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Abstract
Rationale Antagonism at serotonin 5-HT2A and 5-HT2C

receptors modulates cortical and striatal dopamine (DA)
release and may underlie some aspects of the clinical
efficacy of ‘atypical’ antipsychotic compounds. However, it
is not known whether 5-HT2A/2C receptor-mediated modu-
lation of DA release can be quantified with non-invasive
neurochemical imaging, as would be required for investi-
gation of these processes in man.
Objective The objective of the study was to perform a
feasibility study in the rat in order to determine whether 5-
HT2A/2C modulation of DA release can be observed using
positron emission tomography (PET) imaging.
Materials and methods Rats were administered with either
vehicle, a combined 5-HT2A/2C antagonist (ketanserin,
3 mg/kg i.p.), or the more selective 5-HT2C antagonist SB
206,553 (10 mg/kg i.p.) 30 min before administration of the
PET DA D2 receptor radiotracer [11C]raclopride (∼11 MBq)
and were then scanned for 60 min using a quad-high-density
avalanche chamber small animal tomograph. Using the same
technique, modulation of amphetamine (4 mg/kg)-induced
decreases in [11C]raclopride binding by 5-HT2A antagonism
(SR 46349B, 0.2 mg/kg i.v.) was also determined.

Results Consistent with the increase in DA release mea-
sured by others using microdialysis, 5-HT2C antagonism
markedly reduced striatal [11C]raclopride binding (p<
0.003), while amphetamine-induced reductions in striatal
[11C]raclopride binding (p<0.001) were attenuated by 5-
HT2A antagonist administration (p=0.04).
Conclusions These results inform the feasibility of moni-
toring 5-HT2A/2C receptor-mediated modulation of DA
systems in man using PET and, more generally, demon-
strate that D2 radiotracer PET imaging may be used to
monitor the efficacy of new DA modulators in attenuating
stimulated DA release.

Keywords Positron emission tomography . Dopamine .

Serotonin

Abbreviations
SB 206,553 5-methyl-1-(3-pyridylcarbamoyl)-1,2,3,5-

tetrahydropyrrolo[2,3-f]indole hydrochloride
SR 46349B (1(Z)-[2-(dimethylamino)ethoxyimino]-1

(2-fluorophenyl)-3-(4-hydroxyphenyl)-
2(E)-propene)

Introduction

Serotonergic projections from the midbrain raphe nuclei
exert a profound modulatory influence over dopamine (DA)
release in the striatum (see Alex and Pehek 2007 and Kapur
and Remington 1996). As pharmacological manipulation of
these serotonergic inputs may provide a useful avenue in
treatment of schizophrenia, substance abuse, and obsessive
compulsive and affective disorders (Kapur and Remington
1996; Moresco et al. 2007; Rothman and Baumann 2006),
interaction between 5-HT and DA systems is an important
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area for translational research. Although influences of
serotonergic systems on striatal DA release have been
comprehensively determined in experimental animals using
invasive techniques (e.g., microdialysis), the extent to
which these findings may be investigated non-invasively
in man is unclear.

Many ‘atypical’ antipsychotic drugs show high binding
affinity at 5-HT2A and 5-HT2C receptors (Ichikawa and
Meltzer 1999; Meltzer et al. 1989; 2003; Roth et al. 1992),
and antidepressants such as mirtazepine have 5-HT2C

affinity (Chanrion et al. 2008). Modulation of striatal DA
release by 5-HT2A and 5-HT2C compounds has been
extensively investigated in animals using microdialysis to
measure changes in extracellular DA concentrations.
Results have shown that 5-HT2A receptor antagonists do
not alter striatal DA levels when administered under
baseline conditions (De Deuwaerdère and Spampinato
1999; Gobert et al. 2000; Schmidt and Fadayel 1996;
Sorensen et al. 1993) but markedly attenuate increases in
DA release stimulated, for example, by amphetamine
administration (Auclair et al. 2004a, b; De Deuwaerdère
and Spampinato 1999; Lucas and Spampinato 2000; Porras
et al. 2002; Schmidt et al. 1992). Accordingly, while 5-
HT2A receptor activation has little effect on basal DA
release, stimulated DA release is facilitated (Gobert and
Millan 1999; Ichikawa and Meltzer 1995; Kuroki et al.
2003; Lucas and Spampinato 2000).

The role of 5-HT2C receptors in regulation of DA release
is somewhat oppositional to that of the 5-HT2A subtype. 5-
HT2C receptors are constitutionally active and exert tonic
inhibitory control over DA release from both mesolimbic
and nigrostriatal neurons (De Deuwaerdère et al. 2004).
Thus, basal (tonic) DA cell firing and terminal DA release
is enhanced by 5-HT2C antagonists/inverse agonists and
inhibited by 5-HT2C agonists (Alex et al. 2005; De
Deuwaerdère et al. 2004; De Deuwaerdère and Spampinato
1999; Di Giovanni et al. 1999; 2000; Di Matteo et al. 1998;
1999; Gobert et al. 2000; Navailles et al. 2006; Porras et al.
2002).

The aforementioned studies in experimental animals
have provided an important foundation for predicting 5-
HT2A and 5-HT2C influences on striatal DA release. In
man, such neurochemical changes may be investigated
using positron emission tomography (PET) imaging with
DA D2 receptor radiotracers such as [11C]raclopride that
are sensitive to changes in endogenous neurotransmitter. A
decrease in D2 radiotracer binding caused by ‘competition’
between the D2 radiotracer and free DA for D2 receptor
binding can be interpreted as an increase in synaptic DA
(Laruelle 2000). However, the extent to which changes in
DA detected using microdialysis and that measured using
PET is unclear, as relationships between alterations in
extracellular DA levels (as determined using microdialysis)

and changes in PET D2 radiotracer binding may be
complex (see Laruelle 2000 for review). It is therefore
important to determine whether 5-HT2A and 5-HT2C

modulation of striatal DA release might be quantified using
in vivo PET in small animals before undertaking compara-
ble clinical investigations of the interaction of these systems
in man.

Some research suggests that 5-HT2A and 5-HT2C

modulation of striatal DA release can be detected using
PET, although 5-HT receptor subtype-selective compounds
have not yet been investigated. Administration of the
hallucinogenic drug psilocybin, an agonist at 5-HT1A and
5-HT2A receptors (McKenna et al. 1990), significantly
decreases [11C]raclopride binding in man (Vollenweider et
al. 1999), indicating increased DA release. In baboons,
decreases in striatal [11C]raclopride binding have also been
shown following administration of the 5-HT receptor
antagonists altanserin (Dewey et al. 1995) and ketanserin
(Tsukada et al. 1999). However, both these compounds
have higher affinity at 5-HT2A than 5-HT2C receptors
[altanserin: 20-fold (Tan et al. 1999); ketanserin: 14-fold
(Glennon et al. 2002)], which, on the basis of the micro-
dialysis studies cited above (Di Matteo et al. 1999; Gobert
et al. 2000; Porras et al. 2002), would be expected to
produce opposing effects; if 5-HT2A antagonism predom-
inates, this may be hypothesized to reduce increases in DA
release elicited by 5-HT2C antagonism. Indeed, although the
microdialysis studies carried out in parallel with the PET
studies detailed above demonstrated increases in striatal DA
following altanserin or ketanserin administration (Dewey et
al. 1995; Tsukada et al. 1999), other microdialysis inves-
tigations have reported no effect of ketanserin on baseline
DA levels (Nash 1990; Ng et al. 1999).

We therefore investigated the modulatory influence of 5-
HT2A and 5-HT2C antagonists on striatal DA levels in rats
in vivo using [11C]raclopride PET. Specifically, we wished
to compare the effects of the mixed 5-HT2A/2C antagonist
ketanserin with that of more selective 5-HT2A and 5-HT2C

compounds. We used the selective 5-HT2A antagonist SR
46349B (Rinaldi-Carmona et al. 1992), previously shown
to reduce amphetamine-stimulated DA release using micro-
dialysis (Auclair et al. 2004a; Porras et al. 2002). For
investigation of the effects of 5-HT2C antagonism, we
used SB 206,553, which has 160-fold selectivity for 5-
HT2C versus 5-HT2A sites (Forbes et al. 1995) but cannot
discriminate between 5-HT2B and 5-HT2C receptors
(Kennett et al. 1996). SB 206,553 is particularly able to
enhance DA release in vivo (De Deuwaerdère et al. 2004;
Gobert et al. 2000). It should be noted that many 5-HT2A

and 5-HT2C ‘antagonists’, including those employed here,
actually have inverse agonist properties (Berg et al. 1999;
2005; De Deuwaerdère et al. 2004; Herrick-Davis et al.
2000; Weiner et al. 2001).
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Materials and methods

A total of 32 adult male Sprague–Dawley rats (Harlan Olac,
UK; body weight mean ± SD=306±22 g) were group-
housed in standard conditions. All investigations were
carried out in accordance with the UK Animals (Scientific
Procedures) Act, 1986 and associated guidelines.

[11C]Raclopride PET scan protocol

Rats were anesthetized with isoflurane and a mixture of
N2O and O2. To ensure correct head position, rats were
positioned in a stereotaxic frame (made in-house) and
placed in a quad-high-density avalanche chamber (HIDAC)
small animal tomograph (Oxford Positron Systems). Each
PET scan used a small aliquot of [11C]raclopride from a
radiosynthesis intended for human PET, prepared routinely
according to the method of Farde et al. (1988). [11C]
Raclopride was administered via a previously catheterized
lateral tail vein. The mean ± SD injectate was 10.9±
0.97 MBq, with an associated stable content of 0.9±
0.7 nmol/kg. Using our previously measured in vivo ED50

value of 17 nmol/kg, receptor occupancy due to co-injected
stable compound was estimated as ∼5% (Hume et al. 1998).
Immediately following administration of [11C]raclopride,
emission data were acquired in list mode for 60 min, after
which rats were euthanized via an intravenous injection of
sodium pentobarbitone. Data for experiments 1 and 2 (see
below) was collected over different time periods, between
which scanner performance varied. We therefore used date-
matched control animals for each experiment.

To reconstruct scan sinograms, list-mode emission data
were binned into 0.5-mm isotropic voxels using filtered
back-projection (Hamming filter, 0.6 cut-off). This resulted
in a spatial resolution of ∼0.5 mm full-width at half-
maximum (Myers and Hume 2002). Image volumes were
then transferred into ANALYZE software for volume of
interest (VOI) analysis (Robb and Hanson 1991). To
sample [11C]raclopride binding in the striatum, a VOI
template based on stereotaxic coordinates (Hume et al.
2001) was projected onto each scan volume. Data were
sampled from the dorsal striatum (2×140 voxels), ventral
striatum (2×12 voxels), and cerebellum (764 voxels).
While the microdialysis studies cited in the “Introduction”
measure DA release in the nucleus accumbens, by using
PET, we are unable to separate the nucleus accumbens from
the olfactory tubercle, so we use the term ‘ventral striatum’
to describe this brain area.

The total binding/non-specific binding ratio in each VOI
was calculated from tissue: cerebellum ratios, which
assumes that the reference tissue (i.e., cerebellum) has a
negligible number of D2 receptors and that the non-
specifically bound radiotracer shows similar behavior in

the VOI and the reference region. Although data from the
quad-HIDAC scanner was in list mode, allowing rebinning
into dynamic time–activity curves, the count statistics do
not allow measurement of tissue concentrations in VOI
with low signals such as the cerebellum (Hirani et al. 2003;
Hume et al. 2001). To increase count statistics, VOI
analysis was limited to a single 40-min time frame,
beginning 20 min after [11C]raclopride injection. Previous
studies have shown that [11C]raclopride takes ∼20 min to
reach dynamic equilibrium in isoflurane-anesthetized rats
and that the striatum/cerebellum ratio remains unchanged
from 20–60 min after [11C]raclopride injection (Hume et al.
1996). Ratio data acquired in the 20–60-min time frame
correlates well with individual binding potential measure-
ments derived from time–activity curves (Houston et al.
2004), and we have repeatedly demonstrated the usefulness
of this approach (Hirani et al. 2003; Houston et al. 2004;
Hume et al. 2001; Le Masurier et al. 2004).

Specific binding ratio (SBR) was defined as ([11C]
raclopride VOI/[11C]raclopride cerebellum ratio)−1. Levene’s
test was used to confirm equality of variance in data, and
the effects of pharmacological manipulations versus control
on dorsal and ventral striatal [11C]raclopride SBR were
determined using two-tailed independent sample t tests. The
threshold for statistical significance was set at an α level of
0.05, and statistical analysis was performed using SPSS
software for Windows (SPSS Inc. Version 14.0).

Experiment 1: Effect of 5HT2A and 5-HT2C antagonism
on DA release

Rats were administered with either vehicle (control; 0.9%
NaCl, n=5), the mixed 5-HT2A/2C antagonist ketanserin
tartate (Tocris Bioscience, UK, 3 mg/kg i.p. n=6), or the 5-
HT2C/2B inverse agonist SB 206,553 (Tocris Bioscience,
UK; 10 mg/kg i.p. n=5). These doses were chosen as
3 mg/kg ketanserin reduces [11C]raclopride binding in
monkeys using PET (Tsukada et al. 1999), and a 10-mg/kg
dose of SB 206,553 markedly increases DA release in the rat
striatum (De Deuwaerdère et al. 2004). All drugs were
administered 30 min before the start of the scan. In order to
minimize any confounding effects of subsequent anesthesia,
all drugs were administered to anesthetized animals, which
were not recovered before the scan.

Experiment 2: Effect of 5HT2A antagonism
on amphetamine-stimulated DA release

Rats were administered with either vehicle (0.9% NaCl, n=
6) or 4 mg/kg amphetamine sulphate (Sigma UK, n=5) i.p.
30 min before the scan. To examine the effects of 5-HT2A

antagonism on amphetamine-stimulated DA release, a
separate group of rats was administered with the 5-HT2A
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antagonist SR 46349B (Sanofi-Synthelabo, France;
0.2 mg/kg i.v.) 5 min before amphetamine (n=5). This
0.2 mg/kg i.v. dose of SR 46349B was shown to totally
occupy 5-HT2A receptors in ex vivo biodistribution studies
(Shah et al. 1998). Amphetamine was injected at a dose of
4 mg/kg as we have previously demonstrated marked
reductions in striatal [11C]raclopride SBR at this dose using
PET (Houston et al. 2004). All drugs were administered to
anesthetized animals, which were not recovered before the
scan.

Results

Figures 1 and 3 illustrate the images that were obtained in
the control or drug-treated animals using the quad-HIDAC
system. Coronal, horizontal, and sagittal slices are illustrat-
ed at the level of the striatum. Although each scan was
analyzed separately, ‘parametric’ images are shown for
illustration purposes. The volumes contain data acquired at
steady state (20–60 min following raclopride injection) and
were obtained by normalizing each dataset through dividing
individual images by corresponding individual cerebellar
VOI data and then calculating the average volume (using
ANALYZE AVW, image algebra). Bilateral striata are
clearly noticeable. The extra-cerebral bilateral hotspots on
the horizontal and sagittal planes represent non-specific
(i.e., non-saturable) binding to the lachrymal glands.

Experiment 1: Effect of 5HT2A and 5-HT2C antagonism
on baseline DA release

Figure 1 shows the mean parametric images obtained in rats
administered with vehicle, 3 mg/kg ketanserin, or 10 mg/kg
SB 206,553 30 min before [11C]raclopride injection. The
reduction in specific signal in the striata of rats treated with
SB 206,553 is clearly visible. The values associated with
this effect are presented in Table 1. As illustrated
graphically in Fig. 2, ketanserin administration had no
effect on [11C]raclopride binding in the dorsal striatum (2%;
t(9)=1.058; p=0.357, ns); the mean SBR was 3.16±0.09 in
control (vehicle-treated) rats and 3.11±0.12 in rats admin-
istered with 3 mg/kg ketanserin. In contrast, in the ventral
portion of the striatum, the mean SBR was 2.39±0.08 in
control (vehicle-treated) rats and 2.09±0.08 in ketanserin-
treated rats, leading to a significant reduction in [11C]
raclopride binding (12%; t(9)=3.473; p=0.007). Due to
concerns regarding the extent to which the dorsal and
ventral striatum can be dissociated, we additionally exam-
ined data obtained when the dorsal and ventral striatal SBR
values were combined. These values were calculated by
adjusting for the number of voxels in each VOI and then
calculating the mean SBR. Under this analysis, no

significant effect of ketanserin administration on [11C]
raclopride binding in the striatum was detected (t(9)=
0.544; p=0.232).

Administration of the 5-HT2B/2C inverse agonist SB
206,553 produced highly significant reductions in [11C]
raclopride SBR in both the dorsal (t(8)=4.149; p=0.003)
and ventral striatum (t(8)=6.004; p<0.001), as SB 206,553-
treated rats showed a SBR of 2.79±0.11 and 1.93±0.03 in
the dorsal and ventral striatum, respectively. The percent

Fig. 1 Mean parametric maps calculated from individual scan data
using ANALYZE software (Robb and Hanson 1991). The top row
shows the localization of the VOI in representative coronal,
horizontal, and sagittal slices (DStrR, DStrL: right and left dorsal
striatum; VStrR, VStrL: right and left ventral striatum; cblm:
cerebellum). The colored images show [11C]raclopride average
distribution volume ratios (VOI/cerebellum) sampled at steady state
(20–60 min following [11C]raclopride injection) in animals treated
with vehicle i.p. (0.9% NaCl; n=5), 3 mg/kg ketanserin i.p. (n=6), or
10 mg/kg SB 206,553 i.p. (n=5). For each group, the same coronal,
horizontal, and sagittal slices are presented. The extra-cerebral
bilateral hotspots rostral to the striata represent non-specific binding
in lachrymal (Harderian) glands (see Hume et al. 1996)
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reductions in SBR following SB 206,553 administration were
12% in the dorsal striatum and 19% in the ventral striatum.

Experiment 2: Effect of 5-HT2A antagonism
on amphetamine-stimulated DA release

Figure 3 shows selected coronal slices at the level of the
striatum from 3D ‘parametric’ image volumes obtained in

rats administered with vehicle alone, 4 mg/kg amphet-
amine, or 4 mg/kg amphetamine plus 0.2 mg/kg SR
43649B 30 min before [11C]raclopride injection. The
reduction in [11C]raclopride binding that was detected
following amphetamine administration can be clearly seen
by visual inspection of the images in Fig. 3. Values that
were obtained in experiment 2 are presented in Table 2.
Analysis showed that administration of amphetamine alone
produced a highly significant reduction in [11C]raclopride
binding in the dorsal (34%; t(9)=6.261; p<0.001) and
ventral striatum (32%;t(9)=6.337; p<0.001). The SBR
values in the dorsal and ventral striatum were 2.87±0.12
and 1.90±0.04 in vehicle-treated (control) animals, respec-
tively, and 1.89±0.09 and 1.29±0.09 in amphetamine-
alone-treated animals, respectively. These results are illus-
trated graphically in Fig. 4.

When animals were pre-treated with SR 46349B prior to
amphetamine administration, the SBR in the dorsal and
ventral striatum was also significantly less than that of
vehicle-treated animals (dorsal striatum: 24%; t(9)=4.655;
p=0.001; ventral striatum: 23%; t(9)=4.907; p=0.001). Pre-
treatment with the 5-HT2A antagonist SR 46349B attenu-
ated the amphetamine-induced reduction in [11C]raclopride
binding in the dorsal striatum; the mean SBR in the SR
46349B plus amphetamine group was 2.18±0.07 (13%
increase from amphetamine-alone values, t(8)=−2.454; p=
0.040). No significant effects of SR 46349B pre-treatment
were found in the ventral striatum (12%; t(8)=−1.279; p=
0.237, ns), although when dorsal and ventral striatal values
were combined, a significant attenuation of the amphet-
amine response was observed following SR 26349B
administration (t(8)=2.542; p=0.035).

Discussion

Using PET in the rat, we have clearly demonstrated
decreases in [11C]raclopride binding following 5-HT2C

antagonism and an attenuation of amphetamine-induced
decreases in [11C]raclopride binding following 5-HT2A

Table 1 Mean specific binding ratio values for dorsal and ventral striatal [11C]raclopride binding in rats that were administered with either vehicle
i.p. (0.9% NaCl; n=5), 3 mg/kg ketanserin i.p. (n=6), or 10 mg/kg SB 206,553 i.p. (SB; n=5)

Dorsal striatum Ventral striatum Whole striatum

Vehicle Ketanserin SB Vehicle Ketanserin SB Vehicle Ketanserin SB

SBR 3.16±0.09 3.11±0.12 2.79±0.11 2.39±0.08 2.09±0.06 1.93±0.03 3.17±0.06 3.02±0.09 2.71±0.10
%Veh −2 −12 −12 −19 −5 −15
p 0.357 0.003a 0.007a <0.001a 0.232 0.002

SBR is the specific binding ratio [(VOI/cerebellum)−1] mean ± SEM. % vehicle is the percentage difference relative to the mean SBR obtained in
vehicle-treated rats. p values are calculated using independent-samples t tests.
a Indicates statistical significance relative to the vehicle group (p<0.05)

Fig. 2 Mean [11C]raclopride specific binding ratios (SBRs) in the
dorsal and ventral striatum [11C]raclopride binding in rats that were
administered with either vehicle i.p. (0.9% NaCl; n=5), 3 mg/kg
ketanserin i.p. (n=6), or 10 mg/kg SB 206,553 i.p. (n=5). Thirty
minutes following drug administration, rats were injected with [11C]
raclopride i.v. and scanned using a quad-HIDAC small animal
tomograph. SBRs are (VOI/cerebellum)−1 radioactivity concentration
ratios for scan data sampled at steady state (20–60 min following [11C]
raclopride injection). p values are calculated using independent-
samples t tests and, * indicates statistical significance (p<0.05)
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antagonism. These data are in accordance with the
opposing effects of 5-HT2A and 5-HT2C receptor antago-
nists on DA release as previously obtained with micro-
dialysis (Auclair et al. 2004a; De Deuwaerdère et al. 2004;
Di Giovanni et al. 1999; 2000; Di Matteo et al. 1998; 1999;
Gobert et al. 2000; Lucas and Spampinato 2000; Porras et
al. 2002) and provide evidence that such interactions can be
observed non-invasively using [11C]raclopride PET imaging.

We first examined the effects of the mixed 5-HT2A/2C

antagonist ketanserin on striatal [11C]raclopride binding, as

this compound is suitable for human administration.
Ketanserin significantly reduced [11C]raclopride binding in
the rat ventral but not dorsal striatum, and no changes were
detected when the striatum was analyzed as a whole. At the
same 3-mg/kg dose, ketanserin has previously been shown
to markedly reduce striatal [11C]raclopride binding in the
rhesus monkey dorsal striatum as shown with PET
(Tsukada et al. 1999). It is unclear why ketanserin produced
significant decreases in [11C]raclopride binding in the
dorsal striatum in the study of Tsukada et al. (1999), but
not in the present investigation. One possibility is that there
may be species differences in dose sensitivity or 5-HT2A/2C

receptor distribution. Indeed, when microdialysis is used to
measure changes in dorsal extracellular DA following
ketanserin administration, increases in DA levels are
observed in monkeys (Tsukada et al. 1999), but not rats
(Nash 1990; Ng et al. 1999).

Administration of the 5-HT2B/2C antagonist SB 206,553
decreased [11C]raclopride binding in both the dorsal and
ventral striatum, which is in close accordance with the
increases in DA release that have been detected with
microdialysis following administration of this compound
(Alex et al. 2005; De Deuwaerdère et al. 2004; De
Deuwaerdère and Spampinato 1999; Di Giovanni et al.
1999; 2000; Gobert et al. 2000; Navailles et al. 2006;
Porras et al. 2002). This effect is likely to be mediated by
the5-HT2C receptor; although SB 206,553 also has signif-
icant 5-HT2B affinity, 5-HT2B expression is low in the
brain, and selective 5-HT2B receptor antagonists do not
increase DA release (Duxon et al. 1997; Gobert et al.
2000).

We also observed a significant attenuation of amphet-
amine-induced decreases in [11C]raclopride binding in the
striatum following administration of the 5-HT2A antagonist
SR 46349B. These results parallel those obtained with
microdialysis studies of dopamine release (Porras et al.
2002; Auclair et al. 2004a), but are of a smaller magnitude,
perhaps because of the large dose of amphetamine we
employed. Despite the small effect size, to our knowledge,
this is the first PET study to show attenuation of an
amphetamine-induced decrease in [11C]raclopride binding
by a compound that does not compete with amphetamine at
the receptor level (e.g., Villemagne et al. 1999) or reduces
DA release via tyrosine depletion (e.g., Le Masurier et al.
2004). A significant limitation of this study is that we did
not investigate the effects of SR 46349B alone on [11C]
raclopride binding. However, we predict that 5-HT2A

antagonism alone would have no effect; microdialysis
studies have repeatedly reported no effect of 5-HT2A

antagonism on dopamine release (De Deuwaerdère and
Spampinato 1999; Gobert et al. 2000; Schmidt and Fadayel
1996; Sorensen et al. 1993) or DA neuron firing rate
(Olijslagers et al. 2004). Nonetheless, this lack of effect on

Fig. 3 Mean parametric maps calculated from individual scan data
using ANALYZE software (Robb and Hanson 1991). The top row
shows the localization of the VOI in representative coronal,
horizontal, and sagittal slices (DStrR, DStrL: right and left dorsal
striatum; VStrR, VStrL: right and left ventral striatum; cblm:
cerebellum). The colored images show [11C]raclopride average
distribution volume ratios (VOI/cerebellum) sampled at steady state
(20–60 min following [11C]raclopride injection) in animals treated
with vehicle i.p. (0.9% NaCl; n=6), 4 mg/kg i.p. amphetamine (Amph;
n=5) or 4 mg/kg i.p. amphetamine preceded by 0.2 mg/kg i.v. SR
46349B (n=5). For each group, the same coronal, horizontal, and
sagittal slices are presented. The extra-cerebral bilateral hotspots
rostral to the striata represent non-specific binding in lachrymal
(Harderian) glands (see Hume et al. 1996)
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DA release should also be confirmed using [11C]raclopride
PET, as should the effects of a 5-HT2A agonist, before
proceeding to human studies.

As this initial investigation was intended as a feasibility
study to determine whether 5-HT2A/2C modulation of DA
release can be observed with [11C]raclopride PET, we used
high doses of ketanserin, SB 206,553, and SR 46349B to
maximize the probability of observing significant experi-
mental effects. We also employed a relatively high dose of
amphetamine (4 mg/kg) to provide a large initial effect size
for potential reversal, although lower doses of amphetamine
also produce decreases in [11C]raclopride binding (Houston
et al. 2004). This work may now be extended to examining
the dose–response relationships between 5-HT2A/2C com-
pounds and percentage change in [11C]raclopride binding;
in particular, it is important to confirm whether these effects
are observed at 5-HT2A/2C occupancy levels comparable to
those achieved clinically.

5-HT2C receptors are localized on GABAergic interneur-
ons in the ventral tegmental area (VTA) and substantia
nigra (Bubar and Cunningham 2007; Eberle-Wang et al.
1997), from which position they modulate dopamine
neuron activity (Di Giovanni et al. 2001; Prisco et al.
1994). Administration of SB 206,553, the 5-HT2C antago-
nist employed in the present study, enhances the basal firing
rate of DA neurons (Di Giovanni et al. 1999; Gobert et al.
2000; Porras et al. 2002) and can transform the firing
pattern of mesolimbic DA neurons into burst mode (Gobert
et al. 2000). The data presented here demonstrate that the
resulting increases in striatal DA release can be detected
using [11C]raclopride PET.

The mechanism by which 5-HT2A receptor activation
may decrease stimulated DA release is less clear. The
ability of SR 46349B to decrease amphetamine-stimulated
DA release does not occur when either amphetamine or SR

Fig. 4 Mean [11C]raclopride specific binding ratios (SBRs) in the
dorsal and ventral striatum [11C]raclopride binding in rats that were
administered either with vehicle i.p. (0.9% NaCl; n=6), 4 mg/kg i.p.
amphetamine (n=5), or 4 mg/kg i.p. amphetamine preceded by
0.2 mg/kg i.v. SR 46349B (n=5). Thirty minutes following drug
administration, rats were injected with [11C]raclopride i.v. and
scanned using a quad-HIDAC small animal tomograph. SBRs are
(VOI/cerebellum)−1 radioactivity concentration ratios for scan data
sampled at steady state (20–60 min following [11C]raclopride
injection). p values are calculated using independent-samples t tests,
and * indicates statistical significance relative to vehicle, while §
indicates statistical significance relative to amphetamine (p<0.05)

Table 2 Mean specific binding ratio values for dorsal and ventral striatal [11C]raclopride binding in rats that were administered with either vehicle
i.p. (0.9% NaCl; n=6), 4 mg/kg i.p. amphetamine (Amph; n=5), or 4 mg/kg i.p. amphetamine preceded by 0.2 mg/kg i.v. SR 46349B (n=5)

Dorsal striatum Ventral striatum Whole striatum

Vehicle Amph SR + Amph Vehicle Amph SR + Amph Vehicle Amph SR + Amph

SBR 2.87±0.12 1.89±0.09 2.18±0.07 1.90±0.04 1.29±0.09 1.45±0.09 2.78±0.01 1.83±0.09 2.11±0.07
%Veh −34 −24 −32 −23 −34 −24
p <0.001a 0.001a <0.001a 0.001a <0.001 0.001
%Amph +13 +12 +13
p 0.040b 0.237 0.035

SBR is the specific binding ratio [(VOI/cerebellum)−1] mean ± SEM. % vehicle is the percentage difference relative to the mean SBR obtained in
vehicle-treated rats, while % Amph is the percentage difference relative to the mean SBR obtained in amphetamine-treated rats. p values are
calculated using independent-samples t tests.
a Indicates statistical significance relative to the vehicle group
b Indicates statistical significance relative to the amphetamine-alone group (p<0.05)
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46349B are focally injected into the striatum but requires
systemic amphetamine administration and 5-HT2A inhibi-
tion in the VTA (Auclair et al. 2004a). The precise
mechanism remains to be established but has been
hypothesized to involve an indirect mechanism arising
through amphetamine-induced noradrenaline release in the
prefrontal cortex, which in turn regulates glutamatergic
afferents to the VTA, at which site 5-HT2A modulation
occurs (Auclair et al. 2004a,b; Tassin 2008).

Ability to quantify 5-HT receptor modulation of dopa-
mine release in man may be particularly useful in
examining the clinical mechanism of action of antipsychot-
ic and antidepressant drugs. Most atypical antipsychotics
possess inverse agonist activity at the 5-HT2C receptor
(Berg et al. 1999; Herrick-Davis et al. 2000) and many
antidepressants, including mianserin, mirtazepine, and
agomelatine, are also 5-HT2C inverse agonists (Chanrion
et al. 2008). 5-HT2A affinity has been suggested to
contribute toward antipsychotic efficacy and low extra-
pyramidal side effects (Meltzer et al. 1989; 2003; Ichikawa
and Meltzer 1999). Indeed, SR 46349B has previously
reached clinical trial to assess antipsychotic efficacy
(Meltzer et al. 2004), as has the selective 5-HT2A antagonist
MDL100907 (Potkin et al. 2001).

As we have demonstrated that changes in DA release in
the striatum produced 5-HT2A/2C antagonism can be imaged
in vivo using PET in the rat, these investigations may now
be extended to examine the dose–response profile of
antidepressant and antipsychotic compounds with 5-HT2A/C
(but not D2) affinity. As the therapeutic effects of these
compounds are also likely to be associated with 5-HT2A/2C-
mediated DA release in the prefrontal cortex, this work
should be extended to PET studies with high affinity D2
radiotracers such as [11C]FLB457, which may be sensitive to
changes in cortical DA levels (Montgomery et al. 2007).
These studies will guide future human PET studies investi-
gating the association between 5-HT2A/2C antagonism, DA
release, and clinical profile of antidepressant and antipsy-
chotic compounds and demonstrate that [11C]raclopride PET
may be used to monitor the efficacy of new pharmacothera-
pies using a functional response in addition to direct ligand–
drug interactions.

In conclusion, our studies demonstrate and justify the
use of [11C]raclopride PET in man to monitor the
interactions of 5-HT and DA systems in vivo following
selective pharmacological manipulations of 5-HT2A and 5-
HT2C targets.
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