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Abstract

The serotonin receptor agonist mCPP induces hyperlocomotion in 5-HT,¢ receptor knockout (KO) mice or in the presence of a
5-HT,c receptor antagonist. In the present group of experiments, we evaluate the role of 5-HT A, 5-HT;g and 5-HT, receptors
in mCPP-induced hyperactivity in 5-HT,c KO mice. We also assess the ability of agonists at these receptors to induce hyper-
activity in wildtype (WT) mice pre-treated with a selective 5-HT,c receptor antagonist. As previously reported, mCPP (3 mg/kg)
induced hyperactivity in 5-HT,c KO mice. A combination of the 5-HT;p receptor agonist CP-94,253 (20 mg/kg) and the 5-HT A
receptor agonist 8-OH-DPAT (0.5 mg/kg) induced marked hyperactivity in WT but not in 5-HT,c KO mice, nor in mice treated
with the selective 5-HT,c receptor antagonist, SB 242084 (1.5 mg/kg). Neither CP-94,253 nor 8-OH-DPAT had any intrinsic
effect on locomotion in WTs. mCPP-induced hyperactivity was attenuated in 5-HT,c KO mice by the 5-HT;g receptor antagonist
SB 224289 (2.5 mg/kg), and the 5-HT,4 receptor antagonists ketanserin (0.3 mg/kg) and M100907 (0.01 mg/kg) but not by the
5-HT 4 receptor antagonist WAY 100635 (1 mg/kg). The 5-HT54 /25/2¢ receptor agonist, Ro 60-0175 (3 mg/kg), induced a mod-
est increase in locomotor activity in WT mice pre-treated with SB 242084. However, the combination of Ro 60-0175 with CP-
94,253 induced a substantial increase in activity in 5-HT,c KO mice, an effect comparable to mCPP-induced hyperactivity. Thus,
joint activation of 5-HT;, and 5-HT;p receptors stimulates locomotion in WT mice but this response is dependent on a func-
tional 5-HT,c receptor population and hence is absent in 5-HT,c KO mice. By contrast, mCPP-induced hyperactivity depends on
the inactivation of a separate 5S-HT,c receptor population and is mediated by 5-HT, and 5-HT ;g receptor activation.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction the 5-HT,c subtype, mCPP has been used as a phar-
macological tool for evaluating 5-HT,c receptor func-
tion (Curzon and Kennett, 1990). However, in vitro
studies demonstrate that mCPP also has affinity for 5-
HT;, 5-HT g, 5-HT p, 5-HT,4 and 5-HT,p receptors
(Hoyer, 1988; Hamik and Peroutka, 1989), and may
release serotonin (Baumann et al., 1993). This suggests

that the behavioural effects of mCPP could result from

The non-selective serotonin agonist 1-(3-chlor-
ophenyl)piperazine (mCPP) induces hypophagia (Ken-
nett and Curzon, 1988a; Kitchener and Dourish, 1994),
hypolocomotion (Kennett and Curzon, 1988b; Lucki
et al., 1989) and anxiogenic-like behavioural responses
(Kennett et al., 1989) in rodents. As many of these

effects can be suppressed by antagonists selective for
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interactions with multiple 5-HT receptors (Fiorella
et al., 1995; Callahan and Cunningham, 1994). Indeed,
in drug discrimination trials, mCPP has been shown to
partially substitute for the 5-HT; receptor agonist
RU24969 (Gardner, 1989).

More recently, it has been reported that mCPP indu-
ces an apparently paradoxical Ayperlocomotion when
administered to 5-HT,c receptor null mutant (KO)



664 G.L. Dalton et al. | Neuropharmacology 46 (2004) 663671

mice (Heisler and Tecott, 2000). The observation that
this effect in KO mice was abolished by pre-treatment
with the 5-HT,g,p antagonist GR 127935 led Heisler
and Tecott to propose that the hyperlocomotion is
mediated through an ‘unmasking’ of 5-HTp receptor
activation. This hypothesis is consistent with the find-
ing that mCPP-induced hyperlocomotion in mice pre-
treated with a non-selective 5-HT, receptor antagonist
can be attenuated by pre-treatment with a 5-HT,p
receptor antagonist (Gleason and Shannon, 1998).
However, the additional finding that a 5-HT 5 receptor
antagonist can also block this response suggests that
multiple 5-HT receptors may be responsible (Gleason
and Shannon, 1998). Reports that 5-HT,5 receptor
antagonists can attenuate the hyperactivity induced by
either cocaine or a combination of the 5-HT:4 28/2¢
receptor agonist Ro 60-0175 and the 5-HT,c receptor
antagonist SB 242084 (Higgins et al., 2001) also sug-
gests a potential role for 5-HT,5 receptor in mCPP-
induced hyperlocomotion.

In the present paper, we directly assess the role of 5-
HT,g and 5-HT,c receptors in the hyperlocomotion
evoked by mCPP by comparing its effects with those of
the selective 5-HT;p receptor agonist, CP-94,253 alone
or in combination with the 5-HT;, receptor agonist 8-
OH-DPAT in wildtype (WT) and 5-HT,¢ receptor null
mutant (KO) mice. In addition, we investigate the abil-
ity of the 5-HT,A receptor antagonists M100907 and
ketanserin to attenuate mCPP-induced hyperactivity in
KO mice and measure locomotion in WT mice treated
with a combination of the selective 5-HT,c antagonist
SB 242084 and the 5-HT54/28/2c receptor agonist Ro
60-0175 or the 5-HT,s/c receptor agonist DOL
Finally, we investigate the ability of concurrent acti-
vation of 5-HT;g and 5-HT, receptors to induce
hyperactivity in KO mice in a manner comparable to
that seen following mCPP administration.

2. Materials and methods
2.1. Animals

Initial breeding stocks of adult WT and 5-HT,c KO
mice of the C57BL/6J strain were kindly donated by
L.H. Tecott UCSF, USA. WT males were crossed with
females heterozygous for the 5-HT,c mutation allow-
ing WT and KO littermates to be used in each experi-
ment. Genotyping was achieved by taking a 2 mm
sample from the tail tip under local anaesthesia, with
identification of WT or KO mice attained using a
PCR-based strategy in Vernalis Research Ltd, Woking-
ham, UK. After weaning, male progeny were held in
groups of 2-4 until required. The animals used in these
studies were taken from group-housed stock immedi-
ately before each experiment. Animals were maintained

in a controlled environment held at 2141 °C and
50 4+ 15% relative humidity with 12:12 h photoperiod
(lights on: 05:30 h). The experiments were licensed
under the UK Animals (Scientific Procedures) Act 1986
(Project License 70/5033) following approval by the
University of Sussex, Local Ethical Review Committee.
All efforts were made to minimise animal suffering and
to reduce the number of animals used.

2.2. Drugs

3-(1,2,5,6-tetrahydro-4-pyridyl)-5-propoxypyrrolo[3,
2-b]pyridine (CP-94,253), N-{2-[4-(2-methoxyphenyl)-1-
piperazinyl)cyclohexanecarboxamide trihydrochloride
(WAY 100635), R-(+)-0-(2,3-dimethoxyphenyl)-1-[2-(4-
flourophenylethyl)]-4-piperadine methanol (M100907),
(S)-2-(6-Chloro-5-fluoroindol-1-yl)-1-methylethylamine
(Ro 60-0175), 6-chloro-5-methyl-1-[2(2methylpyridyl-
3-oxy)-pyrid-5-yl carbamoyl] indoline (SB 242084) and
6,7-dihydro-1’-methyl-5-[[2’-methyl-4'-(5-methyl-1,2,4-
oxadiazol-3-yl)-3-yl)[1.1’-biphenyl]-4-yl]carconyl]-spiro-
[2H-furo[2,3-f]indole-3(SH)hyrochloride (SB 224289)
were synthesised in the Chemistry Department of Verna-
lis Research Ltd (Wokingham). 1-(3-Chlorophenyl)pip-
erazine (mCPP), 8-hydroxy2-(di- N-propylamino)tetralin
(8-OH-DPAT) and (£)-1-(2,5-dimethoxy-4-iodophenyl)-
2-aminopropane (DOI) were purchased from Sigma-
Aldrich (Poole, UK) and 3-[2-[4-(4-flurobenzoyl)-1-
piperidinyl]ethyl]-2,4[1H,3H]-quinazolinedione (ketan-
serin tartrate) was purchased from Tocris (Bristol, UK).

CP-94,253, ketanserin tartrate, WAY 100635 and
DOI were dissolved in distilled water. mCPP, 8-OH-
DPAT, M100907 and Ro 60-0175 were dissolved in
0.9% NaCl. SB 242084 was initially dissolved in
PEG400 at 20% of the final required volume which was
then made up with 10% (w/v) hydroxypropyl-p-cyclo-
dextrin (Fluka, Poole, UK). SB 224289 was moistened
with 150 pl 10% lactic acid (v/v in distilled water) and
brought to final volume using 10% (w/v) hydro-
xypropyl-p-cyclodextrin.

mCPP, CP-94,253, 8-OH-DPAT, Ro 60-0175 and
DOI were administered i.p. at a volume of 10 ml/kg.
SB 242084, WAY 100635, SB 224289, M100907 and
ketanserin were administered s.c. at the nape of the
neck in a volume of 4 ml/kg.

Doses for mCPP and Ro 60-0175 were chosen with
reference to studies previously reported by Hewitt et al.
(2002). The dose for CP-94,253 was chosen with refer-
ence to Clifton et al. (2003). The doses of WAY
100635, DOI and ketanserin were chosen with refer-
ence to the studies reported by Gleason and Shannon
(1997, 1998) and Darmani et al. (1996), respectively.
SB 242084, 8-OH-DPAT, SB 224289 and M100907
doses were determined following preliminary dose
response studies.
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2.3. Locomotor activity

Mice were placed in circular runways (24 cm diam-
eter) containing eight infrared light beams at 45° separ-
ation. Forward locomotor activity was assessed by
counting instances of beam breaks in a consistent
direction that occurred following three consecutive
beam breaks in that direction. Spontaneous forward
locomotor activity was recorded for a 60 min habitu-
ation period. For all agonist studies, a between subjects
design was used. For studies using antagonists, a mixed
design was used. Experiments attempting to block
mCPP-induced hyperactivity had antagonist as a
between subjects factor and agonist a within subjects
factor. In experiments attempting to induce hyperactivity
in WT mice, the 5-HT,c antagonist SB 242084 was
administered as a within subjects factor with agonists
being a between subjects factor. Testing was conducted
allowing at least two drug free days between treat-
ments. Statistical significance was assessed by a three-
way analysis of variance (genotype or antagonistx
agonist x time) followed by paired comparisons using
either Dunnett’s procedure (within subjects design) or ¢-
tests with Bonferroni correction (between subjects
design).

3. Results
3.1. 5-HT,p receptor stimulation in 5-HT>- KO mice

mCPP (3 mg/kg) induced a significant and substan-
tial (4.5-fold) increase in locomotor activity in 5-HT,¢
KO mice (Fig. 1a) which was not apparent in WT mice
given mCPP (genotype x drug interaction, F jo= 24.65;
p< 0.001). Post-hoc analysis revealed that KO mice
given mCPP were significantly more active than any
other group 15 min following mCPP administration, a
difference that remained significant throughout the test-
ing period. In contrast, administration of the selective
5-HTp receptor agonist CP-94,253 (20 mg/kg) failed to
increase locomotor activity in either genotype (Fig. 1b).

3.2. Combined 5-HT | + 5-HT g receptor stimulation
in WT and 5-HT>c KO mice

When the 5-HT;g receptor agonist CP-94,253 or the
5-HT A receptor agonist 8-OH-DPAT were given alone
they had no effect on locomotor activity in either geno-
type (Fig. 2a,b). However, the combination of CP-
94,253 and 8-OH-DPAT produced a significant
increase in locomotor activity of wildtype mice
(F330=16.88; p< 0.001, Fig. 2a) with total activity
counts for the 1 h period being almost 8-times higher
for combination treated mice than for vehicle treated
counterparts. Post-hoc analysis confirmed that this
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Fig. 1. Comparison of the effects of mCPP (a: top panel) and CP-
94,253 (b: lower panel) on 5-HT,c receptor null mutant (KO) and
wildtype (WT) mice. Activity is expressed in 15 min time bins over a
60 min time period following administration of vehicle (0.9% saline)
mCPP (3 mg/kg) or CP-94,253 (20 mg/kg). ‘B’ on the X-axis refers
to baseline activity measured during the last 15 min of habituation.
Values are expressed as mean + SEM, *p< 0.001, n= 7.

increase was significant across all time bins. In con-
trast, the combination of CP-94,253 and 8-OH-DPAT
had no effect on locomotor activity in KO mice
(Fig. 2b; genotype x drug interaction, F3 3= 10.63;
p< 0.001). The same combination of drugs also had no
effect on activity in WT mice pre-treated with the selec-
tive 5-HT»¢ receptor antagonist SB 242084 (Fig. 2c).

3.3. Attenuation of mCPP-induced hyperactivity in
5-HT;¢ knockout mice using 5-HT receptor antagonists

Pre-treatment with the 5-HT,A receptor antagonists
M100907 (0.01 mg/kg) and ketanserin (Fig. 3) and the
selective 5-HT g receptor antagonist SB 224289 (Fig. 4)
significantly attenuated hyperactivity in KO mice given
mCPP by 46%, 44% and 46%, respectively (agonistx
antagonist interaction, Fsg43=5.07; p< 0.001). Pre-
treatment with WAY 100635 (Fig. 4) and the lower
dose of M100907 (0.003 mg/kg) (Fig. 3) had no signifi-
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Fig. 2. Forward locomotor activity for WT mice (a: left panel), KO mice (b: middle panel) and WT mice pre-treated with 1.5 mg/kg SB 242084
(c: right panel) following administration of CP-94,253 (20 mg/kg) and 8-OH-DPAT (0.5 mg/kg) alone or in combination. Activity is expressed in
15 min time bins over a 60 min time period following administration of drugs. ‘B’ on the X-axis refers to baseline activity measured during the last

15 min of habituation. Values expressed as mean + SEM, *p< 0.001, n= 6.

cant effect on mCPP-induced hyperactivity in KO mice.
None of the antagonists had any intrinsic affect on
locomotor behaviour (n= 6, data not shown). In a sep-
arate experiment, pre-treatment with WAY 100635 (1
mg/kg) successfully attenuated CP-94,253 + 8-OH-
DPAT-induced hyperactivity in WT mice, with average
locomotor counts per 15 min time period falling by
71% in WAY 100635 pre-treated conditions (p< 0.01).

3.4. Effects of 5-HT>¢/24 receptor agonists on
locomotor activity in wildtype mice pre-treated with
the selective 5-HT,c receptor antagonist SB 242084

The 5-HT54 /28/2c receptor agonist Ro 60-0175 when
given in combination with the selective 5-HT,¢ receptor
antagonist SB 242084 significantly increased (2.6-fold)
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Fig. 3. Forward locomotor activity for KO mice given 3 mg/kg
mCPP and pre-treated with WAY 100635 (1 mg/kg) or SB 224289
(2.5 mg/kg). Activity is expressed in 15 min time bins over a 60 min
time period following administration of mCPP. ‘B’ on the X-axis
refers to baseline activity measured during the last 15 min of habitu-
ation. Values expressed as mean + SEM, *p< 0.001, n= 6.

locomotor activity (agonistx antagonist interaction,
Fss0=4.02; p< 0.01; Fig. 5). While DOI, in the presence
of SB 242084, tended to increase locomotor activity, this
effect did not reach significance at the dose used. Neither
Ro 60-0175 nor DOI had an intrinsic effect on locomotor
activity (mean count per 15 min time bin being 8.38,
10.92 and 21.46 for vehicle/vehicle, vehicle/Ro 60-0175
and vehicle/DOI treated mice, respectively; main agonist
effect F's 5= 1.47, ns).

3.5. Effects of simultaneous activation of 5-HT g +
5-HTsa28)2c receptors on locomotor activity in WT and
5-HT>c KO mice

Co-administration of the 5-HT>4 /2p/2¢ receptor ago-
nist, Ro 60-0175 with the 5-HT g receptor agonist, CP-
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Fig. 4. Effect of the 5-HT,5 receptor antagonists M100907 (0.03
and 0.01 mg/kg) and ketanserin (0.3 mg/kg) on mCPP-induced
hyperactivity in KO mice. Activity is expressed in 15 min time bins
over a 60 min time period following administration of mCPP. ‘B’ on
the X-axis refers to baseline activity measured during the last 15 min
of habituation. Values expressed as mean + SEM, *p< 0.001, n= 6.
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1.5 mg/kg SB 242084 and given either Ro 60-0175 (3 mg/kg) or DOI
(0.3 mg/kg). Activity is expressed in 15 min time bins over a 60 min
time period following administration of mCPP. ‘B’ on the X-axis
refers to baseline activity measured during the last 15 min of habitu-
ation. Values expressed as mean + SEM, *p< 0.001, n= 6.
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Fig. 6. Forward locomotor activity for WT and KO mice following
administration of Ro 60-0175 (3 mg/kg) and CP-94,253 (20 mg/kg)
in combination. Activity is expressed in 15 min time bins over a 120
min time period following administration of drugs. ‘B’ on the X-axis
refers to baseline activity measured during the last 15 min of habitu-
ation. Values expressed as mean+ SEM, *p<0.05, *p<0.01,
“**p< 0.001, n= 6.

94,253 significantly and substantially increased loco-
motor activity in 5-HT,c KO mice (10.7-fold), an effect
that was not apparent in WT mice given the same
treatment (genotype x drug interaction, Fi o= 11.54;
p< 0.01). Post-hoc analysis revealed that KO mice
given Ro 60-0175 and CP-94,253 in combination were
significantly more active than any other group 30 min
following drug administration, a difference that
remained significant throughout the testing period (see
Fig. 6).

4. Discussion

Our data confirm reports that mCPP induces hyper-
activity in 5-HT,c receptor mutant mice (Heisler and
Tecott, 2000). We have also demonstrated that mCPP
induces a similar hyperlocomotor response in wildtype
mice pre-treated with a selective 5-HT,c receptor
antagonist. In agreement with previous studies (Glea-
son and Shannon, 1998), joint activation of 5-HTa
and 5-HTp receptors induced a substantial hyperloco-
motion in WT mice but unexpectedly, in the present
study, this effect was absent in both 5-HT,c KO mice
and in mice pre-treated with the selective 5-HT,c
receptor antagonist SB 242084. In addition, neither the
5-HT o nor the 5-HT;p receptor agonists had any
intrinsic effect on locomotor activity in either genotype.
Furthermore, mCPP-induced hyperactivity in 5-HT,c
KO mice was attenuated in a dose dependent manner
by the selective 5-HT,p receptor antagonist SB 224289,
by the selective 5-HT,A receptor antagonist M 100907
and the less selective 5-HT,5 receptor antagonist
ketanserin. Data from WT mice pre-treated with the
selective 5-HT,c receptor antagonist, SB 242084,
demonstrated increased locomotion following adminis-
tration of the mixed 5-HT54 /2p/2c agonist, Ro 60-0175,
while DOI induced a non-significant increase in activity
in the same animals. These data suggest that mCPP-
induced hyperactivity in 5-HT,c KO mice is not
attributable solely to its agonist activity at the 5-HT g
receptor but that the 5-HT, or the 5-HT,g receptors
also may play a pivotal role. Thus, in a final experi-
ment, 5-HT,c KO mice demonstrated a substantial
hyperlocomotor response following concurrent stimu-
lation of 5-HT;g and 5-HT,s,» receptors by CP-
94,253 and Ro 60-0175 administration.

These data suggest that hyperactivity induced in WT
mice following joint activation of 5-HT;, and 5-HT;p
receptors is dependent on a population of operative 5-
HT,c receptors. They also suggest that mCPP-induced
hyperactivity in 5-HT>c KO mice occurs as the result
of concurrent stimulation of 5-HT;g and 5-HT,a 28
receptors.

Activation of the mesolimbic dopamine (DA) system
has long been implicated in stimulating locomotor
activity (Mogenson et al., 1993). With respect to the
present study, the ability of mCPP to induce hyperlo-
comotion in KO mice is consistent with facilitation of
mesolimbic dopamine activity in these animals. In
keeping with this idea, Rocha et al. (2002) have shown
that 5-HT,c receptor null mutant mice show an
increased sensitivity to the behavioural effects of
cocaine as well as enhanced levels of DA in the nucleus
accumbens following cocaine administration. These
results suggested that loss of the 5-HT,c receptor disin-
hibits mesolimbic DA efflux following cocaine adminis-
tration. Accordingly, recent neurochemical evidence
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has implicated 5-HT,c receptors in the modulation of
mesoaccumbens DA projections (Di Matteo et al.,
2001). This modulation may occur either at the level of
the pre-frontal cortex (Filip and Cunningham, 2003) or
the ventral tegmental area (VTA) (Eberle-Wang et al.,
1997; Gobert et al., 2000; Di Giovanni et al., 2001).

It has been proposed that mCPP induces hyperloco-
motion in 5-HT,c KO mice through activation of 5-
HT,g receptors (Heisler and Tecott, 2000). This
hypothesis is consistent with evidence that 5-HTp
receptor activation can potentiate the locomotor and
reinforcing effects of cocaine and enhances cocaine-
induced increases in mesolimbic DA transmission
(Cameron and Williams, 1994; Parsons et al., 1998).
However, results from the present group of experi-
ments demand a more complex explanation. Although
the 5-HT;p receptor antagonist SB 224289 significantly
attenuated mCPP-induced hyperactivity in KO mice,
the selective 5-HT,p receptor agonist CP-94,253, at a
dose higher than has previously been demonstrated to
be behaviourally effective (Fish et al., 1999; Przega-
linski et al., 2001; Clifton et al., 2003), had no effect on
locomotion in the same mice. This suggests that 5-
HT,p receptor activation alone is insufficient to induce
hyperactivity, and that mCPP may act on other 5-HT
receptor subtypes. Indeed, the finding that mCPP-
induced hyperlocomotion in WT mice pre-treated with
the non-selective 5-HT, antagonist, LY 53857, can also
be attenuated with the 5-HT;, antagonist WAY
100635 (Gleason and Shannon, 1998) is consistent with
this idea. Further evidence comes from a report that
the 5-HT;s,ip receptor agonist RU24969 induces
marked hyperactivity in rats (O’Neill and Para-
meswaran, 1997) and that mCPP can partially substi-
tute for RU24969 in drug discrimination trials
(Gardner, 1989). The actions of 5-HT;, receptors on
locomotor activity may also be mediated by its interac-
tions with the mesolimbic DA system. Evidence for this
hypothesis comes from findings that extracellular DA
levels in the VTA and nucleus accumbens are increased
following systemic administration of the 5-HT; 5 recep-
tor agonist 8-OH-DPAT (Chen and Reith, 1995; Bou-
lenguez et al., 1996).

In light of these considerations, we sought to deter-
mine if mCPP exerted its effects in KO mice as a result
of dual activation of 5-HT;5 and 5-HT;g receptors.
Co-administration of the 5-HT;5 receptor agonist 8-
OH-DPAT with CP-94,253 induced a significant
increase in locomotor activity in WT mice. These data
suggest that activation of both 5-HT;, and 5-HTp
receptors is necessary for hyperlocomotion and is con-
sistent with data from Gleason and Shannon (1998) for
WT mice. While 8-OH-DPAT administration alone has
been demonstrated to increase ambulation scores in
rats (Tricklebank et al., 1984), this effect was not
observed in the present studies. This difference can be

accounted for in that, in the previous study, ambu-
lation was scored as number of quadrants entered
which scores small movements and does not reflect true
forward locomotion. The absence of any hyperactivity
following 8-OH-DPAT administration is also in agree-
ment with observations that the same compound (0.03—
1 mg/kg) suppresses exploratory behaviours in mice
(Tsuji et al., 2000), while doses as low as 0.1 mg/kg
(Evenden and Angeby-Moller, 1990) and as high as 5
mg/kg (Chojnacka-Wojcik, 1992) have been demon-
strated to suppress spontaneous locomotor activity in
mice. Surprisingly, while dual activation of 5-HT; and
5-HT;p receptors greatly enhanced locomotor activity
in WT mice, this effect was completely absent in KO
mice. The fact that the hyperlocomotion evident in WT
mice given 8-OH-DPAT and CP-94,253 in combi-
nation, was not apparent in WT mice pre-treated with
the selective 5-HT,c receptor antagonist SB 242084,
suggests that this lack of effect in KO mice is not
attributable to developmental abnormalities arising
from gene knockout. Taken together, these results sug-
gest that hyperactivity induced by co-stimulation of 5-
HT;5 and 5-HT;p receptors is dependent on the pres-
ence of a population of functional 5-HT,¢ receptors.
The above observations are consistent with those of
McMahon et al. (2001) who showed that infusion of
the 5-HT,c receptor antagonist RS 102221 into the
nucleus accumbens shell blocks cocaine-induced hyper-
activity, whereas, the 5-HT,a/op/2c receptor agonist
Ro 60-0175 enhances this effect when administered to
the same site (Filip and Cunningham, 2002). However,
it is of interest to note that administration of 5-HT,c
receptor antagonists either systemically (McCreary and
Cunningham, 1999) or directly into the pre-frontal cor-
tex (Filip and Cunningham, 2003) can have the diame-
trically opposite effect and can potentiate cocaine-
induced hyperactivity. In addition, administration of
the 5-HT,c/,p antagonist SB 206553 into the VTA has
been demonstrated to increase basal firing activity of
mesolimbic DA projections (Di Giovanni et al., 1999).
In light of these considerations, it seems plausible that
there exist two distinct populations of 5-HT,c recep-
tors that are anatomically distinct and have opposing
roles in the modulation of mesolimbic dopamine. As
such, the present data suggests that hyperactivity
induced by 5-HT 4, receptor activation is dependent
to some extent on tonic 5-HT,c receptor tone, and that
in the absence of functional 5-HT,c receptors in the
nucleus accumbens shell, activation of additional recep-
tors is necessary. Thus, in the present study, the obser-
vation that the selective 5-HT ;5 receptor antagonist,
WAY 100635, failed to attenuate mCPP-induced
hyperactivity in KO mice, at a dose that reverses
CP-94,253 + 8-OH-DPAT-induced hyperactivity in
WT mice, suggests that activation of 5-HT ;5 receptors
is not involved in mCPP-induced hyperactivity in KO
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mice. Given the in vitro profile of mCPP, it is possible
that the behavioural effects of this compound in KO
mice arise as a result of its actions at multiple 5-HT
receptors. As such, we propose that mCPP induces
hyperlocomotion in KO’s through an additional mech-
anism beyond 5-HT 4 /1 receptor activation.

mCPP has been reported to have an additional affin-
ity for the 5-HT,5 receptor subtype. Vickers et al.
(2001) reported a robust mCPP-induced head-twitch
response in rats pre-treated with the selective 5-HT,c
receptor antagonist SB 242084, an effect that was abol-
ished upon administration of the selective 5-HT,a
receptor antagonist M100907. Given the low efficacy of
mCPP at the rat 5-HT, 4 receptor (Vickers et al., 2001)
this may indicate the presence of a population of 5-
HT,4 receptors with a high receptor reserve or could
suggest indirect activation of 5-HT,s receptors via
enhanced 5-HT release (Baumann et al., 1993). Thus, we
hypothesised that mCPP may induce hyperlocomotion
in KO mice through activation of 5-HT» receptors.

Evidence that SHT,4 receptors may play a role in
modulation of behaviours mediated by the mesolimbic
DA system comes from ultrastructural anatomical stu-
dies which have shown that SHT,, receptors are loca-
lised on DA neurons in the ventral tegmental area
(Doherty and Pickel, 2000). Moreover, both MDMA-
induced DA release and cocaine-induced hyperactivity
are attenuated by administration of the 5-HT,A recep-
tor antagonist M100907 (Schmidt et al., 1995; O’Neill
et al,, 1999; McMahon and Cunningham, 2001). In
light of these considerations, it was of interest to assess
whether blockade of 5-HT,4 receptors with ketanserin
or M100907 could attenuate mCPP-induced hyperloco-
motion in KOs. The fact that both antagonists atte-
nuated mCPP-induced hyperactivity in KOs suggests
that the 5-HT,5 receptor may indeed play a pivotal
role in mCPP-induced hyperactivity in the absence of
5-HT,c receptor function. As such, in contrast to pre-
vious studies excluding a role for the 5-HT,A receptor
in some mCPP-induced behaviours (Kennett and Cur-
zon, 1988b; Kennett et al., 1989; Callahan and Cun-
ningham, 1994; Gleason et al.,, 2001), these data
provide evidence that mCPP can elicit appreciable
stimulation of this receptor subtype in vivo.

As our antagonist challenge studies suggested a role
for the 5-HT,, receptor in mediating mCPP-induced
hyperactivity, we sought to determine if stimulation of
5-HT,A receptors alone was sufficient to induce hyper-
activity. Wildtype animals were therefore pre-treated
with the selective 5-HT,c- receptor antagonist, SB
242084, and were subsequently administered Ro 60-
0175, a drug shown previously to have affinity for 5-
HT,4, 5-HT,g and 5-HT,c receptors (Higgins et al.,
2001; Vickers et al., 2001). In keeping with the above
mentioned findings, administration of this 5-HT54 /g/2c
agonist, in the presence of 5-HT,c receptor blockade

significantly increased locomotor activity in WT mice.
While this effect was statistically significant, locomotor
counts did not approach the levels seen in WT mice
given mCPP in the presence of SB 242084. Although
Ro 60-0175 demonstrates an appreciable affinity for the
5-HT,p receptor (Vickers et al., 2001), administration
of the 5-HT,p receptor agonist BW723C86 does not
affect locomotor activity in either the rat (Kennett et al.,
1996) or the mouse (Nic Dhonnchadha et al., 2003). In
addition, the absence of 5-HT,p receptor expression in
the striatum of the mouse brain (Choi and Maroteaux,
1996) further suggests that these effects of Ro 60-0175
are mediated by 5-HT,4 receptor activation.

While there remains an array of evidence suggesting
that under basal conditions 5-HT, antagonism has lit-
tle effect on mesolimbic DA transmission, recent evi-
dence suggests that under conditions of increased DA
activity, the 5-HT,, receptor can facilitate DA release
(see McMahon and Cunningham, 2001 for discussion).
Given the known ability of 5-HT g agonists to increase
DA efflux and the observation that mCPP-induced
hyperactivity can also be attenuated by pre-treatment
with the 5-HT;p antagonists GR 127935 and SB
224289 we hypothesise that mCPP-induced hyper-
activity occurs as the result of a 5-HT,, receptor medi-
ated potentiation of 5-HT;p induced increases in
mesolimbic DA efflux. The substantial increase in
activity demonstrated here in 5-HT,c KO mice follow-
ing concurrent stimulation of 5-HT;p and 5-HT,a
receptors by a CP-94,253 /Ro 60-0175 cocktail provides
initial pharmacological evidence in support of this
hypothesis.

The complex interactions between 5-HT,c receptor
antagonists and drugs that interact with other sero-
tonin receptor subtypes may have important clinical
significance. Many atypical antipsychotic drugs, includ-
ing clozapine, olanzapine and risperidone are antago-
nists at 5-HT,c receptors (Bergqvist et al., 1999;
Bymaster et al., 1999). The effects of 5-HT,c receptor
antagonism, in combination with other aspects of the
pharmacology of these drugs may be of importance in
their generally more favourable impact on the negative
symptoms of schizophrenia. Selective 5-HT,c receptor
antagonists are also under consideration as potential
treatments for anxiety (Kennett et al., 1997; Martin
et al., 2002) and depression (Loo et al., 2002). It will be
of particular importance to explore the potential inter-
actions of these compounds with other drugs that may
be co-administered in such situations.

In summary, we have demonstrated that mCPP-
induced hyperactivity in 5-HT,c receptor mutant mice
is dependent upon both 5-HT,g and 5-HT,, receptor
stimulation and that the absence of an inhibitory influ-
ence of 5-HT,c receptors is central to this effect. We
have also shown that while 5-HT;p receptor stimu-
lation is essential for mCPP-induced hyperactivity in
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KO mice it is not sufficient in itself to increase locomotor
activity in these animals. In addition, our data demon-
strates that the 5-HT 5 receptor does not play a role in
mCPP-induced hyperactivity in KO mice. In contrast,
we have also shown that dual activation of 5-HT ;5 and
5-HTp receptors results in a substantial increase in
locomotor activity, but that this effect is dependent on a
population of functional 5-HT,c receptors.

Acknowledgements

We are grateful to L. Tecott (UCSF) for providing
initial breeding stocks of 5-HT,c KO mice, N. Carey
and A. Kalli (Vernalis) for genotyping and D. Stephens
and T. Ripley (Sussex) for assistance in the measure-
ment of locomotor activity. This research was funded
by the University of Sussex graduate student assistant-
ship and Vernalis Research Ltd.

References

Baumann, M.H., Rutter, J.J., Auerbach, S.B., 1993. Intravenous
administration of the serotonin agonist m-chlorophenylpiperazine
(mCPP) increases extracellular serotonin in the diencephalon of
awake rats. Neuropharmacology 32, 1381-1386.

Bergqvist, P.B., Dong, J., Blier, P., 1999. Effect of atypical anti-
psychotic drugs on 5-HT, receptors in the rat orbito-frontal cor-
tex: an in vivo electrophysiological study. Psychopharmacology
143, 89-96.

Boulenguez, P., Rawlins, J.N., Chauveau, J., Joseph, M.H., Mitchell,
S.N., Gray, J.A., 1996. Modulation of dopamine release in
nucleus accumbens by 5-HT,p agonists: involvement of the hippo-
campo-accumbens pathway. Neuropharmacology 35, 1521-1529.

Bymaster, F.P., Nelson, D.L., DeLapp, N.W., Falcone, J.F., Eckols,
K., Truex, L.L., Foreman, M.M., Lucaites, V.L., Calligaro, D.O.,
1999. Antagonism by olanzapine of dopamine DI, serotonin2,
muscarinic, histamine H1 and alpha l-adrenergic receptors in
vitro. Schizophrenia Research 37, 107-122.

Callahan, P., Cunningham, K., 1994. Involvement of 5-HT,c recep-
tors in mediating the discriminative stimulus properties of m-
chlorophenylpiperazine (mCPP). European Journal of Pharma-
cology 257, 27-38.

Cameron, D., Williams, J., 1994. Cocaine inhibits GABA release in
the VTA through endogenous 5-HT. Journal of Neuroscience 14,
6763-6767.

Chen, N.H., Reith, M.E., 1995. Monoamine interactions measured
by microdialysis in the ventral tegmental area of rats treated sys-
temically with 8-hydroxy-2-(di-n-propylamino)tetralin. Journal of
Neurochemistry 64, 1585-1597.

Choi, D.-S., Maroteaux, L., 1996. Immunohistochemical localisation
of the serotonin 5-HT,p receptor in mouse gut, cardiovascular
system and brain. FEBS Letters 391, 45-51.

Chojnacka-Wojcik, E., 1992. Functional interaction between 5-HT1B
and 5-HT1A or 5-HT2 receptors in mice. Pol J Pharmacol Pharm
44, 251-260.

Clifton, P.G., Lee, M.D., Somerville, E.M., Kennett, G.A., Dourish,
C.T., 2003. 5-HT, g receptor knockout mice show a compensatory
reduction in 5-HT,c receptor function. European Journal of Neu-
roscience 17, 185-190.

Curzon, G., Kennett, G.A., 1990. m-CPP: a tool for studying beha-
vioural responses associated with 5-HTc receptors. Trends in
Pharmacological Science 11, 181-182.

Darmani, N.A., Shaddy, J., Gerdes, C.F., 1996. Differential ontogen-

esis of three DOI-induced behaviors in mice. Physiology and

Behavior 60, 1495-1500.

Giovanni, G., De Deurwaerdére, P., Di Mascio, M., Di Matteo,

M., Esposito, E., Spampinato, U., 1999. Selective blockade of

serotonin-2C/2B receptors enhances mesolimbic and mesostriatal

dopaminergic function: a combined in vivo electrophysiological

and microdialysis study. Neuroscience 91, 587-597.

Di Giovanni, G., Di Matteo, V., La Grutta, V., Esposito, E., 2001.
m-Chlorophenylpiperazine excites non-dopaminergic neurons in
the rat substantia nigra and ventral tegmental area by activating
serotonin-2C receptors. Neuroscience 103, 111-116.

Di Matteo, V., De Blasi, A., Di Giulio, C., Esposito, E., 2001. Role
of 5-HT,c receptors in the control of central dopamine function.
Trends in Pharmacological Science 22, 229-232.

Doherty, M.D., Pickel, V.M., 2000. Ultrastructural localization of
the serotonin 2A receptor in dopaminergic neurons in the ventral
tegmental area. Brain Research 864, 176-185.

Eberle-Wang, K., Mikeladze, Z., Uryu, K., Chesselet, M.F., 1997.
Pattern of expression of the serotonin2C receptor messenger RNA
in the basal ganglia of adult rats. Journal of Comparative Neurol-
ogy 384, 233-247.

Evenden, J.L., Angeby-Moller, K., 1990. Effects of 8-hydroxy-2-(di-n-
propylamino)tetralin (8-OH-DPAT) on locomotor activity and
rearing of mice and rats. Psychopharmacology (Berl) 102, 485-491.

Filip, M., Cunningham, K.A., 2002. Serotonin 5-HT,c receptors in
nucleus accumbens regulate expression of the hyperlocomotive
and discriminative stimulus effects of cocaine. Pharmacology, Bio-
chemistry and Behavior 71, 745-756.

Filip, M.M., Cunningham, K.A., 2003a. Hyperlocomotive and dis-
criminative stimulus effects of cocaine are under the control of
serotonin 5-HT,¢ receptors in rat prefrontal cortex. Journal of
Pharmacology and Experimental Therapeutics DOI:10.1124/
jpet.102.045716.

Filip, M., Cunningham, K.A., 2003b. Hyperlocomotive and dis-
criminative stimulus effects of cocaine are under the control of
serotonin(2C) (5-HT(2C)) receptors in rat prefrontal cortex. Jour-
nal of Pharmacology and Experimental Therapeutics 306, 734—
743.

Fiorella, D., Rabin, R.A., Winter, J.C., 1995. The role of the 5-HT>
and 5-HT,c receptors in the stimulus effects of m-chlor-
ophenylpiperazine. Psychopharmacology 119, 222-230.

Fish, E.-W., Faccidomo, S., Miczek, K.A., 1999. Aggression heigh-
tened by alcohol or social instigation in mice: reduction by the 5-
HT(1B) receptor agonist CP-94,253. Psychopharmacology (Berl)
146, 391-399.

Gardner, C., 1989. The discriminative stimulus properties of the 5-
HT, agonist RU24969. Pharmacology, Biochemistry and Behav-
iour 33, 761-764.

Gleason, S.D., Shannon, H.E., 1997. Blockade of phencyclidine-
induced hyperlocomotion by olanzapine, clozapine and serotonin
receptor subtype selective antagonists in mice. Psychopharmacol-
ogy 129, 79-84.

Gleason, S.D., Shannon, H.E., 1998. Meta-chlorophenylpiperazine
induced changes in locomotor activity are mediated by 5-HT, as
well as 5-HT,c receptors in mice. European Journal of Pharma-
cology 341, 135-138.

Gleason, S.D., Lucaites, V.L., Shannon, H.E., Nelson, D.L., Lean-
der, J.D., 2001. m-CPP hypolocomotion is selectively antagonized
by compounds with high affinity for 5-HT,c receptors but not 5-
HT,, or 5-HT,p receptors. Behavioural Pharmacology 12,
613-620.

Gobert, A., Rivet, .M., Lejeune, F., Newman-Tancredi, A., Adhu-
meau-Auclair, A., Nicolas, J.P., Cistarelli, L., Melon, C., Millan,

Di

=



G.L. Dalton et al. | Neuropharmacology 46 (2004) 663671 671

M.J., 2001. Serotonin(2C) receptors tonically suppress the activity
of mesocortical dopaminergic and adrenergic, but not ser-
otonergic, pathways: a combined dialysis and electrophysiological
analysis in the rat. Synapse 36, 205-221.

Hamik, A., Peroutka, S.J., 1989. I-(m-Chlorophenyl)piperazine
(mCPP) interactions with neurotransmitter receptors in the
human brain. Biological Psychiatry 25, 569-575.

Heisler, L.K., Tecott, L.H., 2000. A paradoxical locomotor response
in serotonin 5-HT,c receptor mutant mice. The Journal of Neu-
roscience 20, 1-5.

Hewitt, K.N., Lee, M.D., Dourish, C.T., Clifton, P.G., 2002. Sero-
tonin 2C receptor agonists and the behavioural satiety sequence in
mice. Pharmacology, Biochemistry and Behavior 71, 691-700.

Higgins, G.A., Ouagazzal, A.M., Grottick, A.J., 2001. Influence of
the 5-HT,c receptor antagonist SB242,084 on behaviour pro-
duced by the 5-HT, agonist Ro 60-0175 and the indirect 5-HT
agonist dexfenfluramine. British Journal of Pharmacology 133,
459-466.

Hoyer, D., 1998. Functional correlates of serotonin 5-HT; recog-
nition sites. Journal of Receptor Research 8, 59-63.

Kennett, G.A., Curzon, G., 1988a. Evidence that hypophagia
induced by mCPP and TFMPP requires 5-HT1C and 5-HT1B
receptors; hypophagia induced by RU24969 only requires 5-
HT1B receptors. Psychopharmacology 96, 93-100.

Kennett, G.A., Curzon, G., 1988b. Evidence that mCPP may have
behavioural effects mediated by central 5-HT,c receptors. British
Journal of Pharmacology 94, 137-147.

Kennett, G.A., Whitton, P., Shah, K., Curzon, G., 1989. Anxiogenic-
like effects of mCPP and TFMPP in animal models are opposed
by 5-HT,c receptor antagonists. European Journal of Pharma-
cology 164, 445-454.

Kennett, G.A., Bright, F., Trail, B., Baxter, G.S., Blackburn, T.P.,
1996. Effects of the 5-HT,p receptor agonist, BW 723C86, on
three rat models of anxiety. British Journal of Pharmacology 117,
1443-1448.

Kennett, G.A., Wood, M.D., Bright, F., Trail, B., Riley, G., Hol-
land, V., Avenell, K.Y., Stean, T., Upton, N., Bromidge, S., For-
bes, I.T., Brown, A.M., Middlemiss, D.N., Blackburn, T.P., 1997.
SB 242084, a selective and brain penetrant 5-HT,c receptor
antagonist. Neuropharmacology 36, 609-620.

Kitchener, S.J., Dourish, C.T., 1994. An examination of the beha-
vioural specificity of hypophagia induced by 5-HT,g, 5-HTc and
5-HT, receptor agonists using the post-prandial satiety sequence
in rats. Psychopharmacology 113, 369-377.

Loo, H., Hale, A., D’haenen, H., 2002. Determination of the dose of
agomelatine, a melatoninergic agonist and selective 5-HT(2C)
antagonist, in the treatment of major depressive disorder: a pla-
cebo-controlled dose range study. International Clinical Psycho-
pharmacology 17, 239-247.

Lucki, I., Ward, H.R., Frazer, A., 1989. Effect of 1-(m-chlor-
ophenyl)piperazine and 1-(m-trifluoromethylphenyl)piperazine on
locomotor activity. Journal of Pharmacology and Experimental
Therapeutics 249, 155-164.

Martin, J.R., Ballard, T.M., Higgins, G.A., 2002. Influence of the 5-
HT2C receptor antagonist, SB-242084, in tests of anxiety. Phar-
macology, Biochemistry and Behavior 71, 615-625.

McCreary, A.C., Cunningham, K.A., 1999. Effects of the 5-HT2C/
2B antagonist SB 206553 on hyperactivity induced by cocaine.
Neuropsychopharmacology 20, 556-564.

McMahon, L.R., Cunningham, K.A., 2001. Antagonism of 5-hydro-
xytryptamine2A receptors attenuates the behavioral effects of
cocaine in rats. Journal of Pharmacology and Experimental Ther-
apeutics 297, 357-363.

McMahon, L.R., Filip, M., Cunningham, K.A., 2001. Differential
regulation of the mesoaccumbens circuit by serotonin 5-hydro-
xytryptamine (5-HT)2A and 5-HT2C receptors. Journal of Neu-
roscience 21, 7781-7787.

Mogenson, G.J., Brudzynski, S.M., Wu, M., Yang, C.R., Yim, C.Y.,
1993. From motivation to action: a review of dopaminergic regu-
lation of  limbic—nucleus accumbens—ventral palli-
dum—pedunculopontine nucleus circuitries involved with limbic-
motor integration. In: Kalivas, P.W., Barnes, C.D. (Eds.), Lim-
bic-Motor Circuits and Neuropsychiatry. CRC Press, Boca
Raton, FL, pp. 193-236.

Nic Dhonnchadha, B.A., Bourin, M., Hascoet, M., 2003. Anxiolytic-
like effects of 5-HT2 ligands on three mouse models of anxiety.
Behavioural Brain Research 140, 203-214.

O’Neill, M.F., Parameswaran, T., 1997. RU24969-induced beha-
vioural syndrome requires activation of both SHT1A and SHT1B
receptors. Psychopharmacology 132, 255-260.

O’Neill, M.F., Heron-Maxwell, C.L., Shaw, G., 1999. 5-HT, receptor
antagonism reduces hyperactivity induced by amphetamine,
cocaine and MK-801 but not D1 agonist C-APB. Pharmacology,
Biochemistry and Behavior 63, 237-243.

Parsons, L.H., Weiss, F., Koob, G.F., 1998. Serotonin 1B receptor
stimulation enhances cocaine reinforcement. Journal of Neu-
roscience 18, 10078-10089.

Przegalinski, E., Siwanowicz, J., Nowak, E., Papla, 1., Filip, M.,
2001. Role of 5-HT(1B) receptors in the sensitization to ampheta-
mine in mice. European Journal of Pharmacology 422, 91-99.

Rocha, B.A., Goulding, E.H., O’Dell, L.E., Mead, A.N., Coufal,
N.G., Parsons, L.H., Tecott, L.H., 2002. Enhanced locomotor,
reinforcing, and neurochemical effects of cocaine in serotonin 5-
hydroxytryptamine 2C receptor mutant mice. The Journal of
Neuroscience 22, 10039-10045.

Schmidt, C.J., Sorensen, S.M., Kehne, J.H., Carr, A.A., Palfreyman,
M.G., 1995. The role of 5-HT,a receptors in antipsychotic
activity. Life Sciences 56, 2209-2222.

Tricklebank, M.D., Forler, C., Fozard, J.R., 1984. The involvement
of subtypes of the 5-HT1 receptor and of catecholaminergic sys-
tems in the behavioural response to 8-hydroxy-2-(di-n-propylami-
no)tetralin in the rat. European Journal of Pharmacology 106,
271-282.

Tsuji, M., Takeda, H., Matsumiya, T., 2000. Different effects of 5-
HTI1A receptor agonists and benzodiazepine anxiolytics on the
emotional state of naive and stressed mice: a study using the hole-
board test. Psychopharmacology (Berl) 152, 157-166.

Vickers, S.P., Easton, N., Malcolm, C.S., Allen, N.H., Porter, R.H.,
Bickerdike, M.J., Kennett, G.A., 2001. Modulation of 5-HT,x
receptor-mediated head-twitch behaviour in the rat by 5-HT,c
receptor agonists. Pharmacology, Biochemistry and Behavior 69,
643-652.



	mCPP-induced hyperactivity in 5-HT2C receptor mutant mice is mediated by activation of multiple 5-HT receptor subtypes
	Introduction
	Materials and methods
	Animals
	Drugs
	Locomotor activity

	Results
	5-HT1B receptor stimulation in 5-HT2C KO mice
	Combined 5HT1A+5HT1B receptor stimulation in WT and 5-HT2C KO mice
	Attenuation of mCPP-induced hyperactivity in 5-HT2C knockout mice using 5-HT receptor antagonists
	Effects of 5-HT2C/2A receptor agonists on locomotor activity in wildtype mice pre-treated with the selective 5-HT2C receptor an
	Effects of simultaneous activation of 5HT1B+5HT2A/2B/2C receptors on locomotor activity in WT and 5-HT2C KO mice

	Discussion
	Acknowledgements
	References


