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Chapter 1

|

INTRODUCTION

Neuroactive steroids are important for psychiatry. Being metabolites of sex and stress hormones, they are
involved in the pathophysiology of menstrual cycle and stress linked psychiatric disorders like the Premenstrual
Dysphoric Disorder (PMDD), depression and dementia. Neuroactive steroids influence the excitability of neurons
by acting on membrane-bound neurotransmitter receptors. Changes in concentrations of neuroactive steroids
or in sensitivity of receptors can cause psychiatric symptoms like negative mood, anxiety and cognitive disorders. Most data comes from animal research while human data is mostly limited to the assessment of levels of
neuroactive steroids in plasma from psychiatric patients and healthy controls and from postmenopausal women
during hormone replacement therapy. The latter model has the advantage that dose response studies have been
performed in humans.

Definitions

Steroid hormones are synthesized in the gonads, adrenal glands and placenta. Some steroid hormones are
also synthesised in the brain and are called neurosteroids (Baulieu, 1998). The synthesis of steroids within the
brain was first discovered in 1981 when dehydroepiandrosterone-sulphate (DHEAS) was detected in the brain of
rats in concentrations much more higher than in plasma and not being influenced by adrenalectomy or adrenocorticotropic hormone (ACTH) administration (i.e. by manipulation peripherally) (Corpechot et al., 1981). When
steroid hormones or neurosteroids have effect on the central nervous system (CNS) they are called neuroactive
steroids (Paul and Purdy, 1992).
Steroid hormones are known to act through intracellular receptors that act as ligand-activated transcription factors in the regulation of gene expression (genomic way). Neuroactive steroids have effects through
membrane-bound receptors such as ligand-gated ion channels (non-genomic way) (McEwen, 1991; Rupprecht,
2003). This a-genomic mechanism of action accounts for rapid steroid effects that occur within milliseconds
to seconds. Although neuroactive steroids can act on many different membrane-bound receptors, neuroactive
steroids that act on the GABA(A) receptor are among the best studied (Baulieu, 1998). These so called GABAsteroids are defined as 3alpha-hydroxy-5alpha/beta metabolites of endogenous steroid hormones (Rupprecht
and Holsboer, 1999). The main endogenous steroid hormones that generate GABA-steroids are stress hormones
(cortisol and desoxycorticosterone (DOC)), and sex hormones (progesterone and testosterone). Many of the CNS
effects of stress and sex hormones are mediated via the 3alpha-hydroxy-5alpha/beta metabolites while these
GABA-steroids themselves do not activate the classical hormonal nuclear receptors of their parent compounds
(Backstrom et al., 2003).
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GABA, GABA(A) receptor, and GABA-steroids

Gamma-amino butyric acid (GABA) is the major inhibitory neurotransmitter in the CNS and activates the
GABA(A) receptor. The transmembrane heteropentameric GABA(A) receptor is composed of five subunits that
belong to different subunit classes (Rudolph et al., 2001). These subunits form an ion channel through which
chloride ions can enter the cell. When chloride ions flow into the neuron the possibility to generate an action
potential is inhibited. Opening and closing of the channel is regulated by substances that bind to the GABA(A)
receptor such as GABA itself, benzodiazepines, alcohol and GABA-steroids. GABA-steroids enhance the GABA
effect on the GABA(A) receptor in a similar way as barbiturates, benzodiazepines and alcohol and are therefore
potent positive allosteric modulators of the GABA(A) receptor (Majewska et al., 1986).
The concentrations of GABA-steroids in the brain change in parallel with the ovarian and adrenal production.
Conditions in which high GABA-steroid production occurs are stress, the luteal phase of the menstrual cycle, pregnancy, progestagen treatment (oral contraceptive use, hormonal replacement treatment), and steroid treatment.
GABA-steroids and GABA(A) receptors interact with each other. The sensitivity of GABA(A) receptors to GABAsteroids depends on the subunit composition of the receptor, with receptors containing the delta-subunit being
the most sensitive (Spigelman et al., 2003), and on the phosphorylation state of the receptor (Lambert et al.,
2001). Subunit composition differs between brain regions (Gee et al., 1988; Lambert et al., 2001). Vice versa,
GABA-steroids influence the subunit composition of the GABA(A) receptor (Follesa et al., 2004); withdrawal of
GABA-steroids increase alpha 4 subunit resulting in decreased sensitivity to GABA-steroids (Smith et al., 1998)
while exposure to GABA-steroids increase alpha 1 and 2 subunits (Birzniece et al., 2006; Guerra-Araiza et al.,
2008). Thus, the interaction between GABA-steroids and GABA(A) receptors is complex.
GABA-steroids can induce CNS disorders (Backstrom et al., 2003). These disorders can be divided into
menstrual cycle linked disorders (for example negative mood during hormone replacement therapy, PMDD, and
catamenial epilepsy, which is a form of epilepsy characterised by increased frequency of epileptic seizures)
and acute and chronic stress disorders (for example depression). In addition, GABA-steroids induce symptoms
like cognitive disturbances (impaired memory and learning (Johansson et al., 2002)), increased appetite (Chen
et al., 1996), and increased risk of substance abuse (Finn et al., 1997). They also induce negative mood symptoms and aggressiveness (Backstrom et al., 2003; Miczek et al., 2003). Long-term treatment with precursors to
GABA-steroids increases the risk of developing dementia (Shumaker et al., 2003). Similar to benzodiazepines,
GABA-steroids can produce tiredness or sedation, and the development of tolerance leading to rebound effects
at withdrawal. After a long exposure to GABA-steroids the GABA-system becomes dysfunctional by down regulating the GABA(A) receptors (Yu and Ticku, 1995) which is a state similar to long-term benzodiazepine use.
The pathophysiological mechanisms that are responsible for the GABA-steroid induced effects are direct
action of GABA-steroids on GABA(A) receptors, induction of tolerance for GABA-steroids, and withdrawal of
GABA-steroids (Backstrom et al., 2003).

12

Chapter 1 | INTRODUCTION

Allopregnanolone

Allopregnanolone, which is one of the main circulating metabolites of progesterone, is one of the most
well-documented examples of those neuroactive steroids that interact with the GABA(A) receptor complex (Lan
and Gee, 1994). It is a positive allosteric modulator of the GABA(A) receptor (Majewska et al., 1986). Allopregnanolone potentiates the action of GABA by prolonging the mean life time of the chloride channel open state
(Prince and Simmonds, 1993), increases the duration of opening of the chloride channel in a manner similar to
barbiturates and at high doses increases the frequency of opening of the chloride channel in a manner similar to
benzodiazepines (Twyman and Macdonald, 1992). The exact site on the GABA(A) receptor to which allopregnanolone was thought to bind to was always believed to be distinct from that of barbiturates and benzodiazepines
(Peters et al., 1988; Paul and Purdy, 1992; Lambert et al., 1995; Brot et al., 1997; Wang et al., 2000). The possibility of multiple binding sites on a single GABA(A) receptor or distinct sites on different GABA(A) isoreceptors was
also considered (Morrow et al., 1990; Prince and Simmonds, 1993). Later the exact binding site was discovered:
two distinct sites on the GABA(A) receptor (Hosie et al., 2006). For a small proportion, allopregnanolone can
be entirely synthesized de novo within the brain from cholesterol (Paul and Purdy, 1992; Marx et al., 2000a).
It can also arise within the central or peripheral nervous system from metabolization of peripherally (adrenal
medulla and ovary) produced steroid hormones (Calogero et al., 1998; Baulieu and Schumacher, 2000; Marx et
al., 2000b). The positive modulation of the GABA(A) receptor by allopregnanolone leads to sedative, hypnotic,
anaesthetic, anxiolytic and anticonvulsant effects in animals (Arafat et al., 1988; Bitran et al., 1991; Frye and
Duncan, 1994; Lancel et al., 1997; Reddy et al., 2004).

Allopregnanolone, stress, and the peripheral benzodiazepine receptor

Acute stress, as induced by swimming in ambient temperature water (Purdy et al., 1991), inhalation of CO2
(Barbaccia et al., 1994; Barbaccia et al., 1996), and handling in naive rats or mild foot shock in handling-habituated rats (Barbaccia et al., 1997), increases plasma and brain concentrations of allopregnanolone in animals.
Chronic stress, however, decreases these baseline concentrations (Serra et al., 2000). The increase in allopregnanolone concentration in response to acute stress, however, is maintained during chronic stress (Serra et al.,
2007). No data exists about alterations in allopregnanolone concentration following stress in humans.
Stress has also influence on the peripheral benzodiazepine receptor (PBR) density in humans. The PBR
plays an important role in the synthesis of neuroactive steroids (Papadopoulos et al., 2006). Situated on the
outer membrane of the mitochondrion, the PBR translocates steroid precursors from outside to inside this organell. In the mitochondrion, the steroid precursor is then metabolised into neuroactive steroids. Several clinical
studies have been conducted on PBR density, indicating that acute stress increases and chronic stress decreases
PBR density. Examination stress, forced swimming and surgical stress in rats, are associated with increased PBR
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density (Karp et al., 1989; Dar et al., 1991; Weizman et al., 1993; Weizman et al., 1995; Gavish et al., 1996; Soreni
et al., 1999; Leschiner et al., 2000; Ritsner et al., 2003). Long-term anxiety, parachute training course, Posttraumatic Stress Disorder (PTSD), adolescents with repeated suicide attempts, are associated with decreased
PBR density (Weizman et al., 1987; Dar et al., 1991; Gavish et al., 1996; Soreni et al., 1999). Depression, PMDD, and
obsessive-compulsive disorder do not show any difference in PBR density with controls (Weizman et al., 1993;
Weizman et al., 1995; Daly et al., 2001). Because of its relation with neuractive steroids, the PBR is suggested as
a potential target for new anxiolytic drugs (Kita et al., 2004).
Acute or chronic stress often precedes psychiatric disorders and it has been shown that patients suffering from affective disorders have a dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis (Owens and
Nemeroff, 1991). The HPA-axis is activated during stress leading to elevated plasma levels of cortisol. For an
effective response to stress, activation of the HPA-axis has to be followed by deactivation. In some conditions,
however, the subect may have increased and/or prolonged activation of the HPA-axis due to an absent switchoff of the HPA-axis to normal state. When the HPA-axis remains in a state of overactivity, it will lead to negative
effects. In depressed patients, for example, the negative feedback of cortisol on the hypothalamus and pituitary
gland is disrupted and concentrations of corticotropin-releasing hormone (CRH), ACTH, and cortisol remain elevated in the absence of the preceding stress factor (Holsboer, 2001). Allopregnanolone attenuates CRH-release
and CRH-gene expression (Patchev et al., 1994) and also also decreases ACTH concentrations (Patchev et al.,
1996). Vice versa, administration of CRH increases allopregnanolone concentrations (Genazzani et al., 1998).
Taken into account that allopregnanolone plasma levels increase following acute stress, it is thought that allopregnanolone is formed as a calming compensatory response to stress. The role of allopregnanolone in stresslinked psychiatric disorders like depression deserves therefore further attention.

Allopregnanolone and emotion regulation

It has been shown in several animal models of anxiety that allopregnanolone has an anxiolytic effect. The
amygdala is important in this effect (Akwa et al., 1999). The amygdala plays a crucial role in emotional processing. It is important for the identification of the emotional significance of stimuli and the response to it. The
amygdala is part of a larger emotion circuitry and connected to other important centres such as the anterior
cingulate gyrus, the fusiform gyrus and the prefrontal cortex.
Anxiety is a symptom that is frequently seen in psychiatric patients and there are some psychiatric disorders in which anxiety is the core symptom, the so called anxiety disorders. Although in mixed anxiety-depressive
disorder (Bicikova et al., 2000), generalised anxiety disorder (Semeniuk et al., 2001), and generalised social phobia (Heydari and Le Melledo, 2002), allopregnanolone plasma concentrations were not different from healthy
controls, patients with panic disorder have significantly higher plasma concentrations than healthy controls
which decrease at induction of panic attacks (Strohle et al., 2003). Dysregulation of allopregnanolone levels are
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suggested to be a part of the pathophysiology of panic disorder as healthy controls did not show a decrease in
plasma allopregnanolone concentrations during the induced panic attacks (Strohle et al., 2003).
The knowledge about the role of allopregnanolone in emotion regulation seems thus far to be restricted
to anxiety disorders. In PMDD, a disorder characterised by negative emotions during the premenstrual phase,
however, patients show a reduced sensitivity to pregnanolone, the stereo-isomer of allopregnanolone, due to
a dysfunction of the GABA system. Dysfunction of the GABA(A) receptor is part of the pathophysiology that is
shared with panic disorder; both patients with PMDD and patients with panic disorder show a shift in sensitivity
to flumazenil toward inverse agonism leading to panic attacks in response to flumazenil (Nutt et al., 1990; Le
Melledo et al., 2000). More research on the influence of allopregnanolone in emotional processing is recommended.

Allopregnanolone and depression

Protracted social isolation in mice induces chronic stress and is followed by a behavioural adaptation
syndrome, which shares some features of depression. Cerebral cortex levels of allopregnanolone have been
shown to be decreased in this animal model of depression (Serra et al., 2000), due to a decreased activity of
the 5alpha-reductase enzyme (Dong et al., 2001). Olfactory bulbectomy, which results in several anatomical,
physiological and behavioural abnormalities similar to those reported in depression in human patients, induces
also decreased levels of allopregnanolone in brain (Uzunova et al., 2003). After three weeks of treatment with
antidepressants of three different classes (desipramine, fluoxetine, sertraline, and venlafaxine), these levels
normalized (Uzunova et al., 2004). It is suggested that the increase in allopregnanolone by fluoxetine is due
to a change of the activity of the enzyme 3alpha-hydroxysteroiddehydrogenase (HSD) (or 3alpha-hydroxysteroidoxidoreductase (HSOR)), to the reductive site (Griffin and Mellon, 1999). The decreased GABA(A) receptor
sensitivity in patients with PMDD is normalized after citalopram treatment suggesting a different mechanism of
action by the antidepressants (Sundstrom and Backstrom, 1998).
In humans, plasma (Romeo et al., 1998) and cerebro spinal fluid (Uzunova et al., 1998) levels of allopregnanolone were found to be decreased in depressed patients. Pharmacological treatment with antidepressants
increased allopregnanolone levels in both studies. To investigate whether this normalization of decreased levels
of allopregnanolone is part of the improvement of depressive symptoms or merely due to the pharmacological
effect, the Max Planck Institute in Munich, Germany, performed three studies in which depressed patients were
treated non-pharmacologically: partial sleep deprivation (Schule et al., 2003), repetitive transcranial magnetic
stimulation (Padberg et al., 2002), and electroconvulsive therapy (Baghai et al., 2005). The conclusion of all
these three studies was that there were no alterations in allopregnanolone levels following treatment. The
observed effects on allopregnanolone levels following pharmacological antidepressant treatment is due to specific pharmacological properties of antidepressant drugs (Eser et al., 2006). Normalization of allopregnanolone

15

Chapter 1 | INTRODUCTION

levels is neither required nor sufficient for clinical response. This was later supported by the finding that following five weeks of treatment with mirtazapine allopregnanolone levels increased in depressed patients both in
responders and non-responders (Schule et al., 2006). The increase in the allopregnanolone levels was abolished
when mirtazapine treatment was combined with lithium or carbamazepine (Schule et al., 2007).

Allopregnanolone and PMDD

Even though premenstrual symptoms had been already described by Hippocrates, PMDD was only first
mentioned as a special psychiatric diagnosis in the Diagnostic and Statistical Manual of Mental Disorders (DSMIV) in 1994 (Association, 1994). In this edition only research criteria for PMDD are given with the aim that results
of further research will validate the inclusion of PMDD as an official DSM diagnosis. The syndrome itself has been
described with different names before. In DSM-III-R-Appendix A it was called late luteal phase dysphoric disorder
(LLPDD) (American Psychiatric Association, 1987). Before this diagnosis was established as a DSM disorder, the
term premenstrual syndrome (PMS) was used for patients with severe premenstrual mood disturbances and
physical symptoms (Lenzinger et al., 1997). The term PMS is still generally used in medicine to indicate serious
premenstrual complaints but that do not reach the extent of severity as in PMDD. Another classification system
than the DSM, the International Statistical Classification of Diseases and Related Health Problems 10th Revision
(ICD-10), contains the diagnosis premenstrual tension syndrome to indicate serious premenstrual symptoms
(World Health Organization, 2004). A prevalence rate for PMDD of 3-5% is mentioned in the DSM-IV (Association, 1994), and is confirmed by others (Gehlert and Hartlage, 1997).
During the normal menstrual cycle the plasma levels of progesterone fluctuate. In the follicular phase
there is a low concentration. After the ovulation the luteal phase starts and a corpus luteum is formed that produces progesterone, and via metabolisation allopregnanolone, in high amounts. A few days before menstruation
the progesterone concentration starts to decrease. In PMDD it is remarkable that symptoms of negative mood
and irritability start after ovulation, increase in parallel with progesterone and allopregnanolone concentrations
and continue to grow even after levels of progesterone and allopregnanolone have started to decrease. This
indicates that there is a direct effect of allopregnanolone on responsible receptors in the brain first, followed by
development of tolerance to allopregnanolone, and finally withdrawal of allopregnanolone starts.
In the past it was believed that differences in plasma concentrations of progesterone and allopregnanolone
between women with PMDD and normal women were the cause of symptom development. However, contradicting information has been reported concerning neuroactive steroid plasma concentrations in PMDD patients and
controls. Some studies in PMDD patients found significantly lower allopregnanolone levels in the follicular phase
(Bicikova et al., 1998) or in the luteal phase compared to control subjects (Rapkin et al., 1997; Bicikova et al.,
1998; Monteleone et al., 2000). In other studies, no statistically significant differences in allopregnanolone levels
were found (Wang et al., 1996; Sundstrom and Backstrom, 1998b). One study found higher allopregnanolone
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levels in the luteal phase of patients with PMDD (Girdler et al., 2001). Thus, assessment of plasma concentrations
seem to be of little help in explaining the cause of PMDD. Moreover, actual allopregnanolone concentrations in
the brain may differ from the periphery and can only be measured in liquor by lumbar puncture (Uzunova et
al., 1998). Research at the receptor level is more promising. There might be a difference in sensititvity to allopregnanolone due to, for example, changed subunit composition of the GABA(A) receptor (Grobin and Morrow,
2000). Nowadays, a dysfunctional GABA system, i.e. a changed sensitivity of the GABA(A) receptor, is suggested
to be part of the pathophysiology which suggestion is supported by the observation of decreased sensitivity to
GABAergic substances such as benzodiazepines, alcohol and pregnanolone (Sundstrom et al., 1997b; Sundstrom
et al., 1998; Nyberg et al., 2004), and a shift in benzodiazepine sensitivity toward inverse agonism in women with
PMDD (Le Melledo et al., 2000). A third observation that indicates a changed GABA(A) receptor function is that
the negative mood and irritability in women with PMDD is related to the increase in allopregnanolone during the
menstrual cycle. Normally, allopregnanolone induces anxiolysis and sedation but in these women the opposite
occurs. It is suggested that allopregnanolone has a bimodal effect in women with PMDD, i.e. that these women
respond to low concentrations of allopregnanolone with anxiety and irritability and to higher concentrations
with positive feelings. Such a bimodal effect has been demonstrated in postmenopausal women during hormonal therapy with progesterone. Their negative mood aggravated with increasing allopregnanolone concentrations in the beginning but improved with further increase of these concentrations later (Andreen et al., 2005;
Andreen et al., 2006b) Women with PMDD show increased amygdala response to negative stimuli (emotional
words) in the luteal phase compared to the follicular phase (Protopopescu et al., 2008). Again, this enhanced
negative emotional processing in the luteal phase could be due to a different sensitivity of the GABA(A) receptor
to allopregnanolone in this phase of the cycle.

Aims of this thesis

Although it has repeatedly been shown that allopregnanolone is increased after stress in animals, the effect of stress on plasma levels of allopregnanolone in humans has not been investigated. Further, although it
has been shown that PBR density is increased after stress in humans, the relationship between plasma levels of
allopregnanolone and PBR density is not known.
It has been consistently shown that administration of allopregnanolone in animals leads to sedation, anxiolysis
and anticonvulsion. Human in-vivo data is missing because until recently there was no pharmaceutical formulation available for human use. We administered a newly available pharmaceutical formulation for intravenous
administration in humans.
Until now, the effect of the phase of the menstrual cycle on the sensitivity to progesterone is not known. It has been
shown that PMDD patients have a different sensitivity to GABAergic substances like diazepam, midazolam and pregnanolone across the cycle compared to healthy controls (Sundstrom et al., 1997a; Sundstrom et al., 1997b; Sundstrom
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et al., 1998).
The effect of neuroactive steroids on the functional activity in brain function is not known. Several findings suggest that allopregnanolone is involved in the modulation of the amygdala. Infusion of GABA agonists
into the amygdala induces anxiolytic effects (Davis and Whalen, 2001b). In the brain of healthy women there
are significant changes in functional magnetic resonance imaging (fMRI) responses during the menstrual cycle
which are related to, among other hormones, progesterone variations (Fernandez et al., 2003). Progesterone
and allopregnanolone are associated with a decrease in amygdala reactivity during the intentional encoding of
neutral and happy faces into memory (van Wingen et al., 2007). As the amygdala is a part of the brain that is
related to emotional experiences and allopregnanolone is involved in psychiatric disorders, it is important to
study the effect of progesterone on the response of the amygdala to emotional stimulation.
There are many different neuroactive steroids and they have many different effects via a number of different neurotransmitter receptors. In this thesis we have focused on the neuroactive steroid allopregnanolone
and its effect on the GABA(A) receptor. As the available data on allopregnanolone is mostly limited to animal
research, we have decided to investigate the effects of allopregnanolone in humans. The overall aim of this thesis is to address this gap in knowledge and to investigate the GABAergic effects of allopregnanolone in men and
women. Secondary aims were:
−

to investigate the influence of the menstrual cycle on these effects in women

−

to test the hypothesis that in acute stress plasma allopregnanolone concentrations increase in men and

women together with an increase in PBR density
To investigate the GABAergic effects in humans it was important to administer allopregnanolone in humans. At the start of the PhD project, however, there was no allopregnanolone formulation for human use
available. Therefore we started challenge studies with the precursor progesterone, which is a technique applied
by other researchers earlier. In these studies, progesterone as well as allopregnanolone plasma concentrations
were measured and related to effect parameters. Meanwhile an allopregnanolone formulation for human use
had become available. We were able to administer it in only one study given the time constraints of this thesis
project.

Outline of the study

The thesis starts with an outline about the pharmacological characteristics of progesterone and allopregnanolone and the relation between allopregnanolone and serotonin (chapters 2 and 3). It proceeds with a review
in which the role of neuroactive steroids in depression, with emphasis on allopregnanolone, is discussed in detail
(chapter 4). In chapter 5 the effect of stress on allopregnanolone plasma levels and PBR density is assessed. We
assumed that PhD examination could serve as a model for stress. PBR density on platelets was used as a marker
for central PBR density. In chapters 6, 7, and 9 the GABAergic effect of exogenous allopregnanolone (chapter
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6) and progesterone (chapters 7 and 9) in humans is assessed by measurement of saccadic eye velocity (SEV)
(chapters 6 and 7), electroencephalography (EEG) (chapter 6), reaction time (chapter 7), self-reports of mood,
and fMRI (only in chapter 9) in relation to allopregnanolone levels. A saccade is a rapid eye movement from one
target to another. SEV is the speed by which the eye moves from one target to another. Once a saccade has
started, it is generally regarded to be outside conscious control and not subjected to motivational influences
(Gentles 1971), and therefore SEV is considered to provide an objective measure of sedation. To investigate
GABA(A) receptor sensitivity, SEV in response to sedative drugs effective on the GABA(A) receptor can be measured (Hommer 1986). Several studies have shown that SEV is reduced in a dose-dependent manner by benzodiazepines (Hommer et al., 1986) and this effect is reversed by the benzodiazepine antagonist flumazenil (Ball et
al., 1991). The variability in SEV between individuals is large, but the intra-individual variability, both between test
days and within a testing session, is generally low (Gentles and Thomas, 1971; Mercer et al., 1990; Roy-Byrne et
al., 1990; Glue, 1991; Sundström and Bäckström, 1998b). Furthermore, benzodiazepine- or pregnanolone-induced
increase in self-ratings of sedation is highly correlated with reduction in SEV (Hommer 1986, Sundström 1998a).
Benzodiazepines increase sigma and beta power on pharmaco-EEG recordings and the same has been shown for
allopregnanolone in animals (Lancel et al., 1997b). The benzodiazepine lorazepam has been shown to decrease
amygdala activity dose-dependently during emotion processing (Paulus et al., 2005). Recordings of SEV, selfratings of sedation, pharmaco-EEG, and fMRI of amygdala are used in this thesis to measure the GABAergic
effects of neuroactive steroids.
In chapter 8 the influence of the phase of the menstrual cycle on the effects of oral progesterone in women
is examined. The effect of oral progesterone on the CNS in the follicular phase is, placebo-controlled, assessed
by measurement of SEV, reaction time, and self-reports of mood, in relation to allopregnanolone levels and
compared with that obtained in the luteal phase.
Chapter 10 is dedicated to a discussion of the results and to the question if the aims as formulated are
fulfilled, and outlines avenues for further research. Chapter 11 is a summary of the thesis.
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Pharmacological characteristics of progesterone and allopregnanolone,
steroid nomenclature, and development of neuroactive steroids to drugs

Progesterone

Progesterone (C21H30O2, molecular weight: 314.5) is a female sex hormone which is also pharmacologically
used in, among others, cycle disorders and as postmenopausal substitute.

Pharmacokinetic characteristics of progesterone

60% of oral progesterone is absorbed by the intestines as progesterone and metabolites. The bioavailability is 6-10% due to a significant ‘first-pass’ effect. The maximum blood concentration is achieved after 1-4 hours.
The main metabolites are active 20alpha-dihydroxyprogesterone and inactive pregnanediol (5alpha-pregnane3alpha,20alpha-diol). A significant proportion of the metabolites follow a enterohepatic cycle. Progesterone
is mainly eliminated via the urine (Commissie Farmaceutische Hulp van het College voor Zorgverzekeringen,
2006). Progesterone has a short half-life, about 30 minutes (Organon, personal comunications). Metabolization occurs successively in the gut (intestine bacteria with 5beta-reductase activity), intestinal wall (which has
5alpha-reductase activity and initiates conjugation with glucuronic acid at carbon atom C3) and liver (5betareductase, 3alpha- and 20alpha-hydroxylase and also conjugation with glucuronic acid at C3). Only a fraction
of the native steroid eludes these enzymes and circulates in the plasma as remaining progesterone. However,
micronization of progesterone, by speeding up its absorption, significantly increases the plasma level of the
remaining progesterone (Hargrove et al., 1989; Simon et al., 1993; McAuley et al., 1996). Most of the metabolites circulate as inactive pregnanediol (5beta-pregnane-3alpha,20alpha-diol) and are subsequently excreted in
the urine as conjugated pregnanediol (Adlercreutz and Martin, 1980; Ganong, 1991; de Lignieres et al., 1995).
However, also pregnanolone and allopregnanolone are formed (5beta-pregnane-3alpha-ol-20-one and 5alphapregnane-3alpha-ol-20-one, respectively). There is a significant interindividual variability in these metabolites
formed after administration of progesterone (Arafat et al., 1988; Freeman et al., 1993). These metabolites are excreted as pregnanediol glucuronide or as 3alpha,6alpha-dihydroxy-5alpha-pregnan-20-one glucuroniside. About
2% of the circulating progesterone is free, whereas 80% is bound to albumin and 18% is bound to corticosteroid-binding globulin (Ganong, 1991).

23

Chapter 2 | Pharmacological characteristics of progesterone and allopregnanolone, steroid nomenclature, and development of neuroactive steroids to drugs

Summary of known and potential risks of progesterone

Side effects of acute progesterone administration are short-lasting sleepiness or dizziness with onset
shortly after administration. This is probably due to certain metabolites of progesterone some of which have
anaesthetic properties (e.g., allopregnanolone, pregnanolone, tetrahydrodeoxycorticosterone (THDOC), etc.). In
one study, severe sedation that lasted for approximately 2 hours was induced in a female subject after having received 400 mg of micronized progesterone (Arafat et al., 1988). Blood pressure, pulse and respiration remained
stable throughout this time. When the woman repeated the study with 100 mg of micronized progesterone, she
experienced only some minor transient sleepiness (Arafat et al., 1988). It is known that blood concentrations of
progesterone metabolites after progesterone administration show large inter and even intraindividual differences. In this woman concentrations of GABA(A) receptor potentiating metabolites were probably far more higher
than concentrations of metabolites that inhibit or decrease GABA(A) receptor function. Androgenic effects such
as water retention, edema, icterus, nausea and headache, and virilisation may occur only after long-term treatment.

Antidote for progesterone intoxication

There is no antidote for progesterone intoxication. Although some metabolites of progesterone, for example allopregnanolone and pregnanolone, affect the GABA(A) receptor, the benzodiazepine antagonist flumazenil
is not effective as it interacts with another site of the receptor complex than these metabolites (Brot et al.,
1997).

Allopregnanolone

Different notations for indicating allopregnanolone (C21H34O2, molecular weight: 318.5) are being used:
3alpha-OH-5alpha-pregnan-20-one, 5alpha-pregnane-3alpha-ol-20-one, and 3alpha,5alpha-tetrahydroprogesterone (3alpha,5alpha-THP). Allopregnanolone is derived from progesterone, within the brain or peripherally.
In both cases, progesterone is the direct precursor which is reduced in a two-step reaction. The first step is
irreversible and is mediated by 5alpha-reductase that converts progesterone to 5alpha-hydroxyprogesterone.
There are two isoenzymes of 5α-reductase: 5α-R1 and 5α-R2. In humans 5α-R2 is found mostly in the prostate
gland. 5α-R1 is abundant in the brain. 5α-R2 is also present in the brain but in much lesser amount (Celotti et
al., 1997). 5α-DHP has some progestational potency. The second step is reversible and is mediated by 3alphahydroxysteroiddehydrogenase (HSD) (or –oxidoreductase: HSOR) that converts 5alpha-hydroxyprogesterone to
allopregnanolone (Krieger and Scott, 1984; Karavolas and Hodges, 1990; Mellon and Griffin, 2002). This is a
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reversible step: by reoxidation by this same enzyme allopregnanolone can be reconverted to 5α-DHP. There exist
four isoforms of the 3α-HSD (Matsuura et al., 1998). Although a lot of research has been done in animals with administration of allopregnanolone, human studies have been limited to assessment of plasma concentrations. It
has not been administered to humans. Pharmacokinetic data is therefore limited. No information on allopregnanolone is available about the extent of protein binding, distribution volume, half life, clearance, or bioavailability.
Plasma concentrations of allopregnanolone have been reported (see further). To be able to have some kind of an
idea of what dosage has to be given to gain an effect without serious adverse events, we summarised data from
studies that had investigated the stereoisomer of allopregnanolone, pregnanolone, in humans. Pregnanolone
had been been subject of research in the development of a new anaesthetic agent in humans, called eltanolone,
and was later, after further development had been canceled due to adverse events caused by the solubilizing
agent Intralipid, used in clinical scientific research.

Pharmacokinetic characteristics of (allo)pregnanolone

Protein binding of pregnanolone is 1.1 (0.7-1.7)% in women (Dale et al., 1999). Distribution volume of pregnanolone ranges from 1 to 4 l/kg depending on compartment model used (total or central compartment) and
time phase (steady state, elimination phase) (Carl et al., 1990; Gray et al., 1992; Carl et al., 1994; Parivar et al.,
1996; Dale et al., 1999). Half-life ranges from 21 to 42 min (distribution phase) (Carl et al., 1990; Gray et al., 1992;
Carl et al., 1994; Parivar et al., 1996; Dale et al., 1999; Sundstrom et al., 1999). Clearance was about 25 ml min−1
kg−1 (Carl et al., 1990; Gray et al., 1992; Carl et al., 1994; Parivar et al., 1996; Dale et al., 1999) and 60 ml min−1
kg−1 (Sundstrom et al., 1999). The clearly higher clearance rate in the latter study might be due to different
methods of calculation. About metabolisation and excretion of allopregnanolone a little bit more is known. Allopregnanolone can (1) be metabolised back to 5alpha-dihydroprogesterone (5alpha-DHP) via oxidative reaction
catalyzed by the 3alpha-hydroxysteroidoxidoreductase enzyme (3alpha-HSOR). Then, 5alpha-DHP is converted
to 3beta-OH-5alpha-pregnane-20-one by 3beta-HSOR (Stromstedt et al., 1993). 3beta-OH-5alpha-pregnane-20one is then further hydroxylated into more polar metabolites (Stromstedt et al., 1993). Circulating levels of the
3beta-OH-5alpha-pregnane-20-one seem to be approximately half the level of allopregnanolone in both the
follicular and luteal phases (Havlikova et al., 2006). Allopregnanolone can also be metabolized by (2) 6alphahydroxylase enzyme in extrahepatic tissues to 3alpha,6alpha-dihydroxy-5alpha-pregnan-20-one which is subsequently delivered to the liver and then excreted in the urine as a glucuronoside (Chantilis et al., 1996), or by (3)
20alpha-hydroxysteroid oxidoreductase to 5alpha-pregnan-3alpha,20alpha-diol (pregnanediol) and conjugated
with glucuronic acid and subsequently excreted with the urine as pregnanediol glucuronide (sodium pregnanediol-20-glucuronide).
In order to get an impression of the pregnanolone concentrations that arise after pregnanolone administration, we collected data from the control subjects in the studies from Sundström who administered preg-
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nanolone to humans in clinical scientific research. Cumulative doses of pregnanolone of 0.18 mg/kg resulted in
concentrations of 164-180 nmol/l (Sundstrom et al., 1998; Sundstrom and Backstrom, 1998a; 1999; Sundstrom et
al., 1999). Because there was only limited data on humans on suitable doses for sedation, Sundström gave doses
corresponding to only one fourth of the dose required for anaesthesia (Sundström - personal communications).
The total dosage was distributed over three increasing dosages (0.03, 0.06 and 0.09 mg/kg) with intervals
of 25 minutes. In this manner a dose-response curve could be established. No adverse events were reported.
Administration of pregnanolone is not complicated by neuroendocrine disturbances, regardless of cycle phase
(Sundstrom and Backstrom, 1999). Hereby, the allopregnanolone level that is reached just before parturition of
50 ng/ml (which is about 150 nmol/l) reported in pregnant women (Luisi et al., 2000) and of ≥30 ng/ml reported
in third trimester of pregnancy (which is about ≥100 nmol/l) (Paul and Purdy, 1992) is not exceeded.
The studies on which Sundstrom based the dosages of pregnanolone were as follows. Carl administered a
bolus dosis of 0.5-0.6 mg/kg intravenous (i.v.) (Carl et al., 1990), and a bolus dosis of 0.6 mg/kg i.v. in 45 s (Carl
et al., 1994). Gray adminstered subsequently 0.5 mg/kg i.v. in 30 s, 0.75 mg/kg i.v. in 45 s, and 1.0 mg/kg i.v. in 60
s (Gray et al., 1992). Parivar administered eltanolone as a bolus of 0.75 mg/kg over 20 s i.v. and as a constant rate
infusion at 2 mg/kg/hr and 3.5 mg/kg/hr during two hours (Parivar et al., 1996). Dale administered eltanolone
i.v. as a bolus of 0.75 mg/kg over about 20 s (Dale et al., 1999). Normal values (reference values) for allopregnanolone are not available from clinical laboratories. Therefore we gathered data from plasma samples from other
studies (table 1).
From this table it can be concluded that in ovulatory menstrual cycles, allopreganolone concentration
varies with the different phases and that normal plasma values of allopreganolone range from 0-1 nmol/l in the
follicular phase to 1-4 nmol/l in the luteal phase. This is in accordance with data that became available later and
which showed that circulating levels of allopregnanolone are two to four times higher in the luteal phase than
in the follicular phase (Wang et al., 2001; Havlikova et al., 2006). Allopregnanolone levels do not change during
the first two years of life but increase during pubertal development, suggesting that this steroid may be involved
in the adaptive neuroendocrine mechanisms related to puberty (Fadalti et al., 1999). Allopregnanolone levels
increase in parallel with progesterone during gestation and parturition (Luisi et al., 2000), and are detectable
postpartum (Nappi et al., 2001). The highest concentration of allopreganolone is reached during pregnancy
(Paul and Purdy, 1992; Bixo et al., 1997). In the third trimester of human pregnancy, plasma levels of allopreganolone and pregnanolone are approximately 100 nM (Paul and Purdy, 1992). In both cycling and pregnant rats, allopreganolone levels in the brain are higher than in plasma (Corpechot et al., 1993) and it can be suggested that
the same is in humans. Plasma concentrations of allopregnanolone are correlated with those of progesterone
(Schmidt et al., 1994). And the concentration of allopreganolone in brain correlates well with the concentration
of progesterone in plasma (Paul and Purdy, 1992; Wang et al., 1996).
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Table 1. Allopregnanolone blood concentration in healthy subjects
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Summary of known and potential risks of (allo)pregnanolone

In the pregnanolone/eltanolone reports mentioned before, the main adverse event was the one reported
in the study of Carl in 1990. This concerned an elevated body temperature for more than one hour (38.3°C after
11 hours) in one subject (Carl et al., 1990). The known pyrogenic effect of steroids was given as possible expanation. In the study of Gray, mean arterial pressure decreased with a maximum reduction of 17.8% at 4 minutes
from the start of induction in the 0.75 mg/kg group. The investigators suggested this to be a study-design effect.
Subjects were more relaxed as they became familiar with the study procedures. Respiratory depression (apnoe)
occurred in one subject, after a dose of 1.0 mg/kg, and ventilation had to be assisted during 90 s. It was concluded that the degree of cardiovascular and respiratory depression observed was comparable to that seen with
other i.v. induction agents (Gray et al., 1992). The second study on eltanolone done by Carl showed only minor
cardiorespiratory changes (Carl et al., 1994). Parivar didn’t mention any side effect (Parivar et al., 1996). At a
dose varying between 0.71 and 0.76 mg/kg, erythematous rash, nausea and vomiting with frequencies of 24, 67
and 19% respectively, were reported by Dale, while hemodynamics remained stable (Dale et al., 1999). Among
other things, due to the cutaneous reactions, eltanolone was eventually withdrawn.
Administration of allopregnanolone in mice in a dose of 20 mg/kg intraperitoneal produced decreased motor activity in ca. 40 % of animals (rotorod equilibrium procedure). Lower doses (5 and 10 mg/kg) had no such effects.
(W. Lason and B. Budziszewska - personal communications). These are far higher dosages than we intended to
apply.

Dosage and method of administration

Three intravenous consecutive doses with an dosage scheme of 0.015, 0.03 and 0.06 mg/kg allopregnanolone with intervals of 25 minutes, each dose infused during 30 s, a total dose of allopregnanolone that was
half of the dose that Sundstrom applied, and which latter one was already only a quarter of the needed dosage
to induce anaesthesia with pregnanolone, was considered by us as a save dosing regime with no serious adverse
events.

Antidote for allopregnanolone intoxication

There is no known antidote for allopregnanolone intoxication but considering the low-dose that we intended to administer and the short half-life of pregnanolone, no antidote would be needed, we assumed (see
further the paragraph before about the antidote for progesterone).
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Nomenclature of (neuroactive) steroids

Steroids are numbered and rings are lettered as follows (one speaks of the steroid skeleton):

The hydrogen atom at C5 is termed alpha if it lies below the plane of the paper and beta if it lies above the
plane of the paper. This is an aspect of stereochemistry. Stereochemistry concerns the study of the spatial arrangement of atoms within the molecule. This is important because a different spatial orientation of the atoms
can make a huge difference between the properties of molecules that share basically exactly the same atoms
(called isomers). Thus, the structure-activity relation of a molecule is dominated by its stereochemical structure.
In formulae, bonds to atoms lying below the plane of the paper (alpha) are shown as broken lines and bonds to
atoms lying above the plane of the paper (beta) are shown as solid lines:

a 5alpha-steroid			

a 5beta-steroid

The different configuration of the hydrogen atom at C5 in both molecules, has effect on the spatial arrangement
of the total steroid skeleton:

a 5alpha-steroid			

a 5beta-steroid
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This is the case with allopregnanolone (3alpha-OH-5alpha-pregnan-20-one) and preganolone (3alpha-OH5beta-pregnan-20-one). They are each others cis- and transisomers determined by the alpha or beta position
of the hydrogen atom bound to the fifth carbon (Morris et al., 1999). There is not so much difference between
the two substances although allopregnanolone is more potent than pregnanolone. There is, however, another
endogenous neuroactive steroid which has also almost exactly the same configuration as allopregnanolone. In
this neuroactive steroid the hydroxyl group at C3 is not in the alpha but in the beta position; 3beta-OH-5alphapregnan-20-one. There is a huge difference between this molecule and allopregnanolone although they both
share exactly the same atoms; allopregnanolone is one of the most potent positive allosteric modulators of the
GABA(A) receptor while the 3beta isomer has been shown to be an allopregnanolone antagonist (Wang et al.,
2000; Lundgren et al., 2003). The learning impairment induced in rats by allopregnanolone is reduced by this
isomer (Turkmen et al., 2004). As we know that certain women experience negative symptoms premenstrually
or during hormone replacement therapy and this is due to altered sensitivity to allopreganolone, the 3beta isomer of allopregnanolone might be a new drug against these symptoms.

Neuroactive steroids developed for pharmacological drugs

As early as 1941, Selye demonstrated the rapidly sedative effects of intraperitoneally injected progesterone and some of its metabolites in rats (Selye, 1941a; b). Even before that time it had been shown that the precursor of progesterone, cholesterol, could induce rapidly anesthesia in cats (Cashin and Moravek, 1927). It was not
known how this steroid hormone could have such rapid actions. Steroid hormones were known to bind to nuclear
receptors within the cell and in this way could influence the synthesis of receptors, peptides and so on. This was
suggested to take place in a time course of days. Metabolites of steroids were known to exist but were regarded
as inactive and waist from the parent hormone, at that time. But the metabolites gained more interest due to the
findings of Selye. Other investigators subsequently tried to develop these substances to anaesthetics for human
use. Because of poor solubility, bioavailability and side effects, however, only a few of these drugs have been administered to humans and were often withdrawn finally (Sear, 1998). Tens of years later the mechanism behind
the rapid sedative effects of the steroid metabolites was discovered. They alter the excitability of neurons in milliseconds to seconds by binding to membrane-bound receptors (Majewska et al., 1986). Besides sedative effects
also anticonvulsive properties of certain progesterone metabolites were observed, leading to the development
of a synthetic neurosteroid which is now tested in clinical trials (Monaghan et al., 1997). The role of neurosteroids
is not only subject of interest in the fields of anaesthesiology and neurology, but in gynecology and psychiatry
as well. Through the years, researchers have tried to develop neuroactive steroids to drugs, encouraged by
new findings continuously emerging like the reported neuroleptic like activity in rodents of progesterone and
its reduced metabolite allopregnanolone (Rupprecht et al., 1999). Without suggesting to be complete, we list
neuroactive steroids that have been or are being developed as new drugs:
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Althesin

The synthetic steroidal anaesthetic agent, alphaxalone (3alpha-hydroxy-5alpha-pregnane-11,20-dione, the
active compound) is combined with alphadolone acetate (21-acetoxy-3alpha-hydroxy-5alpha-pregnane-11,20-dione) in the anaesthetic agent Althesin® (Glaxo) (in veterinary science it is called Saffan®), which became available in 1971. The only difference in the molecular structure between alphaxalone and alphadolone (alphadolone
acetate after de-acetylation) is the hydroxyl group at the 21 position (Nadeson and Goodchild, 2001). Both ingredients are 5alpha-reduced progesterone derivatives. The sedative and anaesthetic properties of the mixture
were due to the alphaxalone content and all of the antinociceptive properties were due to the alphadolone
content (Goodchild et al., 2001). Onset occurs in about 30 seconds, and it has a duration of action of 5-10 minutes. It produces little respiratory effects, and nausea is unusual. Because of serious side effects, anaphylactoid
reactions frequently occurred, which were related to its formulation with Cremophor EL, Althesin is now only
being used in veterinary medicine (Cornet and Popescu, 1977; Sear, 1998).

Eltanolone

Eltanolone (pregnanolone) has been originally investigated as a potential anaestheticum (Carl et al., 1990;
Carl et al., 1994). Eltanolone, though it seemed to be an attractive agent, was eventually withdrawn because
of cutaneous reactions probably due to the Intralipid in which it was solubilised. Due to unfavorable properties,
among which Pk/Pd studies revealed a slow onset/offset, eltanolone turned out to be an unsuitable agent for i.v.
maintenance of anaesthesia (Sear, 1996; 1998).

Ganaxolone

This 3a-hydroxy-3b-methyl-5a-pregnan-20-one is the 3b-methylated, synthetic analog of allopregnanolone
and possesses no detectable hormonal activity because it is not converted to the hormonally active 3-keto form
(Reddy and Rogawski, 2000). It is very recently being used as an antiepileptic drug in humans (Nohria and Giller,
2007).

GR 2/146

GR 2/146 (5beta-pregnane-3alpha-ol, 11, 20 dione 3 phosphate disodium) has been withdrawn because of
delayed onset anaesthesia in animals and man, and paraesthesia in arm and neck after i.v. dosing (Sear, 1998).
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Viadril

This 21-hydroxy derivative of pregnanedione is also called hydroxydione and was made water soluble by
esterfication at the C21 position as the sodium hemisuccinate but showed side-effects (P’An et al., 1955).

Minaxolone

Minaxolone citrate (2beta, 3alpha, 5alpha, 11alpha-2-ethoxy-3-hydroxy-11,N,N-dimethyl-amino-pregnane20-one) has been withdrawn because of slow onset of action and delayed recovery, with a high incidence of
excitatory movements and hypertonus, and possible oncogenic effect in rats (Sear, 1998).
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Allopregnanolone and serotonin

Serotonin (5-hydroxytryptamine, 5-HT) is a neurotransmitter used by many neurons throughout the brain
(Brodie et al., 1955). Serotonin alters the function in different neurons by altering the rate of signaling and also
modulates the release of other neurotransmitters. In serotonin biosynthesis the precursor to serotonin, tryptophan, an essential amino acid (Wurtman, 1983), is converted to 5-hydroxytryptophan (5HTP) by tryptophan
hydroxylase, found in most tissues, including the brain. 5HTP is almost immediately decarboxylated to serotonin
and the enzyme responsible for this conversion is aromatic L-amino acid decarboxylase. Serotonin can be stored
in the cytoplasm, transported to vesicles, or degradated by monoamine oxidase. Serotonergic neurons are localized in the raphe nuclei in mesencephalon and medulla oblongata. Physiological functions or symptoms in
which serotonin is involved are numerous and include aggression, impulse control, anxiety, sexual behavior, pain,
sleep and appetite (Spigset, 1997). Dysfunction of serotonergic transmission has been regarded as an important mechanism in several psychiatric disorders, particularly major depression and anxiety disorders (Meltzer,
1989; Charney et al., 1990). For over 30 years, the leading theory to explain the biological basis of depression
has been the “monoamine hypothesis of depression”. This theory proposes that the biological basis of depression is a deficiency in one or more of the three key neurotransmitter systems, which are thought to mediate
the therapeutic actions of virtually every known antidepressant agent. The important neurotransmitters are
norepinephrine, dopamine and serotonin. The effect of serotonin in the synapse is terminated partly by the reuptake mechanism of a specific protein localized presynaptically, also referred to as the serotonin transporter.
The development and introduction of pharmacological agents able to block this mechanism (selective serotonin
re-uptake inhibitors, SSRIs), including fluoxetine, sertraline, paroxetine, fluvoxamine, and citalopram, represent
an important advance in the pharmacotherapy of psychiatric disorders. SSRIs are not only used in depression
(Meltzer, 1989), but also in a wide range of psychiatric disorders, e.g., panic disorder (Rosenbaum et al., 1995),
obsessive compulsive disorder (Piccinelli et al., 1995), eating disorders (Vaswani et al., 2003) and PMDD (Steiner
1995). SSRIs inhibit the reuptake of serotonin into the presynaptic nerve terminal, thus increasing the serotonin
concentration in the synaptic cleft, prolonging its activity at postsynaptic receptor sites. There are a number of
different serotonin receptors and subtypes having different functions and different brain localizations (Barnes
and Sharp, 1999). Most of the serotonin receptors are metabotropic (except the 5HT3 receptor which is an
ligand-gated ion channel), affecting G-protein-stimulated adenylyl cyclase or phospholipase activity, depending
on receptor subtype. Of these, the 5HT1A, 2A and 2C receptors have been shown to be involved in regulation of
mood and anxiety (Palvimaki et al., 1996; Blier et al., 1997; Spigset, 1997; Toth, 2003; Van Oekelen et al., 2003).
The 5HT1A receptor is present as a somatodendritic autoreceptor and as a postsynaptic receptor, depending on
the brain area (Kia et al., 1996). After two to three weeks of treatment with SSRIs, initially activated presynaptic
5HT1A autoreceptors by the increased serotonin synapse content, are desensitized. Since the initial activation
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during treatment with SSRIs of the somatodendritic autoreceptors results in decreased firing activity along the
serotonergic axon, decreased sensitivity of these receptors will finally result in enhancement of serotonin neurotransmission (Chaput et al., 1986; Elena Castro et al., 2003; Hensler, 2003).

Neuroactive steroids and serotonin system

The serotonin system is involved in progesterone related negative mood symptoms but the mechanism
behind their interaction is unknown. Hormonal fluctuations in women are often accompanied by depressive
symptoms, e.g during the premenstrual phase or postpartum. General conclusions about the interaction between ovarian steroids and serotonergic function are difficult to draw since a wide variety of results have been
obtained from animal and human studies on this subject.
Allopregnanolone has been shown to have antidepressive effects in the mouse forced swim test model of
depression (Khisti and Chopde, 2000; Khisti et al., 2000). It is suggested that interaction between allopregnanolone and the serotonin system is, at least partly, responsible for the antidepressive-like effects of allopregnanolone. Although allopregnanolone is a weak allosterical antagonist of the 5HT3 receptor, it increases the firing
rate of dorsal raphe nucleus serotonergic neurons in animals (Robichaud and Debonnel, 2004; 2006). Firing rate
is also increased at the end of pregnancy when progesterone and allopregnanolone levels are very high (Klink
et al., 2002).
Data on human subjects regarding ovarian steroid interactions with the serotonergic system are scarce,
often variable, and sometimes contradictory. Of interest are two studies in which the hormonal influence on the
serotonergic system, assessed by measurement of platelet serotonin transporter density and 5-HT2A receptor
binding by means of radioactive paroxetine and LSD, respectively, was investigated. Subjects consisted of postmenopausal women before and during sequential hormone replacement therapy and reproductive women during six different stages of the menstrual cycle. In the postmenopausal women no significant effect of hormone
replacement therapy was found on serotonergic function (Wihlback et al., 2001), but in the study on reproductive
women, however, it was clear that a significant variation in platelet serotonin transporter and 5-HT2A receptor
binding was evident during the menstrual cycle. A decrease in Bmax (indicating maximum number of binding
sites, e.g. number of receptors) was observed for both the serotonin transporter and the 5-HT2A receptor during
the luteal phase, a period of time during which women with PMDD experience negative mood changes (Wihlback
et al., 2004).
It has also been shown on gene level that ovarian hormones influence serotonin receptors. 5HT1A, 2A and
2C receptor mRNA expression is modulated in a hormone and brain area specific manner, involving brain areas
important for mood and memory functions (Birzniece et al., 2001; Birzniece et al., 2002).
Ovarian hormones have also effect on the biosynthesis of serotonin as progesterone increases the turnover rate of serotonin (Ladisich, 1977). Other evidence for the interaction between neuroactive steroids and the
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serotonergic system comes from the observation that reduced pregnanolone sensitivity in PMDD patients is
normalized during successful treatment with the SSRI citalopram (Sundstrom and Backstrom, 1998).
The serotonergic system is thus intimately linked to, and influenced by, neuroactive steroids. This could
explain part of the specific vulnerability that women have for the development of mood and anxiety disorders
and for the deterioration of mood so frequently seen during the luteal phase. Women are approximately two
times as likely as men to report a lifetime history of major depression or anxiety disorder and these disorders
occur especially during the reproductive years. The sex difference begins in the early adolescence and persists
through the mid 50s (Kessler et al., 1993; Kessler et al., 1994; Wittchen et al., 1994). Periods of hormonal variability, that is, menarche (Angold et al., 1999), premenstrual periods (Soares et al., 2001), postpartum (Chaudron
et al., 2001) and perimenopause (Freeman et al., 2004) have been suggested to increase the vulnerability to
mood disorders in certain women. Therefore, it seems likely that sex steroid hormones can provide one possible
explanation for the differences in mood disorders observed between the genders. Bearing this in mind, and
considering the considerable effects of the fluctuating endogenous concentrations of steroid hormones during
the menstrual cycle on the peripheral serotonergic measurements it seems obvious that neuroendocrine factors
probably contribute to the overall increased risk of developing mood disorders in women.

Serotonin and GABA system

There is a complex interaction between the serotonin and GABA systems. The GABAergic system is involved in major depression, with decreased activity of enzymes needed for GABA synthesis and GABA levels in
the brain (Brambilla et al., 2003b). Especially occipital cortex is affected and after SSRI treatment there is an
increased GABA level in this brain region (Sanacora et al., 1999; Sanacora et al., 2002; Bhagwagar et al., 2004).
Thus, the GABA system is highly involved in pathologies like major depression. There is also a direct interaction
between the GABA and the serotonin system in the hippocampus, were serotonin neurons often end at inhibitory
GABAergic interneurons (Gulyas et al., 1999).

Together with chapter 1 in which the relation between steroids and the GABA system is discussed, it can be
concluded that steroids, GABA and serotonin influence each other.
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Neurosteroidsepression: a review

Abstract

Rationale: A deregulation in concentrations of the neurosteroids (allo)pregnanolone and 3alpha,5alpha-tetrahydrodeoxycorticosterone (3alpha,5alpha-TH DOC) has been found in depressed patients. These levels normalize
following treatment with Selective Serotonin Reuptake Inhibitors (SSRIs). Furthermore, administration of the
neurosteroid dehydroepiandrosterone (DHEA) to depressed patients is associated with an improvement in the
symptoms of depression.

Objective: The aim of the present review is to clarify the mechanisms whereby neurosteroids, particularly allopregnanolone and DHEA, are involved in depression and to discuss the effect of SSRIs on allopregnanolone
concentration.

Methods: Literature on preclinical and clinical research has been analyzed in relation to the pathophysiology of
depression.

Results: Decreased plasma and cerebrospinal fluid concentrations of allopregnanolone in depressed patients increase to normal levels following effective psychopharmacological treatment. This might either be a physiological aspect of improvement in the symptoms of depression or a pharmacologically induced alteration. Several
findings support the hypothesis of an antidepressant effect of allopregnanolone. These include an antidepressant effect demonstrated in an animal model of depression and a suppressing effect on corticotropin-releasing
hormone (CRH) and arginine-vasopressin (AVP) gene expression. SSRIs increase levels of allopregnanolone but
this effect is not confined to this class of drugs alone. The beneficial effect of DHEA administration in depressed
patients might result from its sigma 1 receptor-mediated enhancement of noradrenaline and serotonin neurotransmission, antiglucocorticoid effects, and cognition enhancing effects.

Conclusions: Indirect genomic (allopregnanolone) and non-genomic (allopregnanolone and DHEA) mechanisms
are involved in the neurosteroidogenic pathophysiology of depression. Clinical studies in homogeneous groups
of non-pharmacologically treated depressed patients are required to further elucidate this relationship.
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Introduction

The clinical importance of neurosteroids was already recognized in the early nineteen-seventies (Holzbauer, 1976), but new impetus in the study of the implications of these steroids in clinical psychiatry did not
emerge until the last decade. Neurosteroids are defined as steroids, the accumulation of which in the central
and peripheral nervous systems occurs, at least in part, independently of supply by the steroidogenic endocrine
glands. These neurosteroids can be synthesized de novo in the nervous system from sterol precursors (Baulieu
et al., 1999). They rapidly (milliseconds to minutes) influence the excitability of neurons by acting on membrane-bound ligand-gated ion channels (McEwen, 1991). One of the primary neurosteroid target receptors is the
gamma-aminobutyric acid type A (GABA(A)) receptor complex (Robel and Baulieu, 1995b; Baulieu, 1998).
In patients suffering from major depression, neurosteroid concentrations in plasma and cerebrospinal
fluid (CSF) differ from control subjects and these concentrations appear to normalise after successful treatment
with antidepressants (Romeo et al., 1998; Uzunova et al., 1998; Strohle et al., 1999; Strohle et al., 2000). Available data indicates that neurosteroids are also involved in Premenstrual Dysphoric Disorder (PMDD) (Girdler
et al., 2001), eating disorders (Monteleone et al., 2001), Attention Deficit and Hyperactivity Disorder (Strous et
al., 2001), Post-Traumatic Stress Disorder (Spivak et al., 2000), generalized anxiety disorder (Jetty et al., 2001;
Semeniuk et al., 2001), panic disorder (Strohle et al., 2001; Strohle et al., 2002), sensitivity to benzodiazepines
(McAuley et al., 1995; Kroboth and McAuley, 1997), memory modulation (Robel and Baulieu, 1995a), (aggressive
behaviour in) Alzheimer’s disease (Pickles, 1994; Legrain et al., 1995; Bernardi et al., 2000), aggression (Kavaliers, 1988; Nicolas et al., 2001), and in the action of alcohol (Young et al., 1996; Morrow et al., 2001).
In this review, we will first outline synthesis and effects of neurosteroids and secondly discuss in detail the
literature on neurosteroids in depression.

Synthesis of neurosteroids

Several neurosteroids are known: 3alpha,5alpha-tetrahydrodeoxycorticosterone (3alpha,5alpha-TH DOC);
the pregnanes pregnenolone (PREG) and its sulphate ester pregnenolone-sulphate (PREGS), and 3alpha,5betatetrahydroprogesterone (3alpha,5beta-TH PROG or pregnanolone) and its epimer 3alpha,5alpha-tetrahydroprogesterone (3alpha,5alpha-TH PROG or allopregnanolone); and the androstanes dehydroepiandrosterone
(DHEA), its sulphate ester DHEA-sulphate (DHEAS), and its metabolites androsterone and 3alpha-androstanediol
(3alpha,5alpha-diol).
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Enzymes

The concept of neurosteroids emerged from the following findings. Firstly, brain DHEA(S) (Corpechot et al.,
1981) and PREG(S) (Corpechot et al., 1983) levels exceeded their respective concentrations in plasma. Secondly,
brain DHEAS was not influenced by adrenal stimulation or inhibition with adrenocorticotropic hormone (ACTH)
or dexamethasone respectively and increased two days after the stressful event of adrenalectomy and orchiectomy (Corpechot et al., 1981). Thirdly, substantial concentrations of DHEA(S) (Corpechot et al., 1981), PREG(S)
(Corpechot et al., 1983) and allopregnanolone (Purdy et al., 1991; Corpechot et al., 1993; Cheney et al., 1995)
were detected in the brain of rats after the peripheral production of these steroids was abolished by adrenalectomization and gonadectomization. Direct evidence for the possible production in the central nervous system of
neurosteroids has since been delivered by the demonstration in the brain of most of the enzymes required for
steroidogenesis (Stoffel-Wagner, 2001).

Site of synthesis

Steroidogenesis takes place in the mitochondria of glia cells (oligodendrocytes and astrocytes) and in
neurons of the central nervous system and peripheral glia (Schumacher et al., 2000). Cholesterol is transported
into the mitochondrion by the peripheral type benzodiazepine receptor (PBR) located on the outer mitochondrial membrane; this receptor is stimulated by the diazepam binding inhibitor, a putative endogenous ligand of
the PBR (Papadopoulos and Brown, 1995). It is suggested that the cytoplasmic steroidogenic acute regulatory
protein (StAR) targets the cholesterol to the PBR (West et al., 2001). Cholesterol is then converted to PREG, a
conversion which constitutes the rate limiting step in the steroidogenesis and which is catalyzed by the P450
side-chain cleavage (P450scc) enzyme located on the inner mitochondrial membrane. PREG is then further
metabolized to pregnanes and androstanes (Figure 1).

Neurosteroidogenesis control

Although most of the biochemical pathways involved in the synthesis of neurosteroids have been elucidated, the mechanisms that control the activity of the neurosteroid-producing cells are still largely unknown. It
has been shown that gamma-aminobutyric acid (GABA), by activating the GABA(A)-receptor complex, inhibits
the activity of neurosteroidogenic enzymes (Do-Rego et al., 2000). The fact that neurosteroids can enhance
GABA(A) receptor activity (see below) has led to the suggestion of an ultra-short loop in which neurosteroids
regulate their own biosynthesis (Do-Rego et al., 2000).
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Fig. 1 Pathway of (neuro)steroidogenesis. 3 α,5 α-diol 3 α,5 α androstanediol, DHEA dehydroepiandrosterone, DHEAS dehydroepiandrosterone-sulphate, 5 α-DH DOC 5 α-dihydrodeoxycorticosterone, 5 α-DH PROG 5 α-dihydroprogesterone, DHT dihydrotestosterone, 3 α,5 α,20 α-HH PROG
3 α,5 α,20 α-hexahydroprogesterone or allopregnanediol, 3 α-HSOR 3 α-hydroxysteroid oxidoreductase, P450scc P450 side chain cleavage, PREG pregnenolone, PREGS pregnenolone-sulphate, PROG progesterone, 3 α,5 α-TH DOC 3 α,5 α-tetrahydrodeoxycorticosterone, 3 α,5 α-TH PROG
3 α,5 α-tetrahydroprogesterone or allopregnanolone
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Binding site

Although neurosteroids may bind to many different kinds of receptors, this review focusses on the interaction with the GABA(A) receptor because this interaction appears to be the most relevant one. The binding site of
neurosteroids on the GABA(A) receptor complex is not known (Gee et al., 1988; Lambert et al., 1995). Although
some neurosteroids positively modulate GABA(A) receptors in a manner similar to benzodiazepines and barbiturates (Majewska et al., 1986), they seem to act at a site distinct from that of benzodiazepines (Morrow et al.,
1990) and barbiturates (Gee et al., 1988), suggesting a specific binding site at the GABA(A) receptor (Rupprecht
and Holsboer, 1999). This is supported by the fact that coadministration of the benzodiazepine antagonist flumazenil does not diminish the anxiolytic effect of allopregnanolone (Brot et al., 1997). Besides positive modulating
neurosteroids there are also negative modulating neurosteroids which act at separate sites and/or have different mechanisms of action on the GABA(A)-receptor complex (Gee et al., 1989; Zaman et al., 1992; Park-Chung et
al., 1999).
Other important neurosteroid target receptors are the N-methyl-D-aspartate (NMDA) receptor and sigma
receptors. Positive and negative modulation of NMDA receptors by sulphated neurosteroids is mediated by
distinct modulatory sites on the NMDA receptor (Park-Chung et al., 1996; Park-Chung et al., 1997). The involvement of neurosteroids in the interaction with the sigma receptor is mainly confined to DHEAS and will be further
discussed in paragraph 5.3.1. For more general information concerning sigma receptors we refer the reader to
the review by Walker (Walker et al., 1990).

Effects of neurosteroids

Neurosteroids bind to membrane-bound receptors and thus exert rapid (non-genomic) effects. In addition,
the neurosteroids allopregnanolone and 3alpha,5alpha-TH DOC have the ability to exert an indirect genomic effect.

Non-genomic effects

Allopregnanolone, pregnanolone and 3alpha,5alpha-TH DOC

At nanomolar levels allopregnanolone, pregnanolone and 3alpha,5alpha-TH DOC potentiate GABA-induced
chloride influx through the ion-channel by prolonging the duration of opening and increasing opening frequency. This leads to an increased duration of the resulting inhibitory postsynaptic potential (Harrison et al., 1987;
Twyman and Macdonald, 1992; Zhu and Vicini, 1997). At micromolar levels, these neurosteroids induce inward
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currents even in the absence of GABA (Harrison et al., 1987; Paul and Purdy, 1992; Lambert et al., 1995). These
neurosteroids are generally referred to as positive allosteric modulators of the GABA(A) receptor complex. Allopregnanolone and 3alpha,5alpha-TH DOC are the most potent and efficacious of known endogenous positive
allosteric modulators of GABA(A) receptors (Puia et al., 1990; Paul and Purdy, 1992). Some authors have found
pregnanolone and allopregnanolone to have similar potency and efficacy (Gee et al., 1995; Lambert et al., 1995)
whereas others have shown that allopregnanolone is more potent than pregnanolone (Norberg et al., 1987;
Prince and Simmonds, 1993; Zhu et al., 2001).
The non-genomic effects of (allo)pregnanolone and 3alpha,5alpha-TH DOC are benzodiazepine-like. They
have sedative/hypnotic/anaesthetic (Norberg et al., 1987), anxiolytic (Crawley et al., 1986; Bitran et al., 1991;
Wieland et al., 1991; Bitran et al., 1993; Picazo and Fernandez-Guasti, 1995; Bitran et al., 1999) and anticonvulsive
(Belelli et al., 1989; Belelli et al., 1990; Kokate et al., 1994) effects. (Allo)pregnanolone and 3alpha,5alpha-TH DOC
produce a benzodiazepine-like EEG profile (Friess et al., 1997; Lancel et al., 1997b; Muller-Preuss et al., 2002).
The anxiolytic effect of allopregnanolone is mediated by the amygdala (Akwa et al., 1999), possibly due to an
enhanced gene-expression of neuropeptide Y in this brain structure via positive modulation of GABA(A) receptors (Ferrara et al., 2001). No data are available on whether (allo)pregnanolone and 3alpha,5alpha-TH DOC cause
muscle relaxation and anterograde amnesia, other established effects of benzodiazepines.

DHEA(S)

Dehydroepiandrosterone (DHEA) (Majewska, 1992; Imamura and Prasad, 1998) and its sulphated conjugated metabolite, DHEAS (Majewska et al., 1990; Demirgoren et al., 1991; Majewska, 1992; Imamura and Prasad,
1998; Park-Chung et al., 1999; Shen et al., 1999) are negative allosteric modulators of the GABA(A) receptor,
DHEAS having greater potency than DHEA (Demirgoren et al., 1991; Imamura and Prasad, 1998). Paradoxically,
in spite of being negative GABA(A) receptor modulators, DHEAS (when administered in lower doses) and DHEA
have anxiolytic properties (Melchior and Ritzmann, 1994). These properties are considered to be the result of
a reduction in brain concentrations of PREGS, a negative GABA(A) receptor modulator, as administration of
DHEA reduces PREGS concentrations in the brain (Young et al., 1991). The anxiolytic properties may also result
from the metabolisation of DHEA to androsterone and 3alpha,5alpha-diol which are positive GABA(A) receptor
modulators (Bitran et al., 1996; Frye et al., 1996a; Frye et al., 1996b; Wilson and Biscardi, 1997).

Indirect genomic effects

By entering the cell, allopregnanolone and 3alpha,5alpha-TH DOC can be oxidised to 5alpha-DH PROG and
5alpha-DH DOC, respectively (Figure 1). These substances bind to the cytosolic progesterone (PROG) receptor
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and subsequently stimulate protein synthesis by influenceing gene expression (Rupprecht et al., 1993). In this
way, allopregnanolone can alter GABA(A) receptor complex subunit composition (Biggio et al., 2000) which determines sensitivity to neurosteroids and benzodiazepines (Puia et al., 1990; Puia et al., 1992; Puia et al., 1993).
A shortage of allopregnanolone also appears to influence subunit composition as well. Withdrawal from PROG
in pseudopregnancy models (i.e., animals with artificially induced high plasma PROG levels), which simulates
the rapid decrease in PROG seen in PMDD and postpartum psychosis, results in a decrease in brain content of
allopregnanolone and a subsequent increase in the expression of the GABA(A)-receptor alpha-4 subunit. The
presence of the alpha-4 subunit appears to be essential for the occurrence of PROG withdrawal effects (e.g., increase of anxiety and epileptic insults, tolerance and decreased sensitivity to positive allosteric GABA(A)-receptor modulators (e.g., some neurosteroids, benzodiazepines, and ethanol), and increased sensitivity to negative
allosteric GABA(A)-receptor modulators) (Costa et al., 1995; Moran et al., 1998; Smith et al., 1998a; Smith et al.,
1998b; Follesa et al., 2000; Biggio et al., 2001; Follesa et al., 2001; Gulinello et al., 2001).
Other indirect genomic effects of allopregnanolone and 3alpha,5alpha-TH DOC are a decreased gene expression of corticotropin-releasing hormone (CRH) and an attenuation of CRH-induced anxiety, although this
latter effect is only partially genomically mediated (Patchev et al., 1994). Another indirect genomic effect of
allopregnanolone is enhanced myelin repair in the central and peripheral nervous system by enhancing expression of the genes that code for proteins involved in myelin repair (Baulieu and Schumacher, 2000; Magnaghi et
al., 2001; Schumacher et al., 2001). Proposed mechanisms underlying these effects are an increased GABAergic
tone, and conversion to 5alpha-DH PROG which subsequently activates the PROG receptor.

Neurosteroids in depression

Allopregnanolone and DHEA(S) in particular are of significance in depression. Both the indirect genomic
and non-genomic mediated effects of allopregnanolone are involved in depression while DHEA(S) only exerts
non-genomic effects.

Allopregnanolone

Administration of allopregnanolone produces antidepressive effects in the mouse forced swim test model
of depression (Khisti and Chopde, 2000; Khisti et al., 2000). These antidepressive effects may be the result of
the influence of allopregnanolone on hypothalamic-pituitary-adrenal (HPA) axis activity, and on noradrenaline
and serotonin neurotransmission.
Increased CRH and arginine-vasopressin (AVP) release is suggested to have a causal relationship with depression (Holsboer, 2000; 2001). Allopregnanolone decreases noradrenergic-stimulated CRH release (Patchev
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et al., 1994) and decreases adrenalectomy-induced up-regulation of hypothalamic CRH (Patchev et al., 1994)
and arginine-vasopressin (Patchev et al., 1996) gene-expression. Conversely, concentration of allopregnanolone
increases following administration of CRH (Genazzani et al., 1998). The decremental effect of allopregnanolone
on CRH and AVP may result from allopregnanolone-mediated increased GABAergic tone. This suggestion is in
line with the effects of benzodiazepines on CRH and AVP. Like allopregnanolone, benzodiazepines are positive
allosteric modulators of the GABA(A) receptor. Stimulation of intrahypothalamic GABA(A) receptors by an endogenous benzodiazepine ligand (Givalois et al., 1998) or benzodiazepines (Calogero et al., 1988; Kalogeras et
al., 1990), decreases CRH mRNA-expression and CRH release, respectively. The benzodiazepine chlordiazepoxide decreases basal plasma AVP levels (Wible et al., 1985). In depressed patients, CSF GABA levels are reduced
(Gold et al., 1980; Gerner and Hare, 1981). In addition to its reducing effect on hypothalamic CRH and AVP levels
(Patchev et al., 1994; Patchev et al., 1996), allopregnanolone also reduces plasma ACTH levels (Patchev et al.,
1996). This latter effect may be achieved by a direct influence of allopregnanolone on corticotrophs. Thus,
allopregnanolone simulates the negative feedback of glucocorticoids. In depression, cortisol hypersecretion
down-regulates hippocampal mineralocorticoid receptor (MR) and glucocorticoid receptor (GR) (Holsboer, 1995).
Allopregnanolone does not, however, down-regulate adrenalectomy-induced up-regulation of hippocampal MR
and GR gene-expression (Patchev et al., 1996). It appears that allopregnanolone exerts gene-specificity according to the substrate (peptides vs. corticosteroid receptors) (Patchev et al., 1996).
In addition to these effects on the HPA system, the antidepressive effects of allopregnanolone may also
result from the influence of allopregnanolone on neurotransmission. Enhancement of noradrenaline (Delgado
and Moreno, 2000) and serotonin (Delgado, 2000) neurotransmission is considered to have an antidepressive
effect. Noradrenaline release is stimulated by the activation of GABA(A) receptors located on noradrenergic
nerve terminals (Bonanno and Raiteri, 1987a; b; Peoples et al., 1991). The importance of the influence of allopregnanolone on serotonin receptors seems to be limited, as allopregnanolone acts only as a relatively weak
functional antagonist at the ligand-gated 5-HT3 receptor via an allosteric mechanism and not via the serotonin
binding site (Wetzel et al., 1998)
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a : allopregnanolone combined with pregnanolone in the statistics
b : not assessed
c : not significantly from controls

Table 1. Allopregnanolone and 3 α,5 α-TH DOC levels in patients with major depression before and following psychopharmacological treatment
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In accordance with this suggested allopregnanolone-mediated antidepressive mechanism are the results
of the few clinical studies that have reported allopregnanolone levels in depressed patients (Table 1). These
patients show significantly lower serum and CSF levels of allopregnanolone and pregnanolone, levels which
normalize after clinically successful treatment with fluoxetine or fluvoxamine (Romeo et al., 1998; Uzunova et
al., 1998; Strohle et al., 2000) or with non-SSRI antidepressants (Romeo et al., 1998; Strohle et al., 1999).
Neither the concentrations of PROG nor those of 3alpha,5alpha,20alpha-hexahydroprogesterone
(3alpha,5alpha,20alpha-HH PROG or allopregnanediol), a metabolite of allopregnanolone (Figure 1), were altered before or after treatment with antidepressants (Romeo et al., 1998; Uzunova et al., 1998; Strohle et al.,
1999). This would suggest that the decreased allopreganolone concentrations in depressed patients are due to
changes in the activities of the enzymes involved in the conversion of PROG via 5alpha-DH PROG to allopregnanolone (i.e., a decreased 5alpha-reductase activity or a decreased reductase respectively increased oxidative
3alpha-hydroxysteroid oxidoreductase (3alpha-HSOR) activity). Contradictory data have appeared on this subject. It has been suggested on the basis of a mouse model of protracted social isolation, simulating the chronic
stress associated with depression, that the reduction in brain allopregnanolone level is due to a decreased brain
5alpha-DH PROG content. This in turn is due to a down-regulation of 5alpha-reductase expression while 3alphaHSOR activity is not altered (Dong et al., 2001). However, plasma concentrations of 5alpha-DH PROG did not differ significantly between controls and depressed patients either before (Strohle et al., 1999) or after treatment
with antidepressants (Romeo et al., 1998; Strohle et al., 1999). These clinical data suggest that the 3alpha-HSOR
activity rather than the 5alpha-DH PROG activity is altered in depressive patients.
In conclusion, normalisation of the decreased allopregnanolone concentrations following clinically effective
treatment with antidepressants in the depressed patients together with the antidepressive effect of allopregnanolone in the mouse forced swim test and the allopregnanolone-induced decrease in CRH release suggest a
major role for allopregnanolone in the pathophysiology of depression.

3alpha,5alpha-TH DOC

Although 3alpha,5alpha-TH DOC has not been tested in animal models of depression this neurosteroid has
also been shown to decrease CRH mRNA levels in the hypothalamus and to counteract the decrease in GR mRNA
levels in the hippocampus in a model of stress during early development (Patchev et al., 1997). 3alpha,5alpha-TH
DOC is also a positive allosteric modulator of the GABA(A) receptor. One would, therefore expect plasma levels
of 3alpha,5alpha-TH DOC to follow the same course as the plasma levels of allopregnanolone during depression.
In depressive patients, however, Ströhle et al. found significantly higher plasma 3alpha,5alpha-TH DOC concentrations compared to control subjects (Strohle et al., 1999; Strohle et al., 2000) (Table 1) and significantly higher
plasma levels of its precursor 5alpha-DH DOC (Strohle et al., 1999). This would suggest that both the activities
of the 5alpha-reductase and of the 3alpha-HSOR enzymes are elevated in depression. Plasma 3alpha,5alpha-
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TH DOC (Strohle et al., 1999) (Table 1) as well as 5alpha-DH DOC (Strohle et al., 1999) concentrations were not
significantly influenced by treatment with antidepressants other than SSRI’s and remained higher in remitted
patients than in control subjects. 3alpha,5alpha-TH DOC level, however, decreased after 50 days of fluoxetine
treatment and was then no different from those of controls (Strohle et al., 2000) (Table 1).

DHEA(S)

Open-label (Wolkowitz et al., 1997) as well as double-blind, randomized, placebo-controlled (Wolkowitz and
Reus, 1999) oral administration of DHEA decreases depressive symptoms in patients with major depression,
reflected by a significant decrease in Hamilton Depression Rating Scale (HDRS) score. The same effect after oral
administration of DHEA is achieved in patients with dysthymia (Bloch et al., 1999). In addition, administration of
DHEA has antidepressive effects in the mouse forced swim test model of depression (Prasad et al., 1997; Reddy
et al., 1998; Urani et al., 2001). We will discuss below the suggested mechanisms underlying the antidepressive
effect of DHEA below.

Interaction of DHEA with sigma receptors

Given that DHEA can be converted to DHEAS in the brain and liver in a reaction that is catalyzed by sulphotransferase (Rajkowski et al., 1997; Aldred and Waring, 1999; Shimada et al., 2001) the antidepressive effect
of DHEA can be explained by the interaction between the sigma 1 receptor agonist DHEAS (Maurice et al., 1996)
and noradrenaline and serotonin neurotransmission. As has already been mentioned in section 5.1, enhancement of noradrenaline (Delgado and Moreno, 2000) and of serotonin (Delgado, 2000) neurotransmission is
considered to have an antidepressant effect. In vitro experiments suggest that sigma ligands inhibit noradrenaline presynaptic re-uptake in brain synaptosomes (Kinouchi et al., 1989; Rogers and Lemaire, 1991) and increase
noradrenaline release (Kinouchi et al., 1989). Furthermore, treatment with DHEAS increases the number of
NMDA receptors (Wen et al., 2001) and potentiates NMDA-evoked noradrenaline release via sigma 1 receptors
(Monnet et al., 1995). This is in line with the finding that the SSRI sertraline, which has a high affinity for sigma
receptors, enhances NMDA neuronal response in the rat dorsal hippocampus (Bergeron et al., 1993). This effect
is mediated by sigma receptors as the sigma antagonist haloperidol blocks this potentiation (Bergeron et al.,
1993). In contrast, the SSRI paroxetine, which is devoid of affinity for sigma receptors, has no effects on the
NMDA response (Bergeron et al., 1993). With respect to serotonin it has been shown that some sigma 1 receptor
ligands increase firing activity of serotonin neurons of the dorsal raphe nucleus by acting on sigma 1 receptors
(Bermack and Debonnel, 2001). In support of a positive relationship between DHEA and brain serotonin is the
fact that administration of DHEA increases hypothalamic serotonin levels (Abadie et al., 1993; Svec and Porter,
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1997). For further information about the relationship between neurosteroids and sigma receptors, we refer to
the reviews by Maurice (Maurice et al., 1999; Maurice et al., 2001). In addition to DHEAS, other agonistic ligands
of the sigma 1 receptor also have antidepressive effects (Matsuno et al., 1996; Kinsora et al., 1998; Ukai et al.,
1998; Akunne et al., 2001; Tottori et al., 2001).

Antiglucocorticoid effects of DHEA

High levels of cortisol impair cognitive function and are associated with depressed mood (Wolkowitz, 1994).
DHEA(S) does have antiglucocorticoid effects as it inhibits glucocorticoid induced enzyme activity (Browne et
al., 1992) and antagonizes dexamethasone-induced suppression of lymphocytes and thymic involution (Kalimi et
al., 1994). In addition, administration of DHEA has been shown to decrease plasma cortisol levels (Wolkowitz et
al., 1992; Wolf et al., 1997). It is not known precisely how DHEA(S) antagonizes the effects of cortisol. No nuclear
binding of DHEA(S) has been shown in liver cells (Mohan and Cleary, 1992). DHEA(S) does not interact with the
cortisol receptor, and the binding to peripheral DHEA(S) receptors or binding sites is, except for a modulatory effect on interleukin-2 production (Meikle et al., 1992), without biological action. Yet a DHEA(S) receptor or binding
site in the central nervous system has not been demonstrated (Wolf and Kirschbaum, 1999). The antidepressive
effects of other forms of antiglucocorticoid therapy in Cushing’s syndrome and depression have been reviewed
elsewhere (Wolkowitz and Reus, 1999).

Cognition enhancing effects

DHEA(S) has memory-enhancing and anti-amnestic properties (Baulieu and Robel, 1996). DHEAS ameliorates memory impairment induced by dizocilpine, a non-competitive NMDA receptor antagonist, or by scopolamine, a muscarinic acetylcholine receptor antagonist (Urani et al., 1998; Zou et al., 2000). This can be
explained by the antiglucocorticoid action of DHEA(S), and by the interaction of DHEA(S) with the sigma 1 receptor, as the amelioration of memory impairment is antagonized by NE-100, a sigma 1 receptor antagonist (Urani
et al., 1998; Zou et al., 2000). Furthermore, DHEA(S) antagonizes the memory deteriorating neurotoxic effect
of high cortisol levels on the hippocampus (Herbert, 1998). Apart from the interaction with the sigma 1 receptor and its antiglucocorticoid effects, the interaction of DHEA with the GABA(A) and NMDA receptors has also
been hypothesized as an underlying mechanism for the cognitive-enhancing effects of DHEA. Thus, the cognitive-enhancing properties of DHEA(S) may, at least in part, have contributed to the decrease in HDRS scores in
depressive patients following DHEA treatment (Wolkowitz et al., 1997; Bloch et al., 1999; Wolkowitz et al., 1999).
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DHEA(S) levels and cortisol/DHEA(S) ratios

In the presence of normal cortisol levels, a low DHEA level could result in functional hypercortisolaemia
(Goodyer et al., 1996). As there is a wide interindividual variability in the plasma DHEAS levels (Thomas et al.,
1994), cortisol/DHEA(S) ratios are more informative than DHEA(S) values alone (Hechter et al., 1997). Indeed,
some studies in depressed patients found significantly higher cortisol/DHEA(S) ratios compared to controls (Osran et al., 1993; Scott et al., 1999), while other studies failed to find abnormal ratios (Reus et al., 1993; Fabian et
al., 2001). Reported values of plasma DHEA(S) levels differed between studies ranging from low (Ferguson et al.,
1964; Legrain et al., 1995; Wolkowitz et al., 1995; Goodyer et al., 1996; Wolkowitz et al., 1997; Barrett-Connor et al.,
1999; Scott et al., 1999; Morrison et al., 2001) to normal (Osran et al., 1993; Reus et al., 1993; Goodyer et al., 1996;
Scott et al., 1999; Fabian et al., 2001) and high levels (Hansen et al., 1982; Tollefson et al., 1990; Heuser et al.,
1998; Takebayashi et al., 1998; Maayan et al., 2000; Weber et al., 2000; Morrison et al., 2001). These conflicting
data on DHEA(S) levels in depressed patients could be explained by differences in age (as DHEA(S) concentration declines with increasing age (Orentreich et al., 1992)), gender (Orentreich et al., 1984), drug therapy, and
concurrent somatic or psychiatric diseases (Berr et al., 1996; Kroboth et al., 1999; Wolf and Kirschbaum, 1999;
Salek et al., 2002). Another possible explanation is the time of day samples were obtained (DHEA does but DHEAS does not follow a (slight) diurnal variation (Rosenfeld et al., 1975) similar to cortisol; in some (Osran et al.,
1993; Goodyer et al., 1996) but not all (Heuser et al., 1998) studies a loss of diurnal variation has been found in
depressed patients). However, despite all these inconsistencies measured in depression, a 24-hour blood sampling study that applied 30-minute sampling intervals in 11 female and 15 male hypercortisolaemic patients with
major depression conclusively found significantly higher DHEA levels without loss of diurnal variation (Heuser
et al., 1998). Unfortunately, no cortisol to DHEA(S) ratios were reported. One may hypothesize that increased
DHEA levels may be part of a, albeit insufficient, compensatory mechanism to ameliorate the depressive state.
It should be noted that the depressed patients who benefit from DHEA had low baseline DHEA(S) levels (Wolkowitz et al., 1995; Wolkowitz et al., 1997).
There has been no such 24-hour blood sampling study performed in patients who were in remission after
successful antidepressant treatment. This is regrettable because only inconsistent data on DHEA(S) levels and
cortisol/DHEAS ratios have been reported following remission from depression achieved by either psychopharmacological or non-psychopharmacological treatment. Decreased (Wolkowitz et al., 1997) and unchanged
(Takebayashi et al., 1998; Maayan et al., 2000; Fabian et al., 2001; Goodyer et al., 2001) ratios compared to
baseline have been found following treatment. Increased ratios were found in patients in remission compared to
depressed patients (Michael et al., 2000). Specifying the ratios to the respective hormones from which the ratios were computed, one can suggest that it is more likely to be the differences in DHEA(S) than in cortisol levels
which influence the differences found in cortisol/DHEA(S) ratios in these studies. There is one exception to this:
a study in which statistically significantly lower cortisol levels might have influenced the ratios (Michael et al.,
2000). To these inconsistent DHEA(S) levels following antidepressant pharmacotherapy, one can add the results
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from studies measuring only single DHEA(S) levels, but not computing the ratios of these to cortisol. Non-psychopharmacological therapy (i.e. ECT (Michael et al., 2000) or CBT (Tollefson et al., 1990)) is associated with
increases in DHEAS. It is remarkable that the data on cortisol in the above-mentioned studies do not support the
established cortisol lowering effect of antidepressant pharmacotherapy (Holsboer, 2000). In conclusion, similar
to the inconsistent data on DHEA(S) levels in depressed patients, the available studies on DHEA(S) in remitted
patients do not conclusively elicit the effect of antidepressant pharmacotherapy on DHEA(S) nor its association
with remission of depression.

SSRIs

Although the antidepressive effect of SSRI’s is explained by their ability to increase synaptic serotonin
concentration (Maes and Meltzer, 1995), recent findings indicate that another mechanism, independent of the
serotonergic effect, may also account for their antidepressant effect. These recent findings show that 1) direct
administration of allopregnanolone exerts an antidepressive effect in the mouse forced swim test model of depression (Khisti and Chopde, 2000; Khisti et al., 2000); 2) administration of the SSRI’s fluoxetine and paroxetine
increases allopregnanolone content in rat brain (Uzunov et al., 1996) and increases the affinity of 3alpha-HSOR
for 5alpha-DH PROG (Griffin and Mellon, 1999); and 3) fluoxetine potentiates the antidepressive effect of allopregnanolone by enhancing GABAergic tone but, remarkably, not by enhancing serotonergic neurotransmission
(Khisti and Chopde, 2000).
Is the increase in allopregnanolone levels after administration of SSRI’s due to a specific SSRI effect or
to a generally enhanced central serotonergic activity? Factors supporting the latter explanation are the increased plasma allopregnanolone concentrations after infusion of the serotonin precursor l-tryptophan (Rasgon
et al., 2000) and the findings of increased plasma/brain allopreganolone levels after antidepressant treatment
with antidepressants that non-selectively inhibit serotonin re-uptake: amitriptyline, desipramine, clomipramine,
nortriptyline, or viloxazine (Romeo et al., 1998; Strohle et al., 1999; Jaworska-Feil et al., 2000). Even drugs without serotonin reuptake inhibitory properties like carbamazepine (Biggio et al., 1998; Serra et al., 2000), lithium
(Romeo et al., 1998; Strohle et al., 1999) and the antipsychotics olanzapine (Marx et al., 2000) and clozapine
(Barbaccia et al., 2001) increase brain allopregnanolone content suggesting that neither a specific SSRI effect
nor a central serotonergic effect is responsible for the increased brain content of allopregnanolone. However,
a specific SSRI effect that induces increases in allopregnanolone levels has been demonstrated. This specific
SSRI effect constitutes a directly altering effect on the activity of the 3alpha-HSOR enzyme (Figure 1). The
SSRI’s fluoxetine, paroxetine, and sertraline enhance the affinity of 3alpha-HSOR for 5alpha-DH PROG (Griffin
and Mellon, 1999), consequently shifting the activity of 3alpha-HSOR in the direction of reduction. This is not
the case for the tricyclic antidepressant imipramine (Griffin and Mellon, 1999), which is equipotent to fluoxetine
in inhibiting serotonin re-uptake but is less selective (Barker and Blakely, 1995). In addition, sertraline inhibits
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the reduction of allopregnanolone to 5alpha-DH PROG by decreasing the affinity of 3alpha-HSOR for allopregnanolone (Griffin and Mellon, 1999). In support of this SSRI-induced and serotonergic-independent increase in
allopregnanolone brain content is the normalization of the decreased content of allopregnanolone in the brain in
socially isolated mice after the administration of fluoxetine, independent of its action on brain serotonin uptake
(Matsumoto et al., 1999). In contrast, the much more potent serotonin re-uptake inhibitor citalopram did not
show this effect, which supports the view that the increase in allopregnanolone brain content by fluoxetine is
not a serotonergic mediated effect (Matsumoto et al., 1999). How the above-mentioned non-SSRI drugs enhance
brain allopreganolone content is not known.
With this alternative therapeutic mechanism of SSRI’s, i.e., increase in the affinity of 3alpha-HSOR for
5alpha-DH PROG with a consequent increase in brain allopregnanolone content, the anticonvulsant effect of
fluoxetine (Favale et al., 1995; Gigli et al., 1996; Pasini et al., 1996) might be explained by an enhanced GABAergic
tone.
The involvement of the serotonergic system in PMDD is demonstrated by the fact that serotonin-releasing
agents such as fenfluramine and mCPP reduce premenstrual complaints whereas depletion of tryptophan aggravates these symptoms (Eriksson, 1999). Furthermore, SSRI’s show a high efficacy in reducing premenstrual
complaints in PMDD, often within the first menstrual cycle after the start of treatment and even when applied in
an intermittent dosage scheme (Dimmock et al., 2000). The remarkable rapid onset of effect in PMDD (in depression a beneficial effect of SSRI’s is reached only after 2-4 weeks) may reflect that, in PMDD, the mechanism of
action of SSRIs is different from that in affective disorders (Wikander et al., 1998). The SSRI citalopram has yet
another effect which cannot easily be explained by the increased synaptic serotonin concentration paradigm
and which might also be extrapolated to other SSRI’s. This effect contains an enhancement of the decreased
sensitivity to pregnanolone in PMDD women as measured by saccadic eye velocity (SEV) (Sundstrom and Backstrom, 1998). Comparable to the reduced SEV responsiveness to benzodiazepines (Sundstrom et al., 1997a;
Sundstrom et al., 1997b), PMDD patients also show a reduction in sensitivity to the GABA(A) receptor agonist
pregnanolone (Sundstrom et al., 1998). How the demonstrated enhancement of the decreased sensitivity to
pregnanolone, and presumably to other neurosteroids as well, may contribute to these effects following treatment with SSRI’s, requires further investigation.

Summary, conclusions, and directions for future research

It has become increasingly clear that a deregulation of noradrenergic and serotonergic neurotransmitter
systems and an impaired cortisol feedback constitute major features of the pathophysiology of depression. In
addition, these features are influenced by effective pharmacological antidepressant treatment. The demonstration that neurosteroids modulate noradrenergic and serotonergic neurotransmission and exert antiglucocorticoid effects emphasizes the involvement of neuroendocrinological changes in the pathophysiology of depres-
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sion. In contrast to the transcriptional regulation through activation of nuclear receptors by their parent steroid
hormones (e.g., progesterone and deoxycorticosterone), neurosteroids exert their rapid effects by acting on
membrane receptors. With regard to the involvement of neurosteroids in depression, most research has been
focused on the PROG metabolite, allopregnanolone and the androgen, DHEA(S). It has been demonstrated that
both of these neurosteroids have antidepressant effects in animal models of depression.
Plasma and CSF allopregnanolone levels are reduced and plasma 3alpha,5alpha-TH DOC levels are increased in depressed patients (Romeo et al., 1998; Uzunova et al., 1998; Strohle et al., 1999; Strohle et al., 2000).
Plasma and CSF allopregnanolone levels normalize after improvement of depressive symptoms following treatment with SSRI’s (Romeo et al., 1998; Uzunova et al., 1998; Strohle et al., 2000) or other antidepressants (Romeo
et al., 1998; Strohle et al., 1999) whereas plasma 3alpha,5alpha-TH DOC levels normalize after treatment with
SSRI’s but remain high after treatment with other antidepressants (Strohle et al., 1999).
As no studies have been reported on allopregnanolone and 3alpha,5alpha-TH DOC levels following nonpharmacological treatment, it is still unclear whether normalization of these levels is induced pharmacologically
or represents a physiological characteristic of improved depression. Therefore, research in depressive patients
treated with non-pharmacological therapy, for example with psychotherapy, electroconvulsive therapy or transcranial magnetic stimulation, is needed. Activities of the enzymes that are involved in the synthesis of allopregnanolone and 3alpha,5alpha-TH DOC, 5alpha-reductase and 3alpha-HSOR, should be concomitantly measured
in order to reveal the pathophysiology of the altered levels of these neurosteroids in depression. Future studies
should also consist of more homogeneous groups of depressed patients and controls than those used in previous studies. Age and sex should be taken into account. Men, but not women, show an age-related decline in
plasma allopregnanolone levels (Genazzani et al., 1998) and brain allopregnanolone levels also decline with age
in male rats (Bernardi et al., 1998b). Although no differences exist in plasma allopregnanolone levels of men and
women in the folliculair phase, women show higher levels in the luteal phase (Genazzani et al., 1998).
The efficacy of SSRI’s in the treatment of depression, PMDD, and anxiety disorders is equal, and sometimes superior to other antidepressants even if these also act on the serotonin system (Guidotti and Costa,
1998). This suggests that SSRI’s have an additional beneficial effect independent of augmented serotonergic
neurotransmission. This additional effect may be related to the ability of some SSRIs to increase allopregnanolone in the brain (Guidotti and Costa, 1998). To test this interesting hypothesis, the effect of allopregnanolone
should be studied in patients suffering from such disorders. Such studies are, however, hampered by technical
difficulties such as the short half-life of allopregnanolone and by the fact that no allopregnanolone preparation is available for human use. However, the epimer of allopregnanolone, pregnanolone, has been successfully
solubilized in an albumin solution and administered to women suffering from PMDD (Sundstrom et al., 1999).
It appears that PMDD patients are less sensitive to pregnanolone as measured by SEV only in the luteal phase
(Sundstrom et al., 1998; Sundstrom and Backstrom, 1998).
Equivocal data have been reported on DHEA(S) levels in depressed patients. The hypercortisolaemia seen
in these patients and the antiglucocorticoid action of DHEA requires that cortisol to DHEA(S) ratios are reported
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rather than cortisol only. These ratios provide a more accurate assessment of functional hypercortisolaemia
(Gallagher and Young, 2002). If it proved possible to replicate the successful results of oral DHEA in depressed
patients (Wolkowitz et al., 1997; Bloch et al., 1999; Wolkowitz et al., 1999) by reporting the cortisol to DHEA(S)
ratios in patients and adjusting for possible cognitive enhancement, DHEA could represent a novel antidepressant.
The major part of neurosteroid research is performed in animals and the results of these studies are now
gradually being translated to the field of clinical psychiatry. Some discrepancies do, however, exist between the
results derived from animal studies and those obtained in humans. For example, after long-term treatment with
fluoxetine rats show decreased plasma and brain levels of allopregnanolone (Serra et al., 2001), whereas depressed patients show increased plasma and CSF levels. Furthermore, while in animals the cognitive enhancing
effect of DHEA(S) administration has been clearly established, cognition in humans is almost unaffected after
DHEA supplementation (Barnhart et al., 1999). These discrepancies require further elucidation.
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Effects of PhD examination stress on allopregnanolone and cortisol plasma
levels and peripheral benzodiazepine receptor density

Abstract

Peripheral benzodiazepine receptor (PBR) density in blood platelets and plasma allopregnanolone concentration in humans were determined following acute stress as represented by PhD examination. Fifteen healthy
PhD students participated. Heart rate, blood pressure, and plasma allopregnanolone, plasma cortisol, and PBR
density, were measured at different time points.
Allopregnanolone and cortisol concentration and PBR density were significantly increased during examination.
A positive correlation between allopregnanolone and PBR density was found.
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Introduction

The peripheral benzodiazepine receptor (PBR), which is located in the central and peripheral nervous system, is involved in steroidogenesis and is considered to be an important potential therapeutic target in psychiatric disorders (Ansseau et al., 1991). The PBR, located at the outer mitochondrial membrane, plays a role in the
translocation of cholesterol from the outer to the inner mitochondrial membrane (Krueger and Papadopoulos,
1990), which is the rate limiting step for the synthesis of (neuro)steroids (Krueger and Papadopoulos, 1992).
Allopregnanolone is a metabolite of progesterone and a potent positive allosteric modulator of the gammaaminobutyric acid receptor type A (GABA(A) receptor) (Majewska et al., 1986). It has anxiolytic, anticonvulsive,
and hypnotic/sedative properties (Rupprecht and Holsboer, 1999). The anxiolytic effect appears to depend on
the presence or absence of ovarian steroids (Laconi et al., 2001). Because allopregnanolone can both accumulate in the brain irrespective of supply from peripheral endocrine organs and can be synthesized de novo from
sterol precursors, it is called a neurosteroid (Baulieu et al., 1999). Neurosteroids are involved in many central
nervous system disorders like depression, anxiety, learning and memory dysfunctions, and epilepsy (Majewska,
1992; Mellon, 1994; Bicikova et al., 2000). In animals, brain and plasma allopregnanolone levels, and in animals
and humans, platelet PBR density, both increase following acute stress (Purdy et al., 1991; Drugan, 1996). No
conclusive data exist with respect to plasma allopregnanolone levels following acute stress in humans (Altemus
et al., 2001; Girdler et al., 2001). Furthermore, the relation between PBR density and allopregnanolone plasma
levels following acute stress has not been investigated. The mechanism by which PBR density rapidly increases
following acute stress is not known. It could be that there exist PBR containing vesicles that are released by fusion of the vesicles with the cell membrane. If this is true and how acute stress causes this exocytosis remains
to be elucidated.
In the present study, we tried to replicate previous findings of increased PBR density following acute stress
as represented by an examination situation (Karp et al., 1989). Furthermore, we examined our hypothesis that
in acute stress, plasma allopregnanolone concentration increases and that this increase is correlated with the
increase in PBR density. Recently, it has been shown that allopreganolone levels decrease during panic provocation in patients with panic disorder but not in controls (Strohle et al., 2003). Baseline levels in these patients are
increased (Strohle et al., 2002), specifically in the early follicular phase of the menstrual cycle (Brambilla et al.,
2003a). These findings suggest that during an induced panic attack, patients with panic disorder fail to maintain
compensatory increased allopregnanolone levels. Considering the anxiolytic effect of allopregnanolone and the
important role of PBR agonists in the biosynthesis of allopregnanolone, a positive correlation between the two
during acute stress may support the suggestion that synthetic PBR agonists may prove to be potent and effective new anxiolytic drugs.
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Methods

Fifteen healthy PhD students (12 men and 3 women), with a mean age of 35 years (range 29-41 years), were
recruited by means of advertisements. No abnormalities were found during physical and psychiatric examination. After complete description of the study to the subjects, written informed consent was obtained.
In brief, PhD examination in the Netherlands constitutes the presentation and defense of one’s scientific
work in front of a board of professors. After the presentation and defense is a break of 15 minutes in which the
board retires and reaches a conclusion about the PhD student having passed the examination or not. After the
break the board returns and informs the PhD student about its conclusion. PhD examination is considered to be
a stressful event and was therefore used in the present study as a model of acute stress (van Rood et al., 1991).
Stress was measured by changes in cortisol plasma concentration, blood pressure (BP), and heart rate (HR).
Plasma levels of allopregnanolone, and the maximal number of binding sites in blood platelets (Bmax) for the PBR
specific ligand 3H-PK11195 were measured. All measurements took place four weeks before the PhD examination
(T1), 45 minutes before the examination (T2), during the examination (T3), and four weeks after the graduation
(T4). Blood samples at T2 were drawn between 12.30 h and 15.00 h; blood samples at T3 were drawn at 14.30 or
16.30 h.
The preparation of platelets was essentially as described earlier (Gavish et al., 1986). The resulting blood
platelet fractions were used for the PBR assay, the (plasma) supernatant was used for the hormone measurements. Both were kept at – 80 °C until analysis. The PBR binding assay was performed essentially as described
earlier (Gavish et al., 1986) with some modifications. Separation of bound from free 3H-PK11195, was performed
as described earlier (Benraad and Foekens, 1990). The inter assay coefficient of variation was 11.7%.
Plasma allopregnanolone concentration was measured by radioimmunoassay earlier described in detail
(Bixo et al., 1997). The cortisol levels were measured by an immunofluorometric assay (IFMA), the time-resolved
fluoroimmunoassay technique (Delfia) using the reagent kit 1244-060 DELFIA® Cortisol Kit (Wallac OY, Turku,
Finland) according to the manufacturers instructions. Serum mixed from both women and men were used as
controls in the Delfia assay. The intra assay coefficient of variation in the cortisol assay was 5 % and inter assay
4.5%. The analytical sensitivity was 15 nmol/l serum. The inter assay coefficient of variation for the allopregnanolone assay was 8.5% and the detection limit 18 pg.
In the three women, all measurements took place in the follicular phase except for one measurement:
baseline measurement (time point 1) in one woman took place in the luteal phase. As a (physiologically) higher
allopregnanolone value was found at this time point compared to the other time points (time points 2-4) in this
woman, the difference in phase has not confounded the results of this study (high allopregnanolone levels found
during the PhD examination (time point 3) in most of the subjects).
Differences in means at the different time points and regression coefficients and their corresponding Pearson correlation coefficients were statistically tested using mixed model analyses of variance (ANOVA) with subjects as random factor and time points as fixed factor. Post-hoc comparisons between time points were tested
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with paired t-tests. In order to adjust for time of blood sampling at T1 and T4, all samples from all time points (T1
–T4) were divided into two groups: samples drawn before or after 12.00 hours.

Results

Results of Bmax of PBR binding, allopregnanolone and cortisol are presented in Figure 1. No effect of time
of blood sampling could explain the significant differences in allopregnanolone and cortisol concentrations
and Bmax.
There was a statistically significant effect of time for HR (F = 17.6, df = 3, 41, p<0.001) with T3 > T1,T4;
systolic BP (F = 28.53, df = 3, 41, p<0.001) with T3 > T1,T4; and diastolic BP (F = 12.38, df = 3, 41, p<0.001) with T3
> T1,T4.
Bmax was significantly correlated with allopregnanolone plasma concentrations (r = 0.35; B = 3.3x10-5; F =
5.92; df = 1, 44; p = 0.02). Cortisol plasma concentrations were significantly correlated with allopregnanolone
plasma concentrations (r = 0.40; B = 598; F = 7.97; df = 1, 44; p = 0.007), and systolic (r = 0.40; B = 11; F = 8.08;
df = 1, 43; p = 0.007) and diastolic BP (r = 0.38; B=18; F = 6.89; df = 1, 43; p = 0.012).
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Figure 1. PBR density in blood platelets and plasma allopregnanolone and cortisol levels. Bars indicate means and error bars one
standard deviation. Time points on the x-axis (1-4) refer to: four weeks before PhD examination (1); 45 minutes before PhD examination (2); during PhD examination (3); and four weeks after PhD graduation (4). B max (maximal number of binding sites in blood platelets
for the PBR specific ligand 3 H-PK11195) expressed in 10 -11 mol/mg protein, allopregnanolone in nmol/l, and cortisol in μmol/l. Significant effect of time (H) for PBR density (F=2.94, df=3, 42, p<0.05) with T 3 > T 1 ,T 2 ; plasma allopregnanolone (F=6.38, df=3, 42, p<0.01)
with T 3 > T 1 ,T 2 ,T4 ; and plasma cortisol (F=5.27, df=3, 42, p<0.01) with T 3 > T 1 ,T4
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Discussion

The results showed that allopregnanolone in humans is increased following acute stress. Furthermore, this is the
first study to show that, in acute psychological stress, the increase in plasma allopregnanolone concentration is
correlated with an increase in PBR density in blood platelets. The fact that during the PhD examination, plasma
cortisol concentration, BP, and HR reached their highest scores, supported our assumption that PhD examination is a valid model for acute stress.
The increase in PBR density during the examination in the present study is in accordance with previous findings.
Karp and collegues have shown increased PBR densities in residents in psychiatry immediately after the acute
stress of board examination (Karp et al., 1989).
The increase in plasma cortisol during acute stress was not correlated with the increase in PBR density.
This suggests that acute stress-evoked increases in cortisol concentrations do not depend on rapid biosynthesis.
Considering the correlational nature of this study, no causal relationship between the increase in PBR density
and allopregnanolone concentration can be drawn from the results. Further research is needed to demonstrate
if synthetic PBR agonists enhance the biosynthesis of allopregnanolone and, subsequently, if they may be of
use in the treatment of anxiety disorders.
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Effects of allopregnanolone on sedation in men,
and in women on oral contraceptives

Abstract

Allopregnanolone is a known GABA(A) receptor agonist not previously given to men, or to women using
oral contraceptives (OC). The effects of metabolites of sex hormones on the GABA(A) receptor are different
between men and women. OC are known to change GABA(A) receptor subunit composition. These factors might
play a role in the differential effect of allopregnanolone in men and women, and in women with or without OC.
To study the sedative effect of and sensitivity to allopregnanolone in men and in women with OC, nine healthy
men (mean age 24.6 years) and nine healthy women on OC (mean age 21.8 years) were given three, increasing,
intravenous dosages (0.015, 0.03, and 0.045 mg/kg) of allopregnanolone. Saccadic eye velocity (SEV), subjective ratings, and electroencephalography (EEG) were used to evaluate the response to allopregnanolone.
Repeated blood samples for analyses of serum allopregnanolone levels were drawn throughout the study day.
Allopregnanolone decreased SEV more in women than in men, and increased subjective ratings of ‘sedation’.
The results in women on OC are similar to earlier results in women without OC. Subjective ratings of ‘contentedness’ decreased in men but increased in women. Serum levels of allopregnanolone were more highly increased
in men compared to women. Other pharmacokinetic parameters were not different between sexes. On the EEG,
beta power increased in men. In conclusion, men and women on OC reacted differently to allopregnanolone.
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Introduction

Neuroactive steroids like allopregnanolone can be produced through metabolisation of progesterone in the ovaries
and adrenals, and also directly in the brain (Baulieu, 1998). Allopregnanolone is a potent positive modulator of the GABA(A)
receptor complex (Majewska et al., 1986), more potent than benzodiazepines or barbiturates now known today (Norberg
et al., 1999). Consequently, it has sedative, anxiolytic, and anticonvulsive properties, as has been established mainly in
rat models (Crawley et al., 1986; Kokate et al., 1994; Norberg et al., 1999). Recently, sedation has also been confirmed in
humans (Timby et al., 2006). The role of allopregnanolone in the pathogenesis and treatment of psychiatric disorders is
gaining more interest and is becoming progressively clearer (van Broekhoven and Verkes, 2003; Wihlback et al., 2006).
Sedation is a factor very much linked to the GABA(A) receptor. Many anaesthetic drugs used for induction or maintenance of anaesthesia act on the GABA(A) receptor (Orser et al., 2002). Sedation can be measured objectively by use of saccadic eye velocity (SEV) (Schiller and Tehovnik, 2003; 2005). A high correlation occurs between self-ratings of sedation,
and objective measurement of change in SEV (Hommer et al., 1986). Therefore, SEV is a good tool to measure differences
in GABA(A) receptor sensitivity between groups of subjects. In the investigation of the differences of GABA(A) receptor
sensitivity between the sexes, one has to take into account the fact that sex steroids and their metabolites change the
excitability of the nervous system. Therefore, men may considerably differ from women, as women have such large variations in progesterone and allopregnanolone levels during the menstrual cycle. One way to overcome the problem of the
cyclic hormone variations in women is to investigate women on oral contraceptives (OC), as the endogenous production
of sex steroid hormones will be inhibited by the exogenously given steroids in the OC (Rapkin et al., 2006). As a result, the
hormonal milieu will be more stable, since the variation between the individual women due to the day-to-day variation of
the sex steroids can be minimized, and is more similar to the situation in men.
There are, however, some drawbacks with the OC approach, since neuroactive steroids and precursors to neuroactive steroids are decreased in women taking OC (Paoletti et al., 2004; Kurshan and Neill Epperson, 2006). Further, in animal
studies OC can change GABA(A) receptor subunit gene expression (Follesa et al., 2002), and both factors could influence
the sedative response to allopregnanolone.

We have the opportunity to compare our data on the effects of allopregnanolone in women with OC to the effects
in women without OC, as we collected data in women without OC during the follicular phase, who were given the same allopregnanolone dosages, and in whom the serum concentration of allopregnanolone was measured (Timby et al., 2006). It
was found that allopregnanolone had the expected sedative effect as measured by decreased SEV, and an increased score
on subjective rating of sedation.
Objective electroencephalography (EEG) data may support the subjective central effects: pharmaco-EEG shows distinct
patterns of frequency spectra in different classes of drugs. GABA agonists but also benzodiazepines show a typical EEG
profile with an increase of sigma and spindle activity commonly reported (Lancel, 1999). In the present open pilot study we
have also added behavioural tests to investigate acute effects on behavioral measures by allopregnanolone. Our hypothesis was that there was no difference in the effects of allopregnanolone between women on OC and men.
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Materials and methods

Subjects

In this study, allopregnanolone was given intravenously for the first time ever to men. This study was planned in
parallel with a study in women without OC, and accordingly used the same protocol (Timby et al., 2006). A stepwise
dosage increase was demanded by the regulatory authorities as a safety measure due to fact that the allopregnanolone
effect was not known.
Nine healthy men and nine healthy women between the ages of 18 and 40 years were screened for inclusion in
the study. See Table 1 for age and body weight. They were recruited through advertisement on the campus of the Radboud University Nijmegen. All women used combined monophasic oral contraceptives containing ethinylestradiol/levonorgestrel. Two men and one woman were smokers. The exclusion criteria were any use of benzodiazepines or other
psychoactive drugs during the last three months, daily use of any prescribed drug during the last four weeks, use of any
prescribed medication within the last week, except paracetamol, use of any illicit drug during the last four weeks (e.g.
cannabis, amphetamines, cocaine, morphine mimetic or alcohol of more than 6 units in one day). Further exclusion criteria were any current or previous somatic disease, any mental disorder, including premenstrual syndrome (retrospective report), or a history of drug abuse. The presence of psychiatric disorders was evaluated using a semi-structured
psychiatric interview, the Mini-International Neuropsychiatric Interview (MINI, version 2.1). Before inclusion, physical
examination was performed, as well as electrocardiography and routine blood chemistry and hematology screens.
All subjects had normal electrocardiograms and blood screens and all female subjects had negative pregnancy tests.
Urine was tested on the presence of illicit drugs. All subjects had negative drug tests. No night work or transmeridian
trips were allowed during the week before the study day. All subjects gave written informed consent prior to inclusion
in the study. The study procedures were in accordance with ethical standards for human experimentation, established
by the Declaration of Helsinki of 1975, revised in 1985. The study protocol was approved by the ethics committee of the
Radboud University Nijmegen Medical Centre.

Table 1. Differences in baseline values between men (n=9) and women (n=9).

Age

Body weight
a

Men

24.6±2.14

67.4±2.6

Women

21.8±0.86

60.0±1.7

SEV

‘Sedation’

‘Contentedness’ ‘Calmness’
b

396±4.5

223±24

249±14

390±9.6

257±48

102±17

Sigma power

Beta power

33±8

0.817±0.0486

3.167±0.207

40±11

-

-

Age, years; body weight, kg; SEV: saccadic eye velocity, degrees/s; ‘Sedation’, ‘Contentedness’, and ‘Calmness’ (visual analogue
scales, mm); Sigma and Beta power (power of electroencephalographic frequencies, μvolt2; values are given as mean ± SEM;
a p<0.05; b p<0.001
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Study protocol

Subjects were instructed to refrain from consuming food or drinks (except water) from 2200h the day prior
to the day of the experiment. Consumption of caffeine, tobacco and chocolate was restricted throughout the
study day. Subjects entered the research facility at 0800h, where they received a light standardized breakfast.
An intravenous cannula was inserted in each forearm, and blood samples were taken for baseline levels of allopregnanolone in serum. To establish baseline, SEV measurements, subjective ratings, and, in men, EEG recordings, were made and a blood sample was drawn.
At 1000h, three intravenous injections of allopregnanolone were given at 30-min intervals, using dosages
of 0.015, 0.03, and 0.045 mg/kg, thus giving a cumulative dosage of 0.09 mg/kg. The injections were given
slowly, in more than 30 s. The Umeå University Hospital Pharmacy prepared the experimental medications.
Intravenous allopregnanolone solution was formulated with purified allopregnanolone, UC 1009 (Umecrine AB,
Box 7984, 907 19 Umeå, Sweden) 15 mg dissolved in 100 ml albumin solution (Pharmacia, Stockholm, Sweden,
200 mg/ml) using an ultrasound bath. The solution contained (mean ± SEM) 0.130 ± 0.003 mg/ml of allopregnanolone in men (n=9) and 0.127 ± 0.001 in women (n=9). There was no difference in concentration between sexes.
The allopregnanolone concentration of each batch of solution was determined using HPLC and UV absorbance
(Turkmen et al., 2004).
After each allopregnanolone injection, SEV recordings, subjective ratings, and, in men, EEG recordings,
were made at 5 and 15 min respectively. At the time of SEV measurements, serum for measuring allopregnanolone levels was drawn from the arm contralateral to that used for drug administration. Additional blood sampling was performed at 35, 45, 65, 75, 90, 120, 180, 300, and 330 min. SEV recordings, subjective ratings, and, in
men, EEG recordings, were performed until 90 min. Subjects were allowed to walk in the research facility after
120 min.

Saccadic Eye Movements

Saccadic eye movements were measured using electrooculography as a neurophysiological measure for
sedation, and were analyzed using a micro computer-based system (Cambridge Electronic Design, Cambridge,
England) for sampling and analysis of eye movements according to van Steveninck (van Steveninck et al., 1999).
The electrodes were placed 1 cm lateral of the outer canthus of both eyes, with one common electrode on the
mastoid. Electrode impedance was less than 5 kΩ. Head movements were restrained with a fixed head support.
The target consisted of an array of light emitting diodes on a bar fixed at 50 cm in front of the eyes. For the
saccadic test, the target displaced suddenly from left to right in a sequence of 29 targets, from right to left
respectively at random intervals between 4 and 8 seconds, corresponding to 30 degrees of eyeball rotation
(15 degrees from middle to left–right). A personal computer controlled the target movements and digitized the
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waveform using an analogue-digital converter. The 29 individual EOGs were stored and analyzed off-line. First,
the digitized data were processed to locate saccades. To avoid pre-emptive saccades and blinking artifacts, only
saccades initiated 50 to 400 ms after target movements were included. Also, to be considered a saccade, the
recorded eye movement had to display a velocity of more than 100 deg/s. Second, each saccade was analyzed
to determine the peak saccadic velocity (van Steveninck et al., 1999).

Mood Rating Scales

The Mood Rating Scale (MRS) was administered as a subjective rating of drug effects. The MRS consists of
16 visual analogue scales from which three factors are derived: ‘sedation’, ‘calmness’ and ‘contentedness’ (Bond
and Lader, 1974a).

EEG recording

EEG frequency spectrum recordings were made only in men, because of no available EEG equipment at
the time of testing in women. A Cz electrode was mounted on the head of the subject and referenced to the
left mastoid. A ground electrode was placed on the forehead. Skin resistance was reduced to less than 4 kΩ. An
Artisan amplifier was used for filtering and for amplification of the EEG signal. The high-pass filter was at 0.1
Hz and the low-pass filter at 120 Hz. A WinDaq (Dataq Instruments) acquisition system was used. The sample
frequency was 204.8 Hz. A custom-made software package, Spectranes, was used for the spectral analyses of
the EEG (Philip van den Broek, Elecronic Research Group, Radboud University Nijmegen), with corrections for
eye movements. During EEG recording, the subject lay in a comfortable chair with his eyes open for 2 min. The
following categorization in frequency bands was applied: delta1 (0.5-2 Hz), delta2 (2-4 Hz), theta (4-8 Hz), alfa1
(8-10 Hz), alfa2 (10-12 Hz), sigma (12-15 Hz), beta (15-30 Hz).

Hormone assays

Allopregnanolone was measured by radioimmunoassay (RIA) after diethylether extraction and HPLC purification of samples. The purification of samples has been described earlier (Turkmen et al., 2004). Serum
samples were analyzed in duplicates. Recovery was determined for each assay, using 300-500 cpm of tritiumlabeled allopregnanolone, [9,11,12-3H(N)]-5α-pregnan-3α-ol-20-one (Perkin Elmer Life Sciences, Boston, USA)
added to a serum sample before extraction, and by measuring the amount recovered after HPLC. The recovery
of allopregnanolone averaged 98%, and the results are compensated for recovery.
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Extraction

Serum (0.2 – 0.4 ml) was pipetted into a cylindrical flat-bottomed glass vial of 20 ml volume; after which
water (0.5 ml) and diethyl ether (3.0 ml) were added. The samples were then allowed to stand on an orbital
shaker for ten minutes. Following the liquid-liquid extraction, the vials were transferred into an ethanol/dry
ice bath. The water phase was frozen, and the ether phase was decanted and evaporated under a stream of
nitrogen gas.

High Performance Liquid Chromatography (HPLC)

Evaporated samples were resolved in 1 ml ethanol: water 1:1 (V/V) prior to analysis. Our HPLC system
consisted of a Waters 1515 Isocratic Pump, delivering the mobile phase (methanol : water, 60:40, V/V) at a
flow rate of 1.0 ml/min. A Waters 717 plus Auto-sampler was used for injection of samples (200 µl) into a Symmetry C18 3.5 µm 4.6 x 75 mm separation column (Waters), heated to 45°C in a Waters 1500 Column Heater.
Detection of retention times of standards and cross-reacting steroids was at 206 nm using a Waters 2487
Dual λ Absorbance Detector. The detector output was recorded on a PC-based Waters Breeze Chromatography
Software (version 3.20). In the preparative HPLC, fractions were symmetrically collected around the retention
time for allopregnanolone, and retention was found from injection of a standard sample before the start of
analysis. A Waters Fraction Collector II was used for collection of samples for further analysis with RIA, and
it was possible to separate all cross-reacting steroids. The retention time of the HPLC is given in a previous
publication (Turkmen et al., 2004).

Allopregnanolone – radioimmunoassay

All samples were analyzed using a polyclonal rabbit antiserum raised against 3α-hydroxy-20-oxo-5α-pregnan-11-yl carboxymethyl ether coupled to bovine serum albumin (Purdy et al., 1990). The cross-reactivity profile
of the anti-serum was given in the study by Purdy, and none of the cross-reacting steroids was close to allopregnanolone in our HPLC (Purdy et al., 1990; Turkmen et al., 2004). The antiserum was used in a dilution of
1/5000 and the antibody solutions were prepared in the same way, as described earlier (Timby et al., 2006). The
sensitivity of the assays was 25 pg, with an intra-assay coefficient of variation for allopregnanolone of 6.5% and
an interassay coefficient of variation of 8.5%.
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Pharmacokinetic analyses

Before the pharmacokinetic calculations were carried out, the baseline allopregnanolone concentration
(C 0 ) was subtracted from the measured values obtained after the first injection. Only the net concentrations
were used for the pharmacokinetic analyses. Baseline concentrations were less than 2% of the maximum concentration. Pharmacokinetic parameters were calculated by means of the GraphPad Prism version 3.02 program
(GraphPad Software, Inc.). The parameter estimates describing the distribution phase slopes of the log-concentration of allopregnanolone (λ) were calculated using the best-fit regression line with five concentration/time
observations included (measurements at 65, 75, 90, 120, and 180 min). Half-life in the distribution phase (t1/2)
was calculated as ln2/λ. Distribution volume was also calculated in the distribution phase. The serum concentration value at the time of the third injection was extrapolated from the serum concentration 5 min later. Areas
under the curve (AUC) were calculated with nine concentration/time observations included (measurements at
5, 15, 35, 45, 65, 75, 90, 120, and 180 min).

Statistical methods

SEV, MRS scores, and EEG recordings were calculated as delta scores (difference from baseline at each
time point). For normally distributed continuous variables, analysis of variance (ANOVA) with repeated measures was used with time-point as within-subject factor and sex (men and women) as between group factor. As
post-hoc test, least significance difference test was used. When the assumption of normal distribution was not
appropriate, non-parametric tests were used (the Mann-Whitney U-test for independent observations, and the
Wilcoxon Matched-Pair Signed-Rank Test for related observations). The SPSS statistical package (version 11.5
under Windows) was used for all analyses. P-values < 0.05 were considered statistically significant.
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Results

Body weight in men was significantly higher than in women (p<0.05). Age was not statistically significantly
different between sexes (Table 1).

Combined analysis of data in men and women

Serum levels of allopregnanolone increased dose-dependently (F(9,144)=39.83; p<0.001) (Figure 1). Posthoc analysis showed that all dosages led to increased serum levels compared to baseline (p<0.001). The second
and third dosage further increased serum levels (p<0.001 and p<0.01 respectively). There was no significant
interaction between serum levels and sex, but there was a statistically significant main sex difference: men had
higher serum levels than women (F(1,16)=9.68; p<0.01).
Allopregnanolone induces a significant dose-dependent reduction in SEV (F(7,112)=13.19; p<0.001) (Figure 1). Posthoc analysis showed that all dosages gave increased reduction in SEV compared to baseline (p<0.001). There
was a further reduction in SEV after the second and third dosage (p<0.05 and p<0.01 respectively). There was a
significant interaction between dosage and sex: the effects of the dosage were greater in women as compared
to men (F(7,112)=2.29 ; p<0.05) but there was no main sex difference.
For the MRS factor ‘sedation’ there was a significant dose-dependent effect of allopregnanolone (F(7,112=9.91;
p<0.001) (Figure 1). Post-hoc showed that all dosages gave increased ‘sedation’ compared to baseline (p<0.01,
p<0.01, p<0.001). The first and second dosages were not different, but there was a further increase in ‘sedation’
after the third dosage compared to first and second dosage (p<0.01 and <0.001 respectively). There was a significant interaction between dosage and sex: men scored higher on ‘sedation’ than women after the dosages of
allopregnanolone (F(7,112)=3.74; p< 0.01), but there was no main sex difference.
For the MRS factor ‘contentedness’ there was no statistically significant dose-dependent effect of the substance (Figure 2). There was a significant interaction between dosage and sex: men showed decreased scores on
‘contentedness’ after the dosages of allopregnanolone while women showed increased scores (F(7,112)=4.64 ; p
< 0.001) and there was a significant main sex difference (F(1,16)=11.33 ; p<0.01).
For the MRS factor ‘calmness’ no statistically significant changes were found (Figure 2).
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Figure 1. The serum concentration-time profile of allopregnanolone (top panel) was significantly different between men
and women (p<0.05). The third dosage of allopregnanolone induced in women a significantly greater decrease in saccadic
eye velocity ( ΔSEV) than in men (p<0.05; middle panel). There is a dosage-dependent increase in the Mood Rating Scale
factor ‘sedation’ ( ΔSedation) related to increased dosage (p<0.001; bottom panel). Values for men (n=9) are shown as
solid lines; values for women (n=9) are shown as dashed lines. Values are given as mean ± SEM. Dosages of allopregnanolone were 0.015, 0.03, and 0.045 mg/kg consecutively, and the times of administration are indicated by arrows.
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Figure 2. Allopregnanolone effect on change in the Mood Rating Scale factors ‘contentedness’ ( ΔContentedness, top panel) and
‘calmness’ ( ΔCalmness, bottom panel) in men (solid lines; n=9) and women (dashed lines; n=9). In men, there was a significant
decrease in ‘contentedness’ after the first dosage (p<0.05), while in women ‘contentedness’ was significantly higher in the measurements 5 min after the second until 30 min after the third dosage compared to baseline (p<0.05 – p<0.01). ‘Calmness’ showed no
statistically significant changes. Values are given as mean ± SEM. Dosages of allopregnanolone were 0.015, 0.03, and 0.045 mg/kg
consecutively, and the times of administration are indicated by arrows.
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Sex differences

Allopregnanolone serum levels significantly increased in both men and women (F(9,72)=18.56; p<0.001 and
F(10,80)=27.51; p<0.001 respectively) (Figure 1). In men and women, the post-hoc analyses revealed that there
was an effect already with the lowest dosage (p<0.001). The second and third dosages increased levels further
(p<0.01 and p<0.05 respectively, in men, and p<0.001 and p<0.01 respectively, in women). Serum allopregnanolone levels at 5 and 15 min. following injections increased significantly more in men than in women after the first
(F(1,16)=11.88; p<0.01) and second (F(1,16)=7.434; p<0.05) dosage, and slightly more after the third (F(1,16)=4.11;
p=0.060) (Figure 1). Baseline values were significantly higher in men compared to women (p<0.001) (Table 2).
There was a significant reduction in SEV in both men and women (F(7,56) = 7.67; p<0.001 and F(11,88) =
6.47; p < 0.001 respectively) (Figure 1). Considering the significant interaction between time and sex, further
tests were carried out. In men, the post-hoc test revealed an effect of allopregnanolone already with the lowest
dosage (p<0.01). After the second dosage, SEV was further reduced compared to the first dosage (p<0.05). The
third dosage was not different from the first or second dosage. In women there was also an effect already with
the lowest dosage (p<0.01). The second dosage did not show the expected further reduction on SEV. The third
dosage, however, reduced SEV compared to the second and first dosage, and compared to baseline (p<0.05,
p<0.001, and p<0.001 respectively). SEV decreased significantly more in women at 5, 15, and 30 min. following
the last dosage than in men (F(1,16)=5.24; p<0.05) (Figure 1). Baseline values did not differ between sexes
(Table 1).
‘Sedation’ significantly increased in both men and women (F(7,56) = 8.79; p<0.001 and F(11,88) = 6.11; p
< 0.001 respectively) (Figure 1). In men, the post-hoc test revealed an effect already with the lowest dosage
(p<0.05). After the second dosage ‘sedation’ was increased compared to baseline (p<0.05) and after the third
dosage ‘sedation’ further increased compared to the second dosage and to baseline (p<0.01 and p<0.01 respectively). In women, there was no significant effect of the first and second dosage. After the last dosage, however,
‘sedation’ was significantly higher than baseline and after first and second dosage (p<0.05, p<0.01, p<0.01 respectively). ‘Sedation’ was significantly higher in men than in women at 5 and 15 min. following the first dosage
(F(1,16)=5.31; p<0.05) (Figure 1). Following the second and third dosages there were no significant main sex differences. Baseline scores were not different between men and women (Table 1).
‘Contentedness’ decreased significantly in men (F(7,56) = 6.81; p<0.001) (Figure 2). Post-hoc in men revealed that there was a significant decrease already after the first dosage, and it continued to be lower than
baseline during the rest of the test period (p<0.01). There was, however, no difference due to increase in dosage.
In women, there was a significant change in ‘contentedness’ over the test period (F(11,88) = 3.20; p<0.01). The
post-hoc analysis revealed that the ‘contentedness’ in the measurements 5 min after the second dosage until
30 min after the third dosage of allopregnanolone was significantly higher than baseline (p<0.05 – p<0.01). There
was a significant difference between sexes for ‘contentedness’ at 5 and 15 min. following the first, second, and
third dosage: men had decreased scores of ‘contentedness’ while women had increased scores (F(1,16)=10.77;
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p<0.01, F(1,16)=9.51; p<0.01, and F(1,16)=11.57; p<0.01 respectively) (Figure 2). Baseline scores were significantly
higher in men compared to women (p<0.001) (Table 1).
Baseline scores of ‘calmness’ were not different between men and women (Table 1).

EEG data

There was a significant dose-dependent increase in the sigma and beta EEG bands in men (F(7,56)=5.54;
p<0.001 and F(7,56)=4.50; p<0.001 respectively) (Figure 3). Post-hoc analysis showed that only the last dosage
gave a significant increase in sigma power compared to baseline; this increase lasted 15 min (p<0.05). The last
dosage also gave a significant increase in beta power, but this effect lasted only 5 min (p<0.05). The sigma power
5 min after the last dosage was also significantly higher compared to all other time points (p<0.01 – p<0.05). 15
Min after the last dosage, sigma power was also significantly higher compared to the first dosage (p<0.05), and
significantly lower compared to the third dosage (p<0.05). Next, sigma power further decreased in time: the
decrease between 15 and 30 min after the last dosage was significant (p<0.05).
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Figure 3. Allopregnanolone effect on sigma (solid lines) and beta (dashed lines) EEG frequency bands in men (n=9). Only the last
dosage gave a significant increase in sigma power, which lasted until 15 min (p<0.05), and in beta power, which lasted until 5 min
(p<0.05). Values are given as mean ± SEM. Dosages of allopregnanolone were 0.015, 0.03, and 0.045 mg/kg consecutively, and the
times of administration are indicated by arrows.
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Pharmacokinetics

Allopregnanolone levels at baseline and 5 min following first (p<0.001) and second (p<0.05) dosage were
significantly higher in men compared to women (Table 2). Maximum serum allopregnanolone level was also
higher in men. Distribution volume, t1/2, and AUC adjusted for body weight did not differ between sexes.
No serious adverse effects were observed. Three men reported sleepiness and tiredness, three reported feeling
as if they had taken alcohol, and one reported flushing. In the women, two reported sleepiness, four reported
feeling as if they had taken alcohol, and one complained of a mild frontal headache.

Table 2. Differences in pharmacokinetic parameters between men (n=9) and women (n=9)
after three injections of allopregnalone, representing a cumulative dosage of 0.09 mg/kg.

		

Men (mean±SEM)

Women (mean±SEM)

C0 (nmol/l)

2.38 ± 0.18

0.41 ± 0.083

C5 (nmol/l)

35.44 ± 4.68

24.34 ± 1.601

C35 (nmol/l)

95.83 ± 10.57

61.57 ± 6.081

C65 (nmol/l)

145.31 ± 22.50

100.02 ± 10.68

C120 (nmol/l)

50.6 ± 7.2

34.9 ± 4.81

C180 (nmol/l)

43.9 ± 10.3

25.2 ± 9.32

C300 (nmol/l)

10.1 ± 2.0

13.8 ± 3.1

Cmax (nmol/l)

149.9 ± 20.7

100.6 ± 10.31

Time to Cmax (min)

66.1 ± 1.1

61.6 ± 3.3

t1/2 (min)

18.9 ± 5.3

21.9 ± 4.7

Vd (l)

13.9 ± 2.3

16.7 ± 2.7

AUC (nmol l-1 min)

11067 ± 1187

7580 ± 6921

AUC/kg (nmol l-1 min)/kg

164.9 ± 18.1

126.2 ± 10.8

C 0 , endogenous (baseline) serum concentration; C 5 , C 35 , C 65 , C 120 , C 180 , C 300 , serum concentrations at 5, 35, 65, 120, 180, and
300 min after the first allopregnanolone injection (second and third allopregnanolone injection were at 30 and 60 min after the
first allopregnanolone injection); C max , maximum serum allopregnanolone concentration; t 1/2 , half-life during the first 2 hours
of distribution; Vd, distribution volume; AUC, area under the serum concentration/time curve; AUC/kg, AUC adjusted for body
weight;
1 p<0.05, 2 p<0.01, 3 p<0.001
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Discussion

The results of this study show that intravenously-administered allopregnanolone decreases SEV more in
women than in men after three increasing dosages. Conversely, allopregnanolone increases subjective ratings of
‘sedation’ more in men than in women, but only after the first dosage. Following the administration of the second
and third dosage, ratings of ‘sedation’ were similar. In men, SEV was dose dependently reduced after the first
and second dosage but not after the third, while in women SEV was dose dependently reduced after the first and
third dosage. Men rated their feelings of ‘sedation’ as significantly increased after each of the three dosages,
while women rated them only after the last, highest, dosage as significantly increased.
The results of the difference in allopregnanolone levels are discussed below. The reasons for the difference
in SEV and ‘sedation’ in men and women are not known and are not further investigated in this paper. However,
one can speculate that the accumulation in the brain of allopregnanolone does differ between men, and women
using OC. The accumulation in the brain is not diffuse, but varies between the different regions in the brain,
and the allopregnanolone variance in the menstrual cycle is reflected in the brain concentrations (Bixo et al.,
1997). One can further speculate that the higher concentration of testosterone in men could decrease allopregnanolone content, and competes with allopregnanolone on the GABA(A) receptor on the allopregnanolone site
(Hosie et al., 2006), as the 5 alpha–reduced metabolite of testosterone is less potent as a GABA(A) receptor
agonist compared to allopregnanolone and thus would act as a partial antagonist on the GABA(A) receptor (Rahman et al., 2006). However, ‘sedation’ showed opposite effect in men and women, making the result difficult to
interpret. The results in the present study suggest that there can be a dissociation between SEV and sedation,
and that this dissociation differs between men and women. A dissociation between SEV and sedation has been
shown earlier, for instance concerning thyroid hormone and diphenhydramin (Glue et al., 1992; Hopfenbeck et al.,
1995). The dissociation of the different reactions between men and women is interesting and deserves further
research.
The decrease in SEV in the women on OC in the present study was similar to the decrease in SEV in women
on normal menstrual cycles investigated during the follicular phase (Timby et al., 2006). The maximum effect
was exactly the same while the second dosage of 0.03 mg/kg gave a slightly larger effect in women without
OC compared to the effect seen in the present study. In a previous study in which the same cumulative dosage
of 0.09 mg/kg of allopregnanolone was used in women as in the present study, a maximum percent decrease in
SEV of 13.2 was found (Timby et al., 2006). This finding is in line with the present study, in which a decrease of
16.6% was found in women (in men 9.34%). In the present study there was no decrease in SEV between 0.015
and 0.03 mg/kg dosages. This suggests that in the present study an acute tolerance was obtained at the second
injection, and that the tolerance was released to the third injection. That allopregnanolone can induce acute tolerance has earlier been shown in rat experiments, and tolerance arrives within 90 min of injections (Birzniece et
al., 2006). Acute tolerance is also seen after midazolam infusion in women (Sundstrom et al., 1997b) and in rats
after allopregnanolone infusion (Birzniece et al., 2006). Subjective sedation was rated slightly more in the study
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of Timby et al. (2006) than in the present study (450 and 300 mm, respectively). Plasma allopregnanolone
levels 5 min after each injection reached slightly higher levels in the present study as compared to Timby et al.
(2006): 20, 50 and 90 nmol/l and 20, 50 and 74 nmol/l, respectively. A possible explanation for the lower effect
of allopregnanolone on ‘sedation’ in women on oral contraceptives compared to women without oral contraceptive use is that oral contraceptives can induce tolerance to GABA(A) receptor substances and thereby a decrease
in the GABA(A) receptor sensitivity (Rapkin et al., 2006).
In men, there was a decrease in SEV after the first and second dosage but no further decrease after the
third dosage. The fact that in men, the third dosage gave no dose-dependent decrease in SEV, indicates again
development of acute tolerance. The subjective ratings of ‘sedation’ show a similar response with a strong ‘sedation’ after the first dosage but no further increase after the second. Women were more sensitive than men, as
shown by a greater decrease in SEV, although women had lower serum allopregnanolone concentrations. This is
in line with previous findings of higher sensitivity in female rats for the anticonvulsive effect of allopregnanolone, compared to male rats (Finn and Gee, 1994). According to our knowledge, there is no other study concerning
the effect of allopregnanolone on SEV and sedation in men. There is, however, one study in which the effect
of progesterone on sedation and smooth pursuit eye movements was measured (Soderpalm et al., 2004). The
results of that study are similar to the ones obtained in this paper, and as it is known that progesterone activity
is mainly due to the conversion to allopregnanolone, we consider this as support for our findings.
There is a significantly lower baseline level of allopregnanolone in women compared to men. The level is
similar to the level seen in women without OC during the follicular phase (Timby et al., 2006), but higher than
the concentration seen in postmenopausal women (Andreen et al., 2006a). The levels of allopregnanolone are,
however, lower than those seen in the luteal phase of women (Wang et al., 1996). It has earlier been shown that
OC decrease the levels of allopregnanolone during the premenstrual phase in women to the levels seen during
the follicular phase in women with normal cycles (Follesa et al., 2002; Paoletti et al., 2004). A lower level of allopregnanolone in brain tissue has also been shown during OC treatment in animal studies (Follesa et al., 2002).
In men, baseline levels have been reported to be between 1 to 4 nmol/l, showing that our levels are within the
earlier published range (Droogleever Fortuyn et al., 2004; Brambilla et al., 2005; Holdstock et al., 2006).
The allopregnanolone levels differ beween men and women, even though allopregnanolone was given
adjusted for body weight. This could be due to difference in body distribution or fat to body weight ratio. In
addition, the use of OC in women may contribute to the lower serum allopregnanolone levels. OC are known to
increase the metabolism of steroids in the liver (Rang et al., 2003). The glucuronisation is the last step of metabolism of both the 3alpha-hydroxy metabolites of progesterone and testosterone. These two steroids compete
for the same enzyme before the steroids are excreted to the urine (Ganong, 1991). As women have much lower
levels of testosterone than men, allopregnanolone may be glucuronised and excreted more easily in women.
This competition might also explain in part the difference in allopregnanolone levels between women and men.
Concerning the comparison between women with and without OC, a similar situation occurs when the steroids
are metabolised with glucuronisation and the OC use the same pathway to be excreted to urine. As the OC are
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resorbed by the gut, the liver receives a very high concentration during the passage, which will be of importance
for the metabolic capacity of steroids in women taking OC.
Men had lower scores on ratings of ‘contentedness’ than women following allopregnanolone. In men, ‘contentedness’ decreased already after the first dosage, and remained decreased throughout the test period. Probably this finding reflects the statistically significant higher ‘contentedness’ in the men at baseline. In women,
‘contentedness’ increased already after the second dosage and stayed up for almost one hour. At the same time
women show a decrease in ‘calmness’, giving a picture difficult to interpret. This could be an effect related to
sedation.
Allopregnanolone increased beta and sigma frequencies on the EEG in men, in a dose-dependent manner,
an effect which lasted for at least 5 and 15 min respectively.
The decrease in alpha power on the EEG recordings was lacking, the increase in sigma and beta power that
was seen in this study is in line with the pharmaco-EEG profiles that were previously found in rats after the
administration of benzodiazepines such as diazepam (Coenen and van Luijtelaar, 1989), allopregnanolone (Lancel et al., 1997b) and other GABA-mimetics (Lancel et al., 1997a), supporting the GABA–mimetic effects of allopregnanolone. It could be possible that certain types of behaviour, the type of mental activity or the vigilance
state might contribute to whether all drug effects on the spectral content of the EEG can be easily noticed. Our
subjects were sitting with open eyes, which might be less suitable for observing alpha activity, or for a putative
reduction in alpha and or delta power. The drug-induced changes in beta (and sigma) activity are very typical for
hypnotic drugs of the benzodiazepine-type, and these changes occur independently of the behavioural state of
the subject (Saletu et al., 1987; Romano-Torres et al., 2002).
In conclusion, our data on women with OC are in line with previously-published data in women without
OC (Timby et al., 2006), i.e. allopregnanolone causes sedation, as measured with SEV and subjective sedation.
In addition, our data shows that allopregnanolone can also be safely administered to men. There are, however,
differences in response between women and men. Women are more sensitive to allopregnanolone than men,
according to SEV results. Subjective ratings of sedation were different between men and women, and subjective
ratings of contentedness were higher in women. Power of beta and sigma EEG frequencies increased in line with
human and animal data. Further research is needed before conclusions can be drawn with respect to the clinical
implications of the present findings.
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Abstract

The aim of this study was to investigate the neurophysiological and behavioural effects of a single dose of
progesterone in women. Allopregnanolone is a metabolite of progesterone and a potent positive modulator of
the GABAA receptor and produces sedative and anxiolytic effects. This study was designed to examine the effect of oral progesterone and the metabolite allopregnanolone in women. Women (n=15) in their follicular phase
received oral progesterone (400 mg) or placebo. Dependent measures included plasma levels of progesterone
and allopregnanolone, saccadic eye velocity (SEV), subjective ratings (visual analogue scales), and reaction time.
Administration of progesterone decreased SEV and increased sedation. This effect is probably due to enhanced
GABA activity.
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Introduction

Allopregnanolone is a metabolite of progesterone and enhances inhibitory neurotransmission in the brain
by binding to the GABAA receptor complex (Majewska et al., 1986). Allopregnanolone has sedative and anxiolytic
properties in animals (Wieland et al., 1991; Wang et al., 1995), and is increased following stress (Droogleever
et al., 2004) and changes during the menstrual cycle (Wang et al., 1996). Orally administered progesterone is
substantially converted to allopregnanolone. In this way, progesterone can be regarded as a pro-drug for allopregnanolone (Andreen et al., 2006a). As allopregnanolone appears to be involved in some psychiatric disorders
(van Broekhoven and Verkes, 2003), it would be of interest to know if progesterone can be used as a medication treatment of these disorders. So far, however, data on the relationship between plasma allopregnanolone
levels induced by oral progesterone and pharmacodynamic effects have been inconsistent (Arafat et al., 1988;
Freeman et al., 1993; de Lignieres et al., 1995; Vanselow et al., 1996). However, a benzodiazepine like effect of
progesterone on sleep in males has been shown earlier (Friess et al., 1997; Grön et al., 1997; Lancel et al., 1996).
The absorption and metabolism of progesterone varies significantly between individuals (Arafat et al.,
1988; Freeman et al., 1993). Several speculations on the reasons for the variations have been presented but so
far no evidence for a single reason is available. Consequently, differences between women in plasma allopregnanolone levels and pharmacodynamic effects after oral progesterone are to be expected. Because progesterone
is a female reproductive hormone, only women were recruited for the present study. Also, affective and anxiety disorders have a higher prevalence in women than in men, making progesterone more likely as a potential
medication treatment in this group. Saccadic eye velocity (SEV) is related to sedation and strongly controlled
by the GABA(A) system (Schiller and Tehovnik, 2003; 2005). There is still some controversy on whether acute
progesterone and its metabolite allopregnanolone changes emotional responses in humans. By combining an
CNS effect that has been proven to be influenced by allopregnanolone (SEV) and measurements of mood factors
we can more rely on the results obtained in the psychometric tests.
In the present study, the aim is to investigate the effects of oral progesterone on plasma levels of progesterone and allopregnanolone and on saccadic eye velocity and behavioural measurements. As secondary
aim, we wanted to know the degree and timing of progesterone rise after progesterone administration and the
latency to allopregnanolone rise. A third aim was to find out if the stress of saccade measurements and behavioural testing would be enough for a stress response in progesterone and allopregnanolone concentrations. For
this aim the placebo treatment was analysed separately. By dividing the group on the basis of the progesterone
plasma levels after oral progesterone, concentration-effect relationships can be obtained while using only one
dosage. Women were tested in the follicular phase because in this phase endogenous levels of progesterone and
allopregnanolone are low and stable compared to the luteal phase.
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Materials and methods

Subjects

Fifteen healthy women between the ages of 18 to 40, 21.3 ± 2.1 years, (mean ± standard deviation)
were recuited for the study. They were recruited through advertisement at the campus of the Radboud
University Nijmegen. Women who used hormonal forms of contraception were excluded. Further exclusion
criteria were any use of benzodiazepines or other psychopharmaca during the last three months, daily use
of any prescribed drug during the last four weeks, use of any prescribed medication within the last week,
except paracetamol, use of any illicit drug during the last four weeks (e.g. cannabis, amphetamines, cocaine,
morphine mimetic or alcohol of more than 6 units in one day). Women planning to become pregnant were
excluded. Other exclusion criteria were any current or previous somatic disease, any mental disorder, including premenstrual syndrome, or a history of drug abuse and they had to refrain from alcohol use during
the last five days prior to test. Signs of malnutrion was an exclusion criterion. The presence of psychiatric
disorders was evaluated using a semi-structured psychiatric interview, the Mini-International Neuropsychiatric Interview (MINI, version 2.1). Before inclusion, physical examination was performed, as well as electrocardiography and routine blood chemistry and hematology screens. All subjects had normal electrocardiograms and blood screens and all female subjects had negative pregnancy tests. Urine was tested on the
presence of illicit drugs. All subjects had negative drug tests. No night work or transmeridian trips were
allowed during the week before the study day. All subjects gave written informed consent prior to inclusion
in the study. The study procedures were in accordance with ethical standards for human experimentation,
established by the Declaration of Helsinki of 1975, revised in 1985. The study protocol was approved by the
ethics committee of the Radboud University Nijmegen Medical Centre.

Study protocol

Subjects were tested in a double-blind, placebo-controlled, randomised, crossover study, in two consecutive menstrual cycles. Time of testing was between day 6 and 12 of the follicular phase. Subjects were instructed
to refrain from taking food or drinks (except water) from 2200h the day prior to the experimental day. Caffeine,
tobacco and chocolat use was restricted throughout the study day. Subjects entered the research facility at
0800h, where they received a light standardized breakfast. An intravenous cannula was inserted in the forearm
for blood sampling. To establish baseline, SEV measurements, Mood Rating Scale scores, and reaction times
were recorded and a blood sample for baseline levels of progesterone and allopregnanolone was drawn. Thereafter, at 1000h, subjects received orally either 400 mg of oral micronized progesterone (Progestan (Organon))
or placebo, by four identical capsules. After ingestion of the study drug, plasma sampling, SEV recordings, Mood
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Rating Scale scores, and reaction time tasks were performed at 30, 60, 90, 120, 150, 180, 240, and 360 min,
respectively. Subjects were allowed to ambulate in the research facility after the 240 min measurements.

Saccadic Eye Movements

Saccadic eye movements were recorded as a neurophysiological measure for sedation and were assessed
using a micro computer-based system (Cambridge Electronic Design, Cambridge, England) for sampling and
analysis of eye movements according to Van Steveninck (1999). Electrode impedance was less than 5 kΩ. Head
movements were restrained with a fixed head support. The target consisted of an array of light emitting diodes
on a bar fixed at 50 cm in front of the eyes. For the saccadic test, the target displaced suddenly from left to right,
respectively, from right to left at random intervals between 4 and 8 seconds, corresponding to 30 degrees of
eyeball rotation to both sides (15 degrees from middle to left–right). As outcome parameter, we calculated the
mean peak velocity of the saccadic eye movements, which is a highly sensitive parameter for sedative benzodiazepine effects (van Steveninck et al., 1999).

Mood Rating Scales

The Mood Rating Scale was administered in order to measure subjective drug effects. The Mood Rating
Scale consists of 16 visual analogue scales from which three factors are derived: ‘sedation’, ‘calmness’ and ‘contentment’ (Bond and Lader, 1974a).

Reaction Time Tasks

Patients had to perform a simple and a complex reaction time task. The reaction time is considered as a
motor performance index, but it gives also an indication of attention and concentration. The simple reaction
time task consists of pressing a button as fast as possible when a round bull at the computer screen changed
into a square. In the complex reaction time task, subjects had to press the button with their left and right index
fingers, respectively, according to the message on the screen. Each session consisted of 20 trials at random
intervals. The mean reaction time per session was calculated. Reaction times of individual trials above two
standard deviations of the mean of a session were excluded, as well as anticipations, defined as responses faster
than 125 ms for the simple reaction time task and 175 ms for the complex reaction time task.
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Hormone assays

Allopregnanolone was measured by radioimmunoassay (RIA) after diethylether extraction and HPLC purification of samples. The purification of the sample has been described earlier (Turkmen et al., 2004). Plasma
samples are analyzed in duplicates. Recovery was determined for each assay, using 300-500 cpm of tritiumlabeled allopregnanolone, [9,11,12-3H(N)]-5α-pregnan-3α-ol-20-one (Perkin Elmer Life Sciences, Boston, USA)
added to a plasma sample before extraction, and by measuring the amount recovered after HPLC. The recovery
of allopregnanolone averaged 98% and the results are compensated for recovery.

Extraction

Plasma (0.2 – 0.4 ml) was pipetted into a cylindrical flat bottom glass vial of 20 ml volume, where after
water (0.5 ml) and diethyl ether (3.0 ml) were added. The samples were then placed on an orbital shaker for ten
minutes. Following the liquid-liquid extraction, the vials were transferred into an ethanol/dry ice bath. The water
phase was frozen, and the ether phase was decanted and evaporated under a stream of nitrogen gas.

High Performance Liquid Chromatography (HPLC)

Evaporated samples were resolved in 1 ml ethanol: water 1:1 (V/V) prior to analysis. Our HPLC system consisted of a Waters 1515 Isocratic Pump, delivering the mobile phase (methanol : water, 60:40, V/V) at a flow rate
of 1.0 ml/min. A Waters 717 plus Auto-sampler was used for injection of samples (200 µl) into a Symmetry C18
3.5 µm 4.6 x 75 mm separation column (Waters), heated to 45°C in a Waters 1500 Column Heater. Detection of
retention times of standards and cross-reacting steroids was at 206 nm using a Waters 2487 Dual λ Absorbance
Detector. The detector output was recorded on a PC-based Waters Breeze Chromatography Software (version
3.20). In the preparative HPLC fractions were symmetrically collected around the retention time for allopregnanolone, retention was found from injection of a standard sample before the start of analysis. A Waters Fraction
Collector II was used for collection of samples, for further analysis with RIA and all cross-reacting steroids were
possible to separate.

Allopregnanolone – radioimmunoassay

All samples were analyzed using a polyclonal rabbit antiserum raised against 3α-hydroxy-20-oxo-5α-pregnan-11-yl carboxymethyl ether coupled to bovine serum albumin, (Purdy et al., 1990). The antiserum was used in
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a dilution of 1/5000 and the antibody solutions were prepared in the same way, as described earlier (Timby et al.,
2006). The sensitivity of the assays was 25 pg, with an intra-assay coefficient of variation for allopregnanolone
of 6.5% and an interassay coefficient of variation of 8.5%.

Progesterone

Measurements of plasma progesterone were made by using Delfia kits (Wallac Oy, Turku, Finland), a fluoroimmunoassay, according to the manufacturer’s instructions. Intra-assay coefficient of variation is 3.6% and
inter-assay coefficient of variation 5.2%.

Statistical methods

SEV, Mood Rating Scale scores, and reaction time tasks were calculated as delta scores (difference from
baseline at each time point). For normally distributed continuous variables, analysis of variance (ANOVA) with
repeated measures was used with time (time-points) as within-subjects factor and drug (progesterone and placebo) as between group factor. In the analysis between high and low absorption groups, absorption (high and
low) was the between group factor. The division was made using the technique of median split on the basis of the
indiviual progesterone plasma level area under the curve. When appropriate, non-parametric tests were used as
Mann-Whitney U-test for independent observations and the Wilcoxon Matched-Pair Signed-Rank Test for related
observations. The SPSS statistical package (version 11.5 under Windows) was used for all analyses. P-values <
0.05 were considered statistically significant.
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Results

There were no statistically significant differences between the progesterone and placebo condition with
respect to baseline values for progesterone or allopregnanolone plasma levels (Table 1), SEV, Mood Rating Scale
scores, and reaction time tasks (Table 2).
The plasma progesterone-time relationship is shown in Figure 1 (bottom panel). Plasma levels in combined
analysis were different between placebo and progesterone condition (F(1,14)=19.17; p=0.001). There was a significant interaction between drug and time (F(8,112)=2.06; p=0.046). Post hoc analysis shows that ingestion of
progesterone increased serum levels compared to placebo 90 minutes after ingestion and remained increased
compared to placebo till the end of the study day, i.e. 360 min after ingestion (p<0.05). The peak of the plasma
concentration of progesterone arrived at 120 min which was 60 min earlier than the allopregnanolone peak. The
metabolism to allopregnanolone showed a great variance between the individuals and some had a delay of up
to 120 min before allopregnanolone started to rise. The allopregnanolone levels in samples from 180 min to 360
min were significantly higher than in the placebo treatment (F(1,10)=10.11; p=0.025).
When the progesterone and placebo condition were investigated separately the analysis revealed a significant difference in both placebo and progesterone conditions (F(8,112)=2.16; p=0.036 and F(8,112)=2.06; p=0.046,
respectively). In the placebo condition, the post hoc analysis revealed that progesterone plasma levels were
significantly higher compared to baseline at 30 en 90 minutes and 180 and 360 min after ingestion of the placebo capsule. In the progesterone condition, progesterone plasma levels were significantly higher compared to
baseline at 90 minutes after ingestion and remained increased till the end of the study day (p=0.029 to p<0.001).
Plasma level at the end of the study day (i.e., 360 min after ingestion) was significantly lower compared to that
at 240 min after ingestion (p=0.011).
The plasma allopregnanolone-time relationship after progesterone ingestion is shown in Figure 1 (bottom panel). Plasma levels showed no variance during the placebo condition (F(8,24)=0.361; p=0.931). Plasma
levels increased after ingestion of progesterone (F(8,112)=4.13; p<0.001). Post hoc analysis shows that ingestion
of progesterone increased serum levels compared to baseline 120 min after ingestion and remained increased
compared to baseline till the end of the study day, i.e. 360 min after ingestion (p=0.042 to p<0.001).
With respect to SEV, there was a significant interaction between drug and time. Progesterone decreased
SEV more than placebo (F(8,112)=2.54; p=0.014) (Figure 1, top panel). Post hoc analysis shows that ingestion of
progesterone decreased SEV compared to placebo at 90 min, 150 and 180 min after ingestion (p<0.05). When
the progesterone and placebo condition were investigated separately the analysis revealed a significant difference in both placebo and progesterone conditions (F(8,112)=3,36; p=0.002 and F(8,112)=7.93; p<0.001, respectively). In the placebo condition, the post hoc analysis revealed that SEV was significantly lower compared to
baseline at 90 minutes after ingestion of the placebo capsule and remained lower till the end of the study day
(p=0.028 to p=0.003). In the progesterone condition, the post hoc analysis revealed that SEV was significantly
lower compared to baseline at 30 minutes already after ingestion of the progesterone and remained lower till
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Table 1. Baseline and maximum progesterone and allopregnanolone plasma levels (mean ±SEM, nmol/l) in placebo and progesterone conditions in follicular phase.

Progesterone

Progesterone

Allopregnanolone

Allopregnanolone

baseline

maximum

baseline

maximum

Placebo

0.638±0.106

1.65±0.20

0.76±0.23

0.95±0.15

Progesterone

1.008±0.413

414.05±90.50

0.89±0.18

236.59±55.95

Maximum progesterone and allopregnanolone concentration were significantly higher during progesterone treatment (P<0.03).

Table 2. Baseline measurements (mean ±SEM) in placebo and progesterone conditions in follicular phase.

SEV

‘sedation’

‘contentedness’

‘calmness’

SRT

CRT

Placebo

387.9±11.6

352±33

183±20

67±7

261±7

316±11

Progesterone

386.1±8.3

303±29

135±15

57±7

265±11

327±14

There were no statistically significant differences between drug conditions. SEV: saccadic eye velocity (degrees/s); ‘sedation’,
‘contentedness’, and ‘calmness’ (mm); SRT: simple reaction time task (ms); CRT: complex reaction time task (ms)
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Figure 1. Change in saccadic eye velocity from baseline ( ΔSEV) and progesterone and allopregnanolone plasma concentration-time
profile after ingestion of progesterone or placebo on t=0 (mean ±SEM). ΔSEV was significantly increased following ingestion of
progesterone compared to placebo ((F(1,14)=16.22; p=0.001). There was no difference in SEV at baseline between progesterone
(filled triangles) and placebo (open triangles) conditions (top panel). There was no difference in progesterone or allopregnanolone
plasma concentrations at baseline between progesterone and placebo conditions (bottom panel).
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the end of the study day (p=0.017 to p<0001). Lowest SEV occurred from 150 to 240 min after ingestion. SEV
increased at the end of the study day (360 min after ingestion) compared to 150, 180, and 240 min after ingestion (p=0.049, 0.009, and 0.024, respectively).
For the MRS factor ‘sedation’ there was a significant drug effect (F(1,14)=7,75; p=0.015) (Figure 2, top panel).
Post hoc analysis showed a significant increase in ‘sedation’ after progesterone ingestion (p=0.015). When the
progesterone and placebo condition were investigated separately the analysis revealed a significant difference
in both placebo and progesterone conditions (F(8,112)=6,87; p<0.001 and F(8,112)=2.58; p=0.013, respectively). In
the placebo condition, sedation was decreased from 90 minutes after ingestion and remained decreased till the
end of the study day (p=0.029 to 0.003). In the progesterone condition, sedation increased to a maximum at 60
min and thereafter decreased and became significantly different at 180 min after ingestion (p=0.031).
For the MRS factor ‘contentedness’ there was no statistically significant drug effect in combined analysis
of placebo and progesterone condition (Figure 2, middle panel). When the progesterone and placebo condition
were investigated separately the analysis revealed a significant difference in both placebo and progesterone
conditions (F(8,112)=3,90; p<0.001 and F(8,112)=2.18; p=0.034, respectively). In the placebo condition, ‘contentedness’ was decreased from 90 minutes after ingestion and remained decreased till the end of the study day
(p=0.029 to 0.004). In the progesterone condition, ‘contentedness’ increased to a maximum at 60 min (not
significant) and thereafter decreased and became significantly different from 60 min after ingestion at 120 min
after ingestion and remained decreased till the end of the study day (p=0.037 to 0.004).
For the MRS factor ‘calmness’ there was no statistically significant drug effect in combined analysis of
placebo and progesterone condition (Figure 2, lower panel). When the progesterone and placebo condition were
investigated separately the analysis revealed a significant difference in the placebo (F(8,112)=3,22; p=0.002) but
not in the progesterone condition. In the placebo condition, ‘calmness’ was decreased from 30 minutes after
ingestion till the end of the study day, except for 120 and 180 min after ingestion (p=0.048 to 0.006).
For simple reaction time and for complex reaction time there was no statistically significant drug effect in
combined analysis of placebo and progesterone condition (data not shown). When the progesterone and placebo
condition were investigated separately the analysis revealed no significant difference in both placebo and progesterone conditions.
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Figure 2. Changes in the Mood Rating Scale factors ‘Sedation’ ( ΔSedation), ‘Contentedness’ ( ΔContentedness), and ‘Calmness’
( ΔCalmness) following ingestion of progesterone and placebo on t=0 (top, middle, and lower panel, respectively). ‘Sedation’
increased significantly after ingestion of progesterone compared to placebo (F(1,14) = 7,75; p = 0.015). Post hoc showed that
‘Contentedness’ decreased 90 min after ingestion of placebo (p = 0.029-0.004) whereas it increased to a maximum at 1 h after
ingestion of progesterone (not significant). ‘Calmness’ was decreased 30 min after ingestion of placebo (p = 0.048-0.006). Values
are given as mean ±SEM.
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Low absorption compared with high absorption

There was no statistically significant difference in baseline progesterone and allopregnanolone plasma
levels (Table 3). Baseline SEV was significantly higher in the low absorption group (p=0.037) while baseline Mood
Rating Scale scores and reaction time tasks were not different (Table 4).
The plasma progesterone and allopregnanolone-time relationships are shown in Figure 3 (bottom panel).
Progesterone plasma levels were significantly higher in the high absorption group compared to the low absorption group in combined analysis (F(1,13)=21,39, p<0.001).
Allopregnanolone plasma levels were not different between low and high absorption groups in combined
analysis. Maximum progesterone and allopregnanolone plasma levels were significantly higher in the high absorption group (p=0.002 and 0.04, respectively) (Table 3).
SEV was significantly decreased in the high absorption group compared to the low absorption group in
combined analysis (F(1,13)=13.52; p=0.003) (Figure 3 (top panel)).
For the MRS factors ‘sedation’, ‘contentedness’, and ‘calmness’ there was no significant effect in combined
analysis between the low and high absorption group. Also, for the simple and complex reaction time tasks there
were no significant effects in combined analysis between the low and high absorption group.

Table 3. Baseline and maximum progesterone and allopregnanolone plasma levels (mean±SEM, nmol/l) in progesterone condition in follicular phase divided in low (n=7) and high (n=8) absorption.

Low absorption
High absorption

Progesterone
baseline

Progesterone
maximum1

Allopregnanolone
baseline

Allopregnanolone
maximum2

0.693±0.218
1.284±0.763

108.51±31.35
681.40±90.00

0.86±0.10
0.91±0.34

120.13±33.76
338.50±87.79

1 : p=0.002
2 : p=0.04

Table 4. Baseline measurements (mean±SEM) in progesterone condition in follicular phase divided in low (n=7) and high (n=8)
absorption.

Low absorption
High absorption

SEV1

‘sedation’

‘contentedness’

‘calmness’

SRT

CRT

400.9±10.5
373.3±11.1

285±34
319±46

127±24
143±20

65±11
51±8

257±12
272±19

310±21
342±17

SEV: saccadic eye velocity (degrees/s); ‘sedation’, ‘contentedness’, and ‘calmness’ (mm); SRT: simple reaction time task (ms);
CRT: complex reaction time task (ms)
1 : p=0.037
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Figure 3. Change in saccadic eye velocity from baseline ( ΔSEV) (top panel) and progesterone and allopregnanolone plasma concentrations (bottom panel) in subjects with high (n=8) and low (n = 7) progesterone absorption (ingestion of progesterone on t =
0). ΔSEV was significantly decreased in the high compared to the low absorption group in combined analysis (F(1,13) = 13.52; p =
0.003). Baseline SEV was significantly higher in the low absorption group (p = 0.037). Maximum progesterone and allopregnanolone
levels were significantly higher in the high absorption group (p = 0.002 and 0.04, respectively). There was no statistically significant difference in baseline progesterone and allopregnanolone plasma levels.
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Discussion

The present study shows that 400 mg of oral micronized progesterone produces a significant decrease in
SEV with a concomittant increase in subjective rating of sedation compared to placebo in healthy women in the
follicular phase. Reaction time, contentedness and other MRS factors were not different between progesterone
and placebo treatments. The results of this study show that in women progesterone has a sedative effect. This
is similar to what has earlier been shown in men (Friess et al., 1997). Our results confirm in women that progesterone does not change reaction time which has earlier been shown in men (Grön et al., 1997). The study setting
shows an increase in progesterone concentration that could be interpreted as a stress response similar to what
is seen for allopregnanolone in humans and animals (Droogleever et al., 2004; Purdy et al., 1991). An increase
in progesterone due to stress has earlier been shown in men and women taking oral contraceptives but not in
cycling women (Wirth et al., 2006). Our results are in contrast to this observation as we see a reaction during the
placebo treatment in our study group of women during the follicular phase. During the follicular phase the ovarian contribution to the progesterone level is minute and the adrenals have a greater impact. In the progesterone
treatment one can expect a latency between the progesterone peak and allopregnanolone peak as progesterone
has to be metabolised with two enzymatic steps before allopregnanolone is formed. In this study the latency
between progesterone peak and allopregnanolone peak was 60 min and fits with the effect curve of sedation
and SEV.
When the data were divided in a high and low absorption group, depending on the height of the progesterone plasma level after oral progesterone, SEV was significantly decreased in the high absorption group compared to the low absorption group. Subjective ratings of sedation, contentedness, and calmness, and reaction
times, did not differ between groups.
One important transmittor system for the regulation of SEV is the GABA system. Enhancement of the
GABA activity will decrease the SEV (Schiller and Tehovnik, 2003; 2005). The lack of effect on sedation in the
women who showed a high absorption of oral progesterone might be due to a decreased capability of perception
of sedation, regardless of GABA activity. This in turn, can be caused by the development of acute tolerance to
allopregnanolone. Acute tolerance to allopregnanolone has been shown to occur in animals during anaesthesia
(Zhu et al., 2004). As has been shown earlier, intravenous injections of small dosages of allopregnanolone in
women produce decreased SEV and increased scores in subjective rating of sedation (Timby et al., 2006). The
levels of allopregnanolone achieved in the present study are much higher (up to 338.5 nmol/l) than those in the
orally administered allopregnanolone studies (up to 100.6 nmol/l). This difference in maximum plasma levels is
probably due to enhanced metabolisation of progesterone to allopregnanolone in the liver after oral ingestion.
Freeman et al. measured allopregnanolone in 18 healthy premenopausal women following an oral dose of
1200 mg micronized progesterone in a double-blind, placebo-controlled study (Freeman et al., 1993). Plasma
allopregnanolone was significantly negatively correlated with measures of tension/anxiety and positively correlated with fatigue and confusion (measured by the Profile Of Mood State) and immediate recall. Significant
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changes compared to placebo in fatigue, delayed verbal recall and symbol copying were experienced by subjects
who achieved high levels of allopregnanolone. Söderpalm administered 200 mg progesterone intramuscularly in
7 women (n=7; age (mean ± standard deviation) 23.3 ± 6.2 years) in the early follicular phase and found modest
effects on subjective rating of fatigue and smooth pursuit eye movement with an maximum allopregnanolone
plasma level of (mean ± standard deviation) 13.5±4.3 ng/ml, 42 nmol/l (Soderpalm et al., 2004).
Both in the progesterone and placebo condition there was a decreased sedation, contentedness, and calmness. For sedation there was a significant difference between progesterone and placebo, however not for contentedness, and calmness. This indicates that sedation is related to the progesterone treatment but not contentedness and calmness.
Although there was a difference in effect between progesterone and placebo on SEV and subjective rating
of sedation, there was no difference in effect for the other effect parameters. This might be due to the development of another progesterone metabolite which is the 3beta variant of allopregnanolone and which is an
antagonist of allopregnanolone (Turkmen et al., 2004). That the 3beta-steroid is produced as a conversion of
progesterone is also shown (Stromstedt et al., 1993). The fact that the women in the present study did not fall
asleep while having tremendously high allopregnanolone plasma levels, support this view.
In conclusion, this study is the first that measured the effects of progesterone on SEV, which decreased
significantly, when compared to placebo. This effect is most likely due to enhanced GABA activity by the progesterone metabolite allopregnanolone. In spite of very high plasma levels of allopregnanolone, no difference in
effect was seen on other outcome measures. This could be due to concomittantly increased plasma levels of the
3beta-variant of allopregnanolone. This should be investigated in another study.
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Abstract

Knowledge about the degree of sensitivity to progesterone and allopregnanolone in healthy women across
the cycle is important in further elucidating the pathophysiology of PMDD.
The aim of this study was to investigate whether the effect of a single dose of progesterone on GABA(A)
receptor sensitivity and mood differed between the follicular and luteal phase of the normal menstrual cycle.
Women (n=9) received oral progesterone (400 mg) or placebo in their follicular and luteal phase in a doubleblind, randomized, crossover design. Dependent measures were saccadic eye velocity (SEV), subjective ratings
of sedation, contentedness, calmness (visual analogue scales), and reaction times on a simple and complex attentional task. Administration of progesterone decreased SEV and increased sedation more in the luteal phases
then in the follicular phase. Complex reaction time was more increased in the luteal phase compared to the follicular phase after progesterone but this difference was not statistically significant. The effects are probably due
to enhanced GABA activity by the progesterone metabolite allopregnanolone. In conclusion: the effect of oral
progesterone on GABA(A) receptor sensitivity as measured by SEV is dependent on the phase of the menstrual
cycle.
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Introduction

Mood changes during the menstrual cycle can be a source of distress in some women and lead to clinical syndromes such as the premenstrual dysphoric disorder (PMDD) (American Psychiatric Association, 1994).
The development of symptoms is related to the presence of progesterone during the luteal phase (Sanders
et al., 1983). Progesterone has been shown to increase symptoms of negative mood (Andreen et al., 2006b)
and sedation (Merryman et al., 1954). Symptoms of PMDD disappear when the production of progesterone by
the corpus luteum, which is formed after ovulation, is prevented by administration of gonadotropin releasing
hormone (GnRH) agonists or ovariectomy. In the past, therapeutic interventions consisted of administration of
progesterone through various routes, e.g. vaginal, oral, transdermal, to restore assumed dysregulated plasma
progesterone concentrations. However, it is currently believed that absolute levels of plasma progesterone concentrations do not play an important role in the pathophysiology of PMDD. This view is supported by the lack of
effect of the progesterone suppletion therapies aforementioned (Freeman, 2004). Nowadays, focus in research
in PMDD is laid on a dysregulation of the sensitivity of the GABA(A) receptor complex.
Progesterone is metabolized to very potent GABA(A) receptor modulators like allopregnanolone and in
animals most of the central nervous system effects by progesterone have been shown to be mediated via this
metabolite (Majewska et al., 1986; Mok and Krieger, 1990). Women with PMDD show decreased sensitivity to
GABAergic substances like diazepam, pregnanolone and alcohol in the luteal phase compared to the follicular
phase and/or compared to healthy control women (Sundstrom et al., 1997a; Sundstrom et al., 1997b; Sundstrom
et al., 1998; Nyberg et al., 2004). Decreased sensitivity was shown by reduced saccadic eye velocity (SEV). It
thus seems that women with PMDD develop tolerance to the increasing plasma progesterone levels in the luteal
phase followed by a withdrawal effect. Premenstrually, the plasma concentration of progesterone already starts
to decrease while symptoms of irritability and depressive mood further increase in women with PMDD (Backstrom et al., 2008a). Besides a decreased sensitivity of the GABA(A) receptor complex there seems to exist also
a shift of the sensitivity of the receptor complex toward reverse agonism in PMDD: women with PMDD react to
the GABA(A) receptor antagonist flumazenil in the luteal phase with increased anxiety while healthy controls
show no effect (Le Melledo et al., 2000). One can draw a paralell between PMDD and panic disorder in that patients with panic disorder also respond less to benzodiazepines and show a paradoxical effect to flumazenil (Nutt
et al., 1990; Roy-Byrne et al., 1990).
In studies investigating the difference in sensitivity to GABAergic substances across the menstrual cycle,
healthy control women responded with increased sensitivity to pregnanolone and diazepam in the luteal phase
(Sundstrom et al., 1997a; Sundstrom et al., 1998). Monkeys show an increased response to allopregnanolone in
this phase of their cycle (Green et al., 1999). No data exist, however, on the influence of the cycle on the sensitivity to progesterone or allopregnanolone in healthy women. We have earlier studied the effect of progesterone
and placebo on SEV in the follicular phase but not during the luteal phase in the same patients (van Broekhoven
et al., 2006). Knowledge about the degree of sensitivity to progesterone and allopregnanolone in healthy wom-
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en across the cycle may help in further elucidating the pathophysiology of PMDD.
Thus, we conducted a placebo-controlled, double-blind, crossover study in healthy women by administering oral progesterone during both follicular and luteal phases. It was our aim to investigate if the effect of oral
progesterone on GABA(A) receptor sensitivity differs between the phases of the menstrual cycle. Our hypothesis is that women are more sensitive to oral progesterone in the luteal phase compared to the follicular phase.
Sedation is strongly linked to the GABA system and is objectively measured by saccadic eye velocity (SEV)
(Schiller and Tehovnik, 2003; 2005). Self-ratings of sedation correlate with SEV (Hommer et al., 1986). SEV
and sedation are easy to study and very sensitive to GABA active drugs. Therefore we used SEV and sedation
as tools to investigate the sensitivity of the GABA system to oral progesterone. Feelings of contentedness and
calmness were rated to gain more information on the background of the possible induction of negative mood
changes by progesterone.

Materials and methods

Subjects

Subjects were recruited through advertisements at the campus of the Radboud University Nijmegen. They
had to have ovulatory cycles controlled by progesterone values during the luteal phase and regular cycles to
be eligible to participate in the present study. Therefore subjects were excluded from participation if they used
hormonal forms of contraception. Further exclusion criteria were any use of benzodiazepines or other psychotropic medication during the last three months, daily use of any prescribed drug during the last four weeks, use
of any prescribed medication within the last week, except for paracetamol, and use of any illicit drug during the
last four weeks (e.g. cannabis, amphetamines, cocaine, morphine mimetic or alcohol of more than six units in one
day). Women planning to become pregnant were excluded. Other exclusion criteria were any current or previous somatic disease, any mental disorder, including premenstrual syndrome, or a history of drug abuse. Signs
of malnutrition were an exclusion criterion. The presence of psychiatric disorders was evaluated using a semistructured psychiatric interview, the Mini-International Neuropsychiatric Interview (MINI, version 2.1) (Sheehan
et al., 1998). Before inclusion, physical examination was performed, as well as electrocardiography and routine
blood chemistry and hematology screens. All subjects had normal electrocardiograms and blood screens and
all female subjects had negative pregnancy tests. Urine was tested on the presence of illicit drugs. All subjects
had negative drug tests. Nine healthy women (age (mean ± standard deviation) 20.9±0.7 years), were included
in the study. All subjects gave written informed consent prior to inclusion in the study. The study procedures
were in accordance with ethical standards for human experimentation, established by the Declaration of Helsinki
of 1975, revised in 1985. The study protocol was approved by the ethics committee of the Radboud University
Nijmegen Medical Centre.
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Study protocol

No night work or transmeridian trips were allowed during the week before the study day and subjects had
to refrain from alcohol use during the last five days prior to test.
Subjects were tested in a double-blind, placebo-controlled, randomised, crossover study, in separate menstrual cycles. Time of testing was in the follicular phase between day 6 and 12 and in the luteal phase within 10
days prior to the expected onset of menstruation. Subjects were instructed to refrain from taking food or drinks
(except water) from 22h the day prior to the experimental day. Caffeine, tobacco and chocolat use was restricted
throughout the study day.
Subjects entered the research facility at 08h, where they received a light standardized breakfast. An intravenous cannula was inserted in the forearm for blood sampling. To establish baseline, SEV measurements, Mood
Rating Scale scores, and reaction times were recorded and a blood sample for baseline level of progesterone
was drawn. Thereafter, at 1000h, subjects received orally either 400 mg of oral micronized progesterone (Progestan (Organon)) or placebo, by four identical capsules.
After ingestion of the study drug, plasma sampling, SEV recordings, Mood Rating Scale scores, and reaction time tasks were performed at 30, 60, 90, 120, 150, 180, 240, and 360 min, respectively. Subjects were allowed to ambulate in the research facility after the 240 min measurements.

Saccadic Eye Movements

Saccadic eye movements were recorded as a neurophysiological measure for sedation and were assessed
using a micro computer-based system (Cambridge Electronic Design, Cambridge, England) for sampling and
analysis of eye movements according to Van Steveninck (van Steveninck et al., 1999). Electrode impedance was
less than 5 kΩ. Head movements were restrained with a fixed head support. The target consisted of an array
of light emitting diodes on a bar fixed at 50 cm in front of the eyes. For the saccadic test, the target displaced
suddenly from left to right, respectively, from right to left at random intervals between 4 and 8 seconds, corresponding to 30 degrees of eyeball rotation to both sides (15 degrees from middle to left–right). As outcome
parameter, we calculated the mean peak velocity of the saccadic eye movements, which is a highly sensitive
parameter for sedative benzodiazepine effects (van Steveninck et al., 1999).

108

Chapter 8 | Increased sensitivity to oral progesterone in the luteal phase in healthy women

Mood Rating Scales

The Mood Rating Scale was administered in order to measure subjective drug effects. The Mood Rating
Scale consists of 16 visual analogue scales from which three factors are derived: sedation, contentedness, and
calmness (Bond and Lader, 1974a).

Reaction Time Tasks

Patients had to perform a simple and a complex reaction time task. The reaction time is considered as a
motor performance index, but it gives also an indication of attention and concentration (Hindmarch, 1980). The
simple reaction time task consists of pressing a button as fast as possible when a round bull at the computer
screen changed into a square. In the complex reaction time task, subjects had to press the button with their left
and right index fingers, respectively, according to the words ‘left’ or ‘right’ at random appearing on the screen.
Each session consisted of 20 trials at random intervals. The mean reaction time per session was calculated.
Reaction times of individual trials above two standard deviations of the mean of a session were excluded, as well
as anticipations, defined as responses faster than 125 ms for the simple reaction time task and 175 ms for the
complex reaction time task (Voshaar et al., 2005).

Hormone assay

Plasma progesterone levels were assessed by using progesterone Immulite® solid-phase, competitive
chemiluminescent enzyme immunoassay kits. These analysis kits were provided by Diagnostic Products Corporation, Corporate Offices, 5210 Pacific Concourse Drive, Los Angeles, CA 90045-6900, USA. The assay was
performed according to the manufacturer’s instructions. Intra-assay coefficient of variation is 3.6% and interassay coefficient of variation 5.2%.

Statistical methods

Differences in responses on progesterone as compared to placebo between the two menstrual phases
were analyzed using linear mixed models for fixed and random effects. In order to account of the dependency
of the repeated assessments of the outcome variables within individuals ‘subject’ was taken as a random variable. Treatment (progesterone versus placebo), phase (follicular versus luteal), and time (time-points) were fixed
factors. The relationships between outcome measures and plasma progesterone levels were also analyzed by
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means of mixed linear models with menstrual phase and progesterone as fixed independent variables and a
random intercept and random slope for each subject . When appropriate, a paired-samples T test was used for
related observations. The SPSS statistical package (version 15.0.1 under Windows) was used for all analyses. Pvalues < 0.05 were considered to be statistically significant.
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Results

Baseline progesterone concentration was higher in the luteal phase than in the follicular phase (p<0.01). Baseline
score for contentedness was significantly higher in the follicular compared to the luteal phase (p<0.05). There
were no differences in baseline scores for the other effect variables: SEV, sedation, calmness, and reaction times
(Table 1).

Table 1. Baseline measurements (mean ±SEM) in follicular and luteal phase.
prog.

SEV

sedation

contentedness

calmness

SRT

CRT

Follicular

0.5

388.99±9.73

351.43±29.22

172.78±17.62

64.56±6.47

260.24±10.42

327.13±15.04

Luteal

16.2

380.75±11.05

311.28±36.88

135.44±24.3

61.72±8.57

260.73±11.07

317.46±16.52

Values represent the means of baseline values of both drug conditions (placebo and progesterone) within phases. There were
no differences between these baseline values within phases. There was a significant difference in progesterone plasma concentration and in contentedness between follicular and luteal phase (p<0.01 and <0.05, respectively). Prog: progesterone plasma
concentration (nmol/l); SEV: saccadic eye velocity (degrees/s); sedation, contentedness, and calmness (visual analogue scale
scores) (mm); SRT: simple reaction time task (ms); CRT: complex reaction time task (ms)

After administration of progesterone, there was no difference in the time course over the day of the plasma progesterone concentration between the phases (session by phase interaction (F(8,136 ) = 0.416; p>0.05)).
Peak concentrations were achieved at 240 min after progesterone ingestion (207 nmol/l in the follicular phase
and 264 nmol/l in the luteal phase).

Effects of progesterone versus placebo

SEV was significantly more decreased after administration of progesterone than after placebo (main effect of drug: (F(1,288 ) = 31.94; p<0.001). SEV was more decreased in the luteal phase than in the follicular phase
(main effect of phase: (F(1,288) = 20.28; p<0.001). The progesterone effect on SEV was larger in the luteal phase
than in the follicular phase (drug by phase interaction: (F(1,288) = 6.20; p=0.013) (Figure 1).
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Figure 1. Changes in sedation ( ΔSedation; top panel) and saccadic eye velocity ( ΔSEV; (middle panel) after intake on time = 0
of placebo or progesterone in the follicular and luteal phase (mean ±SEM). The progesterone effect on sedation was larger in the
luteal phase than in the follicular phase (drug by phase interaction: (F(1,288) = 5.05; p=0.025). The progesterone effect on SEV
was also larger in the luteal phase than in the follicular phase (drug by phase interaction: (F(1,288) = 6.20; p=0.013). Progesterone
plasma levels are shown to indicate follicular and luteal phase (lower panel).
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Figure 2. Changes in contentedness ( ΔContentedness; top panel), calmness ( ΔCalmness; middle panel), and complex reaction time
( ΔCRT; lower panel) after intake on time = 0 of placebo or progesterone in the follicular and luteal phase (mean ±SEM). Progesterone induced a significant dose-related increase in complex reaction time (F(1,312) = 19.06; p<0.001). There were no differences in
contentedness or calmness.
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Sedation was significantly more increased after administration of progesterone than after placebo (main
effect of drug: (F(1,288 ) = 15.76; p<0.001). There was no difference between the phases (main effect of phase:
(F(1,288) = 0.45; p>0.05). The progesterone effect on sedation was larger in the luteal phase than in the follicular phase (drug by phase interaction: (F(1,288) = 5.05; p = 0.025) (Figure 1).
Complex reaction time was more increased after administration of progesterone than after placebo, but
this effect was not statistically significant (main effect of drug: (F91,288) = 3.64; p = 0.057) (Figure 2).
Contentedness, calmness and simple reaction time showed no statistically significant differences.

Effects related to progesterone concentrations

Overall, progesterone induced a significant dose-related decrease in SEV (F(1,146) = 67.49; p<0.001) and a
significant dose-related increase in subjective sedation (F(1,147) = 32.89; p<0.001), simple reaction time (F(1,313)
= 3.95; p=0.048), and complex reaction time (F(1,312) = 19.06; p<0.001). Progesterone had no effect on contentedness (F(1,311) = 0.07; p>0.05) and calmness (F(1,307) = 3.13; p>0.05).
The regression coefficients for SEV and subjective sedation were significantly different in the luteal phase as
compared to those in the follicular phase. For SEV the regression coefficient was -0.14 (95% confidence interval
-0.18, -0.10) versus -0.07 (-0.15, 0.02), p<0.01. For subjective sedation the regression coefficient was 0.46 (0.31,
0.61) versus 0.10 (-0.24, 0.44), p<0.001. The regression coefficients for simple and complex reaction time did not
differ between the phases.
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Discussion

The main findings of the present study are that administration of oral progesterone led to a decrease of
SEV and an increase of subjective ratings of sedation in both phases and that both effects were significantly
larger in the luteal phase as compared to the follicular phase. This suggests sensitivity to oral progesterone to
be increased in the luteal phase of the menstrual cycle in healthy premenopausal women. Our findings are in line
with results from other studies in which healthy premenopausal women showed increased sensitivity to pregnanolone (Sundstrom et al., 1998) and diazepam (Sundstrom et al., 1997a) in the luteal phase compared to the
follicular phase. Comparable to the effects found in these conditions of physiologically increased plasma progesterone concentrations, i.e. the luteal phase in premenopausal women, is the increased sensitivity to triazolam
in postmenopausal women when given in combination with progesterone (McAuley et al., 1995). Our results are
not due to different pharmacokinetics of progesterone between the phases as the course of the progesterone
concentrations over the day in our study did not differ (i.e. there was no session by phase interaction effect).
Contentedness was higher at baseline during the follicular phase. A lower baseline level of contentedness
in the luteal phase is in line with what is a common finding in this phase of the cycle namely negative mood
symptoms (Sveindottir and Backstrom, 2000).
There was no drug effect on contentedness and calmness within the phases. This shows that a single acute
intake of progesterone does not influence these aspects of mood. This is in line with previous studies which
failed to find either an effect of acute progesterone intake (Arafat et al., 1988; Freeman et al., 1993; de Wit et al.,
2001). However, after long-term (days) treatment with oral progesterone a negative mood appears (Andreen et
al., 2006b).
Reaction times were not influenced by progesterone administration. This finding is in line with observations in men that showed progesterone not to affect reaction time (Gron et al., 1997).
The increased sensitivity of GABA(A) receptors in the luteal phase explains why withdrawal effects do not
occur after the steep decrease in progesterone levels at the end of the luteal phase. The results from the present
study support the hypothesis of a difference in GABA(A) receptor sensitivity in the luteal phase between women
with and without PMDD. Women with PMDD react differently on GABA(A) receptor active compounds compared
to women without PMDD. They show reduced sensitivity to GABAergic substances and inverse agonism to the
GABA(A) receptor antagonist flumazenil (Le Melledo et al., 2000). The state of art treatment for PMDD is the
prescribing of a selective serotonin reuptake inhibitor (SSRI). The SSRI may be administered continuously or
only in the luteal phase (Freeman, 2004). Effects are already present in the first cycle of treatment and there is
no withdrawal effect when administered intermittently. The mechanism of action of SSRIs is not known but it
has been shown that the reduced sensitivity to a GABAergic compound in women with PMDD is normalized after
treatment with a SSRI (Sundstrom and Backstrom, 1998). SSRIs also increase allopregnanolone concentration
in plasma and in the brain by influencing the enzyme that is involved in the synthesis of allopregnanolone (van
Broekhoven and Verkes, 2003).
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In conclusion, this study shows that healthy premenopausal women are more sensitive to the sedative effect
of oral progesterone in the luteal phase than in the follicular phase. Previous studies have noted the same
difference across the cycle for other GABAergic substances. Future studies should examine whether women
with PMDD show decreased sensitivity to oral progesterone in the luteal phase as they do to other GABAergic
substances.
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Abstract

The acute neural effects of progesterone are mediated by its neuroactive metabolites allopregnanolone
and pregnanolone. These neurosteroids potentiate the inhibitory actions of γ-aminobutyric acid (GABA). Progesterone is known to produce anxiolytic effects in animals, but recent animal studies suggest that pregnanolone
increases anxiety after a period of low allopregnanolone concentration. This effect is potentially mediated by
the amygdala and related to the negative mood symptoms in humans that are observed during increased allopreganonolone levels. Therefore, we investigated with functional MRI whether a single progesterone administration to healthy young women in their follicular phase modulates the amygdala response to salient, biologically
relevant stimuli. The progesterone administration increased the plasma concentrations of progesterone and
allopregnanolone to levels that are reached during the luteal phase and early pregnancy. The imaging results
show that progesterone selectively increased amygdala reactivity. Furthermore, functional connectivity analyses indicate that progesterone modulated functional coupling of the amygdala with distant brain regions. These
results reveal a neural mechanism by which progesterone may mediate adverse effects on anxiety and mood.
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Introduction

Changes in the blood concentration levels of progesterone and estradiol are associated with changes in mood
regulation (Steiner et al., 2003) and cognition (Kimura, 1999). For instance, explicit memory (Sharp et al., 1993; Keenan
et al., 1998; Buckwalter et al., 1999) and mood (Keenan et al., 1998; Buckwalter et al., 1999; Bennett et al., 2004) deteriorate during pregnancy when progesterone and estradiol levels reach their highest physiological concentrations.
Mood is also influenced by the more subtle changes in these hormone levels during the menstrual cycle. The negative
mood symptoms in premenstrual dysphoric disorder (PMDD) and premenstrual syndrome (PMS) occur during the luteal
phase, when progesterone and estradiol concentrations are high, and disappear a few days after the onset of menstruation, when these hormone concentrations are lowest (Backstrom et al., 1983). However, these negative mood symptoms develop in the absence of abnormal gonadal steroid hormone concentrations (Backstrom et al., 1983; Rubinow et
al., 1988). Furthermore, the administration of progesterone or estradiol after gonadal hormone suppression produces
negative mood symptoms in women with PMS, but not in women without PMS (Schmidt et al., 1998). The negative mood
in PMDD/PMS therefore appears as an abnormal response to normal hormonal changes (Rubinow and Schmidt, 2006).
The neural mechanism by which these hormones influence mood are, however, unknown.
Animal research has shown that progesterone modulates anxiety, and that these effects are likely mediated by its
metabolite allopregnanolone (Bitran et al., 1995b; Smith et al., 1998a; Reddy et al., 2005). This neurosteroid potentiates
the inhibitory actions of γ-aminobutyric acid (GABA) by modulation of the GABAA-receptor (Majewska et al., 1986). Consistent with this GABAergic mechanism, progesterone and allopregnanolone administration usually produce an anxiolytic effect (Bitran et al., 1995b; Reddy et al., 2005) by action on the amygdala (Akwa et al., 1999). Also pregnanolone,
the less potent 5β-stereoisomer of allopregnanolone that has a similar effect (Paul and Purdy, 1992; Zhu et al., 2001b),
can produce anxiolysis (Smith et al., 2006). However, it induces anxiogenic effects to aversive stimuli after a period of
relative allopregnanolone suppression (Smith et al., 2006), which mimics the low allopregnanolone levels during the
human follicular phase (Wang et al., 1996). As the amygdala is involved in a wide range of emotional behavior, and local
infusions of GABA antagonists induce anxiogenic effects (Davis and Whalen, 2001b), the amygdala may mediate the
anxiogenic effects of allopregnanolone as well.
In the present study, we investigated whether a single progesterone administration to healthy women during their
follicular phase increases amygdala reactivity. The amygdala is part of a larger emotion circuitry, which is important for
the identification of the emotional significance of stimuli, the generation of an affective response, and emotion regulation (Phillips et al., 2003a). We therefore explored whether progesterone’s modulation of amygdala activity influences
the functional integration of this system. We used an oral administration of micronized progesterone, which increases
allopregnanolone and pregnanolone concentrations to a similar extent (de Lignieres et al., 1995). By administering
progesterone instead of comparing neural activity during the luteal (high progesterone and estradiol) and the follicular
phase (low progesterone and estradiol), the results of this study provide a mechanistic account for a hormone-brain
interaction that is not confounded by (spurious) effects linked to the menstrual cycle.
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Materials and Methods

Subjects

Eighteen naturally cycling women (mean age 24 years; range: 19-39) participated in this study after signing informed consent. They were healthy as determined by routine physical and laboratory examinations, and
had no current psychiatric disorder as measured by a structured interview (Sheehan et al., 1998). They were
right handed, free of medication, did not use hormonal contraceptives, and reported no history of psychiatric
or somatic disease potentially affecting the brain. This study was approved by the local ethics committee (CMO
Regio Arnhem-Nijmegen, The Netherlands).

Design and procedure

The subjects participated twice during the early follicular phase (day 2-7) of different menstrual cycles,
when endogenous hormone levels are low. They arrived at ~8.15 AM after overnight fast to receive a standardized light breakfast, after which 400 mg of micronized progesterone or placebo was administered orally, in a
double-blind, cross-over fashion. A venous blood sample was collected prior to drug administration and the
scanning session, which started ~90 minutes after drug intake. In addition, subjects completed a mood rating
questionnaire (MRS) (Bond and Lader, 1974a) just prior to scanning and a state anxiety questionnaire (STAI)
(Spielberger et al., 1970) about 190 minutes after drug intake.

Behavioral task

The experimental paradigm consisted of a blocked design, including an emotion condition and a visuo-motor control condition. This paradigm has been used previously to investigate drug effects on amygdala reactivity
(Hariri et al., 2002; Paulus et al., 2005). It robustly engages the amygdala, by contrasting the response to simultaneously presented angry and fearful face stimuli (http://www.macbrain.org) with the response to ellipses (that
consisted of scrambles of the same face stimuli). The results therefore do not show emotion specific effects, but
rather a general response to salient, biologically relevant stimuli.
Two emotion blocks were interleaved with three control blocks, and each 30 s block consisted of six 5 s
trials. Each trial consisted of three simultaneously presented stimuli, with the cue stimulus presented above the
target and distractor (Hariri et al., 2002). In the emotion condition, an angry or fearful face was presented on
top as cue, and subjects had to indicate by an appropriate button press which of the bottom two faces (one angry
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and one fearful) matched the cue in emotional expression. The three simultaneously presented faces per trial
were from different persons from the same sex. Half the trials presented faces of men and half of women, half of
each target emotion (angry or fearful). In the control condition, a horizontally or vertically oriented ellipse was
presented as cue above two ellipses (one vertical and one horizontal), and subjects had to select the identically
oriented ellipse.

Data acquisition

Scanning was performed with a 1.5 T Siemens Sonata MR scanner (Siemens, Erlangen, Germany), equipped
with a standard head coil. Seventy-six T2*-weighted EPI-BOLD images were acquired per subject with an echo
time of 30 ms to reduce signal dropout, with each image volume consisting of 33 axial slices (3 mm, 0.5 mm
slice-gap, TR = 2.290 s, 64 × 64 matrix, FOV = 224 mm, FA = 90°). In addition, a high resolution T1-weighted
structural MR image was acquired for spatial normalization procedures (MP-RAGE, TR = 2250 ms, TE = 3.93 ms,
176 contiguous 1 mm slices, 256 × 256 matrix, FOV = 256 mm).

FMRI data analysis

Image analysis was performed with SPM2 (Wellcome Department of Imaging Neuroscience, London, UK).
The first five EPI-volumes were discarded to allow for T1 equilibration, and the remaining images were realigned
to the first volume. Images were then corrected for differences in slice acquisition time, spatially normalized
to the Montreal Neurological Institute T1 template, super-sampled into 2 × 2 × 2 mm3 voxels, and spatially
smoothed with a Gaussian kernel of 10 mm FWHM.
Statistical analysis was performed within the framework of the general linear model (Friston et al., 1995).
For each drug condition, the two experimental conditions were modeled as box-car regressors convolved with
the canonical hemodynamic response function of SPM2. In addition, the realignment parameters were included
to model potential movement artifacts as well as a high-pass filter (cut-off at 1/128 Hz). In order to account
for various global effects, the EPI-data was proportionally scaled. Temporal autocorrelation was modeled with
an AR(1) process and the parameter estimates were obtained by maximum likelihood estimation (Friston et
al., 2002) to allow departures from sphericity. Single-subject parameter images contrasting the emotion and
control condition were obtained and entered into subsequent random-effects analyses. The main effect of task
was assessed with a one-sample t-test, and the effect of drug (i.e., drug-by-task interaction) was assessed with
a paired t-test. In addition, the effects of drug on the functional integration of the amygdala was investigated
using a functional connectivity analysis (Friston et al., 1997). The time-course of amygdala activity was extracted
(i.e., the first eigenvariate of a sphere with 6 mm radius around the peak voxel of the right amygdala as identified
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by the main effect of task), and added as a covariate of interest to the model. Single-subject parameter images
containing the regression coefficients were obtained and entered into subsequent random-effects analyses.
One-sample t-tests were used to identify brain regions with a correlated time-course, and paired t-tests were
used to identify the effects of drug on functional connectivity with the amygdala. Statistical tests were familywise error (FWE) rate corrected for multiple comparisons across the whole brain or the region-of-interest (ROI),
using a small volume correction (Worsley et al., 1996), unless stated otherwise. The bilateral amygdala ROI was
anatomically defined using the WFU Pickatlas (Maldjian et al., 2003), and the bilateral face responsive regions in
the fusiform gyri were defined as spheres with 14 mm radius around previously reported Talairach coordinates
(Kanwisher et al., 1997) that were transformed into MNI-space (http://www.mrc-cbu.cam.ac.uk/Imaging/Common/mnispace.shtml). Furthermore, mean amygdala activity in both drug conditions was extracted from the
bilateral amygdala ROI for additional correlation analyses (Brett et al., 2002).

Serum analysis

Progesterone was measured with Delfia progesterone kits (Wallac Oy, Turku, Finland) according to the
manufacturer’s instructions. Allopregnanolone was measured with radioimmunoassay (RIA) after diethylether
extraction and celite chromatography (recovery 78%). The antiserum was directed against 3α-hydroxy-20-oxo5α-pregnan-11-yl carboxymethyl ether-BSA with low cross reactivity and a gift from Dr. Robert H. Purdy (Department of Psychiatry, College of Medicine, University of California, San Diego, CA, USA). The intra-assay coefficient
of variation 6.5% and inter-assay coefficient of variation of 8.5% (Andréen et al., 2005).
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Results

The baseline plasma concentrations of progesterone and allopregnanolone did not differ significantly between the progesterone and placebo condition (both p > 0.2). The progesterone administration increased the
progesterone concentration from the follicular to the luteal phase range (mean ± SEM, from 1.94 ± 0.29 to
16.83 ± 6.17 nmol/L, t(16) = 2.39, p = 0.03), and increased the concentration of allopregnanolone from 0.60 ±
0.05 to 24.98 ± 7.30 nmol/L (t(16) = 3.35, p = 0.004). This allopregnanolone level is similar to that during early
pregnancy (Parizek et al., 2005; Paoletti et al., 2006). However, progesterone had no significant effect on the
mood (Bond and Lader, 1974b) or state anxiety (Spielberger et al., 1970) questionnaires (all p > 0.2) and did not
significantly modulate response accuracy or reaction times in the behavioral task (all p > 0.05). These factors
therefore appear to have little explanatory value in relation to the observed differences in brain activity between
the progesterone and placebo conditions.
The fMRI results show that the emotion condition yielded larger responses than the control condition in
the amygdala, ventral visual stream (ranging from the primary visual cortex to the fusiform gyrus), inferior frontal gyri, cerebellar vermis, and supplementary motor area (p < 0.05, corrected; see Table 1 and Fig. 1). Critically,
progesterone increased the right amygdala response (p < 0.05, corrected, see Table 1 and Fig. 2-3). A similar
effect was also present in the left amygdala, although at a less conservative threshold (see Table 1). In contrast,
progesterone did not significantly influence neural activity in other brain areas.

To explore the relation between amygdala reactivity and allopregnanolone levels, state anxiety and mood
across subjects, additional correlation analyses were performed. While progesterone reliably increased amygdala reactivity in the within-subjects comparison, no significant correlations between allopregnanolone levels
and amygdala activity were observed across subjects during the progesterone or placebo conditions. However,
progesterone modulated the relation between amygdala activity and mood. While amygdala activity was positively correlated with the MRS subscales alertness (r = 0.66, p = 0.003) and contentedness (r = 0.53, p = 0.025)
during the placebo condition, no such relation was observed during the progesterone condition (p > 0.1).
The functional connectivity analysis identified various brain regions that were functionally coupled with
the right amygdala. Brain regions with a positive correlation with amygdala activity included regions in the
medial temporal lobe (including the left amygdala and both hippocampi), the basal ganglia, orbitofrontal cortex,
temporal pole, thalamus, inferior temporal gyri, pons, and fusiform gyri. Brain regions in the midbrain and cerebellar vermis showed a negative correlation with amygdala activity (p < 0.05, corrected; see Table 2).
Progesterone decreased functional connectivity of the fusiform gyrus with the amygdala (p < 0.05, corrected). Furthermore, the results indicate that progesterone increased functional connectivity of the dorsal
anterior cingulate cortex with the amygdala at a less conservative threshold (p < 0.001, uncorrected; see Table 2
and Fig. 4).
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Table 1. Cluster maxima for brain regions with a larger response during the emotion than the control condition (main effect of
task), and for brain regions that are modulated by progesterone (drug-by-task interaction).

x
Main effect of task
R inferior occipital gyrus
L inferior occipital gyrus
R amygdala
L amygdala
R inferior frontal gyrus
L inferior frontal gyrus
Cerebellar vermis
Supplementary motor area
L inferior frontal gyrus

MNI coordinates
y
z

26
-26
22
-22
44
-44
2
0
-56

Cluster size

t

p1

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.002
0.002
0.005

-90
-92
-4
-10
10
10
-74
10
22

-10
-12
-16
-16
32
28
-32
60
-4

3613
3138
125
164
575
240
63
41
22

17.9
14.1
9.0
8.5
8.4
8.4
7.0
6.9
6.7

-6
-6

-22
-22

14
-

5.8
2.9

Drug-by-task interaction (progesterone > placebo)
R amygdala
26
L amygdala
-28

P-values are corrected for multiple comparisons across the whole brain (p < 0.05, k ≥ 10).
P-value corrected for multiple comparisons across the amygdala (p < 0.05).
3
Peak voxel (p-value is uncorrected for multiple comparisons).
1

2
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Figure 1. Larger amygdala responses to salient, biologically relevant stimuli than the control condition in the placebo (A) and the
progesterone condition (B). The sagittal slices on the left (x = 26) and the maximum intensity projections on the right are thresholded at p < 0.001, uncorrected for multiple comparisons.

Figure 2. A single progesterone administration increases the amygdala response. A coronal slice (A) shows the increased right amygdala reactivity (y = -6) in the progesterone condition. The maximum intensity projection (B) shows the selectivity of the effect.
The figures are thresholded at p < 0.001, uncorrected for multiple comparisons. Note that the same effect was observed in the left
amygdala at a less conservative statistical threshold.
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Table 2. Cluster maxima for brain regions that are functionally connected with the right amygdala, and for brain regions whose connectivity shows an interaction with progesterone.

x
Positive correlation
MTL, basal ganglia, OFC,
temporal pole, thalamus 4
R inferior temporal gyrus
R inferior occipital gyrus
Pons
L inferior temporal gyrus
L middle temporal gyrus
L fusiform gyrus
R fusiform gyrus

MNI coordinates
y
z

Cluster size

t

p1

-24
62
40
12
-52
-62
-48
52

0
-54
-88
-32
-64
-46
-64
-58

-16
-8
-2
-42
-8
-8
-10
-10

14025
98
82
479
39
10
93
56

18.8
8.6
7.6
7.1
6.3
6.0
5.5
5.1

< 0.001
< 0.001
0.001
0.002
0.012
0.026
0.0012
0.002 2

Negative correlation
Midbrain
Cerebellar vermis

-4
0

-26
-52

-14
-12

151
57

8.2
5.4

< 0.001
0.003

Progesterone > placebo
Anterior cingulate cortex

10

24

40

9

4.7

< 0.001 3

Placebo > progesterone
R fusiform gyrus

42

-60

-6

10

5.5

0.0102

P-values are corrected for multiple comparisons across the whole brain (p < 0.05, k ≥ 10).
P-values corrected for multiple comparisons across the region-of-interest (p < 0.05).
3
P-value uncorrected for multiple comparisons (p < 0.001).
4
MTL: medial temporal lobe; OFC: orbitofrontal cortex
1

2

Figure 3. Mean ( ± SEM) amygdala reactivity in the progesterone and placebo condition (26, -6, -22).

Figure 4. Progesterone modulates functional connectivity of
the (A) dorsal anterior cingulate cortex (10, 24, 40) and (B)
right fusiform gyrus (42, -60, -6) with the amygdala (mean
± SEM).
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Discussion

The results show that a single progesterone administration to healthy women in their follicular phase
selectively increases amygdala reactivity. The progesterone administration significantly increased the plasma
concentration of progesterone as well as that of its metabolite allopregnanolone, which potentiates the inhibitory actions of GABA (Majewska et al., 1986). Because it is this neurosteroid that mediates the acute effects of
progesterone (Bitran et al., 1995; Reddy et al., 2005), the observed activity increase of the amygdala is likely
mediated by the neuroactive metabolites allopregnanolone and/or pregnanolone.
The amygdala is critically involved in a wide range of emotional behavior (Phelps and LeDoux, 2005),
including fear and anxiety (Davis and Whalen, 2001a), and the amygdala displays a pathological pattern of responsiveness in certain anxiety (Rauch et al., 2003) and mood disorders (Drevets, 2003). A previous animal
study, in which a relatively large dose of allopregnanolone was infused into the central nucleus of the amygdala,
has shown that allopregnanolone acts on the amygdala to mediate anxiolysis (Akwa et al., 1999). Although the
present study does not show an anxiogenic effect of allopregnanolone, the results suggest a neural mechanism
by which allopregnanolone could increase anxiety and worsen mood (i.e., by increasing amygdala activity).
Progesterone decreased functional connectivity of the amygdala with the fusiform gyrus, a brain region
preferentially involved in the processing of faces (Kanwisher et al., 1997; Tsao et al., 2006). The amygdala
projects back to all levels of the ventral visual stream (Amaral et al., 2003), and the amygdala influences activity
in this brain region during face perception (Vuilleumier et al., 2004), suggesting that progesterone decreases
the back-projections of the amygdala to the fusiform gyrus. However, because functional connectivity is a correlational method, this result may also reflect the influence of the fusiform gyrus on the amygdala by feed-forward
projections. Furthermore, although the functional integration of the emotion circuitry with the amygdala was
largely unaltered by progesterone, the results indicate that progesterone increased functional coupling of the
dorsal anterior cingulate gyrus (dACC) with the amygdala. The dACC is activated during the cognitive evaluation of threatening stimuli which reduces amygdala activity (Hariri et al., 2003), and is thought to support the
cognitive control of emotion (i.e., reappraisal) (Ochsner and Gross, 2005). This suggests either a progesterone
induced change in dACC regulation of amygdala activity, or conversely, the influence of the amygdala on regulatory processes. However, this result should be interpreted with caution, because the effect did not remain
significant after correction for multiple comparisons.
Although progesterone consistently increased amygdala reactivity in a within-subject comparison, no significant correlations between allopregnanolone levels and amygdala activity were observed across subjects.
However, serum allopregnanolone levels do not reflect the (regionally specific) availability of this and other neuroactive metabolites in the brain, and individual differences in neurosteroid sensitivity may obscure a relation
between neurosteroid levels and amygdala reactivity when assessed across individuals. Furthermore, while amygdala activity was positively correlated to alertness and contentedness in the placebo condition, which are two
subscales of the mood rating scale that was used, no correlations with state anxiety and mood were observed in
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the progesterone condition. The absence of a relation between amygdala reactivity and state anxiety and mood
in the progesterone condition could reflect the limitation of this study to assess across subject correlations,
because the study was designed as a within-subjects investigation. In addition, the effects of progesterone on
mood are likely mediated by interactions within a larger emotion circuitry (Pezawas et al., 2005). The absence
of a large change in the functional integration of the emotion circuitry may therefore explain the absence of a
significant change in mood or anxiety.
Two related mechanisms could explain the paradoxical allopregnanolone induced amygdala activity increase. First, the hormonal milieu appears to determine the acute effects of the neuroactive progesterone metabolites. A study in female mice showed that an otherwise anxiolytic dose of pregnanolone increases anxiety to
an aversive stimulus after a period of relative allopregnanolone suppression, which was accomplished by administering a 5α-reductase inhibitor for three days that attenuates the metabolic transformation of progesterone
to allopregnanolone (Smith et al., 2006). This approach was used to mimic the prolonged low allopregnanolone
concentration during the human follicular phase (Wang et al., 1996), the menstrual cycle phase during which the
women in this study were investigated.
Second, allopregnanolone induces a nonlinear behavioral response (Bäckström et al., 2003; Miczek et al.,
2003; N-Wihlbäck et al., 2006). Low doses of allopregnanolone increase aggressive behavior in mice, whereas
higher doses decrease aggression (Fish et al., 2001). Moreover, the addition of a low dose of progesterone to the
treatment with estradiol during hormonal replacement therapy increases negative mood, but higher doses do
not (Andréen et al., 2006). These negative mood symptoms are related to allopregnanolone levels in a bimodal
fashion, as these symptoms are only present at moderate, but not low or high allopregnanolone concentrations
(Andréen et al., 2005; Andréen et al., 2006). Furthermore, allopregnanolone levels are lower in PMS patients
that respond to antidepressant or placebo treatment than non-responders (Freeman et al., 2002). In the present
study, an increased responsiveness of the amygdala was observed after increasing the progesterone and allopregnanolone concentrations from the follicular phase to levels that are naturally occurring during the luteal
phase and early pregnancy, respectively (Parizek et al., 2005; Paoletti et al., 2006). The increased amygdala
response might therefore be specific for this concentration change, while higher supra-physiological concentrations might eventually decrease amygdala activity (Akwa et al., 1999), in parallel with increased sedation in
humans (Timby et al., 2006). These results therefore show that changes in progesterone level that are within
the physiological range can increase amygdala activity.
These two mechanisms are not mutually exclusive but may interact, because the probable progesterone
dose-dependent amygdala response is likely modulated by the hormonal milieu. In this context, it is important to
note that during natural hormone fluctuations during the menstrual cycle, high progesterone levels occur only
in the presence of increased estradiol levels. Thus, the threshold for amygdala reactivity likely changes over the
menstrual cycle. This suggestion is supported by studies showing that the response of healthy women to a pregnanolone dose is larger in the luteal than follicular phase (Sundström et al., 1998). Furthermore, women with
PMS experience more severe symptoms during cycles with high luteal phase progesterone and estradiol levels

129

Chapter 9 | Progesterone selectively increases amygdala reactivity in women

(Hammarbäck et al., 1989), and higher estrogen doses increase negative mood symptoms during the progestin
phase of hormonal replacement therapy (Björn et al., 2003).
The mechanism by which allopregnanolone could increase amygdala activity is not well-understood. However, the paradoxical allopregnanolone induced amygdala activity increase could reflect the disinhibition of
the principal neurons of the amygdala via inhibition of the inhibitory interneurons (N-Wihlbäck et al., 2006),
a mechanism that has been demonstrated for the disinhibitory actions of dopamine (Marowsky et al., 2005).
Neurosteroid action is brain region and neuron specific, and neurons of the central nucleus of the amygdala
appear relatively insensitive to allopregnanolone (Belelli et al., 2006). This heterogeneity in neurosteroid sensitivity could be mediated by regional differences in receptor subunit composition, phosphorylation, and steroid
metabolism (Belelli et al., 2006). Specifically, allopregnanolone inhibits α4β2δ GABAA-receptors, which reduces
tonic inhibition and thereby increases excitability. Because this receptor is highly sensitive to neurosteroids,
inhibition of this receptor at relatively low neurosteroid concentrations can induce paradoxical effects (Shen et
al., 2007), and may contribute to amygdala disinhibition.
The amygdala has many (largely reciprocal) connections to brain areas that are involved in sensory
processing, visceral functioning, emotional behavior, and mood (Price, 2003). The progesterone induced amygdala activity increase could therefore affect the processing in many other brain regions relevant for mood
regulation. Studies with depressed patients suggest that negative mood is generated by increased activity of
brain structures that support the identification of the emotional significance of stimuli and the generation of
an affective response (e.g., the amygdala, insula, ventral striatum, and ventral prefrontal cortex), and decreased
activity of brain structures supporting emotion regulation (e.g., the dorsal prefrontal cortex and hippocampus)
(Phillips et al., 2003b). The menstrual cycle has been shown to modulate activity in several of these brain regions
(Fernández et al., 2003; Goldstein et al., 2005; Protopopescu et al., 2005; Amin et al., 2006), suggesting that
progesterone and estradiol may influence mood by modulating this emotion circuitry. The results of the present
study show that progesterone increases amygdala activity and indicate that it increases functional coupling with
the dACC, without affecting the response amplitude in other brain regions. The results of our study therefore
suggest that progesterone and/or allopregnanolone modulates amygdala activity, and may thereby change the
functionality of a larger emotion circuitry.
The amygdala is involved in a wide range of emotional behavior, including social cognition (Adolphs, 2006)
and the stress response (Herman et al., 2005), which appear to be modulated by progesterone. For example,
the modulation of the preference for faces during the menstrual cycle appears to be mediated by progesterone
(Penton-Voak et al., 1999; Jones et al., 2005), as well as the enhancement of the hypothalamus-pituitary-adrenal
(HPA) axis response to stressors during the luteal phase (Kirschbaum et al., 1999; Roca et al., 2003). Our results
suggest that progesterone could modulate these processes by increasing the responsiveness of the amygdala.
The present study shows that allopregnanolone can have paradoxical effects on amygdala activity in healthy
women, without influencing anxiety or mood. However, this mechanism could mediate the negative effects of
allopregnanolone on anxiety and mood in susceptible women. Whereas the administration of progesterone or
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estradiol after gonadal hormone suppression does not produce mood changes in healthy women, it produces
negative mood symptoms in women with PMS (Schmidt et al., 1998). Furthermore, PMS patients have a different sensitivity to pregnanolone during the high progesterone luteal phase (Sundström et al., 1998), suggesting
that allopregnanolone could affect amygdala activity differently in patients with PMDD/PMS. Because the amygdala is pathologically activated in certain anxiety (Rauch et al., 2003) and mood disorders (Drevets, 2003), we
speculate that allopregnanolone might increase amygdala activity to a larger extent in women with PMDD/PMS
than in healthy women as observed in this study, which could explain part of the negative mood symptoms in
PMDD/PMS and possibly other gonadal hormone related mood disorders.
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Discussion

In this chapter the results of the studies described in the previous chapters are discussed and the applied methodology considered. At the end directions for further research are given. The primary aim was to
investigate the GABAergic effects of allopregnanolone in men and women. Secondary aims were to investigate the influence of the menstrual cycle on these effects in women and to test the hypothesis that in acute
stress plasma allopregnanolone concentrations increase in men and women together with an increase in PBR
density.

GABAergic effects of allopregnanolone in men and women

We investigated the GABAergic effects of allopregnanolone in humans by measuring SEV, sedation, EEG
frequency spectra (in men), and amygdala activation, after intravenous administration of allopregnanolone
(chapter 6) and oral administration of progesterone (chapters 7 and 9). The results show that allopregnanolone
decreases SEV (chapters 6 and 7), increases self-ratings of sedation (chapters 6 and 7), and increases sigma
and beta power on EEG frequency spectra recordings (chapter 6). These findings are in line with earlier findings
obtained in animal research and indicate that allopregnanolone exerts a GABAergic effect in humans.
Allopregnanolone, however, increased amygdala activation during emotional processing of angry and fearful
face stimuli in women (chapter 9) and this is in contrast with the decreased amygdala activity found after
lorazepam (Paulus et al., 2005). In this latter study, however, the subjects consisted of both men and women.
Further, no data was given about hormonal contraceptive use or the phase of their cycle the women were tested.
The effect of neuroactive progesterone metabolites depends on the hormonal milieu of the subject, i.e. the
concentrations of endogenous and exogenous progesterone and estradiol. Pregnanolone has, for example, an
anxiogenic effect after a period of suppression of allopregnanolone (Smith et al., 2006). Low allopregnanolone
concentrations are also present in the follicular phase, the time in which the women in our study were tested
for emotional processing. Another explanation for the activation of the amygdala in our study is the fact that
positive GABA(A) receptor modulators like allopregnanolone, benzodiazepines, and alcohol, show paradoxical
effects consisting of anxiety, depression, irritability, or aggressiveness, at low dose, and anxiolysis and sedation
at higher doses (Beauchamp et al., 2000; Fish et al., 2001; Miczek et al., 2003). These paradoxical effects are
observed in 3-10% of the people (similar but more moderate effects are observed in 20-30% of the people)
(Backstrom et al., 2008a). Instead of speaking of a paradoxical effect, it is more precise to speak of a bimodal
effect of GABA(A) receptor positive modulators in certain individuals (Andreen et al., 2006a). In support of the
view of this bimodal effect of allopregnanolone is the fact that we have found a decreased amygdala response
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during higher allopregnanolone concentrations in an other study (van Wingen et al., 2007). This latter study is
not part of the present thesis. A third explanation for the demonstrated increased amygdala activity in our study
might be found in the subunit composition of the GABA(A) receptor in our subjects. GABA(A) receptors consisting of subunits that cause increased instead of decreased activity in brain regions have been shown. They reduce tonic inhibition of hippocampal pyramidal cells when activated by allopregnanolone resulting in increased
anxiety in pubertal female mice (Shen et al., 2007b). Although our subjects did not show increased anxiety on
the clinical level following progesterone administration, they were young and increased neural excitability of the
amygdala might be present due to this subunit compostion without increased anxiety. Not only age influences
subunit composition, also exposure to allopregnanolone itself changes subunit composition of GABA(A) receptors and consenquently may modulate its functional activity and resulting behaviour of the subject (Follesa et
al., 2004).
A limitation of the intravenous allopregnanolone challenge (chapter 6) is the fact that this study was not
placebo-controlled and that the women used oral contraceptives. On the other hand, the use of oral contraceptives might have made the group of women more homogeneous. Hormonal contraceptives decrease concentrations of endogenous neuroactive progesterone metabolites and thus limit the influence of cyclic variation in the
endogenous production of allopregnanolone and synchronise GABA(A) receptor subunit composition (Follesa et
al., 2002; Rapkin et al., 2006).
Although women showed a larger response on SEV to the allopregnanolone injections than men, they
showed less response on subjective ratings of sedation. Subjective ratings of sedation were only significantly
increased after the last and highest dosage of allopregnanolone and this is in accordance with the pattern that
was shown earlier in women without oral contraceptives (Timby et al., 2006). It could be suggested that women
show tolerance to some effects of progesterone leading to lower scores on subjective ratings of sedation, independently of the fact if they use or not use oral contraceptives.

The influence of the menstrual cycle on effects of allopregnanolone in women

A secondary aim of this thesis was to investigate the influence of the menstrual cycle on the sensitivity
to progesterone in women. Healthy women show increased sensitivity to GABAergic substances like pregnanolone and diazepam in the luteal phase while women with PMDD show decreased sensitivity to pregnanolone,
diazepam and alcohol in the luteal phase. No data exist, however, on the influence of the cycle on the sensitivity
to progesterone in both groups. Therefore, we compared the effects of oral progesterone in healthy premenopausal women between their follicular and luteal phase (chapter 8). There appeared to be an effect of the phase
of the cycle that consisted of an increased sensitivity to progesterone in the luteal phase as compared to the
follicular phase. This increased sensitivity was shown by an enhanced SEV and sedation response to administration of progesterone. We concluded that the effect of oral progesterone on GABA(A) receptor sensitivity as
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measured by SEV and subjective ratings of sedation is larger in the luteal then in the follicular phase and that
this effect is probably due to enhanced GABA activity by the progesterone metabolite allopregnanolone. Future
studies should examine whether women with PMDD show decreased sensitivity to oral progesterone in the luteal
phase.
A limitation of the study is the small number of subjects that were included. This was due to problems with
the determination of the luteal phase.
We applied hormone concentrations tests in urine to detect the start of the luteal phase. The test consisted of
the measurement of luteinizing hormone (LH) in urine. LH shows an increase in concentration about 24 hours
before ovulation. Women received test kits and performed the test at home. When the test was positive they
made an appointment for the study day. Plasma concentrations of progesterone were drawn at the study day to
confirm luteal phase. It turned out that not all women with assumed luteal phase on the basis of the positive test
had high enough progesterone concentrations that corresponded with luteal phase levels. These women were
left out of the statistical analysis.

Relationship between plasma allopregnanolone concentrations and PBR density following acute stress in men
and women

Our hypothesis that plasma allopregnanolone concentrations and PBR density in humans will increase in
acute stress was confirmed (chapter 5). This finding is in line with previous results from animal studies. There
was also a small but significant correlation between the plasma allopregnanolone concentration and PBR density. We also assumed that PhD examination would lead to stress and measured clinical signs that could prove
this assumption. Plasma cortisol concentration, blood pressure, and heart frequency increased significantly and
therefore it can be concluded that PhD examination can be used as a model for stress in humans.

Methodological considerations

In this thesis measurement of the peak velocity of saccadic eye movements and EEG has been used as
effect parameters for GABA function. The outcome has been evaluated against the plasma concentrations. This
gives a good insight into the GABAergic effect of allopregnanolone. One has to consider, however, that plasma
levels reflect brain concentrations only to a certain extent. Lumbar punctures to collect cerebral liquor may
overcome this shortcoming partially. Concentration in the brain differs substantially between regions both in
humans and in animals (Wang et al., 1995; Bixo et al., 1997). Neither plasma nor cerebral liquor can adequately
mirror the tissue concentration in brain regions like the amygdala or hippocampus. In this thesis lumbar puncture was not performed because of the extra burden for the subject.
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In addition to the bioavailability of allopregnanolone another relevant parameter is the receptor sensitivity
and density. While SEV and EEG as used in this thesis reflect the sensitivity of the receptor, positron emission
tomography (PET) gives information about the receptor density. In essence, in a PET study a radioactive tracer
is administered intravenously and the level of the tracer in the brain is measured thereafter. Differences in
GABA(A) receptor density between phases and between healthy and not-healthy women could reveal possible
pathophysiological mechanisms. A PET study in women with PMDD revealed differences in binding of the serotonergic receptor between the phases (Jovanovic et al., 2006). So far, no PET study has been performed of the
GABA(A) receptor in PMDD.
Reaction time was measured to give an indication of attention and concentration. The Mood Rating Scale
was administered as a subjective rating of the allopregnanolone effect. As method to establish phase of the cycle of the women, we applied hormone concentration tests in urine and plasma. Ultrasonosgraphy of the ovaries
is an alternative but more inconvenient for the subject.
The procedure around the intravenous allopregnanolone challenge (chapter 6) deserves some more attention. We started the PhD project with the idea of administering allopregnanolone as the best way to investigate
its role in psychiatric disorders. As allopregnanolone itself had not been administered to humans, effects of allopregnanolone in man were only retrievable from studies in which its precursor progesterone had been administered to humans, regardless of the purpose of the study (Arafat et al., 1988; Freeman et al., 1993; de Lignieres et
al., 1995; Vanselow et al., 1996). None of these studies used neurophysiological assessments as, for example, the
saccadic eye movements as a measure for sedation. However, this measure is more reliable in dose-effect studies (van Steveninck et al., 1999). Although a lot of research was done with direct infusion of allopregnanolone
in animals in vivo, we quickly came to the conclusion that there was no pharmaceutical solution for human use
available. Therefore, we inventorised the possibilities to make a solution for human use. As we came across the
literature about the development of the isomer of allopregnanolone, pregnanolone, to an anesthetic, we became
aware of the difficulties of finding a solvent that had no adverse effects. The development of pregnanolone to
an anesthetic had been stopped because of adverse effects to the solvent Cremophor. Pregnanolone (3alphaOH-5beta-ol-20-one) and allopregnanolone (3alpha-OH-5alpha-ol-20-one) are each others cis- and transisomers
determined by the alpha or beta position of the hydrogen atom bound to the fifth carbon (Morris et al., 1999).
Both are 3alpha-reduced metabolites of progesterone. Both can be formed peripherally but production within
the brain (via de novo production of progesterone or by metabolization of blood-borne progesterone) is only
established for allopregnanolone. This is due to the fact that the 5alpha-reductase (both isoenzymes, type I and
II) is found to be present in the brain but no research has been done on the presence of the 5beta-reductase. Because allopregnanolone seemed to play an important role in psychiatric disorders more than pregnanolone, our
aim was still to elicit the effects of allopregnanolone. The solvent 2-hydroxypropyl-beta-cyclodextrin instead of
Cremophor was appropriate in our opinion to dissolve allopregnanolone because it had been standardly used for
many years to dissolve the antifungal itraconazol for intravenous use in human. With cyclodextrin as proposed
solvent for allopregnanolone, we made contact with the Departments of Clinical Pharmacy and Pharmacology
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and Toxicology of the Radboud University Nijmegen Medical Centre. It became clear then, however, that it would
take a lot of time to make such a solution (laboratory facilities had to be set up to be able to assess concentration, stability, purity of the solution, and so on). We then turned to the group of professor Bäckström in Sweden
which had administered a solution of pregnanolone in albumin to humans before. The knowledge of how to dissolve pregnanolone in albumin could be used for the preparation of an allopregnanolone solution. Although it
was of course our wish that the solution would be prepared at the Clinical Pharmacy Department of our hospital,
this was not possible due to the need of special equipment. Therefore we agreed the solution to be prepared at
the Clinical Pharmacy Department of the Univerity Hospital in Umea. There the solution was frozen and at the
same day sent to us. As this was a first use in human study, special conditions had to be fulfilled. Permission of
the Netherlands Health Care Inspectorate had to be obtained. A pharmaceutical report showing stability of the
frozen allopregnanolone-albumin solution after thawing after different periods of time was demanded by the
Clinical Pharmacy Department of the Radboud University Nijmegen Medical Centre, attention had to be paid to
the safety of the subjects, the ethics committee had to be convinced of the need of the callenge, and so on. The
important role of allopregnanolone in several psychiatric disorders and the possibility to use allopregnanolone
as a drug, convinced the ethics committee of the need to further investigate this neuroactive steroid in humans.
Later, allopregnanolone challenges in humans were also performed in Sweden (Timby et al., 2006; Kask et al.,
2008). Stability tests of allopregnanolone before and after thawing were performed and the results were good.
As for the clinical safety of the subjects, the Department of Anaesthesiology was informed about our project.
During study days there was always an anaesthesiologist standby. Accidents with bottles of allopregnanolone
solution that were broken during transportation from Sweden at the first day of testing had to be overcome.
Volunteers had to be found and had to be reliable as study days were neatly planned.

Directions for further research

Plasma levels and even cerebro spinal fluid levels may not reflect concentrations in specific brain regions
that are the subject of the current study. Neuroactive steroids can easily cross the blood brain barrier, but
this does not exclude the possibility of local alterations in brain concentrations. Therefore, further research
is needed to develop highly sensitive and specific technologies of neuroactive steroid determination, such as
magnetic resonance spectroscopy (MRS). With MRS, for example, the GABA concentration in the brain has been
studied in PMDD patients and controls and it was shown that PMDD patients have lower concentrations in the
follicular phase than the controls (Epperson et al., 2002). This supports the suggestion that in PMDD there is a
dysfunction of the GABA system. PET studies of the GABA(A) receptor could reveal differences in binding profiles between phases and between subjects suffering from PMDD and controls.
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Neuroactive steroids as biomarkers

In future, it could be suggested that neuroactive steroids could serve as biomarkers in the differential
diagnosis of psychiatric disorders, in the prediction of risk of relapse after remission, and as a risk factor for
psychiatric disorders. In depression it has been shown that concentrations of allopregnanolone are decreased
(Romeo et al., 1998; Strohle et al., 1999), and in panic disorder they are increased (Strohle et al., 2002). But more
research is needed before neuroactive steroids can reliably be used in clinical psychiatry as biomarkers: prospective studies containing a great number of participants in which plasma values before, at the start, during,
and after remission of a psychiatric disorder are assessed, together with studies that establish reference values
in healthy subjects.

Neuroactive steroids and alcohol

High alcohol intake increases allopregnanolone plasma concentrations in men and women (Torres and
Ortega, 2003; 2004) while low alcohol intake of 0.2 g/kg (one glas of wine) decreases the allopregnanolone
concentration in women (Nyberg et al., 2005). In animals it has been shown that alcohol also increases allopregnanolone brain content (Khisti et al., 2003). It is suggested that allopregnanolone mediates the anxiolytic,
rewarding and other behavioural effects of alcohol in humans (Pierucci-Lagha et al., 2006). These findings are
derived mostly from acute alcohol exposure. More chronical intake of alcohol does not change allopregnanolone
plasma concentrations, but brain levels, however, could be increased (Holdstock et al., 2006). Alcohol induced
changes in allopregnanolone brain levels are time and region dependent (Khisti et al., 2004). It is suggested
that allopregnanolone increases due to alcohol induced increased HPA-axis activity as adrenolectomy prevents
allopregnanolone increase in rats (Khisti et al., 2002). In our allopregnanolone challenge (chapter 6) subjects
reported alcohol-like feelings like drowsiness, sleepiness and a funny mood. Based on the findings described
above it seems likely that new drugs can be developed to treat alcoholism, e.g. drugs that inhibit the formation
of allopregnanolone or that antagonise its activity at the GABA(A) receptor, thus preventing the desired effects
of alcohol. When intending to stop taking alcohol, people may find benefit from allopregnanolone suppletion. It
has been demonstrated, namely, that during the first days of withdrawal from alcohol, allopregnanolone plasma
levels are decreased while scores of depression and anxiety are increased (Romeo et al., 1996). A few days later,
levels are normalised.
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The influence of neuroactive steroids on benzodiazepine dependence

As both benzodiazepine and allopregnanolone positively modulate the GABA(A) receptor, and the majority
of benzodiazepine users are women (Herings, 1994), information about the influence of progesterone on the
sensitivity to benzodiazepines is needed. A few studies have addressed this issue (McAuley et al., 1995; de Wit
and Rukstalis, 1997; Kroboth and McAuley, 1997; McAuley and Friedman, 1999; Rukstalis and de Wit, 1999). No
difference has been observed in sensitivity to orally administered alprazolam, a benzodiazepine, between the
follicular (low serum level of progesterone) and luteal (high serum level of progesterone) phase of the menstrual
cycle in premenopausal women (McAuley and Friedman, 1999). In this study, sensitivity has been measured using neuropsychological tests and nurse-rated sedation. This lack of influence of cyclical changes in endogenous
progesterone applies also to triazolam, another benzodiazepine, when administered in the follicular, periovulatory, and luteal phase (de Wit and Rukstalis, 1997; Rukstalis and de Wit, 1999). The pharmacodynamic effects
of triazolam across these phases were also measured by means of neuropsychological tests. The sensitivity of
postmenopausal women to intravenously administered triazolam, however, is enhanced when 300 mg of micronized progesterone is orally administered 2.5 hours earlier (McAuley et al., 1995). Also in this study effect was
measured using neuropsychological tests and nurse-rated sedation. This discrepancy in effect on sensitivity to
benzodiazepines between administration of progesterone and fluctuating concentrations of endogenous progesterone across the cycle (de Wit and Rukstalis, 1997; McAuley and Friedman, 1999; Rukstalis and de Wit, 1999),
can be explained by the much higher progesterone levels that are achieved following progesterone administration (maximum concentrations up to 626 ng/ml versus 19 ng/ml and 20 ng/ml during normal cycles). A limitation
of all studies is that the pharmacodynamic effects have been investigated by subjective self-report measures.
These measures are sensitive to other, non-pharmacological, influences. It might be that by using neurophysiological measurements, subtle differences in sensitivity to benzodiazepines induced by fluctuating endogenous
progesterone levels are detected. Such a neurophysiological measurement, and one that is highly sensitive to
the effects of centrally acting drugs, is the measurement of saccadic eye movements (van Steveninck et al.,
1999). An enhancing effect of progesterone on the sensitivity to benzodiazepines is likely because progesterone
and its metabolites have been shown to facilitate benzodiazepine binding to the GABA(A) receptor (Prince and
Simmonds, 1993)

The therapeutic potential of neuroactive steroids

Neuroactive steroids could have therapeutic potential. Development of synthetic derivates of endogenous
neuroactive steroids that act as positive or negative modulators of the GABA(A) receptor or that have antagonistic effects to neuroactive steroids that exert, for example, negative mood effects, may add new psychopharmacological possibilities. Another way by which neuroactive steroids could be part of new treatment modalities
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is by modulation of neuroactive steroid synthesis. In this way the equilibrium of endogenous neuroactive steroids can be influenced. Modulation of synthesis could happen, for example, by development of new substances
that bind to the peripheral benzodiazepine receptor (Kita et al., 2004). When endogenous steroids are to be
developed into new drugs, then the pharmacokinetic properties have to be payed special attention to. Steroids
are known to be poorly solubilized in plasma, have a short half-life and are metabolized into other substances.
Neuroactive steroids may turn out to be the mediating key factor of the clinical efficacy of some psychotropic
drugs and may give new insight in the psychopharmacological treatment of psychiatric disorders (Locchi et al.,
2008)

PMDD and negative mood on oral contraceptives

In PMDD allopregnanolone is suggested to contribute to the negative mood, probably due to an altered
sensitivity of the GABA(A) receptor in these women. Development of an antagonist to allopregnanolone for
these patients is rational (Backstrom et al., 2008b). The 3beta variant of allopregnanolone has already been
shown to inhibit the impairment in learning and memory induced by allopregnanolone (Turkmen et al., 2004).
The same may apply for women who experience negative mood complaints when using oral contraceptives. This
is a relevant clinical problem. Plasma concentrations of neuroactive steroids are decreased in women taking oral
contraceptives (Paoletti et al., 2004; Kurshan and Neill Epperson, 2006), as well as in brain of mice treated with
oral contraceptives (Follesa et al., 2002), and can induce tolerance to GABA(A) receptor substances leading to
decreased GABA(A) receptor sensitivity (Rapkin et al., 2006). Further, in animal studies oral contraceptives can
change GABA(A) receptor subunit gene expression (Follesa et al., 2002). Low endogenous concentrations of
allopregnanolone (bimodal effect) or a shift of the GABA(A) receptor sensitivity to inverse agonism, may finally
lead to negative mood and irritability in certain women who use oral contraceptives.

Antipsychotics

Post-mortem studies have shown that allopregnanolone levels are decreased in parietal cortex in subjects
with schizophrenia compared to control subjects adding further support for the hypothesis that neuroactive
steroids are involved in psychiatric disorders (Marx et al., 2006). Allopregnanolone induces catalepsy like antidopaminergic agents as haloperidol do and can be reversed by dopamine agonists and GABA(A) receptor
antagonists (Khisti et al., 1998; Mandhane et al., 1999). In an animal model of schizophrenia with, among other
agents, apomorphine, the allopregnanolone-induced catalepsy was blocked by prior treatment with the GABA(A)
receptor antagonist picrotoxin (Khisti et al., 2002a). This neuroactive-steroid-induced catalepsy effect is been
attributed to the enhanced GABAergic tone. Selective serotonin reuptake inhibitors like fluoxetine potentiate
the catalepsy effect of allopregnanolone probably by enhancing brain content of allopregnanolone and this may
contribute to the atypical profile of newer antipsychotic drugs (Deshpande et al., 2001). And although it had
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been shown that the antipsychotics olanzapine (Marx et al., 2000a; Marx et al., 2003) and clozapine (Barbaccia
et al., 2001; Marx et al., 2003) increase allopregnanolone brain content, until now only one study investigated
the role of allopregnanolone in mediating the antipsychotic effect of olanzapine (Ugale et al., 2004). The results
from this study suggest that the antipsychotic effect of olanzapine is depended on allopregnanolone induced
enhanced GABAergic transmission. That the effect of olanzapine is mediated by allopregnanolone can also
be suggested from another perspective. It has been shown that allopregnanolone induces hyperphagia (Chen
et al., 1996). Accordingly, obese patients have higher plasma allopregnanolone levels than controls and react
with faster allopregnanolone increase upon administration of CRH (Menozzi et al., 2002). Taken these findings
together, it is not surprising that olanzapine, which increases allopregnanolone brain content, induces weight
gain, more than most other atypical antipsychotics. A fact which is commonly known by psychiatrists and leads
to poor drug compliance in patients. The allopregnanolone increasing effects of olanzapine and clozapine were
shown in animals. In humans, clozapine did not lead to increased allopregnanolone levels despite good clinical
effect (Monteleone et al., 2004). This could, however, be due to the time of blood collection, i.e. the time point
of acute increased plasma concentration was missed. Apart from the antipsychotic effect of olanzapine, its
anxiolytic effect is also suggested to be mediated by allopregnanolone (Locchi et al., 2008). Another interesting
feature from allopregnanolone is that it can reduce orofacial dyskinesia, an important side effect of antipsychotics (Bishnoi et al., 2008). The underlying mechanism that is responsible for this beneficial effect is the allopregnanolone induced increased GABA(A) receptor activity in the basal ganglia.

Antidepressants

Women are twice as likely to suffer from major depression than men and onset or exacerbation of depressive episodes are more frequent during periods of hormonal fluctuations such as puberthy, menstrual cycles,
the postpartum period and menopause. It can thus be suggested that progesterone and allopregnanolone play
an important role in mood disorders in women. As allopregnanolone has been shown to have antidepressive
effects in an animal model of depression and allopregnanolone are decraesed during depression, allopregnanolone could be developed as a new antidepressant. Ganaxolone, which is a slightly modulated form of the
allopregnanolone molecule, is already under investigation in clinical trials in patients with epilepsy and shows
antidepressive effects on the neurophysiological level (Robichaud and Debonnel, 2006). It increases, like allopregnanolone, the firing rate of serotonergic neurons and prevents the initial decrease of the firing rate induced
SSRI’s. SSRI’s increase the serotonin content in the synapse but in the beginning of the treatment the 5HT1A
autoreceptors are activated and the firing rate is decreased. Later desensitisation develops and firing rate is
increased again. Adjuvant administration of allopregnanolone or ganaxolone could speed up the recovery process of depressive patients as the antidepressive effect of antidepressants alone takes 4-6 weeks.
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The role of neuroactive steroids in side effects of drugs

Neuroactive steroids could also play a role in the understanding of side effects of drugs. Finasteride, for example, has been linked to increased frequency of epileptic insults due to its blockage of the forming of allopregnanolone (Herzog and Frye, 2003) and depressive symptoms have been noticed (Ciotta et al., 1995; Altomare
and Capella, 2002; Rahimi-Ardabili et al., 2006).
Non-steroidal anti-inflammatory drugs (NSAIDs) also prohibit allopregnanolone synthesis by blocking another enzyme than finasteride does, namely the 3alpha-HSOR. It has been shown that daily use of NSAIDs
in elderly people lowers the prevalence of Alzheimer’s disease (in ‘t Veld et al., 2002). Explanations for this
association include anti-inflammatory effects and suppression of the formation of amyloid. It could, however,
also be suggested that by blocking the negative effect of allopregnanolone on learning the risk of dementia is
diminished (Johansson et al., 2002; Brinton and Wang, 2006).
The risk of inducing depression and suicide by lowering serum cholesterol by means of drug treatment,
has been subject of debate for many years and is still going on (Manfredini et al., 2000). Although the effect
seems to be clinically not significant overall, attention is still needed. Research findings focus on group outcome but the individual patient may react differently. All neuroactive steroids arise from cholesterol and drugs
that lower the serum level of cholesterol, such as the frequently prescribed statins, will also lower neuroactive
steroid concentrations. Bearing in mind that allopregnanolone is decreased in depressive patients (Romeo et
al., 1998) and that allopregnanolone has antidepressive effects in an animal model of depression (Khisti et al.,
2000), patients using statin with a vulnerability for depression, emerging for example from a positive psychiatric
history, should be monitored carefully. It is remarkable that from the huge amount of studies on the investigation of neurosteroidogenesis, in which all kinds of compounds are used to block or enhance biosynthesis, only
one study used a statin to inhibit neuroactive steroid biosynthesis (Guarneri et al., 1994). And although one
study assessed changes in hormonal profile due to cholesterol-lowering drug treatment, only parent hormones
like testosterone, cortisol and pregnenolone were measured and not the neuractive metabolites (Ormiston et
al., 2004). In a large case-control analysis a lower number of depression was found in the statin using group
compared with the high cholesterol serum group that not used statins (Yang et al., 2003). However, the study
was sponsored by many pharmaceutical companies and as it concerned a case-control study, no causal relationship can be drawn and prospective studies are still needed. A prospective study that showed decreased rates of
depression and anxiety in statin using patients involved patients with coronary artery disease who besides the
use of statins also received health advices probably resulting in more health consciousness and improved quality
of life (Young-Xu et al., 2003). The fact that the antidepressive-like effect of the statins was independent of the
cholesterol reduction, support this suggestion. Another limitation of the study was the fact that researchers had
not been blinded for treatment modality. In another, randomized double-blind placebo-controlled, prospective
study in coronary artery disease patients, pravastatin did not induce more depression or anxiety (Stewart et al.,
2000). Simvastatin, however, resulted in a statistically significant increase in depression scores in a randomized
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double-blind placebo-controlled crossover trial in 120 men with hypercholesterolemia (Hyyppa et al., 2003). In
these studies, however, depression was rated with questionnaires and no correlations were calculated between
depressive symptoms and steroid concentrations. A prospective study consisting of defined groups of patients
prescribed statins for different indications together with a healthy control group should be performed and psychiatric evalation by a psychiatrist should be added to assessment by questionnaires. Serum profile of neuroactive steroids should be correlated with outcome measures of depression and anxiety and cognitive functions.
Cognitive functions should also be part of the outcome measures. Statins are namely increasingly prescribed
in patients suffering from dementia while possible deteriorating effects due to changes in neuroactive steroid
brain concentrations on already weak cognitive functions have not yet been definitively ruled out (Xiong et al.,
2005).

Conclusion

Neuroactive steroids are strong candidates for being developed as new psychopharmacotropic drugs (Reddy, 2002; Uzunova et al., 2006). With the exact binding site on the GABA(A) receptor discovered (Hosie et al.,
2006), focused pharmacological research may eventually lead to a new class of drugs. Depending on the type
of the disease, the involved neuroactive steroid itself or the antagonist of it should be modulated to meet pharmacokinetic demands. Interfering in the biosynthesis of neuroactive steroids is another possibility. Allopregnanolone can have both positive and negative effects depending on dose and presence of psychiatric disorder in
the subject. It can cause memory and learning impairment and mood deterioration in women subsceptible for
it but it has also sedative, anxiolytic and anticonvulsive effects with a potency higher than any known benzodiazepine. Important to mention but outside the scope of this thesis is the promising therapeutic value of allopregnanolone in brain injury due to trauma or stroke. Here, allopregnanolone has been demonstrated to reduce
cell loss, edema and inflammation (Brinton and Wang, 2006; Sayeed et al., 2006; VanLandingham et al., 2006;
VanLandingham et al., 2007).
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Summary

In this thesis the effect of the neuroactive steroid allopregnanolone is investigated. Allopregnanolone is an
endogenous metabolite of progesterone and a positive allosteric modulator of the GABA(A) receptor. It is called
a neuroactive steroid because it modulates neuronal excitability via a membrane-bound neurotransmitter receptor. Most data in literature comes from animal research but in this thesis human subjects were investigated. In
this chapter the results are summarized.

Chapters 1 - 3

In these chapters a general introduction to the concept of neuroactive steroids is given, as well as pharmacological data on progesterone and allopregnanolone and an outline of the serotonin system.

Chapter 4

In this chapter the available literature on the role of neuroactive steroids in depression is reviewed. Allopregnanolone is a positive allosteric modulator of the GABA(A) receptor and has anxiolytic, sedative, and
anticonvulsive properties. Although levels of allopregnanolone in plasma and cerebro spinal fluid are decreased
in depressive patients and are normalized following effective psychopharmacological treatment, it is not clear
whether this normalization is only an epiphenomenon of the psychopharmacological treatment or that it is
obligatory for remission of the disease. Research in which patients are treated by non-psychopharmacological
modalities, such as sleep deprivation, repetitive transcranial magnetic stimulation or electroconvulsive therapy,
are therefore needed. Allopregnanolone is suggested to have antidepressive properties as shown by a shortened time of immobilization in the forced swim test model of depression. A negative feed-back on the HPA-axis
and a serotonin and noradrenalin enhancing effect in brain synapses are given as an explanation for the antidepressive property. Selective serotonin re-uptake inhibitors enhance the allopregnanolone content in brain in
animals and this mechanism is supposed to explain the immediate positive effect of these drugs seen in PMDD.
The neuroactive steroid dehydroepiandrosterone (DHEA) has cognitive enhancing effects in animal studies but
this effect could not be replicated in humans. DHEA has also antidepressive effects and clinical trials in humans
show positive results.
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Chapter 5

Although the increase in allopregnanolone levels after acute stress has been repeatedly shown in animals,
no data exists about humans. Therefore, we applied a new model of acute stress in humans, the defending of
one’s PhD thesis in front of a board, and measured plasma levels of allopregnanolone. It appeared that also in
humans (n = 15) acute stress leads to an increase in allopregnanolone. In addition, the density of the PBR which
is an important step in the biosynthesis of allopregnanolone, was investigated. This was done because it had
been shown that PBR density increases following acute stress but no data existed on the correlation between
the increased plasma levels of allopregnanolone and PBR density. In our study there was a correlation, although
small. As vital signs, blood pressure and heart frequency, increased together with an established endocrinological stress parameter, plasma level of cortisol, our applied model of acute stress in humans can be assumed to
be valid. The results give support to the idea of developing a specific PBR ligand that regulates the synthesis of
anxiolytic neuroactive steroids.

Chapter 6

Current data from human research has been restricted to collection of blood samples and administration
of the precursor of allopregnanolone, progesterone. We applied a new pharmaceutical formulation for intravenous administration in humans. Nine healthy men and nine healthy women were administered allopregnanolone
in three, increasing, intravenous dosages. Saccadic eye velocity (SEV), subjective ratings (visual analogue
scales), and electroencephalography (EEG) were used to evaluate the response to allopregnanolone. Repeated
blood samples for analyses of serum allopregnanolone levels were drawn throughout the study day. Allopregnanolone decreased SEV more in women than in men, and increased subjective ratings of sedation. Subjective ratings of contentedness decreased in men but increased in women. Serum levels of allopregnanolone were more
increased in men compared to women. Other pharmacokinetic parameters were not different between sexes. On
the EEG, beta power increased in men. In conclusion, men and women reacted differently to allopregnanolone.

Chapter 7

This study was designed to examine the effect of oral progesterone and the metabolite allopregnanolone
in women. Women (n = 15) in their follicular phase received oral progesterone (400 mg) or placebo. Dependent
measures included plasma levels of progesterone and allopregnanolone, SEV, subjective ratings (visual analogue scales), and reaction time. Progesterone decreased SEV and increased sedation. This effect is probably
due to enhanced GABA activity.
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Chapter 8

Knowledge about the degree of sensitivity to progesterone and allopregnanolone in healthy women across
the cycle is important in further elucidating the pathophysiology of PMDD.
Therefore, we investigated whether the effect of a single dose of progesterone on GABA(A) receptor sensitivity
and mood differed between the follicular and luteal phase of the normal menstrual cycle. Women (n=9) received oral progesterone (400 mg) or placebo in their follicular and luteal phase in a double-blind, randomized,
crossover design. Dependent measures were saccadic eye velocity (SEV), subjective ratings of sedation, contentedness, calmness (visual analogue scales), and reaction times on a simple and complex attentional task.
Administration of progesterone decreased SEV and increased sedation more in the luteal phases then in the
follicular phase. Complex reaction time was more increased in the luteal phase compared to the follicular phase
after progesterone but this difference was not statistically significant. The effects are probably due to enhanced
GABA activity by the progesterone metabolite allopregnanolone. In conclusion: the effect of oral progesterone
on GABA(A) receptor sensitivity as measured by SEV is dependent on the phase of the menstrual cycle.

Chapter 9

We investigated, placebo-controlled, with functional magnetic resonance imaging (fMRI) whether a single
progesterone administration to healthy young women (n = 18) in their follicular phase modulates the amygdala
response to salient, biologically relevant stimuli. The oral progesterone administration (400 mg) increased the
plasma concentrations of progesterone and allopregnanolone to levels that are reached during the luteal phase
and early pregnancy. The imaging results show that progesterone selectively increased amygdala reactivity. It is
suggested that the increased activity is due to disinhibition of inhibitory interneurons. Furthermore, functional
connectivity analyses indicate that progesterone modulated functional coupling of the amygdala with distant
brain regions. These results reveal a neural mechanism by which progesterone may mediate adverse effects on
anxiety and mood.
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In dit proefschrift is het effect van het neuroactieve steroid allopregnanolon onderzocht. Allopregnanolon is een endogene metaboliet van progesteron en een positieve allosterische modulator van de GABA(A)
receptor. Het wordt een  neuroactieve steroid genoemd omdat het de exciteerbaarheid moduleert van membraangebonden neurotransmitterreceptoren. De beschikbare literatuur refereert voornamelijk naar dierexperimenteel onderzoek, maar in dit proefschrift zijn mensen onderzocht. In dit hoofdstuk worden de resultaten samengevat.

Hoofdstukken 1 - 3

In deze hoofdstukken wordt een algemene introductie op het concept neuroactieve steroiden gegeven,
naast farmacologische gegevens over progesteron en allopregnanolon en een beschrijving van het serotoninesysteem.

Hoofdstuk 4

In dit hoofdstuk wordt de beschikbare literatuur over de rol van neuroactieve steroiden bij depressie beschouwd.
Allopregnanolone is een positieve allosterische modulator van de GABA(A) receptor en heeft anxiolytische, sedatieve
en anticonvulsieve eigenschappen. Hoewel de concentraties allopregnanolone in plasma en liquor verlaagd zijn bij
depressieve patienten en normaliseren na behandeling met psychofarmaca, is het niet duidelijk of deze normalisatie
slechts een epifenomeen van de psychofarmacologische behandeling is of dat het een noodzakelijke voorwaarde
is voor genezing. Onderzoek bij patienten die werden behandeld met niet-psychofarmacologische methoden, zoals
slaapdeprivatie, repetitieve transcraniele magnetische stimulatie of electroconvulsieve therapie, is daarom nodig.
Aan allopregnanolon wordt een antidepressief effect toegedicht onder andere omdat het de immobilisatietijd verkort in de gedwongen zwemtest, een diermodel van depressie. Als verklaring voor het antidepressieve effect wordt
een negatieve feedback op de HPA-as en een stimulerend effect op de serotonine en noradrenalinehuishouding in
de synapsen aangevoerd. Selectieve serotonineheropnameremmers verhogen de allopregnanolonconcetratie in de
hersenen van dieren en dit wordt als verklaring gezien van het snelle positieve effect van deze klasse medicijnen bij
het prementrueel dysfoor syndroom. Het neuroactieve steroid dehydroepiandrosteron (DHEA) heeft een positief effect op de cognitieve functies in dierenstudies maar dit heeft men bij mensen niet kunnen aantonen. DHEA heeft ook
antidepressieve effecten en klinische trials bij mensen laten positieve resultaten zien.

183

Samenvatting

Hoofdstuk 5

Hoewel de toename van allopregnanolon na acute stress bij dieren herhaaldelijk is aangetoond, ontbreken
gegevens hieromtrent bij mensen. Daarom hebben we een nieuw stressmodel voor mensen toegepast, de verdediging van iemands proefschrift tegenover een college van hoogleraren en gepromoveerd deskundigen, en
daarbij de spiegels allopregnanolon in bloed gemeten. Het bleek dat ook bij mensen (n = 15) acute stress leidt tot
een verhoging in allopregnanolonconcentratie. Daarnaast werd ook de perifere benzodiazepinereceptor(PBR)d
ichtheid gemeten. De perifere benzodiazepinereceptor is belangrijk in de biosynthese van allopregnanolon. Dit
werd gemeten omdat het aangetoond is dat PBR dichtheid toeneemt na acute stress maar het niet bekend is of
er een correlatie bestaat tussen toegenomen allopregnanolonplasma spiegels en PBR dichtheid. Wij vonden in
onze studie een correlatie, zij het een kleine. Omdat de vitale functies bloeddruk en hartfrequentie toenamen samen met de algemeen erkende endocrinologische stressparameter cortisol, kunnen we aannemen dat het door
ons toegepaste model van acute stress bij mensen valide is. De resultaten geven ondersteuning aan het idee om
een specifieke PBR ligand te ontwikkelen dat de synthese van anxiolytische neuroactieve steroiden reguleert.

Hoofdstuk 6

De huidige gegevens afkomstig van mensgebonden onderzoek zijn beperkt tot afname van bloedmonsters
en de toediening van de precursor van allopregnanolon, progesteron. Wij dienden een nieuwe farmaceutische
formulering voor intraveneuze toediening toe. Negen gezonde mannen en negen gezonde vrouwen kregen allopregnanolon toegediend in drie, in sterkte toenemende, intraveneuze doses. Saccadische oogsnelheid (SEV),
subjectieve scores (visueel analoge schalen), en electroencefalografie (EEG) werden gebruikt om het effect van
allopregnanolon te meten. Er werden over de dag herhaaldelijk bloedmonsters afgenomen om allopregnanolonconcentraties te kunnen bepalen. Allopregnanolon zorgde voor een grotere afname in SEV bij vrouwen dan
bij mannen, en verhoogde de subjectieve sedatiescore. Subjectieve scores van tevredenheid verminderden bij
mannen maar namen toe bij vrouwen. De concentraties allopregnanolon in bloed waren bij mannen meer toegenomen dan bij vrouwen. Overige farmacokinetische parameters waren niet verschillend tussen beide sexen. Bij
mannen nam de beta power op het EEG toe. De conclusie is dat mannen en vrouwen verschillend reageren op
allopregnanolon.

Hoofdstuk 7

Deze studie werd uitgevoerd om het effect van oraal progesteron en de metaboliet allopregnanolon bij
vrouwen te onderzoeken. Vrouwen (n = 15) namen in hun folliculaire fase progesteron (400 mg) of placebo
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oraal in. Afhankelijke maten waren de concentraties in bloed van progesteron en allopregnanolon, saccadische
oogsnelheid (SEV), subjectieve scores (visueel analoge schalen), en reactietijd. Progesteron verminderde SEV
en vergrootte sedatie. Dit effect is waarschijnlijk te wijten aan een verhoogde GABA activiteit.

Hoofdstuk 8

Kennis van de mate van sensitiviteit voor progesteron en allopregnanolon bij vrouwen gedurende de cyclus is nodig om de pathofysiologie van het premenstrueel dysfoor syndroom te kunnen begrijpen. Daarom hebben we onderzocht of effect van een enkele dosis progesteron op de GABA(A) receptor sensitiviteit en stemming
verschilt tussen de folliculaire en luteale fase van de normale cyclus. Vrouwen (n = 9) ontvingen oraal progesteron (400 mg) of placebo tijdens de folliculaire en luteale fase in een dubbelblind, gerandomiseerd, crossover
design. Afhankelijke maten waren saccadische oogsnelheid (SEV), subjectieve scores van sedatie, tevredenheid
en kalmte (visueel analoge schalen), en reactietijden op een eenvoudige en complexe aandachtstaak. Toediening
van progesteron verlaagde SEV en vergrootte sedatie meer in de luteale dan in de folliculaire fase. Complexe
reactietijd was meer toegenomen in de luteale dan in de folliculaire fase na progesteron maar dit verschil was
niet statistisch significant. De effecten zijn waarschijnlijk toe te schrijven aan een verhoogde GABA activiteit
veroorzaakt door de progesteronmetaboliet allopregnanolon. De conclusie is dat het effect van orale progesteron op de GABA(A) receptor sensitiviteit zoals gemeten met SEV afhankelijk is van de fase van de menstruele
cyclus.

Hoofdstuk 9

Wij onderzochten placebogecontroleerd, met functionele magnetische resonantiebeeldvorming, of een
enkele dosis progesteron bij jonge, gezonde vrouwen (n = 18) in de folliculaire fase het effect van biologisch
relevante stimuli op de amygdala moduleert. De orale progesterondosis (400 mg) deed de plasmaconcentraties
van progesteron en allopregnanolon toenemen tot het niveau dat bereikt wordt tijdens de luteale fase en vroege
zwangerschap. De resultaten uit de beeldvorming laten zien dat progesteron selectief de amygdala activiteit
deed toenemen. Het wordt verondersteld dat de toegenomen activiteit te wijten is aan een disinhibitie van inhiberende interneuronen. Verder wijzen functionele connectiviteitsanalyses er op dat progesteron functionele
koppeling van de amygdala met verder weg gelegen hersenregio’s moduleerde. Deze resultaten laten een neuraal mechanisme zien waarmee progesteron mogelijk negatieve effecten op angst en stemming medieert.
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