysate 5-HT and 5-HIAA concentrations and 5-HT/5-HIAA ratios for 

individual vehicle and pCPA treated rats were essentially constant, but values between 

animals varied over a wide range (Figure 6.3.1.). It was noted that the four vehicle 

treated rats with the highest 5-HT concentrations had 5-HIAA concentrations which 

were well below the overall mean value. These animals therefore had very high dialysate 

5-HT/5-HIAA ratios. Three rats treated with pCPA, similarly had very high 5-HT/5- 

HIAA ratio. Most of the rats (designated as group 1) were significantly distinct from 

this group (group 2) with respect to all three of the above variables, except for 5-HIAA 

in the pCPA-treated group.

The 5-HT and 5-HIAA concentrations of group 1 were significantly decreased by 

pCPA and the mean 5-HT/5-HIAA ratio substantially (but not significantly) increased. 

The 5-HT and 5-HIAA values for vehicle treated rats (group 1) approached a significant 

positive correlation with each other (r = 0.54, p = 0.058, n = 13).

In the small group of animals designated group 2, pCPA pretreatment did not 

significantly reduce basal 5-HT levels (see Figure 6.3.1.) but 5-HIAA levels were 

significantly lower (70% decrease, p<0.01. Student t-test). In this group the 5-HT/5- 

HIAA ratio was markedly increased (320% increase, p<0.01, Student t-test).
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Figure 6.3.1. Basal 5-HT and 5-HIAA concentrations in frontal cortex dialysates. 
0.9% NaCl or pCPA (150 mg kg'^) were given 24 h previously, the main group of rats 
(group 1, O ): vehicle, n = 13-15; pCPA, n = 11-12; rats with high 5-HT and low 5- 
HIAA values (group 2, #  ): vehicle, n = 4; pCPA, n = 3). The bars show means ± 
S.E.M. for the two groups. Differences between groups 1 and 2: *p < 0.05, ** p <

0.001. Differences between vehicle and pCPA treated: group 1 rats: 5-HT p < 0.01, 5- 
HIAA p < 0.01, 5-HT/5-HIAA not significant (Student’s t-test); group 2 rats: 5-HT not 
significant, 5-HIAA p < 0.01, 5-HT/5-HIAA p < 0.01 (Student’s t-test).
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6.3.2. Effect of stimulation by (100 mM) on dialysate 5-HT and 5- 
HIAA

A 20 min pulse of (100 mM) increased 5-HT in the dialysate collected 

between 0 and 60 min after starting the pulse (Figure 6.3.2.). Values for the vehicle 

pretreated rats attained a plateau at 20 to 40 min of about four times the basal values and 

then returned approximately to previous levels. There was a substantial associated fall of 

dialysate 5-HIAA which was maximal at 40 min. Animals pretreated with pCPA showed 

significantly smaller effects. Area under the curve (AUC) values for the 5-HT and 5- 

HIAA changes are given in the legend of Figure 6.3.2.

6.3.3. Effect of NSD 1015 (150 mg kg'  ̂ i.p.) on dialysate 5-HTP and 5- 
HIAA

Dialysate 5-HTP concentration increased linearly in samples taken between 10 

and 30 min after giving the aromatic amino acid decarboxylase and monoamine oxidase 

inhibitor, NSD 1015 (Figure 6.3.3.). Although both stimulation and pCPA pre

treatment were followed by rather lower rates of increase than that shown by the 

controls, none of the four groups differed significantly. Mean dialysate 5-HIAA 

concentrations of the four groups only decreased by 10-13% during the above period. 

However, these small changes were sufficient for the estimation of rates of decrease of 5- 

HIAA. In the control animals, these rates were fairly comparable with rates of 5-HT 

synthesis calculated fi’om the rise of 5-HTP. Unlike the latter values, they were

substantially and significantly decreased after pCPA treatment.
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Figure 6.3.2. The effect of K (lOOmM, 20 min) in the perfusate on concentrations of 
(A) dialysate 5-HT and (B) dialysate 5-HIAA. Treatment 27 h previously: ( O ) 0.9% 
NaCl; ( • )  pCPA (150 mg/kg'). Results are given as means ± S.E.M. All animals 
were from group 1 of Figure 6.3.1. Area under the curve (AUC) values were calculated 
by summating changes at 180, 2 0 0  and 2 2 0  min after subtracting baseline concentrations 
(means of values obtained before and after the above period). AUC (pmol mL'^h ± 
S.E.M. n = 6 /group). 5-HT; 0.9% NaCl 2.82 ± 0.16, pCPA 1.53 ± 0.32, p < 0.01: 5- 
HIAA; 0.9% NaCl 151 ± 50, pCPA 30 ± 13, p < 0.001 (Student's t-test).
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Figure 6.3.3. Effects of NSD 1015 (150 mg kg'^) on dialysate concentrations of (a) 5- 
HTP and (b) 5-HlAA in rats not treated with K . ( O ) 0.9% NaCl; ( •  ) pCPA (150 
mg kg^) both given 28 h 40 min previously. Values are means ± S.E.M. (vertical bars). 
N = 9-10. The lines derive from the least-square analysis of best fit for values at 10, 20, 
30 min after giving NSD 1015. Slopes ± S.E.M. are shown. The only significant 
differences were for the effect of pCPA on rates of decrease of 5-HIAA (p < 0.05), 
Duncan's test after oneway ANOVA.
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6.3.4. 5-HT metabolism in frontal cortex tissue after giving NSD 1015 (150 
m g k e  ' i.p.)

Unlike the dialysate results, the frontal cortex tissue 5-HTP concentration of rats 

killed 30 min after giving NSD 1015 (i.e., immediately after taking the final dialysate 

sample) was strikingly decreased by pCPA pretreatment (Table 6.3.4.). 5-HlAA was 

comparably decreased. As 5-HT was substantially but less markedly decreased by 

pCPA, the 5-HT/5-HIAA ratio rose significantly.

Table 6.3.4. 5-HT metabohsm 30 min after NSD 1015 (150 mg kg'  ̂ i.p.) in rat frontal 
cortex tissue 28h 40 min after vehicle or pCPA (150 mg kg'  ̂ i.p.) pretreated. Values are 
means ± S.E.M. with numbers of rats in parentheses. Data on both group 1 and group 2 
rats (see Figure 6.3.1.) are included as their tissue values only differed neghgibly. 
Differences from vehicle treated rats: * p < 0.05, ** p < 0.001 (Student’s t-test).

Vehicle pCPA

5-HTP (pmol g-‘ h-') 1830 ± 130 420 ± 50**
(10) (8)

5-HT (pmol g ')  1600 ±95 700 ±90**
(9) (8)

5-H lA A (pm olg') 1000 ±70 230 ±20**
(10) (8)

5-HT/5-H1AA 1.69±0.09 3.62 ±0.78*
(9) (8)
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6.3.5. Comparison of effects of pCPA (150 mg kg'  ̂ i.p.) on indoles in 
frontal cortex dialysate and tissue.

Effects of pCPA on dialysate and tissue values are shown in percentage form in 

Table 6.3.5. 5-HTP accumulation was strikingly decreased in brain tissue but not in 

dialysate. However dialysate 5-HT, its increase on stimulation and tissue 5-HT all fell 

by about half. pCPA decreased dialysate 5-HIAA, tissue 5-HIAA and the falls of 

dialysate 5-HIAA on both and NSD 1015 treatments to a greater proportional extent 

than it decreased 5-HT. These 5-HIAA changes were proportionate to the fall of tissue 

5-HTP. As pCPA decreased 5-HT values to a lesser extent than those of 5-HIAA, the 5- 

HT/5-HIAA ratios were increased in both dialysate and tissue, though the change was 

statistically significant only in the latter case.
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Table 6.3.5. Effect of pCPA on indoles in the frontal cortex. Changes and their 
statistical significances were calculated from data in Figures 6.3.1, 6.3.2., 6.3.3. and 
Table 6.3.4. Dialysate values are for group 1, and tissue values for groups 1 and 2
combined (See Table 6.3.4.). Significant changes: * p < 0.05, ** p < 0.01 * * * P <

0.001 (dialysate values after NSD 1015, Duncan's test after oneway ANOVA; all other 
values Student's t-test). NS: not significant.

% Change

5-HTP
Dialysate (NSD 1015 given under basal conditions) 
Dialysate (NSD 1015 given after K^)
Tissue

- 21 (NS)
- 7(NS)
_ 77 * * *

5-HT 
Dialysate (basal) 
Dialysate (increase after 
Tissue

50** 
46 ** 
56 ***

5-HlAA 
Dialysate (basal)
Dialysate (decrease after
Dialysate (decrease after NSD 1015)
Tissue

76 ** 
80 ** 
82 ***
77 * * *

5-HT/5-H1AA
Dialysate
Tissue

+ 90 (NS) 
+ 114 *
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6.4. Discussion

A number of studies have used pCPA to produce a near complete depletion of 

central 5-HT (Hjorth, 1985; Dourish, et al, 1986a.&b; Goodwin, et a l, 1987b; Hutson, 

et al, 1987a; Steinman et al, 1987; Tohyama et a l, 1988). However, given the 

resistance of some central areas to depletion, and the compartmentation of central 5-HT 

stores, it is conceivable that the readily releasable pool of 5-HT may be decreased to a 

lesser degree than would be suggested by the near-complete depletion as indicated by 

determination of whole brain indole content.

For the practical purpose of monitoring 5-HT in extracellular fluid by 

microdialysis (given the limitations of assay sensitivity), a less extensive depletion by 

pCPA was convenient. However, this may be of greater relevance to the physiological 

regulation of 5-HT fimction particularly in respect of the proposed defect in serotonergic 

function as a possible basis for depressive illness (Lapin and Oxenkrug, 1969; Carlsson et 

a l, 1969; Marsden and Curzon, 1976; Ogren and Fuxe, 1985; Briley and Moret, 1993; 

Maes and Meltzer, 1995).

Before discussing the main body of results, it is necessary to consider the 

variability in the basal levels of 5-HT and 5-HIAA between animals within the same 

treatment groups (Figure 6.3.1.). A small group of rats exhibited markedly high basal 

dialysate 5-HT and rather low 5-HIAA concentrations (group 2, Figure 6.3.1). The data 

on these animals was statistically distinguishable from that obtained on the other rats 

(group 1, Figure 1). Such variabihty in basal 5-HT levels when assessed by microdialysis 

may well be common, but are not always reported since many authors only report the 

mean percentage change of 5-HT (from a baseline value) on drug or other treatments of 

individual animals.

One explanation for the two groups is that they could indicate particularly high 

(group 2 ) or low (group 1) basal firing rates due to intrinsic neurophysiological 

differences of the rats. Increased firing in group 2 seems reasonable as high cortical 

dialysate 5-HT and low 5-HlAA values also occur on both handling (Kalen et al, 1989) 

and stimulation with (Figure 6.3.2.). The latter finding agrees with previous dialysis 

studies (Auerbach et al, 1989; Kalen et a l, 1988a; Carboni and DiChiara, 1989). It is
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relevant that transport of 5-HlAA from neurones has been suggested to be impaired 

during the depolarized state which occurs when 5-HT is actively released (Miyamoto et 

al., 1990). However, if the characteristics of the group 2 rats reflect neuronal firing, it 

might be expected that the increase of dialysate 5-HT of pCPA treated rats on 

stimulation by would be greater than predicted from the effect of pCPA on tissue 5- 

HT. This is not the case as pCPA decreased both basal dialysate 5-HT and its increase 

on stimulation, to comparable degrees (50%, 46%, Table 6.3.5.). On the other hand 

does not only stimulate 5-HT neurones and it is conceivable that indirect effects on 5- 

HT are also involved.

It is also conceivable that the difference between group 1 and 2 reflect an 

experimentally derived artifact, possible resulting from damage caused during probe 

implantation. It is well estabhshed that dialysate 5-HT levels immediately after probe 

implantation are high and subsequently decline over a number of hours (Kalen et al., 

1988a; personal observations). The remaining animals (group 1) had basal dialysate 5- 

HT concentrations of about 0.14% of the 5-HIAA values (after correction for the 

different in vitro recoveries of the two indoles) which are comparable with the values of 

approximately 0.18% and 0.13%, calculated from previous data obtained in our 

laboratory (AdeU et al., 1989) and elsewhere (AdeU et al., 1991). While the rats in group 

2 had high basal 5-HT and low basal 5-HIAA, those in group 1 showed a positive 

correlation between basal 5-HT and 5-HIAA which approached statistical significance. 

In view of the findings of Miyamoto et al. (1990) this could imply 5-HT release unrelated 

to firing. The work of Heslop and Curzon, (1994) suggests that much of this comes 

from the neuronal cytoplasm as one day after reserpine treatment basal dialysate 5-HT 

was proportionately more reduced that tissue 5-HT.

A number of behavioural experiments (Harvey et al., 1975; Marsden and Curzon, 

1976; Curzon et al., 1978; Borbely et a l, 1981) suggest that depletion of brain 5-HT 

stores by pCPA decreases the availabihty of the transmitter to receptors in so far as this 

is indicated by behavioural responses. However, it has not previously been clear whether 

release on neuronal firing is directly proportional to neuronal stores or whether partially 

depleted stores are mobihsed so that they become more available for release. The present 

findings support the former alternative (at least with respect to the group 1 rats under the 

experimental conditions used) as pCPA decreased tissue 5-HT, basal dialysate 5-HT and
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the rise of dialysate 5-HT on K stimulation all to similar degrees (Table 6.3.4). The 

concentrations of 5-HIAA in both tissue and basal dialysate and 5-HIAA changes on 

both NSD 1015 (see below) and K' treatment were also decreased in proportion to each 

other but more markedly than the changes of 5-HT. The resultant increased 5-HT/5- 

HIAA ratios agree with previous findings on brains of rats given pCPA at dosages 

sufficient to partially deplete central 5-HT (Marsden and Curzon, 1976; Curzon et al., 

1978; Dickinson and Curzon, 1983).

The tissue 5-HT and 5-HIAA values in the current study were obtained after 

giving NSD 1015 in order to determine the rate of 5-HT synthesis. However, as the 

drug not only inhibits aromatic amino acid decarboxylase but also monoamine oxidase, 

brain 5-HT concentration is unaltered 30 min after giving NSD 1015 (Carlsson et al., 

1972). This result and the slow decreases of dialysate 5-HIAA after giving the drug 

suggest that tissue levels of the two indoles obtained shortly after giving NSD 1015 

provide good indices of their values in its absence.

Tissue 5-HTP and 5-HIAA changes after pCPA treatment both point to 

essentially identical decreases of the rate of 5-HT synthesis. Corresponding decreases of 

5-HT were less marked, consistent with increased conservation of the transmitter due to 

more effective storage in unfilled vesicles (Segawa and Fujisawa, 1972; Taber and 

Anderson, 1973). Datla and Curzon (1996) have extended these findings to show that 

following partial depletion by pCPA, conservation of 5-HT occurs in the cortex, striatum 

and hippocampus but not appreciably in the hypothalamus or brain stem.

Unlike the tissue values, the rate of rise of dialysate 5-HTP was only decreased 

by pCPA to a small and statistically insignificant extent although the associated rate of 

fall of 5-HIAA was decreased in parallel with the other 5-HIAA changes. The 

anomalous 5-HTP data is exphcable by analogy with the stimulation of tryptophan efflux 

from synaptosomes by other large neutral amino acids (Grahame-Smith and Parfitt, 

1970) since it suggests that as pCPA, like 5-HTP, is a large neutral amino acid, it 

stimulated efflux of the latter into extracellular fluid. As pCPA has a half-hfe of about 3 

days (Koe and Weissman, 1966) its concentration in the brain would still be high at the 

time of the experiment.

The present neurochemical evidence from the group 1 rats that the availability of 

5-HT to receptors on neuronal firing is proportional to brain 5-HT concentration agrees

173



with a behavioural study of rats with 5=HT synthesis partially inlhbited by pCPA 

(Marsden and Curzon 1976). These animals exhibited hyperlocomotion which was 

reversed by tryptophan in parallel with its enect on the reattainment of normal 5-HT 

levels. In contrast to these findings, when 5-HT was released by pCA, the decrease of 

behavioural response in pCPA pretreated rats was greater than predictable from the fall 

of brain tissue 5-HT (Curzon et ah, 1978). This result is exphcable by a combined in- 

vivo dialysis and behavioural study of the effect of pCA on reserpine-treated rats (Adell 

et ah, 1989) which confirmed earher in vitro evidence (Ross and Kelder, 1977) that pCA 

releases 5-HT, not from vesicles, but from the neuronal cytoplasm. Enhanced vesicular 

uptake of 5-HT after pCPA treatment (Segawa and Fujisawa, 1972; Taber and 

Anderson, 1973) would presumably result in the cytoplasmic pool being more markedly 

depleted than suggested by the brain tissue 5-HT changes.

DeVries et ah, (1995) using the selective 5-HT neurotoxin, 5,7- 

dihydroxytr)/ptamine (5,7-DHT) failed to demonstrate a significant effect on extracellular 

levels of 5-HT in the striatum despite reductions in tissue levels in other terminal and 

perikaryal regions. This may suggest that under certain conditions, pres>naptic

compensatory changes occur in the remaimng population of 5-HT neurones to normahse 

the extracellular levels o f 5-HT. The possibihty that pCPA and 5,7-DHT can cause 

serotonergic sprouting has been raised (Baker et ah, 1993).

The above findings, taken together, suggest that when 5-HT synthesis is partly 

inlhbited by pCPA, both brain 5-HT and its availability to receptors are decreased in 

similar proportions 24 h later in the frontal cortex, i.e. that increase mobilisation of the 

residual cortical 5-HT does not occur. This does not necessarily imply that increased 

mobilisation does not occur in other 5-HT regions or at greater times after 5-HT 

depletion. In the frontal cortex, and in the striatum and hippocampus, the relative effects 

on 5-HT and 5-HIAA suggest that conservation of the transmitter is concurrently 

facilitated by transport from the small cytoplasmic pool (where it is vulnerable to attack 

by monoamine oxidase) to the vesicular pool from which 5-HT is released on neuronal 

firing.

Understanding the basis of the differential depletion o f serotonergic brain regions

may aid our understanding of the involvement of detective 5-HT synthesis in depression
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and other disorders. Further experiments on the effects of more prolonged partial 

depletion of 5-HT and on its availability to receptors would be of great relevance
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7. GENERAL DISCUSSION

7.1. Major findings

The effects of altered control of 5-HT function and synthesis were investigated 

by determioing various consequences of pretreatments with the 5-HTia agonist, 

8 -OH-DPAT, and the 5-HT synthesis inhibitor, pCPA, respectively.

7.1.1. 5-HTia mediated behavioural responses induced by 8 -OH-DPAT are differentially 

desensitised following repeated daily 8 -OH-DPAT treatment. These markedly 

different effects are not explicable simply in terms of pre- or postsynaptic 

mediation.

7.1.1.1. Components of the 5-HT syndrome elicited by 8 -OH-DPAT which are responses

to the activation of postsynaptic 5-HTia receptors, were substantially 

attenuated after a single 8 -OH-DPAT pretreatment. However another 

postsynaptic 5-HTia receptor mediated response, tail-flick, was unaffected by 

one, three or fourteen daily administrations of 8 -OH-DPAT. Hyperphagia, a 

response to the activation of presynaptic 5-HTia receptors, was likewise 

unaffected by this dosing regime.

7.1.1.2. The hypothermic effect of 8 -OH-DPAT which, in the rat, is indicated to be a 

postsynaptic 5-HTia receptor mediated response (see 7.1.2.), was progressively 

attenuated over fourteen pretreatments.

7.1.2. A postsynaptic location for 5-HTia receptor mediated hypothermia is indicated 

by the following effects of (a) 8 -OH-DPAT, a drug with strongly agonistic 

properties at both raphe 5-HTia presynaptic sites and postsynaptic 5-HTia sites, 

and (b) BMY 7378, a drug which is an agonist at 5-HTia sites in the raphe but is 

mainly an antagonist at postsynaptic 5-HTia sites.
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7.1.2.1. 8-OH-DPAT has comparable ED$o values for both hypothermia and 

hyperphagia, a well estabhshed presynaptic 5-HTia receptor dependent 

response but, BMY 7378 has an ED50 value for hypothermia which is two 

orders of magnitude greater than that for hyperphagia.

7.1.2.2. After repeated treatment with pCPA which causes gross depletion of 5-HT 

from terminal regions (but a more modest reduction of raphe 5-HT) the 

hypothermic effects of 8 -OH-DPAT and BMY 7378 were not prevented but 

tended to be enhanced.

7.1.2.3. Infusion of BMY 7378 into the dorsal raphe is without clear hypothermic effect.

7.1.3. A single treatment with pCPA which depleted frontal cortex 5-HT by about half 

had the following consequences.

7.1.3.1. The tissue 5-HT / 5-HIAA ratio rose suggesting increased conservation of the 

partially depleted 5-HT stores.

7.1.3.2. In the majority of the animals, dialysate 5-HT concentration and its rise 

following stimulation by fell in proportion with the decrease of tissue 5-HT.

7.1.3.3. A small subgroup of rats was distinguished from the above rats by significantly 

higher basal dialysate 5-HT associated with significantly lower dialysate 

5-HIAA. Results suggest that the pCPA treatment did not decrease dialysate 

5-HT in these animals.
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7.2. Implication of the major findings

7.2.1. The range of vulnerabilities of 5-H T ia receptor dependent responses to repeated 

8-OH-DPAT pretreatment suggests the need for caution in the use of specific 

chronic behavioural effects of 5-H T ia agonists (or other serotonergic drugs) as 

indices of mechanisms of antidepressant action. Nevertheless it is of interest that 

the gradual attenuation of the hypothermic response to 5-H T ia agonists on 

repeated treatment approximately parallels the time-course of therapeutic 

effectiveness of antidepressants.

7.2.2. The differential vulnerabilities of these postsynaptic mediated responses to 8-OH- 

DPAT contrasts with the relative resistance of receptor numbers or hgand- 

receptor binding in various terminal regions to pretreatments with 5-HTia 

agonists, and imphcates secondary messenger changes and / or the involvement 

of spare receptors (receptor reserve) at specific receptor locations. Effects 

downstream fi'om 5-HT receptors could also be involved.

7.2.3. As BMY 7378 is a powerful presynaptic 5-HTia receptor agonist but only has 

weak agonist / antagonist properties at postsynaptic 5-HTia receptors it is a 

useful tool in distinguishing between pre- or postsynaptic receptor mediation.

7.2.4. As the serotonin synthesis inhibitor, pCPA, does not cause uniform depletion of 

5-HT in all regions its use in the absence of other data to distinguish between 

pre- and postsynaptic receptor mediated responses has limitations.

7.2.5. The availabihty of 5-HT for transmission appears in most of the animals to be 

diminished proportionally to the degree of depletion of 5-HT stores.
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7.3. Why does pretreatment with 8-OH-DPAT differentially attenuate 

different responses to 8-OH-DPAT?

The different susceptibilities of various responses to the activation of 5-HTia 

receptors, to attenuation by pretreatment with 8-OH-DPAT cannot be explained in terms 

of the pre- or postsynaptic location of the receptors (see 7.1.1.). The importance of the 

following factors requires comment.

7.3.1. Receptor reserve

It has been suggested that the differential effects of the respective 5-HTia ligands at 

pre- and postsynaptic receptors may be explained by the extent of receptor reserve at the 

different sites. Receptor reserve is a term which has been used to describe relationships 

between the degree of occupancy of a receptor and the intensity of response mediated by the 

receptor. It may be illustrated by a study in which MeDer et al., (1990) investigated the 

relationship between the availability of 5-HTia receptors in rat cortex and hippocanpus, and 

the effect of 5-HTia agonists on the rate of 5-HT synthesis. Rats were treated with the 

irreversible 5-HT receptor antagonist N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline 

(EEDQ; Battaglia, et al., 1986) and 24 h later dose-response curves were constructed for the 

inhibition of 5-HT synthesis by 8-OH-DPAT, buspirone, ipsapirone and BMY 7378 as 

indicated by the decrease of the 5-HTP accumulation on administration of the aromatic amino 

acid decarboxylase inhibitor NSD-1015. EEDQ treatment produced rightward shifts in the 

dose response curves for the 5-HTia agonists which were smaller in the hippocanq)us than 

the cortex and accompanied by reductions in the maximal response. Meller et al, (1990) 

conclude that as maximal response was elicited by partial agonists, this indicates the presence 

of a large receptor reserve for 5-HTia mediated inhibition of 5-HT synthesis. They also argue 

that the apparent difference between the cortical and hippocan^al response corresponds to 

the relative size of this reserve in the raphe nuclei which innervate these regions. Since 

apparently half as many receptors must be occupied to elicit half-maximal response in the 

cortex than in the hippocampus, this finding indicates that the presynaptic 5-HTia receptor 

reserve of the median raphe is relatively smaller than the reserve in the dorsal raphe, as the
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hippocampus receives its serotonergic innervation mostly from the median raphe whereas the 

innervation of the cortex is of mixed dorsal and medial raphe origin (Geyer et al.).

Is the relative degree of receptor reserve a feasible explanation for the differential 

desensitisation of 5-HTia receptor mediated responses? As discussed above, presynaptic 

receptors appear to possess some reserve and Yocca et al., (1992) have reported that the 

hippocançal postsynaptic 5-HTia receptors which mediate the inhibition of adenyl cyclase 

activity by 8-OH-DPAT, appear to lack receptor reserve. Do the results described in chapter 

4 of this thesis (and see 7.1.1. above) support this idea? With the exception of the tail-flick 

response, postsynaptically mediated responses were attenuated after 8-OH-DPAT 

pretreatments while hyperphagia, a presynaptically mediated response was essentially 

unaltered. However, the 8-OH-DPAT induced increase in plasma corticosterone, which is 

also postsynaptically mediated (Haleem et al., 1989) is reported to have a substantial reserve 

(Kelder and Ross, 1992). However, the resistance to attenuation of the tail-flick response 

following repeated 8-OH-DPAT pretreatment cannot be attributed solely to the presence of 

spare receptors mediating this response, since 5-HTia partial agonists (buspirone, gepirone, 

ipsapirone, etc.) do not elicit taft-fticks (Millan et al, 1991), but would have been expected to 

in the presence of a receptor reserve.

7.3.2. Interaction between 5-HT and glutamate neuronal systems

Ross et a l, (1992) investigated the possible involvement of the glutamate N- 

methyl-D-aspartate (NMDA) receptor complex since this system may be involved in 

regulating elevation of serum corticosterone, a response mediated by activation of 5-HT 

receptors including postsynaptic 5-H T ia receptors (Haleem et a l, 1989). Ross et al, 

(1992) report that the long lasting attenuation of increased plasma corticosterone or 

inhibition of cage-leaving (also a postsynaptic 5-H T ia receptor mediated response) 

produced by a single pretreatment with 8-OH-DPAT, was itself attenuated by prior 

injection of the NMDA receptor antagonists, dizocilpine ((+)-MK-801), phencyclidine, 

and 3-(2-carboxypiperazin-4-yl)-propyl-1 -phosphonic acid (CPF). Similarly, dizocilpine, 

when given before 8-OH-DPAT pretreatment, is reported to block the attenuation of the
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hypothermia on subsequent challenge (Renyi et al., 1992). Thus changes downstream 

from the 5-HT receptors appear to be influential in mediating desensitisation.

7.3.3. Receptor number and affinity

A number of studies have investigated changes in receptor number or affinity as 

the basis for the rapid induction of tolerance in some responses mediated by postsynaptic 

5-HTiA receptors and report httle change (Larsson et al., 1990; Schechter et al., 1990). 

However it should be pointed out that in these studies though measurements were made 

within various tissue regions, these regions are not necessarily involved in the mediation 

of particular responses. It is therefore possible that changes at these specific sites may be 

undetected when relatively gross regions are assessed.

7.4. The effect of 5-HT depletion on 5-HT neurotransmission

Chapter 6, reports the results of an investigation into the effects of tissue 5-HT 

partial depletion on extracellular 5-HT within frontal cortex using microdialysis. After a 

single pCPA administration, that caused about a 50% fall in cortical 5-HT, the basal level 

of 5-HT and the rise in dialysate 5-HT on stimulation decreased proportionately. 

This supports the findings of behavioural experiments (Harvey et al., 1975; Marsden and 

Curzon, 1976; Curzon et al., 1978; Borbely et al., 1981) which suggests that depletion of 

brain 5-HT stores by pCPA decreases the availability of the transmitter to receptors in a 

proportional manner.

p-Chloroamphetamine (pCA) which also depletes brain 5-HT, has been 

demonstrated to induce 5-HT release via a mechanism which can be blocked by the 

serotonin reuptake inhibitor fluoxetine (Ross and Kelder, 1977). Since 5-HT does not 

diffuse to any substantial degree across the neuronal membrane, this suggests that its 

efflux is facilitated by reversal of the uptake mechanism. Curzon et al., (1978) report 

that when 5-HT was released by pCA, the decrease in behavioural response in pCPA- 

pretreated rats was greater than predicted from the fall of brain tissue 5-HT, implying the

181



possibility of enhanced reuptake of the released 5-HT. Reserpine, a drug which depletes 

5-HT by preventing its accumulation in intraneuronal vesicles, was used by Adell et al., 

(1989) in rats to confirm that pCA releases 5-HT fi'om the cytoplasmic rather than the 

vesicular pool. Enhanced vesicular uptake of 5-HT following pCPA treatment has also 

been reported (Segawa and Fujisawa, 1972; Taber and Anderson, 1973) and would 

presumably reduce the cytoplasmic pool more markedly than expected by the change in 

brain tissue 5-HT. This mechanism would also explain the apparent conservation of 5- 

HT after partial depletion by pCPA, observed in this study (see chapter 6).

It might be argued that partial 5-HT depletion that reduces the availabihty of 5- 

HT for transmission, currently represents an attractive animal model of relevance to 

depressive illness. It is possible that mechanisms that conserve 5-HT in partially depleted 

serotonergic neurones, could themselves lead to attenuated postsynaptic responses and 

thus be imphcated in reduced 5-HT fimction in depression.

7.5. Implications for antidepressant mechanisms

Many antidepressant drugs including the tricychc antidepressants (e.g. 

amitriptyline and clomipramine), the monoamine oxidase inhibitors (e.g. clorgyline), and 

the selective serotonin reuptake inhibitors (SSRI, e.g. paroxetine, fluoxetine) appear to 

enhance brain serotonin fimction (Lapin and Oxenkrug, 1969; Carlsson et al., 1969; 

Ogren and Fuxe, 1985; Bel and Artigas, 1992; Briley and Moret, 1993,) and there is 

strong evidence that this is responsible for their therapeutic effects (Artigas, 1993; Briley 

and Moret, 1993; Maes and Meltzer, 1995). However, while numerous animal 

experiments have shown that these drugs rapidly increase the availabihty of 5-HT to 

receptors, their therapeutic effects only develop graduaUy (Slater, 1984; Amsterdam, 

1987 and 1992; Jacobson et al., 1985b; Csanalosi et al., 1987; Cott et al., 1988).

The desensitisation of serotonergic regulatory mechanisms has been proposed to 

explain this apparent delay in the therapeutic benefit of antidepressant treatments (AdeU 

and Artigas 1991; Briley and Moret, 1993). Somatodendritic 5-HTia autoreceptors 

within the raphe nuclei (Aghajanian, 1978; Gozlan et al., 1983; Dourish et al, 1985a; Verge 

et al., 1985; Weissman-Nanopoulos et al., 1985; Hutson et al., 1986; Sprouse and
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Aghajanian, 1987; Hamon et al., 1988; Hutson et al., 1989; Sharp et al., 1989b) have been 

demonstrated to decrease the firing rate of serotonergic neurones in the raphe nuclei 

(Sprouse and Aghajanian, 1987; Chaput and de Montigny, 1988; Adrien et al., 1989), 

decreased 5-HT turnover (Hamon et al., 1988; Hjorth and Magnusson, 1988) and reduced 5- 

HT release in forebrain areas (Hutson et al., 1989; Sharp et al., 1989b; Blier et al., 1990). 

Thus it seems reasonable that dis-inhibition of 5-HT fimction via desensitisation of this 

autoreceptor could enhance 5-HT release at terminal sites. However, hyperphagia induced 

by the 5-HTia agonist 8-OH-DPAT, a response mediated by somatodendritic 5-HTia 

autoreceptors within the raphe ((Hjorth et al., 1982; Tricklebank et al., 1984; Dourish et al., 

1986a, b and c, Hutson et al., 1986 and 1987b; Kennett et al., 1987) was unaffected by 

pretreatment with 8-OH-DPAT once daily for 1,3 or 14 days (see section 4.3.1. of this 

thesis). Likewise male copulatory behaviour induced by 8-OH-DPAT, which probably 

occurs via presynaptic 5-HTia receptor activation, was not attenuated by pretreatment 

with this drug for 15 days (Johansson et al., 1990) and a decrease in 5-HT synthesis and 

decreased turnover following activation of the presynaptic 5-HTia somatodendritic 

autoreceptor by 8-OH-DPAT, was similarly unaffected by repeated 8-OH-DPAT 

administration (Larsson et al., 1990).

On the other hand, Kennett et al., (1987) reported a long lasting attenuation of 8- 

OH-DPAT induced hyperphagia, after a single administration of the 5-HTia agonists, 

ipsapirone, buspirone and 8-OH-DPAT. These findings are supported by an apparent 

reduction in 5-HTia receptor density within the raphe after a single dose of 8-OH-DPAT 

(Beer et al., 1990). However, Hjorth (1991) was unable to demonstrate any significant 

change in the basal output of 5-HT at a terminal site (ventral hippocampus) nor in the 

responsiveness of the somatodendritic autoreceptors to induce a reduction in terminal 

output following activation by 8-OH-DPAT, ipsapirone or BMY 7378.

More compelling evidence for the involvement of the somatodendritic 

autoreceptors in the gradual modification of serotonin function was provided by Adell 

and Artigas (1991). These authors using microdialysis in the frontal cortex and near the 

raphe nuclei, reported that the antidepressant drug clomipramine, which has been shown 

to block 5-HT uptake in vitro (Carlsson et al., 1969), also appeared to block uptake 

(since a single dose increased extracellular 5-HT) in vivo when administrated locally in 

either area (raphe or hippocampus), but not in the frontal cortex when given
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systemically. Clomipramine has been reported to decrease the firing rate of raphe 

neurones (Sheard et a l, 1972), a response mediated by activation of somatodendritic 5- 

HTia autoreceptors (Sprouse and Aghajanian, 1987; Chaput and de Montigny, 1988; Adrien 

et al, 1989). Activation of these cell body autoreceptors also decreases 5-HT turnover 

(Hamon et al., 1988; Hjorth and Magnusson, 1988) and reduces 5-HT release in forebrain 

areas (Hutson et al., 1989; Sharp et al., 1989; Blier et al., 1990). Consequently, Adell and 

Artigas (1991) proposed that the inhibition of 5-HT uptake caused an increase in raphe 

extracellular 5-HT, activating somatodendritic 5-HTia autoreceptors which caused a 

reduction in raphe firing and subsequent decreased 5-HT release (presuming that 

reuptake is blocked but extracellular 5-HT levels failed to rise).

In other studies, chronic systemic administration of some SSRI’s are reported to 

increase extracellular 5-HT, in for example; the fi*ontal cortex after fluoxetine (Invemizzi 

and Samanin, 1996), and the fi*ontal cortex, striatum, dorsal and ventral hippocampus 

following paroxetine administration (Artigas et a l, 1996). This increased extracellular 5- 

HT in terminal regions is potentiated when the non-selective 5-HTia receptor antagonist 

methiothepin (Invemizzi et al, 1992), the p-adrenoceptor / 5-HTia receptor antagonist 

pindolol (Romero et a l, 1996) or the selective 5-HTia antagonist WAY100635 (Artigas 

et a l, 1996; Invemizzi and Samanin, 1996) were co-administered. These data lead to the 

proposal that a dmg combination of a SSRI and a 5-HTia antagonist might provide the 

best therapeutic approach to the treatment of depression in some patients (Artigas, 

1993).

Given the above findings it is interesting that 5-HTia antagonists which appear to 

block the indirect action of SSRIs (by preventing increased raphe 5-HT fi*om activating 

the 5-HTiA autoreceptor), fail to increase cortical 5-HT when given alone (Invemizzi and 

Samanin, 1996). Consequently these authors suggest that although raphe neurones 

exhibit slow rhymic firing (Chaput and de Montigny, 1988), there is no tonic control of 

5-HT release in the fi*ontal cortex.

Repeated administration of SSRIs has been reported to enhance basal cortical 

extracellular 5-HT, presumably by desensitisation of 5-H T ia autoreceptors (Invemizzi, et 

a l, 1994; Invemizzi and Samanin, 1996). Furthermore, the ability of 8-OH-DPAT to 

decrease terminal 5-HT release is apparently lost (Invemizzi and Samanin, 1996). 

However, 5-H T ib/d terminal autoreceptors are also thought to control 5-HT release in
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terminal regions (see Middlemiss, 1988) and it is conceivable that desensitisation of these 

autoreceptors might disinhibit the release of 5-HT.

In Chapter 4 of this thesis, the postsynaptic 5-HTia receptor mediated responses 

of flattened body posture and forepaw treading (components of the serotonin 

behavioural syndrome) are reported to be attenuated after a single 8-OH-DPAT 

pretreatment, and hypothermia, to be more gradually attenuated on repeated 

pretreatment. Larsson et al., (1990), also reported attenuation of these responses. It is 

difficult to explain the apparently rapid attenuation of postsynaptic mediated responses 

by the Adell and Artigas (1991) model of gradual down regulation of serotonin 

autoregulation. It seems more likely that either these differences reflect the relative 

involvement of other downstream neurotransmitter systems which are responsible for the 

manifestation of the behavioural responses, or that desensitisation of some postsynaptic 

5-HTiA receptors may occur. Studies to investigate 5-HTia binding may not necessarily 

detect alterations in the affinity or density of a small subgroup of receptors that are 

responsible for mediating a particular response (see section 7.3.3.). Differences in the 

degree of receptor reserve both on a temporal basis (varying reserves occurring at 

different time or in response to other factors) or between subgroups which mediate 

specific responses, could underhe some of the apparent discrepancies observed between 

different studies. Does a correlation exist between the extent of receptor reserve for the 

mediation of a particular response and the relative ease with which it can be desensitised 

following repeated drug administration?

In conclusion the mechanisms by which antidepressants exert their effect 

probably involves deregulation of serotonergic function, either, by disinhibition of 

presynaptic autoreceptor feedback or via modification of postsynaptic receptor 

activation. Further work is required to establish the exact mechanisms underlying 

antidepressant therapy.
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Abbreviations

ANOVA

AUC

BM Y 7378

cAMP

cDNA

CNS

CSF

5-CT

DA

5,7-DHT

DOPAC

8-OH-DPAT

ECD

ECF

E D 5 0

EEDQ

GABA

GMT

Gn

G-protein

5-HIAA

HPLC

5-HT

5-HTP

HVA

Analysis o f  variance 

Area under the curve

8-[2-[4-(2-m ethoxy phenyl) 
-1 -piperazinyl]eth>d]-8- 
azaspiro[4,5]-decane-7,9- 
dione dihydrochloride)

Cychc adenosine 3 ’,5 ’ 
monophosphate 
Cloned DNA

Central nervous tissue

Cerebrospinal fluid

5 -Carboxamidotryptamine

Dopamine

5,7-dihydroxytryptamine

Dihydroxyphenylacetic acid

8-Hydroxy-2-(di-n-propyl
ammotetrahn

Electrochemical detector

Extracellular fluid

Effective dose, 50% 
response
N-ethoxycarbonyl-2-ethoxy- 
1,2-dih>^oquinoline

Gamma aminobutyric acid

Greenwich mean time

G-protein subunit

Guanine nucleotide binding 
regulatory protein

5-Hydroxyindoleacetic acid

Ihgh performance hquid
chromatography
5-Hydroxytryptamine

5-Hydroxytryptophan

HomovaniUic acid

ijn .. hitra muscular

i.p. Intra peritoneal

i,v. Intra venous

Kd Apparent dissociation
constant

LC Liquid chromatography

L-DOPA Levodopa

LNAA Large neutral amino acid

LSD Lysergic acid diethylamide

MAO Monoamine oxidase

5-MeODMT

MW Molecular w ei^ it

N SD -1015 5 -Hydroxybenzylhydrazine

o.(L (or CD) Outer diameter

ODS Octadecyi silane

OSS Octyl sodium sulphate

pCA para-Chloroamphetamine

pCPA para-Chlorophenylalanine

p.o. Per oral

psi Pounds per square inch

Rt Retention time

s.c. Subcutaneous

s.d. Standard deviation

S.E.M Standard error o f  the mean

,SSRI Selective serotonin reuptake
inhibitor

Vm ax Maximal velocity o f
reaction

I.e.

i.c.v.

i  d. (or ID)

Intra cisternal 

Intracerebroventricular 

Internal diameter
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Appendix I

Animal Holding Record Sheets
Sheet No.: D 
Project Licence No.: P 

Default information: M

epartment: Neurochemistry Establishment code: 00 2717 

PL 70 / Personal Licence No. PIL 70 / 01475 
ale Sprague-Dawley rats, supplied by Charles River Ltd.

Animal ID 
& Study 

code

Date
Received

Receipt
Wt/g

Comment Procedure Dates 
(begin / end)

& Code(s)

Disposal
D ate/

Method
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Appendix II

Animal ID & Study code: 

Body weight: g

Anaesthetic Schedule

stereotaxic Record
Procedure Date:

Procedure code(s):

Anaesthetic Dose
mg/kg

Time Comments Anaesthetic Dose
mg/kg

Time Comments

Atlas: Paxinos /
(I bar) ( )

1° Cannula / Probe / Lesion

Side: L / R 

Site:

Vertical / Angle

Koenig 
( -2.4 )

Pellegrino 
( +5.0 )

Atlas coordinates: 

Corrections: 

Bregma I  Earbar zero:

Aim:

Ant. - Post. Lateral Depth

2° Cannula / Probe / Lesion Ant. - Post. Lateral Depth

Side: L / R 

Site:

Vertical / Angle

Atlas coordinates: 

Corrections: 

Bregma / Earbar zero:

Aim:

Recovery Date: Body weight: g

Perfusion Date: Perfusate: ++ / ? / -

Date sectioned: Sections: Frozen / Embedded

Blocking: Skull-flat/ Section Thickness: |L im  through zone:

|L im  through zone:

Stain: Cresyl violet / Localisation:
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Appendix HI

Behavioural Activity Analysis Program

10 REM "BEHAV ANAL"
20 REM BEHAVIOURAL DATA COLLECTION DEVICE
30 FOR N=1 TO 10:PRINT:NEXT N
40 PRINT "BEHAV ANAL (G.AK. 1987)
50 REM GAKENNETT INSTITUTE OF NEUROLOGY 1987
60 DIM D$(30)
65 DIM F$(30)
70 1=1+1 :READD$(I):READF$(I):REM*DEFINE CODE*
80 IF D$(I)="ZZZZ" THEN 95
90 GOTO 70
95 1=1-1
100 DIM CH(I),SB(I),L(I)
110 DIM X$(255),X(255)
130 INPUT "]ANIMAL NUMBER";AA$:REM*ANIMAL INENTIFICAITION*
140 AN$="ANIMAL"+AA$
150 INPUT "]KEY IN T  WHEN READY";ST$:REM*HOLD TILL ANALYSIS BEGINS*
160 IF ST$<>'VTHEN150
170 T I$="000000":R EM *ZER 0 INTERNAL CLOCK*
175 T1=VAL(TI$)
177 IF T1>59 THEN T1=(INT(T1/100))*60 +T1-INT(T1-INT(T1/100)*100
190 BH=BH+1
200 INPUTX$(BH):IF X$(BH)="END" THEN 430
205 T2=VAL(TI$):INPU'nPRESS ANY KEY+ENT AT END OF BEHAV";Z$
210 T3=VAL(TI$)
115 IF T2>59 THEN T2=(INT(T2/100))*60 + T2 - INT(T2/100)*100
216 IF T3>59 THEN T3=(INT(T3/100))*60 + T3-INT(T3/100)*100
220 X(BH)=T3-T2:X(BH)=INT(X(BH$100)/*100)/100:REM*DURATION=TIME3-TIME2*
230 F0RY=1 TOI
240 IF X$(BH)=D$(Y) THEN 280
250 NEXTY
260 REM
270 PRINT/P CHR$(7):PRINT/P"]*******************]INC0RRECT":G0T0 200
280 CH(Y)=CH(Y)+1 :SB{Y)=SB(Y)+X(BH):REM*RECORD FREQ AND DUR FOR BEHAV*
290 IF CH(Y)=1THEN350
300 G O T 0 175
350 TI=VAL(TI$)
360 IF Tl>59 THEN TI=INT(TI/100)*60+(TI-INT(TI/100)*100)
400 L(Y)=TI-X(BH):REM RECORD LATENCY IF FREQ=1*
420 G O T 0 175
430 SP$=CHR$(29)
435 PRINT/P AN$
440 L$="..................................................... "
450 PRINT/P-BHV FRO DUR(SEC) LAT(SEC)"
460 PRINT/PL$
470 F 0R J= 1  TO I
480 PRINT/P F$(J),SP$,CH(J),SB(J),L(J)
490 NEXT J
500 PRINT/PL$
600 REM*BEHAVIOURAL CODE*
610 DATA FE,FEEDING,DR,DRINKING,FW,WALKING,FT,PADDING
620 DATA WDS,SHAKES,HL,FLICK,RE,REARING,FR,FREEZING,SG,SELF GRM,BO,BOXING,
630 DATA GR,GROMING,PG,PENILE GR,Y,YAWNING,ST,STRAUB T,W,WEAVING,HB,BOBBING
640 DATA SP,SPLAYED L,ST,STRETCH,GN,GNAWING,CH,CIRCLING,SN,SNIFFING,B,BITING,
650 DATAM,MOUNTS,PC,FLATBODYPOSTURE,C,CO,CRAWL,OVR,FO,FOLLOWING,ZZZZ,ZZZZ,
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