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Abstract

5-Hydroxytryptamine (5-HT) is involved in the modulation of dopaminergic activity in the mesolimbic system, but its sites of action
and the receptors involved are not well understood. Locomotor activity responses in rats were monitored in Animex automated activity
boxes following injection of 5-HT, receptor-selective agents directly into two mesolimbic nuclei, the nucleus accumbens and the ventral
tegmental area, via stereotactically implanted injection guide cannulae. Neither spontaneous nor dexamphetamine-stimulated locomotor
activity was changed by bilateral intra-nucleus accumbens injection of the selective agonist 2-methyl-5-HT or the selective antagonists
ondansetron or granisetron. In contrast, intra-ventral tegmental area injection of 2-methyl-5S-HT produced significant long-lasting
(approximately 240 min) increases in locomotor activity; intra-ventral tegmental area injection of ondansetron elicited an initial inhibition
of spontaneous and dexamphetamine-stimulated locomotor activity (for the 0-30 min period), but granisetron had no effect. The
hyperlocomotor response to intra-ventral tegmental area 2-methyl-5-HT was abolished by pretreatment with the catecholamine synthesis
inhibitor a-methyl-p-tyrosine, or by pretreatment with ondansetron. Methiothepin pretreatment had no effect on the hyperlocomotor
response to 2-methyl-5-HT, although methiothepin itself produced an initial increase in spontaneous locomotor activity (for the 60-120
min period). Intra-ventral tegmental area injection of 5-carboxamidotryptamine, a-methyl-5-HT or renzapride produced no changes in
spontaneous locomotor activity. In some of the ventral tegmental area experiments, other behaviours were also monitored. 2-Methyl-5-HT
produced forward locomotion, rearing, and increased wakefulness, but did not appreciably alter circling, grooming or sniffing.
Ondansetron alone had no effect on any of these behaviours, but it opposed the 2-methyl-5-HT-induced changes. Methiothepin alone
increased forward locomotion and wakefulness but did not alter the other behaviours; it had no effect on the responses to 2-methyl-5-HT.
These observations show that 5-HT, receptors may mediate increased locomotor activity by modulating firing of mesolimbic
dopaminergic cell bodies in the ventral tegmental area rather than terminals in the nucleus accumbens.
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1. Introduction

Mesolimbic dopaminergic locomotor activity in rodents
has proved to be a useful empirical model for identifying
drugs with antischizophrenic properties. Neuroleptic
dopamine receptor antagonists, however, are associated
with adverse extrapyramidal motor effects, because of their

* Corresponding author. Tel.: 61-2-351 6202; fax: 61-2-351 3868.

0014-2999 /96 /$15.00 © 1996 Elsevier Science B.V. All rights reserved
PII $0014-2999(96)00028-3

blocking actions in other dopaminergic systems, thus there
is currently much interest in the development of antis-
chizophrenic drugs with alternative mechanisms of action.

Considerable evidence has been advanced for a regula-
tory role of 5-hydroxytryptamine (5-HT) on motor activity
in rodents, based largely on the presence of a serotoniner-
gic innervation of the mesolimbic system (Azmitia, 1978;
Hervé et al., 1987), and the actions of 5-HT and 5-HT
receptor antagonists such as methysergide in the nucleus
accumbens, a major terminal region in the mesolimbic
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system (Carter and Pycock, 1978; Costall et al., 1979;
Makanjuola et al., 1980; Jones et al., 1981). Some of the
effects, however, appear to be contradictory. For example,
in some studies, intra-nucleus accumbens injection of 5-HT
in rats inhibited the increases in locomotor activity pro-
duced by systemic dexamphetamine-induced release of
nucleus accumbens dopamine and by direct intra-nucleus
accumbens injection of dopamine, and also inhibited spon-
taneous locomotor activity (Carter and Pycock, 1978;
Costall et al., 1979; Jones et al., 1981), but in other studies
in rats, intra-nucleus accumbens 5-HT has been reported to
have no effect on spontaneous locomotor activity (Jackson
et al., 1975; Pijnenburg et al., 1975) or to produce hyper-
locomotion (Makanjuola et al., 1980). Intra-nucleus ac-
cumbens injection of methysergide has been reported as
either enhancing (Carter and Pycock, 1978) or inhibiting
(Jones et al., 1981) the hyperlocomotor effect of intra-
nucleus accumbens injection of dopamine in rats, but has
no effect on spontaneous or dexamphetamine-stimulated
locomotor activity (Carter and Pycock, 1978; Costall et al.,
1979).

Dopamine metabolite levels and turnover in the ventral
tegmental area of the mesolimbic system, which contains
dopaminergic cell bodies and dendrites, are considerably
less than those in the dopaminergic terminals in the nu-
cleus accumbens (Beart and Gundlach, 1980). Neverthe-
less, a regulatory action of 5-HT in the ventral tegmental
area was suggested by Beart and McDonald (1982), who
showed that 5-HT could release dopamine from rat ventral
tegmental area slice preparations, and that this action of
5-HT was attenuated by methysergide but not by cypro-
heptadine.

1t is therefore not surprising that the site(s) and receptor
mechanisms involved in the modulatory effects of 5-HT on
motor activity have not been well understood. Recently,
however, there has been a renewal of interest in the role of
5-HT in the mesolimbic system, as a consequence of the
development of a comprehensive 5S-HT receptor classifica-
tion scheme (Bradley et al., 1986; Hoyer et al., 1994), the
advent of selective 5-HT receptor agonists and antagonists,
and the therapeutic potential of alternative antis-
chizophrenic drugs.

Recent data have shown that activation of 5-HT, recep-
tors results in an increase in dopaminergic activity in the
mesolimbic system in rats, as measured by behavioural,
neurochemical and electrophysiological techniques (Hagan
et al., 1987, 1990; Carboni et al., 1989a, b; Sorensen et al.,
1989; Jiang et al., 1990a, b; Minabe et al., 1991a, b, 1992;
Rasmussen et al., 1991; Prisco et al., 1992; Volont€ et al.,
1992; Pei et al., 1993). This suggests the possibility that
5-HT, receptor antagonists may have a selective inhibitory
effect on mesolimbic dopaminergic function, and may
prove to be effective in disorders such as schizophrenia but
without the typical adverse effects produced by dopamine
receptor antagonists. In each of these cases, the site of the
modulatory action of the 5-HT, receptor-selective agents

was not able to be identified, as the drugs were adminis-
tered systemically or i.c.v.

Costall et al. (1987) were able to identify a nucleus
accumbens 5-HT, receptor mechanism which mediated
increased mesolimbic dopaminergic activity, in be-
havioural studies using rats and marmosets. The increase
in locomotor activity produced by intra-nucleus accumbens
injection of dexamphetamine in rats was enhanced by
intra-nucleus accumbens injection of the 5-HT, receptor-
selective agonist 2-methyl-5-HT. Intra-nucleus accumbens
ondansetron, a 5-HT; receptor-selective antagonist, blocked
this effect of 2-methyl-5-HT, and when used alone, on-
dansetron (intra-nucleus accumbens or systemically) inhib-
ited dexamphetamine-stimulated locomotor activity. Nei-
ther agent affected spontaneous locomotor activity. The
hyperlocomotion induced by the direct intra-nucleus ac-
cumbens infusion of dopamine was also blocked by sys-
temically administered ondansetron in rats and marmosets.
Costall et al. (1990) reported that the hyperlocomotor
effect of intra-nucleus accumbens dopamine infusion in
rats was also blocked by the 5-HT, receptor-selective
antagonists granisetron, tropisetron and zacopride. Thus
the identification of a 5-HT, receptor-mediated enhance-
ment of mesolimbic dopamine release raises the possibility
that selective 5-HT, receptor antagonists may prove to be
effective ‘atypical’ antipsychotic agents without adverse
extrapyramidal activity (Costall et al., 1990; Tricklebank,
1989, 1992).

Direct supporting evidence for the findings reported by
Costall et al. (1987, 1990) has come from microdialysis
studies in awake rats which confirm that nucleus accum-
bens 5-HT; receptors mediate an increase in dopamine
release (Chen et al., 1991; Kennett and Blackburn, 1991).
Other in vivo studies in rats using microdialysis and
electrophysiological techniques, however, have shown that
5-HT; receptors in the ventral tegmental area are responsi-
ble for enhanced mesolimbic dopaminergic activity (Im-
perato and Angelucci, 1989; Wang and Jiang, 1990).

The aim of our experiments was first to repeat some of
the nucleus accumbens investigations reported by Costall
et al. (1987, 1990), and then to extend our studies to
include the ventral tegmental area, so that the relative
importance of 5-HT, receptor-mediated modulation of ac-
tivity in terminals and cell bodies of mesolimbic dopamin-
ergic neurones could be assessed. We have made a direct
comparison between the effects of 5-HT,; receptor-selec-
tive agents on spontaneous and dexamphetamine-stimu-
lated locomotor activity in rats, following injection into the
nucleus accumbens or the ventral tegmental area via
stereotactically implanted guide cannulae. The results ob-
tained indicate that the ventral tegmental area is the princi-
pal location of modulatory 5-HT; receptors, thus further
experiments were aimed at confirming the mechanisms
involved in the ventral tegmental area. This was accom-
plished by investigating the effects of pretreatment with
i.p. a-methyl-p-tyrosine (which prevents the synthesis of
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new stores of dopamine; Jackson et al., 1975), intra-ventral
tegmental area injection of ondansetron, and intra-ventral
tegmental area injection of methiothepin (a potent 5-
HT,/5-HT, receptor antagonist; Bradley et al., 1986;
Hoyer et al., 1994), on the hyperlocomotor response to
2-methyl-5-HT. Also, the effects of intra-ventral tegmental
area injections of other agents with selective agonist activ-
ity at 5-HT receptors (Bradley et al., 1986; Hoyer et al.,
1994) were tested: S-carboxamidotryptamine (5-CT; 5-
HT,-selective), a-methyl-5-HT (5—HT2-seIective), and ren-
zapride (5-HT, receptor antagonist/5-HT, receptor ago-
nist). Preliminary results have been presented at a meeting
of the Australasian Society of Clinical and Experimental
Pharmacologists and Toxicologists (Gillies et al., 1991,
1992).

2. Materials and methods
2.1. General

Male Sprague-Dawley rats weighing 240-340 g (Uni-
versity of Sydney Laboratory Animal Services) were used
in all experiments. The animals were not habituated to the
locomotor activity boxes, and each animal was used only
once. Following surgery, the rats were housed in groups of
three in a room with a regulated lighting cycle (06:00—
18:00 h light), at a constant temperature of 22 + 2°C. Free
access to food and water was allowed except during
experimental procedures.

2.2. Surgical implantation of intracerebral injection guide
cannulae

On the day of surgery, each rat was pretreated with
atropine sulphate (0.8 mg/kg i.p.), followed 20-30 min
later by pentobarbitone sodium (48 mg/kg i.p.) to induce
anaesthesia. Body temperature was maintained at 37°C via
feedback from a rectal probe (Harvard Homeothermic
Blanket System). The head was then positioned horizon-
tally in a stereotaxic apparatus (Kopf Instruments) and the
upper surface was shaved. A midline incision approxi-
mately 5 cm in length was made, and the bregma was
exposed. The co-ordinates where the injection guide can-
nulae were to be placed bilaterally, based on those of
Paxinos and Watson (1986), were then marked: for nucleus
accumbens injections, 1.6 mm anterior to the bregma and
1.5 mm lateral to the midline; for ventral tegmental area
injections, 5.8 mm posterior to the bregma and 0.5 mm
lateral to the midline. Holes (1 mm diameter) were then
made with a dental drill at the fixed co-ordinates, and two
extra holes were drilled to secure supporting screws. The
cannulae were positioned over the appropriate holes with a
stereotaxic holder and lowered 0.8 mm below the exterior
of the skull, so as to rest directly on the brain surface.
Dental cement was poured into the incision and left to set.

Experimental procedures took place on a randomized basis
3-6 days after recovery from surgery and anaesthesia.

2.3. Measurement of locomotor activity

Rats were wrapped securely in a soft cloth while the
guide cannulae were cleared with a 26 gauge needle. Drug
or saline (0.9% w/v NaCl) control solutions were then
injected into the appropriate nuclei by using injection
needles which projected 7.0 or 8.0 mm below the brain
surface, into the nucleus accumbens or the ventral tegmen-
tal area, respectively. Injections into the nucleus accum-
bens or the ventral tegmental area were given bilaterally,
in a volume of 1 ul/side over a 30 s period, with a further
30 s allowed for drug diffusion before the injection needle
was removed. The bilateral intra-nucleus accumbens and
intra-ventral tegmental area doses are always expressed in
terms of amounts per side. In the experiments in which
dexamphetamine-stimulated locomotor activity was moni-
tored, the rats received injections of saline or dexam-
phetamine at a dose level of either 20 ug/side intra-
nucleus accumbens 30 min after the intra-nucleus accum-
bens injection of test agent or saline (or 5 min after
raclopride), or 1.25 mg/kg i.p. 30 min after the intra-
ventral tegmental area injection of test agent or saline. It
was not practicable to implant both nucleus accumbens
and ventral tegmental area guide cannulae in the same
animal for intra-nucleus accumbens administration of dex-
amphetamine in conjunction with intra-ventral tegmental
area test agents. In the a-methyl-p-tyrosine pretreatment
experiments, the pretreatment agent or saline was adminis-
tered i.p. in two equal doses, 90 min prior to, and immedi-
ately before, the intra-ventral tegmental area injection of
2-methyl-5-HT or saline, whereas in the ondansetron and
methiothepin pretreatment experiments, the pretreatment
agent or saline was administered into the ventral tegmental
area 30 min prior to intra-ventral tegmental area 2-methyl-
5-HT or saline.

After the final injection, the rats were immediately
placed individually in automated activity boxes (LKB Farad
Animex). Each activity box comprised a clear acrylic box
(450 mm X 330 mm X 180 mm in height), resting on 6
external sensor units, housed in a wooden casing. The
boxes were illuminated and maintained at 22 + 2°C. Oscil-
lator circuits in the external sensors generated a vertical
electrical field; the sensitivity of the meter was adjusted so
that it recorded the number of times the field was disrupted
only by gross movements, such as locomotion in any
direction and rearing. In the experiments comparing the
nucleus accumbens and the ventral tegmental area effects
of 5-HT; receptor-selective agents on spontaneous and
dexamphetamine-stimulated locomotor activity, monitoring
continued for 240 min after the final injection, whereas in
the experiments aimed at confirming the mechanisms in-
volved in the ventral tegmental area, monitoring continued
for 360 min.
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Following the experimental procedure, the rats were
killed by decapitation and the brains examined histologi-
cally, using toluidine blue stain, to verify the site of
injection.

2.4. Observed behaviours

In addition to measurement of automated locomotor
activity, behaviours in the ventral tegmental area 2-methyl-
5-HT, ondansetron and methiothepin experiments were
directly observed. The directly observed behaviours were
monitored for a total of 6 periods of 15 min at hourly
intervals, commencing 15 min after the rats were placed in
the Animex boxes, and continuing until 5 h 30 min after
their placement in the boxes. During each 15 min observa-
tion period, each of the 3 rats was observed in turn for 5 s
every 15 s. If a particular behaviour was present during a 5
s observation, it was scored as a single occurrence of that
behaviour. The behaviours scored were forward locomo-
tion (as distinct from locomotion in other directions),
rearing (i.e. upright on hind legs), sniffing (i.e. nostrils
twitching concurrently with head movements), circling (i.e.
turning the body through 360°), grooming (i.e. forepaws
wiping the face, or licking, biting or scratching the body),
immobility with eyes closed (apparently ‘asleep’), and
eyes open while remaining immobile (apparently ‘awake’).
The immobile behaviours were only able to be scored as
occurring in the absence of the active behaviours. How-
ever, each of the active behaviours rated a score if they
occurred at any time during a 5 s observation. Total scores
for these behaviours in each of the hourly observation
periods were determined by totalling the number of times
each behaviour was scored as occurring.

2.5. Drugs

The following drugs were used: atropine sulphate
(Boehringer Ingelheim, Germany); pentobarbitone sodium
(Abbott, Australia); dexamphetamine sulphate (Fauldings,
Australia); raclopride tartrate (Astra, Sweden); 2-methyl-5-
HT maleate (Research Biochemicals, USA); ondansetron
HCI (Glaxo, UK); granisetron HCl (Beecham, UK); a-
methyl-p-tyrosine methyl ester HC1 (Sigma, USA); methio-
thepin maleate (Hoffman-La Roche, USA), 5-carboxami-
dotryptamine maleate (Glaxo, UK); a-methyl-5-HT creati-
nine sulphate (Wellcome, UK); renzapride HCl (Beecham,
UK). All doses are expressed in terms of the salts listed.
Drug solutions were freshly prepared in distilled water.

2.6. Statistical analysis

Raw data from the Animex meters, and scores from the
observed behaviour experiments, were analysed by 1-fac-
tor (or 2-factor where a pretreatment was used) repeated
measures (at 60 min intervals, except where indicated
otherwise) analysis of variance (SYSTAT, version 3.1,

1986). Where a significant difference was shown (P <
0.05), point to point comparisons of mean + S.E.M. values
were made using Student’s t-test (2-tailed).

3. Results

3.1. Comparison of the effects of injection of 5-HT, recep-
tor-selective agents into the nucleus accumbens and the
ventral tegmental area

The intra-nucleus accumbens injection of dexam-
phetamine (20 wg/side) produced substantial increases in
locomotor activity, compared with spontaneous levels (see
Fig. 1). This dexamphetamine-stimulated increase was sig-
nificantly reduced following pretreatment 5 min before-
hand with intra-nucleus accumbens injection of the selec-
tive dopamine D, receptor antagonist raclopride (5
pg/side; at 30 min after commencing monitoring, mean +
S.E.M. dexamphetamine-stimulated locomotor activity
counts were 295 + 28 and 147 + 30 in the absence and
presence, respectively, of raclopride; n =7 in each group).
No significant changes in spontaneous or dexam-
phetamine-stimulated locomotor activity were produced by
the intra-nucleus accumbens injection of 2-methyl-5-HT, at
doses of 1, 10 and 100 ng/side, or 10 and 100 ng/side,
respectively. Likewise, no significant changes in sponta-
neous or dexamphetamine-stimulated locomotor activity
were produced by ondansetron (0.1, 1, 10 and 100 ng /side,
or 1 and 10 ng/side, respectively) or granisetron (1, 10,
100 and 1000 ng/side, or 10 and 100 ng/side, respec-
tively). Fig. 1 shows total spontaneous and dexam-
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Fig. 1. (a) Total locomotor activity counts, and (b) total
dexamphetamine-stimulated locomotor activity counts, in rats receiving
intra-nucleus accumbens injections of saline (open columns), 2-methyl-5-
HT (stippled columns), ondansetron (right oblique hatched columns) or
granisetron (left oblique hatched columns) at the indicated dose levels
(ng/side). Dexamphetamine was injected intra-nucleus accumbens (20
ug/side) 30 min after intra-nucleus accumbens saline or test agent.
Locomotor activity counts were monitored for the 240 min period imme-
diately following the final intra-nucleus accumbens injection. Columns
represent mean values; bars represent S.E.M; n = 6--8 for each treatment
group. The 5-HT; receptor-selective agents produced no significant
changes (analysis of variance, with repeated measures at 30 min intervals;
P >0.05).
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phetamine-stimulated locomotor activity counts over the
240 min monitoring period in these experiments for the
highest doses of 2-methyl-5-HT, ondansetron and
granisetron used.

Intra-ventral tegmental area injection of 2-methyl-5-HT
(1 and 10 ng/side) produced no significant increases in
spontaneous locomotor activity, but the injection of 100
ng/side resulted in significant hyperlocomotion. Total
spontaneous locomotor activity counts over the 240 min
monitoring period in these experiments are shown in Fig. 2
for these three doses of 2-methyl-5-HT. The effect of the
100 ng/side dose was clearly maintained until the end of
the 240 min recording period. Therefore, in the subsequent
series of experiments investigating the mechanism of the
hyperlocomotor action of intra-ventral tegmental area in-
jection of 2-methyl-5-HT (see section 3.2 below), it was
decided to increase the monitoring period to 360 min, and
to use a higher dose (500 ng/side) to ensure that pretreat-
ments were able to produce unequivocal effects. For com-
parison, total spontaneous locomotor activity counts (over
the first 240 min of the monitoring period) from the latter
experiments are also shown in Fig. 2. In these experiments,
the onset of the hyperlocomotion produced by the 100 and
500 ng/side doses of 2-methyl-5-HT appeared to be be-
tween 60 and 120 min after its injection. When all four
doses of 2-methyl-5-HT were injected near to but not into
the ventral tegmental area, there were no significant
changes in locomotor activity (see Fig. 2).

Ondansetron, at all intra-ventral tegmental area injec-
tion dose levels tested (1, 10 and 100 ng/side), produced
significant decreases of similar magnitude in spontaneous
locomotor activity for the first 30 min of the 240 min
monitoring period, but in the remaining period, locomotor
activity was similar to that in the corresponding saline
control experiments. No significant changes were produced
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Fig. 2. Total locomotor activity counts in rats receiving intra-ventral
tegmental area injections of saline (open columns) or 2-methyl-5-HT
(dark stippled columns) at the indicated doses {(ng/side), or injections of
the same doses of 2-methyl-5-HT near to but not into the ventral
tegmental area (light stippled columns). Locomotor activity counts were
monitored for the 240 min period immediately following injection.
Columns represent mean values; bars represent S.E.M; n = 7-10 for each
treatment group; ~ significant 2-methyl-5-HT-induced difference from
the corresponding saline control value (analysis of variance, with repeated
measures at 30 min intervals; P < 0.05).
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Fig. 3. (a) Locomotor activity counts /30 min in rats receiving intra-ventral
tegmental area injections of saline (O) or ondansetron at doses of 1 (A ),
10 (M) or 100 (#) ng/side; and (b) dexamphetamine-stimulated locomo-
tor activity counts/30 min in rats receiving intra-ventral tegmental area
injections of saline (@) or ondansetron at doses of 1 (a) or 10 (W)
ng/side. Dexamphetamine was injected i.p. (1.25 mg/kg) 30 min after
intra-ventral tegmental area saline or test agent. The locomotor activity
counts plotted were those monitored in the 120 min period immediately
following the final intra-ventral tegmental area or i.p. injection. Points
represent mean values; bars represent S.E.M.; n = 6-9 for each treatment
group. Dexamphetamine produced a significant increase in locomotor
activity (analysis of variance, with repeated measures at 30 min intervals;
P < 0.05) compared with a further control group receiving intra-ventral
tegmental area and i.p. saline only (data plotted on same axes; O). All
doses of ondansetron produced significant decreases in both spontaneous
and dexamphetamine-stimulated locomotor activity (analysis of variance,
with repeated measures at 30 min intervals; P <0.05); " significant
ondansetron-induced difference from the corresponding saline control
value (t-test; P < 0.05).

when these doses of ondansetron were injected near to but
not into the ventral tegmental area. Fig. 3a shows the mean
locomotor activity counts /30 min for the 120 min period
immediately following intra-ventral tegmental area on-
dansetron; these values were significantly lower than those
in the corresponding saline control experiments only for
the first 30 min period following injection, when sponta-
neous activity levels were at their highest. In contrast,
intra-ventral tegmental area injection of granisetron pro-
duced no significant changes in spontaneous locomotor
activity during the 240 min monitoring period at any of the
dose levels tested (1, 10 and 100 ng /side; data not shown).
Injections of these doses of ondansetron or granisetron
near to but not into the ventral tegmental area were
without effect (data not shown).

Dexamphetamine (1.25 mg/kg i.p.) produced signifi-
cant increases in locomotor activity in comparison with
spontaneous levels (see Fig. 3b). As was observed for
spontaneous locomotor activity, for the first 30 min of the
240 min monitoring period, intra-ventral tegmental area
injection of ondansetron produced significant decreases of
similar magnitude in dexamphetamine-stimulated locomo-
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tor activity, at both doses tested (1 and 10 ng/side; Fig.
3b). Ondansetron injected at these doses near to but not
into the ventral tegmental area was without effect, as was
injection of granisetron either into or near to the ventral
tegmental area (100 and 1000 ng/side; data not shown).

3.2. Mechanisms of the hyperlocomotor effect of injection
of 2-methyl-5-HT into the ventral tegmental area

Intra-ventral tegmental area injection of 2-methyl-5-HT
(500 ng /side) caused a significant increase in spontaneous
locomotor activity, peaking at 180 min and lasting for
approximately 240 min, as illustrated in Figs. 4-6, which
show mean locomotor activity counts /60 min over the 360
min monitoring period. Pretreatment with «-methyl-p-
tyrosine (200 mg/kg ip. doses 90 min prior to, and
immediately before, injection of 2-methyl-5-HT) com-
pletely abolished this hyperlocomotion (Fig. 4), while
treatment with a-methyl-p-tyrosine alone did not signifi-
cantly affect spontaneous locomotor activity. Ondansetron
pretreatment (100 ng/side intra-ventral tegmental area
injection) abolished 2-methyl-5-HT-induced hyperlocomo-
tion, but when used alone it had no significant effect on
spontaneous locomotor activity (Fig. 5). Intra-ventral
tegmental area injection of methiothepin (100 ng/side)
had no effect on the hyperlocomotor response to 2-methyl-
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Fig. 4. Locomotor activity counts /60 min in rats receiving i.p injections
of saline pretreatment followed by intra-ventral tegmental area injection
of saline (O), i.p. injections of saline pretreatment followed by intra-
ventral tegmental area injection of 2-methyl-5-HT (500 ng /side; a), i.p.
injections of a-methyl-p-tyrosine pretreatment (400 mg/kg) followed by
intra-ventral tegmental area injection of saline (@), or i.p. injections of
a-methyl-p-tyrosine pretreatment (400 mg/kg) followed by intra-ventral
tegmental area injection of 2-methyl-5-HT (500 ng/side; a). The ip.
saline or a-methyl-p-tyrosine pretreatments were administerd in two
equal doses, 90 min prior to, and immediately before the intra-ventral
tegmental area 2-methyl-5-HT or saline and the commencement of loco-
motor activity monitoring. Locomotor activity was monitored for the 360
min period immediately following the final injection. Points represent
mean values; bars represent S.EM.; n=6-8 for each treatment group.
2-Methyl-5-HT alone produced a significant increase in spontaneous
locomotor activity (analysis of variance; P < 0.05); * significant differ-
ence from the corresponding saline control value (s-test; P < 0.05).
Pretreatment with a-methyl-p-tyrosine had no significant effect on spon-
taneous locomotor activity (analysis of variance; P > 0.05), but it abol-
ished the 2-methyl-5-HT-induced hyperlocomotion (analysis of variance;
P <005),} significant difference from the corresponding 2-methyl-5-HT
alone value (t-test; P < 0.05).
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Fig. 5. Locomotor activity counts/60 min in rats receiving intra-ventral
tegmental area injections of saline pretreatment followed by saline (O),
saline pretreatment followed by 2-methyl-5-HT (500 ng/side; a), on-
dansetron pretreatment (100 ng/side) followed by saline (@), or on-
dansetron pretreatment (100 ng/side) followed by 2-methyl-5-HT (500
ng/side; a). The intra-ventral tegmental area saline or ondansetron
pretreatments were administered 30 min prior to intra-ventral tegmental
area 2-methyl-5-HT or saline and the commencement of locomotor
activity monitoring. Locomotor activity was monitored for the 360 min
period immediately following the final intra-ventral tegmental area injec-
tion. Points represent mean values; bars represent S.EM.; n=6-8 for
each treatment group. 2-Methyl-5-HT produced a significant increase in
spontaneous locomotor activity (analysis of variance; P < 0.05); ~ sig-
nificant difference from the corresponding saline control value (r-test;
P < 0.05). Pretreatment with ondansetron had no significant effect on
spontaneous locomotor activity (analysis of variance; P > 0.05), but it
abolished the 2-methyl-5-HT-induced hyperlocomotion (analysis of vari-
ance; P <0.05); * significant difference from the corresponding 2-
methyl-5-HT alone value (t-test; P < 0.05).

5-HT; however, it caused an initial increase in spontaneous
locomotor activity on its own (for the 60—120 min period;
Fig. 6). Injections of the other 5-HT receptor-selective
agents into the ventral tegmental area (5-CT, 30 ng/side;
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Fig. 6. Locomotor activity counts /60 min in rats receiving intra-ventral
tegmental area injections of saline pretreatment followed by saline (O),
saline pretreatment followed by 2-methyl-5-HT (500 ng/side; A ), me-
thiothepin pretreatment (100 ng /side) followed by saline (@), or methio-
thepin pretreatment (100 ng/side) followed by 2-methyl-5-HT (500
ng/side; a). Pretreatment times and the locomotor activity monitoring
period were as described in Fig. 5. Points represent mean values; bars
represent SSEM.; n=6-8 for each treatment group. 2-Methyl-5-HT
produced a significant increase in spontaneous locomotor activity (analy-
sis of variance; P < 0.05); " significant difference from the correspond-
ing saline control value (t-test; P < 0.05). Pretreatment with methio-
thepin had no significant effect on the 2-methyl-5-HT-induced hyperloco-
motion (analysis of variance; P > 0.05), but it caused an initial signifi-
cant increase in spontaneous locomotor activity (analysis of variance;
P <005);, " significant difference from the corresponding saline control
value (#-test; P < 0.05).
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Fig. 7. Total locomotor activity counts in rats receiving intra-ventral
tegmental area injections of saline (open column), 5-CT (30 ng/side; left
oblique hatched column), a-methyl-5-HT (100 ng/side; right oblique
hatched column), or renzapride (100 ng /side; stippled column). Locomo-
tor activity counts were monitored for the 360 min period immediately
following intra-ventral tegmental area injection. Columns represent mean
values; bars represent S.EM.; n=7-8 for each treatment group. The
5-HT receptor-selective agents produced no significant changes (analysis
of variance; P > 0.05).

a-methyl-5-HT, 100 ng/side; renzapride, 100 ng/side)
did not produce any significant changes in spontaneous
locomotor activity (Fig. 7).

3.3. Effects of injection of 2-methyl-5-HT into the ventral
tegmental area on observed behaviours

2-Methyl-5-HT (500 ng/side) significantly increased
forward locomotion and rearing, from 120-300 and 120-
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360 min, respectively, after its intra-ventral tegmental area
injection (Fig. 8a,b). Time spent ‘asleep’ was significantly
less than saline controls from 180-360 min (Fig. 8¢) while
time spent apparently ‘awake’ but immobile was signifi-
cantly higher than the control group at 360 min (Fig. 8d).
Time spent ‘awake’ was not significantly higher than that
in the saline controls from 180-300 min (and was signifi-
cantly lower than the saline controls at 120 min), because
the active behaviours predominated during this period and
therefore ‘awake’ behaviour was not scored as occurring
(see Materials and methods).

Ondansetron pretreatment (100 ng/side intra-ventral
tegmental area injection) abolished the 2-methyl-5-HT-in-
duced forward locomotion and rearing behaviours (Fig.
8a,b), and also opposed the increase in wakefulness in-
duced by 2-methyl-5-HT (Fig. 8c.d). Ondansetron alone
had no significant effect on any of these behaviours (Fig.
8).

Methiothepin pretreatment (100 ng/side intra-ventral
tegmental area injection) had no effect on the 2-methyl-5-
HT-induced behaviours, although it was found that methio-
thepin alone produced an initial significant increase in
forward locomotion (for the 60-120 min period) and it
significantly increased wakefulness, but it had no effect on
rearing (data not shown).

Of the other behaviours observed in these experiments,
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Fig. 8. Observed behaviour scores /60 min for (a) forward locomotion, (b) rearing, (c) apparently ‘asleep’, and (d) apparently ‘awake’ but immobile, in rats
receiving intra-ventral tegmental area injections of saline pretreatment followed by saline (O), saline pretreatment followed by 2-methyl-5-HT (500
ng/side; A), ondansetron pretreatment (100 ng/side) followed by saline (@), or ondansetron pretreatment (100 ng/side) followed by 2-methyl-5-HT
(500 ng/side; a). Pretreatment times and the locomotor activity monitoring period were as described in Fig. 5. Points represent mean values; bars
represent S.E.M.; n = 68 for each treatment group. 2-Methyl-5-HT produced significant increases in the forward locomotion, rearing, and ‘awake’ scores,
and significant decreases in the ‘asleep’ scores (analysis of variance; P < 0.05; ™ significant difference from the corresponding saline control value (s-test;
P < 0.05). In (d), 2-methyl-5-HT also produced a significant decrease in the ‘awake’ score for the 60—120 min period, but this is due to the significant
increase in forward locomotion and rearing at this time which prevents ‘awake’ but immobile scores being registered. Pretreatment with ondansetron had
no significant effect on any of the observed behaviours (analysis of variance; P > 0.05), but it abolished the 2-methyl-5-HT-induced effects; ' significant
difference from the corresponding 2-methyl-5-HT alone value (stest; P < 0.05).
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circling and grooming were not affected by 2-methyl-5-HT
or by ondansetron or methiothepin alone, and pretreatment
with the antagonists did not reveal any 2-methyl-5-HT-in-
duced changes (data not shown). The only effect on sniff-
ing was a small but significant increase 240 min after the
intra-ventral tegmental area injection of 2-methyl-5-HT,
which was not affected by pretreatment with either on-
dansetron or methiothepin.

4. Discussion

The lack of effect of intra-nucleus accumbens injection
of any of the 5-HT, receptor-selective agents, and the
increases in locomotor activity (as well as forward locomo-
tion and rearing; see below) in response to intra-ventral
tegmental area 2-methyl-5-HT, suggest that 5-HT, recep-
tors may increase activity in the mesolimbic system by
modulating firing of dopaminergic cell bodies in the ven-
tral tegmental area rather than terminals in the nucleus
accumbens. The increase in spontaneous locomotor activ-
ity caused by 2-methyl-5-HT was dependent on newly
synthesized dopamine stores, as indicated by the absence
of activity of 2-methyl-5-HT following i.p. pretreatment
with a-methyl-p-tyrosine.

The observations that injection of 2-methyl-5-HT near
to but not into the ventral tegmental area is inactive
indicates that its action is not due to diffusion into other
nuclei, even though the onset of its effect ranges from 60
to 120 min. The long duration of the hyperlocomotor
response to intra-ventral tegmental area injection of 2-
methyl-5-HT in our experiments provides further evidence
that diffusion away from the site of injection and metabolic
degradation is relatively slow.

Our observations of a lack of effect on spontaneous
locomotor activity following intra-nucleus accumbens in-
jections of 2-methyl-5-HT and ondansetron are consistent
with those of Costall et al. (1987), but our findings on
dexamphetamine-stimulated activity differ. The reasons for
this are not clear. There are some minor methodological
differences, in that the intra-nucleus accumbens dose of
dexamphetamine in our experiments was 2-fold higher,
and the period between surgery and experimental investi-
gation was shorter. However, the inhibition of the intra-
nucleus accumbens dexamphetamine-induced hyperloco-
motion by the dopamine D, receptor antagonist raclopride
in our experiments confirms that the hyperlocomotor effect
was dopaminergic, as was the case for Costall et al. (1987)
who used sulpiride and fluphenazine. In our dexam-
phetamine-stimulated locomotor activity experiments, the
dose ranges of intra-nucleus accumbens 2-methyl-5-HT
(10-100 ng/side) and ondansetron (1-10 ng/side) were
comparable to those used by Costall et al. (1987; 0.1-10
ng/side and 0.01-1 ng/side, respectively), in that the
lowest dose levels we used were reported to produce
significant changes by Costall et al. (1987). It should also

be noted that in our experiments, intra-ventral tegmental
area administration of 2-methyl-5-HT and ondansetron at
similar dose levels (100-500 ng/side, and 1-100 ng /side)
did produce significant changes in locomotor activity.

As noted previously, the direct supporting evidence for
a dopaminergic modulatory role of 5-HT, receptors in the
nucleus accumbens comes from microdialysis studies in
awake rats (Chen et al., 1991; Kennett and Blackbumn,
1991). In these studies, 5-HT; receptor-selective agonists
were administered directly into the nucleus accumbens via
the microdialysis probe, together with 5-HT, receptor-
selective antagonists administered either directly into the
nucleus accumbens, or systemically. Other support for a
nucleus accumbens role of 5-HT,; receptors comes from
microdialysis studies in awake rats in which dopamine
release induced by perfusion of either ethano! or 5-HT into
the nucleus accumbens was inhibited by co-perfusion of
5-HT; receptor-selective antagonists directly into the nu-
cleus accumbens (Yoshimoto et al., 1992; Parsons and
Justice, 1993). The conclusions which can be drawn from
the latter studies are limited, however, because selective
5-HT, receptor agonists were not used; in fact, Parsons
and Justice (1993) also reported that intra-nucleus accum-
bens 5-HT,, ,; and 5-HT, receptor-selective antagonists
produced reductions in the dopamine release response to
intra-nucleus accumbens 5-HT. Layer et al. (1992) found
that dexamphetamine-stimulated locomotor activity in rats
was increased by intra-nucleus accumbens phenyl-
biguanide, a 5-HT, receptor-selective agonist. This finding
is not conclusive, however, because the 5-HT; receptor-
selective antagonist MDL 72222 at the single intra-nucleus
accumbens dose used did not block the phenylbiguanide-
induced increase in dopamine release. Interestingly, in the
studies described by Costall et al. (1987), the doses of
intra-nucleus accumbens ondansetron required to antago-
nize 2-methyi-5-HT-induced hyperlocomotion in a dose-
dependent manner (10-1000 ng/side) were much higher
than those producing inhibitory effects on hyperlocomo-
tion when used alone (0.01-1 ng/side). This raises the
possibility that this inhibitory effect of ondansetron alone
in the nucleus accumbens may not be related to 5-HT,
receptor antagonism.

Our suggestion that ventral tegmental area rather than
nucleus accumbens 5-HT, receptors modulate locomotor
activity was supported by the findings in the present study
with intra-ventral tegmental area injections of other selec-
tive 5-HT receptor agonists and antagonists. The 2-methyl-
5-HT-induced hyperlocomotion was abolished by on-
dansetron, but was unaffected by methiothepin (5-HT, /5-
HT, receptor-selective antagonist). Agents with 5-HT,,
5-HT, and 5-HT, receptor-selective agonist actions (5-CT,
a-methyl-5-HT, and renzapride, respectively) produced no
significant changes in spontaneous locomotor activity. The
dose levels at which these agents were used were based on
their potencies relative to 2-methyl-5-HT (Hoyer et al.,
1994). It therefore seems reasonable to conclude that the
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hyperlocomotor action of 2-methyl-5-HT is mediated by
5-HT, receptors.

The initial inhibitory effect of intra-ventral tegmental
area ondansetron but not granisetron on both spontaneous
and dexamphetamine-stimulated locomotor activity in our
experiments (see Fig. 3) is difficult to interpret. This effect
of ondansetron may reflect an involvement of endogenous
5-HT via a mesolimbic 5-HT, receptor mechanism, but the
lack of effect of granisetron would argue against this.
Taking into account the fact that ondansetron has a 5-HT,
receptor affinity approximately 2—3-fold less than that of
granisetron (Fozard, 1990), it is most unlikely that the
doses of granisetron used were too low. It is possible that
opposing effects may arise with increasing doses of
granisetron, because a loss of efficacy at high doses has
been reported in behavioural studies, but nevertheless,
exactly the same phenomenon has also been described for
ondansetron (Costall et al., 1990; Hagan et al., 1990).

The apparent lack of dose dependency and short dura-
tion of this ondansetron-induced inhibition of locomotor
activity also make interpretation of these findings complex.
A possible explanation is that control spontaneous and
dexamphetamine-stimulated locomotor activities were
highest during the first 30 min after commencing record-
ing, and that these locomotor activity levels were relatively
modest. This would tend to mask any continuing or more
substantial inhibition produced by the higher intra-ventral
tegmental area doses of ondansetron. Alternatively, the
effect of the lowest dose of ondansetron used may well
have been maximal.

The inhibitory effect of intra-ventral tegmental area
injection of ondansetron alone in the first 30 min after its
administration cannot account for its blockade of 2-
methyl-5-HT-induced hyperlocomotion, because on-
dansetron alone did not significantly change locomotor
activity at times corresponding to those when 2-methyl-5-
HT alone was producing hyperlocomotion. Methiothepin
alone, when injected into the ventral tegmental area, pro-
duced a significant increase in locomotor activity only for
the 60—120 min period during the 360 min of monitoring.
Although methiothepin pretreatment had no effect on the
response to 2-methyl-5-HT, it could be expected to have
added to the hyperlocomotor effect of 500 ng/side of
2-methyl-5-HT during this 60-120 min period. The fact
that this was not seen (Fig. 6) could be explained by the
dose of 2-methyl-5-HT used being at or close to a maximal
level. The mechanism responsible for the hyperlocomotor
effect of methiothepin during this 60—120 min period is
unknown. It is unlikely to be due to blockade of a 5-HT,
or 5-HT, receptor-mediated inhibition of spontaneous lo-
comotor activity, because intra-ventral tegmental area in-
jection of 5-CT or a-methyl-5-HT produced no changes in
locomotor activity.

A 5-HT,; receptor-mediated modulation of dopaminer-
gic mesolimbic activity is further supported by the obser-
vations that intra-ventral tegmental area injection of 2-

methyl-5-HT increased behaviours which are generally
associated with raised mesolimbic dopaminergic activity,
namely forward locomotion and rearing (Makanjuola et al.,
1980; Beninger, 1983; Evenden and Ryan, 1988), although
mesolimbic dopaminergic activation may not always pro-
duce rearing (Jackson et al., 1975). The time spent appar-
ently ‘asleep’ was decreased significantly by intra-ventral
tegmental area injection of 2-methyl-5-HT, while the time
spent apparently ‘awake’ was significantly increased. Al-
though the 2-methyl-5-HT-induced increases in rearing
and forward locomotion had almost or completely ceased
by 360 min (as had hyperlocomotor activity), marked
wakefulness was still present, perhaps reflecting the con-
tinuation of more subtle behavioural changes related to
alertness. All of these 2-methyl-5-HT-induced behavioural
effects were abolished by pretreatment with ondansetron
injected into the ventral tegmental area, but were not
affected by intra-ventral tegmental area methiothepin, con-
sistent with a 5-HT, receptor involvement in these ob-
served behaviours. Ondansetron alone did not affect any of
these behaviours. Methiothepin alone, however, caused an
increase in forward locomotion and wakefulness for the
60-120 min period during the 360 min of monitoring, by
unknown mechanisms, consistent with its hyperlocomotor
activity at this time. Interestingly, rearing was not affected
by methiothepin alone.

Behaviours generally associated with other dopaminer-
gic systems, i.e. sniffing, circling and grooming (Beninger,
1983; Evenden and Ryan, 1988) were not produced by
intra-ventral tegmental area injection of 2-methyl-5-HT,
nor by ondansetron or methiothepin alone or in combina-
tion with 2-methyl-5-HT, indicating that the mesolimbic
dopaminergic system is selectively activated by intra-
ventral tegmental area 2-methyl-5-HT. The only exception
was a brief 2-methyl-5-HT-induced increase in sniffing
behaviour, which was unaffected by ondansetron or me-
thiothepin pretreatment. It should be noted, however, that
sniffing behaviour can also be elicited by mesolimbic
activation with systemic or intra-nucleus accumbens injec-
tion of apomorphine, or by intra-nucleus accumbens injec-
tion of dopamine (Costall et al., 1975; Makanjuola et al.,
1980), thus activation of specific mesolimbic pathways
associated with sniffing behaviour may not involve 5-HT,
receptor mechanisms.

Our conclusion that 5-HT,; receptors in the ventral
tegmental area mediate hyperlocomotion in rats is consis-
tent with findings by other investigators in microdialysis
and electrophysiological studies. As noted previously, Im-
perato and Angelucci (1989) measured nucleus accumbens
dopamine and its metabolites in awake freely moving rats
using microinfusion probes, and found that both systemic
and intra-ventral tegmental area injection of the 5-HT,
receptor-selective antagonist tropisetron inhibited the re-
lease of dopamine in the nucleus accumbens produced by
systemic morphine. When injected into the nucleus accum-
bens, however, tropisetron was without effect. Wang and
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Jiang (1990) reported that iontophoretic administration of
2-methyl-5-HT resulted in the activation of ventral
tegmental area dopamine neurones in anaesthetized rats;
this excitatory effect of 2-methyl-5-HT was blocked by the
5-HT, receptor-selective antagonists granisetron and
tropisetron, but was unaffected by antagonists with selec-
tive actions at 5-HT,, and 5-HT, receptors (metergoline,
ritanserin).

Other authors have reported that S-HT can release
dopamine from rat ventral tegmental area slices in vitro
(Beart and McDonald, 1982), and intra-ventral tegmental
area administration of 5-HT in awake rats results in ele-
vated levels of dopamine metabolites (but not dopamine)
in the nucleus accumbens, as detected by microinfusion
probes (Guan and McBride, 1989). In these studies, methy-
sergide but not cyproheptadine antagonized the effect of
5-HT in the rat ventral tegmental area slice preparations,
and the 5-HT receptor agonist trifluoromethylphenylpiper-
azine but not 8-hydroxy-2-(di-n-propylamino)tetralin mim-
icked the effect of 5-HT in the microinfusion study. This
might suggest the involvement of 5-HT, and/or 5-HT,
receptor mechanisms in 5-HT-induced ventral tegmental
area dopaminergic activation, but these findings are not
conclusive, due to the lack of selectivity of methysergide
and trifluoromethylphenylpiperazine at 5-HT, and 5-HT,
receptor subtypes (Hoyer et al., 1994).

Although it has been reported that there are significant
densities of 5-HT, binding sites in the rat nucleus accum-
bens /olfactory tubercle (Kilpatrick et al., 1987), in auto-
radiographic studies in rat brain, nucleus accumbens 5-HT,
binding site levels were relatively low in comparison with
other areas such as amygdaloid nuclei, the nucleus tractus
solitarii and the dorsal motor nucleus of the vagus (Barnes
et al., 1990; Perry, 1990; Gehlert et al., 1991; Laporte et
al., 1992). In some autoradiographic studies, 5-HT, bind-
ing site densities in rat ventral tegmental area have been
reported to be low or non-detectable (Barnes et al., 1990,
Laporte et al., 1992), although Perry (1990) found that
5-HT; binding site levels are higher in the ventral tegmen-
tal area than in the nucleus accumbens. Regardless of the
relative levels of nucleus accumbens and ventral tegmental
area 5-HT, binding site densities, it may well be that very
small numbers of 5-HT; receptors in either nucleus may
still be able to exert profound modulatory effects on
dopamine release.

The findings that 5-HT, receptors may have a modula-
tory role in mesolimbic dopaminergic function provide a
basis for the premise that 5-HT, receptor antagonists may
prove to have a useful therapeutic effect in schizophrenia,
without the disadvantages of the neuroleptic drugs cur-
rently available (Tricklebank, 1989, 1992). To date, there
have been few clinical investigations, and the results re-
ported are equivocal. Ondansetron has been found to be
effective in schizophrenia without producing extrapyrami-
dal effects, in two uncontrolled studies (White et al., 1991;
DeVeaugh-Geiss et al.,, 1992). It was also effective in

attenuating amphetamine-induced anorexia (Silverstone et
al., 1992) and controlling levodopa-induced hallucinosis in
patients with Parkinson’s disease (Zoldan et al., 1993). In a
placebo-controlled trial in schizophrenic patients, however,
results with ondansetron were inconclusive in that overall
effects were not significantly different from placebo, al-
though some measures suggested improvement (Meltzer,
1991; McBain et al., 1992). Zacopride produced no signifi-
cant improvement in schizophrenia in a placebo-controlled
trial (Newcomer et al., 1992).

The results of the present investigation add weight to
the increasing body of evidence that 5-HT, receptors may
have an important modulatory role in the mesolimbic
dopaminergic system. Our conclusion is that a 5-HT,
receptor-mediated hyperlocomotor effect in rats involves
the modulation of firing of mesolimbic dopaminergic cell
bodies in the ventral tegmental area rather than terminals
in the nucleus accumbens. Whether or not these findings
can be exploited to provide a useful means of treating
schizophrenia remains to be established.
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