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a b s t r a c t
Serotonin 1B (5-HT1B) receptors may play a role in regulating motivation and reward-related behaviours. To
date, no studies have investigated the effects of the highly selective 5-HT1B receptor agonist CP 94253, on the
reward model of ventral tegmental area intracranial self-stimulation. The current study investigated the
hypothesis that 5-HT1B receptors play an inhibitory role in ventral tegmental area ICSS. Using Sprague–
Dawley rats, the effects of the selective 5-HT1B receptor agonist CP 94253 (0–5.0 mg/kg) and the 5-HT1B/1D
receptor antagonist GR 127935 (10.0 mg/kg) were investigated in rats trained to respond for ventral
tegmental area ICSS; results were compared using rate-frequency threshold analysis. The highest dose of CP
94253 (5.0 mg/kg) tested in ventral tegmental area ICSS produced an increase in rate-frequency thresholds
without affecting maximal response rates. This effect was attenuated by GR 127935 which did not show any
effects when administered alone. These results suggest that 5-HT1B receptors play an inhibitory role in
regulating ventral tegmental area ICSS.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Interactions between serotonin and dopamine have received
increased attention in the context of regulating cognitive, motor and
emotional functions (Alex and Pehek, 2007; Daw et al., 2002). The
midbrain serotonergic system shows extensive connectivity with
dopamine-containing areas of the brain, suggesting an important role
for serotonin in the regulation of these cells (McBride et al., 1999; Van
Bockstaele et al., 1993, 1994). Dopamine has long been associated with
reward functions in the brain, though its exact role is still debated
(Nicola et al., 2005; Robbins, 1997; Schultz, 1998; Tobler et al., 2005;
Wyvell and Berridge, 2000). The importance of research in this area is
underscored by evidence indicating that dopamine functioning and
reward-associated behaviour are altered in schizophrenia, depression
and drug abuse (Juckel et al., 2006; Kalivas and Volkow, 2005;
Laviolette, 2007; Nestler and Carlezon, 2006; Wise, 2002). Place
conditioning, self-administration and intracranial self-stimulation
(ICSS) are used as animal models of reward-related behaviour
(McBride et al., 1999; Tzschentke, 2007; Wise, 2002). Electrical
stimulation of the ventral tegmental area drives self-stimulation
behaviour in rats and results in dopamine release in the nucleus
accumbens (Fiorino et al., 1993) — making ventral tegmental area ICSS
a sensitive and directed model of reward-related behaviour.
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Serotonin acts at a number of receptor subtypes (Hannon and
Hoyer, 2008), some of which may play a role in dopamine regulation
(Alex and Pehek, 2007). Serotonin 1B (5-HT1B) receptors are found in a
number of reward-related areas of the brain (Bruinvels et al., 1993;
Sari et al., 1999) and their activation may increase basal (Boulenguez
et al., 1998, 1996; Iyer and Bradberry, 1996; O'Dell and Parsons, 2004;
Yan and Yan, 2001a; Yan et al., 2004) and drug-induced (O'Dell and
Parsons, 2004; Parsons et al., 1999; Yan et al., 2005) dopamine release
in the mesocorticolimbic system. Behaviourally, 5-HT1B receptor activation induces conditioned place aversion on its own (Cervo et al.,
2002) but may enhance the reinforcing properties of cocaine in place
conditioning and self-administration studies (Barot et al., 2007; Cervo
et al., 2002; Neumaier et al., 2002; Parsons et al., 1998; Przegalinski
et al., 2007). Stimulation of the 5-HT1B receptor may also decrease
responding for ethanol (Maurel et al., 1999; Tomkins and O'Neill,
2000) and amphetamine (Fletcher et al., 2002; Fletcher and Korth,
1999) although overexpression of ventral tegmental area 5-HT1B receptors may result in increased ethanol self-administration (Hoplight
et al., 2006).
At least one study has suggested a role for the 5-HT1B receptor in
ICSS, demonstrating decreased reward (measured by increases in
lateral hypothalamic current thresholds) following systemic administration of the 5-HT1A/1B/1D/2C mixed agonist RU 24969 and subsequent attenuation by the 5-HT1B/1D receptor antagonist GR 127935.
This same study also found that RU 24969 attenuated the thresholdreducing (reward-enhancing) effects of cocaine (Harrison et al., 1999).
Together, these studies suggest that 5-HT1B receptor activation may
alter the reinforcing effects of drugs of abuse and inhibit reward-
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2. Materials and methods

measure of response performance (see Gallistel and Karras, 1984;
Greenshaw and Wishart, 1987). Animals received a randomized
counterbalanced sequence of treatments with 3 days of baseline
frequency testing between each treatment. The dose chosen for GR
1279835 (10.0 mg/kg) was based on prior behavioural studies and
pilot study data (Cervo et al., 2002; Hayes et al., 2006; Maurel et al.,
1998). To minimize the use of animals, animals with stable implants
and ICSS behaviour at the end of the dose response experiment were
used in the CP 94253 + GR 127935 experiment.

2.1. Subjects

2.4. Statistical analysis

Fourteen male Sprague–Dawley rats (Health Sciences Laboratory
Animal Services, University of Alberta) weighing 200–300 g were
housed individually in standard Plexiglas laboratory cages at 20 °C and
50% humidity, with a 12-hour light/dark cycle with food and water
freely available. All apparatus were cleaned between animals with
diluted (1:6) ammonia-based window cleaner (No Name® Glass
Cleaner with ammonia). 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.

Experimental effects in the ICSS dose response experiment were
determined using one-way repeated measures ANOVA followed by
Newman–Keuls post hoc tests (α = 0.05). Experimental effects in the
CP 94253 + GR 127935 ICSS experiment were determined using twoway repeated measures ANOVA. Greenhouse–Geisser corrected
degrees of freedom are used as a conservative estimate of the F-

related behaviours. The present study examined the effects of the
selective 5-HT1B receptor agonist CP 94253 and 5-HT1B/1D receptor
antagonist GR 127935 in ventral tegmental area ICSS. It was hypothesized that 5-HT1B receptor activation would result in increased
ventral tegmental area ICSS frequency thresholds while 5-HT1B
receptor antagonism would not affect ventral tegmental area ICSS
behaviour.

2.2. Drugs
The 5-HT1B receptor agonist CP 94253 · HCl [5-propoxy-3-(1,2,3,6tetrahydro-4-pyridinyl)-1H-pyrrolo[3,2-b]pyridine hydrochloride] and
the 5-HT1B/1D receptor antagonist GR 127935 · HCl [N-[4-methoxy-3-(4methyl-1-piperazinyl)phenyl]-2′-methy l-4′-(5-methyl-1,2,4-oxadiazol-3-yl)-1,1′-biphenyl-4-carboxamide hydrochloride] were purchased
from Tocris Cookson Inc. (Ellisville, MO, USA). All compounds were
dissolved in double-distilled water and were administered subcutaneously in a volume of 1.0 ml/kg. CP 94253 was administered 20 min
prior to testing; GR 127935 was administered 40 min prior to testing. All
drug doses are expressed as free-base.
2.3. Intracranial self-stimulation (ICSS)
Using a previously described procedure (Greenshaw, 1993), each
animal was implanted with a stainless steel, monopolar, stimulating
electrode (E363/2; tip diameter 200 μm; Plastics One Ltd., Roanoke,
VA) directed to the ventral tegmental area. A large silver electrode in
the skull served as the relative ground. Stereotaxic coordinates were
[mm]: ventral tegmental area — AP + 2.6, L + 0.5, V + 1.8 from inter-aural
zero, with the incisor bar set at 2.4 mm below the inter-aural line
(Paxinos and Watson, 1998). These coordinates were interpolated
from the target site for angles of 20° lateral and 20° anterior
(Greenshaw, 1997). Electrode placements were veriﬁed at the end of
the experiment by microscopic inspection of ﬂash-frozen, cresyl violet
stained, coronal brain sections (40 μm). Flash-freezing was achieved
using isopentane cooled on dry ice. Only animals with ventral
tegmental area placements were included in the analysis.
Animals in both the CP 94253 dose response experiment (n = 11)
and CP 942543 + GR 127935 experiment (n = 8) were trained in ICSS
using monopolar stimulation of the ventral tegmental area provided
from constant current DC stimulators (cathodal monophasic pulse
width of 200 ms; initial training frequency of 100 Hz; train length of
1 s) connected to each animal via a gold-track slip ring. Between
pulses the active electrode and indifferent electrode were connected
through a resistor to cancel any effects of electrode polarisation
(Greenshaw, 1986). The apparatus and rate-frequency analysis
(Gallistel and Karras, 1984) were as described by Ivanova and
Greenshaw (1997). With this procedure, M50 is the threshold
frequency at which half-maximal response rates occur (i.e. ratefrequency threshold); RMAX is the maximal rate of responding in a
session. While M50 is a measure of reward sensitivity (which is
dissociable from non-speciﬁc changes in behaviour), RMAX is a

Fig. 1. A–C. Effects of CP 94253 (0–5.0 mg/kg) on rate-frequency thresholds (M50
values) and maximal response rates (RMAX values) for ventral tegmental area ICSS.
(A) The highest dose of CP 94253 tested (5.0 mg/kg) produced a signiﬁcant increase in
M50 values; (B) without affecting RMAX values. (C) Group-averaged rate-frequency
regression curves are included to illustrate the dose-dependent rightward shift in M50
seen with CP 94253 (indicating a decrease in reward). Data shown are means ± S.E.M.
⁎Signiﬁcant at P b 0.05 following Newman–Keuls post hoc tests.
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ratio. All ICSS data are presented as a percentage of average baseline
performance of each animal. Statistical analyses for all experiments
were completed using statistical software (SPSS Inc., Chicago, IL, USA).

analysed; no RMAX effects were noted (results not shown). Groupaveraged rate-frequency regression curves are included to illustrate
the dose-dependent rightward shift in M50 seen with CP 94253
(indicating a decrease in reward) (Fig. 1C).

3. Results
3.2. Effects of CP 94253 and GR 127935 on ICSS
3.1. Effects of CP 94253 on ICSS
Analysis following systemic administration of CP 94253 (0–5.0 mg/kg)
revealed signiﬁcant main effects for both M50 thresholds [Fig. 1A;
F(3, 26) = 11.218, P b 0.05] and RMAX values [Fig. 1B; F(2, 16) = 4.136,
P b 0.05]. Further analysis using Newman–Keuls post hoc tests
(α = 0.05) revealed that only the highest dose (5.0 mg/kg) produced
a signiﬁcant increase in M50 thresholds compared to control (Fig. 1A)
and that none of the doses resulted in signiﬁcant changes in RMAX
values (Fig. 1B). Given the appearance of motor effects at the highest
dose of CP 94253, the non-transformed (raw) RMAX data were also

To further characterize the 5-HT1B receptor-related behavioural
component of CP 94253, the effects of the 5-HT1B/1D receptor
antagonist GR 127935 (10.0 mg/kg), alone and in combination with
CP 94253 (5.0 mg/kg), were investigated (Fig. 2A and B). A main effect
of CP 94253 was seen with M50 thresholds [Fig. 2A; F(1, 7) = 44.11,
P b 0.05] though not with RMAX values [Fig. 2B; F(1, 7) = 1.15,
P N 0.05]. A main effect of GR 127935 was seen with M50 [F(1, 7) =
17.08, P b 0.05] though not with RMAX values [F(1, 7) = 1.39, P N 0.05].
An interaction was seen for M50 [F(1, 7) = 6.24, P b 0.05] though not for
RMAX values [F(1, 7) = 0.88, P N 0.05]. Newman–Keuls post hoc tests
revealed that the 5.0 mg/kg dose of CP 94253 produced a signiﬁcant
increase in M50 values compared to all other treatments. Groupaveraged rate-frequency regression curves are included to further
contrast the rightward shift in M50 seen with CP 94253 (indicating a
decrease in reward) to the other treatments, which are similar to
control (Fig. 2C). Only rats with electrode placements in the ventral
tegmental area were included in the analysis. One animal was
removed from the experiment due to a misplaced electrode, located
in the substantia nigra, which produced large motor effects during
training.
4. Discussion

Fig. 2. A–C. Effects of CP 94253 (5.0 mg/kg) and GR 127935 (10.0 mg/kg) on ratefrequency thresholds (M50 values) and maximal response rates (RMAX values) for
ventral tegmental area ICSS. (A) The highest dose of CP 94253 tested (5.0 mg/kg)
produced a signiﬁcant increase in M50 values, while GR 127935 had no effect on M50
values. The effects of CP 94253 on frequency thresholds were signiﬁcantly decreased by
GR 127935. (B) None of the treatments had signiﬁcant effects on RMAX. (C) Groupaveraged rate-frequency regression curves are included to further contrast the
rightward shift in M50 seen with CP 94253 (indicating a decrease in reward) to all
other treatments, which are similar to control (animals receiving two vehicle
injections). Data shown are means ± S.E.M. ⁎Signiﬁcant at P b 0.05 following Newman–
Keuls post hoc tests.

The attenuation of the CP 94253-induced (5.0 mg/kg) increases in
M50 thresholds by the 5-HT1B/D receptor antagonist GR 127935
(10 mg/kg) supports the hypothesis that the reward-decreasing effects
of CP 94253 are 5-HT1B receptor-mediated (Fig.1A and C; Fig. 2A and C).
These results are consistent with data demonstrating RU 24969induced increases in lateral hypothalamic ICSS current thresholds
(Harrison et al., 1999) and CP 94253-induced conditioned place
aversion (Cervo et al., 2002). It has been suggested that rearing or
vertical locomotor activity may be an indicator of appetitive arousal
(Cabeza de Vaca et al., 2007; Swanson et al., 1997); in this context, the
decrease in rearing behaviour seen following systemic administration
of CP 94253 (Halford and Blundell, 1996; unpublished observations) is
consistent with the idea that 5-HT1B receptor activation may inhibit
reward-related behaviour. The fact that GR 127935 alone had no effect
on ICSS is consistent both with Harrison et al.'s (1999) work and the
notion that reward-related behaviours do not appear to be under tonic
control of the 5-HT1B receptor (Cervo et al., 2002; Fletcher et al., 2002;
Fletcher and Korth, 1999; Parsons et al., 1998; Tomkins and O'Neill,
2000).
The absence of motor performance effects (RMAX; Figs. 1B and 2B)
suggests that CP 94253's effects are reward-related and not due to
non-speciﬁc drug effects. Further supporting the notion that 5-HT1B
receptor stimulation does not affect motor performance, CP 94253
(Cervo et al., 2002; Halford and Blundell, 1996; Koe et al., 1992) and
other ligands selective for the 5-HT1B receptor (Martinez-Price and
Geyer, 2002; Papla et al., 2002; Tatarczynska et al., 2005) may not alter
horizontal locomotor activity. Notably, intra-subthalamic nucleus
microinjections of the selective 5-HT1B receptor agonist CP 93129
may increase locomotor activity, an exception not seen following
global 5-HT1B receptor activation and which may reﬂect local modulation of motor circuitry (Martinez-Price and Geyer, 2002).
5-HT1B receptors are found mainly as presynaptic auto- and
heteroreceptors throughout the brain (Sari, 2004; Sari et al., 1999). It
seems unlikely that stimulation of 5-HT1B autoreceptors is involved in
the reward-decreasing effects of CP 94253 as stimulation of presynaptic 5-HT1A autoreceptors, via systemic or intra-raphe injection
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of 8-OH-DPAT, induces robust place preference (Fletcher et al., 1993;
Papp and Willner, 1991; Shippenberg, 1991) and decreases M50
thresholds in ventral tegmental area ICSS (Ahn et al., 2005). However,
the involvement of a decrease in serotonergic tone in areas other than
those involved in 8-OH-DPAT's rewarding effects cannot be excluded.
As 5-HT1B heteroreceptors are found on a number of cell types,
including those containing GABA (Johnson et al., 1992; Parsons et al.,
1999; Yan and Yan, 2001b; Yan et al., 2004), glutamate (Boeijinga and
Boddeke, 1996) and acetylcholine (Cassel et al., 1995), it may be
difﬁcult to map the precise circuitry involved in reward-related behaviour. One current line of evidence suggests that 5-HT1B heteroreceptors on GABA-containing cells may be involved in regulating
dopamine- and reward-related behaviours (Johnson et al., 1992;
Parsons et al., 1999; Stanford and Lacey, 1996). GABAergic cells within
the ventral tegmental area can act as interneurons or project to the
ventral striatum and other cortical regions (Steffensen et al., 1998).
Dopaminergic cells are a major target of these GABA projections
(Bayer and Pickel, 1991) and 5-HT1B receptor stimulation can reduce
ventral tegmental area GABA release (Yan and Yan, 2001b) and
increase nucleus accumbens and ventral tegmental area dopamine
release (Yan et al., 2004). Behavioural evidence indicates that blockade
of GABAA receptors, using systemically administered picrotoxin,
produces a conditioned place aversion (Acquas et al., 1989; File,
1986) and increases M50 thresholds in ventral tegmental area ICSS
(Hayes et al., 2007). These results suggest that the inhibitory effects of
5-HT1B receptor activation on reward may be mediated by a GABAergic
mechanism.
Though 5-HT1B receptor activation increases dopamine release
throughout the mesocorticolimbic system (Boulenguez et al., 1998,
1996; Iyer and Bradberry, 1996; O'Dell and Parsons, 2004; Yan and Yan,
2001a; Yan et al., 2004), this change does not consistently lead to
increases in reward-related behaviour. If changes in dopamine are
related to the inhibition of ICSS behaviour seen in the present study,
one possible explanation relies on data demonstrating dopamine
release during exposure to aversive stimuli (Guarraci and Kapp, 1999;
Salamone, 1994; Schultz, 2007). Another possibility is that the
aversive effects of 5-HT1B receptor stimulation are not reward-related
but instead may be related to its anxiogenic effects (Benjamin et al.,
1990; Lin and Parsons, 2002). This idea is supported by studies which
have demonstrated conditioned place aversions or increases in ICSS
M50 thresholds following administration of known anxiogenic
compounds such as yohimbine or picrotoxin (Acquas et al., 1990;
File, 1986; Hayes et al., 2007). It is important to note, however, that
some anxiogenic compounds may not produce aversive behaviours
in all behavioural tests (Alves et al., 2004; Kennett et al., 1989; Mosher
et al., 2005) and that 5-HT1B receptor stimulation does not always
result in anxiety-related behaviours and may in fact be anxiolytic
under some conditions (Bell et al., 1995; Chojnacka-Wojcik et al.,
2005).
5-HT1B receptors have been proposed to play a role in aggressive
behaviour and psychiatric disorders that demonstrate altered mesocorticolimbic function and/or structure such as drug addiction,
depression and anxiety (Alex and Pehek, 2007; Olivier and van
Oorschot, 2005; Sari, 2004). The present results support the hypothesis that 5-HT1B receptors are involved in the inhibition of ventral
tegmental area ICSS without signiﬁcant effects on motor performance.
These ﬁndings suggest that 5-HT1B receptors may be involved in
regulating dopamine- and reward-related behaviours and may prove
useful targets for the treatment of some psychiatric disorders.
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