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ABSTRACT

The serotonin (5-HT) system is of central interest in the patophysiology and treatment of several
psychiatric disorders including depression, anxiety and suicide. In women, functioning of the 5-HT
system is of particular importance since they have been found to suffer more often from 5-HT-
associated disorders compared to men. The aim of the present thesis was to further explore the central
serotonergic system in women by examining 5-HT)  receptors and 5-HTT binding in two psychiatric
disorders, borderline personality disorder (BPD) and premenstrual dysphoric disorder (PMDD), during
different phases of the menstrual cycle and in relation to gender.

In the first study positron emission tomography (PET) and ["'C]WAY 100635 were used to
examine 5-HT receptors in control group of women and in women with PMDD. Two PET
examinations were performed in each subject, one before (follicular phase) and one after ovulation
(luteal phase). The 5-HT 5 binding potential (BP) was measured in six regions of interest and
calculated according to the simplified reference tissue model (SRTM). For the region of dorsal raphe
nuclei, there was a significant difference between the groups in the change of 5-HT 4 receptor binding.
The study provides principally new support in vivo, for a serotonergic dysregulation in women with
PMDD.

In the second study, PET and selective radioligands [''CJWAY 100635 and [''C]MADAM were
used to study differences in 5-HT) 5 receptors and 5-HTT BPs between healthy women and men. The
BPs were estimated both on the level of anatomical regions and voxel wise, derived by the SRTM and
wavelet/Logan plot parametric image techniques respectively. The volume of interest (VOI)-based
analysis revealed higher mean 5-HT,, BP and lower mean 5-HTT BP values in women compared to
men. The parametric analysis of ["'"CIWAY100635 and [''CIMADAM images showed similar results
to those obtained with VOI analysis. In women, a positive correlation between 5-HT s receptor and 5-
HTT BPs for the region of hippocampus was found. Sex differences in 5-HT  receptor and 5-HTT
binding may reflect biological distinctions in the 5-HT system contributing to sex differences in the
prevalence of psychiatric disorders such as depression and anxiety. The result may help understanding
sex differences in drug treatment responses to drugs affecting the 5-HT system.

In the third study, healthy women were investigated in the follicular and luteal phase of the
menstrual cycle with radioligands [''CJWAY 100635 and [''CIMADAM to study 5-HT, and 5-HTT
BPs. The BPs values were quantified using the SRTM. The phases of the menstrual cycle were
characterized by transvaginal ultrasound (TVS) and plasma levels of hormones estradiol (E,),
progesterone (P,), follicle stimulating hormone (FSH) and luteinising hormone (LH). The 5-HT 5
receptor and 5-HTT BPs did not significantly differ between follicular and luteal phases in any of the
investigated regions. There were no significant correlations between hormones E, or P4 and 5-HT o
receptors BP or 5-HTT BP in any of the regions, neither did the change in plasma E, or P, correlate
with the change in 5-HT, 4 BP or 5-HTT BP values in brain regions. The results provide principally
new in vivo evidence on human female biology, suggesting no difference in 5-HT receptors and 5-
HTT binding between the phases of the menstrual cycle in healthy women that can be revealed with
the present methodology.

In the fourth study, 5-HT 4 receptor BP in female patients with BPD and controls were
examined. Out of two hundred female patients with BPD, seven met inclusion criteria (i.e. drug naive
including, no previous or present alcohol or drug abuse/dependency). Eight age and sex matched
controls were recruited. PET and selective radioligand ["'C]WAY 100635 were used to study brain 5-
HT, A receptor BP in dorsolateral prefrontal cortex, anterior cingulate, orbitofrontal cortex, amygdala,
hippocampus, insula, temporal cortex and dorsal raphe nuclei. BP was estimated using the SRTM.
Compared to controls, women with BPD had a significantly lower 5-HT) 5 receptor BP in the brain
regions examined. The results suggest a lower 5-HT 5 receptor BP in drug naive patients with BPD.
The finding corroborates previous studies suggesting the impairment of the 5-HT system in patients
with BPD.

In conclusion, the present thesis provides new evidence for the implication of the serotonin
system in psychiatric disorders in women, effects of gonadal hormones and sex differences in
serotonergic neurotransmission.
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Introduction

INTRODUCTION

The serotonin (5-HT) system was one of the first neurotransmitter systems generated during
mammalian development. Phylogenetic comparisons between three major classes of 5-HT
receptors in various species suggested that the primordial 5-HT receptor was developed
several hundreds million years ago (Peroutka 1994). The phylogenesis and its wide
distribution within the central nervous system (CNS) render this system a variety of
physiological and behavioral functions, including regulation of sleep, temperature, sexuality,
perception, emotion, and cognition. Dysfunctions of 5-HT neurotransmission have been
associated with several psychiatric disorders in humans, such as depression (Deakin et al
1990), anxiety disorders (Graeff et al 1996; Miller et al 2000), borderline personality disorder
(Leyton et al 2001), and suicidal behavior (Asberg et al 1976). Moreover, this system is an
important target for the pharmacological action of selective serotonin reuptake inhibitors
(SSRIs), which are drugs widely prescribed in the treatment of depression and anxiety (Nutt
et al 1999).

In women, functioning of the 5-HT system is of particular importance since they have been
found to suffer more often from 5-HT-associated disorders than men. Several epidemiological
studies reported rates two times higher for depression in women compared to men (Kessler et
al 1993, Kessler et al 1994). Similarly, it has been shown that women more often than men
suffer from anxiety disorders (Pigott 1999) and that the sexes differ in suicidal behavior
(Lewinsohn et al 2001). The pathophysiological mechanisms underlying these differences are,
however, unknown. There is considerable preclinical and clinical evidence supporting a sex
difference in serotonergic neurotransmission, which might underlie differences in the
prevalence of 5-HT-related disorders. These differences could be, to some degree, modulated
by the action of gonadal hormones. In support for this hypothesis, it has been observed in
women that the highest prevalence of depression occurs during the reproductive years when
the actions of gonadal hormones are most apparent (Pearlstein et al 1997). Additionally, the
reproductive-related mood disorders in women, such as premenstrual dysphoric disorder,
postpartum depression, and perimenopausal depression, have all been associated with
fluctuations in the levels of ovarian hormones (Steiner et al 2003).

The development of positron emission tomography (PET), as a highly sensitive imaging
technique, and selective radioligands has made it feasible to study wide numbers of
biomarkers within the central nervous system. Using this technique direct measurement of
serotonin biomarkers in the normal human brain can be obtained and related to molecular
changes within the central nervous system that are associated with different psychiatric
disorders in humans.

The overall aim of the present thesis was to further explore the central serotonergic system in
women by examining 5-HT;s receptors and 5-HTT binding in two psychiatric disorders,
borderline personality disorder (BPD) and premenstrual dysphoric disorder (PMDD), during
different phases of the menstrual cycle and in relation to gender.
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The Serotonin System

Serotonin

Serotonin was first isolated in 1884, when it was characterized as a vasoactive substance in
serum that appeared during the moment of blood clotting. In the 1940s, Rapport crystallized
the same substance from the bovine serum and showed that chemically it was 5-
hydroxytryptamin (Rapport et al 1948). In Italy, Erspamer et al., independently studied the
pharmacology of substances associated with enterochromaffin cells in mammalian gut
(Erspamer et al 1940), and extracted a smooth muscle contractile substance called enteramine.
When synthetic 5-hydroxytryptamine became available, it was shown that enteramine was
probably 5-hydroxytryptamine, which was then initially given the name ‘serotonin’
(Erspamer et al 1952). The name indicated its origin from the blood serum and its effects on
the vascular muscle tone.

Serotonin is found in many cells of body tissues, such as platelets, mast cells,
enterohromaphin cells, and neurons. However, the highest concentrations of 5-HT are located
in enterohromaphin cells of the gut (90%) and platelets (8-10%), whereas only about 1-2% of
the total 5-HT content is present in the central nervous system (CNS). Since 5-HT cannot
readily pass the blood-brain barrier, the serotonergic neurons in the brain synthesize their own
transmitter.

Serotonergic pathways in the human brain

In 1964, Dalhstrom and Fuxe were the first to describe anatomical localization of the
serotonergic pathways in the CNS (Dahlstroem and Fuxe 1964). Using histochemical
fluorescence techniques they mapped the serotonergic cell bodies within the raphe nuclei in
the brainstem in rodent. Later studies have shown a similar distribution of the serotonergic
pathways in human brain (Tork 1990).

Serotonergic neurons originate from the clusters of neuronal cell bodies situated in the raphe
nuclei, which are structures localized close to the midline in the mesencephalon and rostral
pons. Projections arising from these nuclei form two principal serotonergic pathways. The
ascending pathway originates from the dorsal and median raphe nuclei, and innervates the
limbic system, hypothalamus, striatum, thalamus and cerebral cortex (Steinbusch 1981). The
descending pathway arises from the raphe magnus, the obscure nuclei and serotonergic cells
in the ventrolateral medulla, and project mainly to the gray matter of the spinal cord (Figure

D).

Brain serotonin synthesis, reuptake and metabolism

In the brain, 5-HT is formed in a two-step reaction from the essential amino acid tryptophan,
which originates from diet. The first step in this pathway involves hydroxylation of
tryptophan to form 5-hydroxytryptophan (5-HTP) the presence of which was demonstrated in
the brain tissue by Grahame-Smith (Grahame - Smith 1964). This reaction is catalyzed by the
enzyme tryptophan hydroxylaze. The second step is dexarboxylation of the 5-HTP into 5-HT
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by aromatic amino acid decarboxylase (AADC). AADC was found in 5-HT and
catecholamine-containing neurons in the CNS (Hokfelt et al 1973).

Hllustration: Emil Rangden

Figure 1. Serotonergic pathways in the human brain. Mediosagittal view showing the raphe
nuclei localized close to the midline in the mesencephalon and rostral pons containing the 5-
HT cell bodies. Projections arising from raphe nuclei form two principal serotonergic
pathways: ascending and descending.

The newly synthesized 5-HT is stored in vesicles of the nerve terminal. Following neural
stimulation, 5-HT is released from the vesicles via exocytosis into the synaptic cleft. The
activity of the 5-HT system is then mediated by binding to several distinct receptor proteins.
Most of the released 5-HT is transported back into the nerve terminal by a reuptake
mechanism of the 5-HT transporter (5-HTT). 5-HTT is a plasma membrane protein
predominantly located in presynaptic membrane of the nerve terminal, but also on the 5-HT
cell bodies and dendrites in the midbrain raphe. The 5-HTT is the primary mechanism for
regulation of synaptic 5-HT concentrations.

The major route of 5-HT metabolism in the brain is through oxidative deamination. The 5-HT
molecules that are transported back into the neuron are either bound to storage vesicles or
exposed to mitochondrial enzyme monoamine oxidase (MAO) in the nerve terminal. The final
product of this process is 5-hydroxyindoleacetic acid (5-HIAA), which then diffuses out of
the neuron and, to some degree, enters the cerebrospinal fluid (CSF). The pathway for the
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5-HT synthesis and degradation in the brain is shown in Figure 2.

Lllustration: Emil Rangden

Figure 2. Illustration showing a serotonergic neuron with the cell body in the raphe nuclei
(left) and a synaptic region with postsynaptic receptors (right, blow up). Major steps in the
synthesis, release, reuptake and metabolism of serotonin are indicated. 5-HT, serotonin; 5-
HTT, serotonin transporter; 5-HIAA, 5-hydroxyindoleacetic acid; MAO, monoamine oxidase;
TRP, tryptophan; TRH, tryptophan hydroxylase. After Blier and de Montigny, 1999.

Serotonin receptors

The diverse pharmacological actions of 5-HT have been intensely studied since its
identification in the 1930s. These studies have led to the discovery and characterization of a
multitude of 5-HT receptors.

In 1957, Gaddum and Picarelli demonstrated the presence of two different classes of 5-HT
receptors in the ileum of guinea pigs (Gaddum and Picarelli 1957). These receptors were
referred to as ‘type D’ and blocked by dibenzyline, and ‘type M’, blocked by morphine. In the
19705 the development of the radioligand binding technlq%ues with utilization of the [*H]5-
HT, [*H]spiroperidol and [*H] lysergic diethylamide acid ([*H] LSD), helped identification of
two distinct types of 5-HTreceptors (5-HT; and 5-HT,) (Peroutka and Snyder 1979). Since
then, several classification systems have been proposed for 5-HT receptors, based on
operational (function, antagonism, location), transductional (G-protein, ion channel), and
structural (gene sequence, chromosome location) criteria (Hoyer et al 2002).

To date, seven 5-HT receptor families have been identified i.e., 5-HT;, 5-HT», 5-HT3, 5-HT4,
5-HTs, 5-HTg and 5-HT7 receptors (Hoyer et al 2002). These families have further been
subdivided into 14 different 5-HT receptor subtypes. Of the 14 subtypes, 5-HT; receptor is the
only 5-HT receptor coupled to an ion channel.
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All other 5-HT receptors interact with regulatory G-proteins, a common feature of which is
their ability to shift between high and low affinity states with regard to agonist binding. The
5-HT, receptor family is negatively coupled to adenylyl cyclase, and 5-HT, receptors mediate
activation of protein kinase C via increased phosphoinositide metabolism, while the 5-HT4, 5-
HTe and 5-HT; receptor subtypes are positively coupled to adenylyl cyclase (Hoyer et al
2002). .

The 5-HT 4 receptor

The most widely investigated serotonin receptor is the 5-HT;s receptor subtype, the
functional properties of which were characterized approximately 20 years ago using the
selective 5-HT 4 receptor agonist, 8- hydroxyl-2-(di-n-propylamino)tetralin (8-OH- DPAT),
in experiments with animals (Arvidsson et al 1981; Hjorth et al 1982). Since then, the 5-HT 5
receptors has been the subject of extensive investigation.

5-HTa receptors are largely distributed throughout the central nervous system. The highest
density of 5-HT;s receptors in human brain is found in the hippocampus, the superficial
layers of the cortex and the raphe nuclei (Hall et al 1997; Pazos et al 1987). In forebrain
regions, 5-HT 4 receptors are expressed postsynaptically on the target neurons. At the cellular
level they are localized on dendrites of the pyramidal cells of the hippocampus and granule
cells of the dentate gyrus (Burnet et al 1995). In dorsal raphe, 5-HT) 5 receptors are localized
on 5-HT cell bodies and dendrites of 5-HT neurons, and are, hence, called somatodendritic
autoreceptors (Sotelo et al 1990). Stimulation of 5-HT; autoreceptors inhibits the firing of
serotonin neurons and reduces 5-HT release and neurotransmission in cortical regions
(Corradetti et al 1998).

The 5-HT 4 receptor has been linked to a variety of behaviors, such as sexual behavior, stress
reaction, and feeding behavior, as demonstrated in animal studies. Activation of 5-HT;a
receptors in the ventromedial hypothalamic nucleus by 8-OH- DPAT inhibits lordosis, the
effect of which is attenuated by estrogen replacement in ovarectomized rats (Uphouse et al
1996). In male rats, androgen increases the affinity of hippocampal 5-HT;a receptors and
counteracts the receptor regulation induced by chronic stress in the hippocampus (Flugge et al
1998). These examples indicate significant effects of action of gonadal hormones on the 5-
HT A receptors system.

Involvement of 5-HT;s receptors has been demonstrated in several major psychiatric
disorders, such as depression, anxiety, and schizophrenia. Several postmortem studies of
human brain from suicide victims and schizophrenia patients have reported an elevated 5-
HT ) A receptor binding in the neocortex (Hashimoto et al 1993; Joyce et al 1993; Sumiyoshi et
al 1996). In vivo investigations with PET and the selective radioligand [''C]WAY100635
have suggested alterations in 5-HT,; 5 receptor binding in depressed patients (Drevets et al
1999; Parsey et al 2006a; Parsey et al 2006b; Sargent et al 2000). PET studies on sex-specific
effects on 5-HT, receptor binding have found higher 5-HT) 4 receptor binding potentials in
women compared to men (Parsey et al 2002), and no age effect on 5-HT;s receptors in
women (Cidis Meltzer et al 2001).

Finally, there is substantial evidence from experimental animal and human studies supporting
involvement of 5-HT;s receptors in pharmacological drug therapy. Effectiveness was
demonstrated for the selective partial 5-HT s receptor agonist, buspirone, in clinical treatment
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for generalized anxiety disorder and PMDD (Skolnick et al 1984; Tunnicliff 1991). In
addition, several clinical trials in men reported that pindolol, which is a 5-HT;, receptor
antagonist, enhances the therapeutic effects of SSRIs (Artigas et al 1994; Berman et al 1999;
Bordet et al 1998).

The 5-HTT

The 5-HTT is a key protein in the regulation of synaptic serotonin concentrations.

The 5-HTT protein is composed of 630 amino acids arranged in twelve transmembrane
domains. The single gene encoding the human 5-HTT is localized on chromosome 17,
centered at 17q11.2 (Ramamoorthy et al 1993).

Most 5-HTT is situated in presynaptic membranes of the serotonin nerve terminals but also in
serotonin cell bodies and dendrites in the midbrain and brain stem raphe nuclei. In the human
brain, the density of 5-HTT varies by region. The highest concentrations of 5-HTT have been
found in the raphe nuclei, hypothalamus, thalamus, putamen, caudate, hippocampus, insula,
and frontal cortex (Backstrom et al 1989; Cortes et al 1988; Ginovart et al 2001; Lundberg et
al 2005).

The 5-HTT is of central interest in the pathopysiology and treatment of several psychiatric
disorders including depression, anxiety and suicide (Arango et al 2002; Artigas et al 1996;
Austin et al 2002). In depression lower 5-HTT densities have been reported by postmortem
and in vivo human studies (Arora and Meltzer 1989; Parsey et al 2006). Some imaging studies
have demonstrated the effect of sex on 5-HTT binding in depression. A single-photon
emission computed tomography (SPECT) study using iodine-123-2 beta-carbomethoxy-
3beta-(4-iodophenyltropane) (['*’I]B-CIT) showed a more prominent decrease of ['*I|B-CIT
uptake in diencephalon in depressed women compared to depressed men (Staley et al 2006).
Finally, 5-HTT is the primary target for the SSRI, which are psychotropic drugs widely
prescribed in the treatment of depression and anxiety (Nutt et al 1999).

The 5-HTT has moreover also attracted a significant interest in studies exploring the effects of
gonadal hormones on the 5-HT system. In ovarectomized rats, the injection of estradiol
benzoate (EB) increased the number of cells expressing the 5S-HTT mRNA in the dorsal raphe
nuclei (McQueen et al 1999). In addition, in rhesus macaque, the administration of estrogen
and progesterone reduced the expression levels of 5-HTT mRNA in dorsal raphe (Pecins-
Thompson et al 1998).

Gender differences in the prevalence of serotonin associated
psychiatric disorders

Women are more likely than men to suffer from depression and anxiety disorders, which are
associated with abnormalities in the 5-HT system. The lifetime prevalence of major
depression is approximately 8% in women and 4% in men. Similarly, women are twice as
likely than men to suffer from anxiety disorders (Pigott 1999) and the sexes differ in suicidal
behavior (Lewinsohn et al 2001). The underlying causality of these gender differences is not
clear. Evidence from epidemiological studies indicate that rates of depression are similar in
girls and boys and that the gender differences shifts to 2:1 female to male ratio with the onset
of puberty and the influences of gonadal hormones (Kessler and Walters 1998). Another
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interesting observation is that in women, the highest prevalence of depression occurs during
the reproductive years when the actions of gonadal hormones are most apparent (Pearlstein et
al 1997). Moreover, the reproductive related mood disorders in women such as PMDD,
postpartum depression or perimenopausal depression, have all been related to fluctuations in
the levels of gonadal hormones (Steiner et al 2003). These lines of evidence suggest that
gonadal hormones might be of particular importance in women contributing to the higher
prevalence of depression and anxiety disorders compared to men.

Serotonin and gonadal hormones

Early studies in animals have shown that brain 5-HT concentrations and levels of the 5-HT
metabolite, 5-HIAA, vary during the estrous cycle in rats (Fludder and Tonge 1975; Kueng et
al 1976). Later, an effect of gonadal hormones has been demonstrated on the 5-HT receptor
system. It has been shown that ovariectomy reduces the number of SHT;, receptor binding
sites in the ventromedial hypothalamic nucleus and that estradiol replacement counteractes
this effect during the oestrous phase in the female rat (Flugge et al 1999). Further, in spayed
monkeys the expression of the levels of 5-HT;4 mRNA and 5-HTT mRNA changes in the
dorsal nuclei raphe with administration of hormones estrogen and progesterone (Pecins-
Thompson and Bethea 1999; Pecins-Thompson et al 1998).

In humans, 5-HT has well been recognised for its implication in depression and the ovarian
steroids, estrogen and progesterone have been suggested to play an important role in the
modulation of mood and affect (Rubinow et al 1998; Steiner et al 2003). Several reports have
supported the role of gonadal hormones for reproductive endocrine-associated mood
syndromes in women, such as perimenopausal, postpartum depression and PMDD. Hormone
replacement therapy beneficially affected mood in hypogonadal women (Montgomery et al
1987; Sherwin and Gelfand 1985). Additionally, an antidepressant effect of estradiol (E2) has
been reported in perimenopausal women meeting standardized criteria for depression
(Schmidt et al 2000; Soares et al 2001). Interestingly, numerous studies failed to demonstrate
low levels of E2 in depressed peri-or postmenopausal women (Ballinger et al 1987; Saletu et
al 1996). In women with postpartum depression, fluctuations in the levels of estrogen and
progesterone rather than the low levels of these hormones per se have been suggested as a
major trigger for depressive symptoms. Finally, in women with PMDD cyclic variations in
estrogen and progesterone have been hypothesized to cause PMDD related premenstrual
complaints (Schmidt et al 1998).

It has been suggested that depression that is associated with changes in the levels of gonadal
hormones is related to the 5-HT system function. This view is primarily driven by
observations coming from clinical studies in which drugs affecting the serotonergic
neurotransmission such as SSRIs were found to be beneficial in the treatment of PMDD and
postmenopausal depression (Eriksson 1999; Kalay et al 2007). SSRIs have been reported
highly effective in the treatment of PMDD, as compared to other non — SSRI drugs (Eriksson
et al 1995). In addition, some preliminary studies have shown beneficial effects of combining
estrogen and SSRIs in the treatment of postmenopausal depression (Schneider et al 1997). A
further association between the 5-HT system and reproductive endocrine-associated mood
syndromes has been highlighted by the results of the pharmaconeuroendocrine challenges
studies. In women with PMDD significant differences in the 5-HT related responses to
pharmacological drug challenges have been reported between the follicular and luteal phases
of the menstrual cycle compared to control women (FitzGerald et al 1997; Su et al 1997).
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Sex differences in the serotonin system

Sexual dimorphisms in the 5-HT system were first suggested in the early 60 by studies using
animal models (Kato 1960). Central 5-HT levels, as well as CSF concentrations of the main
5-HT metabolite 5-HIAA were found to be higher in female compared to male rats
(Rosecrans 1970). These observations in animals have later been supported in studies of sex
differences in the 5-HT measurements in humans. Higher blood 5-HT levels have been found
in women compared to men (Ortiz et al 1988). In addition, studies exploring the CSF
concentrations of the 5-HIAA have suggested higher levels of 5-HIAA in women than in men
in brain tissue (Gottfries et al 1974). The evidence from these studies raised the possibility
that some of these differences may be related to sex differences in brain 5-HT synthesis. This
hypothesis was supported in a PET study using o-[''C]methyl-L-tryptophan (a-[''C]MTrp) as
an index of the 5-HT synthesis showing lower trapping of a-[''C]MTrp in women compared
to men (Sakai et al 2006).

Several studies have indicated sex- differences in expression levels of the 5-HTT and 5-HT
receptors in healthy subjects and in patients with depression. Postmortem human studies
suggested greater S-HT 4 receptor binding in women compared to men (Arango et al 1995)
and decreased cortical 5-HTT binding in women (Arora and Meltzer 1989). In vivo
measurements using SPECT and [123I]B-CIT has shown that in healthy women there is a
higher 5-HTT availability compared to healthy men (Staley et al 2001). In depression, a more
prominent decrease in ['>’I]B-CIT uptake in diencephalon was found in depressed women
(22%) compared to depressed men (1%) (Staley et al 2006). However, the limitations of these
studies were the use of non-selective radioligand ['*I)B-CIT that binds to both 5-HTT and
dopamine transporter (DAT) and no control for the phase of the menstrual cycle in women.
Variations in female sex hormones during the menstrual cycle have been suggested to
influence brain neurochemistry and metabolism (Epperson et al 2002; Reiman et al 1996)
highlighting the importance to control for the phase of the menstrual cycle in women.

Another line of mainly clinical research has suggested that women and men differ in
treatment response to antidepressant medication. The first study on possible sex differences in
response to imipramine was published in 1970s (Raskin 1974). Later a meta-analysis of 35
clinical trials evaluating the imipramine responses rates separately by gender, reported that
men responded more favorable to imipramine than did the women (Hamilton et al 1996). A
recent study suggested significant differences between genders in response and tolerability to
sertraline (a SSRI drug) relative to imipramine (a tricyclic antidepressant) in subjects with
chronic depression (Kornstein et al 2000). In women more favorable responses and higher
tolerability to sertraline were found compared to imipramine and men showed more favorable
responses to imipramine compared to sertraline.

Involvement of the serotonin system in psychiatric disorders of
women

Premenstrual dysphoric disorder

PMDD is a cyclic mood disorder characterized by affective, behavioural and somatic
symptoms appearing during the late luteal phase of the menstrual cycle. In women with
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PMDD the most important symptoms described is irritability or anger with a prevalence rate
of 46.2 %, which is considerably higher as compared to depressed mood (30.8 %), tension
(27.1%) or anxiety (4.9%) (Angst et al 2001). PMDD is diagnosed in approximately 3 to 8%
of women of reproductive age.

The cause of PMDD is largely unknown. Several lines of evidence support the role of 5-HT
system in pathophysiological mechanisms underlying the PMDD. Abnormal serotonergic
activity has been associated with depression and anxiety disorders with which PMDD share
significant features (Halbreich 1995; Landen and Eriksson 2003). In addition, disturbed 5-HT
function has been associated with aggressive behavior (Coccaro et al 1990; Coccaro et al
1995; Cleare and Bond 2000; Parsey et al 2002) and in women with PMDD the irritability and
anger were described as the most prominent symptoms. The strong link between 5-HT
function and aggression coupled with the observation that PMDD suffers are often depressed,
prompted the suggestion that PMDD was a disorder of the 5-HT system. The theory was later
supported by pharmacological trial showing that the SSRIs were more effective in the
treatment of PMDD, than the noradrenergic antidepressant maprotiline (Eriksson et al 1995).

The involvement of 5-HT in the mechanisms underlying premenstrual dysphoria has also
been supported by research on pharmacological challenges of the 5-HT system (Bancroft et
al., 1991; Yatham, 1993; FitzGerald et al., 1997). In these studies the pharmacological drugs
have been used to increase the serotonergic activity at postsynaptic receptors by mediating
hormone responses. Thus, L-tryptophan has been used as a challenge test for growth hormone
(GH) a response of which is supposed to be mediated by 5-HT s receptors (Smith et al 1991).
In women with premenstrual symptoms blunted GH responses have been found in both
menstrual cycle phases compared to controls (Bancroft et al 1991) suggesting the
abnormalities in the 5-HT 4 -receptor function.

Since the symptoms of PMDD are related to the menstrual cycle there have been assumptions
that premenstrual complaints could be triggered by reductions in the serum levels of
progesterone and /or estradiol in the late luteal phase. This hypothesis was later challenged by
the observation that the administration of a progesterone antagonist during the luteal phase
neither reduced nor aggravated the symptoms (Schmidt et al 1991; Chan et al 1994).
Similarly, luteal administration of estrogen or progesterone has not been found to be an
effective treatment for PMDD (Dhar and Murphy 1990). Some authors have suggested
differences between women with PMDD and controls with regard to serum levels of estradiol,
progesterone and gonadotropine hormones. However, other groups failed to replicate these
findings (Rubinow et al 1988) suggesting that women with PMDD differ from women with
no complaints not with respect to ovarian activity but rather with respect to brain reactivity to
normal variations in serum levels of gonadal hormones. Although many hypotheses have been
put forward the current consensus is that normal ovarian function, rather than hormone
imbalance, represent a cyclic trigger for PMDD related biochemical events within the central
nervous system (Schmidt et al 1998).

Borderline personality disorder

BPD is a common and severe mental disorder characterized by impulsive-aggressive
behavior, repeated self-injury, affective lability and instable interpersonal relationships. The
prevalence of BPD in the general population has been reported to be 1-2 % (Torgersen et al
2001) with overweight for women and younger people. The suicide rate among psychiatric
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patients with BPD is as high as 10% (Paris 2002). There is evidence to suggest that BPD is
associated with early childhood neglect, sexual abuse and physical violence (Goldman et al
1992). Although, these risk factors were not reported for all patients, the percentage is high
and varies from 20% to 75%. In addition, it has been shown that the presence of a history of
sexual abuse correlates with a high degree of auto-aggression in patients with BPD such as
automutilation and suicidality (Silk et al 1995).

Across the diagnostic categories, the most prominent features of BPD such as impulsive-
aggressive and suicidal behavior have been associated with indices of abnormal 5-HT
function. Already in 1976, Asberg and collaborates published a study suggesting low levels of
the serotonin metabolite, 5S-HIAA in cerebrospinal fluid in suicide attempters (Asberg et al
1976). The relationship between levels of CSF 5-HIAA and behavioral aspects have since
then been widely investigated in subjects with personality disorders, violent offenders,
alcoholics and low 5-HIAA levels in CSF has been related to impulsive and aggressive
behavior (Brown et al 1982; Limson et al 1991; Linnoila et al 1983).

Studies looking at the endocrinological response (e.g. prolactine, cortisol, growth hormone) to
increased 5-HT concentrations (e.g. by fenfluramine or metha-chlorophenylpiperazine(m-
CPP)) have found differences between patients with personality disorders and control
subjects. In some of these studies patients with BPD were investigated and blunted hormone
(Martial et al 1997) and diminished metabolic responses to serotonergic system stimulation
(Soloff et al 2000) have been found in BPD patients compared to controls. A more close
examination of the function of 5-HTs-receptors using the highly selective serotonin receptor
agonists flesinoxan has suggested lower 5-HT)s-receptor sensitivity in BPD (Hansenne et al
2002). Studies pointing to reduced serotonergic activity in borderline patients have led to
studies of serotonergic candidate genes. Recent investigations have linked a variant of the
tryptophan hydroxilaselgene (Zaboli et al 2006), gene for monoamine oxidase A (Ni et al
2007) and serotonin transporter gene (Ni et al 2006), which are important for the 5-HT
synthesis, metabolism and 5-HT concentrations, with borderline personality disorder.

The biological correlates of reduced serotonergic activity in patients with BPD converge with
treatment response data suggesting that impulsive-aggression as well as depressive symptoms
improve with the treatment with SSRIs (Coccaro and Kavoussi 1997; Cornelius et al 1990).
Reduced serotonergic activity seems, however, to require longer duration (New et al 1997) or
higher dose intervention for treatment to be successful, consistent with results of higher dose
trials of SSRIs in BPD (Markovitz et al 1991).
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Aims

AIMS

On the gonadal hormones and the serotonin system

e To examine the impact of gonadal hormones on the 5-HT, 5 and 5-HTT binding before
and after ovulation in the menstrual cycle of healthy women (Study III)

e To examine differences in gonadal hormones between women with PMDD and
control women (Study I)

On the sex differences in the serotonin system

e To study differences in the 5-HTo receptor and 5-HTT binding between healthy
women and men in vivo (Study II)

On the serotonin system in psychiatric disorders of women
e To examine the 5-HT A receptor binding in women with PMDD in relation to control
women at different phases of the menstrual cycle (Study I)

e To examine the 5-HT;a receptor binding in women with BPD in relation to control
women (Study IV)
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MATERIALS AND METHODS

Positron emission tomography

Principles of PET

PET is a nuclear medicine imaging technique, which allows for accurate non-invasive in vivo
measurements of a wide range of regional tissue functions in man. Using PET, pre and
postsynaptic receptor density, affinity, neurotransmitter release, enzyme activity and drug
delivery and uptake are possible to quantify with high selectivity and sensitivity of a pico- to
nano-molar range. Basic principles of the PET method are given in Figure 3.

Figure 3. The PET technique is used to acquire 3-dimensional information regarding the
biological distribution of radiopharmaceuticals. The PET system at the Karolinska used for
the present thesis (left). The principles of PET are as follows (right):

1.

2.

12

The radioactive tracer e.i., a small quantity of a ligand labeled with positron emitter,
eg. [ ey is injected into the body

The positron-emitting radionuclide ejects a positron (+f3) from the nucleus as it
decays

The positron will combine with an electron in the tissue and annihilate

The annihilation releases energy and results in conversion of the electron and
positron into a pair of 511keV gamma emitted in opposite directions

Two gamma rays, traveling 180° apart are detected in coincidence

The pair of photons produced from a single annihilation will register on opposing
pairs of scintillation detectors as a “ coincidence event”

Tomographic technique analyzes this detection to yield images of the distribution of
the administrated positron-emitting radiotracers.
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Selective radioligands for the serotonin system

The development of PET and selective radioligands has markedly facilitated research on the
expression of 5-HT proteins in the human brain in vivo. Over the years several high-affinity
radioligands has been developed for the examination of 5-HT 4 (Pike et al 1996), and 5-HT;a
(Ito et al 1998) receptors as well as the 5-HTT (Houle et al 2000; Lundberg et al 2005). The
methodological developments in this field have paved the way for studies exploring the status
and distribution of 5-HT receptors in healthy human subjects and in patients with psychiatric
disorders.

[FCIWAY100635

["'CIWAY100635[N-(2-(4-(2-meathoxyphenyl)-l-piperazinyl)ethyl-N-(2-pyridyl
cyclohexanecarboxamide] was the first suitable radioligand developed for labeling of 5-HT o
receptors in vitro and in vivo using PET (Pike et al 1996). The distribution of the 5-HT;a
receptors has, however, been mapped extensively and over the years different radioligands
including [3H]—5HT, [3H]—8—OH—DPAT were developed for the quantification of 5-HTja
receptors (Gozlan et al 1983). An antagonist with intrinsic activity was preferred and the first
5-HT,a receptor antagonist radioligand used was ["HIWAY100635 (Hall et al 1997).
[“C]WAY100635 is the current PET tracer of choice for visualization of 5-HT4 receptors
and was demonstrated as a potent and selective antagonist with subnanomolar affinity to 5-
HT ) s receptors (Hall et al 1997) (Figure 4).

In the studies of the present thesis, [“C]WAY100635 was used to study 5-HT;A receptor
binding potentials (BP). The sterile phosphate buffer (pH 7.4) solution of [''C]WAY100635
was administrated intravenously at the start of PET experiments. In the study I, the
radioactivity injected varied between 220 and 310 MBgq. In study II, the mean radioactivity of
[“C]WAY100635 injected was 254.7 (SD=38.4) MBq in women and 252.4 (SD=57.5) MBq
in men. In study III, the mean sterile phosphate buffer solution of 251 MBq (SD=37.5)
(follicular) and 259 MBq (SD=29.3) (luteal) were administrated. In study IV, the radioactivity
of [''CIWAY100635 injected ranged between 231.5 and 302 MBq.

WAY100635 MADAM
K =0.85nM Ki=1.65nM

Figure 4. The chemical structure and affinity to 5-HT 4 receptor and 5-HTT of WAY100635
and MADAM, respectively.
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["'CIMADAM

['"CIMADAM [N ,N-Dimethyl-2-(2-amino-4-methylphenylthio) benzylamine] is a recently
developed radioligand at our laboratory with high specificity and selectivity for the 5S-HTT
(Halldin et al., 2005) (Figure 4). Of the radioligands developed earlier for 5-HTT, the
isoquinoline derivative ''C —(+)-6B-(4-methylthiophenyl)- 1,2,3,5,6 a, 10p —
hexahydropyrrolo[[2,1-aisoquinoline ([''C]McN 5652) has been widely used to image 5-
HTT in non-human primates and humans (Suehiro et al 1993; Szabo et al 1995). Another
often used radioligand for 5-HTT is diphenyl sulfide derivative ''C-3-amino-4-(2-
dimethylaminomethylphenylthio)-benzonitrile ("'C-DASB) which has shown a higher signal-
to noise ratio compared to [''C]McN 5652 (Frankle et al 2004). However, recent comparison
data from study of Lundberg and collaborators (Lundberg et al 2006) with those of Frankle et
al (Frankle et al 2004) indicated an even higher signal-to noise ratio for [l lC]MADAM (2-3
times higher BPiygirect in most regions) when compared with [HC]-DASB. In addition, test-
retest measurement of [''CIMADAM binding to the 5-HTT has shown good to excellent
reliability by using the simplified reference tissue model (SRTM) (Lundberg et al 2006)
suggesting [''CIMADAM as highly suitable for clinical studies, such as those in the present
thesis.

In study I-1V, serotonin transporter was examined with radioligand [“C]MADAM. The sterile
phosphate buffer (pH 7.4) solution of [''C]MADAM was administrated intravenously at the
start of PET experiments. In the study II, the mean amount of [''CIMADAM injected was
258.2 MBq (SD=35.4) in women and 294.1 MBq (SD=10.8) in men. In the study III, mean
sterile phosphate buffer solution of 251 MBq (SD=33.4) (follicular) and 267 MBq (SD=18.9)
(luteal) of [''CIMADAM were injected intravenously at the start of PET experiments.

Subjects

Control subjects

A total of 14 healthy women, aged 23-39 years old and 17 healthy men aged, 21-37 years,
were examined. The healthy subjects participated after giving informed consent. They were
all healthy according to medical history, physical examination, routine blood tests, liver,
kidney, thyroid function test, urine analysis and toxicology tests and magnetic resonance
imaging (MRI) of the brain. Exclusion criteria were: 1) presence of DSM IV Axis I disorder
as examined by semistructured psychiatric interview; 2) personal history of psychiatric
disorder; 3) history reports of mood or psychotic disorder in the first-degree relatives; 4)
presence of a significant current medical condition, including history of seizure disorder and
closed head trauma; 5) alcohol and illicit drug abuse and dependency; 6) treatment in the last
6 months with psychotropic drugs, glucocorticoids and hormonal therapy; 7) use of any
prescribed medication during the last 4 weeks; 8) current smoking; and 9) women using oral
contraceptives, women with irregular menstrual cycles, and pregnant women.

All women were investigated in the follicular and luteal phases of the menstrual cycle with
PET. In study II, only PET scans from the follicular phases were included. In study IV, the
control subjects were randomized with regard to the phase of the menstrual cycle to serve as
controls for women with BPD for which the menstrual phase was not controlled.
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Patients

Two patient categories were recruited: women with PMDD and women with BPD. The
patients participated after giving informed consent. The women were healthy according to
medical history, physical examination, routine blood tests, liver, kidney, thyroid function test,
urine analysis and toxicology tests and MRI of the brain.

Patients with PMDD (Study I)

Five outpatients with PMDD, age range 26-39 years, were recruited. Inclusion criteria were
history of regular menstrual cycles, physical health confirmed by medical history, physical
examination, and routine laboratory tests, negative urine pregnancy test, and no use of
psychotropic or hormonal drugs (including oral contraceptives) for the past six months. The
exclusion criteria for women with PMDD were the presence of any other Axis I or an Axis II
disorder.

Patients with BPD (Study IV)

Approximately 200 female patients were considered as candidates for participation. Inclusion
criteria for subjects were sex (female), age (18-45) and fulfillment of the DSM-IV criteria for
BPD (American Psychiatric Association 1994). Exclusion criteria were current or lifetime
history of Alcohol Abuse or Alcohol Dependence or any use of street drugs, current or
lifetime use of SSRI or antipsychotic drugs. In addition, patients with schizophrenia (DSM
IV) or any significant neurological disorder were excluded. If patients had been admitted to,
or visited, other psychiatric clinics (including Child Psychiatric units), their records were
scrutinized to make sure that they had not been prescribed any of the drugs mentioned above.
Of nearly two hundred patients diagnosed, seven satisfied the inclusion criteria. The most
common single cause for exclusion wascurrent or lifetime history of Alcohol
Abuse/Dependency or drug use. Six of the seven included patients were referred from in-
patient units in Stockholm and one was referred from an outpatient unit.

Diagnosis and clinical ratings

In study L, the diagnosis of PMDD was based on the DSM-IV research criteria (American
Psychiatric Association 1994), and was confirmed through prospective daily symptom ratings
on a 100 mm Visual Analogue Scale (VAS) for at least two consecutive menstrual cycles.
PMDD women had to have a more than a 50% increase in symptom severity of irritability,
depression, or anxiety, in the luteal phase of the cycle compared with the follicular phase on
the VAS.

In study IV, the instruments used for diagnostic evaluation of mental disorders according to
DSM 1V in patients with BPD were the Structural Clinical Interview for Disorders on Axis I
(SCID I) (Zanarini et al 1998a) and the Structural Clinical Interview for Disorders on Axis IT
(SCID II) (Zanarini et al 1998b). Of the 9 DSM 1V criteria for BPD, the number of criteria
fulfilled ranged from 5 to 9. Co-morbid Disorders on Axis I and II were frequent
(Zimmerman and Mattia 1999).

Five of the seven patients reported a history of childhood physical or sexual abuse. Six
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patients had made one or several suicide attempts. One patient died from hanging shortly after
participating in the study.

MRI and PET

MRI scans were performed on a 1.5 T GE Signa system (Milwaukee, WI) using a 3-
dimensional (3D) spoiled gradient recalled (SPGR) sequence (a standard spin-echo sequence
with a 256x256 matrix; repetition time of 4 sec). Two acquisitions were made in one session
during 15 minutes. The first was T2-weighted for clinical evaluation regarding pathology. The
second was T1-weighted for delineation of regions of interest (ROI).

The PET images were acquired using an ECAT Exact HR 47 scanner (CTI/ Siemens,
Knoxville, TN) run in 3D mode (Wienhard et al 1994). The transaxial resolution is 3.8 mm
full width at half maximum (FWHM) at the center of the field of view and 4.5 mm FWHM
tangentially and 7.4 mm radially at 20 cm from the center. Axial resolution is 4 mm FWHM
at the center and 6.8 mm at 20 cm from the center. Prior to the emission scan a transmission
scan of 10 min was performed using a three rotating 68G/68Ga source to correct for
attenuation.

A head fixation system with an individual plaster helmet was used both in the MRI and PET
measurements to allow the same head positioning in the two imaging modalities and between
scans (Bergstrom et al 1981).

PET examination procedure

Each subject was placed recumbent with his head in the PET system. The radioligand was
injected into the right antecubital vein during 2s and the cannula was immediately flushed
with 10 ml saline.

Radioactivity in brain was measured in a series of consecutive frames. The duration time of
the scan for [''CIWAY100635 lasted 69 min and consisted of 16 frames (frame sequence:
3x1, 4x3, 9x6 min) The duration of the scan for the radioligand [l 'C]MADAM lasted 93 min
and consisted of 20 frames (frame sequence: 3x1, 4x3, 13x6 min). The emission data were
scatter corrected and reconstructed using filter back projection (Hanning filter with cutoff
frequency of 2mm). The reconstructed volume was displayed in 47 horizontal sections with
center-to center distance of 3.125 mm and a pixel size of 2.02 x 2.02 mm.

After acquisition, the MRI and PET images were transferred to the Statistical Parametric
mapping (SPM), version 2 software for spatial normalization and coregistration in 3D space
to control for any spatial mismatch between the modalities and allow for standardized regions
of interest. The T1-images were aligned so that the horizontal plane was parallel to the line
defined by the anterior and posterior commissures (ac-pc line) and the inter-hemispheric plane
parallel to the sagittal plane. The reoriented T1 images were resliced to Imm voxels in a
matrix of 256x256x144. This MR was used in the image analysis software Human Brain
Atlas (HBA) for manual delineation of regions of interest in any of the three orthogonal
projections. In all studies (I-IV) PET images were coregistrated to MR images.
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Regions and Volumes of interest (ROI, VOI)

Regions of interest were manually delineated on the MRI images and transferred to the
corresponding PET images. The ROIs were defined according to anatomical margins guided
by published reports (Bremner et al 1998; Crespo-Facorro et al 2000; Crespo-Facorro et al
1999) and using the Human Brain Atlas.

In study I, the regions of interest included dorsolateral prefrontal cortex, orbito-frontal cortex,
anterior cingulate cortex, amygdale, hippocampus and dorsal raphe nuclei. In study III, ROIs
were drawn for the anterior cingulate, frontal cortex, temporal cortex, insular cortex,
hippocampus, dorsal raphe, nucleus caudate, putamen and thalamus.

In study II and IV, the VOIs were sampled and the total volumes of the structures were
calculated in mm’. In study II, the VOIs were sampled for the anterior cingulate, frontal
cortex, temporal cortex, insular cortex, hippocampus, dorsal raphe, nucleus caudate, putamen
and thalamus. In study IV, the volumes of interest included dorsolateral prefrontal cortex,
anterior cingulate, orbitofrontal cortex, temporal cortex, insular cortex, hippocampus,
amygdale and dorsal raphe.

The dorsal raphe does not have discernible borders on MR images and was therefore
delineated on an integrated PET emission activity image. The region of raphe was easily
detected due to high radioactivity in contrast to surrounding mesencephalic and cerebellar
tissues. In studies I-IV, the ROI/VOI included the area of highest uptake, approximately
corresponding to the specific tracer uptake in the dorsal raphe nuclei. The 6 mm-diameter
circular ROI/VOI size was used according to previous studies to reduce possible
underestimation of binding potentials due to partial volume effects (Rousset et al 1998). The
approach of ROI/VOI definition used could theoretically introduce a bias of BP toward high
values and hence overlook possible differences. To reduce the possibility of such bias, in all
studies a standard ROI/VOI of fixed volume overlaid on the PET image was used. In studies I
and 111, the size and the shape of the ROI for the region of dorsal raphe was kept constant for
the PET I and PET II images.

The cerebellar cortex was drawn as a left and right cortical gray matter excluding the central
vermis. The ROI/VOI for the cerebellum was localized at approximately lcm inside the
cerebellar surfaces to avoid surrounding radioactivity spill-in (Drevets et al 1999) (Study I-
V).

PET data analysis

The Simplified Reference Tissue Model

In all studies (I-IV), the SRTM was used to obtain BP values. SRTM is a noninvasive
modeling approach that uses cerebellar time activity curve (TAC) as an indirect input function
for the calculations of BP and has been validated for both [”C]WAY100635 and
[''CIMADAM (Gunn et al 1998; Lundberg et al 2005). The utilization of cerebellum as a
reference tissue in SRTM was based on assumption of the virtual absence of radioligand
binding in this region. For the 5-HT4 receptor and 5-HTT in vitro studies have demonstrated
negligible densities of both the receptor and transporter in the cerebellum, which should not
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account for specific binding (Cortes et al 1988; Plenge et al 1990). However, the possibility of
a few percent activity in the cerebellum can not be excluded and a previous PET study in
humans have reported higher uptake of [''CIWAY 100635 in the cerebellar vermis (Parsey et
al 2005). The cerebellar vermis was accordingly excluded from the cerebellar ROI analysis.

The SRTM accounts for regional differences in the influx rate constant (K;) between the ROI
and the cerebellum as well as regional differences in the time course of free and
nonspecifically bound radioligand. The approach provides with the parameter referred to as
BP and was calculated according to the formula: BP (ka/kq)= Bmax f2/(Kq [1 + Zi Fi/Kai])

where ks and k4 refer to the exchange of tracer between the free and a specifically bound
compartment, Bnax the density of receptor, f; is the "free fraction" of unbound radioligand in
the tissue, K4 the dissociation constant for the radioligand, and F; and Kg are the free
concentration and dissociation constant of the competing endogenous ligand.

Voxel based analysis of binding potential

In study I, a voxel-based approach was used as a complementary method to the VOI based
method to investigate differences in 5-HT;4 receptors and 5-HTT binding independent of
VOI definition. The parametric mapping analysis was done according to previous literature
using the same design model in similar sample sizes (Sargent et al 2000; Turner et al 2005).
Recent developments in parametric imaging techniques have used wavelet space to reduce
noise and linearize the data to calculate the BP by the Logan method (Cselenyi et al 2006).
This method was preferred to the Gunn’s basis function method (Gunn et al 1997) because it
has been shown to provide more reliable estimates across regions with a wide range of
receptor density (Cselenyi et al 2006).

Thus, in study II, the PET images were converted to parametric images by Logan analysis in
wavelet space. Since this template does not completely match the Talairach brain, it was
necessary to correct the SPM{t} coordinates. This was achieved using the subroutine
implemented by Matthew Brett (http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html),
which gives the correspondence between SPM coordinates and Talairach coordinates. After
importing the corrected coordinates, anatomical regions and Brodmann areas were identified
by the Talairach Daemon Database
(http://www.ric.uthscsa.edu/projects/talairachdaemon.html).

The binding potential images were then normalized to the Montreal Neurological Institute
(MNI) template in SPM2 and smoothed using a Gaussian filter (FMHM 12 mm) before
statistical comparison between the groups, voxel by voxel using the SPM 2.

Hormone Assays and Gynecological Assessment

All healthy women who participated were scanned with PET in the follicular and luteal phase
of the menstrual cycle. In study II, only PET scans from the follicular phases were included.
In study IV, the healthy women were randomized for the phases of the menstrual cycle to
serve as controls for women with BPD for which the menstrual phase was not controlled. In
study I, women with PMDD were examined with PET in the follicular and luteal phase of the
menstrual cycle.
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The menstrual cycle phase was determined using ultrasound of the ovaries, plasma estradiol
(E») and progesterone (P4), concentrations, and blood and urine levels of the luteinising
hormone (LH) levels to detect the midcycle LH surge and ovulation. Plasma levels of E, Py,
follicle stimulating hormone (FSH) and LH, were examined at the time of PET examinations.
Blood was drawn and immediately sent to the Chemistry Laboratory at Karolinska Hospital
for routine analyses of E,, P, FSH and LH. The reference values of the Karolinska Laboratory
were used to evaluate hormonal levels. In study I, plasma values of gonadal hormones E, and
P4 as well as FSH and LH were compared between patients with PMDD and controls and in
study III, the relationship between hormones E, and P4, and 5-HT;s and 5-HTT BPs were
estimated at different phases of the menstrual cycle in healthy women (Study III).

Routine gynecological assessment and transvaginal sonographic (TVS) examination were
carried out on the first visit, and at least once in the follicular and once in the luteal phase of
the menstrual cycle in connection with the PET examinations. TVS examinations were
performed using Volusoson 730 Expert (GE Medical Systems with access to 3D) and/or
Acuson Sequoia 512 (Acuson Corporation). The ultrasound equipment had a high-resolution
vaginal probe. Power Doppler examination was added in the luteal phase, since the corpus
luteum (CL) is one of the most vascularized structures in the human body. To assess the day
of LH surge and ovulation, Clear Plane (Unipath Limited) was used detecting urinary LH
levels above 301U/, thus identifying at least 96% of ovulatory cycles compared to TVS used
as golden standard (Filicori et al 1984; Filicori et al 1986; Rossmanith et al 1990). Blood was
also drawn and levels of LH in blood were measured. To confirm a functioning CL, P4 levels
were measured in blood in the midluteal phase. TVS was also performed looking for a CL
with its characteristic blood vessels in the ovary where a growing follicle had been seen in the
follicular phase.
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RESULTS

Study I: A PET study of 5-HT;, receptors at different phases of the
menstrual cycle in women with premenstrual dysphoria

The cause of PMDD is largely unknown. It has been hypothesized that normal ovarian
function trigger PMDD related biochemical events within the brain and that 5-HT plays an
important role. In the present study PET and [''CJWAY 100635 were used to examine 5-HT 5
receptors in control group of women and in women with PMDD. Two PET examinations
were performed in each subject, one before (follicular phase) and one after ovulation (luteal
phase)(Figure 5). Each subject’s menstrual cycle was confirmed by ultrasonography of the
ovaries as well as with hormone levels in blood and urine. The 5-HT) 4 binding potential was
measured in six regions of interest and calculated according to the simplified reference tissue
model.

Figure 5. PET and ultrasound images obtained in the follicular (left) and luteal (right) phases
of the menstrual cycle. Horizontal sections through the midbrain visualize differences in
["'CIWAY100635 uptake in the dorsal raphe nuclei in a control woman and a woman with
PMDD. The ultrasound image obtained in the follicular phase shows a growing follicle
(homogenous shadow- lower-right of the US image), while in the luteal phase the corpus
luteum is visible (central yellow-orange area of the US image).

Mean baseline plasma concentrations for E,, P4, FSH and LH hormones during the follicular

and luteal phases in both PMDD women and asymptomatic controls were within normal
reference interval ranges. There were no significant between-group differences for the phases
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of the menstrual cycle in basal hormone concentrations of E, P4, FSH and LH. For the region
of dorsal raphe nuclei, there was a significant difference between the groups in the change of
5-HT s receptor binding (Mann-Whitney U test, z=1.98, p<0.05). In controls, 5-HT 4 receptor
BP changed from the follicular to the luteal phase whereas this change was much smaller in
PMDD patients. No significant differences in 5-HT 5 BP values were observed between the
groups for other regions investigated.

The study provides principally new support in vivo, for a serotonergic dysregulation in
women with PMDD.

Study I1: Sex differences in the serotonin 1A receptor and serotonin
transporter binding in the human brain measured by PET

Women and men differ in 5-HT associated psychiatric conditions, such as depression, anxiety
and suicide. Despite this, very few studies focus on sex differences in the 5-HT system. Of the
biomarkers in the 5-HT system, 5-HT} 4 receptor is implicated in depression and anxiety, and
5-HTT is a target for SSRIs, psychotropic drugs used in the treatment of these disorders. The
aim of the present study was to study sex related differences in the 5-HT s receptor and 5-
HTT BPs in healthy humans, in vivo. PET and selective radioligands [''CJWAY 100635 and
[“C]MADAM were used to evaluate BPs for 5-HT s receptors (14 women and 14 men) and
5-HTT (8 women and 10 men). The BPs were estimated both on the level of anatomical
regions and voxel wise, derived by the SRTM and wavelet/Logan plot parametric image
techniques respectively.

The VOI-based analysis revealed higher mean 5-HT;» BP values in women compared to men
(Figure 6). A statistically significant mean difference of 1.37 in 5-HT;5 BP between women
and men were found (p=0.0063) and there was no sex by region effect (p=0.25). Compared to
men, women had in general, 39% higher 5-HT 4 BP. For the 5-HTT, a statistically significant
lower mean 5-HTT BP was measured in women compared to men (p=0.0035) with a difference
of 0.40. There was no significant sex by region interaction (p=0.47). A 55% higher 5-HTT BP
was observed in men compared to women (Figure 6).
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Figure 6. Column-plots showing higher ['"! CIWAY100635 BP (left) and lower [''C]MADAM
BP (right) in healthy women compared to healthy men.
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The parametric analysis of [''C]WAY 100635 images showed similar results to those obtained
with VOI analysis. Significantly higher BP values were found in women compared to men in a
wide number of brain regions. The parametric analysis of [''CJMADAM showed significantly
higher BP values in men compared to women in several brain regions i.e., right caudate,
putamen, ventral striatum and left inferior frontal gyrus.

In women, a positive correlation between 5-HT  receptor and 5-HTT BPs for the region of
hippocampus was found (p=0.0009). No significant correlation was observed between
regional 5-HT 4 receptor and 5-HTT binding in men.

Sex differences in 5-HT A receptor and 5-HTT binding may reflect biological distinctions in
the 5-HT system contributing to sex differences in the prevalence of psychiatric disorders
such as depression and anxiety. The result may help understanding sex differences in drug
treatment responses to drugs affecting the 5-HT system.

Study III: 5-HT,, receptor and 5-HTT binding during the menstrual
cycle in healthy women examined with [HC] WAY100635 and [HC]
MADAM PET

As discussed above, a growing body of research indicates that central 5-HT
neurotransmission may be modulated by gonadal hormones. Previous studies in animals have
reported variations in the central 5-HT levels during the rat oestrous cycle and suggested that
the physiological fluctuations of gonadal hormones, estrogen and progesterone might be
responsible for that. The aim of the present study was to explore the effects of the menstrual
cycle phases on 5-HT 5 receptor and 5-HTT BP in healthy women by using PET.

Women were investigated in the follicular and luteal phase of the menstrual cycle with
radioligands [''CJWAY 100635 (n=13) and [''CIMADAM (n=8) to study 5-HT;, and 5-HTT
BPs. The BPs values were quantified using the SRTM. The phases of the menstrual cycle
were characterized by TVS and plasma levels of hormones E,, P4, FSH and LH hormone.

The 5-HT4 receptor and 5-HTT BPs did not significantly differ between follicular and luteal
phases in any of the investigated regions (Figure 7). The only notable difference in 5-HTa
receptors and 5-HTT BPs, which was not statistically significant, was between follicular and
luteal phases in the dorsal nuclei raphe. The mean 5-HT 4 receptor BP was lower and 5-HTT
BP was higher in the follicular compared to the luteal phase in dorsal raphe.

There were no significant correlations between hormones E; or P4 and 5-HT o receptors BP or
5-HTT BP in any of the regions. Neither did the change in plasma E; or P4 correlated with the
change in 5-HT 4 BP or 5-HTT BP values in brain regions.

The results provide principally new in vivo evidence on human female biology, suggesting no
difference in 5-HT A receptors and 5-HTT binding between the phases of the menstrual cycle
in healthy women that can be revealed with the present methodology. The non-significant
observation of a possible change in 5-HT ;4 receptors and 5-HTT BP in dorsal nuclei raphe
needs to be further explored in a larger sample of healthy women.

22



Results

[1C] WAY 100635 BP
[MCIMADAM BP
['CIMADAM BP

Figure 7. Scatter-plots demonstrating individual ['' CIWAY100635 (left) and [ CIMADAM
BPs (right) in regions of interest in healthy women examined during the follicular and luteal
phases of the menstrual cycle.

Study IV: Lower serotonin-1A receptor binding in drug naive
patients with Borderline personality disorder: A PET study using
[M'CIWAY100635

BPD is a common and severe mental disorder characterized by impulsive-aggressive
behavior, repeated self-injury, affective lability and instable interpersonal relationships.
Across the diagnostic categories, these behaviors have been associated with indices of
abnormal 5-HT function, such as the low concentrations of the main 5-HT metabolite, 5-
HIAA in the CSF and low 5-HT platelet content. The aim of the present study was to examine
5-HT A receptor BP in female patients with BPD. Out of two hundred female patients with
BPD, seven met inclusion criteria (i.e. drug naive including, no previous or present alcohol or
drug abuse/dependency). Eight age and sex matched controls were recruited. PET and
selective radioligand [''CIWAY100635 were used to study brain 5-HT,, receptor BP in
dorsolateral prefrontal cortex, anterior cingulate, orbitofrontal cortex, amygdale,
hippocampus, insula, temporal cortex and dorsal raphe nuclei. BP was estimated using the
SRTM.
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Figure 8. Scatter graph showing 5-HT;4 receptor BP in dorsolateral prefrontal cortex
(DLPFC), anterior cingulate (AC), orbitofrontal cortex (OFC), amygdale (AMYGD),
hippocampus (HC), insular cortex (IC), temporal cortex (TC) and dorsal raphe (DR) in
control subjects and borderline patients. Horizontal lines indicate means.
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Compared to controls, women with BPD had a significantly lower 5-HT;4 receptor BP in the
brain regions examined (Figure 8). A statistically significant overall group effect was found
(p=0.032) with no support for significant effect of region (p=0.265).

The results suggest a lower 5-HT 4 receptor BP in drug naive patients with BPD. The finding
corroborates previous studies suggesting the impairment of the 5-HT system in patients with
BPD.
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SUMMARY OF FINDINGS AND COMMENTS

On the gonadal hormones and the serotonin system

In study III, we did not find differences in the 5-HT;s receptors and the 5-HTT binding
between phases of the menstrual cycle in healthy women. The result is consistent with
previous in vivo imaging studies of Nordstrom et al (Nordstrom et al 1998) and Best et al
(Best et al 2005), who did not find menstrual cycle dependent variation in dopamine-2 (D)
receptor or in the 5-HTT and DAT binding in healthy women. The fluctuating levels of
gonadal hormones during the menstrual cycle have, however, been suggested to affect the 5-
HT system. Fludder and Tonge (Fludder and Tonge 1975) reported variations in the
concentrations of central 5-HT levels during the estrous cycle of rat. In women, fluctuations
in the levels of gonadal hormones have been suggested to play a major role in reproductive
endocrine-associated mood syndromes such as PMDD. A significant difference in 5-HT
related responses to pharmacological drug challenges has been found between the follicular
and luteal phases in women with PMDD compared to controls, supporting the association
between cyclic variation in gonadal hormones and the 5-HT system (FitzGerald et al 1997; Su
et al 1997).

The results of study III does not, however, preclude that gonadal hormones exert influences
on the 5-HT system. We did find a non-significantly lower 5-HT; receptor BP in the
follicular compared to the luteal phase and higher 5-HTT BP in the follicular compared to the
luteal phase in women in dorsal raphe nuclei. In rhesus macaque the administration of
gonadal hormones, estrogen and progesterone changed the expression levels of the 5-HTa
receptor and 5-HTT mRNA in dorsal raphe (Pecins-Thompson and Bethea 1999; Pecins-
Thompson et al 1998). Although non-significant, the observation of a possible change in 5-
HT;a receptors and 5-HTT BPs in dorsal raphe suggests potential influences of gonadal
hormones on 5-HT receptors, the finding that needs to be further explored in a larger sample
of healthy women.

In study I, we explored differences in gonadal hormones between women with PMDD and
control women. No differences in mean plasma E, and P4 hormone levels were observed
between women with PMDD and controls. Redei and Freeman (Redei and Freeman 1995)
reported higher mid cycle estrogen levels in women with PMDD compared to controls. The
differences in basal levels of hormones between women with PMDD and control women
were, however, not replicated and Backstrom et al (Backstrom et al 1983) found normal basal
hormone values of progesterone, estradiol, testosterone and androstenedione in women with
PMDD. These results suggested that women with PMDD differ from women with no
complaints not with respect to ovarian activity but rather with respect to brain reactivity to
normal variations in serum levels of gonadal hormones.

The results of the study I are, thus, consistent with the former findings of no diagnosis-related
differences in basal plasma reproductive hormone levels between the two groups (Backstrom
et al 1983; Rubinow et al 1988) suggesting normal ovarian function in dysphoric women.
Normal ovarian function, rather than hormone imbalance, could represent a cyclic trigger for
PMDD related biochemical events within the central nervous system (Schmidt et al 1998).
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On the sex differences in the serotonin system

Consistent with evidence from preclinical and clinical studies suggesting sex-differences in 5-
HT system, we found significant differences in the 5-HT;s receptor and 5-HTT binding
between healthy women and men in study II. Our results replicate that from the study by
Parsey and collaborators (Parsey et al 2002) who used similar methods and found higher 5-
HT) A receptor binding in women than in men. Furthermore, our results corroborate previous
postmortem human data of greater 5-HT,s receptor binding in women compared to men
(Arango et al 1995) and decreased cortical 5-HTT binding in women (Arora and Meltzer
1989). However, our results of higher 5-HTT binding in men are discrepant from a study by
Staley et al (Staley et al 2001) who reported higher 5-HTT availability in healthy women
compared to men. The divergence in findings on 5-HTT may be due to differences in
selectivity of radioligands used in the two studies. In the present study a highly selective
radioligand [''CIMADAM was used to estimate 5-HTT binding, while in the study of Stanley
and collaborators, radioligand ['*I]-CIT with non-selective properties binding to both 5-
HTT and DAT was applied.

Viewing that 5-HT;n receptor and 5-HTT are important markers for serotonergic
neurotransmission, the results of study II support the hypothesis that differences in the 5-HT
function between women and men may underline the known gender differences in the
prevalence in depression as well as sex-differences in pharmacological treatment that target
serotonergic neurotransmission. Although pathophysiological mechanisms underlying
depression in women are still largely unknown, the results of study II suggest that in women
there might be lower 5-HT activity designating the trait sensibility to sustain a higher
tendency to develop depression.

In summary, we found differences in 5-HT4 receptor and 5-HTT binding between healthy
women and men. The findings may help understanding mechanisms underlying sex
differences in the prevalence of psychiatric disorders as well as pharmacological treatment
responses.

On the serotonin system in psychiatric disorders of women

It could be shown that 5-HT;s receptors are involved in PMDD and BPD of women. In
women with PMDD, the 5-HT;4 receptor binding significantly differ from asymptomatic
controls in relation to menstrual cycle phase in the region of dorsal raphe nuclei. The finding
of 5-HT s receptors abnormality in women with PMDD is consistent with previously reported
challenge studies of 5-HT;5 receptors mediated effects indicating different serotonergic
responses between women with PMDD and controls (FitzGerald et al 1997; Yatham 1993). It
has been hypothesized that women with PMDD may be behaviorally or biochemically sub-or
supersensitive to biological challenges of the seorotnergic system (Halbreich and Tworek
1993; Leibenluft et al 1994). There have also been suggestions that normal ovarian function,
rather than hormone imbalance, could be a cyclic trigger for PMDD related biochemical
events within the central nervous system (Schmidt et al 1998). The results of study I further
support these views by demonstrating abnormalities in 5-HT A receptors function but normal
basal plasma reproductive hormone levels in women with PMDD.
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The results of study IV show abnormalities in 5-HT receptors in BPD. Global reduction in
5-HT A receptors binding was found in drug naive patients with BPD compared to control
women. The finding is consistent with the literature on 5-HT challenges (Martial et al 1997,
Rinne et al 2000), which indicated lower sensitivity of 5-HTs-receptors in patients with BPD
(Hansenne et al 2002; Martial et al 1997). The global effect may tentatively be in line with the
recently demonstrated role of brain-derived neurotrophic factor (BDNF) in the development
and maintenance of the 5-HT system in man.
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