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Abstract

Experimental and clinical data have suggested that abnormalities in the serotonergic neurotransmissions

in frontal-subcortical circuits are involved in Tourette’s syndrome. To test the hypothesis that the brain’s

5-HT2A receptor binding is increased in patients with Tourette’s syndrome, PET imaging was performed.

Twenty adults with Tourette’s syndrome and 20 healthy control subjects were investigated with PET-

[18F]altanserin using a bolus-infusion protocol. Regions of interest were delineated automatically on

co-registered MRI images, and partial volume-corrected binding parameters were extracted from the PET

images. Comparison between control subjects and Tourette’s syndrome patients showed increased

specific [18F]altanserin binding, not only in the a-priori selected brain regions hypothesized to be involved

in Tourette’s syndrome, but also post-hoc analysis showed a global up-regulation when testing for a

overall difference with a randomization test (p<0.03). Increased 5-HT2A receptor binding was found not

only in regions closely related to subcortical regions in patients with Tourette’s syndrome, but also in most

other brain regions. Our data suggest that the serotonergic transmitter system is pathophysiologically

involved in Tourette’s syndrome and that a clinical trial with 5-HT2A receptor antagonists may be justified.
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Introduction

Tourette’s syndrome (TS) is a neurological disorder

that commences in childhood and is characterized by

motor and vocal tics (Robertson, 2000). The tics can

largely be suppressed by treatment with D2 antagonist

(Regeur et al., 1986) and in-vivo studies have demon-

strated abnormalities of striatal dopaminergic neuro-

transmission (Cheon et al., 2004 ; Singer et al., 2002),

although the results have been somewhat conflicting

(Stamenkovic et al., 2001; Turjanski et al., 1994). The

clinical picture of TS has a comorbidity with other

disorders such as obsessive–compulsive disorder

(OCD) (Comings and Comings, 1987a), mood dis-

orders (Comings and Comings, 1987b) and migraine

(Kwak et al., 2003), where disturbances of the

serotonergic transmitter system are involved. Neuro-

biological studies also suggest a central serotonin

(5-HT) dysfunction in TS. The 5-HT precursor,

tryptophan, is decreased in plasma (Comings, 1990)

and reduced tryptophan, 5-HT and its metabolite

5-HIAA in subcortical and cortical brain regions has

also been reported (Anderson et al., 1992). Further,

two SPECT studies with [123I]b-CIT have shown

changes of the of midbrain 5-HT transporter density

in drug-free TS patients (Heinz et al., 1998 ; Muller-

Vahl et al., 2005). In particular, the 5-HT2A receptor

is likely to be involved in motor control since 5-HT2A

receptor agonist treatment in rodents induces hyper-

locomotion (Bishop et al., 2004) and motor behaviour

and hyperlocomotion are attenuated by 5-HT2A re-

ceptor antagonism (Higgins et al., 2003 ; Ninan and

Kulkarni, 1998). In patients with TS, risperidone,

an atypical antipsychotic drug with affinity for the

5-HT2A receptor is an effective treatment for tics
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(Scahill et al., 2003), and ziprasidone and olanzapine,

also atypical antipsychotics with high affinity for the

5-HT2A receptor, have in case reports also showed

promising treatment effect. In addition, a small open

clinical study has indicated that ketanserin, a com-

pound with mainly 5-HT2A antagonist properties, is

effective for treating tics (Bonnier et al., 1999).

Abnormal function of loop circuits interconnecting

the basal ganglia and frontal cortex (motor planning,

affect, behavioural inhibition) and limbic areas

(motivational and threat detection) are thought to be

critically involved in TS (Leckman, 2002). It is believed

that many cortical regions project to the striosomal

part of striatum and play a role in motor stereotypes

(Saka and Graybiel, 2003). Imaging studies have

previously identified changes in frontal, paralimbic

and striatal areas in TS, both in studies of glucose

metabolism (Braun et al., 1993) and in activation

studies with magnetic resonance imaging (MRI)

(Peterson et al., 1998) and positron emission tomog-

raphy (PET) (Stern et al., 2000). In this study we PET

scanned TS patients and age- and gender-matched

healthy control subjects with the selective 5-HT2A

receptor antagonist [18F]altanserin to investigate

regions known to be particularly involved in TS:

anterior cingulate, prefrontal cortex, orbitofrontal

cortex, putamen, and caudate.

Methods

Subjects

Patients with a diagnosis of TS (8 women and 12 men)

were recruited from the TS clinic at Copenhagen

University Hospital. Median age was 26 yr (range

17–49 yr). The diagnosis was established by an experi-

enced neurologist, based on DSM-IV criteria (APA,

1994). Only patients with clearly visible tics and TS

as their primary disorder were included. Patients with

intrusive obsessive or compulsive symptoms were

excluded. Likewise, patients with mood disorders and

other psychiatric disorders, including anxiety, were

also excluded. The protocol was approved by the

Ethics Committee of Copenhagen and Frederiksberg

City [(KF) 02-058/99 and (KF) 12-031/02]. Written

informed consent was obtained before inclusion. Tic

intensity was rated with the Yale Global Tic Severity

Scale (YGTSS) at the visit for clinical examination

and at the same day as the PET scanning. On the day

of PET scanning the patients were assessed with

the Hamilton Rating Scale for Depression (HAMD),

Yale–Brown Obsessive–Compulsive Scale (YBOCS)

and Brief Psychiatric Rating Scale (BPRS) by a trained

psychiatrist. On the scanning day, the patients filled

out a self report questionnaire, the system inventory

(SCL-90-R) which reflects nine different symptom

dimensions.

None of the patients were drug naive, 10 subjects

were medication free for at least 9 months prior to

this investigation and 10 TS patients were using drugs

to control tics or behaviour (for details see Table 1).

The three subjects on selective serotonin reuptake

inhibitor (SSRI) treatment abstained from treatment

3–6 wk prior to the PET scan. Twenty age- and gender-

matched control subjects were recruited by newspaper

advertisement. They had no history of neurological or

psychiatric disease and since a normal neurological

examination was found on the day of PET scanning,

testing with YGTSS, YBOCS, HAMD or BPRS was not

conducted. Each of the controls was selected to closely

match a TS patient. Median age of controls was 28 yr

(range 18–49 yr).

MRI

MRI was performed on a 1.5 T Vision scanner

(Siemens, Erlangen, Germany) where 158 slices were

acquired continuously in the sagittal plane using a

3D MPRAGE sequence (TE=4 ms, TR=11 ms, TI=
300 ms, flip angle=12x, image matrix=256r256,

slice thickness=1.14 mm, in-plane resolution 1.21r
1.21 mm).

[18F]Altanserin PET imaging

[18F]Altanserin PET scanning was conducted as

described by Pinborg et al. (2003). [18F]Altanserin

Table 1. Medication dosage and time schedule in 10

Tourette’s syndrome patients

No. Age Gender Medication

1 32 F Citalopram 40 mgr1

2 23 F Pimozide 1 mgr2

3 22 M Pimozide 1 mgr2

4 28 M Lamotrigene 200 mgr2

5 23 M Pimozide 1 mgr1

6 44 F Pimozide 1 mgr3,

citalopram 40 mgr1

7 24 M Sertralin 100 mgr1

8 26 F Pimozide 2 mgr2,

tetrabenazine 25 mgr2

9 18 F Pimozide 1 mgr3

10 17 M Pimozide 1 mgr2

Patients taking citalopram and sertralin abstained from

treatment 3–6 wk before PET scanning.
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was administrated as a combination of a bolus

injection and a continuous infusion (ratio 1.75 h) to

obtain a tracer steady state in blood and tissue.

Subjects received a maximum dose of 3.7 MBq/kg

bodyweight [18F]altanserin, with an average dose of

270 MBq. PET scans were performed with an 18-ring

GE Advance scanner (General Electric, Milwaukee,

WI, USA) operating in 3D-acquisition mode, pro-

ducing 35 image slices with an interslice distance

of 4.25 mm. The technical specifications have been

described elsewhere (DeGrado et al., 1994 ; Lewellen

et al., 1996). Dynamic 3D emission scans (five

frames of 8 min each) started 120 min after admin-

istration of [18F]altanserin. The five dynamic frames

were aligned and resliced using the approach from

Woods et al. (1992) and subsequently an average

image was generated. For all subjects, blood was

sampled manually at mid-PET frame-times and

analysed with HPLC for determination of the ac-

tivity of the non-metabolized tracer in plasma (free

fraction, f1).

Determination of parent compound in plasma

The plasma metabolites of [18F]altanserin were deter-

mined using a modification of previously published

procedures (Lopresti et al., 1998 ; Sadzot et al., 1995 ;

van Dyck et al., 2000). Plasma whole-blood samples

(13 ml) were centrifuged for 10 min at 4700 g. Plasma

(0.5 ml) was counted in a gamma counter (Cobra

5003, Packard Instruments, Meriden, CT, USA) for

determination of radioactivity. Five millilitres of

plasma was mixed with acetic acid (20 ml, 50 mmol/l)

and eluted through a Sep-Pak C18 cartridge (Waters

Associates, Milford, MA, USA), which had been

preactivated with methanol (2 ml) and water (10 ml).

The Sep-Pak was washed with triethylamine (10 ml,

0.1%) and water (10 ml) before the outlet was

connected to a filter (Millipore 0.45 mm), and the

radioactive content was eluted with methanol (1 ml)

followed by distilled water (3 ml). The resulting

mixture (4 ml) was injected on the semi-preparative

HPLC system [column: Waters mBondapack C18,

7.8r300 mm; solvent A: CH3COONH4 (0.073 mol/l,

adjusted to pH 4.5 with CH3COOH); solvent B:

70% CH3CN/30% CH3COONH4 (0.22 mol/l) ; flow:

6 ml/min)] equipped with an ultraviolet detector

(254 nm) and a Packard flow scintillation analyser

(500TR series) connected in series. Solvent B was

increased with a linear gradient from 25% to 100%

for 10 min. The [18F]altanserin eluted after 8.4 min

and was well separated from the metabolites eluting

after 5.1, 5.6, and 7.3 min respectively.

MR/PET co-registration

MRI images were co-registered using a Matlab-based

interactive program (Mathworks Inc., Natick, MA,

USA) which is based on visual identification of

the transformation (Willendrup et al., 2004). MRIs

were segmented into grey matter, white matter, and

cerebrospinal fluid (CSF) tissue classes using overlay

of prior probability images (SPM2). A total of 35

regions of interest (ROI) were automatically delin-

eated on MRI slices and transferred to PET images

using the identified rigid-body transformation

(Svarer et al., 2005). PET images were partial volume-

corrected using the segmented MRI. A three-

compartment model based on grey matter, white

matter, and CSF tissue was used (Mueller-Gaertner

et al., 1992 ; Quarantelli et al., 2004). The white-matter

value was extracted as the average voxel value from

a white-matter ROI (midbrain) in the uncorrected

PET image.

The mean count density within each ROI was con-

verted to kBq/cc. The individual cerebellum values,

representing non-specific binding only (Pinborg

et al., 2003) and decay-corrected plasma [18F]altanserin

curves were used to calculate the binding potential

(BP1) values for each ROI according to :

BP1=
CROIxCref

Cplasma
=f1 �

B0
max

Kd
(ml mlx1), (1)

where CROI and Cref are mean activities in the volume

of interest and in the reference region respectively,

Cplasma is the activity of non-metabolized tracer in

plasma, f1 is the free fraction of radiotracer, B0
max is

the density of available receptor sites, and Kd is the

affinity of the receptor for the radiotracer.

Statistical analysis

We applied PROC GLM (statistical software package

SAS 9.0 ; SAS Institute Inc., Cary, NC, USA) to analyse

data. PROC GLM implements the General Linear Model

and was used for the analysis of BP1 in regions as a

dependent variable and age as a quantitative covariate

and condition as categorical covariate (BP1,region=age

condition). p values for the t statistics tell us whether

the variable condition has statistically significant

predictive capability in the presence of the variable

age. In addition we performed a test for a general dif-

ference of BP1 between controls and patients. Regional

means were averaged across subjects for each con-

dition and we used PROCGLM with age and condition as

covariates as described above. However, this relies on

the normal distribution assumption, so for robustness

considerations, we performed a randomization test
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(100 000 random group allocations) to evaluate the

test statistic for condition (Edgington, 1995).

Results

For TS patients the median YGTSS score for motor tics

was 19 (range 12–23) and the median score for

phonetic tics was 11 (range 0–17). In TS patients, the

median YBOCS score for obsessions was 4 (range

0–13) and for compulsions 5 (range 0–13). Seven

patients had an YBOCS score >10. Two out of these

seven patients were among those previously treated

with SSRIs. The median HAMD score was 2 (range

0–11) and median BPRS score was 3 (range 1–8). The

SCL-90-R scores revealed that the TS patients’ median

score for anxious personality components of 15 (range

12–28) was significantly higher than the control sub-

jects’ score of 11 (range 10–19). This difference was

mainly caused by two questions : ‘Feeling tense or

keyed up’ and ‘Feeling so restless you couldn’t sit

still ’. Both questions can be considered as coining

key features of TS patients. In patients with TS

[18F]altanserin binding was significantly increased in

the brain regions hypothesized to be involved in the

disease (Table 2). In addition, a post-hoc analysis

identified a global difference between controls and

patients with a higher BP1 in TS patients (p<0.03). A

separate analysis of the 10 drug-free patients also

showed a statistically significant increase in 5-HT2A

receptor binding compared to their age-matched con-

trols. There was no statistically significant difference

in BP1 between TS patients with a YBOCS score under

and over 10 or between drug-free and drug-treated

patients. Further, a comparison of pimozide-treated

TS patients (n=7) with the rest of the patients (n=13)

and healthy control subjects (n=20) was done and

revealed no differences in terms of cerebellar uptake,

plasma concentration, parent compound of tracer, or

binding potentials. In addition, the pimozide-treated

patients had the same clinical scores as the rest of

the patients. A regression analysis did not show any

significant relations between age-adjusted BP1 and tic

severity or YBOCS score, when stratification for drug

use was done. Regression analyses associating BP1

with tic severity done for the combined and separate

scores for motor and vocal tics, as well as for obses-

sions and compulsions did not reveal any significant

associations.

Finally, we did not find any systematic changes be-

tween TS patients and control subjects in parameters

that could have biased the results, e.g. non-specific

binding in the cerebellum [1.81¡0.34 (mean¡S.D.) vs.

1.80¡0.28], non-protein bound fraction (f1) (0.38%

¡0.11 vs. 0.42% ¡0.18), fraction of [18F]altanserin in

parent compound (51.6% ¡10.3 vs. 53.67% ¡8.0) and

time from bolus injection to scan start.

Discussion

This is the first PET study to evaluate cerebral 5-HT2A

receptor binding in TS patients. The 5-HT2A receptor

binding was not only significantly increased in most

brain regions hypothesized to be involved in TS

patients, but a difference was also found in a large

number of other brain regions (Table 2). Overall,

[18F]altanserin seems to be globally increased in

patients with TS and differences in statistical signifi-

cance between investigated brain regions presumably

reflects differences in variance.

In PET studies involving only one scanning it is

usually assumed that radiotracer affinity is the same

between groups and that any differences in radiotracer

binding reflects differences in B0
max. The increase in

5-HT2A receptor binding found in the present study

must mean that either TS patients have an increase

in the density of available 5-HT2A receptor-binding

sites (B0
max), an increased affinity of [18F]altanserin to

the 5-HT2A receptor, or a combination [eqn (1)]. Our

finding of a global increase in 5-HT2A binding may

result from conformational changes in the receptor

associated with a higher affinity of the 5-HT2A recep-

tor. We wish to emphasize, however, that both an

increased B0
max and an increased 5-HT affinity could

result in an augmented stimulation of the 5-HT2A

receptor. Such stimulation from frontal regions may

activate the striosomes (either directly or via dopa-

mine) and induce urges or motor tics (Graybiel and

Canales, 2001 ; Saka and Graybiel, 2003). This is

supported by several studies in both humans and

rodents where global agonist activation of the 5-HT2A

receptor with DOI [(¡)-1-(4-iodo-2,5-dimethoxy-

phenyl)-2-aminopropane], fenfluramine and psilo-

cybin have been shown to increase synaptic dopamine

levels in the brain striatum (Kuroki et al., 2003; Smith

et al., 1997 ; Vollenweider et al., 1999). It has previously

been reported that TS patients have decreased

D2-receptor binding after challenge with amphetamine

which is consistent with the notion that dopamine

levels are increased in these patients (Singer et al.,

2002). Our data could suggest that an increased

striatal dopamine release in TS patients is brought

about by overstimulation of 5-HT2A receptors, but

based on our data, we cannot conclude if the changes

in 5-HT2A receptors are primary or secondary to

other alterations. For example, the increase of 5-HT2A

receptor binding could be a relevant compensatory
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response to TS pathophysiology or it could be caused

by a reduction in synaptic 5-HT levels. At the present

time we do not know how the in-vivo [18F]altanserin

binding is affected by long-term changes of 5-HT

levels, but acute increases in synaptic 5-HT does not

affect the binding of [18F]altanserin (Pinborg et al.,

2004). The reduced serotonin transporter binding in

TS patients reported by Muller-Vahl et al. (2005) and

Heinz et al. (1998) can be speculated to be associated

with changed 5-HT levels. But whereas a primary

decrease in 5-HT levels is likely to be associated with

a reduction in serotonin transporter (SERT), a primary

reduction in SERT is more likely to result in increased

synaptic 5-HT levels. Some studies have, however,

supported the notion of decreased cerebral 5-HT levels

in TS patients (Anderson et al., 1992), but it is unclear

whether this is causally related to the presence of tics,

and further, results have been contradicted (Leckman

et al., 1995). To date, there has been no evidence that

SSRI treatment improves tic severity (Eapen et al.,

1996). Therefore, since motor behaviour and hyper-

locomotion are attenuated by 5-HT2A receptor

Table 2. Regional BP1 values

Region of interest

Control subjects Tourette patients

p valueMean S.D. Mean S.D.

A-priori selected regions

Ant. cingulate, left 2.20 0.57 2.65 0.43 0.005

Ant. cingulate, right 2.29 0.55 2.85 0.40 0.002

Orbitofrontal cortex, left 2.45 0.58 2.92 0.48 0.008

Orbitofrontal cortex, right 2.46 0.66 2.97 0.54 0.01

Med. inf. frontal cortex, left 3.08 0.70 3.46 0.60 0.07

Med. inf. frontal cortex, right 3.14 0.70 3.65 0.64 0.07

Sup. frontal cortex, left 3.18 0.67 3.66 0.68 0.03

Sup. frontal cortex, right 3.21 0.69 3.71 0.70 0.001

Caudate, left 0.69 0.19 0.75 0.23 0.41

Caudate, right 0.56 0.19 0.60 0.19 0.83

Putamen, left 0.66 0.15 0.75 0.17 0.07

Putamen, right 0.62 0.17 0.67 0.24 0.06

Post-hoc analysis

Thalamus, left 0.68 0.20 0.74 0.22 0.43

Thalamus, right 0.65 0.20 0.78 0.22 0.06

Insula, left 2.12 0.56 2.37 0.40 0.1

Insula, right 2.03 0.44 2.36 0.38 0.003

Sup. temp cortex, left 2.67 0.65 3.02 0.39 0.04

Sup. temp cortex, right 2.76 0.61 3.08 0.46 0.003

Parietal, left 3.29 0.67 3.84 0.59 0.009

Parietal, right 3.32 0.67 3.91 0.59 0.007

Med. inf. temp. cortex, left 2.58 0.62 2.82 0.56 0.2

Med. inf. temp. cortex, right 2.69 0.67 2.94 0.52 0.0001

Occipital cortex, left 2.93 0.62 3.23 0.50 0.1

Occipital cortex, right 2.83 0.56 3.18 0.50 0.02

Sens. motor cortex, left 2.65 0.59 3.15 0.50 0.007

Sens. motor cortex, right 2.71 0.58 3.21 0.54 0.03

Post. cingulate, left 2.51 0.62 2.81 0.54 0.1

Post. cingulate, right 2.51 0.53 2.95 0.51 0.0005

Entorhinal cortex, left 1.25 0.43 1.50 0.45 0.09

Entorhinal cortex, right 1.08 0.24 1.42 0.35 0.001

Left hippocampus, left 0.67 0.23 0.90 0.30 0.007

Right hippocampus, right 0.63 0.18 0.85 0.31 0.006

BP1 values for [
18F]altanserin binding in control subjects and patients with Tourette’s syndrome in all brain regions, including

age-adjusted p values.
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antagonism (Higgins et al., 2003 ; Ninan and Kulkarni,

1998) one could argue that the increased 5-HT2A

receptor binding is related to the presence of tics,

even though a clear-cut association between 5-HT2A

receptors and tic severity could not be demonstrated

in this study.

Moreover, we were pleased to note that one

study found a significantly increased frequency of

the 5-HT2A receptor polymorphism T102C in patients

with TS with comorbid OCD compared to healthy

controls (Huang et al., 2001), but it remains to be

clarified, however, if this silent mutation is of any

significance for 5-HT2A receptor density or affinity.

We were not able to demonstrate any association

between symptom severity in terms of tics and BP1.

The small variance in tic severity (18.2¡3.3 for motor

scores) would, however, make it difficult to establish

such a correlation.

A few things need to be considered as potential

confounders to our findings. Systematic differences

in f1, the non-specific tracer binding and drug effects

could potentially have biased our data. However,

both f1 and the binding in the reference region (non-

specific binding) did not differ significantly between

the two groups. Further, it should be considered

whether the increase in 5-HT2A receptor binding

could be caused by prior or current drug treatment

since only 10 of the patients were drug free at the

time of examination. Except for the SSRIs none of

the drugs in use are considered to have particular

affinity to the serotonergic transmitter system. Some

data even consider long-term treatment with SSRIs to

cause a down-regulation of the cortical 5-HT2A recep-

tor sites (Gray and Roth, 2001; Van Oekelen et al.,

2003) and data from our own laboratory has pre-

viously documented that high dose SSRI treatment for

more than 3 months does not change 5-HT2A receptor

binding (Adams et al., 2005). In addition, we were

not able to demonstrate any significant differences in

5-HT2A receptor binding between patients with and

without medication or with and without pimozide

treatment.

Our findings of increased [18F]altanserin 5-HT2A

receptor binding in TS patients indicate a role for

the serotonergic system in the manifestation of tics,

either directly via the striosomal compartment in

striatum or through an increased dopaminergic tone.

The combination of our finding of an increase in

5-HT2A receptor binding and the previous case-based

observation that the 5-HT2A antagonist ketanserin can

ameliorate tics in patients with TS (Bonnier et al., 1999)

suggests that the effect of 5-HT2A antagonist treatment

should be investigated in a larger study.
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