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Abstract

Effects of the 5-hydroxytryptamine (5-HT)1A/1B/2C receptor agonist N-[3-(trifluoromethyl)phenyl] piperazine (TFMPP, 0–3.0 mg/kg s.c.)

and the 5-HT2C receptor agonist 8,9-dichloro-2,3,4,4a-tetrahydro-1H-pyrazino[1,2-a]quinoxalin-5(6H)-one (WAY 161503, 0–3.0 mg/kg

s.c.) in place conditioning were measured in male Sprague–Dawley rats. Effects of TFMPP, alone and with the 5-HT1A receptor antagonist

N-[2-[4-(2-methoxyphenyl)-1-piperazinyl] ethyl]-N-2-pyridinyl-cyclohexanecarboxamine (WAY 100635), the 5-HT1B receptor antagonist N-

[4-methoxy-3-(4-methyl-1-piperazinyl) phenyl]-2¶-methyl-4¶-(5-methyl-1,2,4-oxadiazol-3-yl)-1,1¶-biphenyl-4-carboxamide (GR 127935) or

the 5-HT2C receptor antagonist 6-chloro-5-methyl-1-[[2-(2-methylpyrid-3-yloxy)pyrid-5-yl]carbamoyl]indoline (SB 242084) and of WAY

161503 alone and with SB 242084 on locomotor activity were also assessed. Neither TFMPP nor WAY 161503 induced place conditioning.

WAY 161503 (1.0 and 3.0 mg/kg s.c.) decreased locomotor activity; SB 242084 (1.0 mg/kg i.p.) blocked this effect. Reduced locomotor

activity following TFMPP was blocked by SB 242084 but not WAY 100635 (0.1 mg/kg s.c.) or GR 127935 (3.0 mg/kg s.c.). Behaviourally

relevant levels of 5-HT2C receptor stimulation may not exert reinforcing effects, although other studies indicate that such manipulations alter

reinforcing effects of drugs of abuse.
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1. Introduction

Central 5-hydroxytryptamine (5-HT) containing neurons

originate from the midbrain raphé nuclei and project to the

ventral tegmental area, the substantia nigra and the nucleus

accumbens (Azmitia and Segal, 1978; Hervé et al., 1987;

Moukhles et al., 1997). The actions of synaptically released

5-HT are mediated by actions among at least 14 distinct

structural and pharmacological subtypes of 5-HT receptors

(Barnes and Sharp, 1999). Activation of these receptor

subtypes may regulate a variety of behavioural responses

including: sleeping, feeding, memory, pain, sexual activity,

locomotion and positive and negative reinforcement (Barnes

and Sharp, 1999; Jacobs and Fornal, 1999; Jouvet, 1999). In

particular, activation of the 5-HT2C receptor has been
0014-2999/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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associated with decreased locomotor activity, hypophagia,

anxiety, penile erections and hyperthermia (Barnes and

Sharp, 1999; Koek et al., 1992).

Currently, it is hypothesized that the mesocorticolimbic

dopamine system plays a role in reward mediated behaviour

(Tzschentke, 1998; Wise and Rompre, 1989). Within the

mesocorticolimbic system, dopamine has significant inter-

actions with 5-HT; neurons containing 5-HT may play an

inhibitory role with respect to dopamine (Di Giovanni et al.,

2000; Di Matteo et al., 2000b; Tzschentke, 1998). 5-HT

receptor subtypes may play a functional role in the

regulation of neural processes underlying motivation and

reward. Systemic administration of the 5-HT1A receptor

agonist 8-OH-DPAT may alter lateral hypothalamic reward

thresholds, with lower doses decreasing and higher doses

increasing thresholds, respectively in two studies (Harrison

and Markou, 2001; Montgomery et al., 1991). Ahn et al.

(2004) have reported a monotonic increase in reward sites
logy 515 (2005) 107 – 116
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for self-stimulation at ventral tegmental electrode sites over

a wide systemic range of doses of 8-OH-DPAT. Systemi-

cally administered 8-OH-DPAT may also decrease self-

administration of cocaine and ethanol (Burmeister et al.,

2004; Peltier and Schenk, 1993; Parsons et al., 1998;

Roberts et al., 1998). Nevertheless, when this drug was

administered directly into the dorsal or median raphé

nucleus, respectively, a decrease in brain stimulation reward

thresholds was observed (Ahn et al., 2004; Harrison and

Markou, 2001; Fletcher et al., 1995). In agreement with

these findings, stimulation of the 5-HT1A receptor may

result in a conditioned place preference (Papp and Willner,

1991; Fletcher et al., 1993; Neisewander et al., 1990). These

results have generally been interpreted in terms of an action

of 8-OH-DPAT at somatodendritic 5-HT1A receptors on 5-

HT neurons (reward increasing effects) or post-synaptic 5-

HT1A receptors (reward decreasing effects, see Ahn et al.,

2004). 5-HT1B receptor activation may also be relevant to

motivation and reward. Activation of the 5-HT1B receptor

may induce a conditioned place preference when adminis-

tered with a sub-threshold dose of cocaine (Cervo et al.,

2002) and has been observed to facilitate sub-threshold

levels of cocaine self-administration (Parsons et al., 1998).

By contrast, activation of that receptor may reduce both

responding for amphetamine self-administration (Fletcher et

al., 2002a,b) and brain stimulation reward thresholds

(Harrison et al., 1999) as well as induce a conditioned

place aversion (Cervo et al., 2002).

With regard to the 5-HT2 family of receptors, few studies

have examined the effects of specific ligands in reward

paradigms. It has been shown that 5-HT2A receptor block-

ade does not alter the effects of amphetamine on brain

stimulation reward thresholds (Moser et al., 1996), but may

attenuate cocaine reinstatement in self-administration para-

digm (Fletcher et al., 2002a,b). Furthermore, unpublished

data from our laboratory have shown that 5-HT2C receptor

stimulation decreases brain stimulation reward thresholds

whereas the 5-HT2C receptor antagonist SB 242084 may

facilitate brain stimulation reward (Clements RLH, personal

communication). In agreement with these results, 5-HT2C

receptor blockade has been demonstrated to increase

cocaine breaking points in self-administration (Fletcher et

al., 2002b) and increase responding for low ethanol drinking

rats (Tomkins et al., 2002).

The 5-HT2C receptor is a G-protein coupled receptor

which activates phospholipase C and increases phosphotidyl

inosital hydrolysis (Boess and Martin, 1994; Barnes and

Sharp, 1999). Available data indicate that 5-HT2C receptors

are located on g-aminobutyric acid-containing neurons but

not on dopamine neurons (Di Giovanni et al., 2001; Eberle-

Wang et al., 1997; Serrats et al., 2005). In vivo, 5-HT2C

receptor activation may reduce activity in the mesocortico-

limbic dopamine system (Di Giovanni et al., 2000; Di Matteo

et al., 1999, 2000a,b, 2001, 2002; Millan et al., 1998; Pozzi et

al., 2002). As 5-HT2C receptors may not be expressed on

dopamine neurons, the decrease in dopamine release
observed after activation of the 5-HT2C receptor is thought

to be mediated by activation of g-aminobutyric acid

interneurons in the ventral tegmental area (Di Giovanni et

al., 2001; Di Matteo et al., 2001, 2002). Few studies have

examined the positive or negative reinforcing effects of 5-

HT2C receptor ligands in place conditioning. Rocha et al.

(1993) found that the 5-HT1B/2C agonist 1-(3-chlorophenyl)

piperazine (mCPP) did not induce place conditioning on its

own, but was able to block the conditioned place aversion

induced by 1,2,3,4,10,14b-Hexahydro-2-methyldibenzo

[c,f]pyrazino[1,2-a]azepine [mianserin] (mixed 5-HT2 antag-

onist) and 1-(2,3-dihydro-1, 4-benzodioxin-5-yl)-piperazine

[eltoprazine] (mixed 5-HT1B receptor agonist/5-HT2C recep-

tor antagonist). Selective 5-HT2C receptor ligands have

recently been developed, allowing for the behavioural

characterization of these receptors in place conditioning.

The effects of the 5-HT2C receptor agonist 8,9-dichloro-

2,3,4,4a-tetrahydro-1H-pyrazino[1,2-a]quinoxalin-5(6H)-

one (WAY 161503) on locomotor activity per se have not

been reported, but WAY 161503 may decrease immobility

and increase swimming in the forced swim test (Cryan and

Lucki, 2000). These effects were attenuated by pretreatment

with the 5-HT2C receptor antagonist 5-methyl-1-(3-pyridyl-

carbamoyl)-1,2,3,5-tetrahydropyrrolo[2,3-f] indole (SB

206533) and the non-specific 5-HT2 receptor antagonist

mianserin. Administration of 5-HT2C receptor antagonists

such as 6-chloro-5-methyl-1-[[2-(2-methylpyrid-3-yloxy)-

pyrid-5-yl] carbamoyl] indoline (SB 242084) does not

result in significant changes in locomotor activity (Kennett

et al., 1997; Martin et al., 2002).

The mixed 5-HT1B/2C receptor agonist mCPP reduces

locomotor activity, an effect that is blocked by pretreatment

with SB 242084 (Gleason et al., 2001; Kennett et al., 1997;

Martin et al., 2002). In addition, a dose-dependent reduction

in locomotor activity has been reported following admin-

istration of the mixed 5-HT2 receptor agonist (aS)-6-chloro-

5-fluoro-a-methyl-1H-indole-1-ethanamine fumarate (Ro

60-0175), acting at the 5-HT2A/2B/2C receptor subtype, an

effect that was reversed by pre-treatment with SB 242084

(Higgins et al., 2001; Kennett et al., 2000). SB 242084 also

potentiated the increase in locomotor activity induced by the

indirect 5-HT releaser/reuptake inhibitor (+) fenfluramine

(Higgins et al., 2001).

Lucki et al. (1989) reported a dose-dependent reduction

in locomotor activity following N-[3-(trifluoromethyl)-

phenyl] piperazine (TFMPP) (0.31–5.0 mg/kg) that was

not blocked by 1-(1H-indol-4-yloxy)-3-[(1-methylethyl)

amino]-2-propanol (pindolol) and (RS)-1-[(1-methylethyl)

amino]-3-(1-naphthalenyloxy)-2-propanol (propranolol):

compounds which are potent a-adreneoceptor blockers but

also act as potent antagonists of the 5-HT1A/1B and 5-HT1B

receptors, for pindolol and propranolol, respectively. These

effects were attenuated by the non-selective 5-HT antago-

nists [(8â)-1,6-dimethylergolin-8-yl)methyl]carbamic acid

phenylmethyl ester (metergoline), [8b(S)]-9,10-didehydro-

N-[1-(hydroxymethyl)propyl]-1,6-dimethylergoline-8-car-
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boxamide maleate (methysergide) and mianserin. These

authors hypothesized that these locomotor inhibitory effects

of TFMPP may be due to 5-HT2C receptor activation (Lucki

et al., 1989), in accordance with the above studies that

indicate a possible role for 5-HT2C receptors in the

regulation of exploratory motor behaviour.

To explore the potential role of 5-HT2C receptors in

place conditioning, WAY 161503 and TFMPP were

assessed using this paradigm. It was hypothesized that

these compounds may induce a conditioned place aversion,

as activation of 5-HT2C receptors by Ro 60-0175 and 6-

chloro-2-(1-piperazinyl) pyrazine hydrochloride (MK 212)

may decrease mesocorticolimbic dopamine release from

areas such as the frontal cortex, nucleus accumbens and

ventral tegmental area (Di Giovanni et al., 2000; Di Matteo

et al., 2000b, 2001; Millan et al., 1998). The present study

also attempted to clarify the role of 5-HT2C receptors in the

regulation of locomotor activity. It was hypothesized that

the systemic effects of the selective 5-HT2C receptor

agonist WAY 161503 and of the less selective 5-HT

agonist TFMPP on spontaneous locomotor activity would

be attenuated or blocked by administration of the 5-HT2C

antagonist SB242084 but not by administration of a 5-

HT1A antagonist [(N-[2-[4-(2-methoxyphenyl)-1-pipera-

zinyl] ethyl]-N-2-pyridinyl-cyclohexanecarboxamine ma-

leate, WAY 100635] or a 5-HT1B antagonist [N-[4-

methoxy-3-(4-methyl-1-piperazinyl)phenyl]-2¶-methyl-4¶-

(5-methyl-1,2,4-oxadiazol-3-yl)-1,1¶-biphenyl-4-carboxa-

mide hydrochloride, GR 127935]. Based on previous

studies, it was hypothesized that (a) SB 242084 alone

would not alter locomotor activity and (b) TFMPP and

WAY 161503 would decrease locomotor activity and

that these effects may be attenuated by pre-treatment

with SB 242084.
2. Materials and methods

2.1. Animals

Male Sprague–Dawley rats (Health Sciences Laboratory

Animal Services, University of Alberta) weighing 200–250

g were housed individually in standard Plexiglas laboratory

cages at 20 -C and 50% humidity, with a 12-h light/dark

cycle (lights from 0700 h–1900 h) with food and water

freely available. The care and use of animals were in

accordance with guidelines of the University of Alberta

Health Sciences Animal Welfare Committee and the

Canadian Council on Animal Care.

2.2. Place conditioning

2.2.1. Apparatus

The place conditioning apparatus (I. Halvorsen System

Design, Phoenix, AZ, USA) consisted of a rectangular

Plexiglas box divided into two compartments (30 cm L�30
cm W�25 cm H). The compartments differed in floor

texture: 14 horizontal bars positioned 1.25 cm apart

compared with 1-cm square grate wire flooring. The

compartments were separated by a white plastic divider,

which contained a tunnel (7.5 cm long) allowing access to

both compartments that could be obstructed with removable

doors during conditioning.

2.2.2. Procedure

The procedure consisted of three phases. Phase 1 (Pre-

conditioning): Animals (n =8) were habituated to the place

conditioning apparatus for three consecutive days, during

which animals had free access to both compartments for 15

min. On the third day of pre-conditioning, the amount of

time spent in each compartment was recorded. Independent

experiments were conducted according to an unbiased and a

biased design. For the unbiased design, animals were

randomly assigned to each drug group and adjusted if

necessary to equalize baseline compartment preference

between and within each group.

In the biased design, because induction of place aversion

was expected following administration of the 5-HT2C

receptor agonist, animals were randomly assigned to drug

groups such that they were each conditioned to the most

preferred compartment, as determined on pre-conditioning

day three. In the biased design, the (+) a-methylphenyle-

thylamine (amphetamine) sulphate positive control group

was conditioned to the least preferred side, as determined on

pre-conditioning day three. This was arranged because

induction of a place preference was expected in that group.

Phase 2 (Conditioning): On alternating days, animals

received drug and vehicle treatment and were confined to

the drug-paired or vehicle-paired compartment for 30 min.

Animals were conditioned for six consecutive days (Bilsky

and Reid, 1991; Kankaanpaa et al., 2002; Shippenberg,

1991). Phase 3 (Post-conditioning): During retention test-

ing, animals were placed in the apparatus; in a drug-free

state and allowed free access to both compartments for 15

min. The amount of time spent in each compartment was

recorded to the nearest second.

All testing took place under red light during the light

phase of the light/dark cycle. The place conditioning

apparatus was cleaned between animals with diluted (1:6)

ammonia-based window cleaner (No Name\ Glass Cleaner

with ammonia).

2.3. Spontaneous locomotor activity

2.3.1. Apparatus

Spontaneous locomotor activity was measured using

computer-monitored photobeam boxes (I. Halvorsen System

Design, Phoenix, AZ, USA). The locomotor apparatus

consisted of a clear Plexiglas test cage (43 cm L�43 cm

W�30 cm H) with a 12�12 photobeam grid located 2.5

cm above the floor. These beams measured horizontal

activity as well as consecutive beam breaks. Vertical activity
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was measured using 12 additional photobeams located 12

cm above the floor.

2.3.2. Procedure

Animals (n =8) were habituated to the locomotor

activity boxes for two consecutive days (60 min per day)

to establish baseline exploratory activity. Animals then

received four randomized counterbalanced injections with

three drug-free days between injections. Locomotor activ-

ity was monitored for 60 min during the WAY 161503 and

SB 242084 dose–response experiments to explore the time

course of drug effects. Locomotor activity was monitored

for 30 min during TFMPP experiments, as TFMPP may

alter activity during the first 30 min of testing (Waddock,

1997). All testing took place under red light during the

light phase of the light/dark cycle. The photobeam boxes

were cleaned between animals with ammonia-based

window cleaner (No Name\ Glass Cleaner with ammonia)

diluted with water (1:6).

2.4. Drugs

The 5-HT1A/1B/2C receptor agonist TFMPP HCl [N-[3-

(trifluoromethyl)phenyl] piperazine hydrochloride], the 5-

HT2C antagonist SB 242084 2HCl [6-chloro-5-methyl-1-

[[2-(2-methylpyrid-3-yloxy)pyrid-5-yl] carbamoyl] indoline

dihydrochloride] and the 5-HT1A antagonist WAY 100635

maleate [N-[2-[4-(2-methoxyphenyl)-1-piperazinyl] ethyl]-

N-2-pyridinyl-cyclohexanecarboxamine maleate] were pur-

chased from Sigma Chemical Company (St. Louis, MO,

USA). The 5-HT1B antagonist GR 127935 HCl [N-[4-

methoxy-3-(4-methyl-1-piperazinyl)phenyl]-2¶-methyl-4¶-

(5-methyl-1,2,4-oxadiazol-3-yl)-1,1¶-biphenyl-4-carboxa-

mide hydrochloride] and the 5-HT2C agonist WAY 161503

HCl [8,9-dichloro-2,3,4,4a-tetrahydro-1H-pyrazino[1,2-

a]quinoxalin-5 (6H)-one hydrochloride] were purchased

from Tocris Cookson Inc. (Ellisville, MO, USA). (+) a-

methylphenylethylamine (amphetamine) sulphate was pur-

chased from SmithKlineBeecham Pharmaceuticals (Missis-

sauga, ON, Canada). Amphetamine, TFMPP and WAY

100635 were dissolved in 0.9% saline. SB 242084, GR

127935 and WAY 161503 were dissolved in doubled

distilled water. SB 242084 was injected intraperitoneally

(i.p.) and all other drugs were injected subcutaneously

(s.c.) in a volume of 1.0 ml/kg. Drug doses are expressed

as free-base.

2.5. Drug treatment

2.5.1. Experiment 1: The effects of systemic TFMPP or WAY

161503 on place conditioning

The effects of TFMPP (3.0 mg/kg, s.c., 10 min prior) on

place conditioning were examined. Animals received three

injections of TFMPP and vehicle on alternating days. The

effects of TFMPP were tested in both an unbiased and

biased place conditioning paradigm.
The effects of WAY 161503 (1.0 or 3.0 mg/kg, s.c., 10

min prior) on place conditioning in an unbiased design were

examined. Animals received three injections of WAY

161503 and vehicle on alternating days. In addition, the

effects of WAY 161503 (3.0 mg/kg, s.c., 10 min prior) on

place conditioning in a biased design (n=8) were also

assessed. Animals received three injections of WAY 161503

and vehicle on alternating days. The doses of TFMPP and

WAY 161503 were chosen based on previous work in this

laboratory and Cryan and Lucki (2000).

For all treatments, a positive control group was included.

These animals received amphetamine (1.0 mg/kg, s.c., 10

min prior) and vehicle on alternating days.

2.5.2. Experiment 2: Effect of systemic SB 242084 on

locomotor activity

Eight animals received a randomized, counterbalanced

series of four injections of either saline or SB 242084 (0.3,

1.0 or 3.0 mg/kg, i.p., 30 min prior to testing) and activity

was measured for 60 min. Three days of vehicle treatment

test days intervened between drug injection days.

2.5.3. Experiment 3: Effect of systemic WAY 161503 and SB

242084 on locomotor activity

Eight animals received a randomized, counterbalanced

series of four injections of either saline or WAY 161503

(0.3, 1.0 or 3.0 mg/kg, s.c., 10 min prior to testing) and

activity was measured for 60 min. Following completion of

that experiment, each animal received an injection of SB

242084 (1.0 mg/kg, i.p., 30 min prior) followed by an

injection of WAY 161503 (3.0 mg/kg, s.c., 10 min prior) on

a single test day. This dose of SB 242084 was chosen based

on prior studies (Martin et al., 2002). Three days of vehicle

treatment test days intervened between drug injection days.

2.5.4. Experiment 4: Effects of 5-HT receptor antagonists on

TFMPP induced changes in locomotor activity

Separate groups of animals (n=8) received four random-

ized counterbalanced injections as follows: TFMPP (3.0 mg/

kg, s.c., 10 min prior) and SB 242084 (1.0 mg/kg, i.p., 30 min

prior) alone, in combination and with control; TFMPP (3.0

mg/kg, s.c., 10 min prior) and WAY100635 (0.1 mg/kg, s.c.,

15min prior) alone, in combination and with control; TFMPP

(3.0 mg/kg, s.c., 10 min prior) and GR 127935 (3.0 mg/kg,

s.c., 30 min prior) alone, in combination and with control.

The dose of TFMPP was chosen based on previous work in

this laboratory (Waddock, 1997). Three days of vehicle

treatment test days intervened between drug injection days.

2.6. Statistical analysis

Experimental effects in the place conditioning experi-

ments were determined by paired sample t-tests to compare

time spent in the drug-paired side on pre-conditioning day 3

and post conditioning day 1 (P�0.05, n =8 per group).

Experimental effects on spontaneous locomotor activity were
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determined using a one-way repeated measures analysis of

variance (ANOVA). WAY 161503+SB 242084 and SB

242084 dose–response data were analyzed using two-way

repeated measures ANOVA (drug� time). Drug interaction

data for experiments involving TFMPP were analyzed using

three-way repeated measures ANOVA [TFMPP�antago-

nist� time]. Where appropriate, analysis of time course data

using one-way repeated measures ANOVA across all drug

groups at each 5 min interval was conducted. A significant F

ratio (P�0.05) on a 5 min interval was followed by

comparison of each drug condition to vehicle using New-

man–Keul’s post hoc tests (a =0.05). As the results of the

analyses of consecutive and vertical activity paralleled those

for horizontal locomotor activity counts, only the latter results

are reported. All statistical analyses were completed using

SPSS statistical software (SPSS 11.5, SPSS Inc., Chicago,

U.S.A.).
3. Results

3.1. The effect of systemic TFMPP or WAY 161503 on place

conditioning

TFMPP did not induce place conditioning in either an

unbiased [t(7)=1.51, P >0.05] or biased design [t(7)=1.41,
Fig. 1. Effects of TFMPP (3.0 mg/kg) and (+) amphetamine (1.0 mg/kg) with unbi

161503 (1.0 and 3.0 mg/kg) and (+) amphetamine (1.0 mg/kg) with unbiased (C) an

*Significant P <0.05.
P >0.05] (Fig. 1A,B), under these conditions amphetamine

induced a significant place preference [t(7)=4.987, P <0.05,

unbiased; t(7)=4.845, P <0.05, biased]. The 5-HT2C ago-

nist WAY 161503 did not induce place conditioning in an

unbiased [1.0 mg/kg t(7) =0.46, P >0.05; 3.0 mg/kg

t(7)=0.12, P >0.05] (Fig. 1C) or biased [3.0 mg/kg

t(7)=0.25, P >0.05] design (Fig. 1D). Under these con-

ditions, amphetamine induced a significant place preference

[t(7)=3.281, P <0.05; t(7)=4.878, P <0.05, respectively].

3.2. Effect of systemic SB 242084 on locomotor activity

Two-way repeated measures ANOVA (dose� time)

revealed that there was no significant effect of the 5-HT2C
receptor antagonist SB 242084 (0.3–3.0 mg/kg) [F(2.2,

15.6)=2.262, P>0.05], there was a significant effect of time

[F(3.1,21.3)=87.582, P <0.05], but no significant (SB

242084� time) interaction [F(5.3,36.9)=0.843, P >0.05]

(Fig. 2A). The lack of effect of SB 242084 on locomotor

activity over the 60 min test period is illustrated in Fig. 2B.

3.3. Effect of systemic WAY 161503 and SB 242084 on

locomotor activity

WAY 161503 decreased spontaneous locomotor activity

[F(1.9,13.2)=28.435, P <0.05]. There was a significant
ased (A) and biased (B) place conditioning procedures. The effects of WAY

d biased (D) place conditioning procedures. Data shown are meansTS.E.M.



Fig. 2. Effects of SB 242084 (0.3–3.0 mg/kg) on total locomotor activity (A) and time course of changes in locomotor activity over 60 min (B). Data shown are

meansTS.E.M.

T. Mosher et al. / European Journal of Pharmacology 515 (2005) 107–116112
effect of time [F(4.4,30.8)=34.931, P <0.05] and a signifi-

cant (WAY 161503� time) interaction [F(5.4,38.1)=3.787,

P <0.05] (Fig. 3A).

Since there was a significant interaction, one-way repeated

measures ANOVA was performed for each time period.

Following a significant one-way ANOVA at a time period, a

Newman–Keul’s post hoc test (a =0.05) was performed. This

time course analysis revealed that, at 1.0 mg/kg, WAY

161503 reduced locomotor activity during the first 15 min of

testing. At 3.0 mg/kg, WAY 161503 reduced locomotor

activity during the first 25 min of testing. SB 242084 blocked

the effects of WAY 161503 (3.0 mg/kg; see Fig. 3B).

3.4. Effects of 5-HT receptor antagonists on TFMPP

hypoactivity

3.4.1. TFMPP and the 5-HT2C receptor antagonist SB

242084

TFMPP decreased spontaneous locomotor activity

[F(1,7)=38.178, P <0.05]. There was also a significant

effect of the 5-HT2C receptor antagonist SB 242084

[F(1,7)=14.652, P <0.05], and time [F(2.1,15)=126.742,

P < 0.05]. Significant interactions of TFMPP� time

[ F (2.3,6.5) = 3.979, P < 0.05], SB 242084� t ime
Fig. 3. Effects of the 5-HT2C receptor agonist WAY 161503 (0.3–3.0 mg/kg) and W

activity (A) and time course changes in locomotor activity over 60 min (B). Dat

*Significant P <0.05, relative to control.
[ F(2.7,19) = 13.366, P < 0.05], SB 242084�TFMPP

[F(1,7)=17.199, P <0.05] and SB 242084�TFMPP� time

time [F(3.4,23.8) =7.267, P <0.05] were observed

(Fig. 4A).

TFMPP significantly reduced locomotor activity during

the first 10 min. Pre-treatment with SB 242084 significantly

blocked the decrease in locomotor activity produced by

TFMPP for the duration of the test period (Fig. 4B).

Although the two-way repeated measures ANOVA revealed

a significant SB 242084� time interaction, Newman–

Keul’s post hoc tests failed to reveal any effects of SB

242084 on the time course of changes in locomotor activity

measures.

3.4.2. TFMPP and the 5-HT1A receptor antagonist WAY

100635

TFMPP significantly reduced locomotor activity

[F(1,7)=39.336, P <0.05] (Fig. 4C). There was also a

significant effect of time [F(3.1,21.9)=44.433, P <0.05]

and a significant TFMPP� time interaction [F(3.1,21.6)=

27.907, P <0.05]. The interaction of TFMPP and the 5-

HT1A antagonist WAY 100635 [F(1,7)=0.527, P >0.05]

was not significant. WAY 100635 did not block the

effects of TFMPP during the testing period. TFMPP
AY 161503+ the 5-HT2C receptor antagonist SB 242084 on total locomotor

a shown are meansTS.E.M. #Significant effect of WAY 161503, P <0.05.



Fig. 4. Effects of TFMPP (3.0 mg/kg) and SB 242084 on total locomotor activity (A) and time course changes in locomotor activity (B) over 30 min. Effects of

TFMPP (3.0 mg/kg) and the 5-HT1A receptor antagonist WAY 100635 (0.1 mg/kg) on total locomotor activity (C) and time course changes in locomotor

activity (D) over 30 min. Effects of TFMPP (3.0 mg/kg) and the 5-HT1B receptor antagonist GR 127935 (3.0 mg/kg) on total locomotor activity (E) and time

course changes in locomotor activity (F) over 30 min. Data shown are meansTS.E.M. #Significant effect of TFMPP, P <0.05. *Significant P <0.05, relative to

control.
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and TFMPP+WAY 100635 were significantly differ-

ent from control during the first 15 min of testing

(Fig. 4D).

3.4.3. TFMPP and the 5-HT1B receptor antagonist GR

127935

TFMPP significantly reduced locomotor activity

[F(1,7)=263.244, P <0.05] (Fig. 4E). There was also a

significant effect of time [F(2.3,15.9)=52.950, P <0.05]

and a significant TFMPP� time interaction [F(2.8,19.9)=

13.035, P <0.05]. The interaction of TFMPP and the 5-

HT1B antagonist GR 127935 was not significant [F(1,7)=

2.465, P >0.05]. TFMPP significantly reduced locomotor
activity for the first 15 min and the last 10 min of

testing compared to control. GR 127935 did not block

the effects of TFMPP during the 30 min test period

(Fig. 4F).
4. Discussion

At doses that are behaviourally active (see Figs. 3 and 4),

neither TFMPP nor WAY 161503 induced place conditio-

ning; however, these drugs were shown to be effective

during this time frame as shown during locomotor activity.

This result is consistent with the observation that the 5-
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HT1B/2C agonist mCPP failed to produce place conditioning

(Rocha et al., 1993). Rocha et al. (1993) have reported that

the mixed 5-HT receptor antagonists with some affinity for

the 5-HT2C receptor (mianserin and eltoprazine) induced a

conditioned place aversion. That result is difficult to

reconcile with the observation that 5-HT2C receptor block-

ade increases dopamine release (Di Matteo et al., 1999,

2000a, 2001; Millan et al., 1998; Pozzi et al., 2002).

However, mianserin and eltoprazine also have high affinities

for other receptors (such as the 5-HT1B and a2 adrenergic

receptors). The conditioned place aversion induced by

mianserin and eltoprazine may have been due to actions

on multiple 5-HT receptors (Rocha et al., 1993). In contrast,

Risinger and Oakes (1996) found that mianserin did not

produce a place aversion/preference alone, but did enhance

ethanol induced conditioned place preference in mice.

Although mianserin produced differing results in the place

conditioning paradigm (Risinger and Oakes, 1996; Rocha et

al., 1993), these results may be explained by methodological

differences. Risinger and Oakes (1996) used male Swiss-

Webster mice, which underwent four drug conditioning

trials for a 60 min period. In contrast, Rocha et al. (1993)

used male Long-Evans rats, which were conditioned to the

drug paired compartment for four trials (30 min each). In

addition, Rocha et al. (1993) used a place conditioning

apparatus with both visual and tactile cues, whereas

Risinger and Oakes (1996) only had tactile cues. The

compartments in the place conditioning apparatus used in

the present study only differed in floor texture. Never-

theless, the inclusion of the (+) amphetamine (positive

control) in these experiments confirms the validity of the

experiments.

The putative 5-HT2C agonist Ro 60-0175 injected

systemically or centrally into the ventral tegmental area,

dose-dependently reduced responding for ethanol and for

cocaine self-administration (Fletcher et al., 2004; Tomkins

et al., 2002). These effects were blocked by pretreatment

with the 5-HT2C antagonist SB 242084 (0.5 mg/kg)

(Fletcher et al., 2004; Tomkins et al., 2002). This

observation is consistent with our present results indicating

that 5-HT2C agonists may not exhibit intrinsic rewarding

properties, but suggests that activity at these receptors may

serve to alter the reinforcing properties of other drugs.

The selective 5-HT2C receptor agonist WAY 161503

induced a dose-dependent decrease in locomotor activity,

which was blocked (at the 3.0 mg/kg dose of WAY 161503)

by pretreatment with the 5-HT2C receptor antagonist SB

242084. The 5-HT2C receptor antagonist SB 242084 did not

significantly alter locomotor activity, although there

appeared to be a slight increase in activity seen as dose

increases, which may also be apparent from data presented

in other studies (see Martin et al., 2002, Fig. 1). TFMPP also

induced a marked decrease in locomotor activity, consistent

with the earlier findings of Lucki et al. (1989). This effect of

TFMPP was attenuated by co-administration of SB 242084,

but not the specific 5-HT1A receptor antagonist WAY
100635 nor the specific 5-HT1B receptor antagonist GR

127935. These results indicate the decrease in locomotor

activity induced by TFMPP is mediated by the 5-HT2C

receptor, results which are consistent with the actions of

other putative 5-HT2C receptor agonists such as Ro 60-0175

(0.5–10 mg/kg), MK 212 (0.31 and 0.62 mg/kg) and mCPP

(2.5–7.0 mg/kg) (Higgins et al., 2001, Kennett et al., 1994,

1997, 2001; Lucki et al., 1989; Martin et al., 2002). The

present results represent the first specific evidence that the

effects of TFMPP on locomotor activity are mediated by the

5-HT2C receptor as suggested by Lucki et al. (1989).

The results of these locomotor activity experiments are

also consistent with recent cellular and molecular data that

associate 5-HT with mesocorticolimbic dopamine systems

(Di Matteo et al., 2001, 2002). 5-HT2C receptor blockade by

SB 242084 may cause an increase in dopamine release and

basal cell firing in the nucleus accumbens and ventral

tegmental area, respectively (Di Matteo et al., 1999, 2000a;

Pozzi et al., 2002), an effect that may be due to inhibition of

g-aminobutyric acid-containing interneurons in the ventral

tegmental area (Di Matteo et al., 2001). This is supported by

work demonstrating that administration of the 5-HT2C

agonists Ro 60-0175, mCPP and MK 212 may decrease

dopamine cell firing in the ventral tegmental area and

decrease dopamine release in the nucleus accumbens (Di

Giovanni et al., 2000; Di Matteo et al., 2000b). As it is

hypothesized that increased mesocorticolimbic dopamine

release is reflected by increased locomotion (Dunnett and

Robbins, 1992; Mathé et al., 1996), 5-HT2C receptors may

regulate or influence dopamine mediated locomotor activity

(Di Matteo et al., 1999).

Further evidence that 5-HT2C receptors affect dopamine

activity comes from studies concerning cocaine and

nicotine induced changes in locomotor activity. Hyper-

activity induced by either cocaine or nicotine may be

mediated by the mesocorticolimbic dopamine system

(Fung and Lau, 1988; Koob, 1992; Neisewander et al.,

1995; Nisell et al., 1996). It has been demonstrated that Ro

60-0175 injected systemically (0.1–3.0 mg/kg) or centrally

(3.0 and 10.0 Ag/kg) into the ventral tegmental area may

reduce cocaine induced hyperactivity (Fletcher et al., 2004;

Grottick et al., 2000). The reduction in cocaine-induced

hyperactivity by Ro 60-0175 was blocked by SB 242084

(0.5 mg/kg see Grottick et al., 2000). In addition, Ro 60-

0175 dose-dependently blocked nicotine (0.4 mg/kg)

induced hyperactivity. The reduction in nicotine-induced

hyperactivity by Ro 60-0175 (1.0 mg/kg) was reversed by

SB 242084 (0.5 mg/kg, see Grottick et al., 2001). These

reports add further evidence for the hypothesis that 5-HT2C

receptor activation/blockade may regulate or influence

behaviours, such as locomotor activity, which are regulated

by the mesocorticolimbic dopamine system. In addition to

systemic effects of 5-HT2C receptor agonists on locomotor

activity, central effects have also been examined. The 5-

HT2A/2B/2C receptor agonist Ro 60-0175 and 5-HT2B/2C

receptor agonist MK 212 injected into the shell of the
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nucleus accumbens, were devoid of effects on locomotor

activity, but were able to increase the hyperactivity induced

by cocaine (Filip and Cunningham, 2002). In addition, Ro

60-0175 was shown to have no effect on locomotor

activity when injected into the ventral tegmental area

(Fletcher et al., 2004). However, when administered

systemically, these compounds decrease locomotor activity

(Higgins et al., 2001; Lucki et al., 1989).

5-HT2C receptors may play a role in the regulation of

mesocorticolimbic dopamine release, effects that may be

related to changes in reward/motivational behaviour. The

present experiments indicate that selective stimulation of

the 5-HT2C receptor may not result in place conditioning.

However, 5-HT2C receptor activation did decrease loco-

motor activity, an effect that was blocked by a selective 5-

HT2C receptor antagonist. The present locomotor activity

experiments confirm the efficacy of the current drug

treatments in the behavioural context. 5-HT2C receptor

agonists may modify reinforcing effects of electrical brain

stimulation and of self-administered drugs in laboratory

animals (Clements et al., submitted for publication ;

Fletcher et al., 2004; Tomkins et al., 2002). The lack of

a direct reinforcing effect of 5-HT2C receptor stimulation is

illustrated by the current failure of 5-HT2C receptor related

drugs to induce place conditioning. This pattern of results

indicates that 5-HT2C receptor stimulation may play a

modulatory rather than a direct role in the regulation of

reinforcement.
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