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Abstract

Rationale—Reproductive mood disorders, including premenstrual dysphoria (PMD) and
postpartum depression (PPD), are characterized by affective dysregulation that occurs during
specific reproductive states. The occurrence of illness onset during changes in reproductive
endocrine function has generated interest in the role of gonadal steroids in the pathophysiology of
reproductive mood disorders, yet the mechanisms by which the changing hormone milieu triggers
depression in susceptible women remain poorly understood.

Objectives—This review focuses on one of the neurosteroid metabolites of progesterone —
allopregnanolone (ALLO) - that acutely regulates neuronal function and may mediate affective
dysregulation that occurs concomitant with changes in reproductive endocrine function. We
describe the role of the ‘neuroactive’ steroids estradiol and progesterone in reproductive
endocrine-related mood disorders to highlight the potential mechanisms by which ALLO might
contribute to their pathophysiology. Finally, using existing data, we test the hypothesis that
changes in ALLO levels may trigger affective dysregulation in susceptible women.

Results—Although there is no reliable evidence that basal ALLO levels distinguish those with
PMD or PPD from those without, existing animal models suggest potential mechanisms by which
specific reproductive states may unmask susceptibility to affective dysregulation. Consistent with
these models, initially euthymic women with PMD and those with a history of PPD show a
negative association between depressive symptoms and circulating ALLO levels following
progesterone administration.

Conclusions—Existing animal models and our own preliminary data suggest that ALLO may
play an important role in the pathophysiology of reproductive mood disorders by triggering
affective dysregulation in susceptible women.
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Introduction

Reproductive mood disorders are characterized by affective dysregulation and functional
impairment that occur during specific reproductive states. Dysregulated affect in
reproductive mood disorders includes increased negative affect (i.e., irritability, anger,
sadness, and anxiety), decreased positive affect (i.e., anhedonia), and affective lability
(Pearlstein et al. 2005; Tuohy and McVey 2008), while functional impairment is defined by
clinically significant distress or disability in social, occupational, or other important
activities (American Psychiatric Association and DSM-5 Task Force 2013). One such
disorder, premenstrual dysphoric disorder (PMDD), affects 2-5% of women and is
characterized by a recurrent, predictable pattern of distressing emotional and somatic
symptoms that begin during the mid- to late-luteal phase of the menstrual cycle, when
estradiol and progesterone levels are relatively high, and remit after the onset of menses,
when estradiol and progesterone levels are relatively low and stable (Epperson et al. 2012).
Prior to DSM-5 recognition of PMDD, many researchers studied “premenstrual dysphoria”
(PMD). In our research, diagnosis of PMD required prospective daily assessment of mood
symptoms over the course of three consecutive menstrual cycles. PMD was defined by a
30% increase in mean negative mood during the week before menses compared with the
week after menses, a more stringent criterion than that of DSM-5. For the purpose of this
review, we will use the term PMD to refer to both PMDD and PMD. A second disorder,
postpartum depression (PPD), affects between 8% and 19% of women following delivery,
frequently begins during pregnancy, when estradiol and progesterone levels increase
dramatically, and is exacerbated during the postpartum period, when hormone levels rapidly
decline (Gavin et al. 2005). The occurrence of illness onset during these specific
reproductive states understandably has generated interest in the role of gonadal steroids in
the pathophysiology of reproductive mood disorders. In this paper, we will focus on one of
the neurosteroid metabolites of progesterone — allopregnanolone (ALLO) — that acutely
regulates neuronal function and that theoretically could mediate affective dysregulation that
occurs concomitant with changes in reproductive endocrine function during the menstrual
cycle and pregnancy. We will discuss gonadal steroid regulation of mood as a model useful
for understanding the role of neurosteroids, and ALLO in particular, in reproductive mood
disorders. We will also describe and integrate the results of neuroimaging studies that
provide evidence of the effects of neurosteroid regulation on those brain circuits implicated
in mood disorders. Finally, we will present new data demonstrating the role of ALLO in
triggering affective dysregulation in women with PMD and PPD. This review does not
include the third reproductive mood disorder, perimenopausal depression, because less
research has been conducted on the role of ALLO in this disorder and our new data address
only PMD and PPD.

What Are Neurosteroids?

Neurosteroids are metabolites of cholesterol-derived steroid hormones that are synthesized
in the brain and nervous system and modulate the major inhibitory and excitatory central
nervous system (CNS) neurotransmitter systems: y-aminobutyric acid (GABA) and
glutamate, respectively. Neurosteroids are among the most potent and effective modulators
of GABAA, receptors. Although neurosteroids have distinct, characteristic effects, which
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may be either excitatory or inhibitory (for a full review see Carver and Reddy 2013), they
are widely recognized for their role in augmenting GABAergic inhibition (Belelli and
Lambert 2005). The powerful anxiolysis observed to accompany this potentiation of
GABA receptors has led to the speculation that neurosteroid dysregulation plays a central
role in the etiology of affective disorders, including the reproductive mood disorders PMD
and PPD, which will be the focus of this review.

Neurosteroids act quickly and locally to affect brain function and behavior, which is distinct
from the classical view of steroid actions as more diffuse and sub-acute. Neurosteroids are
distinguished from “neuroactive steroids,” which are also capable of modifying neural
activities, independent of their origin. Increasingly, the distinction between neurosteroids
and neuroactive steroids is blurring, as several neuroactive steroids, like estradiol and
progesterone, are synthesized in brain and are capable of acute neuromodulatory effects
through, among other means, binding membrane steroid receptors and ion channels. For
purposes of this review, we will describe the role of the gonadal ‘neuroactive’ steroids
estradiol and progesterone in reproductive endocrine-related mood disorders to highlight the
potential mechanisms by which one neurosteroid — ALLO — might contribute to the
pathophysiology of these disorders. For a summary of the current literature on GABAA
receptor plasticity as a function of neurosteroid change, the interested reader is directed to a
review by MacKenzie and Maguire (in press).

Gonadal Steroid Regulation of Affect

Gonadal steroids not only regulate the menstrual cycle, pregnancy, and maternal behavior,
but as well they play a major role in basic emotion processing, arousal, cognition, and
motivation. Estradiol, for example, regulates virtually every neurotransmitter system
implicated in depression (McEwen 2002, Rubinow et al, 1998) and influences many of the
same neuroregulatory processes as classic antidepressants and electroconvulsive therapy. In
the forebrain and hippocampus, ovariectomy decreases and estradiol increases brain-derived
neurotrophic factor (BDNF) levels (Sohrabji et al. 1994b), which are decreased by
depression and stress and increased by antidepressants (Shimizu et al. 2003). Estradiol also
increases CAMP response element-binding (CREB) protein activity (Zhou et al. 1996) and
the neurotrophin receptor protein trkA (Sohrabji et al. 1994a), and it decreases GSK-3 beta
activity (Cardona-Gomez et al. 2004) in the rat brain similar to antidepressant medications.
Progesterone also regulates neurotransmitter synthesis, release, and transport (Finocchi and
Ferrari 2011). For example, progesterone up-regulates BDNF expression in the
hippocampus and cerebral cortex (Pluchino et al. 2013). Rodent models have strongly
implicated changes in estradiol and progesterone in the pathogenesis of anxiety and
depression-like behavior (for comprehensive reviews of extant animal models and
biochemical mechanisms, see Walf and Frye 2006; Frye 2009; Foy et al. 2010). The
relevance of gonadal steroids to affective regulation is further suggested by modulatory
effects on stress and the HPA axis, neuroplasticity, cellular energetics, immune activation,
and cortical activity (Rubinow and Girdler 2011), all processes that have been implicated as
dysfunctional in depression. Of particular note are the manifold effects of gonadal steroids
on brain function as revealed by brain imaging studies. These studies, employing positron
emission tomography (PET) or functional magnetic resonance imaging (fMRI) in

Psychopharmacology (Berl). Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Schiller et al.

Page 4

asymptomatic women, have demonstrated that physiologic levels of gonadal steroids
modulate the neurocircuitry involved in normal and pathological affective states. In a study
of healthy women, regional cerebral blood flow (rCBF) was attenuated in the dorsolateral
prefrontal cortex, inferior parietal lobule, and posterior inferior temporal cortex during
GnRH agonist-induced hypogonadism, whereas the characteristic pattern of cortical
activation reemerged during both estradiol and progesterone addback (Berman et al. 1997).
Studies of neural activity during the menstrual cycle have compared activation across
menstrual phases within subjects. Goldstein et al. (2005) found increased amygdala activity
during the late follicular phase (higher estradiol levels) compared to the early follicular
phase (lower estradiol levels), and Protopopescu et al. (2005) demonstrated increased
activity in the medial orbitofrontal cortex (a region that exerts inhibitory control over
amygdalar function) during the luteal phase (higher estradiol levels) compared with the
follicular phase (relatively lower estradiol levels). The opposite was true for the lateral
orbitofrontal cortex, suggesting that sensory and evaluative neural functions are suppressed
in the days prior to menstruation (Protopopescu et al. 2005). Ovarian hormones also
modulate neural reward function in humans, with increased follicular phase activation
(compared with the luteal phase) of the superior orbitofrontal cortex and amygdala during
reward anticipation and of the midbrain, striatum, and left ventrolateral prefrontal cortex
during reward delivery (Dreher et al. 2007).

Brain Activation in PMD and PPD

Brain imaging is one of the most powerful tools for exploring the neurobiology of affective
dysregulation, and this strategy (e.g., electroencephalography (EEG), functional magnetic
resonance imaging (fMRI), or positron emission tomography (PET)) has been employed to
detect abnormalities that distinguish women with PMD from healthy, regularly menstruating
control women. Using EEG, Baehr et al. (2004) demonstrated that women with PMD had
greater cerebral asymmetry during the luteal phase compared with the follicular phase, a
pattern that was absent in control women. This result is consistent with prior EEG research
linking left frontal hypoactivity, behavioral approach deficits, and major depressive disorder
(Davidson 1998; Tomarken et al. 2004) and highlights the temporal relevance of mood
symptoms in PMD, which are confined to the luteal phase and distinguish PMD from major
depressive disorder. In two independent fMRI studies, women with PMD showed increased
amygdala responses to negative stimuli when compared with healthy control women
(Protopopescu et al. 2008; Gingnell et al. 2012). Other studies have demonstrated that PMD
is characterized by decreased responsiveness to behavioral inhibition in the medial
orbitofrontal cortex during the premenstrual phase (Protopopescu et al. 2008), increased
right cerebellar blood flow during the luteal phase compared with the follicular phase
(Rapkin et al. 2011), and decreased activity of the left insula during the follicular phase
(both compared with controls and with the luteal phase) (Bannbers et al. 2012). To directly
assess whether gonadal steroids influence brain function in PMD, Baller et al. (2013)
examined brain responsivity to a working memory task using fMRI and PET under
conditions of experimentally induced hypogonadism, estradiol addback, and progesterone
addback in women with and without PMD. Across all hormone conditions, women with
PMD showed greater activation of the dorsolateral prefrontal cortex, medial prefrontal
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gyrus, and cerebellum. Among the women with PMD, dorsolateral prefrontal cortical
activation was negatively associated with global assessment of functioning, earlier age of
onset, and greater pre-intervention menses-related changes in negative affect (Baller et al.
2013). Taken together, these findings suggest that PMD is characterized by a combination of
stable, trait-like functional abnormalities in the dorsolateral prefrontal cortex and amygdala,
areas responsible for cognitive, emotional, and social functions, as well as menstrual phase-
specific abnormalities that may result from changing gonadal steroid levels.

PPD is characterized by abnormal activation of the same brain regions implicated in non-
puerperal major depression: the amygdala, insula, striatum, orbitofrontal cortex, and
dorsomedial prefrontal cortex (Silverman et al. 2007; Moses-Kolko et al. 2010; Moses-
Kolko et al. 2011). Further, there is evidence of reduced connectivity between the amygdala
and prefrontal regions in women with PPD, which implicates dysregulation of the limbic
system in the neural pathophysiology of PPD (Moses-Kolko et al. 2010). Despite evidence
of functional neural abnormalities in women with PPD, none of the existing studies has
examined the role of estradiol and progesterone in the neural dysregulation that
characterizes PPD.

Steroid Triggering and Sensitivity: Role of Gonadal Steroids in PMD and

PPD

As arule, basal hormone studies of PMD and PPD have been singularly unrevealing, with
no consistently observed differences between patients and controls. Indeed, there is virtually
no convincing evidence for a hormone abnormality in these disorders. Gonadal steroids can,
nonetheless, be demonstrated to trigger PMD and PPD, albeit in the context of an antecedent
susceptibility. In a study employing GnRH agonist-induced ovarian suppression and
hormone addback, Schmidt et al. (1998) demonstrated that elimination of the menstrual
cycle eliminated PMD symptoms, while hormone (estradiol and progesterone) addback
precipitated symptom return. The same hormone manipulation was without effect on mood
in women lacking a history of PMD. Thus, ovarian steroids triggered PMD symptoms, but
only in a group of women that were otherwise susceptible to the mood destabilizing effects
of estradiol and progesterone. In a similar study, Bloch et al. (2000) created a scaled-down
model of the puerperium in which euthymic women with or without a history of PPD were
blindly administered high dose estradiol and progesterone during ovarian suppression and
then abruptly withdrawn. Again, women with a history of PPD became depressed during
hormone withdrawal, but women lacking a history of PPD experienced no perturbation of
mood despite identical hormonal conditions. Both of these studies suggest that normal levels
or changes in gonadal steroid hormones can precipitate symptoms in a vulnerable
subpopulation of women. Finally, in a recently completed study employing ovarian
suppression and continuous hormone addback for three months, Schmidt et al. (unpublished
data) demonstrated that it was the change in hormone and not the hormone level itself that
was the critical signal in precipitating affective symptoms in women with a history of PMD.
It is this finding that is particularly intriguing regarding a role for neurosteroids in
reproductive mood disorders.
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The Role of ALLO in Affective Regulation

There are several reasons to speculate that ALLO plays a role in affective regulation and
dysregulation. First, the GABA receptor, which mediates anxiolysis as described above, is
positively modulated by the 5a- and -reduced metabolites of progesterone (ALLO and
pregnanolone, respectively) (Majewska et al. 1986). Second, progesterone withdrawal in rats
produces anxiety and insensitivity to benzodiazepines due to withdrawal of ALLO, with
consequent induction of GABA, a4-subunit levels and inhibition of GABA currents (Smith
et al. 1998a; Smith et al. 1998b). Third, decreased ALLO levels are seen in major depressive
disorder, with an increase seen in both plasma and CSF following successful antidepressant
treatment (Uzunova et al. 1998; Romeo et al. 1998; Strohle et al. 1999; Schiile et al. 2005;
Eser et al. 2006; Schule et al. 2007). Fourth, ALLO displays anxiolytic effects in several
animal anxiety models (Bitran et al. 1991; Wieland et al. 1991; Bitran et al. 1993). Fifth,
antidepressants may promote the reductive activity of one of the synthetic enzymes (3-a-
hydroxysteroid oxidoreductase), thus favoring the formation of ALLO (Uzunov et al. 1996;
Griffin and Mellon 1999).

ALLO also modulates the biological processes dysregulated in major depressive disorder. In
animals, ALLO increases in response to stress, reduces pain sensitivity, and is thought to
restore physiologic homeostasis following stress (Frye and Duncan 1994; Morrow et al.
1995). ALLO administration reduces circulating levels of corticotropin releasing hormone
(CRH), adrenocorticotropic hormone (ACTH), and corticosterone, thereby suppressing the
hypothalamic-pituitary-adrenal (HPA) axis (Patchev et al. 1994; Patchev et al. 1996;
Barbaccia et al. 1997; Kehoe et al. 2000). ALLO administered during stress prevents the
onset of depression-like behavior in rodents and preserves neurogenesis in the hippocampus
(Evans et al. 2012). ALLO also exerts neuroprotective effects by reducing the expression of
pro-apoptotic proteins and apoptotic DNA fragmentation (Djebaili et al. 2005; Sayeed et al.
2009), thereby reducing the cell death and gliosis associated with depression (Glantz et al.
2010; Shelton et al. 2011). Neuroprotection is mediated by immune regulation in depression
(Licinio and Wong 1999), and ALLO reduces the expression of the pro-inflammatory
cytokine TNF-a (He et al. 2004), which is elevated in individuals with major depression
(Dowlati et al. 2010). Thus, ALLO may exert antidepressant effects by reducing the
physiological impact of stress, promoting neuroprotection, and protecting against the pro-
inflammatory immune activation and cytokine hypersecretion associated with major
depressive disorder.

ALLO regulates the neural circuits implicated in depression. ALLO is present in brain
regions dysregulated in depression, including the amygdala, hippocampus, ventral striatum,
and prefrontal cortex, with the highest concentrations found in the substantia nigra, basal
hypothalamus, and amygdala (Bixo et al. 1997). Despite the distribution of ALLO
throughout the brain, the amygdala appears to play a central role in its anxiolytic effects.
ALLO infusions to the central nucleus of the amygdala produced anxiolysis in two animal
models of anxiety (Akwa et al. 1999), suggesting a potential role for ALLO in modulating
mood and anxiety symptoms in humans.
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ALLO may be of particular relevance to reproductive mood disorders not only because it is
derived from progesterone but also because gonadal steroids modulate the enzymes
responsible for neurosteroid production. For example, 5a-reductase gene expression is
transcriptionally regulated in the female mouse brain by progesterone, which promotes
ALLO production (Matsui et al. 2002), and short-term treatment with estradiol results in
reduced expression of neurosteroid enzyme genes, including CYP12A1, in the hippocampus
of ovariectomized non-human primates (Sorwell et al. 2012). Although the regulation of
steroidogenesis has not been explored in the human CNS, estradiol acting via estrogen
receptor alpha downregulates the transcription of CYP17A1 and decreases local
steroidogenesis in ovarian follicles (Taniguchi et al. 2007). Estradiol may similarly
downregulate CYP17A1 transcription in the human CNS, thereby modulating
neurosteroidogenesis.

ALLO Serves as an Affective Switch in PMD and PPD

The majority of research on neurosteroids in reproductive mood disorders has focused on
ALLO (for comprehensive reviews of the role of neurosteroids and neuroactive steroids in
affective disorders see Dubrovsky 2006 and Schiile et al. 2011). Researchers have examined
abnormalities in circulating ALLO in PMD with varying results. Although several
investigators observed decreased serum ALLO levels in women with PMD compared to
controls on menstrual cycle day 26 (Rapkin et al. 1997), during the luteal phase only
(Monteleone et al. 2000), or during the follicular phase only (Bicikova et al. 2007), PMD
patients in the last two studies had lower progesterone levels, which may explain the
observed decreased ALLO levels. This explanation is supported by the observation of
Girdler et al. (2001) that women with PMD had both higher progesterone and ALLO levels
during the luteal phase compared with controls. Successful treatment with antidepressant
medication was associated with reduced ALLO levels in a study by Freeman et al. (2002),
but it is unclear whether baseline differences in ALLO or progesterone may account for this
finding. Other studies showed neither diagnosis-related differences in ALLO or
pregnanolone (Schmidt et al. 1994; Wang et al. 1996) nor any difference in ALLO levels in
women with PMD before and after successful treatment with citalopram (Sundstrém and
Béckstrom 1998). The use of different assays, antibodies, and methods of extraction across
studies may account for some the variability in findings. Nonetheless, there is no reliable
evidence that peripheral ALLO levels distinguish those with PMD from those without.

In the absence of consistent basal neurosteroid abnormalities in PMD, researchers have
examined the ALLO response to various challenges, including the administration of
neurosteroids, benzodiazepines, and mental stress. One reliable neurophysiologic measure of
GABA receptor sensitivity is saccadic eye velocity (SEV), which characterizes the speed
of eye movements that bring the retinal image being viewed onto the fovea. SEV is
correlated with self-reported sedation and suppressed by benzodiazepines (Sundstrom et al.
1997). Women with PMD show differences from controls in pregnanolone-modulated SEV
and sedation in the luteal phase (Sundstrom et al. 1998), although these differences may be
attributable to SEV response to vehicle in those with PMD and blunted sedation in controls
during the follicular phase. Patients with severe PMD show blunted SEV and sedation
responses to the GABA, receptor modulators pregnanolone and midazolam compared with
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women with less severe PMD (Sundstrom et al. 1997; Sundstrom et al. 1998), which may
indicate an altered profile of GABA receptor subunits. Midazolam insensitivity, in
particular, could suggest increased expression of the a4 and/or dsubunits (Sundstrém
Poromaa et al. 2003). However, neurosteroid levels were not presented for women with
more and less severe PMD, making it difficult to draw conclusions about whether the effects
may have been attributable to variation in baseline hormone levels given the risk of
increased sampling variability with small samples (n=6). Although women with PMD also
show a blunted ALLO response to stress (Girdler et al. 2001), as mentioned above, the lack
of an expected increase in ALLO following stress may be attributed to elevated progesterone
and ALLO levels at baseline in the women with PMD. Similarly, women with PMD
demonstrate altered metabolism of progesterone to ALLO (Klatzkin et al. 2006), although
women with PMD had an elevated ALLO/progesterone ratio at baseline, and the
administration of progesterone appeared to correct the ratio of progesterone to ALLO such
that women with PMD and controls showed the same pattern of results following
progesterone administration (Klatzkin et al. 2006). The concept of altered steroidogenesis
conferring vulnerability to reproductive-related illness is supported by research in polycystic
ovarian syndrome, which is characterized by enhanced peripheral 5a-reductase activity and
results in hyperandrogenism (Fassnacht et al. 2003) and attendant behavioral symptoms,
including depression and anxiety (Deeks et al. 2010). Steroid synthesis may be similarly
altered in PMD such that mood symptoms result from decreased enzymatic conversion of
progesterone to ALLO by 5a- reductase and 3a-hydroxysteroid dehydrogenase (3a-HSD).
One potential mechanism that could account for differential enzymatic metabolism of
progesterone to ALLO is suggested by Bortolato et al. (2011). They demonstrated that early
life stress reduces the expression of 5a-reductase isoforms in the rat nucleus accumbens and
medial prefrontal cortex, thereby reducing the synthesis of ALLO from progesterone.

Results are similar for PPD, although fewer studies have been conducted. Epperson et al.
(2006) showed that cortical GABA and ALLO are reduced in postpartum women, regardless
of the presence of PPD, compared with healthy women in the follicular phase. Despite
similar levels of circulating progesterone and ALLO, women with PPD show reduced
resting state functional connectivity between the anterior cingulate cortex, amygdala,
hippocampus, and dorsolateral prefrontal cortex in the context of the postnatal decline in
ALLO (Deligiannidis et al. 2013). Altogether, there is no consistent evidence of
abnormalities in basal circulating ALLO levels or in ALLO responsiveness to
pharmacological or psychological interventions in PMD or PPD.

A third approach to examining ALLO abnormalities in reproductive mood disorders has
been to examine the timing of symptom onset or exacerbation relative to changes in ALLO
levels. Circulating ALLO levels fluctuate during the menstrual cycle, pregnancy, and the
postpartum period because ALLO is a progesterone metabolite. As such, plasma ALLO
concentrations are highest during the mid-luteal phase, decline to low levels in the late luteal
phase and follicular phase, and are correlated with progesterone levels in healthy women
(Schmidt et al. 1994; Genazzani et al. 1998). The same is true during pregnancy: in healthy
women, ALLO levels increase during pregnancy, decrease in the postpartum period, and are
correlated with progesterone levels (Gilbert Evans et al. 2005). Because of the potent
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anxiolytic effects of ALLO, one would expect decreased mood symptoms during periods of
elevated progesterone and ALLO levels (i.e., the mid-luteal phase of the menstrual cycle and
during pregnancy). However, PMD symptoms emerge during the mid-luteal phase (during
elevated ALLO concentrations) and remit after the onset of menses (during decreased
ALLO concentrations) (Pearlstein et al. 2005). Progesterone administration is either
ineffective or exacerbates affective symptoms in women with PMD (Sampson 1979;
Freeman et al. 1990; Freeman et al. 1995; Schmidt et al. 1998; Tiemstra and Patel 1998). In
addition, drugs that prevent ovulation, and thus prevent the subsequent increase in
progesterone and ALLO levels, prevent PMD symptoms (Schmidt et al. 1998). Similarly,
PPD most commonly begins during pregnancy (when ALLO levels are relatively high)
(Gotlib et al. 1989), and anxiety and depressive symptoms during pregnancy are the
strongest predictors of PPD (O’Hara and Swain 1996). Progesterone administration
increases affective symptoms in the postnatal period and precipitates the onset of depression
in women with a history of PPD (Bloch et al. 2000; Lawrie et al. 2000). Although the timing
of symptom onset and response to progesterone administration in both PMD and PPD
seemingly conflict with the literature on the anxiolytic effects of ALLO, two recent models
of ALLO function explain how increasing circulating progesterone levels, both during the
menstrual cycle and during pregnancy, may trigger affective dysregulation in susceptible
women.

First, Smith et al. (2006) demonstrated that under certain hormonal and behavioral
conditions ALLO exerts anxiogenic effects. ALLO withdrawal followed by ALLO
administration results in anxiogenesis in response to an aversive stimulus. This effect is
mediated by an increase in GABA receptor a4 expression, which is associated with
insensitivity to the benzodiazepine agonist lorazepam (Smith et al. 2006). Thus, ALLO
withdrawal modified the GABAA receptor such that the reintroduction of ALLO, in
combination with an aversive stimulus, triggers hippocampal excitability rather than
inhibition, resulting in an amplified stress response. One possible cellular mechanism for the
abnormal response to ALLO administration after ALLO withdrawal is presented by Shen et
al. (2007), in which a particular configuration of subunits (a4p28) of GABA, receptors, a
configuration induced by changes in ALLO levels, reverses the effects of ALLO from
enhancing to inhibiting GABA-gated current.. Thus, ALLO released by stress during the
luteal phase (and following the rise in ALLO post ovulation) may paradoxically increase
negative mood symptoms. These findings may help explain the timing of affective symptom
onset during the luteal phase of the menstrual cycle and during pregnancy, the negative
mood effects of progesterone administration in both PMD and PPD, and the salutary effects
of ovulation suppression in women PMD.

Second, Maguire and Mody (2008) demonstrated a GABA receptor subunit knock-out that
is behaviorally silent until an animal is exposed to pregnancy and the postpartum state,
following which the dam displays depression-like behavior and cannibalizes its young.
Thus, in this model reproductive events unmask the genetic susceptibility to affective
dysregulation. Alterations in the GABA, receptor 3-subunit occur as ovarian hormone
levels fluctuate during the menstrual cycle, pregnancy, and the postpartum period (Maguire
et al. 2005; Maguire and Mody 2008; Maguire et al. 2009). During pregnancy, the
expression of the GABA, receptor §-subunit is downregulated as ALLO levels increase, and
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at parturition, the expression of the GABA receptor §-subunit is recovered in response to
rapidly declining neurosteroid levels (Maguire et al. 2009). The failure to regulate these
receptors during pregnancy and the postpartum, consequent to the knock-out of the GABAA
receptor §-subunit, appears to provoke behavioral abnormalities consistent with PPD. Thus,
GABA receptor 6-subunit deficient mice exhibit normal behaviors prior to pregnancy, but
they show insensitivity to ALLO during pregnancy, depression-like and anxiety-like
behavior, and abnormal maternal behavior (Maguire and Mody 2008). These models suggest
that changes in neurosteroid concentrations are capable of provoking affective
dysregulation, particularly in those with a genetically determined susceptibility.

Consistent with these models, women with PMD show abnormalities in cortical inhibition
and GABA levels across the menstrual cycle. Cerebral cortical inhibition increases during
the luteal phase in healthy control women, a presumed effect of increased ALLO levels and
a finding that is absent in women with PMD (Smith et al. 2002; Smith et al. 2003). Women
with PMD show reduced GABA levels in the occipital cortex during the follicular phase and
increasing levels from the follicular to the luteal phase, whereas healthy controls show
decreasing levels from the follicular to the luteal phase (Epperson et al. 2002). Healthy
control women also show a significant negative association between ALLO and cortical
GABA levels, whereas women with PMD do not (Epperson et al. 2002). These findings are
consistent with an abnormal response to ALLO in women with PMD.

Reanalysis of existing data from our prior studies also supports the role of ALLO in
reproductive-related affective dysregulation. We examined ALLO levels and depressive
symptoms in a previous study of ovarian suppression with depot leuprolide acetate (a GnRH
agonist) and subsequent progesterone addback in women with PMD (Schmidt et al. 1998).
During baseline screening women were identified as having PMD, which was defined as an
increase of at least 30% in negative mood (i.e., depression, anxiety, irritability) in the 7 days
before menses compared with the 7 days after the end of menses in at least 2 of 3 cycles.
Following eight or 12 weeks of hypogonadism maintained by leuprolide, progesterone (200
mg bid by vaginal suppository) was added in double-blind fashion for four weeks as part of
a larger study in which estradiol, progesterone, or placebo was administered along with
leuprolide. Blood samples were drawn and mood ratings were obtained after the second and
fourth week of progesterone addback. Circulating progesterone levels decreased between the
second and fourth week of progesterone addback in both women with PMD and controls.
Repeated measures ANOVA revealed a significant time by diagnosis interaction
(F1,21=4.22, p<.05), reflecting a greater decrease in ALLO over time in women with PMD
compared with controls (tp1=5.57, p<.01 on post hoc testing). Further, the change in ALLO
was negatively correlated with clinician-rated total premenstrual symptoms at a trend level
in women with PMD (r=-.58, p<.1; Figure 1a) but not in controls, which suggests that
declining levels of ALLO worsened symptoms in those with PMD.

We found remarkably similar results when reexamining existing data from an analogous
study of ovarian suppression with depot leuprolide (a GnRH agonist) and subsequent
progesterone and estradiol addback in women with a history of PPD (Bloch et al. 2000). In
that study, euthymic, parous women with either a history of PPD (and without non-puerperal
major depressive disorder) or no psychiatric history were enrolled. Following eight weeks of
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hypogonadism maintained by leuprolide, progesterone (400-900 mg/day) and estradiol (4—
10 mg/day) were added in a double-blind fashion for four weeks. Blood samples were drawn
and mood ratings were obtained following the second and fourth week of hormone addback.
Depressive symptoms, as measured with the Beck Depression Inventory, were negatively
correlated with the change in ALLO following progesterone addback in women with a
history of PPD (r=-.93, p=.006; Figure 1b), an effect that was absent in control women.
Taken together, these preliminary results support the hypothesis that changes in ALLO
levels may dysregulate affective state, thereby serving as an “affective switch,” in
susceptible women. Indeed, a separate, recently completed study revealed the ability of
stabilization of ALLO to prevent the appearance of PMD symptoms (Martinez et al.,
unpublished). The animal models discussed above suggest two potential mechanisms by
which ALLO withdrawal may trigger mood symptoms in susceptible women. First, ALLO
withdrawal is sufficient to change inhibitory neural signals to excitatory signals in the
context of stress (Smith et al. 2006). Second, genetic susceptibility to affective dysregulation
may be unmasked during periods of reproductive hormone change (Maguire and Mody
2008). Although few genomic studies of reproductive mood disorders have been conducted,
preliminary research has implicated genes containing multiple estrogen binding sites
(Mahon et al. 2009) and estradiol-enhanced DNA methylation patterns related to
hippocampal synaptic plasticity in PPD (Guintivano et al. 2013). In addition, polymorphic
variants of the estrogen receptor alpha gene are associated with PMD (Huo et al. 2007).
Further research will be necessary to determine whether ALLO withdrawal precipitates the
onset of depressive symptoms or is simply a correlate of affective dysregulation. Moreover,
given the differences in basal ALLO levels associated with PMD symptoms across studies,
potentially as a result of different assay techniques, results should be confirmed in other
laboratories.

Conclusion

ALLO may play an important role in the pathophysiology of reproductive mood disorders
by triggering affective dysregulation in susceptible women. Although the source of this
susceptibility remains unclear, animal models suggest that ALLO may trigger mood
symptoms as a function of GABA receptor a4 and/or § subunit alterations that are heritable
or consequent to ALLO withdrawal combined with stress (Maguire et al. 2005; Smith et al.
2006; Shen et al. 2007; Maguire and Mody 2008; Maguire et al. 2009). In humans,
preliminary evidence is accumulating in support of a genetic vulnerability to affective
dysregulation in the context of specific reproductive states. Understanding the source of
individual susceptibility is critical to both preventing the onset of illness and developing
novel, individualized treatments for reproductive-related affective dysregulation. The
capacity of changes in neurosteroids to function as behavioral switches suggests a
potentially important role of these hormone metabolites in reproductive endocrine-related
mood disorders.
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Fig. 1.

Correlations between psychiatric symptoms and the change in circulating ALLO
concentrations between the second and fourth week of progesterone addback in women with
(@) current PMD and (b) a history of PPD. Note: PMD = premenstrual dysphoria. PPD =
postpartum depression. PMTS-O = Premenstrual Tension Scale — Other Rating. BDI = Beck
Depression Inventory. ALLO = allopregnanolone.
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