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English summary

Extensive research of the serotonergic system shows that serotonin mediates a number of different
physiological functions in the brain, e.g. sleep, feeding, pain control, thermoregulation, cognition, emesis
and sexuality. Moreover, alterations of the serotonergic neurotransmission are implicated in the
pathophysiology of several neurological and psychiatric disorders including depression, anxiety disorder
including obsessive-compulsive disorder, schizophrenia, migraine and Tourette’s syndrome. As our
knowledge about the significance of the serotonin system grows, new questions are asked about
potentially important features in serotonin signaling such as function, regulation of transmission and
interaction with other transmitter systems. Finding answers to these inevitable questions to continue
progress in serotonergic research necessitates development of new approaches and careful validation of
existing ones. Several milestones in neurobiological research attribute to the principal methods of
neurotransmitter and receptor binding analysis. The nuclear medicine imaging technique positron
emission tomography (PET) use radiolabeled drugs with specific properties to enable in vivo imaging of
brain receptors and transporters in the living brain. This method is a powerful tool to measure biological
processes in different brain regions and to some extent, it overcomes limitations of postmortem, platelet
and genetic studies in analyzing brain receptor functions.

The first part of this thesis investigates the reliability and power of using the positron emission
tomography method to study the post-synaptic serotonin 2A receptor with the radiotracer [18F]altanserin.
The investigations establish reliable measurements of [18F]altanserin for imaging and quantification since
repeated positron emission tomography scans show high intraclass correlation, at least between brain
regions with high tracer binding. In addition, sample size calculations identify the required number of
people in studies between independent groups and in paired design. Likewise, the results shows that
corrections for spill–over effect of white matter and cerebral spinal fluid in brain regions and adjustments
for explaining variables to the binding potential decrease the sample sizes to generate trustworthy
conclusions.

Part two of the thesis investigates the possible genetic influence on the [18F]altanserin binding to the
serotonin 2A receptor in the living brain. A single nucleotide substitution polymorphism and a amino acid
transition polymorphism of the serotonin 2A receptor gene and two variable number of tandem repeats in
the serotonin transporter gene were associated with radiotracer binding to the serotonin 2A receptor
binding ([18F]altanserin). This investigation shows possible influence of the two tandem repeats in the
serotonin transporter gene, thus confirming previous studies showing that differential expression of the
serotonin transporter can consequently underlie regulation of the serotonergic neurotransmission.

Part three reviews the possible implication of the serotonin system in Tourette’s syndrome and describes a
PET study of Tourette’s syndrome patients with the radiotracer. This approach revealed an overall
increased tracer binding in the brain compared to healthy controls. Several lines of hypotheses link the
serotonin system to be involved in Tourette’s syndrome and this result adds further to the discussion of
the pathophysiology of the disorder.

In summation, knowledge of reproducibility and sensitivity of the [18F]altanserin PET method when
including partial volume correction and adjustment for covariates like age, neuroticism and
polymorphisms in the serotonin transporter gene is expected to improve trial design and provide more
consistent PET results. This will improve our knowledge of the etiology of neurological and
neuropsychiatric disorders and progress the development of effective pharmacotherapy. Furthermore,
with reference to thirty years of serotonin 2A receptor research where detailed information of regional
and cellular localization and potential roles of the physiology has been achieved, we now add further to
the knowledge of the complex roles of regulation of this receptor by demonstrating associations between
polymorphisms in the serotonin transporter gene and 5-HT2A receptor binding in the living brain of
healthy volunteers. Our findings of an increased density of serotonin 2A receptors in Tourette’s syndrome
patients support previous studies showing involvement of the serotonin system in this disorder, thus
demonstrating a probable connection to obsessive-compulsive behavior and interplay with the
dopaminergic system which possibly dominates the pathophysiology of Tourette’s syndrome.
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Dansk resumé (Danish summary)

Afhandlingen omhandler undersøgelser af serotonin 2A receptoren i hjernen hos det levende
menneske. Det serotonerge neurotransmittersystem er involveret ved en række neurologiske og
psykiatriske sygdomme, herunder depression, skizofreni, angst, obsessiv-kompulsiv sygdom og
Tourette’s syndrom. Serotoninsystemet er også involveret ved træk i den menneskelige adfærd,
som impulsivitet, aggressivitet, søvn og appetit.

Den første del af afhandlingen omfatter en metodemæssig evaluering af reproducerbarheden af
bolus-infusionsmetoden med positron emissionstomografi (PET)-liganden [18F]altanserin.
Derudover inddrages PET-data fra 84 raske personer til at estimere den nødvendige
stikprøvestørrelse i lignende PET-studier. I anden del af afhandlingen undersøges eventuelle
associationer mellem hjernens serotonin 2A receptorbinding og tre hyppigt forekommende
polymorfier i serotonin 2A receptoren, og to ligeledes hyppigt forekommende polymorfier i
serotonin transporteren med henblik på eventuelt at forklare den observerede variabilitet mellem
personer. I afhandlingens sidste del beskrives en undersøgelse af hjernens serotonin 2A
receptorbinding hos patienter med Tourette’s syndrom og hos raske forsøgspersoner.

Sammenfattende vises det, at bolus-infusionsmetoden med [18F]altanserin-PET er meget
reproducerbar, særlig i større regioner med høj koncentration af serotonin 2A receptorer. Det
påvises endvidere, at metoden er tilstrækkelig sensitiv til at påvise selv mindre forskelle mellem
to grupper, særlig i hjerneregioner med høj receptorkoncentration og når der korrigeres for
eventuelle forskelle i hjerneatrofi og variable som alder, neuroticisme og genetiske polymorfier.
Endvidere viser undersøgelserne, at to funktionelle variable tandem repeats i serotonin
transporteren er forbundet med forskelle i serotonin 2A receptorbindingen, hvorimod
polymorfier i serotonin 2A receptorgenet overraskende ikke har nogen effekt. Endelig viser
afhandlingen, at serotonin 2A binding er øget hos patienter med Tourette's syndrom i forhold til
raske kontrolpersoner. Sidstnævnte fund giver anledning til overvejelser om receptorens
funktionelle betydning i relation til symptomerne, om end der ikke kan påvises en association
mellem sværheden af tics og serotonin 2A bindingen.
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Introduction

General introduction
The main focus of this thesis is the visualization of cerebral serotonin 2A (5-HT2A)
receptors in the living human brain with the radiotracer [18F]altanserin and positron
emission tomography (PET).

The themes of the thesis are:

i. Reproducibility of bolus plus infusion [18F]altanserin-PET measurements.

ii. Required sample sizes in [18F]altanserin-PET studies with relation to explaining
covariates of the binding potential and partial volume estimation.

iii. The relation between in vivo 5-HT2A receptor binding and polymorphisms in the
5-HT2A receptor and serotonin transporter genes.

iv. 5-HT2A receptor binding in patients with Tourette’s syndrome patients as
compared to healthy volunteers.

The mammalian brain is among the most complex organs in terms of biochemistry and
anatomy. It is recognized that the brain is responsible for a majority of complex
neuropsychiatric diseases, but the relationship between function and behavior remains
for the most part elusive. Geneticists suggest that at least half of the human genes code
for products that are expressed in the brain [1]. These genes may influence
development, daily skills and aspects of the personality. Of the approximately 4000
genetic diseases [2], around one in four involves the brain [3]. In addition to
incalculable personal toll, annual economic costs of billions of euro, calculations from
year 2003 show that all brain diseases together constitute around 35 percent of the
European health burden assessed through disability-adjusted life years [4]. Our overall
strategy is, by means of this research, to understand the normal and abnormal structure
and activity of parts of the nervous system to accomplish reduction of the burden of
neuropsychiatry diseases in the longer term.

Neurotransmitters which mediate the signal between nerve cells and receptors which
conduct signal from neurotransmitters are altered in many neurological and psychiatric
disorders and serve as targets for pharmacological intervention. Substances that act as
neurotransmitters can roughly be categorized into three groups; amino acids (e.g.

Imaging brain serotonin 2A receptors:
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glutamate and gamma-aminobutyric acid), petides (e.g. vasopressin and somatostatin)
and monoamines (e.g. serotonin, dopamine and norepinephrine). In the serotonin
system, the 5-HT2A receptor along with the serotonin 1A (5-HT1A) receptor and also the
serotonin re-uptake (serotonin transporter; 5-HTT) site are the most frequently targeted
sites of action for pharmacologic treatment [5,6] and thus also for radiopharmaceuticals
[7].

Since the brain imaging technique PET was introduced three decades ago, it has
flourished as a versatile tool in scientific studies of the living brain. In addition to in
vivo imaging of cerebral blood flow and glucose metabolism, it allows measurements of
specific receptors and neurotransmitter release which constitute a major part of the
understanding of many neuropsychiatric diseases.

The introduction of this thesis addresses general aspects of the serotonin system, the 5-
HT2A receptor, Tourette’s syndrome and PET.

The serotonin system
Serotonin (5-hydroxytryptamine; 5-HT) was identified and isolated over 50 years ago. It
was characterized as a vasoconstrictive substance in serum and subsequent studies
demonstrated its presence in brain tissue. Today we know that 5-HT plays a major role
as a neurotransmitter. It is implicated in various physiological functions, including sleep
[8], appetite [9], pain control [10], thermoregulation [11], cognition [12], emesis [13]
and sexuality [14].

Disturbed 5-HT function has been suggested for several neurological and psychiatric
disorders, such as depression [15], anxiety disorders including obsessive-compulsive
disorder [16,17], Tourette’s syndrome [18], schizophrenia [19], addiction [20], migraine
[21] and dementia [22]. In addition, previous studies has identified its implication in
personality traits such as aggression dyscontrol [23], danger avoidance [24] and
sensibility to stressful life events [25].

The serotonergic system is also a main target for pharmacological treatment of several
neurological and psychiatric disorders. In particular, selective serotonin reuptake
inhibitors (SSRI’s) are used for treatment of depression and obsessive-compulsive
disorder (OCD) [26,27]. Atypical antipsychotic such as risperidone and olanzepine
which have high affinity for 5-HT2A receptors are used in schizophrenia [28] and
Tourette’s syndrome [29], and triptans [30] which act as vasoconstrictors via the 5-
HT1B/1D receptors are used in migraine.
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Figure 1

Molecule of 5-hydroxytryptamin (5-HT, or serotonin). 5-HT is a monoamine neurotransmitter that
contains one amino group which connects to an aromatic ring by a two-carbon chain. It is synthesized
from the essential amino acid tryptophan in nerve cells of the raphe nuclei in midbrain which distributes
serotonin widely in the brain. It influences several fundamental physiological functions including sleep,
feeding, pain control, thermoregulation, cognition, emesis and sexuality.

5-HT is synthesized from the essential amino acid tryptophan through a short metabolic
pathway. Tryptophan crosses the blood brain barrier and membranes of nerve cell to
hydroxylate into 5-hydroxytrytophan which again decarboxylate to 5-HT.

.

Figure 2

A simple illustration of the 5-HT pathway and factors that determine its function. Tryptophan distributes
from the blood stream, is metabolized to 5-HT in nerve cells, and upon changes of membrane potential 5-
HT releases into extra-neuronal space to mediate its actions on receptors. The action is primarily
terminated by reuptake from the synapse by the 5-HTT. Degrading happens by the monoamine oxidase in
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the presynaptic terminal whereas a product is 5-hydroxyindoleaceticacid. The 5-HT1A and 5-HT1B

receptor inhibits processes in the transmission by negative feedback mechanisms. BBB: blood brain
barrier, 5-HIAA: 5-hydroxyindoleaceticacid, T: Tryptophan, 5-HTP: 5-hydroxytryptophan, 5-HTT:
serotonin transporter (5-HT reuptake mechanism). From Stenfors and Ross [31].

The neurons of the raphe nuclei in the dorsal part of midbrain and brainstem are the
principal sources of 5-HT release. These neurons are grouped along the entire length of
the brainstem. The endogenous 5-HT is being mediated through seven classes of 5-HT
receptors classified on the basis of structure and functional properties where six of these
are G-protein coupled. These classes are further subdivided, although 5-HT4, 5-HT6 and
5-HT7 classes do not contain subclasses of receptors. The 5-HT3 receptor is a ligand-
gated ion channel resulting in a direct plasma membrane depolarization [32] (Table 1).
In addition, sequence diversity has been provided by RNA editing and, further,
numerous single-nucleotide polymorphisms (SNP’s) and variable number of tandem
repeats (VNTR’s) exist in the serotonin receptor genes and the reuptake site for 5-HT.

Table 1

Receptor class Subtypes

5-HT1 (G-protein coupled) 5-HT1A, 5-HT1B, 5-HT1D, 5-HT1E, 5-HT1F, 5-HT1P, 5-HT1S

5-HT2 (G-protein coupled) 5-HT2A, 5-HT2B, 5-HT2C

5-HT3 (ligand gated)

5-HT4 (G-protein coupled)

5-HT5 (G-protein coupled) 5-HT5A and 5-HT5B

5-HT6 (G-protein coupled)

5-HT7 (G-protein coupled)

5-HT mediates a wide range of physiological and pathophysiological functions by interacting with
multiple receptors. Seven distinct families of 5-HT receptors have been identified and subpopulations
have been described for several of these. At least 15 subpopulations have now been cloned.

The 5-HT receptors are located on the dendrites, cell bodies and presynaptic terminals
of adjacent neurons all over the brain [33]. Serotonergic action is terminated primarily
via uptake of 5-HT from the synapse. This takes place through the specific monoamine
5-HT reuptake transporter (5-HTT) on the presynaptic neuron [34]. The 5-HTT function
is determined by many different regulatory factors, such as the composition of the
plasma membrane [19], genotype [35], growth factors [20], interleukine [21], stress [22]
and glucocorticoids [23]. These features make the 5-HTT a suitable target for drugs as
well [24].
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Positron emission tomography
The main strength of PET is its ability to measure physiological processes and
measurements of receptor and transmitter changes in living healthy and diseased
humans. However, its use as a diagnostic tool in clinical neurology and psychiatry has
been limited because of much cheaper and available standard diagnostic tools. On the
other hand, the measurement of neurotransmitter and neuroreceptor changes with PET is
increasingly contributing to pathophysiological understanding, drug development and
drug therapy.

Imaging of the serotonergic transmitter system in the living human brain has become
possible by the use of radiolabeled tracers and PET, thus enabling conduction of studies
to elucidate the possible dysfunction of the serotonergic system in the living brain. The
huge potential of this approach has to be carefully evaluated to optimize the gain from
quantitative data.

Here, we give special emphasis towards the 5-HT2A receptor. Early studies of the this
receptor involved the use of less selective 5-HT2A receptor tracers, such as
[18F]setoperone and [11C]N-methyl-spiperone. The more recently developed 5-HT2A

receptor tracer [11C]MDL100907 [36] and [18F]altanserin [37] yield a specific signal
with a high target-to-background ratio. These two tracers possess similar binding
characteristics [38], but quantification of [18F]altanserin binding is complicated by the
systemic production of radiolabeled metabolites that cross the blood-brain barrier.
Several studies have tried to overcome the metabolite issue by sophisticated kinetic
modeling where the kinetics of the radiolabeled compounds are taken into account [39].
Use of a bolus-infusion [18F]altanserin protocol does, however, allow for a reliable
subtraction of the non-specific binding of radiotracer [40]. Reproducibility of altanserin
PET measurements with bolus administration has previously been evaluated in a test-
retest study [41], but no thorough analysis of the individual sources of variation (plasma
free fraction, non-specific binding, partial volume estimation, explaining variables, etc).

5-HT2A receptors
The 5-HT2A receptor is present in all cortical regions whereas the subcortical regions
and hippocampus have lower density [42]. In striatum, the 5-HT2A receptor is
particularly found in striosomes [43] which control input from the cortical regions
[44,45]. The majority of receptors are expressed by pyramidal neurons [46] and some
are present in GABA’ergic interneurons [47]. These interactions regulate glutamate
release in others pyramidal layers and the 5-HT release in different synapses and raphe
nuclei [47]. Activation of 5-HT2A receptors in frontal regions by agonists increases
glutamate release [48]. Moreover, 5-HT2A receptors antagonists induce changes in
prefrontal dopamine release [49]. The dopaminergic system also shows 5-HT2A

receptors on ventral tegmental area and substantia nigra [50] implicating a role for the
receptors regulation on dopamine pathways.

Given the potential relevance of the receptor function there is numerous clues about a
role for 5-HT2A in the pathophysiological function, such as some hallucinogens (e.g.
LSD, DOI) are 5-HT2A agonists and atypical antipsychotics are 5-HT2A antagonists
[51,52]. In recent years, a number of open-label and placebo controlled studies have
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suggested that atypical antipsychotic drugs and some antidepressants (e.g., mirtazapine
and mianserin) augment the clinical response to SSRI’s in treatment-resistant patients
[53,54]. One common feature of these agents is their ability to occupy 5-HT2 receptors
in the brain and to block 5-HT2A-mediated responses [55]. Many antidepressants down-
regulate 5-HT2A receptors after repeated treatment [56], which, together, support a role
for 5-HT2A receptors in antidepressant drug action. These observations agrees with that
the majority of post mortem studies in suicide victims suffering from major depressions
have increased 5-HT2A binding in the frontal cortex [57]. However, PET and SPECT
studies in depressive patients have failed to confirm this finding [58-60].

To sum up, especially the prefrontal cortex is densely innervated by 5-HT axons and is
highly enriched in various receptors, notable serotonin receptors e.g. 5-HT2A receptors.
Numerous studies indicates 5-HT2A receptors are implicated in disorders like psychosis
[61], anxiety and depression [62], addiction [20], obsessive-compulsive disorder and
Tourette’s syndrome [18,63] and personality traits of extreme ranges, and finally,
memory [12,24].

5-HT2A receptor signaling
The 5-HT2A is a G protein-coupled receptor (GPCR), also known as a seven
transmembrane receptor. GPCR family consists of a single polypeptide chain having an
extracellular, transmembrane and intracellular domain. While some other types of
receptors bind neurotransmitters to the membrane externally, the transmitters of GPCRs
typically bind within the transmembrane domain. Upon specific transmitter binding, the
conformation of the receptor can change and transmit the extracellular signal to the
inside of the cell and trigger the activation of the G-protein [64]. The active G protein
has the potential to induce various cascades of intracellular signaling and can cause a
broad spectrum of cellular responses.

Even though the transduction of the signal through the membrane by the receptor is not
completely understood, it is known that the inactive G-protein is bound to the receptor
in its inactive state. Once the transmitter is recognized, the receptor shifts conformation
and thus mechanically activates the G protein, which detaches from the receptor. The
receptor can now either activate another G protein, or switch back to its inactive state
[65,66].

The interaction of the agonists with the receptor has been described by the ternary
complex model. This model involves the interaction between a tracer and its receptor:
receptor + tracer  receptor-tracer complex. Agonists have higher affinity to GPCR
compared to uncoupled receptors and preferentially bind to the active conformation,
thereby stabilizing the receptor complex and leading to increased cellular activity.
Usually, distinction is made between high and low affinity conformational state, and it
is assumed that the high affinity state is the active receptor that can either be coupled to
or decoupled from the G-protein and the low affinity state is the inactive receptor.
Antagonists will bind with equal affinity either state whereas agonists will preferentially
bind to the high affinity state [67].

If a GPCR is exposed to their transmitter for a prolonged period of time signaling is
then attenuated by GPCR internalization (desensitized). The key reaction of this
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downregulation is two processes depending on the time scale of which it occurs. Short
term regulations within seconds to minutes involve phosphorylation by cyclic adenosine
monophosphate (cAMP) dependent proteins kinases (protein kinase A). The
phosphorylation of the receptor is supposed to, consequently, bring it inside the cell
were it can be dephosphorylated and then brought back. Long term regulation occurs
within hours and days and involves degradation and probably decreased expression of
the receptor [68,69]. Another action is that the phosphorylated receptor can be linked to
arrestin molecules that prevent it from binding (and activating) G proteins, effectively
switching it off for a short period of time [70]. Paradoxically, the 5-HT2A receptor
binding appears to downregulate not only upon chronic agonist stimulation but also
after chronic treatment with antagonists [56].

5-HT system in neurodevelopment
The profound involvement of 5-HT in neurodevelopment supports a role for 5-HT in the
etiology and/or pathophysiology of persistent developmental disorders and other brain
disorders. 5-HT and its associated transporter and receptors are found in rats as early as
day 12 and in humans by week 5 [71,72]. Much of the early expression of 5-HT appears
to be related to its role as a growth factor and regulator of neuronal development [73].
Thus, in addition to functioning as a modulator of neural transmission, 5-HT has critical
effects on neurogenesis, morphogenesis and synaptogenesis in the developing brain
[74]. There is also evidence that SSRI’s could involve developmental mechanisms, thus
in adults, antidepressants promote neurogenesis in hippocampus [75,76]. Together with
the influence of 5-HT in neurodevelopment, the observation of an effect of 5-HTT gene
variants (5-HTTLPR and VNTR-2) on patterns of 5-HTT gene expression in the
developing brain suggests influences on the risk of developing affective diseases
[25,74]. Furthermore, progress in 5-HTT gene research supports that the variability of
functional 5-HTT expression has a relevant function in neurodevelopment. Though,
Lesch et al. (1996) [35] found that individuals with the short allele genotype in the 5-
HTT had higher neuroticism score than individuals homozygous for the long variant.
Likewise, a recent study on mice over expressing 5-HTT exhibits a low-anxiety
phenotype probably secondary to low extracellular 5-HT [77].

5-HT2A receptor and 5-HTT genes
The 5-HT2A gene (HTR2A) spans over 20 kb and contains 3 exons separated by 2
introns. Genes encoding a number of the components involved in 5-HT neural
transmission have been examined as possible contributors to the potentially relevant
behaviors and disorders mentioned. For example, post mortem tissue from depressed
[78] and schizophrenic [79] patients demonstrate altered mRNA expression of this
receptor and meta-analysis associates the c allele of the 102 c/t single nucleotide
polymorphism (SNP) in the HTR2A to schizophrenia [80]. The amino acid changing
SNP 452 His/Tyr is localized in the coupling zone of the c-terminal region in the 5-
HT2A receptor. A meta-analysis found significant association between the allele 452 Tyr
and poor response to clozapine [81]. This suggests that a possible conformational
change can influence the drug target in 5-HT2A receptor.
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The 5-HTT gene (SLC6A4) contains 14 exons and spans over 31 kb. Of special interest
is the observation that at least two major polymorphisms within the SLC6A4 exist
[26,27]. These are variable-number of tandem repeats (VNTR) polymorphism and both
act as transcriptional regulators of the protein. One is positioned in the promoter region
(5-HTTLPR) and is fixed in a short allele and a long allele, where the short allele is
transcriptionally less active and links with vulnerability to affective disorders [25,35,82]
and different clinical effect of selective serotonin reuptake inhibitors [83,84]. The
second VNTR (VNTR-2) is located in the second intron of SCL6A4 and the alleles
most frequently contain 10 and 12 tandem repeats where the 12 copy allele appears to
support the 5-HTT expression distinct from that of the 10 copy allele [85,86]. However,
also nucleotide elements of VNTR sequence may influence the efficiency of the
transcription [85]. Although studies link the VNTR-2 to the number of platelets
serotonin transporters [87], depression [88] and schizophrenia [89], there are disputes
about the potential role of this genetic variant on human behavior [90].

Tourette’s syndrome
Tourette’s syndrome (TS) is a chronic neurological disorder with childhood onset. It is
characterized by tics that wax and wane in severity and an spectrum of behavioral
problems including attention deficit hyperactivity disorder (ADHD) and some forms of
obsessive-compulsive disorder (OCD) [91]. The range of symptoms includes motor and
phonic tics. Tics are defined as sudden repetitive movements, gestures or utterances that
typically occur in bouts and look like aspects of normal behavior. Motor tics vary from
sudden movements such as rapid forceful eye blinking, rapid head jerks and shoulder
shrugs, to more complex or dystonic behaviors such as gestures of the hands, face and
continuous head tilt [92].

Phonic or vocal tics spreads from simple sniffing or throat clearing to more complex
words and phrases. Appreciated are also the sensorimotor phenomena that frequently
accompany tics and obsessive-compulsive behavior. These experiences consist of
premonitory feelings or urges that are relieved with the performance of the tic, and the
patient experiences a momentary “just right” feeling [93]. Previous scientific efforts
have not yet fully established the factors that influence the pathophysiology of TS.
However, the natural history is likely to include gender specific factors, genetic,
undesirable prenatal events, post-infectious autoimmune reactions, post-natal emotional
stress and drug exposures, as well as comorbid medical and psychiatric conditions [94].

Many TS patients suffer from other comorbid psychiatric disorders including depression
and various anxiety disorders [95]. TS was once thought to be a rare condition, the
prevalence of TS is now estimated to be between 1 and 6 cases per 1000 boys, and
milder variants of the syndrome are likely to occur in 1 to 10 percent of the population.
The frequency of TS among adults is reduced by at least 75 % [96].
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Table 2

Year Author N  prevalence (%)

1973 Abuzzahab et al. [97] 173 cases in the USA 53
in the UK

1988 Caine et al. [98] 142636 0.03

1990 Comings et al. [99] 3024 10*

1993 Apter et al. [100] 28037 0.04

1996 Robertson et al. [101] 166 2.9

1996 Costello et al. [102] 4500 0.1

2000 Kadesjo et al. [103] 435 0.15 - 1.0

2001 Hornsey et al. [104] 918 0.76

Epidemiology of Tourette’s syndrome in the last three decades. A diverse range of ascertainment and
evaluations were used, e.g. advertisement in news media, referrals from schools system or parents and
screening system applied in school system of a county. Evaluation was made by self-report questionnaire
and different structured interview by study physicians.

What is more, twin studies indicate that genetic factors are likely to play an important
role in the transmission and expression of TS together with related phenotypes.
Specifically, monozygotic twin pairs are highly concordant for TS (53 %) [105] . In
addition, advances in molecular neurobiology have fostered efforts to examine the
possible role of specific candidate genes in TS. Although numerous candidate genes,
mostly involved in central monoaminergic pathways are investigated, there is limited
evidence to support the role of some of these loci as genetic effects on TS. Having said
that, a recent study shows promising progress in genetic research. The researchers found
an association to a variation in a candidate gene (SLITRK1) which appears to enhance
denditric growth in the wild-type [106].

Table 3

Tourette's syndrome characteristics

Emerge in childhood

Premonitory feelings

Temporary suppressibility

Increase with stress

Decrease with distraction and concentration

Waxing and waning, transient remissions

Boy to girl ration 4:1

No relationships to lifespan

No relationships to psychosis

OCD and ADHD are often comorbid disorders
Probably quite common – 1 % of children

Tourette’s syndrome is a neurological disorder with onset in childhood. It is characterized by the presence
of multiple motor tics and at least one phonetic tic. The table highlights important characteristics of the
disease [96].
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History of Tourette’s syndrome
In 1825 the French neurologist Itard described a noble woman with body tics, barking
sounds and uncontrolled utterances of obscenities. Sixty years later Gilles de la Tourette
includes this woman in the descriptions of nine people. He notes that all nine patients
share the feature of having brief involuntary movements or tics, six made noises, five
were shouting obscenities, five repeated the words of others and two mimicked other
people's gestures. Until the early 1960’s, the disease was believed to be psychogenic,
then the beneficial effects of antipsychotic drugs which antagonize the dopamine system
were recognized and therefore refocused the etiology of the disease to a primarily
organic disease involving a dysfunction of the CNS [96].

Neuroanatomical and neurochemical substrate in Tourette’s
syndrome
There is an extensive body of data that implicates the basal ganglia and related cortical
and thalamic structures in the pathobiology of TS and related disorders. These data
include a modest collection of neuropathological and neurosurgical studies as well as a
fast growing literature based on in vivo neuroimaging techniques [107]. Functionally,
the basal ganglia that contribute to the multiple parallel corticostriato-thalamocortical
(CSTC) circuits serve a variety of sensorimotor, motor, oculomotor, cognitive and
"limbic" processes [108,109]. For example, a functional magnetic resonance imaging
(MRI) study of tic suppression indicates that deficits in reducing basal ganglia
activation or difficulties in activating key prefrontal corticostriatal inhibitory pathways
may be associated with increased tic severity [110].

The monoaminergic (dopaminergic, noradrenergic and serotonergic) projections that
adjust the activity of the CSTC circuits have received large attention in connection with
TS and in related conditions such as OCD and ADHD [91]. Despite their central role in
the functioning of the CSTC circuits, the data concerning its roles remain sporadic
[111]. However, support for the claim that the dopaminergic system is involved includes
clinical trials in which haloperidol and pimozide, which preferentially block
dopaminergic D2 receptors, have been found to be effective in partial suppression of tics
in a majority of TS patients [112,113].

The hypothesis for the involvement of 5-HT in motor activity has been present for some
decades [114,115]. The most compelling evidence relates to the close connection to
OCD and is based mainly on the well-established efficacy of serotonin reuptake
inhibitors in the treatment of OCD [116]. However, these drugs prove to have restricted
effectiveness in suppressing tics [117]. Of particular relevance, a study of 1400
Tourette’s syndrome patients shows decreased plasma levels of the 5-HT precursor
tryptophan [118] and postmortem studies in TS shows that 5-HT and the related
compounds tryptophan and 5-hydroxy-indoleacetic acid (5-HIAA) may be globally
decreased in the basal ganglia and other areas receiving projections from the dorsal
raphe [119]. These findings are consistent with previous observations of significantly
lower levels of CSF 5-HIAA [120], plasma TRP [121] and platelet 5-HT [118] in TS
patients compared to normal controls, but not others [121,122]. Two in vivo studies
investigated the 5-HTT density in drug free TS patients with the [123I]-cit SPECT
tracer. The first found coherence between phonetic tic and reduced availability of 5-
HTT [123]. The other clearly found reduced 5-HTT binding in TS patients [124].
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In particular, the 5-HT2A receptor is likely to be involved in motor control since 5-HT2A

receptor agonist treatment in rodents induces hyperlocomotion [125] and dopamine
release in striatum [126]. Further, motor behavior and hyperlocomotion is attenuated by
5-HT2A receptor antagonism [127,128]. In patients with Tourette’s syndrome,
risperidone, an atypical antipsychotic drug with affinity for the 5-HT2A receptor is an
effective treatment of tics [29] and ziprasidone and olanzapine, also atypical
antipsychotics with high affinity for the 5-HT2A receptor, have also showed promising
treatment effects in case reports [129,130]. In addition, a small open clinical study has
indicated that ketanserin, a compound with mainly 5-HT2A antagonist properties, is
effective for treating tics [131].
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Aims

Taken together, the wide variety of observations showing that 5-HT2A receptors can
modulate cortical GABAergic transmission as well as glutaminergic and dopaminergic
interactions indicates that a fine balance of 5-HT2A receptor activation is required for a
normal neuronal functioning in the cortex [132]. Increasing evidence supports that small
changes in the genotype of 5-HT receptors and 5-HTT can modulate a number of
developmental events. Consequently, these life-long changes in the 5-HT system could
be an important factor in neurological and psychiatric disease since genetic variations in
5-HTT probably contribute to the risk of developing anxiety and mood related disorders
[25,74] and have effect on antidepressants treatment response [133]. Even that our
understanding of the precise response of GPCR signaling is limited, we believe that
measures of the in vivo 5-HT2A receptor constitute an important endophenotype to
understand changes in the serotonergic system in health and disease.

Here, this thesis investigates the in vivo human brain distribution of radiolabeled
altanserin binding to the 5-HT2A receptor with PET in a population of healthy controls
and patients with Tourette’s syndrome.

The specific aims were:

i. To test the reproducibility of relevant outcome measures for 5-HT2A receptor
binding based on the bolus infusion design with [18F]altanserin–PET. Here we
evaluate the test-retest variability in six healthy subjects where regions of
interest (ROI’s) were automatically delineated and subsequently partial volume
corrected. In addition, we also investigate the reproducibility of the
accompanying values for non-specific binding, metabolite profile and plasma
free radiotracer fraction (f1).

ii. To calculate the required sample sizes to be used in clinically PET investigations
to ensure enough power in future [18F]altanserin PET bolus infusion research
studies. A sample of 84 volunteers and adherent explaining variables constituted
the basis for these power analyses.

iii. To test if genetic variations in the 5-HT2A receptor and 5-HTT influence
[18F]altanserin binding to the 5-HT2A receptor. We investigate the role of three
single nucleotide substitutions in the 5-HT2A receptor gene (-1438 a/g, 102 c/t
and 452 His/Tyr) and two variable number of tandem repeats in the 5-HTT gene
(5-HTTLPR and VNTR-2).

iv. To evaluate the 5-HT2A receptor in Tourette’s syndrome patients and healthy
controls. Twenty patients with Tourette’s syndrome and age- and gender-
matched healthy control subjects were scanned to investigate regions to be
particularly involved in Tourette’s syndrome.
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Material and methods

Positron emission tomography

Principle
PET is a non-invasive technique to study the distribution of tracer molecules labeled
with positron emitting isotopes in the body and brain. The data obtained by detection of
tracer molecules is used to reconstruct images describing the distribution of the tracer in
the body and brain.

Figure 3

+

511 keV

511 keV

Detector ring

Physical principles of PET. The emitted positron (+) from the radiotracer travels a short distance before
annihilating with an electron (e-). The annihilating process forms two -photons (511 keV each) which
spread in nearly opposite directions. These two are detected with a pair of opposed -ray detectors. Here
displayed as a detector ring. To ensure that the detected -rays originate from the same annihilation only
those signals are accepted which are detected within a short timing window. This technique is called
coincidence detection.

At the time of radioactive decay, the positron has a relatively high energy as it travels
through the brain tissue, Here, it interacts with electrons along the way, loses energy
with each interaction before it annihilate. The degree of non-collinearity and the
positron range sets the lower spatial resolution to about 3 mm. The systems used for
detection of annihilation radiation are based on scintillation detectors such as bismuth
germanate crystals coupled by a coincidence detection circuit. The accuracy of the
image data are largely determined by sensitivity and spatial resolution of the PET
camera.
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Partial volume effect
The limited spatial resolution of PET influences quantitative PET measurements
because many gray matter structures are small. The general thickness of cortical layers
is between 3–-5 mm. There is a cross-talk between gray matter, white matter and
cerebrospinal fluid which influences the true measures of the tracer binding to the
receptor. The direct consequence is that activities from surrounding compartments
contribute to the signal measured in a region of interest (ROI), i.e. activity in a region is
contaminated by activity from a neighboring region or from activity within a region
(spill-over effect; partial volume effect (PVE)). These phenomena distort accurate
quantification of radiotracer binding. Hence, several approaches have been evaluated for
PVE correction to optimize the specificity of the quantitative measures in PET research
[134].

PET imaging 5-HT2A receptors in the brain
We refer to the Tourette’s syndrome paper manuscript for detailed information of the
PET method (appendices).

[18F]altanserin is one of the most selective 5-HT2A antagonists radiotracer and it has
good reproducibility [41]. Radiolabeled metabolites from the tracer are found in plasma
and cross the BBB and contribute to the total amount of radioactivity, but do not bind to
5-HT receptors [135]. Steady state conditions can be achieved within two hours by
bolus infusion paradigm [40]. Two previous studies have demonstrated good agreement
between [18F]altanserin-PET and the distribution of 5-HT2A receptors in human brain as
determined by autoradiography [136] and decrease of [18F]altanserin binding to the 5-
HT2A receptor when intervened with the 5-HT2A receptor antagonist ketanserin [40].
These results confirm the high specificity of the radiotracer.

PET data acquisition and image analysis procedures have been described in detail
previously [40,137,138]. In short, [18F]altanserin is administrated as a combination of a
bolus injection and a continuous infusion (ratio 1.75 hrs) to obtain tracer steady state in
blood and tissue. Subjects receive a maximum dose of 3.7 MBq/kg bodyweight
[18F]altanserin. PET-scans are performed with an eighteen-ring GE-Advance scanner
(General Electric, Milwaukee, Wisconsin, USA). MRI images is co-registered using a
Matlab-based (Mathworks Inc., Natick, MA, USA) interactive program which is based
on visual identification of the transformation [137]. MRI’s is segmented into gray
matter, white matter and cerebrospinal fluid tissue classes using overlay of prior
probability images (SPM2). A total of 35 regions of interest (ROI’s) is automatically
delineated on MRI slices and transferred to PET images using the identified rigid body
transformation [138]. PET images are PVE corrected using the segmented MRI. A
three-compartment model based on gray matter, white matter and cerebrospinal fluid
tissue is used [139,140]. The white matter value is extracted as the average voxel value
from a white matter ROI (midbrain) in the uncorrected PET image.

Visual inspection of the time-activity curves is done to assure constant blood and tissue
levels. The binding potential (BP1) is calculated for cortical, limbic and subcortical
ROI’s. In a PET study it is not possible to measure the radiotracers affinity (Kd) and the
concentration of receptor (Bmax) directly. However, the volume of distribution (Vd) and
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binding potential (BP) are highly related. Vd is defined as the ratio of radiotracer
concentration in tissue (cROI and ccerebellum) and plasma (cplasma) at true equilibrium.

Vd(ROI) = cROI/cplasma

Vd(NS) = ccerebellum/cplasma

BP1 = [Vd(ROI) – Vd(NS)]

Where Vd(ROI) and Vd(NS) is volume of distribution of specific binding and non specific
binding, respectively. 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 reflect differences in Bmax.

Paper I: Reproducibility and sample size estimations of 5-HT2A
receptor measurements with [18F]altanserin PET bolus plus
infusion approach

To investigate the reproducibility of the method, we investigated six healthy Caucasian
men (aged between 33 and 67 years) twice. Each person was MRI scanned once and
PET scanned twice at an interval of two to fourteen days. In addition, to generate means
and standard deviations of regional binding potentials for power calculations and
sample size estimations, data from a large group of healthy controls (N = 84, 51 men,
aged 18-74 years) were also included. This sample also included the first set of PET-
images from the six subjects investigated in the test-retest study. Data on a part of this
group (N = 52) have previously been reported by Adams et al. (2004) [141]. None of the
subjects had a history of neurological or psychiatric disease and they all had a normal
neurological examination on the day of PET-scanning. All subjects completed the
Danish version of the 240 item NEO-PI-R self-report personality questionnaire on the
same day as the PET scanning [142,143]. The volunteers were genotyped for the two
length polymorphisms in the 5-HTT as described in detail in the next section.

Reproducibility
To examine the reproducibility of the prime outcome parameter, BP1 and its
components (non-specific binding, plasma concentrations, parent compound, and also
f1) differences were calculated as variability = absolute(test – retest) / ((test +
retest)*0.5). To estimate the correlation between repeated measurements in the same
subject, we calculated the intraclass correlation coefficient (ICC). ICC = (MSBetween -
MSwithin) / (MSBetween + (m-1)*MSwithin) (statistical software package, SPSS) where m is
the number of observations per subject, MSBetween is the mean sum of squares between
subjects and MSwithin is the mean sum of squares within subjects. The variance of
components was estimated from one-way analysis of variance.
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Sample size estimation
Sample size estimates were calculated from ROI’s mean and SD values of BP1 and were
based on the sample size required to detect a difference of 20 percent between two
independent groups and a paired design with a significance level () of 0.05 and a
power () of 0.8 (SAS statistical software package SAS 9.0; SAS Institute Inc., Cary,
NC, USA). The age effect on [18F]altanserin binding was taken into account by using
the SD of the residuals from a simple regression model: residual = BP1 – ( age * slope +
intercept), where slope and intercept was calculated from the sample of 84 subjects. The
same procedure was used when adjusting for age, neuroticism and genetic covariates in
same model; although a multiple regression model was used to generate the residuals.
The describe analyses were execute on both PVE corrected data and not PVE corrected
data.

Paper II: A serotonin transporter polymorphisms influences in
vivo 5-HT2A binding in the human brain
To investigate the influence of polymorphisms on the [18F]altanserin binding in the
brain, we examined 96 healthy individuals (36 women and 60 men) recruited via
newspaper advertising. The median age was 42 years, age range was 18 to 80 years. All
participants were screened and had no history of neurological or psychiatric disease.
Likewise, they had no alcohol or substance history. On the day of PET scanning, they
underwent a physical examination by a trained physician. All subjects completed the
Danish version of the 240 item NEO-PI-R self-report personality questionnaire on the
same day as the PET scanning [142,143].

Genotyping procedures
A literature search localized three regions with SNP’s in the 5-HT2A receptor gene
(HTR2A; 13q14-q14.3) [144-146] and two VNTR’s in the 5-HTT gene (SLC6A4;
17q11.1-q12) [35,147].

Genomic DNA was extracted from full blood and buffy coat lymphocytes using a
purification set from Qiagen Incorporate (www.qiagen.com). The HTR2A -1438 a/g
promoter polymorphism was identified by using the PCR protocol described by
Masellis et al. (1998) [148]. In short, PCR amplification of a 200 base pairs (bp)
fragment was generated by forward primer 5’-CTA GCC ACC CTG AGC CTA TG-3’
and reverse primer 5’-ATG GCC TTT TGT GCA GAT TC-3’ and followed by
restriction enzyme digestion with MspI for 4 h. PCR fragment were separated on a 2 %
agarose gel (SeaKem GTG Agarose, www.cambrex.com). An a at position -1438 lead
to an uncut fragment of 200 bp and a g at position -1438 lead to two fragments of length
121 bp and 79 bp.

The HTR2A 102 t/c polymorphism was identified using a PCR protocol described by
Quist et al. (2000) [149]. In short, PCR amplification of a 242 bp fragment was
generated by forward primer 5’-TCT GCT ACA AGT TCT GGC TT-3’ and reverse
primer 5’-CTG CAG CTT TTT CTC TAG GG-3’ and followed by restriction enzyme
digestion with MspI overnight. PCR fragment were separated on a 2 % agarose gel
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(SeaKem GTG Agarose, www.cambrex.com). A t at position 102 lead to an uncut
fragment of 342 base pairs and a c at position 102 lead to two fragments of length 216
bp and 132 bp.

The 5-HT2A receptor 452 His/Tyr polymorphism was identified using a PCR protocol
described by Quist et al. (2000) [149]. In short, PCR amplification of a 155 bp fragment
was generated by forward primer 5’-TGA TCG TTG GTT CCA CTA GAC TT-3’ and
reverse primer 5’-ATA CCG GCT TTG GGC CTA CA-3’ and followed by restriction
enzyme digestion with BsmI for 4 hours. PCR fragment were separated on a 2 %
agarose gel (SeaKem GTG Agarose, www.cambrex.com).The presence of the common
His allele yielded two fragments of 95 bp and 60 bp while the Tyr allele produced one
fragment of 155 bp.

The polymorphic VNTR (5-HTTLPR) upstream of the coding region of the 5-HTT gene
was identified as described by Mellerup et al. (2001) [87]. In short, PCR amplification
of a DNA fragment containing the polymorphic region was generated from the forward
primer 5’-GGC GTT GCC GCT CTG AAT TGC-3’ and reverse primer 5’-GAG GGA
CTG AGC TGG ACA ACC AC-3’ and followed by separation on a 2 % agarose
(SeaKem GTG Agarose, www.cambrex.com). The presence of the short allele
containing 6 copies of the tandem repeat yielded a fragment of 484 bp. The long allele
containing 8 tandem repeats produced a fragment of 528 bp.

The VNTR element in intron 2 (VNTR-2) was identified using a PCR protocol
described by Mellerup et al. (2001) [87]. In short, PCR amplification of a DNA
fragment containing the polymorphic region was generated by forward primer 5’-TGT
TCC TAG TCT TAC GCC AGT G-3’ and reverse primer 5’-GTC AGT ATC ACA
GGC TGC GAG-3’ followed by separation on a 3 % agarose gel (NuSieve GTG
Agarose, www.cambrex.com) yielded identification of 9, 10 and 12 copies of the
tandem repeats.

Subjects were dichotomized as 5-HTTLPR (s/s + s/l vs. l/l) and VNTR-2 (10/10 + 10/12
vs. 12/12) consistent with previous studies demonstrating lower transcriptional
efficiency of the promoter in short form (s) [150] and indications of 10 copies of
VNTR-2 has lower expression than 12 copies [85,86,151]. The polymorphism in the
HTR2A gene were not dichotomized (102 t/c: t/t, t/c, c/c; 452 His/Tyr: His/His, His/Tyr,
Tyr/Tyr and -1438 a/g: a/a, a/g, g/g).

We applied multivariate repeated measures ANOVA (SAS statistical software package
SAS 9.0; SAS Institute Inc., Cary, NC, USA) to analyze the effect of the
polymorphisms in the HTR2A and SLC6A4 on 5-HT2A receptor binding with
[18F]altanserin. Within-subject factors were 16 brain regions. Between-subject factor
were genotype, age, and neuroticism.
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Paper III: Cerebral 5-HT2A receptor binding is increased in
patients with Tourette’s syndrome
Patients with a diagnosis of Tourette’s syndrome (eight women and 12 men) were
recruited from the Tourette’s Syndrome Clinic at the Copenhagen University Hospital.
Median age was 26 years; the age range was 17 to 49 years. The diagnosis was
established by an experienced neurologist, based on Diagnostic and Statistical Manual
of Mental Disorder, 4th edition. Only patients with clearly visible tics and Tourette’s
syndrome 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. All subjects completed the
Danish version of the 240 item NEO-PI-R self-report personality questionnaire on the
same day as the PET scanning [142,143]. Further, all subjects were genotype for the
two 5-HTT length polymorphism described in the previous section.

Study of Tourette’s syndrome patients
A general linear model was used to analyze difference in binding potential between
Tourette’s syndrome patients and healthy volunteers to ensure adjustment for the 5-
HT2A receptor decline with increasing age and a possible effect of neuroticism. In this
model, were brain-region dependent variables and condition (Tourette’s syndrome vs.
healthy controls) age, and neuroticism independent variables (SAS statistical software
package SAS 9.0; SAS Institute Inc., Cary, NC, USA). In addition, we performed a test
for a general difference of BP1 between controls and patients. Regional means were
averaged across subjects for each condition and we used PROC GLM 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 (100000 random group allocations) to evaluate the test statistic for
condition [152].
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Results and discussion

Reproducibility of 5-HT2A receptor measurements with
[18F]altanserin PET bolus plus infusion approach
The spatial resolution and statistical reliability in PET is expectedly lower than
measurements from brain tissue samples and besides, in vitro and in vivo binding data
most often differ. Therefore, binding parameters obtained from postmortem human
brain studies may not be directly comparable to in human in vivo imaging data.
Knowledge of the intraindividual variability as determined by repeated PET
measurements would be useful for the validity and design of current and future PET-
studies. A measure may be reliable but not valid, but it cannot be valid without being
reliable. In paper I, we evaluate the binding potential (BP1) in brain regions with PET-
[18F]altanserin by scanning the same person twice with an interval of 2 to 14 days.
Between-subject variability and ICC is used to measure test-retest reliability. ICC may
be conceptualized as the ratio of between-groups variance to total variance. With a
small sample size (<15), ICC is preferred over Pearson's correlation coefficient.

We found that reproducibility of [18F]altanserin binding in six males supports the
feasibility of the [18F]altanserin bolus plus infusion approach for determination of 5-
HT2A receptor binding in humans. In contrast to previous studies addressing the same
aim, this investigation implicates automatic region of interest delineation and partial
volume correction together with analyses of single regions in one hemisphere. In
regions with high tracer binding the outcome parameter (BP1) showed high
reproducibility. ICC’s were in the range of 0.67 to 0.93 where maximum is 1.0 and the
variability between test and retest was 5 % to 12 %. In regions with low receptor
density, BP1 reproducibility was lower. The results are highlighted in Table 4.

In general, the variability found in cortical regions is slightly lower than those reported
in a [18F]altanserin test-retest by Smith et al. [41]. They assessed the distribution volume
by a four-compartment model and the Logan graphical method. In contrast to our study,
they did not execute PVE correction, which we found to reduce the total variability in a
big population of healthy volunteers (see next section). Their choice of regions was
large pooled cortical regions covering both hemispheres, which on the other hand
should reduce the variability between test and retest.

In conclusion, the current study supports the feasibility of the [18F]altanserin bolus plus
infusion approach combined with a user independent delineation of regions of interest
and PVE correction for determination of 5-HT2A receptor binding in humans.
Obviously, the low receptor density regions were very sensitive to differences in
coregistration, segmentation, and automatic delineation and PVE correction. In these
regions, there are too little signal and too much noise and the gray matter structures
have only an extent of few millimeters in each slice.



30 Steven Haugbøl

29

Sample size estimation of 5-HT2A receptor measurements with
[18F]altanserin PET bolus plus infusion approach

How many subjects should be included in a PET study to reach a valid conclusion? This
is a question frequently asked by clinical investigators. By performing sample size
estimation, we estimate how many persons are needed in the PET design to optimize
precision to provide reliable answers. Without these calculations, the sample size may
be too high or low. The power () is defined as the probability of detecting a true effect.
Alpha () is the probability of detecting a false effect.

The sample size issue is particularly important if a study demonstrates no statistically
significant difference, because the first interpretation is that the results of the statistical
test are correct and that there truly is no statistically significant difference. The second
interpretation is that the results of the statistical test are erroneous and that there is an
underlying difference, but the study is not powerful enough (sensitive enough) to detect
it and therefore yielding a false-negative result. In statistical terminology, a false-
negative result is known as a type II error. An adequate sample size gives a statistical
test enough power so the first interpretation is much more plausible than the second
interpretation.

It is our impression that many published clinical PET studies possess low statistical
power owing to inadequate sample size. An appropriate sample size generally depends
on five study parameters: minimum expected difference (miredif), estimated or
calculated measurement variability, desired statistical power, significance criterion and
whether the analysis is one-tailed or two-tailed. In this study, we set the minimum
expected difference at 20 %. The setting of this parameter is only a guideline. If miredif
is smaller, the sample size needed to detect statistical significance increases. The
estimated measurement variability was determined on the basis of 84 PET scanned
healthy subjects and adjusted for age, and analyses were done before and after PVE
correction. As statistical variability increases, the sample size needed to detect the
minimum difference also increases. A high power is always desirable, but there is an
obvious trade-off between the number of individuals it is feasible to study and the
amount of time and resources available. The power and significance values were set to
0.8 and 0.05, which are commonly used parameters.

When adjusting for the genotypes of VNTR’s in 5-HTT gene (paper II) and neuroticsm
[142], we succeed in decreasing the estimated sample size further (Table 4). The sample
sizes for paired design were, as expected, much lower. We did not find any gender
effect on [18F]altanserin binding (F=1.91, P=0.17). Genotypes of polymorphism in the
5-HTT and neuroticism are newly discovered covariates to the [18F]altanserin binding
and are not published in paper I.

Table 4 shows that controlling for parameters that influence binding gives a more
sensitive method. In conclusion, there is a decline in sample sizes after PVE correction
in cortical regions of an average of 86 %. This implies that technical aspects of PET are
important to master to gain effect of the method capability. Furthermore, by adjusting
for genotype and neuroticism further reduces the sample size an average of 12 %.
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Table 4

Variabilty (%)
Region Median PVE Non PVE PVE

Data (left hemiphere) Median mean SD Median Mean SD (95% CI) ICC ICC Mean SD N a N b N c Mean SD N

Cp 3.90 4.09 0.58 4.01 4.14 0.50 7 (4 - 10) 0.79 3.12 1.06 3.12 1.06
alt_frac 52.44 52.51 8.71 53.12 53.37 5.43 9 (4 - 14) 0.71 51.85 7.71 51.85 7.71

f1 0.32 0.34 0.10 0.33 0.33 0.08 25 (18 - 32) 0.57 0.42 0.22 0.42 0.22
Cp_cor 2.11 2.15 0.50 2.29 2.21 0.33 11 (5 - 17) 0.80 1.66 0.62 1.66 0.62

Vd cerebellum 2.06 2.09 0.69 2.10 2.14 0.61 12 (5- 17 ) 0.92 0.90 2.11 0.66 1.76 0.59

BP1 High density regions
orbitofrontal c. 2.12 2.11 0.37 2.19 2.16 0.39 7 (5 - 9) 0.91 0.90 2.32 0.60 28 16 23 1.30 0.44 46
med. inf. frontal c. 3.08 2.85 0.70 2.73 2.72 0.56 5 (0 - 10) 0.90 0.93 2.93 0.71 24 14 22 1.31 0.42 42
sup. frontal c. 2.94 2.85 0.66 2.68 2.81 0.60 6 (2 - 10) 0.92 0.94 2.94 0.71 24 14 22 1.22 0.39 43
ant. cingulate 2.28 0.62 0.62 2.00 1.93 0.54 12 (2 -21) 0.79 0.86 2.12 0.58 30 17 28 1.39 0.46 54
post. cingulate 2.20 2.19 0.42 2.30 2.22 0.34 6 (2 - 10) 0.90 0.94 2.36 0.60 27 15 22 1.50 0.46 38
insula 1.95 1.93 0.50 1.83 1.82 0.44 6 (0 - 12) 0.89 0.93 1.92 0.51 28 16 25 1.43 0.46 44
med. inf. temporal c. 2.31 2.20 2.20 2.20 2.15 0.49 9 (0 - 21) 0.67 0.78 2.43 0.61 27 15 24 1.41 0.45 42
sup. temp c. 2.43 2.35 0.56 2.45 2.36 0.49 5 (0 - 11) 0.89 0.94 2.56 0.66 28 16 24 1.43 0.46 41
sens. motor c. 3.03 2.77 0.62 2.93 2.80 0.64 6 (2 - 10) 0.93 0.94 2.72 0.70 27 15 24 0.96 0.35 55
parietal 3.26 3.02 0.65 2.96 3.03 0.62 6 (1 - 11) 0.91 0.93 3.18 0.76 24 14 20 1.27 0.44 50
occipital c. 3.01 2.74 0.66 2.88 2.74 0.61 5 (0 - 10) 0.93 0.93 2.85 0.72 26 15 23 1.34 0.43 41

Low density regions
entorhinal c. 0.97 0.88 0.31 0.75 0.72 0.37 39 0 - 80) 0.02 0.73 0.91 0.44 86 45 82 0.36 0.31 309
hippocampus 0.51 0.46 0.14 0.51 0.47 0.23 27 (0 - 60) 0.38 0.51 0.51 0.24 92 48 85 0.45 0.24 111
thalamus 0.81 0.24 0.24 0.79 0.74 0.11 11 (0 - 22) 0.44 0.40 0.66 0.25 60 17 60 0.31 0.18 143
caudate 0.89 0.89 0.28 0.69 0.80 0.20 17 (0 - 34) 0.38 0.56 0.68 0.30 74 39 60 0.22 0.18 205
putamen 0.83 0.85 0.19 0.80 0.81 0.06 17 (7 - 27) 0.14 0.10 0.73 0.27 52 28 45 0.54 0.20 64
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Variabilities, intraclass correlations and estimations of sample sizes.
Parametric measures of volume of distribution (Vd) of cerebellum and regional binding potentials (BP1)
together with variability between test and retest and the intraclass correlation (ICC). For each region,
estimated sample sizes are shown to detect changes with sufficient power between two independent
groups and in paired design. Abbreviations: PVE = partial volume estimation, Cp = plasma concentration
(non corrected), alt_frac = [18F]altanserin fraction, f1 = free fraction of [18F]altanserin, Cp_cor =
metabolite corrected plasma concentration, cb = cerebellum. Further, data from 84 subjects (adjusted for
age) were used for calculation of distribution and expected sample size to detect regional changes
between two independent groups (Na) and in paired design (Nb). Data Nc were adjusted for age,
neuroticism, 5-HTTLPR and VNTR-2 (VNTR in second intron of 5-HTT).

As for the reproducibility study, sample size estimations show the same pattern, e.g. that
cortical and limbic regions show reasonable sample size to ensure enough power,
whereas the smaller regions with low density need a big sample size. The results
reported were conducted with a fixed power (0.8) and a minimum expected difference
set at 20 %. As a consequence of increased power and minimum expected power set at,
for example, 10 percent, the sample size will increase. Thus, altanserin-PET is less
suitable to detect subtle differences in low-density regions, because this would require
prohibitively large samples. However, a paired (intervention) design will probably have
a higher value because of the lower individual variability.

Besides, an adjustment for the variability induced by age, neuroticism scores, and
polymorphism gain more homogenous results. From a methodological view future
studies will benefit from these results by selection of the sample and stratifying for these
effects. The results support feasibility of the [18F]altanserin bolus plus infusion approach
for determination of 5-HT2A receptor binding in humans when looking at cortical and
limbic regions.
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Polymorphism and influence on 5-HT2A receptor binding
Results from the genotyping of the healthy Caucasian humans are presented in Table 5.
Genotype frequencies of HTR2A (-1438 a/g, 102 t/c and 452 His/Tyr) and SLC6A4
gene polymorphisms (5-HTTLPR and VNTR-2) in the PET group of healthy volunteers
all conformed to the Hardy-Weinberg equilibrium. The SNP site -1438 g/a and 102 t/c
were in perfect disequilibrium so the genotypes were treated as one. The 5-HT2A

receptor SNP at site 102 t/c and 452 His/Tyr showed no significant effect on
[18F]altanserin BP1 values, neither in multivariate repeated measures analysis or single
regional binding comparisons. Consequently, they were excluded in the further analysis
to reduce noise.

Table 5

Polymorphism Genotype Distribution Percentage

102 t/c t/t 14 14.6 0.83
t/c 44 45.8
c/c 38 39.6

452 h/y His/His 81 84.4 0.41
His/Tyr 15 15.6
Tyr/Tyr 0 0.0

5-HTTLPR s/s 19 19.8 0.29
s/l 53 55.2
l/l 24 25.0

VNTR-2 12/12 35 36.5 0.12
10/12 36 37.5
10/10 24 25.0

9/9 0 0.0
9/10 0 0.0
9/12 1 1.0

Hardy-Weinberg
Chi-square (P value)

Group characteristics and genotype frequencies for 5-HT2A and 5-HTT polymorphisms in the investigated
population of healthy Caucasian volunteers. 102 t/c and 452 His/Tyr are polymorphisms in the 5-HT2A

receptor gene. 5-HTTLPR and VNTR-2 are length polymorphisms in the 5-HTT gene.

Frokjaer et al. (submitted) [142] reports an association between increased [18F]altanserin
binding and increased neuroticism score in healthy volunteers. This personality
dimension was assessed by the questionnaire, NEO-PI-R. Neuroticism score reflects
individuals emotions such as tension, worries, guilt and sadness. In addition, as
described in the previous section, we were able to decrease the variability by adjusting
for the effect of neuroticism. In a regression model where neuroticism score were the
dependent variable and the polymorphisms independent class variables we tested the
group allelic effect of each polymorphism on neuroticism score (mean: 71, range: 34 -
118). Single and multiple regression results did not find any polymorphic effect on
neuroticism score (Table 6).
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Table 6

F value P value

3.46 0.07
0.03 0.85
0.52 0.31
0.15 0.70

Neuroticism score

34 - 113

Independent variableDependent variable

VNTR-2

5-HTTLPR

102 t /c
452 His/Tyr

Polymorphism

The single effect of each polymorphism on neuroticism score in 96 healthy individuals tested in a simple
regression model. Inclusion of all independent variables in a multiple regression model did not explain
the variation in neuroticism score either.

Multivariate repeated measures ANOVA of the group allelic effect of VNTR-2 on 5-
HT2A receptor binding were significant, F = 4.18, P = 0.04, both when adjusting for age
and neuroticism (Table 7 and 8). We did not find any allelic effect of 5-HTTLPR on 5-
HT2A receptor binding, but adding the 5-HTTLPR as a covariate to the model the allelic
effect of VNTR-2 got more significant (Table 9 and 10). Including neuroticism score to
the model did only, however, influence the result to a minor extent. In general, BP1

values of VNTR-2 10/10 and 10/12 were universally lower in all tested brain regions
than subjects carrying 12/12 (Fig. 4).

Table 7

Within subjects factor Between subjects factor F value P value

8.37 0.005
4.15 0.04

Age

VNTR-2

Brainregions

Multivariate repeated measures ANOVA. Effect of covariates on 5-HT2A receptor binding with
[18F]altanserin. Within-subject factors were 16 brain regions (Fig. 4). Between-subject factor were
VNTR-2 in the 5-HTT gene and age.

Table 8

Within subjects factor Between subjects factor F value P value

4.17 0.04
4.39 0.04
4.39 0.04

Age

VNTR-2

Brainregions

Neuroticism

Multivariate repeated measures ANOVA. Effect of covariates on 5-HT2A receptor binding with
[18F]altanserin. Within-subject factors were 16 brain regions (Fig. 4). Between-subject factors were
VNTR-2 in the 5-HTT gene and age and neuroticism.
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Table 9

Within subjects factor Between subjects factor F value P value

9.86 0.002
6.00 0.02
2.95 0.09

Age

VNTR-2

Brainregions

5-HTTLPR

Multivariate repeated measures ANOVA. Effect of covariates on 5-HT2A receptor binding with
[18F]altanserin. Within-subject factors were 16 brain regions (Fig. 4). . Between-subject factor were
VNTR-2 and 5-HTTLPR in the 5-HTT gene and age.

Table 10

Within subjects factor Between subjects factor F value P value

5.14 0.03
4.63 0.03
6.23 0.01
2.83 0.10

Age

VNTR-2

Brainregions

5-HTTLPR

Neuroticism

Multivariate repeated measures ANOVA. Effect of covariates on 5-HT2A receptor binding with
[18F]altanserin. Within-subject factors were 16 brain regions (Fig. 4). Between-subject factor were
VNTR-2 and 5-HTTLPR in the 5-HTT gene and age and neuroticism.

Figure 4

Least Mean Squares of [18F]Altanserin binding
in healthy volunteers grouped by genotype of

VNTR-2
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Effect of serotonin transporter VNTR-2 genotype on in vivo 5-HT2A receptor binding in healthy
volunteers. A general linear model with regional 5-HT2A receptor binding in brain regions as dependent
variables and VNTR-2 polymorphism in the 5-HTT gene and age as independent variables was used. The
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VNTR-2 polymorphism is dichotomized: 10/10 + 10/12 (left points) vs. 12/12 (right points). The figure
displays adjusted regional 5-HT2A binding means for the two groups. * (P<0.05) indicates significant
group difference after post hoc t test.

Here we observe that a group allelic effect of VNTR-2 reduces 5-HT2A receptor binding
in 10/10 and 10/12 individuals compared to 5-HT2A receptor binding in 12/12
individuals. This effect was strengthened by adding the functional 5-HTTLPR to the
model. These findings provide support for evolutionary mechanisms that affect the
transcriptions to generate polymorph regulatory elements. Thereby, our hypothesis that
differential expression of the 5-HTT in relation to 5-HTTLPR and VNTR-2 underlie
regulation of serotonergic neurotransmission [85,150,153] and, as a consequence, the
regulation of the distinct but functional connected 5-HT2A receptor.

The influence by 5-HTTLPR, further argues that the transcriptional 5-HTTLPR element
act in concert with regulatory elements in the second intron, as suggested in previous
studies [88,154].

The 5-HTT protein works by sodium dependent reuptake of 5-HT into the presynaptic
neuron, but the basis of this activity is poorly understood. We suggest that low
expression of 5-HTT due to the 10 and s allele leads to lifelong increase in endogenous
5-HT tone and desensitization and down-regulating of 5-HT2A receptors. Previous
studies and scientific reviews support that regulations of the 5-HT2A receptor may be a
common mechanism to adjust serotonergic transmission in response to physiological
demands [68,155]. Other in vivo imaging studies support our findings. One study
reports higher 5-HTT availability in the raphe area in healthy volunteers homozygous
for the long insertion l/l [156] which connects to higher transcription activity for the l
allele. Another study shows that carriers of the s allele of 5-HTTLPR reduce 5-HT1A

receptor availability in humans which could be due to desensitization [157].

The neuroticism score did not associate to the functional length polymorphisms in the
SLC6A4 and SNP’s in HTR2A. However, it is our opinion that studied association
between complex behavioral traits and polymorphisms are problematic in small singular
studies. Nonetheless, numerous experimental and human studies links length
polymorphisms in the 5-HTT gene to diseases [89] and behavioral traits [35], and,
further, suggest that these genotypes can predict the risk of developing neuropsychiatric
diseases [25]. However, it must be emphasized that the literature not consistently points
towards an involvement of the SLC6A4 in neuropsychiatric diseases. For example, a
metaanalysis by Schinka et al. (2004) [158] did not provide statistical strength for an
influence of the short/long polymorphism on anxiety. Further, another metaanalysis did
not find associations between the VNTR in intron 2 and affective disorders [159]. Also,
an Australian study [160] did not replicate the findings of Caspi et al. (2003) [25].

Previous PET studies address differences in the density of the 5-HT2A receptor in the
brains of depressive patients [59,161,162] and schizophrenic patients [163], but other
studies, however, do not show any difference in tracer binding in depressed
[60,164,165] and schizophrenic patients [166,167]. Whether the functional length
polymorphisms in our sample are linked to a behavioral state is at the moment
unknown. Power problems and problems with multiple comparisons will probably make
it statistically difficult to tell in a sample of this size.
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As a consequence, we believe that the universal association between functional length
polymorphisms and [18F]altanserin binding is an important congenital personal trait.
This observation corresponds nicely to the findings by Pinborg et al. (submitted) [168]
who nicely address a striking association in [18F]altanserin binding between
monozygotic twins compared to dizygotic twins.

In contrast, we did not find any effect in [18F]altanserin binding of the tested SNP’s in
the 5-HT2A receptor gene (102 t/c and 452 His/Tyr). For 452 His/Tyr a low frequency of
the Tyr allele makes it difficult to establish significant changes in [18F]altanserin
binding. For 102 t/c it is in accordance with a previous study showing no effect on 5-
HT2A mRNA levels in temporal post mortem tissue of normal subjects [169]. However,
another study reports that healthy carriers of the c allele express 20 % lower mRNA
than the t allele [170]. Broadly speaking, there is still no consensus in the literature
since studies in healthy and sick people show inconsistent results assessing differences
between 102 t/c genotypes at mRNA and protein level [78,171-174].

To sum up briefly, we question whether differences in the 102 t/c locus and 452 His/Tyr
locus are associated with direct effects of protein expression or conformational
alterations in the binding pocket of the 5-HT2A receptor protein. However, it is
theoretically possible that our findings will not be relevant to the developmental nervous
system, as we investigated binding in only healthy adult brains, and that different
polymorphisms may only influence the developing brain.

We believe that the observed widespread homogenous allelic effect of the VNTR-2 and
trend effect of 5-HTTLPR refutes the claim that the results are incidental findings. The
post-hoc analysis showed that BP1 was lower by 5-40 % in cortical regions of the
individuals carrying 10 repeat copies of the VNTR. Correspondingly, the largest
difference was observed between individuals holding a short allele in the promoter of 5-
HTT and the 10 repeat VNTR in second intron versus individuals homozygous for the
12 repeat copies in VNTR-2 and long allele in 5-HTTLPR (data not shown). By
comparison, the test-retest variability of this measure was 5-12 % in cortical regions
[175], thus, the observed changes appear to be robust findings.

All together, this is the first PET study that investigates the functional polymorphisms
in the 5-HTT on the distinct but functionally connected 5-HT2A receptor. This will
affect future PET studies of the 5-HT2A receptor because data have to be stratified
according to the involved polymorphism. As shown in Table 4, this maneuver will
reduce the variance and, as a consequence, a smaller sample may generate reliable
answers in research investigations.

Furthermore, the results complement the expanding literature about the regulatory
mechanisms in the 5-HT system with special reference to the 5-HTT and 5-HT2A

receptor. Considering the pivotal role of 5-HT in neurodevelopment and as a modulator
in the nervous system, our results add relevant news about regulation of the 5-HT2A

receptor, genetic influence on the 5-HT system, genetic link to disease and genetic basis
for differential drug response. On the other hand, we are well aware that the complex
traits and behavior dimensions are most likely to be generated by broad interaction
between environmental factors and a number of genes, regulatory proteins and their
products. Though, careful interpretations should be done on behalf of these data.
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PET imaging of Tourette’s syndrome patients

In patients with Tourette’s syndrome [18F]altanserin binding was significantly increased
in the cortical brain regions hypothesized to be involved in the disease (ant. cingulate,
orbitofrontal cortex, and sup. frontal cortex) (Fig. 5). In addition, a post-hoc analysis
identified a global difference between controls and patients with a higher BP1 in
Tourette’s syndrome patients (P = 0.03). A separate analysis of the ten drug free
patients also showed a statistically significant increased 5-HT2A receptor binding as
compared to their age-matched controls. There was no statistically significant difference
in BP1 between Tourette’s syndrome patients with an 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 carried out 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, neither when stratification for drug use
was carried out. Regression analyses associating BP1 with tic severity carried out for the
combined and separate scores for motor and vocal tics, as well as for obsessions and
compulsions did not reveal any significant associations.

Genotypes of polymorphism in the 5-HTT and neuroticism are newly discovered
covariates to the [18F]altanserin binding and are not published in paper III. In terms of
the s allele of 5-HTTLPR and 12 allele of VNTR-2, controls and patients with
Tourette’s syndrome showed allele frequencies that were identical with their respective
controls. It is not reasonable to expect major differences with the limited sample size.
Neuroticism scores were significant different between controls, Mean: 79, SD: 18, and
TS patients, Mean: 100, SD: 18 (students t-test, P = 0.001). However, we did not find
any association between neuroticism scores and [18F]altanserin binding in TS patients in
a multivariate GLM analysis with age as a covariate (F = 0.00, P = 0.95). This variable
was omitted in further analyses. In comparison the age effect was: F = 6.92, P = 0.02,
and included in all analyses.



38 Steven Haugbøl

37

Figure 5

Least square means of [18F]altanserin
binding (BP1) in Tourette's syndrome and

control subjects
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Age adjusted means of [18F]altanserin binding in ROI’s of healthy volunteers and Tourette's syndrome
patients. These regions are average between left and right hemisphere. Results showed a global increase
in 5-HT2A receptor binding in TS patients. Left points are average regional binding in control subjects and
right points are average regional binding in TS patients. *P <0.05 indicates significant group difference.

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 receptor. We
would like to emphasize, however, that both an increased Bmax 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
dopamine) and induce urges or motor tics [45,176]. 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-dimethoxyphenyl)-2-aminopropane), fenfluramine and
psilocybin have been shown to increase synaptic dopamine levels in the brain striatum
[126,177,178]. It has previously been reported that Tourette’s syndrome patients have
decreased D2-receptor binding after challenge with amphetamine which is consistent
with the notion that dopamine levels are increased in these patients[179]. Our data could
suggest that increased striatal dopamine release in Tourette’s syndrome patients is
brought about by over-stimulation of 5-HT2A receptors, but based on our data, we
cannot conclude if the changes in 5-HT2A receptor are primary or secondary to other
alterations. For example, the increase of 5-HT2A receptor binding could be a relevant
compensatory response to Tourette’s syndrome pathophysiology or it could be caused
by a reduction in synaptic 5-HT levels. At present, 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 do not affect the binding of [18F]altanserin [180]. The
reduced 5-HTT binding in Tourette’s syndrome patients reported by Muller-Vahl et al.
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(2005) [124] and Heinz et al. (1998) [123] can be speculated to be associated with
changed 5-HT levels. However, whereas a primary decrease in 5-HT levels is likely to
be associated with a reduction in 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 Tourette’s syndrome patients [119], but it is
unclear whether this is causally related to the presence of tics, and further, results have
been contradictory [122]. To date, there is no clinical evidence that SSRI treatment
improves tic severity [181].
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Conclusions and perspectives

In conclusion, 18F]altanserin PET is a reliable method for in vivo 5-HT2A receptor
binding in the brain, and our data show that the method is sufficiently sensitive for the
examination of the 5-HT2A receptors especially when adjusting for age, VNTR-2 and 5-
HTTLPR, and neuroticism. Even more importantly, PVE correction reduces the sample
sizes considerably. In future [18F]altanserin-PET studies, it is important to adjust for
covariates that influence the binding potential, and perhaps even better, to make sure
that the samples are as homogenous as possible. We believe that one of the reasons for
the often conflicting outcome of clinical PET studies may be caused by insufficient
power – most studies include no more than 10-15 subjects in each group. Our data
underline the importance of carefully addressing the power issue. On the other hand, we
are well aware of the trade off clinicians have to consider in clinical PET between time
and cost. Also, one could argue that the power issue is particularly important to rule out
type II errors, that is, when no differences are identified. We suggest following
promising research projects:

• Conduction of a test-retest [18F]altanserin-PET study spanning over a longer
period will reveal long-term stability of the in vivo measure of 5-HT2A receptor
binding in humans.

• Continuously execute the [18F]altanserin bolus-infusion method on healthy
controls and collect careful and uniform, broad demographic information on the
enrolled subjects. In the future, this could help identifying new covariates like
e.g. body mass index, food preferences, gender, sleeping habits and new
polymorphism. Further, implementation of the present results in previous
published data could disclose new facts and thereby other perspectives of the
serotonergic system.

Polymorphisms in the 5-HT2A receptor gene have been associated with several
neuropsychiatric disorders. In healthy individuals we did not, however, find any
associations between frequent SNP’s in the HTR2A (102 t/c and 452 His/Tyr) and in
vivo brain 5-HT2A receptor binding. By contrast, for the VNTR in the second intron of
the 5-HTT gene and probably also the short and long allele in the promoter of the 5-
HTT gene we found that these functional length polymorphisms were associated with
differences in the 5-HT2A receptor binding in the living human brain. These results
confirm previous studies showing that the differential expression of the 5-HTT affects
the distinct but functional related 5-HT2A receptor. In this area, we would like to suggest
the following promising future research projects:
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• Evaluate the possible interplay between other polymorphisms involving the 5-
HT system and the functional length polymorphisms in the 5-HTT gene on the
in vivo 5-HT2A receptor binding. For example, the brain-derived neurotrophic
factor (BDNF) is supposed to interact with 5-HT during development.

• Search for a role of differential expression of 5-HTT on behavior. This could be
done by carrying out behavioral studies on transgenic mice engineered to
differential expression of 5-HTT according to genotypes.

• The estimated required sample size is lower for paired design. This represents a
reason to focus on intervention studies to evaluate the physiological and
pathophysiological mechanism in the serotonergic neurotransmission. For
example the in vivo relation between long term drug response in relation to
functional polymorphism in the 5-HTT gene.

• Compare [18F]altanserin-PET and [11C]DASB-PET in healthy volunteers to
evaluate the correlations between the 5-HT2A receptor and 5-HTT.

Our findings of increased [18F]altanserin 5-HT2A receptor binding in Tourette’s
syndrome 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. However, it was not possible to demonstrate a correlation between
tics and OCD severity and regional 5-HT2A receptor binding. This analysis was,
however, probably hampered by a narrow variance in tic severity. To this field of
research we suggest following promising future projects:

• Combination of our finding of an increase in 5-HT2A receptor binding and the
previous case-based observation that the 5-HT2A antagonist ketanserin may
ameliorate tics in patients with Tourette’s syndrome [131] suggests that the
effect of 5-HT2A antagonist treatment should be investigated in a clinical trial.

• With the development of the highly specific PET-tracer [11C]DASB for the 5-
HTT [182] and the described reference–tissue method for data analyses [183] it
is highly interesting to investigate the 5-HTT in conjunction with the 5-HT2A

receptor in the same group of Tourette’s syndrome patients. First, this will add
further to the role of 5-HT. Second, in pure TS patients it will eliminate the
obsessive-compulsive component. Third, it will replicate similar studies with the
less specific [123I]-cit SPECT-tracer.
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Abstract
Purpose To determine the reproducibility of measurements
of brain 5-HT2A receptors with an [18F]altanserin PET bolus/
infusion approach. Further, to estimate the sample size
needed to detect regional differences between two groups
and, finally, to evaluate how partial volume correction affects
reproducibility and the required sample size.
Methods For assessment of the variability, six subjects
were investigated with [18F]altanserin PET twice, at an
interval of less than 2 weeks. The sample size required to
detect a 20% difference was estimated from [18F]altanserin
PET studies in 84 healthy subjects. Regions of interest were
automatically delineated on co-registered MR and PET
images.
Results In cortical brain regions with a high density of 5-
HT2A receptors, the outcome parameter (binding potential,
BP1) showed high reproducibility, with a median difference
between the two group measurements of 6% (range 5–
12%), whereas in regions with a low receptor density, BP1

reproducibility was lower, with a median difference of 17%
(range 11–39%). Partial volume correction reduced the
variability in the sample considerably. The sample size
required to detect a 20% difference in brain regions with
high receptor density is approximately 27, whereas for low
receptor binding regions the required sample size is
substantially higher.
Conclusion This study demonstrates that [18F]altanserin
PET with a bolus/infusion design has very low variability,
particularly in larger brain regions with high 5-HT2A

receptor density. Moreover, partial volume correction
considerably reduces the sample size required to detect
regional changes between groups.

Keywords Altanserin . Reliability . Sample size estimation .

Serotonin receptor . Partial volume correction

Introduction

During recent decades, imaging of the serotonergic trans-
mitter system in the living human brain has become
possible by the use of radiolabelled tracers and positron
emission tomography (PET). This has enabled studies to be
conducted in order to elucidate the possible dysfunction of
the serotonergic system in neuropsychiatric disorders.
Whereas early studies of the 5-HT2A receptors involved
the use of less selective 5-HT2A receptor tracers, such as
[18F]setoperone and [11C]N-methyl-spiperone, the more
recently developed 5-HT2A receptor tracer [11C]
MDL100907 [1] and [18F]altanserin [2] yield a specific
signal with a high target-to-background ratio. These two
tracers possess similar binding characteristics [3] but
quantification of [18F]altanserin binding is complicated by
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the systemic production of radiolabelled metabolites that
cross the blood-brain barrier. Several studies have tried to
overcome the metabolite issue by sophisticated kinetic
modelling where the kinetics of the radiolabelled com-
pounds are taken into account [4]. Use of a bolus/infusion
[18F]altanserin protocol does, however, allow for reliable
subtraction of the non-specific binding of radiotracer [5].
Reproducibility of altanserin PET measurements with bolus
administration has previously been evaluated in a test–retest
study [6], but there has been no thorough analysis of the
individual sources of variation (plasma free fraction, non-
specific binding, etc.). Moreover, the investigators used
large hand-drawn regions, some of which covered both
hemispheres and therefore were unsuitable for interpolation
to clinical studies, given that such studies usually address
more specific areas of the brain. In this study we evaluated
the test–retest variability of [18F]altanserin PET measure-
ments with a bolus/infusion design in six healthy subjects
in whom regions of interest (ROIs) were automatically
delineated and subsequently partial volume corrected. In
addition to these analyses, we investigated the reproduc-
ibility of the outcome measure, binding potential (BP1), for
brain 5-HT2A receptors and accompanying values for non-
specific binding, metabolite profile and plasma free
radiotracer fraction (f1). Lastly, a large sample of 84
subjects constituted the basis for conducting a power
analysis to be used in the design of future [18F]altanserin
PET bolus/infusion experiments. We hypothesised that
bolus/infusion administration together with automated
ROI delineation yields a robust and reproducible estimate
of 5-HT2A receptor binding in the human brain. We further
hypothesised that a correction for partial volume estimation
(PVE), by taking into account the various degrees of brain
atrophy across the entire age range, would reduce the
interindividual variability and thereby reduce the required
sample size in clinical PET investigations.

Materials and methods

To investigate the reproducibility of the method, we
investigated six healthy Caucasian men (aged between 33
and 67 years) twice. Each person underwent MRI scanning
once and PET scanning twice at an interval of 2–14 days. In
addition, to generate means and standard deviations of
regional binding potentials for power calculations and
sample size estimations, data from a large group of healthy
controls (n=84, 51 men, age range 18–74 years) were
included. This sample also included the first set of PET
images from the six subjects investigated in the test–retest
study. Data on a part of this group (n=52) have previously
been reported by Adams et al. [7]. None of the subjects had
a history of neurological or psychiatric disease and they all

had a normal neurological examination on the day of PET
scanning. The protocol was approved by the Ethics
Committee of Copenhagen and Frederiksberg [(KF) 02-
058/99 and (KF) 12-142/03]. Written informed consent was
obtained before inclusion.

Magnetic resonance imaging

Magnetic resonance imaging (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 12°, image matrix 256×256, slice
thickness 1.14 mm, in-plane resolution 1.21×1.21 mm).

[18F]altanserin PET imaging

[18F]altanserin PET scanning was conducted as described
by Pinborg et al. [5]. [18F]altanserin was administered as a
combination of a bolus injection and a continuous infusion
(ratio 1.75 h, i.e. the amount of tracergiven for 1.75 h by
constant infusion was equal to that of the bolus) to obtain
tracer steady state in blood and tissue. Subjects received a
max. dose of 3.7 MBq/kg body weight [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,
producing 35 image slices with an interslice distance of
4.25 mm. The technical specifications have been described
elsewhere [8, 9]. Dynamic 3D emission scans (five frames
of 8 min each) started 120 min after administration of [18F]
altanserin. The five dynamic frames were aligned and
resliced using the approach from Woods et al. [10], and
subsequently an average image was generated. For all
subjects, blood was sampled manually at mid PET frame
times and analysed with high-performance liquid chroma-
tography (HPLC) for determination of the activity of the
non-metabolised tracer in plasma (free fraction, f1). Visual
inspection of the time-activity curves was done to assure
constant blood and tissue levels.

Determination of parent compound in plasma

The plasma metabolites of [18F]altanserin were determined
using a modification of previously published procedures
[11–13]. Plasma whole blood samples (13 ml) were
centrifuged for 10 min at 4,700 g. Plasma (0.5 ml) was
counted in a gamma counter (Cobra 5003, Packard Instru-
ments, Meriden, CT, USA) for determination of radioactiv-
ity. 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 pre-activated with methanol (2 ml) and water
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(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 μm), 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 semipreparative HPLC system
[column: Waters μBondapack C18, 7.8×300 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 min,
5.6 min and 7.3 min, respectively.

MRI/PET co-registration

MR images were co-registered using a Matlab-based
(Mathworks Inc., Natick, MA, USA) interactive program
which is based on visual identification of the transformation
[14]. MR images were segmented into grey matter, white
matter and cerebrospinal fluid tissue classes using overlay
of prior probability images (SPM2). A total of 35 regions of
interest (ROIs) were automatically delineated on MRI slices
and transferred to PET images using the identified rigid
body transformation [15]. PET images were PVE corrected
using the segmented MRI. A three-compartment model
based on grey matter, white matter and cerebrospinal fluid
was used [16, 17]. The white matter value was extracted as
the average voxel value from a white matter ROI
(midbrain) in the uncorrected PET image.

The volume of distribution (Vd) and binding potential
(BP1 and BP) were calculated for each ROI on the basis of
the individual mean count density within each ROI
(CROI), the individual cerebellum (Ccerebellum), represent-
ing non-specific binding (NS) [5], and the metabolite-
corrected plasma concentration of [18F]altanserin (Cplasma):

Vd ROIð Þ ¼ CROI

�
Cplasma; Vd NSð Þ ¼ Ccerebellum

�
Cplasma; BP1 ¼

Vd ROIð Þ � Vd NSð Þ
� �

andBP¼ Vd ROIð Þ � Vd NSð Þ
�
f1

� �
where f1

is the free fraction of parent compound in plasma. Data
were analysed for a total of 17 cortical and subcortical
ROIs in the left hemisphere representing both high and low
tracer binding (Table 1).

Reproducibility and sample size estimation

To examine the reproducibility of the prime outcome
parameter, BP1, and its components (non-specific binding,

plasma concentrations, parent compound, and also f1),
differences were calculated as: variability ¼ absolute test�ð
retestÞ= testþ retestð Þ � 0:5ð Þ. To estimate the correlation
between repeated measurements in the same subject,
we calculated the intraclass correlation coefficient (ICC):
ICC ¼ ðMSbetween�MSwithinÞ

�ðMSbetweenþ m�1ð Þ �MSwithinÞ
(statistical software package, SPSS) where m is the
number of observations per subject, MS

between is the
mean sum of squares between subjects and MSwithin is
the mean sum of squares within subjects. The variance of
components was estimated from one-way analysis of
variance.

Sample size estimates were calculated from mean and
SD of BP1 estimated in each ROI and were based on the
sample size required to detect a difference of 20% between
two independent groups with a significance level (α) of
0.05 and a power (β) of 0.8 (Analyst; statistical software
package, SAS). The age effect on [18F]altanserin binding
was taken into account by using the SD of the residuals from
a simple regression model: residual=BP1−( age×slope+
intercept), where slope and intercept were calculated from
the sample of 84 subjects.

Results

Table 1 shows median percent differences and intraclass
correlation resulting from the two examinations. As
expected, there was no significant difference in the f1
(the free fraction of parent compound in plasma) or in the
non-specific binding between the first and the second
examination. In cortical brain regions with a high density
of 5-HT2A receptors, the outcome parameter (BP1) showed
high reproducibility, with a median difference between the
two measurements of 6% (range 5–12%). In regions with
low receptor density, BP1 reproducibility was lower, with
a median difference of 17% (range 11–39%). A high mean
regional BP1 was associated with low mean variability
(R2=0.67). Reproducibility within the test-retest sample
did not differ between PVE-corrected versus non-PVE-
corrected data when observing the cortical regions with a
high density of receptors. The power analysis calculated
from the BP1 mean and standard deviations from the
healthy control sample of 84 subjects (Table 1) showed
that in PVE-corrected regions, a sample size of between
24 and 92 subjects is required to detect a 20% difference
in BP1 between two independent groups, with a power of
0.8 and a significance level of 0.05 in a unilateral brain
region. Interindividual variability was substantially re-
duced by applying partial volume correction of data,
resulting in a reduction in the required sample sizes
(Table 1).
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Discussion

This study demonstrates a high reproducibility of BP1 for 5-
HT2A receptor binding as measured with the [18F]altanserin
PET bolus/infusion approach. The reproducibility obtained
in our bolus/infusion study is generally better than that
previously reported for [18F]altanserin bolus/injection data
[6]. Our analysis of the individual components constituting
BP1 showed that the non-specific binding, as determined
from cerebellar binding, was quite high, whereas the parent
compound fraction measurements, as determined with
HPLC, reproduced only moderately well, possibly because
of day-to-day variations in tracer metabolism. Not surpris-
ingly, because of the low plasma free fraction, the
reproducibility of f1 was relatively low, leading to a large
variability and low intraclass correlations for BP
Vd ROIð Þ � Vd NSð Þ½ �=f1ð Þ for altanserin (these data are not

shown). It is important to emphasise that even though every
effort was made to ensure standardised experimental
conditions, the variability in BP1 may have derived in part
from methodological issues; however, the relative contri-
bution from methodological and biological variability is
difficult to assess.

Whereas some effort has been directed towards the
question of appropriate design of brain activation studies,
much less attention has been given to PET brain neuro-
receptor studies in terms of identifying the number of
subjects that need to be included in order to detect a
statistically significant difference between two groups. In
fact, there is reason to believe that many negative PET
studies actually may have suffered from type II errors
because of lack of power. Unfortunately, only a few other
PET studies have dealt with sample size calculations to test
the feasibility of the method and, furthermore, they are not
directly comparable with our study. For example, Kapur et
al. [18] suggested that for an [18F]setoperone PET study to
detect a difference greater than 25% in a large cortical brain
region with high 5-HT2 binding, between 12 and 15
subjects would be needed. It should, however, be noted
that this calculation was based on larger brain regions in a
limited number of control subjects in the same age group.

In spite of excellent reproducibility of [18F]altanserin
binding in regions with high receptor density, the required
sample size is ultimately determined by the interindividual
variability, the power and the significance level (usually
0.05). In these experiments, the power was set to 0.8, which
ensures a reasonably high detection of departure from the
null hypothesis. It is important to emphasise that in general,
power analyses aim at excluding type II errors. That is,
statistically significant differences identified in smaller
samples may actually be correctly identified. There are
several conditions under which a reduction of the sample
sizes given in Table 1 would be seen. Inclusion of subjects

only within a narrow age range, identification of bilateral
differences in brain regions or other approaches likely to
minimise the interindividual variation would generally
result in a reduction in the sample size. This statement is
also illustrated in Table 1, where it is apparent that the
standard deviation of the mean is generally larger for the 84
subjects than in the smaller sample of six subjects. This is
readily explained by differences between the two groups,
the latter being more homogeneous in terms of gender and
age. If one could identify one or more factors that influence
the interindividual variability, it might be possible to
stratify subjects accordingly. Apart from age, such factors
have, however, not yet been identified for [18F]altanserin
PET studies, though genetic polymorphisms of relevance
for the receptor in question may, for example, constitute
such a factor.

PVE is a correction of the limited resolution of the PET
image resulting in, for example, a significant spillover of
counts from grey matter to cerebrospinal fluid. In our study,
we observed that the PVE correction was associated with a
decrease in the interindividual variability. As expected,
PVE correction led to an increase in BP1 in grey matter
(Table 1). The PVE correction improved the precision in
the BP1 determination as reflected in the much smaller
sample size resulting from PVE correction. That is, the net
outcome of the PVE correction was a decrease in
interindividual variability, most likely because the age-
associated brain atrophy is better accounted for. The PVE
correction did not consistently change reproducibility for
any of the brain regions.

Obviously, the low receptor density regions were very
sensitive to changes like co-registration, segmentation,
automatic delineation and PVE correction. In these regions
there is too little signal and too much noise and the grey
matter structures have only an extent of a few millimetres in
each slice.

In conclusion, the current study supports the feasibility
of the [18F]altanserin bolus/infusion approach combined
with user-independent delineation of ROIs and PVE
correction for determination of 5-HT2A receptor binding
in humans. Because of the considerable interindividual
variability in receptor binding combined with a lower
reproducibility of BP1 in small brain regions with a low
receptor density, a relatively larger sample size is required
in studies addressing changes in these regions.
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Abstract
The 5-HT2A receptor has together with the serotonin transporter a pivotal role in biological psychiatry.
They are implication in several major neuropsychiatric diseases including mood disorders, schizophrenia,
obsessive-compulsive disorder and addiction. However, it is unknown which factors regulates the density
and activity of the receptor. This study test the influence of two single nucleotide polymorphism in the
serotonin 2A receptor gene and two functional polymorphic variable number of tandem repeats in the
serotonin transporter gene on in vivo serotonin 2A receptor binding in brains of 96 healthy volunteers. For
assessment of the binding potential to the 5-HT2A receptor the subjects were investigated with
[18F]altanserin PET using a bolus-infusion protocol. The allelic group effects were analyzed with repeated
measures ANOVA. The single nucleotide polymorphism 102 t/c and 452 His/Tyr did not influence
[18F]altanserin binding to the 5-HT2A receptor. In contrast, the functional length polymorphism in the
second intron of the serotonin transporter gene shows significant effect on the 5-HT2A receptor binding.
This effect was increased by adding the effect of the other functional length polymorphism in the promoter
of the serotonin transporter. The present results agree with the expanding literature showing that
polymorphism in the 5-HTT gene regulate the expression of the 5-HTT. This mechanism is probably an
important factor in neurodevelopment since it has effect on the distant but functional related 5-HT2A

receptor. This observation intersect with previous studies indicating that these functional polymorphism are
associated to personality trait, neuropsychiatric diseases and drug response.

Introduction
The neurotransmitter serotonin (5-HT) plays an important role in mood, anxiety disorders
psychosis, personality. 5-HT is synthesized in raphe nuclei located in the brainstem and it
distributes widely in CNS to target at least seven different classes of serotonin receptors.
The serotonin 2A (5-HT2A) receptor is a G-protein coupled receptor and is of particular
interest in biological psychiatry because it is a target for treatment of various
neuropsychiatric diseases including psychosis, depression, anxiety disorders, and
tourette’s syndrome (Meltzer, 1999; Scahill et al., 2003; Blier and Szabo, 2005), and,
further, it also mediates the action of hallucinogens (Aghajanian and Marek, 1999).
Positron emission tomography (PET) studies show increased 5-HT2A receptor binding in
depression and obsessive-compulsive disease (Zanardi et al., 2001; Adams et al., 2005)
and association between low 5-HT2A binding and harm avoidance in healthy controls
(Moresco et al., 2002). Post mortem tissue from depressed (Turecki et al., 1999) and
schizophrenic (Hernandez and Sokolov, 2000) patients demonstrate altered mRNA
expression of the 5-HT2A receptor. A meta-analysis associates the c allele of the 102 c/t
single nucleotide polymorphism (SNP) in the 5-HT2A gene (HTR2A) to schizophrenia
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(Williams et al., 1996). Furthermore, the amino acid changing SNP 452 His/Tyr in the
coupling zone of the c-terminal region in the HTR2A shows effect on antipsychotic
treatment (Yamanouchi et al., 2003). Moreover, serotonin transporter (5-HTT) knock out
mice have marked decrease in the cortical density of 5-HT2A receptors (Rioux et al.,
1999) which supports that the function of 5-HTT and endogenous serotonin have an
influence on the post synaptic 5-HT2A receptor.

In addition, variable-number of tandem repeat (VNTR) polymorphisms in the 5-
HTT gene acts as transcriptional regulators (Lesch et al., 1996; MacKenzie and Quinn,
1999). The one in the promoter region (5-HTTLPR) has been linked with vulnerability to
affective disorders (Caspi et al., 2003) and different clinical effect of selective serotonin
reuptake inhibitors (Malhotra et al., 2004). The second VNTR (VNTR-2) is located in the
second intron of the 5-HTT gene has in previous studies been linked to a spectrum of
affective disorders (Kunugi et al., 1997; Gutierrez et al., 1998b).

Here we evaluate the role of polymorphisms in HTR2A (-1438 a/g, 102 c/t, and
452 His/Tyr) and 5-HTT gene (5-HTTLPR and VNTR-2) on 5-HT2A receptor binding in
healthy humans. We hypothesize that SNP’s in the HTR2A or sustained differences in
endogenous serotonin levels ascribed to allele variation in 5-HTT gene might change the
availability of 5-HT2A receptors in the brain. To our knowledge to date no in vivo studies
have demonstrated changes of the 5-HT2A expression due to genetic variations.

Material and Methods
Ninety-six healthy individuals (36 women and 60 men) were recruited from newspaper
advertising. Median age was 42 years, range 18 to 80 years. All participants were
screened and had no history of neurological or psychiatric disease. Likewise they had no
alcohol and substance history. On the day of PET scanning they underwent a physical
examination by a trained physician. We obtained written informed consent before
inclusion. The protocol was approved by the Ethics Committee of Copenhagen and
Frederiksberg ((KF) 02-058/99 and (KF) 12-031/02).

A literature search localized three regions with (SNP’s) in the 5-HT2A receptor
gene (HTR2A; 13q14-q14.3) (Arranz et al., 1995; Arranz et al., 1996; Ohara et al., 1998)
and VNTR’s in the 5-HTT gene (SLC6A4; 17q11.1-q12) (Lesch et al., 1996; Ogilvie et
al., 1996).

Genomic DNA was extracted from full blood and buffy coat lymphocytes using a
purification set from Qiagen Incorporate (www.qiagen.com). The HTR2A -1438 a/g
promoter polymorphism was identified by using the PCR protocol described by Masellis
et al. (1998) (Masellis et al., 1998). In short, PCR amplification of a 200 base pairs (bp)
fragment was generated by forward primer 5’-CTA GCC ACC CTG AGC CTA TG-3’
and reverse primer 5’-ATG GCC TTT TGT GCA GAT TC-3’ and followed by restriction
enzyme digestion with MspI for 4 h. PCR fragment were separated on a 2 % agarose gel
(SeaKem GTG Agarose, www.cambrex.com). An a at position -1438 lead to an uncut
fragment of 200 bp and a g at position -1438 lead to two fragments of length 121 bp and
79 bp.

The HTR2A 102 t/c polymorphism was identified using a PCR protocol described
by Quist et al. (2000) (Quist et al., 2000). In short, PCR amplification of a 242 bp
fragment was generated by forward primer 5’-TCT GCT ACA AGT TCT GGC TT-3’
and reverse primer 5’-CTG CAG CTT TTT CTC TAG GG-3’ and followed by restriction
enzyme digestion with MspI overnight. PCR fragment were separated on a 2 % agarose
gel (SeaKem GTG Agarose, www.cambrex.com). A t at position 102 lead to an uncut
fragment of 342 base pairs and a c at position 102 lead to two fragments of length 216 bp
and 132 bp.
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The 5-HT2A receptor 452 His/Tyr polymorphism was identified using a PCR
protocol described by Quist et al. (2000) (Quist et al., 2000). In short, PCR amplification
of a 155 bp fragment was generated by forward primer 5’-TGA TCG TTG GTT CCA
CTA GAC TT-3’ and reverse primer 5’-ATA CCG GCT TTG GGC CTA CA-3’ and
followed by restriction enzyme digestion with BsmI for 4 hours. PCR fragment were
separated on a 2 % agarose gel (SeaKem GTG Agarose, www.cambrex.com).The
presence of the common His allele yielded two fragments of 95 bp and 60 bp while the
Tyr allele produced one fragment of 155 bp.

The polymorphic VNTR (5-HTTLPR) upstream of the coding region of the 5-
HTT gene was identified as described by Mellerup et al. (2001) (Mellerup et al., 2001).
In short, PCR amplification of a DNA fragment containing the polymorphic region was
generated from the forward primer 5’-GGC GTT GCC GCT CTG AAT TGC-3’ and
reverse primer 5’-GAG GGA CTG AGC TGG ACA ACC AC-3’ and followed by
separation on a 2 % agarose (SeaKem GTG Agarose, www.cambrex.com). The presence
of the short allele containing 6 copies of the tandem repeat yielded a fragment of 484 bp.
The long allele containing 8 tandem repeats produced a fragment of 528 bp.

The VNTR element in intron 2 (VNTR-2) was identified using a PCR protocol
described by Mellerup et al. (2001) (Mellerup et al., 2001). In short, PCR amplification
of a DNA fragment containing the polymorphic region was generated by forward primer
5’-TGT TCC TAG TCT TAC GCC AGT G-3’ and reverse primer 5’-GTC AGT ATC
ACA GGC TGC GAG-3’ followed by separation on a 3 % agarose gel (NuSieve GTG
Agarose, www.cambrex.com) yielded identification of 9, 10 and 12 copies of the tandem
repeats.

Subjects were dichotomized as 5-HTTLPR (s/s + s/l vs. l/l) and VNTR-2 (10/10 +
10/12 vs. 12/12) consistent with previous studies demonstrating lower transcriptional
efficiency of the promoter in short form (s) (Heils et al., 1996) and indications of 10
copies of VNTR-2 has lower expression than 12 copies (Lesch et al., 1994; Fiskerstrand
et al., 1999; MacKenzie and Quinn, 1999; Hranilovic et al., 2004). The polymorphism in
the HTR2A gene were not dichotomized (102 t/c: t/t, t/c, c/c; 452 His/Tyr: His/His,
His/Tyr, Tyr/Tyr and -1438 a/g: a/a, a/g, g/g).

We applied multivariate repeated measures ANOVA (SAS statistical software
package SAS 9.0; SAS Institute Inc., Cary, NC, USA) to analyze the effect of the
polymorphisms in the HTR2A and SLC6A4 on 5-HT2A receptor binding with
[18F]altanserin. Within-subject factors were 16 brain regions genotypes. Between-subject
factor were genotype, age, and neuroticism.

PET data acquisition and image analysis procedures have been described in detail
previously (Pinborg et al., 2003; Willendrup et al., 2004; Svarer et al., 2005). In short,
[18F]altanserin was administrated as a combination of a bolus injection and a continuous
infusion (ratio 1.75 hrs) to obtain tracer steady state in blood and tissue. Subjects received
a maximal dose of 3.7 MBq/kg bodyweight [18F]altanserin, with an average dose of 270
MBq. PET-scans were performed with an eighteen-ring GE-Advance scanner (General
Electric, Milwaukee, Wisconsin, USA). Visual inspection of the time-activity curves was
done to assure constant blood and tissue levels. The binding potential (BP1) was
calculated for cortical, limbic and subcortical regions of interest (ROI).

Vd(ROI) = CROI/Cplasma, Vd(NS) = CCerebellum/Cplasma and BP1 = [Vd(ROI) – Vd(NS)].
Where Vd(ROI) and Vd(NS) is volume of distribution of specific binding and non specific
binding. C is concentration of radioligand in tissue (ROI/cerebellum) and plasma.

We applied multivariate repeated measures ANOVA (SAS statistical software
package SAS 9.0; SAS Institute Inc., Cary, NC, USA) to analyze the effect of the
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polymorphisms in the HTR2A and SLC6A4 on 5-HT2A receptor binding. Within subject
factors were 16 brain regions (Fig. 1). Between subject factors were age and genotypes.

Results
Results from the genotyping of the healthy Caucasian humans are presented in Table 5.
Genotype frequencies of HTR2A (-1438 a/g, 102 t/c and 452 His/Tyr) and SLC6A4 gene
polymorphisms (5-HTTLPR and VNTR-2) in the PET group of healthy volunteers all
conformed to the Hardy-Weinberg equilibrium. The SNP site -1438 g/a and 102 t/c were
in perfect disequilibrium so the genotypes were treated as one. The 5-HT2A receptor SNP
at site 102 t/c and 452 His/Tyr showed no significant effect on [18F]altanserin BP1 values,
neither in multivariate repeated measures analysis or single regional binding
comparisons. Consequently, they were excluded in the further analysis to reduce noise.

Table 1

Polymorphism Genotype Distribution Percentage

102 t/c t/t 14 14.6 0.83
t/c 44 45.8
c/c 38 39.6

452 h/y h/h 81 84.4 0.41
h/y 15 15.6
y/y 0 0.0

5-HTTLPR s/s 19 19.8 0.29
s/l 53 55.2
l/l 24 25.0

VNTR-2 12/12 35 36.5 0.12
10/12 36 37.5
10/10 24 25.0
9/9 0 0.0
9/10 0 0.0
9/12 1 1.0

Hardy-Weinberg
Chi-square (P value)

Group characteristics and genotype frequencies for 5-HT2A and 5-HTT polymorphisms in the investigated
population of healthy Caucasian volunteers. 102 t/c and 452 His/Tyr are polymorphisms in the 5-HT2A

receptor gene. 5-HTTLPR and VNTR-2 are length polymorphisms in the 5-HTT gene.

Multivariate repeated measures ANOVA of the group allelic effect of VNTR-2 on 5-
HT2A receptor binding were significant, F = 4.18, P = 0.04, when adjusting for age. By
adding 5-HTTLPR as a covariate to the model the allelic effect of VNTR-2 got more
significant (F = 6.00, P = 0.02). The allelic effect of 5-HTTLPR were not significant (F =
2.95, P = 0.09). In general, BP1 values of VNTR-2 10/10 and 10/12 were universally
lower in all tested brain regions than subjects carrying 12/12 (Fig. 1).
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Figure 1

Least Mean Squares of [18F]Altanserin
binding in healthy volunteers grouped by

genotype of
VNTR-2
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Post hoc analyses. General linear model where mean regional BP1 of [18F]altanserin are dependent
variables and VNTR-2 polymorphism in the 5-HTT gene and age are independent variables. VNTR-2
polymorphism is dichotomized: 10/10 + 10/12 (left points) or 12/12 (right points). *P <0.05 indicates
significant group difference.

Discussion
In this study we observe a group allelic effect of VNTR-2 which reduces 5-HT2A receptor
binding in individuals carrying the 10 allele. These findings provide supports for
evolutionary mechanisms that affect the transcriptions for thereby generating polymorph
regulatory elements. Thereby, it connects to the hypothesis, which inspired this study,
that differential expression of the 5-HTT underlie regulation of serotonergic
neurotransmission (Heils et al., 1996; Fiskerstrand et al., 1999; Lovejoy et al., 2003) and
as a consequence the regulation of the distinct but connected 5-HT2A receptor.

The results were influence by effect from the 5-HTTLPR, which further argues
that the transcriptional promoter element act in concert with the regulatory elements in
second intron, as suggested in previous studies (Gutierrez et al., 1998a; Soeby et al.,
2005). The 5-HTT protein works by sodium dependent reuptake of 5-HT into the
presynapse, but the basis of this activity is poorly understood. Mechanistically, we
imagine that low expression of 5-HTT due to the s and 10 allele leads to lifelong increase
in endogenous 5-HT tone and downregulating of 5-HT2A receptors. Previous studies and
scientific reviews supports that regulations of the 5-HT2A receptor may be a natural
mechanism to adjust serotonergic transmission in response to physiological demands
(Buckholtz et al., 1988; Van Oekelen et al., 2003).

Other in vivo imaging studies ties to this observation. One study reports higher 5-
HTT availability in the raphe area in healthy volunteers homozygous for the long
insertion l/l (Heinz et al., 2000) which connects to higher transcription activity for the l
allele and another study show that carriers of the s allele of 5-HTTLPR reduce 5-HT1A

receptor availability in humans (David et al., 2005).
In contrast, we did not find any effect of the 5-HT2A receptor gene 102 t/c and 452

His/Tyr which for 452 His/Tyr could be due to a low frequency of the Tyr allele.
However for 102 t/c it agrees with findings that the SNP not affecting mRNA levels in
the brain (Bray et al., 2004) but it is in contrast to the c allele being expressed 20% lower
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than the t allele (Polesskaya and Sokolov, 2002). Our results strongly suggest an absence
of polymorph factors in the HTR2A causing variability in transcription activity or
binding potential of the 5-HT2A receptor. As a consequence, our data allow us to
questioning if pathological associations to the 102 t/c locus can be explained by direct
effects of mRNA expression or conformational alterations in the binding pocket of the 5-
HT2A receptor protein. However, it is theoretically possible that our findings may not be
relevant to the developmental nervous system since we investigated binding in only
healthy adult brains, and that pathological changes could only be attributable in the
immature brain.

It is our conviction that the observed widespread homogenous allelic effect of the
5-HTTLPR disadvantages that the results are incidental finding. The post hoc analysis
showed that BP1 was lower by 5-40% in cortical regions. The difference being largest
between individuals with both the s and 10 allele versus individuals homozygote for both
12/12 and l/l allele (data not shown).

As a term of reference, our recent test retest variability of this PET method was 5-
12% in cortical regions (Haugbøl et al., 2006), thus, the observed changes appear to be
robust findings. Moreover, a PET study with 96 subjects is in large scale numerically
compared with other recent neuroimaging studies showing plausible associations.

Taken together, the polymorphic effect on the 5-HT2A receptor binding has
consequences for our understanding of the serotonin system. Congenital 5-HTT
functioning may be critical in the mammalian brain development. since perturbation of
5-HHT levels during neonatal period has shown disrupt in cortical development (Lesch,
2001; Gaspar et al., 2003). Though, reduced 5-HT2A receptor binding could underlie
functional impairment in cortico-striatale-thalomo cortical loops from the neonatal
period. Thereby supporting the hypothesis that that the genetic makeup can predispose to
mental disorders either congenital or under certain life events (Caspi et al., 2003).

In conclusion, these finding suggest that abnormally high cortical 5-HT levels due
to inferior working 5-HTT may underlie a reduced density of the postsynaptic 5-HT2A

receptor. Our findings are to our knowledge the first human study to indicate effects of
genetic variations in the 5-HTT on the functionally related but distinct 5-HT2A receptor.
This result will influence future [18F]altanserin-PET investigations by controlling for
genotype and thereby constrain the interindividual variability. Our results complement
the expanding literature covering link between 5-HTT and behavioral traits, diseases and
pharmacogenetics.
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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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Key words : Altanserin, automatic region delineation, bolus infusion, partial volume correction, PET,

serotonin receptor, tics, Tourette’s syndrome.

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.

2 S. Haugbøl et al.
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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 � B

0
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 PROC GLM 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

5-HT2A receptors in Tourette’s syndrome 3
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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

4 S. Haugbøl et al.
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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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