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Estradiol receptor
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Posttraumatic stress disorder
Standard error of mean

SD
SR
SPSS
SSRI
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Standard deviation
Startle response
Statistical Package for the Social Sciences
Serotonin reuptake inhibitor
Visual analogue scale

Introduction

Ovarian steroid hormones
Estradiol and progesterone are the major female sex steroid hormones. Steroid hormone synthesis arises from cholesterol and occurs mainly in the ovaries and to a lesser extent in the adipose tissue and adrenal cortex. The main
sources of estradiol are the granulosa cells of the growing follicle and the
corpus luteum. The adrenal cortex produces androstenedione, which can be
converted to estradiol by the enzymes aromatase and 17β-OHdehydrogenase in fat and in the placenta, endometrium, liver and brain. Progesterone is principally synthesized in granulosa cells of the corpus luteum,
and also in the placenta and adrenal glands [1]. Most of the estradiol and
progesterone bind to plasma proteins following synthesis, and then become
inactive.
The effects of estrogens include development of secondary sexual characteristics during puberty and menstrual function. Estrogens also cause physiological and anatomical changes in pregnancy and have some metabolic actions such as calcification of bone and effects on the coagulation system [1].
Progesterone is a key hormone for conception and continuation of pregnancy. With increasing progesterone levels the cervical mucosa becomes
thicker, opaque and less abundant, secretory changes are induced in the endometrium, and the myometrium and other smooth muscles become relaxed.
Progesterone also has thermogenic properties.

Ovarian steroids in the brain
Ovarian steroid hormones are neuroactive steroids and have wide actions on
the regulation of mood, behavior and cognition [2]. Steroid hormones are
lipophilic and have a low molecular weight, and for these reasons they easily
cross the blood-brain barrier. They are believed to act by two major mecha11

nisms in the central nervous system (CNS). First, they may act through the
classical genomic mechanism in which they bind to their intracellular receptors (estradiol and progesterone receptors) to modulate transcription and
protein synthesis [3]. This mechanism has a response time in the order of
several minutes, hours or days. Secondly, ovarian steroids have been shown
to rapidly alter the excitability and synaptic function of neurons through nongenomic (or direct membrane) mechanisms, mediated by ligand–gated ion
channels and neurotransmitter transporters [4].
Steroid hormone concentrations in the plasma and in the brain vary
throughout the menstrual cycle [5, 6].

Estradiol
The estradiol receptors  (ER) and  (ER) are present in the cell nuclei
and at neuronal membranes throughout the brain. In the brain, estradiol receptors are predominantly located in the limbic system, which is responsible
for emotional processing and cognition. ER appears to dominate in the
hypothalamus and amygdala, indicating that ER subtypes might modulate
neuronal cells involved in functions of emotional interpretation and processing. ER subtypes are present in the hippocampus, thalamus and entorhinal
cortex, suggesting that ER plays a role in cognition, motor functions and
non-emotional memory [7, 8].
Estradiol is excitatory and has modulatory effects mediated via the glutamate system [9]. Estradiol induces N-methyl-D-aspartic acid (NMDA) receptor expression and increases the synaptic spine density in the CA1 region
of the hippocampus [3]. Estradiol also decreases the seizure threshold, and
direct application of estrogen to the cerebral cortex causes epileptic foci and
induces seizures [10].
Estradiol modulates neurotransmission in serotonin, noradrenaline and
dopamine pathways and influences the monoamine oxidase activity (MAO)
[7]. For instance, estradiol exerts an agonistic effect on serotonergic activity
by increasing the number of serotonin receptors, and by influencing the
transport, uptake and synthesis of serotonin [11].
Estradiol selectively increases the activity of noradrenaline (NA) in the
brain. This increase may be due to decreased reuptake of NA, and decreased
metabolism consequent to inhibition of MAO [7]. Estradiol decreases dopamine-2 receptor sensitivity and possibly also other dopamine receptor activities [12].
Generally, estradiol is considered to improve mood in healthy women.
Estradiol treatment has been shown to be mood enhancing in healthy, naturally postmenopausal women without climacteric symptoms [13]. Sherwin
and co-workers have found evidence that mood covaries with circulating
estradiol levels in generally healthy, surgically menopausal, non-depressed
women [14]. There may also be a dose response in estrogen effects on mood.
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When naturally menopausal, healthy women were given different doses of
estrogen, a higher energy level and a more enhanced sense of well-being
were reported with the higher estrogen dose [15].

Progesterone
Whereas estrogen treatment has been shown to lower the scores for depressed mood, progesterone given in combination with estrogen appears to
counteract the effect of estrogen on mood. This is substantiated by studies on
sequential hormone therapy in postmenopausal women, where the addition
of progestins induces cyclical negative mood changes similar to premenstrual syndrome (PMS) symptoms [16-18].
Progesterone receptors are widely distributed in the brain. Although many
the effects of progesterone on mood may be modulated through interaction
with the progesterone receptor, the main focus in this thesis is the CNS effects exerted by progesterone metabolites through the gamma aminobutyric
acid (GABA) system.
Any steroid with a potency to produce rapid actions on neuronal substrates within the central nervous system is called a neuroactive steroid. The
term neurosteroid, on the other hand, refers to a neuroactive steroid synthesized de novo in the CNS. However, in women the terms neurosteroid and
neuroactive steroid are often used interchangeably, presumably because of
the excessive supply of precursor (progesterone) during the luteal phase and
during pregnancy. The largest relative amounts of neurosteroids in women
are the progesterone metabolites, synthesized outside of the central nervous
system, and the most well-known of these metabolites is allopregnanolone
(3-hydroxy-5-pregnan-20-one) (Figure 1).

Figure 1. Progesterone and its major metabolites.
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Allopregnanolone can be synthesized in the CNS, but is also secreted by
the corpus luteum [19], and most of the peripheral progesterone is rapidly
metabolized in the liver [19, 20]. The enzymes 5-reductase and 3hydroxysteroid dehydrogenase, which are needed for the production of allopregnanolone from progesterone, are both present in the neurons and glial
cells in many areas of the brain, including the hippocampus [21]. Not only is
allopregnanolone synthesized in the brain, but it is also accumulated there
[6].
The serum concentration of allopregnanolone is approximately 1 nmol/l
in the follicular phase and approximately 4 nmol/l during the luteal phase
[22]. The highest physiological levels are found during the third trimester of
pregnancy, with serum concentrations exceeding 100 nmol/l [23, 24]. Rodent studies have shown that allopregnanolone is almost undetectable in
plasma in unstressed males [25], but may be increased 200-300 fold in the
brain and plasma during stress [26]. Also, allopregnanolone displays a circadian fluctuation, with increasing levels at night [27].
Allopregnanolone binds with high affinity to the GABAA receptor, increasing the frequency and duration of the opening of the chloride ion channel, and thus resembling benzodiazepines and barbiturates in its action [28].
On its own, allopregnanolone has no effect on the progesterone receptor
[28]. Systemic administration of allopregnanolone induces anticonvulsant
[29], hypnotic [30], and anxiolytic effects [31].

The GABA system
The GABA transmitter system is the main inhibitory system in the mammalian brain. GABA is synthesized from glutamate by the specific enzyme glutamic acid decarboxylase. The synthesis occurs in certain neurons,
GABAergic neurons. It has been estimated that GABA is the responsible
transmitter in about 30% of all synapses in the CNS, with GABAA receptors
being the most abundant [32]. GABAA receptors are ligand-gated transmembrane chloride channels, which are targets of sedative, anesthetic, hypnotic,
and anxiolytic drugs. When GABA or other GABAA receptor agonists bind
to the receptor, the selective chloride channel opens and triggers an influx of
chloride ions which hyperpolarize the postsynaptic neuron [33]. GABAA
receptors exist as pentameric protein complexes (Figure 2), assembled from
a combination of at least 19 subunits from 8 distinct gene families (, , , ,
, , , and ) with different subunits serving various roles [33].
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Figure 2. A theoretical model of the GABAA receptor complex.

Some of the subunits express drug-specific binding and modulatory sites.
For instance, the interface between the  and  subunits modulates the action
of benzodiazepines and the  subunit has been shown to be responsible for
the clustering of GABAA receptors [33]. However, the exact site of the neurosteroid binding on the GABAA receptor is thus far unknown. Although
GABAA receptors are expressed throughout the central nervous system, individual subunits have specific regional expression (Table 1). For example
the 1 subunit is expressed at high levels in many regions, whereas 4 and 
are found at much lower levels with a more restricted pattern of expression
[32]. The most common subunit compositions are 112 and 122 which
are found in about 43% of all GABAA receptors [34].

Sensitivity to GABA steroids
Allopregnanolone, like benzodiazepines, barbiturates and alcohol, is a modulator of the GABAA receptor.
Saccadic eye velocity (SEV) is a sensitive measure of the effect of benzodiazepine and thus may be used as a functional measure of GABAA receptor
sensitivity in humans [35]. SEV has been shown in several studies to be
reduced by benzodiazepines in a dose-dependent manner [35, 36]. Patients
with premenstrual dysphoric disorder (PMDD) have a reduced functional
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Table 1. GABAA receptor subunits. Agonist specificity, anatomical localization, and
other receptor characteristics of importance for the present research.
The GABAA receptor
subunit

Localization in the brain and/or function/effects

α1 subunit

Cerebral cortex and hippocampus. Prominent subunit in the rodent brain. Fatigue and
sedation, epilepsy and excitability disorders.

[32]

α2 subunit

Hippocampus and amygdala. Emotional
stimulus, anxiety and mood disturbances.

[32]

α3 subunit

Modulates sensorimotor gating

[40]

α4 subunit

Amygdala and hippocampus. Regulation of
anxiety, susceptible to progesterone fluctuations.

[41]

α5 subunit

Hippocampus. Hippocampal-dependent
spatial memory performance.

[42, 43]

α6 subunit

Cerebellum. Balance and mobility disorders.
Decline in alcohol abuse.

[44, 45]

1 subunit

A common subunit composition in the hippocampus.

[45]

β2 subunit

Hippocampus. Mediates the effect of some
anesthetics.

[46]

β3 subunit

Hypothalamus. Eating disorders.

[45]

γ2 subunit

Hippocampus and amygdala. Anxiety regulation. Changes during hormone manipulation and pregnancy.

[47]

δ subunit

Important for alcohol and neurosteroid effects.

[48-50]

References

sensitivity at the GABAA receptor [37, 38]. PMDD patients display a reduced SEV response after both diazepam [37] and midazolam [38] administration in the luteal phase in comparison with control subjects. Also, PMDD
patients in the luteal phase were less affected by the progesterone metabolite
pregnenolone (3-hydroxy-5β-pregnan-20-one) than were healthy controls
[39]. These above described results indicate a reduced sensitivity in the
luteal phase to GABAergic substances among PMDD patients, which in turn
might reflect a development of tolerance against these substances.
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Tolerance to GABA steroids
Tolerance involves a change in the relation between the dose of a drug and
the effect that it produces [51]. Tolerance may be classified with respect to
rate of development as acute or chronic [51], and the development may vary
depending on the dose [52] and the timing of the treatment.
With the development of tolerance, down-regulation of binding sites and
changes in the subunit composition occur [53], resulting in impaired function
of the GABAA receptor complex.
During the luteal phase of the menstrual cycle the circulating concentration of allopregnanolone increases, and in susceptible subjects this situation
of prolonged endogenous exposure to progesterone and allopregnanolone
may induce tolerance.
Earlier rodent studies have shown development of tolerance to some effects of allopregnanolone, such as the hypothermic effect [54] and the anticonvulsant effect, after 5 days of repeated administration of allopregnanolone [55]. In one study rats treated twice daily with allopregnanolone
for 7 days exhibited chronic tolerance, which partially protected against the
acute negative effects of allopregnanolone in the Morris water maze test
[56]. Also, acute tolerance to allopregnanolone has been verified in anesthesia models [57, 58]. The allopregnanolone concentrations in the hippocampus, midbrain-thalamus-hypothalamus and brainstem increased significantly
with duration of anesthesia, and these brain regions appear to be important in
relation to the induction of acute tolerance [57].
Given the previously reported human and rodent data indicating decreased sensitivity and development of tolerance to GABAergic compounds,
it is of particular interest to study effects of acutely administered allopregnanolone in women with premenstrual dysphoric disorder.

Premenstrual dysphoric disorder
Definition
Premenstrual dysphoric disorder is characterized by psychiatric and physical
symptoms appearing in the luteal phase of the menstrual cycle. The symptoms often start shortly after ovulation and continue until the menstrual
bleeding starts. The severity of the symptoms gradually increases during the
luteal phase and they are most pronounced during the last five premenstrual
days and on the first days of bleeding. Hence, there is a temporal relationship
between increasing symptomatology and rising progesterone levels in the
early luteal phase, whereas the maximum symptom severity during the late
luteal phase coincides with decreasing progesterone levels [59]. PMDD
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symptoms can vary in onset, duration and severity between menstrual cycles
in an individual woman [60].
In the context of this thesis, it is important to distinguish between prospectively defined premenstrual dysphoric disorder and self-reported premenstrual syndrome (PMS). Also, it is important to discriminate, during the
menstrual cycle, between the normal symptom cyclicity and the disabling
symptoms that are found in a small proportion of fertile women. When asked
prospectively, more than 90% of women report cyclicity in at least one
symptom (mental or physical) during the menstrual cycle [61]. However,
only 2-6% of the women fulfil the prospective criteria for premenstrual dysphoric disorder [61] as defined in the Diagnostic and Statistical Manual of
Mental Disorders, 4th edition, DSM-IV-TR. The most prominent mental
symptoms reported by women with PMDD are irritability, depressed mood,
anxiety, and mood lability [62, 63]. Diagnostic criteria for PMDD according
to the DSM-IV are listed in Table 2.
To verify premenstrual symptoms, prospective ratings should be used, as
retrospective ratings are less reliable. Retrospective assessment favours recall of premenstrual symptoms, whereas symptoms at other times across the
menstrual cycle tend to be forgotten. Between 14 % and 50 % of women
who complain about premenstrual symptoms fail to show symptom cyclicity
in prospective ratings [62]. As well as confirming the presence of symptoms
in the luteal phase, it is necessary to confirm the absence of symptoms in the
follicular phase, in order to distinguish the syndrome from other current
mood disorders such as major depression, generalized anxiety disorder, and
panic disorder. Patients with an underlying affective disorder sometimes
experience a premenstrual aggravation of their symptoms [64], but according
to the DSM-IV criteria this should not be labelled PMDD. In most studies on
PMDD the prevalence of other ongoing psychiatric disorders is evaluated by
structured psychiatric interviews. In addition to the presence of a number of
typical symptoms in the luteal phase, the DSM-IV criteria also state that
symptoms must interfere with usual activities (school, work performance, or
interpersonal relationships).

PMDD and cognition
Women with PMDD often report that they experience a subjective feeling of
altered cognitive functioning during the luteal phase, with deteriorated concentration, attention, and memory [65]. Most studies with objective measures of cognitive functioning in women with PMDD have not supported
these findings. No differences were found in verbal learning and memory
between women with prospectively diagnosed PMDD and controls; however, women with PMDD displayed slower psychomotor control in the late
luteal phase [66]. Working memory was impaired in the luteal phase of the
18

Table 2. Criteria for premenstrual dysphoric disorder as defined in DSM-IV.
A. In most menstrual cycles during the past year, five (or more) of the following
symptoms should have been present most of the time during the last week of the
luteal phase, begun to remit within a few days after the onset of the follicular
phase, and been absent in the week post menses, with at least one of the symptoms
being either (1), (2), (3), or (4) of the following:
1. markedly depressed mood, feelings of hopelessness, or self-deprecating thoughts
2. marked anxiety, tension, feeling of being “keyed up”, or “on edge”
3. marked affective lability (e.g., feeling suddenly sad or tearful or having increased sensitivity to rejection)
4. marked and persistent anger or irritability or increased interpersonal conflicts
5. decreased interest in usual activities (e.g., work, school, friends, hobbies)
6. subjective sense of difficulty in concentrating
7. feeling lethargic, easy fatigability, or marked lack of energy
8. marked change in appetite, overeating, or specific food cravings
9. hypersomnia or insomnia
10. a subjective sense of being overwhelmed or out of control
11.other physical symptoms, such as breast tenderness or swelling, headaches, joint
or muscle pain, a sensation of “bloating”, and weight gain
B. Significant interference with work or school or with usual social activities and
relationships with others (e.g. avoidance of social activities, decreased productivity
and efficiency at work or school)
C. Feelings that are not merely an exacerbation of the symptoms of another disorder, such as major depressive disorder, panic disorder, dysthymic disorder, or a
personality disorder; and
D. Criteria (A), (B), and (C) confirmed by prospective daily ratings during at least
two consecutive symptomatic cycles.

menstrual cycle, with no significant differences between PMDD and control
subjects [65]. PMDD women had significant difficulties in learning new
material, but this problem was not phase-dependent and mood did not account for any of the differences in cognitive functioning [67]. These studies
suggest that although women with PMDD report subjective feelings of diminished cognition in the luteal phase, there is no objective evidence that
this is the case.
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PMDD - psychiatric aspects
There are several similarities between PMDD and psychiatric disorders such
as major depression, generalized anxiety disorder, and panic disorder [68].
Compared to controls, the lifetime prevalence of depressive disorder and
postpartum depression is increased in women with PMDD [64, 69, 70]. The
prevalence of a life-time history of major depressive disorder in women with
PMDD is reported to be 30-80% [64, 70]. It has also been suggested that
PMDD in itself may be a risk factor for future major depressive disorder [71,
72].
Although efforts to elucidate similarities between PMDD and psychiatric
disorders have mostly been focused on major depression, more recent studies
have indicated that PMDD and panic disorder might share several common
features of biological vulnerability. For instance, exposure to different anxiety-producing agents, including lactate, CO2 and cholecystokinin, induces
panic attacks in women with either panic disorder or PMDD, but not in controls [73, 74]. Furthermore, both patients with panic disorder and those with
PMDD also display reduced sensitivity to benzodiazepine challenge [37, 38,
75] and both disorders respond to selective serotonin reuptake inhibitors
(SSRIs) [76-78]. Conversely, a possible influence of gonadal hormones on
panic disorder has been suggested, since panic symptoms seem to increase in
the postpartum period [79] and in the late premenstrual period [68].

PMDD – hormonal aspects
Progesterone has been suggested as the major symptom-provoking factor in
PMDD because of its temporal relationship with the luteal phase. In PMDD
patients, negative mood symptoms can be prevented by suppression of corpus luteum formation, which in turn lowers the high progesterone levels
typifying the luteal phase [80, 81]. Further, in postmenopausal women the
exogenous administration of progesterone during sequential estrogen replacement therapy is associated with negative mood symptoms [16, 17, 82].
However, serum levels of progesterone and its neuroactive metabolites
are similar between women with PMDD and healthy controls [83]. Moreover, no differences in follicle-stimulating hormone (FSH), luteinizing hormone (LH), prolactin, testosterone, or cortisol levels have been reported
between PMDD patients and controls [83].
In addition, estradiol appears to provoke premenstrual symptoms. In
PMDD patients high levels of luteal phase estradiol seem to be related to
more severe symptoms [22, 84]. PMDD patients are reported to be more
sensitive to the CNS effects of ovarian steroids, as estradiol-only and progesterone-only provoke symptoms to a similar extent in PMDD patients treated
with gonadotropin releasing hormone (GnRH), whereas healthy controls are
unaffected by the ovarian steroid add-back [85]. Furthermore, in postmeno20

pausal women a higher dose of estrogen in combination with progestogen
results in more negative effects on mood than a lower dose [82].
The underlying mechanisms of ovarian steroid actions leading to PMDD
symptoms have not been elucidated unequivocally. However, several lines of
evidence suggest that progestin-induced changes in the GABAergic system
is one of the primary factors in the development of PMDD [37-39, 86].
There are several concevaible ways in which neurosteroids might influence mood, but the research described in this thesis is focused mainly on one
of the suggested pathways of symptom provocation in PMDD, i.e., progesterone withdrawal. The homeostatic response of the GABAergic system to
prolonged exposure to and/or withdrawal from progesterone and allopregnanolone results in profound changes in the regulation of fast inhibitory neurotransmission, analogously to events after prolonged exposure to and withdrawal from conventional GABA-modulatory drugs [87-89].
Animal models of PMDD, in which the levels of progesterone and estrogen can be manipulated directly, also indicate that it is short-term administration of progesterone or withdrawal from long-term treatment with progesterone that is associated with anxiety-like behaviors [87-90]. Presumably,
these effects are mediated by the neuroactive metabolites of progesterone,
since during progesterone withdrawal, rats are comparatively insensitive to
the sedative and anxiolytic effects of benzodiazepines and neurosteroids [89,
90]. The fact that anxiety-like behavior occurs also in male and pre-pubertal
female rodents in the progesterone withdrawal model reinforces the primary
role of progestins in the etiology of negative mood symptoms [91].
In PMDD patients, the most intense symptoms occur while the progesterone level is declining in the luteal phase, and symptoms may also persist 2-3
days after the onset of menses. Furthermore, changes in sensitivity to
GABA-modulatory agents, including neurosteroids, across the menstrual
cycle, similar to those in progesterone-withdrawing female rats, have been
reported in PMDD patients [88, 90]. For instance, patients with PMDD have
been reported to have a decreased responsiveness to pregnanolone and benzodiazepines [37-39].
Progesterone withdrawal is also relevant for other clinical conditions such
as catamenial epilepsy [59, 92] and menstrual migraine [93, 94]. The allopregnanolone plasma levels are increased during the luteal phase of the menstrual cycle and during pregnancy. During these periods with high allopregnanolone levels, tolerance may occur. It may be speculated that a full-term
pregnancy represents an extreme state of tolerance to progesterone and neurosteroids. This is suggested by the finding by Timby and co-workers where
acute administration of allopregnanolone, mimicking third-trimester pregnancy levels, induced a dose-dependent increase in sedative measures [30].
Unless tolerance occurs, the degree of sedation obtained with acute intravenous injections of allopregnanolone will be difficult to cope with during the
latter parts of pregnancy.
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Hormonal changes during pregnancy and postpartum
Pregnancy
The levels of the gonadal hormones estrogens and progesterone increase
steadily during pregnancy. The biologically active forms of estrogen 17estradiol and estriol rise 100-fold and 1000-fold, respectively [95, 96]. At the
end of pregnancy the serum estradiol concentrations is extremely high (about
100 nmol/l). With removal of the placenta at delivery, this concentration
declines sharply within a few days to 100 pmol/l or lower. The recovery of
ovarian estradiol production can be slow and the postpartum estradiol deficiency can be prolonged and profound, mimicking the menopause. The sharp
drop in the estradiol concentration differs from the events in peri- and postmenopausal women, where the level slowly declines, allowing more time for
the brain to adapt to the changes [97].
The brain and plasma levels of allopregnanolone increase in parallel with
progesterone during pregnancy and the plasma concentrations reach approximately 100 nmol/l, i.e., a 50-100 fold increase compared to follicular
phase levels [98, 99]. Allopregnanolone is involved in suppression of the
hypothalamus-pituitary-adrenal (HPA) axis activity in pregnancy and seems
to rely on the actions of endogenous opioids to exert this suppressive effect
[100]. Also, allopregnanolone inhibits oxytocin neurons in late pregnancy
[101]. This inhibition allows stores of oxytocin to accumulate in the posterior pituitary [100], concomitant with changes in GABAergic neurotransmission, such as an increase in the number of GABA synapses and in the GABA
inhibitory current density [100].
Besides the increases in the concentrations of gonadal steroids, the levels
of other bioactive substances also progressively rise during pregnancy. The
levels of placental corticotropin-releasing hormone, cortisol, human chorionic gonadotropin, prolactin, -endorphin and thyroid hormone-binding
globulin rise across pregnancy, reaching a maximum near term and declining
at delivery [1]
During pregnancy, the adaptation mechanisms in the brain are fairly complex; the activity of the HPA axis is reduced as a result of increased activity
of brain systems with inhibitory properties (increased levels of neurosteroids, oxytocin, and prolactin) and reduced activity of excitatory pathways on
the HPA axis [100].

The postpartum period
Pregnancy and childbirth have an enormous combined psychological,
physiological and endocrine effect on the mental and physical health of
women.
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Postpartum blues is considered the mildest form of the postpartum mood
disturbances and is very common; its prevalence has been reported to be 2685 % (40-70 % by Harris 1994 and Nappi 2001), [102, 103], depending on
the diagnostic criteria used [104]. Although usually mild and transient the
postpartum blues predicts later development of postpartum depression [105,
106].
The symptoms of this syndrome typically begin within the first week following delivery, peak on the fifth day and resolve by the 12th day postpartum. The mood disturbance characterizing postpartum blues is transient, but
may cause serious impairment [107]. Symptoms of postpartum blues include
dysphoria, mood lability, crying, anxiety, insomnia, poor appetite, and irritability, i.e., symptoms similar to those encountered in women with PMDD.
The postpartum period is a typical period of hormonal fluctuations with
low estrogen and progesterone levels. Given the enormous drop in the estradiol and progesterone levels, this period may also be used as a model of steroid hormone withdrawal, and possibly also as an approximation of progesterone withdrawal.
However, only in a small number of studies have attempts been made to
determine how sex hormones are involved in changes of mood during the
postpartum period. Some studies have hypothesized that the hypoestrogenic
state is the main factor in the pathophysiology of the postpartum blues and
postpartum depression. Based on this assumption, clinical trials on estradiol
supplementation in patients with postpartum depression have been conducted, with positive results [108, 109].
Several other studies have suggested that progesterone and its neuroactive
metabolites are putative agents in the etiology of postpartum mood disorders,
although the findings thus far are discrepant [102, 103, 110]. Low levels of
progesterone and allopregnanolone have been found to be associated with
the postpartum blues [111], whereas Epperson and colleagues found that
allopregnanolone levels and GABA levels showed no association with puerperal depression [110]. However, postpartum blues and postpartum depression differ, in their time-course and severity, and they may also differ etiologically.
Plasma levels of the allopregnanolone precursor 5-dihydroprogesterone,
but not of allopregnanolone itself, in late pregnancy have been reported to be
higher in depressed women, suggesting that the synthesis of allopregnanolone might be reduced in these women [111]. However, in women with
postpartum blues, the serum concentrations of allopregnanolone levels were
low [111], in analogy with findings in non-pregnant women with major depression [112]. Recently, it was suggested that a rapid decline in progesterone may be more strongly associated with behavioral changes than a slow
decline (Doornbos 2008, personal communication).
The greatly elevated circulating levels of progesterone and allopregnanolone in late pregnancy decrease rapidly and in parallel following deliv23

ery. However the allopregnanolone level remains increased for two weeks
postpartum compared to follicular phase levels [99]. By three months postpartum, the plasma allopregnanolone levels are lower than in non-pregnant
women [110].
Progesterone has also been tested as replacement therapy during the postpartum period, but without any success [113]. Women who received a single
dose of norethisterone enanthate within 48 hours of delivery were significantly more depressed six weeks postpartum than those who were given
placebo [114].
Changes in sensitivity of serotonergic receptors have been documented in
postpartum blues and depression [115]. An abrupt decrease in the electrical
activity of serotonin neurons at the end of pregnancy, compounded by reduced tryptophan availability, might surface the blues symptoms in new
mothers after delivery [116]. Also, serotonin receptor binding in the anterior
cingulate and mesiotemporal cortex is reduced in women with postpartum
depression, similarly to that in non-pregnant women with major depression
[117]. Presumably, the combination of reduced serotonin action and steroid
hormone withdrawal during the postpartum period contributes to the symptoms of the postpartum blues.
However, numerous other neurotransmitter systems are influenced across
pregnancy and parturition. Although increased cortisol and hyperactivity in
the HPA axis are unlikely etiological factors in the postpartum blues, they
probably facilitate the development of symptoms [107, 118]. In general,
cortisol responses to various stressors are reduced in pregnant women, and
women in late pregnancy show a suppressed salivary cortisol response to a
physical stressor, presumably reflecting reduced adrenocorticotropic hormone (ACTH) secretion [119]. Furthermore, pregnant women who show
greater cortisol and emotional responses to a social stress test are more likely
to experience a depressed mood postpartum. This suggests a causal relationship between greater stress responsiveness in pregnancy and risk of postpartum mood disorder [120].
Other neuroendocrine and neurotransmitter systems that have been suggested as being involved in mood disorders of the postpartum period include
thyroid dysfunction [102], abnormality in alpha2-adrenergic receptor sensitivity [121], and increased sensitivity in dopamine receptors [122] (Figure
3).
In the present research, the postpartum period was used as an approximation for progesterone withdrawal, although this model is clearly limited by
the fact that this period represents not only progesterone but also estradiol
withdrawal, as well as substantial changes in several other hormones and
neurotransmitter systems.
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Figure 3. Factors which might predispose new mothers to postpartum mood disorders. Adapted from Brunton J Paula [100].

The startle response
Anxiety and fear
Anxiety is an unpleasant emotional state that involves a complex combination of emotions that includes fear, apprehension, and worry. It is often accompanied by physical sensations such as heart palpitations, nausea, chest
pain, shortness of breath, or tension headache [123]. The neural pathways in
the brain that regulate fear and anxiety are complex. In brief, the anxiety
response is the result of neural sensory interactions between the amygdala,
thalamus, and locus ceruleus. Furthermore, the amygdala response is also
regulated by input from cortical areas, the orbitofrontal cortex, and the cingulate gyrus [124, 125].
In one study of behavioral effects of progesterone withdrawal, one of the
variables used to measure anxiety was the startle response. Following progesterone withdrawal, female rats displayed increased anxiety as measured
not only by longer time spent on the open arm in the elevated plus-maze, but
also as an increased startle response [126]. The startle response paradigm is a
useful bridge between preclinical and human data, since it has a similar circuitry and pharmacology in humans as it has in animals [127, 128], and it is
one of the rare animal models that can be used in humans as well.
The startle response (SR) in humans is a fast twitch of facial muscles induced by a sudden and intense tactile, visual, or acoustic stimulus. In humans, the startle response can be measured by electromyography (EMG) as a
contraction of the orbicularis oculi muscles, i.e., an eye blink [127] (Figure
4).

25

115 dB
stimulus

115 dB
response

Figure 4. Schematic representation of the startle response. The
acoustic stimulus initiates a
startle response that can be
measured by electromyography
as the amplitude of the blink
reflex.

In animal studies the startle response has been used as an objective measure of anxiety. The clinical relevance has been thoroughly demonstrated, as
increased startle responses are found in patients with anxiety disorders [129131] and in animal models of these disorders [132-134]. Several anxiety
disorders are distinguished by a significant increase in the startle response,
such as posttraumatic stress disorder (PTSD) [135, 136], general anxiety
disorder [137], specific phobias [138], and obsessive compulsive disorder
(OCD) [139, 140].
The magnitude and latency of the SR are influenced by the stimulus intensity (for an acoustic startle response this is accomplished by varying the
dB level of the acoustic stimulus) and the interstimulus interval, and differ
among individuals. The startle response is also influenced by the background
noise, prepulse stimuli (see the section on prepulse inhibition) and by various drugs. Under experimental conditions, the startle response has no zero
baseline and can be enhanced and attenuated (Table 3).

Table 3. The most commonly investigated modulations of the startle response magnitude
Enhancement of the startle response

Attenuation of the startle response

Sensitization

Habituation (repeated presentation of
stimuli)

Fear-potentiation

Prepulse inhibition (prior presentation of
a prepulse)

In our studies we used the acoustic startle response (ASR). The knowledge of pathways involved in the ASR is based on anatomical studies in
animals, mainly in rats. It has been concluded that the cerebral structures that
mediate and modulate the ASR in rats are similar in the human brain [127,
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128]. The auditory blink reflex is mediated by a simple three synapse neuronal circuit located in the lower brainstem (Figure 5).

Enhancement of the startle response
Fear-potentiated startle response
The startle response can be enhanced by simultaneously exposing subjects to
aversive pictures, electric shocks or both [141]. The amygdala, the brain
structure controlling fear behavior, seems to be involved in the startle circuit
during fight/flight situations [136, 142].
ACOUSTIC STARTLE STIMULUS

SHOCK

the ventral cochlear nucleus
an area medial and ventral
to the ventral nucleus of the lateral
lemniscus

central nucleus of amygdala

nucleus reticularis pontis caudalis

nucleus reticularis pontis caudalis

motorneuron

motorneuron

STARTLE RESPONSE

INCREASED STARTLE RESPONSE

Figure 5. Schematic presentation of the primary ASR pathway in rats and a simplified pathway of the fear-potentiated startle response.

Attenuation of the startle response
Habituation
The amplitude of the acoustic startle response becomes habituated to repetitive stimulation. Habituation occurs throughout the test session and is considered to be the simplest form of learning [143], and is not due to muscle
fatigue or blunting of sensory receptor responsiveness [143]. Usually habituation is described in terms of short-term habituation, which refers to a
decline in the ASR magnitude within a single test session, and long-term
habituation, when the ASR magnitude possibly may decrease across several
test sessions.
The high stability of the ASR magnitude over time has been demonstrated
in several studies [144]. Also, temporal stability of the emotion-modulated
startle response has been evaluated [144]. Larson and colleagues studied
test-retest reliability on two occasions separated by four weeks. One group
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of subjects viewed the same pictures on both occasions and a second group
viewed a different set of pictures at the second assessment. When different
pictures were used, the blink reflex magnitude showed greater stability
[144]. Nevertheless, given the habituation that occurs during a single test
session, measures need to be taken to ensure that habituation between test
sessions does not bias the results.

Startle response – relation to age, gender, and ovarian steroids
In humans, the literature clearly indicates that age has an effect on the on
startle response [145]. The magnitude of the response steadily decreases with
age, with a marked decline in participants aged between 50 and 60 years,
whereas habituation of ASR increases significantly with age [146].
Data regarding the effects of gender on the startle response are conflicting, with some studies indicating no gender-related differences [146, 147],
and a small study reporting a smaller startle magnitude in men than in
women [148].
Estrous cycle dependent fluctuations in the startle response have not been
detected in rodents [149], and there is a deficiency of human studies on ASR
across the menstrual cycle.

Premenstrual dysphoric disorder and startle response
Epperson and colleagues have shown that PMDD patients have an increased
baseline startle response in the luteal phase compared to the follicular phase
[150]. However, the affect-modulated startle response did not differ across
menstrual cycle phases in their study, and presumably because of a small
sample size no difference in startle response was found between PMDD
patients and controls in either cycle phase [150].
Based on their series of elegant experiments, Smith and colleagues have
proposed that progesterone withdrawal in female rats can be used as an animal model of premenstrual syndrome [89]. Following long-term treatment
with progesterone, anxiety-like behavior and increased susceptibility to seizures were observed in female rats within 24 hours of termination progesterone treatment. Also, these animals displayed an increased startle response
during progesterone withdrawal [91, 126].

Startle response - pharmacology
Various pharmacological compounds and their effects on the startle response
have been investigated in a large number of studies [151].
Generally, anxiolytic drugs such as barbiturates, benzodiazepines, morphine, alcohol, serotonergic anxiolytics and clonidine have been reported to
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reduce the startle response in rodent studies and to some extent in human
studies [151].
In humans, benzodiazepines such as diazepam [152] and alprazolam [153]
have been reported to suppress the startle response (Table 4).

Table 4. Effect of different drug groups on the acoustic startle response (ASR) in
humans [128]
Drug

Effect on ASR

Benzodiazepines

Decrease

Clonidine (2-adrenoreceptor agonist)

Decrease

Morphine

Decrease

Buspirone

Decrease

Nicotine

Decrease

Mixed 5HT2/D2 receptor antagonist

Decrease

Anxiogenic drugs

Increase

Caffeine

Increase

Prepulse inhibition
Prepulse inhibition (PPI) is a phenomenom in which a relatively mild stimulus (the prepulse), immediately preceding a stronger, startle-eliciting stimulus, suppresses response to this stronger stimulus (Figure 6). In experimental
investigations the stimuli are usually acoustic, but tactile or visual stimuli are
also used. PPI is detected in numerous species, ranging from mice to
humans. Prepulse inhibition is generally regarded as an operational measure
of sensorimotor gating.
The term "sensorimotor gating" or “perceptual filtering” refers to the
regulation of transmission of sensory information to a motor system this is a
protective mechanism that screens out irrelevant stimuli and allows the individual to focus on important events [154]. It is a largely automatic process
and a stable phenomenon [154, 155].
Over the past twenty-five years researchers have investigated prepulse inhibition and tested influences of different substrates this phenomenon in
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attempts to understand brain disorders characterized by sensory gating deficits, most importantly schizophrenia. Numerous pharmacological studies
have indicated that several neurotransmitters are involved in the regulation
of prepulse inhibition of the startle response namely, the dopaminergic,
GABAergic, serotonergic, glutamatergic and noradrenergic systems.
Previous studies have established that prepulse inhibition is regulated by a
forebrain neural circuitry including the cortico-striato-pallido-thalamic network and the primary startle circuitry within the pons [89]. Reduced prepulse inhibition might reflect dysfunction within any one or several of these
integrated brain substrates. In humans, brain structures that are involved in
sensorimotor gating have been studied by functional magnetic resonance
imaging (fMRI) with simultaneous assessment of PPI. In healthy participants, PPI was associated with increased activation bilaterally in the striatum, extending to the hippocampus and thalamus, right inferior frontal gyrus,
and bilateral inferior parietal lobe/supramarginal gyrus [156].
Target response

= % PPI

Response
after prepulse

prepulse 115 dB
stimulus stimulus

115 dB
response

Figure 6. Schematic representation of prepulse inhibition. Depending on the intensity of the prepulse stimulus, the blink reflex in response to the following startle
stimulus is reduced, in comparison with startle-alone trials.

Disruption of PPI
Previous studies have confirmed that schizophrenia patients exhibit reduced
or disrupted PPI, independently of whether auditory, tactile, or electrocutaneous stimuli are used to elicit this inhibitory effect. Similar deficits of PPI
have been seen in untreated schizotypal patients who are not grossly psychotic or receiving antipsychotic medications and in relatives of schizophrenia patients [151]. Surprisingly, treatment with antipsychotic drugs does not
alter PPI in schizophrenia patients, suggesting that the PPI deficit represents
a stable vulnerability marker for schizophrenia [157]. Female schizophrenia
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patients have been reported to exhibit PPI deficits compared to normal female subjects [158].
Reduced PPI has also been found in many anxiety disorders and
conditions with impaired impulse control. These disorders include panic
disorder [159], obsessive compulsive disorder [160], Huntington’s disease
[161], nocturnal enuresis [162], attention deficit disorder [162], and
Tourette’s syndrome [163]. These disorders have been associated with
pathological conditions in both the basal ganglia and corticostriatal connections and are also characterized by an inability to inhibit, or "gate" irrelevant
information in sensory, motor, or cognitive domains.

PPI – relation to age
Findings regarding the influence of age on PPI are inconsistent. Ellwanger
and colleagues measured PPI in human subjects between 18 and 88 years of
age. They reported that prepulse inhibition displayed an inverted U-shaped
function, and that PPI was greater in subjects of intermediate age than in
young adults or older subjects [145]. In contrast with this finding, Ludewig
and colleagues did not find any age-dependent effects on PPI [146]. However, both studies were made on mixed populations, i.e., they included both
male and female subjects, which might have influenced the results.

PPI - gender differences
It has long been known that PPI is influenced by gender and ovarian hormones. Sensorimotor gating is more robust in men than in women; i.e.,
women have lower levels of prepulse inhibition compared to men [147].
This finding by Swerdlow et al. was later confirmed by Kumari and collagues [164] and furthermore, rodent studies have shown that female rats
have reduced PPI [149]. The gender differences in humans have also been
observed after adjustment for possible confounders such as cigarette smoking [165].

PPI - ovarian steroid effects
In women, the level of PPI across the menstrual cycle is variable, with the
highest levels in the follicular phase and the lowest in the luteal phase [165,
166]. PPI also displays subtle changes across menstrual cycle subperiods,
such as the preovulatory phase when estradiol levels are peaking and the
mid-luteal phase with peaking of the progesterone levels. During these two
phases reduced PPI is evident [165]. However, it must be emphasized that
these menstrual cycle studies had cross-sectional designs and no longitudinal
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studies across prospectively defined menstrual cycle phases have been conducted.
Taking the gender differences and menstrual cycle effects into account,
PPI does not differ between males and follicular phase women [146, 166]. It
is only women in the luteal phase who display reduced PPI in comparison
with men [166]. Furthermore, in a recent study PPI was investigated in preand postmenopausal women in comparison with age-matched male controls.
It was found that PPI was reduced in premenopausal but not postmenopausal
women, relative to men of similar ages [167].
On the basis of these findings it has been suggested that ovarian hormones have an important effect on sensorimotor gating, and estradiol has
been the main hormone of interest [165]. The central neurochemical mechanism of the effect of estrogen on PPI is unclear. It has been speculated that
estradiol may influence the neuronal firing rate, neurochemical activity, and
dopaminergic activity in the nucleus accumbens and in the amygdala. This
area has been found to play a critical role in PPI [168]. The role of progesterone is less well studied, although allopregnanolone has been shown to
affect PPI within the cortico-striato-pallido-thalamic circuitry [128, 157].

PPI and pharmacology
Because of its relation to schizophrenia, PPI has been widely used to investigate antipsychotic drug activity. Pharmacological facilitation of dopamine
activity tends to reduce PPI, whereas blockage of dopamine receptor type 2
with D2 receptor antagonists tends to increase PPI [169]. However, the
pharmacological studies have almost exclusively been conducted on healthy
men arguing that treatment responses are best detected in subjects with
greater responses (i.e., males) and that menstrual cycle variance may bias the
results. Taken together, previous findings suggest that drug effects depend
on the dose, administration route (oral, intravenous), time course, and subjects (healthy male subjects compared to patients with mental disorders). A
detailed overview of pharmacological influences on PPI is presented in Table 5.
PPI is also influenced by cigarette smoking. Nicotine, through its binding to
nicotine receptors, increases PPI. Non-smoking patients have lower PPI than
smokers, and heavy smokers have the highest PPI [170]. However, the
smoking status is also a critical factor in the control of PPI. Kumari and
colleagues found that smokers with high nicotine dependence showed less
prepulse inhibition than smokers with less nicotine dependence [171].
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Table 5. The effects of different psychotropic drugs on prepulse inhibition (PPI) in
healthy humans
Drugs

Effect on PPI

Reference

Clonidine 0.2 mg orally
-adrenergic agonist
Diazepam 10 mg orally
GABAA receptor agonist
Midazolam intravenously
GABAA receptor agonist
MDMA (ecstacy), chronic exposure
5-HT receptor agonist
Ketanserin 40 mg orally
5-HT2, receptor antagonist
Fluvoxamine 100 mg orally
Selective 5-HT uptake inhibitor
Escitalopram 10 mg orally
Selective 5-HT reuptake inhibitor
Haloperidol 2 mg and 5 mg orally
Dopamine receptor antagonist

No effect

[172]

No effect

[172]

Suppresses PPI

[172]

Increases PPI

[173]

Bromocryptin 1.25 mg orally
Dopamine receptor agonist
Amphetamine
Dopamine receptor agonist
Cannabis, chronic exposure
Cannabinoid receptor
Amitryptyline 100 mg orally
NA/5-HT uptake inhibitor
Imipramine
NA/5-HT uptake inhibitor
Reboxetine, 4 mg, orally
Selective NA uptake inhibitor
Procyclidine 15 mg, orally
Acetylcholine receptor antagonist
Caffeine
Non-selective adenosine antagonist
Ketamine
NMDA receptor antagonist

Suppresses PPI
No effect

[174]
[175]

No effect

[176]

No effect in non-smoking subjects. Supresses PPI in smoking
subjects

[168]

Suppresses PPI

[152]

Suppresses PPI

[177]

No effect

[178]

No effect
Suppresses PPI

[175]
[179]

No effect

[175]

Suppresses PPI

[180]

No effect

[181,
182]
[183]

Increases PPI

PPI and PMDD
As PPI is closely linked to anxiety disorders, and as it is influenced by
ovarian steroids, this variable has the potential to link ovarian steroid effects
to brain circuits known to be affected by anxiety disorders. As such,
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premenstrual dysphoric disorder represents the ideal condition to evaluate,
because patients display increased anxiety during periods characterized by
high (or declining) progesterone levels and high estradiol levels.
Furthermore, in view of the many similarities that exist between panic
disorder and PMDD, it is relevant to investigate further measures that may
link these two disorders. Previously, no studies have evaluated PPI in PMDD
patients.

Memory and allopregnanolone
It is wellknown that GABAA receptor agonists such as barbiturates, alcohol,
and especially benzodiazepines, induce memory deficits [184-188], and cognitive processes depending on the hippocampus are particularly vulnerable.

Human memory
Memory is the ability of an organ to store, retain, and subsequently retrieve
information [189]. There are close links between learning and memory, as
memory depends on previous learning. Learning and memory involve three
stages: 1) Encoding - creating a memory trace. Encoding takes place during
presentation of material; 2) Storage - in which, as a result of encoding, some
information is stored within the memory system; 3) Retrieval - this is a process when stored information is recovered or extracted from the memory system. All these memory and learning processes depend on each other. In our
studies we have chosen memory tasks suitable for assessing retrieval.

The memory system
A generally accepted classification of memory is based on the duration of
memory retention and identifies two distinct types of memory, short-term
and long-term memory. Memory systems do not operate in isolation but are
interactive, so that any one memory task may overlap two or more systems
[190]. Different types of memory are presented schematically in Figure 7.
Short-term memory (working memory)
Short-term memory is defined as the memory for information currently held
“in mind” and has limited capacity. Short-term memory allows one to retain
something for a period of several seconds to as long as one minute without
rehearsal. It is characterized by rapid encoding and storage, but has a very
limited capacity and duration [191]. A typical example of short-term memory is the telephone number you'll repeat to yourself until you can dial it on
the phone.
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Memory
Short-term memory

Long-term memory

Declarative memory
Explicit memory
Episodic memory
Events
Specific personal experiences
from particular time and place

Semantic memory
Facts
World and object knowledge
Language knowledge

Nondeclarative memory
Implicit memory
Procedural memory

Skills
Motor and cognitive

Perceptual memory

Perceptual priming

Figure 7. Schematic presentation of human memory. Adapted from Nyberg L, &
Tulving E (1996). Classifying human long-term memory; Evidence from converging
dissociations. European Journal of Cognitive Psychology, 8;163–183.

Long-term memory
Long-term memory is divided into declarative (explicit) and procedural
learning (implicit) memory and the perceptual representation system. Declarative memory can be subdivided into episodic and semantic memory.
Episodic memory is used for more personal memories, such as sensations,
emotions, and personal associations of a particular place or time. In brief,
Tulving explains episodic memory as a “mental time travel” to a person’s
past [192].
Semantic memory, on the other hand, allows encoding of abstract knowledge, for example about the world, such as “Stockholm is the capital of
Sweden”. It differs from episodic memory in that semantic information is
not associated with a specific learning context. Semantic knowledge covers a
range of organized information including concepts, vocabulary, and facts
[193]. Semantic memory is less vulnerable than episodic memory as it can
be learned through repetition and is formed by events that are not dependent
on the hippocampus.
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Procedural memory (implicit memory)
Procedural memory is acquisition of skills and procedures. It is involved in
tasks such as remembering how to ride a bike and how to swim, and is important in human motor performance. The perceptual representation system
consists of the memory of “perceptual” characteristics such as the shape and
size of various things in our surroundings. Procedural memory is thought to
depend largely on the basal ganglia and surrounding structures [193].

Memory processing in the brain
The anatomical structures involved in declarative memory are the parahippocampal gyrus and the hippocampus in the ventromedial temporal lobe. In
addition, the prefrontal cortex and frontal lobes are involved in memory
processing.
Hippocampus
The hippocampus binds together different types of information to form
memory traces and is an important structure for the formation of long-term
declarative memory and spatial learning. The participation of the hippocampus has been demonstrated in encoding as well as retrieval and long-term
consolidation of spatial memory [192]. The importance of the hippocampus
in memory was documented in a classic structural MRI study of London taxi
drivers with extensive experience. Their recall of complex routes around the
city resulted in activation of a network of brain regions, including the right
hippocampus [194]. Not only did the taxi drivers have a significantly larger
posterior hippocampus volume compared with control subjects, but the
length of time spent as a taxi driver positively correlated with the volume of
the right posterior hippocampus [194].
All hippocampal subregions are rich in GABAA receptors [32], and allopregnanolone can inhibit neural activity in the CA1 and the dental gyrus
areas of the hippocampus [195]. Rodent studies have revealed that the
GABAA receptor 5 subunit is almost exclusively expressed in the hippocampus and this subunit seems to be involved in spatial learning [43]. It is
thus possible that allopregnanolone, via the GABAA receptor, may induce
learning and memory disturbances.
Benzodiazepines
Benzodiazepines are known for their anxiolytic and sedative properties.
They influence memory by facilitating of the activity of GABAA receptors in
structures throughout the brain, including the amygdala, hippocampus, and
entorhinal cortex [196-198].
Acute benzodiazepine administration produces dose-related decrements in
episodic memory encoding, while leaving retrieval of previously encoded
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material intact. In addition, benzodiazepines have an amnesic effect, in particular causing antegrade amnesia [199]. Specifically, anterograde amnesic
effects of benzodiazepines are mainly attributed to 1-containing GABAA
receptor subtypes [200].
Different benzodiazepines generally produce similar profiles of memory
impairing effects and only differ with respect to the time course of their effects [197]. Neuroimaging studies have revealed that benzodiazepine significantly decreases the activity in the left dorsal prefrontal cortex during the
episodic memory encoding task [197, 201, 202]. Using positron emission
tomography (PET) Mintzer examined the brain activity associated with triazolam-induced memory impairment. Deactivation was observed during the
encoding in several brain regions that have been implicated as important to
the process of encoding, such as the anterior cingulate cortex, cerebellum
and precuneus [197].
It is widely known that benzodiazepines impair episodic memory [196],
whereas their impact on semantic memory and working memory has only
been marginally studied. Studies on semantic memory have also been less
conclusive, some of them suggesting no effect [203, 204] and others a negative influence [205, 206]. Even fewer studies have adressed the effects of
benzodiazepines on components of the working memory, although these
copounds appear to have a negative influence [207, 208].
According to pharmacological studies, benzodiazepines impair the performance in cognitive tests dose- and time-dependently, and the route of
administration is a critical factor in their effect on memory [209].
Alcohol
Human studies have shown that alcohol has a detrimental effect on explicit
memory and may cause amnesia [210]. Similarly to benzodiazepines, alcohol impairs explicit memory by affecting the encoding process in the hippocampus [211]. There is also some evidence that alcohol, besides its effects
on encoding, may impair retrieval [210]. Alcohol binds to a specific site at
the GABAA receptor [212], and recombinant GABAA receptors containing
4 and  subunits are stimulated by very low alcohol concentrations [49].
While it has been established that alcohol induces memory deficits, it is
also possible that some of the alcohol effects are mediated by the progesterone metabolite allopregnanolone. From animal studies there is evidence that
neuroactive steroids play a role in a number of behavioral effects of alcohol,
such as anticonvulsant effects [213], sedation [214], impairment of spatial
memory [215], and alcohol reinforcement [216].
Systemic and acute administration of high doses of alcohol (1 - 3.5 g/kg)
dramatically increase peripheral and cerebral cortical levels of allopregnanolone in both male and female rats [213]. This increase was substantial in
male rats, but the allopregnanolone level was more increased than two-fold
in the estrous phase in female rats [215]. Human studies are sparse, but ele37

vated allopregnanolone levels have been demonstrated during acute alcohol
intoxication in human female adolescents [217].
Progesterone and allopregnanolone
Impaired memory functions after allopregnanolone administration have been
demonstrated in several animal studies, though not yet in humans. For instance, learning impairments have been observed after high doses of allopregnanolone by use of several different memory paradigms in rodents [218221]. The learning impairments induced by allopregnanolone could be
blocked by concomitant administration of 3β-20β-dihydroxy-5α-pregnane
[222], a compound known to inhibit allopregnanolone effects in vitro [223,
224]. The dose and/or serum concentration of allopregnanolone appears to
be important for its cognitive effects. Lower doses of allopregnanolone impaired working and long-term memory to a lesser extent [218] and when the
interval between the allopregnanolone administration and the memory test
was increased, learning impairment was absent [219].
Although allopregnanolone-induced memory impairment has not yet been
evaluated in humans, some results can be extracted from clinical trials on
oral micronized progesterone, as oral administration of progesterone results
in first pass metabolism to allopregnanolone. In healthy women large doses
of orally administered progesterone resulted in significant impairment of
paragraph recall [225]. The serum concentration of allopregnanolone after
the oral progesterone dose was a better predictor of poor memory performance than the progesterone level, indicating that the memory dysfunction
might be related to allopregnanolone rather than to progesterone itself [226].
A recently published study by van Wingen and colleagues indicated that a
single oral dose of progesterone impaired memory for faces by reducing the
neural response in the amygdala and fusiform gyrus during memory encoding and in the fusiform gyrus and prefrontal cortex during memory retrieval
[227].
During pregnancy, which is characterized by high allopregnanolone levels, cognitive disturbances are often reported. Symptoms typically mentioned include sleepiness, forgetfulness, reading difficulties, disorientation,
poor concentration and poor coordination [226], and complaints are most
often expressed during the second and third trimester of pregnancy.
Thus, not only do progesterone and/or allopregnanolone appear to be important in the etiology of mood disorders related to female reproduction, but
these compounds also seem to have important effects on cognitive function.
However, it remains to be elucidated whether it is progesterone or its metabolite allopregnanolone that is responsible for the memory impairments
reported in previous studies.
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Aims
The aims of these investigations were

to compare the startle response and prepulse inhibition in patients with premenstrual dysphoric disorder with healthy controls during the follicular and
late luteal phases of the menstrual cycle (paper I);

to compare the startle response and prepulse inhibition between third trimester pregnant women and postpartum women at different stages of the postpartum period (paper II);

to determine whether intravenous administration of allopregnanolone may
influence the startle response and prepulse inhibition during the late luteal
phase in women with PMDD (paper III);

to evaluate the effect of intravenous administration of allopregnanolone on
episodic memory, semantic memory and working memory in healthy women
(paper IV).
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Material and methods

Participants and study protocols
Study I
Study I (paper I) comprised 30 PMDD patients and 30 asymptomatic controls, between the ages of 20 and 46 years. Patients were recruited among
women seeking help for premenstrual symptoms at the out-patient ward of
the Department of Obstetrics and Gynecology, Uppsala University Hospital,
and through a newspaper advertisement.
The included patients met the criteria for a PMDD diagnosis, as defined
in the Diagnostic and Statistical Manual of Mental Disorders, fourth edition.
Diagnosis was based on daily, prospective symptom ratings on the Cyclicity
Diagnoser (CD) scale during two cycles prior to inclusion. Detailed information on how PMDD diagnoses were established is given in paper I. With the
aim of excluding ongoing psychiatric disorders, the patients underwent a
structured psychiatric interview, the Swedish version of Mini International
Neuropsychiatric Interview (MINI) [228].
Physically healthy women with regular menstrual cycles and no selfreport of premenstrual symptoms served as asymptomatic controls. They
were recruited by local advertisement and from a newspaper advertisement.
According to the daily prospective ratings, the control subjects displayed
no significant cyclicity in mental symptoms between the follicular and luteal
phase. PMDD patients and healthy controls were excluded if they displayed
any ongoing psychiatric disorder, used any drug with central nervous effects,
or any hormonal compounds. Further details on inclusion and exclusion criteria are given in paper I.
Measurements were made twice during the menstrual cycle: once in the
mid-follicular phase (6-12 days after the onset of menstrual bleeding) and
once in the late luteal phase (1-7 days prior to the onset of menstruation).
Half of the subjects were scheduled to start tests in the follicular phase,
whereas the remaining subjects started in the luteal phase to avoid test order
effects across the menstrual cycle. Luteal phase testings were scheduled, as
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verified by a positive LH assay, to coincide with the late luteal phase (postovulatory day 8-13).
Before the startle test session, blood samples for serum progesterone and
estradiol concentrations were taken.

Study II
Thirty healthy pregnant women and 35 healthy postpartum women (12 early
postpartum women examined less than 48 hours after delivery, and 23 late
postpartum women examined between 48 hours and one week after delivery), between the ages of 18 and 41 years, were recruited for study II (paper
II).
Pregnant women were recruited by midwives at one of the Maternal
Health Care Centres in Uppsala. Early postpartum women were recruited
from the Maternity Ward, Department of Gynecology and Obstetrics, Uppsala University Hospital. Late postpartum women were recruited from the
outpatient Maternity Clinic of the Department of Gynecology and Obstetrics,
Uppsala University Hospital.
A detailed description of the inclusion and exclusion criteria is given in
paper II. In essence, the inclusion criteria for the study stipulated a normal
pregnancy, a normal delivery (including caesarean section) and a healthy
newborn baby, and no current use of psychoactive drugs.
Pregnant women were tested during the third trimester, from the 32nd to
the 39th week of gestation. Early postpartum women were examined during
the first 48 hours after delivery, and late postpartum women between 48
hours and 7 days postpartum.
The patients were assessed for the presence of psychiatric disorders by
means of a structured psychiatric interview, the Swedish version of MINI.
To screen for depressive symptoms on the day of testing, the self-rated version of the Montgomery-Åsberg Depression Rating Scale (MADRS-S) [229]
was used.
Before the startle test session, blood samples for serum progesterone and
estradiol concentrations were taken.

Study III
This study (paper III) comprised 17 PMDD patients and 12 asymptomatic
controls, between the ages of 20 and 46 years. PMDD patients and healthy
controls were recruited among subjects participating in study I.
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None of the PMDD patients and healthy controls included in the study
showed any evidence of any ongoing psychiatric disorder, as assessed using
by a structured psychiatric interview, the Swedish version of MINI.
Infusion of allopregnanolone and assessement of the startle response were
performed in the late luteal phase (postovulatory day 8-13). Ovulation was
determined as in study I.
Within the same luteal phase, an allopregnanolone infusion and a placebo
infusion were administered in double-blind, randomized order at intervals of
48 h. The dose of allopregnanolone was 0.05 mg/kg and the allopregnanolone solution was prepared by the Umeå University Hospital Pharmacy
(for details, see paper III). The placebo injection consisted of an equivalent
volume of albumin solution (Pharmacia, Stockholm, Sweden, 200 mg/ml).
The startle response test session was initiated when the allopregnanolone/placebo injection had been given. Visual Analogue Rating Scales
(VAS scale) were used before and after every test to assess subjective symptoms of fatigue, anxiety and uneasiness.
Blood samples for allopregnanolone serum concentrations were taken after the startle session. Blood samples were drawn from the arm contralateral
to that used for drug administration.

Study IV
For this study (paper IV), 33 healthy volunteers were recruited through a
local advertisement at the Uppsala University Hospital.
The inclusion criteria for the study were a history of regular menstrual cycles, age between 30 and 45 years, and good knowledge of Swedish. The
exclusion criteria (in brief) were ongoing pregnancy and lactation; treatment
with any steroid compounds, benzodiazepines, other psychotropic drugs, or
daily over-the counter drugs; ongoing depression; or a history of drug abuse.
No night work or jet-lag journeys were allowed during the week before the
study day.
Depressive symptoms were assessed by the MADRS-S scale [229]. Subjects with mild depression were kept in the study, whereas those with scores
indicating possible major depression were excluded.
All subjects underwent a training session of the memory tasks one to two
weeks prior to the study, to minimize the learning effects of repeated tests.
Participants were scheduled for the memory tests twice during the follicular phase (days 1-12 of the menstrual cycle) to avoid any interaction with
endogenous levels of allopregnanolone or progesterone. All participants
were tested alone and all memory tasks were conducted in Swedish.
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Prior to the memory tasks, blood samples were taken for baseline serum
levels of allopregnanolone, estradiol and progesterone.
During the test period, an allopregnanolone injection and a placebo injection were administered in double-blind, randomized order at intervals of 48
hours. The allopregnanolone solution was prepared by the Umeå University
Hospital Pharmacy and the dose used was 0.07 mg/kg. The increase in dose
compared with that used in study III was based on the allopregnanolone
safety profile obtained during the previous study and also on the absence of
allopregnanolone-induced effects in that study. The placebo injection consisted of an equivalent volume of albumin solution (Pharmacia, Stockholm,
Sweden, 200 mg/ml).
Before and 10 minutes after the allopregnanolone/placebo injection, three
different memory tasks, reflecting episodic memory, semantic memory, and
working memory, were performed. Immediately after the post-injection
memory tasks, blood for measuring serum allopregnanolone levels was
drawn from the arm contralateral to that used for drug administration.

Methods
Startle response and prepulse inhibition
Electromyography
The eyeblink component of the acoustic startle response was assessed using
EMG measurements of the orbicularis oculi muscles. The delivery of the
acoustic startle stimuli and the recording of the eyeblink response were controlled by a commercial startle system (SR-HLAB, San Diego Instruments,
San Diego, CA). Acoustic startle stimuli were delivered binaurally by Telephonic headphones (TDH-39-P, Maico, Minneapolis, USA). The sound was
calibrated with a Quest Electronics meter (model 210 Quest Technologies,
Oconomov, WI). After the skin had been scarified with alcohol, two miniature silver/silver chloride electrodes (In Vivo Metric, Healdsburg, CA,
USA), with a small amount of electrode gel (Sigma gel, In Vivo Metric,
Healdsburg, CA, USA) were positioned below the subject’s right eye, over
the orbicularis oculi muscles. A ground electrode was placed in the center of
the forehead (Fig. 8). Electrode impedances were measured and confirmed to
be less than 5 kOhm. The EMG was filtered (100–1000 Hz), digitized at 1
kHz and analyzed by the EMG startle response software.
Before the startle response measurements, screening was performed for
hearing disturbances. An audiometer (Madsen Midi-mate 622, GN Otometrics, Taastrup, Denmark) was used to confirm that all subjects were able to
detect 40 dB tones at 500, 1000, and 6000 Hz.
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Figure 8. The electrode localization and startle software.

Startle session
In order to allow the subjects to acclimatize to the test situation, the acoustic
startle reflex test session began with a five-minute acclimation period, with a
background of 70 dB white noise delivered by the headphones. Following
this adaptation period, a series of 60 trials were administered and the startle
responses were recorded. Throughout the session, a background of 70 dB
white noise continued in between the trials. The test session comprised four
trial blocks. Block 1 consisted of five pulse-alone trials (115 dB 40 ms
broad-band white noise), which were carried out for measurement of the
baseline startle response. Blocks 2 and 3 each consisted of 25 trials, i.e., 5
pulse-alone and 20 prepulse-pulse trials presented in pseudorandom order.
The prepulse stimuli each consisted of a 115 dB 40 ms noise burst preceded
at a 100 ms interval by prepulses (20 ms noise bursts) that were 2, 4, 8, and
16 dB above the 70 dB background noise (PP1 = 72 dB; PP2 = 74 dB; PP3 =
78 dB; PP4 = 86 dB). The last block consisted of five pulse-alone trials,
which allowed a measure of within-test habituation (Figure 9). The inter-trial
interval was variable and averaged 30 seconds.

PPI

PPI

PPI

Startle
115 dB

PPI

Startle
115 dB

SR

Acclimation
5 minutes

Figure 9. Schematic presentation of the startle response (ASR) and prepulse inhibition (PPI) test session.
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When we tested allopregnanolone effects on the startle response and prepulse inhibition, in study III, the startle test session was modified and shortened. Blocks 2 and 3 each consisted of 15 trials, containing five pulse-alone
(115 dB) and 10 prepulse-pulse (PP3 = 78 dB; PP4 = 86 dB) trials presented
in pseudorandom order. On the basis of the results of study I, only 78 dB and
86 dB prepulses were assessed.
Analyses of startle responses
Patients with negligible startle responses (mean amplitude <10 μV) were
considered as non-responders. It has previously been estimated that approximately 5 % of subjects are non-responders [230]. With repeated testing,
low-responders risk turning into non-responders, which is why we had a
higher frequency of non-responders in those studies where the subjects were
tested on repeated occasion.
Peak startle response amplitudes were measured automatically by the
software within 20-150 ms following the onset of the startle stimulus. A zero
response score was given if no response was detectable, in accordance with
the default criteria provided by the software: 1) If the peak startle response
occurred outside the 20-150 ms time frame, 2) if a baseline shift exceeded 40
arbitrary units, and 3) if a startle response was 25 arbitrary amplitude units
or less. An arbitrary unit corresponded to 0.076 μV.
Startle response magnitude was defined as the total amplitude of all trials
with response/total number of trials. Startle response magnitude includes
zero responses, which is particularly important when assessing the prepulse
inhibition.
Habituation of a startle response was calculated as the reduction in startle
response magnitude between the first and last blocks of pulse-alone trials,
using the following formula:
[% habituation = 100 x (first block – last block)/first block]
Prepulse inhibition in blocks 2 and 3 was computed as the percentage reduction in peak magnitude of startle in pulse-alone trials (during block 2 and
3) using the following formula:
PPI = 100 x (MPA - MPP)/MPA
where MPA is the mean magnitude of pulse-alone trials and MPP is the
mean magnitude of prepulse-pulse trials.
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Memory tests
In study IV, five different versions of each memory task were used. The first
test version was used during the training session, and the subsequent versions were used for the allopregnanolone/placebo test sessions (both pre- and
post-injection tests). Each test session lasted 45 minutes for each participant
and was conducted by a trained research assistant. The sequence of tests was
similar during the two test sessions. The test order was 1) episodic memory
task, 2) semantic memory task, and 3) working memory task.

Episodic memory task
The episodic memory measure used was free verbal recall. Twelve common,
unrelated nouns were presented, using a tape recorder, one by one, at 2second intervals (Figure 10). The subjects were instructed to memorize the
words for an immediate free recall test. Immediately after the nouns had
been presented, the subject recalled, in any order, as many as possible of the
words. The dependent measure was the number of correctly recalled words.

ERFARENHET
TACKSAM
VÅG
KURS
TAVLA
SVART
FLIT
OST
UNIK
ROLIG
Figure 10. The episodic memory training task
GÅVA
RISK

Semantic memory task
Semantic memory was assessed by a word comprehension task. The participants were given a written list of seven target words, each with additional
five words (Figure 11). The task was to choose the correct synonym of the
target word among the five words presented next to it. The dependent measure was the number of correct synonyms.
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Finna

gömma

rymma

springa

hitta

komma

Kvantum

kompetent

mängd

längd

krubba

kuvert

Fnassel

äggkopp

mjäll

kvissla

finne

bokrygg

Besörja

vårda

sköta

gråta

gissa

sucka

Figure 11. The semantic memory training task.

Working memory task
A two-back working memory test was used (Figure 12). Twenty words were
read aloud by the assistant at a rate of one word every third second. The participants were asked to monitor the identity of a series of verbal stimuli
(common nouns) and to indicate by YES or NO whether the item currently
presented was identical to the one presented two trials back. The dependent
measure was the number of correct answers.

äta
blanda

2-back target

måla
blanda
komma

2-back target

köpa
komma
arbeta

2-back target

blanda
arbeta

Figure 12. The working memory training task
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Hormone assays
Allopregnanolone was measured by radioimmunoassay (RIA) after diethylether extraction and celite chromatographic purification of samples as
described previously [30].
Allopregnanolone antiserum was raised against 3α-hydroxy-20-oxo-5αpregnan-11α-yl carboxymethyl ether coupled with bovine serum albumin
(BSA). The antisera for allopregnanolone were a kind gift from Dr. R.H.
Purdy. The recovery of allopregnanolone averaged 78 % and the results are
compensated for recovery. The sensitivity of the assays was 25 pg, with an
intraassay coefficient of variation for allopregnanolone of 6.5 %, and an
interassay coefficient of variation of 8.5 %.
In study III, serum allopregnanolone levels were analyzed by high performance liquid chromatography followed by radioimmunoassay (HPLCRIA) [222]. Plasma samples were analyzed in duplicates with the samples
resolved in 1 ml ethanol: water 1:1 (V/V) prior to the analyses. The 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 was at 206 nm using a
Waters 2487 Dual Absorbance Detector. The detector output was recorded
on a PC-based Waters Breeze Chromatography Software (version 3.20).
Five-milliliter fractions were symmetrically collected with a Waters Fraction
Collector around the retention time for allopregnanolone, determined by
injection of a standard sample before the start of the analysis. Samples were
further analyzed by the RIA method described above.
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Results

Study I

Startle magnitude (arbitrary units)

PMDD patients had a significantly increased startle response compared to
control subjects both in the follicular and in the luteal phase of the menstrual
cycle. That is, there was a significant difference between PMDD patients
and control subjects regarding startle reactivity to the first block of pulsealone trials (main effect of group F(1,47) = 4.18; p < 0.05), but there was no
phase interaction, or phase by group interaction, for the startle response,
Figure 13. Percent habituation throughout the test session did not differ between the groups in either cycle phase.

First Block

Last Block
Control

PMDD

3000
2000
1000
0

Follicular

Luteal

Follicular

Luteal

Figure 13. Mean startle response magnitude ± SEM during the first and last block of
the test sessions in the follicular and luteal phases of the menstrual cycle in 27
women with PMDD and 27 controls. The startle reactivity to the first block of pulsealone trials was increased among PMDD patients in both phases of the menstrual
cycle (p < 0.05).
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With prepulse intensities of 78 and 86 dB, PMDD patients exhibited
lower levels of prepulse inhibition compared to control subjects in the luteal
(p < 0.01) but not in the follicular phase. The PPI magnitude increased
across the menstrual cycle among control subjects (p < 0.01), but remained
unchanged between cycle phases in PMDD patients (Figure 14).
B: Luteal

A: Follicular
% Prepulse inhibition

80

Control

PMDD

60
40
20
0
-20

72

74

78

86

72

74

78

86

Figure 14. Mean ± SEM percent prepulse inhibition by prepulse intensity in the
follicular (A) and luteal (B) phases of the menstrual cycle in 27 women with PMDD
and 27 controls. With prepulses of 78 and 86 dB PMDD patients exhibited lower
levels of PPI compared to control subjects in the luteal phase of the menstrual cycle
(p < 0.01). The PPI magnitude increased across the menstrual cycle among control
subjects (p < 0.01), but remained unchanged between cycle phases in PMDD patients.

% Prepulse inhibition

The magnitude of PPI was a function of the anxiety symptoms experienced by the PMDD patients during the luteal phase in which they were
tested. PMDD patients with high luteal anxiety scores had significantly
lower levels of PPI compared to PMDD patients with lower levels of anxiety, F(1,20) = 8.87; p < 0.01 (main effect of group), (Figure 15).

low anxiety

high anxiety

60

Figure 15. Mean ± SEM percent prepulse inhibition by prepulse intensity
in the luteal phase of the menstrual
cycle in 22 women with PMDD.
PMDD patients with high luteal anxiety scores had significantly lower
levels of PPI compared to PMDD
patients with lower levels of anxiety (p
< 0.01).
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Prepulse intensity, dB
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Study II
Two pregnant women and two women in the late postpartum period were
considered to be non-responders in the startle test. One early postpartum
woman withdrew from the study during the test session because she considered it unpleasant. Hence, the study group consisted of 28 pregnant women,
11 early postpartum women and 21 late postpartum women.
Serum estradiol and progesterone concentrations in pregnant women,
early postpartum women and late postpartum women are presented in Table
6. As expected, there were significant differences in both estradiol and progesterone levels between the three groups of women.
Table 6. Estradiol and progesterone serum concentrations in women in the third
trimester pregnancy, early postpartum women, and late postpartum women. Data are
presented as mean ± standard deviation.

Estradiol, nmol/l
Progesterone, nmol/l
a
b

Pregnant women
n = 28

Early postpartum
women
n = 11

Late postpartum
women
n = 21

60.4 ± 22.1

0.92 ± 0.67a

0.16 ± 0.20a,b

480.7 ± 129.3

32.9 ± 13.9a

5.1 ± 6.1a,b

p < 0.001 compared to pregnant women
p < 0.001 compared to early postpartum women

There was no difference in the startle response between pregnant, late
postpartum, and early postpartum women (main effect of group; F(2,59) =
0.17), (Figure 16). Percent habituation throughout the test session did not
differ between the three groups.

Figure 16. There was no
difference in startle response or habituation in
startle response between
women in the third trimester pregnancy, early postpartum women and late
postpartum women.
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The major finding in this study was that pregnant women exhibited lower
levels of PPI than late postpartum women (p < 0.05), (Figure 17). The difference between pregnant and late postpartum women remained when selfreported sleep disturbances and MADRS-S scores were included as covariates in the ANOVA analysis (p < 0.05).
Regarding the time cause of the results, no difference was found between
early postpartum women and pregnant women, whereas early postpartum
women displayed a tendency toward a lower PPI compared to late postpartum women (p = 0.073). When sleep disturbances and MADRS–S scores
were entered as covariates in the latter ANOVA, the difference between
early postpartum and late postpartum women became evident (p < 0.05).

Figure 17. Compared to late postpartum women, pregnant women in the third trimester exhibited lower levels of PPI (p < 0.05). This difference remained when selfreported sleep disturbances and MADRS-S scores were included as covariates in the
ANOVA analysis.

Study III
Two PMDD patients and one control were considered to be non-responders
and were excluded from the analyses. PMDD patients had lower post-test
allopregnanolone serum concentrations than controls (mean ± SD, PMDD
patients 51.4 ± 26.7 nmol/l; controls 70.9 ± 21.2 nmol/l, p < 0.05). For this
reason, post-test allopregnanolone levels were used as a co-variate in subsequent analyses.
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Figure 18. There was no difference in startle response or habituation of the startle
response between PMDD patients and controls, or between the allopregnanolone and
placebo conditions.

There was no difference in startle response following allopregnanolone
injections, either among PMDD patients or controls. The adjusted three-way
ANOVA indicated no drug, group, or drug by group interaction (Figure 18).
Percent habituation in startle response throughout the test session did not
differ between allopregnanolone and placebo.

Figure 19. Mean ± SEM percent prepulse inhibition by prepulse intensity in the
luteal phase of the menstrual cycle in 16 women with PMDD and 12 healthy controls. PMDD patients had lower levels of PPI than controls (p < 0.05), but there was
no difference in PPI between the allopregnanolone and placebo conditions.

53

PMDD patients had lower levels of PPI compared to controls (p < 0.05),
but the effect of allopregnanolone on PPI did not differ from that of placebo.
Also, no drug by group interactions were revealed in ANOVA (Figure 19).

Study IV
Twenty-eight healthy women between the ages of 32 and 44 years were enrolled in the study. Five women had been excluded: two because of early
pregnancy, one because of acute illness, one because her MADRS-S scores
indicated ongoing major depression, and one because of a vasovagal reaction
when the intravenous cannula was inserted.
The study demonstrated that allopregnanolone impaired episodic memory
tasks. There was a significant main effect of drug (p < 0.05) and a significant
main effect of time (pre- vs. post-injection tests; p < 0.05 in the ANOVA),
but there was no drug by time interaction (Figure 20). Because of the a priori
hypothesis of allopregnanolone-induced impairment in memory function, ttests were performed and confirmed that only the allopregnanolone injection,
and not the placebo, deteriorated episodic memory (p < 0.05; Table 7). Also,
the episodic memory scores after the allopregnanolone injection were lower
than those after placebo injection (p < 0.05; Table 7).

Figure 20. Mean number of correct responses in episodic memory task before and
after infusion of 0.07 mg/kg allopregnanolone or placebo in 28 healthy women. Data
are presented as mean ± SEM. Allopregnanolone significantly impaired episodic
memory tasks (p < 0.05).
* Significant deterioration in correct responses between allopregnanolone pre- and
post-injection tests, p < 0.05 and significant difference between allopregnanolone
and placebo post-injection episodic memory scores, p < 0.05.
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Table 7. Mean number of correct responses in the episodic memory task, semantic
memory task, and working memory task before and after injection of 0.07 mg/kg
allopregnanolone or placebo in 28 healthy women. Data are presented as mean ±
SEM
Allopregnanolone

Placebo

pre-injection

post-injection

Episodic memory

6.3 ± 0.2

5.7 ± 0.2a,b

6.6 ± 0.2

6.2 ± 0.2

Semantic memory

5.9 ± 0.2

5.6 ± 0.19

6.0 ± 0.2

5.5 ± 0.3

Working memory

19.5 ± 0.2

19.5 ± 0.2

19.5 ± 0.2

19.5 ± 0.2

a
b

pre-injection post-injection

p < 0.05, significantly lower compared to placebo post-injection scores, paired t-test.
p < 0.05, significantly lower compared to allopregnanolone pre-injection scores, paired t-test

Allopregnanolone had no effect on the semantic memory task or working
memory (Table 7).
The post-injection serum levels of allopregnanolone were high; they were
approximately 150 times higher than the endogenous concentrations found in
fertile women during the follicular phase of the menstrual cycle and similar
to concentrations previously found in pregnant women in the third trimester.
There was no correlation between serum concentrations of allopregnanolone and memory performance.
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Discussion

Startle response
We have demonstrated that PMDD patients have increased startle reactivity
across both menstrual cycle phases compared to healthy controls. However,
the startle response did not differ between menstrual cycle phases or between
pregnant women and postpartum women. Also, an acute allopregnanolone
injection did not result in any changes in the startle response in comparison
with placebo.
Based on prior studies of progesterone withdrawal in female rats [231]
and the study performed by Epperson and colleagues in PMDD patients
[110], we had hypothesized that PMDD patients would display an increased
startle response only in the luteal phase. We had also hypothesized that postpartum women would have an increased startle response, as the postpartum
period could be considered a model for progesterone withdrawal in healthy
women.
The primary basis for our hypotheses was a series of experiments performed by Smith and colleagues, resulting in a proposal that progesterone
withdrawal in female rats could be used as an animal model of premenstrual
syndrome [126]. Following long-term treatment with progesterone, anxietylike behavior and an increased susceptibility to seizures were observed in
female rats within 24 hours after termination of progesterone treatment.
Also, these animals displayed an increased startle response during progesterone withdrawal [91, 126]. It has been suggested that changes in the expression of the GABAA receptor subunit in the hippocampus and amygdala may
be involved in the anxiety symptoms provoked by progesterone withdrawal.
Previous findings in PMDD patients indicated that they displayed several
similarities to rats after progesterone withdrawal, such as reduced benzodiazepine and neurosteroid sensitivities [37, 232].
In part, we were able to validate the progesterone withdrawal model, in
that PMDD patients clearly had an increased startle response compared to
controls. However, hormonal influences were less obvious, as the startle
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responses were increased in both the follicular and the luteal phase. Needless
to say, although the progesterone withdrawal model helps to explain certain
aspects of PMDD, the pathophysiology of premenstrual symptoms in women
is likely to be far more complex. Thus it would seem that PMDD is not explained entirely by hormone withdrawal.
Another reason for our hypothesis that PMDD patients would display an
increased startle response in the luteal phase was based on a study by
Epperson and colleagues, where it was shown that PMDD patients had an
increased startle response in the luteal phase than in the follicular phase
[150]. However, the affect-modulated startle response did not differ across
menstrual cycle phases in her study, and in addition, presumably because of
a small sample size, there was no difference in startle response between
PMDD patients and controls in either cycle phase [150].
One reason why we could not replicate the findings of Epperson probably
lies in how we chose our time-frames for our study. Tests were scheduled to
coincide with minimum (mid-follicular phase) and maximum (late luteal
phase) PMDD symptomatology, rather than with the most different hormonal situations obtainable during the menstrual cycle (i.e., early follicular
phase vs. mid-luteal phase as in the study by Epperson) [150]. Although we
chose these time-points for valid reasons, more stringent timing criteria may
have reduced the variability and increased the possibility of detecting
changes in startle response across the menstrual cycle in PMDD patients.
According to our study findings, an increased startle response rather appears to be a trait phenomenon in PMDD patients, suggesting an underlying
hypersensitivity in the systems involved in the startle reflex at all times. This
vulnerability trait could, in concert with other factors, contribute to the appearance of PMDD symptoms during the luteal phase when estradiol and
progesterone levels are high or decreasing.
Although we only measured the baseline startle response, and not the
fear-potentiated startle response, our finding of an increased startle response
in PMDD patients, and previous findings by Epperson [150], suggest that the
amygdala may be involved in the syndrome.
The neural pathway underlying fear-potentiated startle in rats suggests
that the amygdala and its projections may have an important modulatory
role. Lesions of the central nucleus or the lateral and basolateral nuclei of the
amygdala block the expression of fear-potentiated startle, and electrical
stimulation of the central nucleus increases the startle response amplitude
[233, 234]. In humans, lesions of the amygdala result in failure to show the
typical startle potentiation induced by negative emotions [235, 236].
Recently it was demonstrated in a PET study that startle modulation by
negative affect is associated with activation in the anterior cingulate cortex
(ACC) and the left amygdaloid-hippocampal area in subjects with snake and
spider phobias [130]. Also, in a recent PET study, Frings and co-workers
found increased regional cerebral blood flow (rCBF) in the medial cerebel57

lum during fear-conditioned potentiation of the acoustic startle response
[237].
Increased activation of the amygdala following fear and anxietyprovocation has also been observed in subjects suffering from social phobia.
When exposed to a phobic situation, subjects with social phobia display increased activity in the amygdala, hippocampus, and dorsal ACC [238, 239].
Reduction of amygdala activity is seen after administration of an SSRI and
during cognitive behavioral therapy [240, 241]
Indeed, in a recent study by van Wingen et al, it was found that oral administration of progesterone to healthy women, resulting in serum concentrations equivalent to those in the luteal phase and early pregnancy led to a
selective increase in amygdala reactivity, as measured by fMRI [242]. Furthermore, in a recent study by Protopopescu and colleagues it was shown
that PMDD patients in the luteal phase displayed an increased amygdala
response to negative stimuli compared to healthy controls [243]. Clearly,
these findings together with the results described in this thesis, point toward
a need of further investigations of the role of amygdala in premenstrual dysphoric disorder.

Pregnant and postpartum women
We did not find any change in the startle response from the third trimester of
pregnancy to the postpartum period, despite the evidence from animal models suggesting such an alteration.
Again, this finding indicates that animal data might not be readily translatable to women. Whereas the progesterone withdrawal model evaluates the
sole effect of progesterone withdrawal after a long duration of administration, the postpartum period in lactating women is characterized by major
changes in several hormone axes, including the ovarian steroids, neurosteroids, the hypothalamic-pituitary-adrenal axis, and oxytocin [24, 244-246].
Studies on ASR in lactating rats have also yielded discrepant results. One
study showed a reduced ASR in lactating rats compared to cycling rats
[247], whereas another study indicated an increased startle response on postpartum day 14 compared to diestrous rats [248]. Our study did not include
normally cycling women and there may be alterations in the startle response
during the postpartum period that we were unable to detect. It is also important to acknowledge that comparisons cannot be made with subjects included
in study I. PMDD patients and healthy controls were all examined twice, and
because of habituation between test sessions, they would automatically display a reduced mean startle response in comparison with subjects who were
only tested once.
Another reason why we were unable to detect changes in ASR across
pregnancy and the postpartum period could reside in the time-points chosen
for the study. Postpartum blues is common during the first week after child58

birth when compensatory mechanisms have not yet developed. Although a
majority of women suffer from postpartum blues during the first weeks following delivery, more profound mood changes do not occur until later in the
postpartum period. For instance, postpartum depression usually has a peak
prevalence and incidence in the period between 14 days and three months
following delivery [249]. Had postpartum women been examined later than
one week following delivery, it is possible that changes in ASR would have
become evident. This is further substantiated by the study of Brynes and
colleagues, where changes in ASR in lactating rats were not manifested until
two weeks postpartum.
Furthermore, we have only studied changes in the startle response across
pregnancy and the postpartum period in healthy women with, at the most,
mild depressive symptoms. It is plausible that the subgroup of women who
are at risk for developing postpartum depression would display other patterns of ASR and/or PPI across this vulnerable time period than those observed in this study of healthy women.
Very few human studies have adressed fluctuations of placental steroid
hormones in relation to mental health during pregnancy and the postpartum
period. Most studies in this context have focused on the hypoestrogenic state
as a main possible factor in the pathophysiology of postpartum blues. Based
on this hypothesis, clinical trials on estradiol supplementation have been
conducted in patients with postpartum depression, with positive results [108,
109]
Although low levels of progesterone and allopregnanolone have been associated with the postpartum blues [111], allopregnanolone levels remain
increased for up to two weeks following parturition [99]. Furthermore,
Epperson and colleagues could not confirm any relationship between allopregnanolone or GABA levels and puerperal depression [110].

Prepulse inhibition
Whereas the startle response appeared to be unaffected by changes in ovarian steroids, the prepulse inhibition of this response was influenced by
PMDD diagnosis, the menstrual cycle phase, parturition, and the level of
anxiety. However, PPI was not affected by acutely administered allopregnanolone.
In the late luteal phase PMDD patients had lower levels of PPI than control subjects. This difference was mainly due to the fact that PPI increased in
the late luteal phase in control subjects but did not do so equivalently in
PMDD patients. That is, PMDD patients failed to display normal changes in
PPI across the menstrual cycle.
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In various disorders, PPI deficits have been associated with perceptual
abnormalities, increased anxiety, and difficulty in inhibiting intrusive
thoughts [250]. Patients with schizophrenia [250-252], OCD [139], PTSD
[253], and panic disorder [254] have deficits in prepulse inhibition. The finding of reduced PPI in PMDD patients gives further evidence of common
similarities in underlying etiology between the anxiety disorders (panic disorder in particular) and PMDD.
Our study revealed that PMDD patients had PPI deficits only during their
symptomatic period, i.e., during the late luteal phase, whereas during the
follicular phase, when symptoms are absent no difference in PPI between
PMDD patients and control subjects was found. PMDD patients are reported
to be more sensitive to the CNS effects of ovarian steroids [85], and since
ovarian steroid hormones play an important role in sensorimotor gating, it is
not surprising that PPI is affected in these patients.
Furthermore, PMDD patients with high anxiety levels during the luteal
phase showed even greater impairment of PPI than less symptomatic patients. As variations in hormone levels from one menstrual cycle to another
in individual subjects may result in variable symptom expression [255, 256],
it may therefore be assumed that the hormonal events that trigger PMDD
symptoms in a specific menstrual cycle could also affect the circuits modulating PPI.
However, estradiol cannot be ruled out as a symptom-provoking factor in
PMDD [257, 258] and changes in serum estradiol concentrations might be
equally important for the impaired PPI during the late luteal phase in our
PMDD patients. Both estrogen receptors ( and ) are found in the nucleus
accumbens and amygdala [259] and could mediate the effects of estrogen on
PPI. It must be assumed that combined effects of estradiol and progesterone
are responsible for the disrupted PPI noted in our PMDD patients.
It is also worthy of note that our research group has found similarly reduced PPI in women reporting adverse mood effects during ongoing treatment with combined oral contraceptives [260].
PPI is also affected by gender and ovarian steroids. While no genderrelated differences in PPI have been reported during the follicular phase of
the menstrual cycle, previous studies have indicated that women in the midluteal phase have lower PPI than men [165, 166]. Also, PPI varies across the
menstrual cycle, with reduced PPI in the mid-luteal phase compared to the
early or mid-follicular phases [165, 166]. The control subjects in our study
appeared at first sight to display a different pattern with increased PPI in the
luteal phase compared to the follicular phase. However, given the timeframes chosen for the menstrual cycle testings, this finding is less surprising.
Subjects were tested in the mid-follicular or late follicular phase when PPI
supposedly is markedly reduced and the luteal phase testings were scheduled
in the late luteal phase, when ovarian steroids are declining. According to
Swerdlow, the maximum reduction in PPI occurs during the mid-luteal phase
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and coincides with maxiumum levels of ovarian steroids [165]. Furthermore,
our study is the first study in which subjects have been followed longitudinally. Previous menstrual cycle studies have had cross-sectional designs with
different subjects for the various cycle phases [165, 166].
Differences in luteal phase timing of test sessions are, however, not likely
to influence the differences between PMDD patients and controls, as there
was no difference between groups depending on which cycle day the tests
were performed on. Also, we were able to replicate the findings of reduced
PPI among PMDD patients in a smaller subsample, and in a later luteal
phase.
We also demonstrated that pregnant women have lower levels of prepulse
inhibition than women in the late postpartum period. No difference was
found between pregnant women and women in early postpartum, but early
postpartum women appeared to have lower PPI than women in late postpartum.
Previous studies in humans have indicated that PPI is reduced during
times when estradiol and progesterone are high [147, 166]. Our finding of
lower levels of PPI during the third trimester of pregnancy, when the estradiol and progesterone levels are at least 50 times higher than those in the
postpartum period is in line with previous reports on ovarian steroid effects
on PPI. Similarly, low levels of ovarian steroid hormones such as during the
early follicular phase of the menstrual cycle [165, 166] and late postpartum
period cannot suppress PPI.
The design of this study was cross-sectional; i.e., different subjects were
recruited for the different groups of pregnant and postpartum women. This
study design is less reliable than a longitudinal design, and for this reason it
may be difficult to draw conclusions about the time-course of events. However, given this limitation it was clear that although the estradiol and progesterone levels had declined in the postpartum women who were examined
within 48 hours of delivery, at that time-point, PPI had not yet changed from
the pregnancy state. This finding indicates that adaptive changes in the CNS
in response to the rapid fall in ovarian steroids do not occur until later in the
postpartum period. This is also in line with the clinical finding that symptoms of postpartum blues are rarely encountered before the third day postpartum [261, 262].
In addition, it is important to emphasize that the subjects of study II were
healthy pregnant women and healthy women in the postpartum period. For
this reason, they are not readily comparable with PMDD patients, in whom
menstrual cycle effects were clearly the opposite; i.e., PPI was reduced during a period when the estradiol and progesterone levels were declining.
The postpartum period is indeed a period with enhanced vulnerability to
mood and anxiety disorders. Postpartum blues is common during the first
week after childbirth, when compensatory mechanisms have not yet developed. The severe forms of postpartum mood disorders and postpartum de61

pression have a tendency to begin approximately 14 days to three months
after delivery [261, 262]. It is possible that the subgroup of women who are
vulnerable to development of postpartum depression will display different
patterns of PPI during this sensitive time period compared to those observed
in this study of healthy women.

Allopregnanolone, startle response and PPI
The startle response and PPI were unaffected by acute administration of
allopregnanolone. We had hypothesized that allopregnanolone, through its
binding to the GABAA receptor, would induce anxiolytic effects which could
be expressed as a decreased startle response.
Both animal and human data have consistently indicated that drugs which
alter the GABAergic system have a suppressant effect on the startle response. Benzodiazepines such as diazepam [152] and alprazolam [153] have
been shown to inhibit the startle response. Furthermore, midazolam given
intravenously has been shown to suppress PPI in healthy volunteers [172],
but not when administered orally [172].
Previous studies have indicated that progesterone and allopregnanolone
might induce differential changes in the startle response. Whereas allopregnanolone attenuates a CRH-enhanced startle response, medroxyprogesterone
acetate, acting via the progesterone receptor, has been shown to have an
amplifying effect [263].
There are several reasons why we did not detect any allopregnanoloneinduced changes in either the startle response or PPI. First, because of limited knowledge of the safety profile and pharmacodynamics of allopregnanolone in humans, a single dose regimen was chosen for the study. It is
thus possible that the dose chosen was insufficient to induce any changes in
the startle response or PPI. Secondly, some of the pharmacological studies
have used an enhanced startle response as their dependent variable. Enhancement of the startle response can be achieved through CRH administration or concomitant presentation of noxious stimuli (fear-potentiated startle
response). It is thus possible that pharmacological actions of allopregnanolone would have been easier to reveal if the startle response had already
been increased at baseline. Thirdly, the subjects for this study were enrolled
among women who had already participated in study I. Hence, we studied
subjects who were already familiar with the test session and were thus more
prone to habituation between test sessions. In retrospect, it would have been
preferable to enrol naïve study subjects for this pharmacological challenge.
Furthermore, as administrations of allopregnanolone were scheduled to take
place in the luteal phase, it is possible that the endogenous levels of allopregnanolone at that time point would have induced tolerance effects. It is
well known that chronic benzodiazepine or barbiturate administration results
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in the development of tolerance to their pharmacological effects and that
tolerance development may lead to changes in the subunit composition of the
GABAA receptor [53]. Taken together, our results may have been due to the
fact that PMDD patients were less sensitive than healthy controls to the
acute allopregnanolone administration; i.e., that tolerance against endogenous allopregnanolone may have developed during the late luteal phase.
Finally, and possibly the most plausible explanation (given the above
limitations), the negative findings might also imply that allopregnanolone
does not affect the startle response and PPI either in healthy women or in
women with PMDD.
Although it is possible that we may have missed detection of an allopregnanolone-induced change in the startle response and PPI, there are also facts
pointing toward the possibility that this was a true negative finding. The
serum allopregnanolone concentrations attained after the intravenous administration were well in the range of other behavioral effects. Timby and
colleagues observed, with similar doses of allopregnanolone, a robust increase in sedation, measured as decreased saccadic eye velocity and increased visual analogue ratings of sedation [30]. Furthermore, the serum
concentrations we obtained were similar to what can be expected during
pregnancy, i.e., within the upper limit of the physiological range in women.
If pregnancy levels of allopregnanolone are unable to affect our measures, it
is unlikely that allopregnanolone plays a role in ovarian steroid effects on the
startle response and PPI outcome. Also, we did not detect any influences of
ovarian steroids on the startle response, either in PMDD patients or across
the pregnancy and postpartum period.
Although progesterone withdrawal has been reported to increase the baseline startle response [91, 126], it appears unlikely, on the basis of our results,
that the disrupted PPI in the luteal phase among PMDD patients is mediated
by allopregnanolone. Most likely the variability in PPI across reproductive
events is due to effects mediated by progesterone via the progesterone receptor or by estradiol.

Allopregnanolone and memory
Our study indicated that acutely administered allopregnanolone deteriorates
episodic memory in healthy women. This progesterone metabolite had no
effect on the semantic memory task or working memory task.
The probable reason why episodic memory was the only memory task affected by allopregnanolone is because it is considered to be the most drugsensitive memory system. The hippocampus participates both in encoding
and retrieval of memory processing, and is highly sensitive to drugs influencing the GABA system. Allopregnanolone acts similarly to benzodiazepines and barbiturates by enhancing GABAergic inhibitory neurotransmission,
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and memory impairment following benzodiazepine administration is previously well documented [264, 265]. Furthermore, allopregnanolone inhibits
neural activity in the hippocampus, which is a key brain area for learning
and memory [266].
The effect of allopregnanolone on the episodic memory task was small in
absolute terms, but as the subjects were their own controls, the difference
was significant. Given the small differences noted in our study, it is thus not
surprising that memory deficits across the menstrual cycle have been difficult to establish [267-269].
Our findings in healthy women are supported by similar observations in
rodents, where high doses of allopregnanolone have been found to impair
memory performance [218-221]. Also, rodent studies have shown that negative effects of allopregnanolone, including memory impairment, can be
blocked with a possible allopregnanolone antagonist: 3-20-dihydroxy-5pregnane [222-224].
Our results are also compatible with findings in previous studies on progesterone-induced effects on memory, presumably mediated by allopregnanolone [225]. The mechanisms of progesterone action were also evaluated
in a recent study in healthy women who were given a single dose of progesterone during the follicular phase. The participants were asked to memorize
faces while undergoing fMRI. Progesterone decreased recognition accuracy
without affecting the reaction times. The imaging results indicated that the
amygdala, hippocampus, and fusiform gyrus supported memory formation.
Importantly, progesterone decreased the responses in the amygdala and fusiform gyrus regarding memory encoding for face recognition, but increased
hippocampal responses. The progesterone-induced decrease in neural activity in the amygdala and fusiform gyrus predicted the decrease in memory
performance in all subjects. The results suggested that progesterone and/or
allopregnanolone impairs memory by reducing the recruitment of brain regions that support memory formation and retrieval [227].
Comparisons can also be made with pregnant women in the third trimester, in whom the serum concentration range of allopregnanolone was a similar to that seen following the intravenous injections in our study.
Indeed, a number of cross-sectional studies have adressed the effects of
pregnancy on cognition. Memory encoding and retrieval, as assessed with a
word learning task, were significantly lower in pregnant women than in controls and the difference was still present eight months postpartum [270].
Other cross-sectional studies, however, have yielded different results, i.e.,
no differences between pregnant women and controls [271]. Longitudinal
studies are very sparse, but a small longitudinal study indicated no change in
objective memory tasks between pregnancy and the postpartum period,
whereas subjective scores of ability to remember were impaired in third trimester pregnant women [272]. Keenan and co-workers followed a population of second trimester pregnant women into the third trimester and found a
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significant decline in both immediate and delayed recall of paragraph length
material in the third trimester [273].
We deliberately excluded women with PMDD in this study, as they previously have been shown to have a decreased sensitivity to GABAA receptor
active compounds [37, 39]. In addition, women with PMS or PMDD display
difficulties in concentrating and impairments in working memory during the
luteal phase of the menstrual cycle when progesterone and allopregnanolone
levels are elevated [65]. Clearly, it would be important to elucidate allopregnanolone-induced memory deficits in this group of women as well.
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General conclusions
• Patients with PMDD have an increased startle response during both
phases of the menstrual cycle, similarly to patients with anxiety and
panic disorder.
• Patients with PMDD fail to display normal changes in PPI across
the menstrual cycle, which results in disrupted PPI during the most
symptomatic period, i.e., during the late luteal phase.
• Healthy women exhibit deficient PPI during late pregnancy, when
the estradiol and progesterone levels are high, compared to the
postpartum period, when the ovarian steroid levels have declined.
There was no difference in startle response between pregnant
women and women in the postpartum period.
• Acutely administered allopregnanolone did not decrease the startle
response or influence PPI.
• In general, our studies on the startle response suggest that ovarian
steroids, including allopregnanolone, do not affect the startle response, either in PMDD patients or across the pregnancy and postpartum period.
• Our findings confirm that PPI is highly variable during the course
of reproductive events. Theoretically, this variability in PPI is mediated by estradiol and progesterone receptors and not by allopregnanolone.
• The most vulnerable memory system, episodic memory, is deteriorated by the progesterone metabolite allopregnanolone in healthy
women.
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Sammanfattning på svenska
De kvinnliga könshormonerna östrogen och progesteron påverkar kvinnans
hjärna på en mängd olika sätt. Andra CNS funktioner som anses kunna påverkas av könshormoner är ångest och minne.
Progesteron har en rad effekter i hjärnan som rör reproduktion, sexualitet,
humör och minne. Ett av de sätt som progesteron kan utöva sin effekt i hjärnan är via dess metaboliter, så kallade neurosteroider, varav en av dem är
allopregnanolone. Allopregnanolone binder till GABAA-receptorn vilket
anses ha betydelse för den antiepileptiska, anestetiska och anxiolytiska effekt
som neurosteroider har.
Neurosteroider har fått sitt namn eftersom de enzymsteg (5-reduktas och
3α-hydroxysteroid oxidoreduktas) som krävs för syntes från kolesterol samtliga finns närvarande i CNS. Syntes sker de novo i CNS men hos kvinnor
kommer en stor del av neurosteroider från perifer källa efter reduktion av det
corpus luteum producerade progesteronet. Maximala cirkulerande nivåer av
allopregnanolone ses i menstruationscykelns lutealfas och under graviditet.
Det finns en ångestmodell som används både i djurförsök och i humanförsök
som bygger på att om vi hör ett kraftigt ljud (115 dB) så rycker vi till. I engelskspråkig litteratur benämns detta ”startle respons”, vilket till svenska bäst
översätts med skrämselreflex eftersom det som kvantifieras hos människa
just är blinkreflexen. Från djurförsök vet man att detta är en reflex som medieras via inkommande signaler till amygdala och att den påverkas av stresshormoner. Startle respons är kraftigt ökat under progesteronabstinens hos
försöksdjur.
Ytterligare en faktor som kan studeras med hjälp av skrämselreflexen är
förmåga till hämning av densamma. Om man ger en svagare ljudimpuls 100
ms innan den (115 dB) ljudimpuls som genererar blinkreflexen ges så kommer hjärnan att ”vara förberedd” och blinkreflexen hämmas. Detta kallas
prepulshämning och anses vara ett mått på hjärnans förmåga att filtrera inkommande sensoriska intryck. Prepulshämning är intressant ur ett hormonellt perspektiv. Kvinnor har en sämre prepulshämning än män och prepulshämning varierar också över menstruationscykeln. Kvinnor har således en
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sämre förmåga att hämma inkommande intryck under menstruationscykelns
lutealfas (särskilt i mitt-lutealfas när östrogen och progesteronnivåerna är
som högst) än under tidig follikelfas.
Detta avhandlingsarbete hade för avsikt att studera effekt av progesteron och
dess metabolit allopregnanolone på objektiv ångest (mätt som startle respons), sensorisk gating (prepuls hämning av startle respons) och minne hos
friska kvinnor, kvinnor med svåra premenstruella besvär och friska kvinnor
som genomgår stora hormonförändringar (gravida och nyförlösta kvinnor).
Kvinnor med svåra premenstruella besvär (premenstrual dysphoric disorder,
PMDD) har en ökad känslighet i hjärnan för östrogen och progesteron, vilket
manifesteras som nedstämdhet, irritabilitet och ångest under menstruationscykelns lutealfas. Symptombilden är särskilt uttalad i slutet av lutealfasen,
när progesteronnivåerna har börjat sjunka. Målet var att undersöka startle
respons och prepulshämning hos kvinnor med svåra premenstruella besvär
och friska kvinnor i follikelfas och lutealfas.
Vi fann att kvinnor med svåra premenstruella besvär i jämförelse med friska
kontroller har objektiva tecken till ökad ångest över hela menstruationscykeln. Hjärnans förmåga att filtrera inkommande sensoriska intryck är försämrad under sen lutealfas hos kvinnor med PMDD.
Efter förlossningen när placenta avgår ändras hormonbalansen då östrogen
och progesteronproduktionen upphör. Hormonnivåer sjunker snabbt inom 48
timmar postpartum. En nyförlöst kvinna är känslig och humöret svänger i
snabba kast. Det här är vanlig reaktion och benämns postpartumblues.
Startle respons är kraftigt ökat och prepulshämning av startle respons är sämre under postpartumperiod hos försöksdjur. Vi har undersökt startle respons
och prepulshämning av startle respons hos friska höggravida - och nyförlösta
kvinnor. Studien visade att det inte är någon skillnad i startle respons mellan
höggravida kvinnor och nyförlösta kvinnor. Däremot är hjärnans förmåga att
filtrera inkommande sensoriska intryck försämrad hos höggravida kvinnor,
vilket troligen beror på höga halter av östrogen och progesteron i jämförelse
med nyförlösta kvinnor med låga hormonnivåer.
En möjlig förklaring till svåra premenstruella besvär är att dessa kvinnor har
en förändrad känslighet för progesteron och/eller dess metaboliter i hjärnan.
Allopregnanolone binder till GABAA-receptorn vilket anses ha betydelse för
den anxiolytiska effekten som neurosteroider har. Tidigare studier med
GABA-erga substanser t.ex. benzodiazepiner har visat att de har hämmande
effekt på startle respons.
För att studera allopregnanolones effekt på startle response undersöktes 16
PMDD patienter och 12 friska kontroller i en dubbel-blindad, randomiserad
studie i sen lutealfas. Samtliga försökspersoner erhöll såväl placebo som
68

allopregnanolone injektion, med 48 timmars intervall varefter startle response och prepulsehämning undersöktes.
Vi kunde inte påvisa lägre startle respons efter allopregnanolone injektion
vare sig hos patient- eller kontrollgruppen. Vi såg inte heller någon effekt på
prepulshämningen. Dessa fynd indikerar att de förändringar vi tidigare sett
hos PMDD patienter och gravida kvinnor sannolikt ej medieras av allopregnanolone.
Tidigare djurstudier har indikerat att allopregnanolon kan påverka minne. I
vårt sista arbete ville vi utvärdera om detta även gäller hos friska kvinnor. Vi
studerade allopregnanolones effekt på episodiskt minne, semantiskt minne
och korttidsminne. Med hjälp av det episodiska minnet kan vi komma ihåg
vad vi själva varit med om och personer vi träffat. Det episodiska minnet är
mycket känsligt för en lång rad variabler som mediciner, alkohol, åldrande,
och hjärnskada. För att testa episodiska minnet använde vi ett ordinlärningstest. Semantiskt minne är vårt kunskapsminne. Vi använde ett ordförståelsetest för att testa semantiskt minne. Dessutom använde vi ett test för korttidsminne. Testet mäter förmågan att hålla och uppdatera information i arbetsminnet.
Studien visade att allopreganolone försämrar prestationen i det episodiska
minnestesten. Vi såg ingen påverkan på det semantiska minnet och korttidsminnet var opåverkat.
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